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FOREWORD 

TIROS I, the f i r s t  t ruly meteorological satellite, was an 

unqualified success  in  determining the capability of acquiring 

excellent pictorial  data of cloud and weather systems f rom 

satell i te altitudes. 

The utility and future  role  of such data in  the science of 

meteorology can well be judged by the enthusiasm of those 

experienced meteorologists who have had the oppQrtunity to  

participate i n  this f i r s t  experiment. The initial reactions and 

prel iminary studies of some of these  workers  a r e  presented in  

this Research Note, 

This Research Note is a logical extension to  GRD Research 

Note No. 3 6 ,  "Contributions to  Satellite Meteorology", and 

therefore  has the notation of Volume I1 in the ser ies .  

As this document is being written, TIROS I1 is providing, 

in addition to  pictorial  cloud data, what appears to  be excellent 

atmospheric radiation data. It is hoped, and expected, that 

Volume 111 of this s e r i e s  will be able to  document the success  of 

this equipment with the s a m e  enthusiasm afforded the pictorial  

data. 

JAMES C. SADLER 
Major, USAF 
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ABSTRACT 

This Second Volume of "Contributions to Satellite 

Meteorology" contains some prel iminary resul ts  using 

photographs froin TIROS I and some possible meteorological 

satel l i te  applications of cloud and radiation data. 

abs t rac t  will be found at the beginning of each chapter. 

A detailed 

Chapter I p resents  an operational evaluation of TIROS I, 

It includes a general  discrrssion of scientific resul ts  of the 

TIXOS I operational-use program, the role  of future  TV 

weather satell i tes in synoptic meteorology and r e sea rch  and 

problems that require  immediate study s o  that optimum use  

can be made of fu ture  satel l i te  observations, 

Chapter II contains atmospheric radiation studies 

which have possible satel l i te  applications, These include 

radiation regimes,  development of and experimentation with 

dynamical-numerical models containing a heating t e r m  suitable 

fo r  use  in  the study of radiational heating effects, the problem 

of radiation geometry, and finally, an analysis of theoretical  

and experimental resul ts  on atmospheric t ransmission and 

emmission of infrared. 

Cloud studies a r e  reported in  Chapter 111. The f i r s t  
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Section discusses the relationship between composite radar-  

scope pictures and cloud patterns with the objective of 

identifying regions of precipitation in satellite cloud photo- 

graphs. Next, the use of satellite data in tropical meteorology 

i s  commented on briefly. Finally, a frontal system i s  followed 

for a period of nine days in i ts  movement across  the Pacific 

Ocean through the use of cloud photographs from TIROS I. 

Chapter IV is concerned with meteorological satellite' 

system analyses. 

include an analysis of the effect of satellite height on the 

quantity and quality of optical coverage, satellite data 

processing and interpretation, and an experiment for studying 

the optimum interval between satellite meteorological observa- 

tions. 

The subjects discussed in this chapter 
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CHAPTER I 

TIROS I: AN OPERATIONAL EVALUATION OF A NEW 

METEOROLOGICAL TOOL* 

ABS TRA C T 

TIROS 1 has  demonstrated that Meteorology has  at its 

disposal in the television satellite a tool which wil l  be capable 

of: 1) providing cloud analyses on as small o r  grand a scale 

as the meteorological consumer demands, 

knowledge of the dynamics of the atmosphere and 3 )  con- 

2) broadening the 

tributing to improvement in forecasting, both through more  

observational coverage and through new techniques. 

The photographs f r o m  TIROS contain a wealth of detailed 

information, much of it revealing large scale organization 

never before suspected, as  well as possibly new types of 

systems, The wide angle photographs, o r  their  ear th-  surface 

rectifications, occasionally permit  recognition of cloud types, 

often indicate cloud famil ies ,  sometimes show small scale 

organization such as cloud s t r ee t s ,  and usually demonstrate 

massive and pers is tent  cloud organization including large 

frontal  bands and cyclonic circulations. The Ilbuilt-in'' 

s imilar i t ies  and discrepancies between these and conventionally 

* 
Originally prepared as  a Semi-Annual Technical Summary Report 
under Contract No. AF19(604)-5581, ARPA Order  No. 26-59 and 
GRD-TN-60-600, 30 June 1960. 
A, H. Glaser ,  Allied Research  Associates,  Inc. 

This Chapter was written by 
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conceived isobaric analyses a r e  both notable, A critical 

review of the operational methods used to retrieve these 

cloud analyses suggests improvements for future TIROS- 

type satellites. 

While TIROS I provided a vast amount of a new kind 

of data which encourages investigation into atmospheric; 

processes, it  also posed a number of new questions about 

the nature of the atmosphere, answers to which will be 

required for the design of more advanced systems and for 

more  effective utilization of the data they provide, The 

optical properties of clouds and the atmosphere a r e  at 

best  imperfectly known. The features by which clouds 

and cloud systems may be recognized have not been 

identified. The significance of cloud manifestations of 

various scales and types to meteorological analyses and 

forecasting has yet to be established. 

These problems with all the sub-studies they imply, 

must be a t  least  partially solved before the fu l l  potential 

of TIROS and its successors can be realized. 

2 



SECTION 1 

INTRODUCTION 

TIROS I was launched from Cape Canaveral on 1 April 

1960. 

pictures of cloud cover in the ear th 's  atmosphere, was 

carr ied out with eminent success, It transmitted about 

23,  000 pictures during i ts  useful life of 78 days. 

data acquisition stations, Belmar, N. J. and Kaena Point, 

Hawaii, teams of meteorologists worked with the pictorial 

information a s  it came down from the satellite, learning to 

abstract  from the pictures meteorologically significant 

information that might be used for practical operation 

purpoues, and passing on the informatiop to operational 

centers. 

Its prime function, that of telemetering back to earth 

At the two 

While this "Immediate Operational Use" (hereafter I, 0, U. ) 

program was originally set up a s  an experiment to evaluate the 

operational problem posed by later satellites, it quickly became 

apparent that the TIROS I pictorial material  was immediately 

useful. Instances occurred where conventional weather map 

analyses were altered when TIROS presented clear evidence 
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of erroneous interpretation of conventional data. 

made of TIROS information for  missile range control, 

is a tribute to the imagination of the operational meteorolo- 

g i s t  that these and many other utilizations occurred in spite 

of the fragmentary unscheduled data disseminations that 

occurred. 

Use was 

It 

The cold objective words called f o r  in an evaluation 

cannot transmit to the reader the thrill experienced by the 

meteorologists a s  they saw the pictures f rom the f i rs t  orbits 

and realized the tremendous impact that the new technology 

would have on their science and profession. 

at best give a sketchy resume of the 

in each individual picture of the grand organization of the 

world'8 weather as exhibited by the clouds, of the structure 

of atmospheric systems, and of the meteorological curiosities 

revealed for the f i r s t  time. Hopefully the report  will  present 

some indication of the types of useful information contained in 

the TJROS pictures. 

The report  can 

revelations contained 

As expected, TIROS has posed many more questions that 

In this report  we can only begin to explore i t  has answered. 

the avenues of meteorological research which have been 
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abruptly opened. We do, however, point out a few problems 

that appear to be capable of a t  least  partial solutions that will 

readily enhance the utilization of satellite meteorological 

pictures. These a r e  the problems that we feel must be 

attacked pr,omptly and effectively to capitalize on this remark-  

able new source of meteorological information. 

A practical consideration lends special urgency to r e -  

search on these problems, The TIROS experiment is intended 

to guide the design of later Satellite TV systems for both 

research and operational applications, Evalhation of the TIROS 

system performance is in progress, of course, but evaluation 

of the suitability of the design parameters for the various 

meteorological applications cannot be complete without these 

research studies on the information that is  contained in the 

picture 8 .  

Coming a s  rapidly a s  it does after the launch of TIROS I, 

this evaluation must necessarily be somewhat fragmentary and 

tentative. 

new observational tool and the branch of meteorology that it 

If it induces in the reader our enthusiasm for this 

has so dramatically opened, this evaluation will have served 

i ts  purpose. 
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CHAPTER I (Continued) 

SECTION 2 

SOME SCIENTIFIC RESULTS OF THE TIROS 

OPERATIONAL USE PROGRAM 

2. 1 Introduction 

With each picture taking sequence, TIROS I depicts in 

detail the cloud cover of millions of square miles of the 

ear th 's  surface. 

of organization ranging f rom the lower limit of picture resolu- 

The cloud cover displays a broad spectrum 

tion ( 3  to 5 miles) to systems a thousand miles o r  more in 

diameter. 

This section will  concern itself with the meteorological 

information available f rom the TIROS pictures, obtainable 

without recourse to synoptic maps o r  other conventional 

meteorological analyses. Furthermore,  mostly organized 

clouds will be discussed, since their meteorological signifi- 

cance is best understood, 

Meteorological feature s recognized have included cyclones 

in various stages of development, intertropical convergence 

zones and frontal clouds, cloud s t reets ,  small waves, cloud 
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fo rms ,  and, frequently but not regularly, some cloud types o r  

genera, 

Pr in ts  made f r o m  copies of original TIROS negatives a r e  used 

in the text t o  i l lustrate  points under discussion. 

these prints often show l e s s  detail than the positive fitms used for  

Unfortunately, 

the I. 0. U, analyses, 

of the.origina1 fi lms in  such long reels  that control of quality could 

This sterns f rom the necessity of making copies 

not be adjusted for  individual orbits. 

The pictures telemetered back to  earth were obtained through 

two separate  systems,  A narrow angle (40mmJ lens was employed 

in one system, while the other used a wide angle (5. 3mmJ lens, The 

I, 0. U. program was pr imari ly  concerned with pictorial  information 

supplied by the latter,  since the a r e a  coverage is so much grea te r ,  

Thus, the following discussions a r e  almost exclusively confined to  the 

wide angle camera  data. 

Copies of facsimile transmissions of rectified TIKOS pictures 

(TIROS nephanalyses hereafter)  originating from the Belmar,  N. J. 

I. 0. U. s i te  and portions of conventional meteorological analyses for  

s e a  level and 500 nib a r e  presented for  comparison with TIROS 

photographs. 

f rom the originals and a r e  presented with standardized cloud cover 

symbolism. 

The TIROS nephanalyses have been reduced in  sca le  
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The distribution of cloudiness is immediately obvious 

from the TIROS pictures. Clear, "scatteredf1, Ilbroken" 

and overcast a r eas  may be readily delineated from a ser ies  

of f rames  of an orbit. However, some of these te.rms, a s  

used by TIROS analysts, especially "scattered" and "broken", 

have a somewhat different meaning from that conventionally 

associated with them, because of the vast difference in the 

scale of view of TIROS and that of a ground observer. 

Similarly, a r eas  designated as "brokentt or  f 'scatteredtt  by 

a TIROS analyst might be considered more o r  less  cloudy 

from the ground. On the other hand, thin clouds, hardly 

noticeable from TIROS pictures, may be reported a s  broken 

or overcast by ground observers. The significance of these 

differences in the use of cloudiness terminology will be re -  

duced a s  the recipients of the TIROS analyses become familiar 

with the capabilities of the I. 0, U, system. 

2.2 Meteorological Information Immediately Avajlable* 

2.2.1 Large-Scale Features  

2.2. 1. 1 Cvclones 

Cyclonic circulation patterns have been among the 

* This Section was written by Re B. Smith and R, C. Gopeland, 
Allied Research Associates, h c .  
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most frequent and outstanding large- scale features found 

in the TIROS photographs. 

do not often display the classical textbook cloud model in 

their development, patterns have been observed which can 

be linked to the progressive phases of a cyclonic system 

such as: the open wave, occluding, and mature o r  dissi- 

pating stages. 

While the cyclones observed 

2 .2 .1 .2  Open Waves 

The first stage of a nascent cyclonic storm is 

generally re fer red  to by synopticians a s  an  'lopen wave''. 

This te rm signifies that the cold front of the disturbance 

has not yet begun to overtake o r  "occlude" the warm front. 

Unfortunately the TIROS photographs identified a s  illustrative 

of the cloud distribution accompanying such a system have 

been taken a t  high nadir angles and hence a r e  unsuitable for  

presentation here. Nevertheless an inspection of the positive 

films so far available and rectifications thereof reveal that at 

this stage no evidence of a vortex i s  present. The position 

of the wave may be revealed merely a s  a broadening of the 

frontal cloud band. 

producing precipitation, the cloudiness over the most active 

Also ,  i f  the wave i s  developing and actively 
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central portion may appear most dense and highly reflective. 

This description however is based on a very small sample 

and may be subject to future modification. 

2.2.  1. 3 Occluding Cyclones 

After examining a relatively large number of 

TIROS pictures of cyclonic vortices, two facts become 

apparent: the patterns a r e  amazingly similar regardless 

of their location over the globe; there is a gradual evolution * 

of vortical pattern which appears to correspond to successive 

stages of the cyclonic development o r  degree of frontal 

occlusion. 

precise stage of a storm from a picture of i ts  cloud pattern. 

However, this pattern does appear to follow a logical develop- 

ment f rom that of the unpatterned "open wave" to one exhibiting 

a vortex. 

vortices i s  the appearance of a clear sector, usually parallel 

to the cold front. 

side of the front. A cyclone, evidently undergoing occlusion, 

is shown in Figures 1 and 2, TIROS photographs from succes- 

sive orbits in the Southern Hemisphere. 

clear lttonguelv is evident, a s  well as the vortex pattern 

Obviously i t  is not possible to determine the 

A recurrent feature of a stage of these cyclonic 

This clear zone may be located on either 

The characteristic 
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Fig, I CYCLONE OVER SOUTH INDIAN OCEAN 04202 
30APRlL 1960 READOUT ON ORBIT (HEREAFTERR/O) 417, 
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Fig.2 CYCLONE OVER SOUTH INDIAN OCEAN 06002 
30 APRIL 1960 R/O 418 

. .. 
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E a. 

b.  

Fig.3 Q .  OCCLUDED CYCLONE OVER SOUTH ATLANTIC OCEAN 
14252 30 APRIL 1960 R/O423 

b. EXAMPLE OF ISENTROPIC ANALYSIS 
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embedded in the dense cloud cover. 

another cyclone, apparently in a more advanced stage of 

development o r  occlusion. 

asymmetrical, a s  the nearly cloud-free dry sector spirals 

in toward the vortex center. 

Figure 3a illustrates 

The cloud cover is even more 

The cloud patterns and clear lltonguesll evident in many 

of the TIROS pictures bear striking resemblance to the 

moist and dry tongue patterns of the isentropic analysis of 

Figure 3b. This resemblance i s  probably not accidental. 

The updraft a r ea  of the cyclone responsible for the cloud 

zone in the photograph is reflected in the isentropic moist 

tongue, while the dry tongue would be expected to coincide 

with the clear sector containing subsiding dry air. Further-  

more,  the streamlines of the isentropic analysis apparently 

conform to the major cloud banding of the illustrated vortex. 

2, 2. 1.4 Occluded Cyclone 

The difference between an occluding and completely 

occluded system is one of degree of development. 

stage represents a decadent system in which most of the latent 

energy has been realized and the cyclonic system is starting 

to "run down!'. 

The final 

This period of "free wheeling" may last several  
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days, &specially in the case of a large intense ocean cyclone. 

At this stage the cloud distribution appears to lose much of 

i ts  initial asymmetry and resolves itself into a ser ies  of 

more o r  less  concentric, 

separated by clear areas.  

The cyclonic center suggested in the upper right portion of 

the photograph, i s  between Hawaii and California. While i t  

is not implied that all the clouds seen here a r e  part of a 

single ltstorml1, the more than 1-1/2 million square miles of 

a r ea  covered in this photograph indicate massive organization 

into essentially one circulation pattern, 

rather homogeneous wide bands 

Figure 4 illustrates such a system. 

The 00002, 5 April 1960 synoptic map observations were 

taken just  one hour la ter  than the photograph of Figure 4. 

Appropriate portions of the resulting surface and 500 mb 

analyses a r e  reproduced in Figures 5a and 5b. 

a weak cold low i s  located near 34N, 141 W, with a central 

pressure of about 1004 mb, 

a frontal system is indicated on the map and continues west- 

ward until it eventually joins another cyclonic system. 

Assuming the analyses to be reasonably accurate, the lower 

continuous cloud band in Figure 4 may be identified a s  the 

At the surface 

South and east  of the low center, 
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Fig.4 MATURE L O W  OVER PACIFIC OCEAN ABOUT 22002 
4 APRIL 1960 R/O 50 
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Fig. 50. SEA LEVEL ANALYSIS 00002 5 APRIL 1960 

Fig. 5b. 500mb ANALYSIS 00002 5 APRIL 1960 
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frontal clouds; the heavier band to the north and west may 

be an  unanalyzed "secondary" cold front, A t  500 mb  

(Fig, 5b) and at 300 mb (not shown) a pronounced, though 

filling, cold low exis ts  essentially vertically over the surface 

center. 

2.2, 1.5 Additional Case Studies of Vortical Cloud 

Di s t r ib ution 

10 April  1960--South Pacific Typhoon 

A small  but ra ther  intense circulation is  ex- 

emplified by a typhoon over the South Pacific.Ocean north 

of New Zealand on 10 April  1960, shown in F igure  6. Un- 

fortunately, the quality of the duplicate negative was poor, 

and some of the circulation features  evident in the original 

positive transparency were lost. F o r  example, many more  

clouds, mostly banded, were visible in the now dark fore-  

ground area.  A copy of the TIROS nephanalysis of this  

typhoon region, originally prepared at the Belmar readout 

station, is presented in Figure 7, 

Another example of a vortex, well documented 

by conventional data, was initially observed on 16 May 1960, 
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Fig. 6 TYPHOON OVER SOUTH PACIFIC OCEAN 03002 
10 APRIL 1960 R/O128 
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and monitored by TIROS fo r  th ree  sclccessive days. 

F igu re  8 displays the g r o s s  fea tures  of the circulation 

pattern although the m o r e  delicate sp i r a l  banding has  

been lost  in reproduction. 

cumuliform bands are  c lear ly  visible at the upper right, 

F igure  9 shows sections of the sea  level  and 500 m b  

Port ions of well-defined 

maps  in the vicinity of this  cyclone a t  12002. 

m a p  indicates a well- developed wave cyclone centered a t  

49N, 52E. The 500 m b  m a p  shows a moderately intense 

closed low southwest of the surface center.  

The surface 

In F igu re  10, a copy of the TIROS nephanalysis of this  

orbi t ,  the cloud cover distribution is shown f r o m  western 

Afr ica  to  north of the Caspian Sea. 

centered nea r  48N, 48E, o r  a t  the position of the 500 m b  

low and in the region of light var iable  winds a t  300 mb. 

While this  position is displaced to the southwest of the 

surface p r e s s u r e  center ,  it is direct ly  over a circulation 

center  indicated by the surface winds, 

The cloud sp i r a l  is 

Since the sur face  and upper air maps  indicate norther ly  

flow a c r o s s  the Black Sea, orographic  lifting over the 

mountains could be the cause of the heavy cloud cover observed 

over  nor thern  Turkey. 
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F ig .8  VORTEX NORTH OF CASPIAN SEA 12402 
16 MAY 1960 R/O 657 
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Fig.90 SEA LEVEL ANALYS S 12002 16MAY 1960 

Fig.Sb 5 0 0 m b  ANALYSIS 12002 16 MAY 1960 
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In North Africa, the surface weather map (not reproduced) 

shows broken or overcast c i r rus  cloudiness in the a rea  indicated 

a s  llbrokenll by TIROS. It is, of interest to note here that the 

cir rus ,  though thin enough to allow land features to be discerned 

beneath it, was nevertheless distinguishable f rom the highly 

reflective sandy desert, although f o r  i ts  identification, the 

analyst relied heavily on the fact that the c i r rus  was clearly 

visible where it projected into the Mediterranean. 

7 - 8 May 1960--11Bermuda Low" 

Figure 11 is a TIROS photo taken on 7 May 1960 a t  about 

22002, off the southeast coast of the United States. It shows 

a well- defined spiral with many cumuliform cloud bands but 

with very little a r ea  of solid cloud visible, indicating that this 

system is in a decadent stage. A nephanalysis prepared from 

this pass i s  shown in Figure' 12. In this analysis, the organi- 

zation of the spiral circulation is the. outstanding feature. 

The maps for  ~ ~ ~ 0 2  8 May, F i g u r e  13 show the "Bermuda 

Low1', east  of Florida, to be typical of such slow-moving 

systems, blocked by the Atlantic high to the northeast. There 

is no evidence of a front in the cyclone, and the surface cloud 

reports give no hint of the organization which is so striking in 

the TIROS picture. 
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Fig, I I VORTEX SOUTHWEST OF BERMUDA 22002 
7 MAY 1960 Rl0529 
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Fig.12 FACSIMILE MAP OF VORTEX 22002 7 MAY 1960 



Fig.130 SEA LEVEL ANALYSIS 00002 8 MAY 1960 

Fig.ISb 500mb ANALYSIS OOOOZ 8 MAY 1960 
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Fig.  14 VORTEX SOUTHWEST OF BERMUDA 21052 
8 MAY 1960 R/O 543 
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F i g u r e s  14 and 15 a r e  the TIROS photograph and the 

mapped nephanalysis of the same a rea  24 hours later o r  

about 21052 8 May 1960. 

the cloud patterns a r e  similar to those seen 24 hours earlier. 

The general impression is that 

The bands a r e  spaced further apart  and-this, together with 

the apparent decrease in overall cloud coverage, suggests 

a further weakening of the system. 

out by the surface map fo r  O O O O Z  9 May 1960, Figure 16a. 

This shows the "Bermuda low" greatly weakened (only one 

This deduction is borne 

closed isobar) and in the process of being absorbed by the 

system advancing from the west. The 500 mb map for the 

same time, Figure 16b, likewise shows the dissolution of 

the Bermuda storm, only a bulge remaining in the contour 

lines. 

Again the surface map gives a poor impression of the 

cloud pattern. Nonetheles s, the TIROS observed cloud 

cover fits the surface reports well except along longitude 74W 

between 25 and 29 N where cloudiness reported by surface ob- 

servations is greater than indicated by TIROS. The TIROS 

analysis may have been faulty in locating the edge of the cloud 

sheet seen near the horizon of Fig. 14 which is probably a 

cloud band ahead of the cold front. 
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Fig.15 FACSIMILE MAP OF VORTEX 21052 8MAY 1960 



Fig. 160. SEA LEVEL ANALYSIS OOOOZ 9 MAY 1960 

Fig. 16b. 500mb ANALYSIS 00002 9 MAY 1960 
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Fig.15 FACSIMILE MAP OF VORTEX 21052 8-MAY 1960 



Fig. 160. SEA L E V E L  ANALYSIS OOOOZ 9 MAY 1960 

Fig. 16b. 500mb ANALYSIS 00002 9 MAY 1960 
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Lows over the United States--11 and 12 May 1960 

TIROS passes over the United States late on 11 and 

12 May 1960 revealed a complex circulation pattern which 

included several vortices. These cloud patterns can be 

documented rea sonably well f rom conventional analyse s 

on these dates. The 21552, 11 May 1960 nephanalysis has 

been superimposed on the surface and upper a i r  charts for 

the 11th to illustrate the agreement, 

The 21002 surface map for 11 May (Fig. 1.7a) indicates 

an old occluded low in the eastern Great Lakes region with 

an open wave of sor ts  in the Carolinas, and another circula- 

tion center in the lower Mississippi Valley. A deep cold low 

is indicated over Lake Er ie  on the 12 May, O O O O Z  500 mb 

map (Fig. 17b) with another circulation center in the trough 

over Louisiana. Figure 18 shows a TIROS photograph of the 

southern Mississippi Valley region, taken a t  about 22002, 

11 May. In this picture, the cloud vortex center agrees  well 

with locations of the surface and upper level circulations 

shown on the conventional maps. Apparent overrunning, with 

a c i r rus  band superposed on lower clouds of different orienta- 

tion, is visible. On the 21552 nephanalysis (Fig. 17b) for this 
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riq.l7b 5OOmb ANALYSIS 00002 12 MAY 1960 
WITH SUPERIMPOSED TlROS NEPHANALYSIS 

34 



date, considerable stratiform overcast i s  also apparent in 

the a rea  corresponding to that portion of the 500 mb trough 

generally associated with rising motion. While the locations 

and cloud configurations surrounding the vortices agree well 

with the surface and 500 mb circulation centers, it  is interest- 

ing to note the lack of a vortical cloud pattern or of a spiral  

wind circulation in the vicinity of the Carolina wave. Instead, 

the clear or scattered cloud a reas  conform well to the region 

behind the wind shift line on the surface map, as though a 

front followed by subsiding air could have been analyzed along 

the wind shift line. It is suggested that an open wave early in 

i ts  development maysometimes have this characteristic "text 

bookt1 cloud distribution, which soon develops into the more  

frequently observed spiral  circulation a s  the occlusion process 

continue 8 .  

A set of illustrations f o r  12 May shows that circulation 

centers a t  the surface (Fig.  19a) and a t  500 mb (Fig. 19b) are 

again in good agreement with the vortex location on the neph- 

analysis, Figure 20. 

clouds of the vortex near Lake Michigan, apparent in the photo- 

graph of Figure 21. 

surface data of the O O O O Z  map for  13 May, Figure 19a. 

nephanalysis of the previous pass, not included here, indicates 

Note also the sharp western edge on the 

This discontinuity is also apparent in the 

(A 
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Fig.J8 V O R T E X  OVER NORTHERN LOUISIANA 21552 
I I MAY 1960 R/O 587 
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Fig. 19a. SEA LEVEL ANALYSIS OOOOZ I3 MAY 1960 

Fig. 19b. 500mb ANALYSIS 00002 I3MAY 1960 
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Fig.20 FACSIMILE MAP OF VORTEX 22452 12 MAY 1960 



Fig.21 VORTEX OVER MICHIGAN 2245Z 
AY 1960 R/O 602 



that the southernmost vortex dissipated, as did its corres-  

ponding wind circulation center , while the Carolina wave 

developed the typical vortical cloud distribution. ) 

cloudiness indicated over the central plains in the neph- 

analysis may be associated with weak north-to-south je t  

s t ream in the region. 

siderable organization over the Pacific, southwest of lower 

California, is difficult to explain since anti-cyclonic curva- 

ture  i s  indicated in both constant pressure charts, suggesting 

subsidence in this area. 

2.2.1.6 Bands 

The 

The cloud distribution showing cdn- 

Another discrete organization of cloudiness on the.large 

scale is the I1bandff. Large-scale bands occur'in a w4de 

variety of widths and lengths, up to 200 miles wide, and 

sometimes over two thousand miles long. Banded cloudiness 

is so prevalent that i t . seems to indicate a dynamical preference 

of the atmosphere to manifest itself in lines which presumably 

indicate some sor t  of organized convergence. Although a 

"frontf1, as normally defined, is not a prerequisite to band 

development, the largest  and most important bands weather -wise 

a r e  usually observed in regions of marked convergence of surface 
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winds, 

banded cloudiness is the intertropical convergence zone 

(Fig.  22) which does not separate different air masses  in 

the usual frontal sense. 

A prominent example of often-observed large- scale 

Figure 23 is a photographic example of naturally 

occurring bands in a variety of sizes. 

is 150 miles wide and 750 miles of i t  a r e  visible in this 

photograph, 

fiducial crossmark a r e  at least  400 miles long, and from 

The largest  band 

The two smaller bands to the right of the 

20 to 40 miles wide. Qualifying for  the mesoscale range 

a r e  the thinnest bands in the picture, only five to ten miles 

wide, No synoptic interpretation of these bands is poskible 

since conventional data for the a rea  photographed south of 

A u s t r a l i a  were unavailable for  study. 

Banded cloudiness, usually of the c i r rus  genus, some- 

times occurs in the vicinity of the je t  stream, and may 

delineate.the edge of the jet  on its equatorward side ( Conover, 1959) .  

Such cloudiness has been observed by TIROS (Fig, 42), 

but identification as  jet-  s t ream cirrus  has been possible 

only through comparison with the conventional analyses. 

At the present stage, certainly the je t  s t ream cloud bands 
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Fig. 22 INTERTROPICAL CONVERGENCE CLOUDS 
OVER ATLANTIC OCEAN 1525Z 

9 APRIL 1960 R/O I19 
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Fig.23 CLOUD BANDS OVER INDIAN OCEAN 03352 
23 APRIL 1960 R/O315 
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cannot be identified exclusively f rom TIROS photographs. 

2.2.2 Small-Scale Features 

Probably the main meteorological surpr ises  TIROS 

has presented a r e  the extent to which clouds a r e  organized 

into patterns and the extent to which patterns tend to persist. 

Many examples of large- scale patterns have been presented. 

Examples of small- scale organization will now be shown. 

Figure 24 is an  example of the amount of small-scale 

organization in clouds which can be derived from a careful 

analysis of TIROS pictures. This analysis was performed 

by an experienced meteorologist a s  a "real time" operational 

analysis, No detailed explanation of such patterns has yet 

been attempted. 

2.2.2.1 Cloud Identification 

It has been implied ear l ier  that some s,ort 

identification is frequently possible, although most 

consisting merely of specification of the cloud form- - 

of cloud 

often 

i. e.,  stratiform, cumuliform o r  cirriform. Texture, 

density of coverage, relative brightness, and degree of 

organization all serve as aids in such identification, as they 

do on occasions in identifying cloud genera. 
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IN THIS WHOLE AREA 

Fig.24 FACSIMILE MAP OF SMALL SCALE ORGANIZATION 
OVER NORTH PACIFIC OCEAN 20402 16MAY 1960 
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The identification of cloud genera is in general more 

difficult but the difficulty varies with the genera. Of the 

low clouds, cumulus, cumulonimbus, stratocumulus and 

once or twice, stratus have been tentatively identified. 

The TIROS wide angle pictures rarely resolve single cloud 

elements, except perhaps for giant cumulonimbi, but even 

these consist of an agglomeration of many individual cells. 

Recognition is usually done indirectly, cumulus in general 

being recognized by its "pebbled!' pattern and its organization 

into streets. 

Figures 23 and 26 of this section. 

Examples of cumulus clouds may be seen in 

The distinction between stratocumulus and cumulus i s  

a rather difficult one to make and has seldom been attempted 

with TIROS. This i s  not surprising because of the frequency 

with which both types a re  found together. 

The middle cloud genera a r e  probably the most difficult 

to identify and few attempts have been made so far to do so. 

One factor to be considered is that these clouds very f r e -  

quently a re  part of a multi-layered system and a re  overlain 

by dense cirrus clouds. 

Of the high clouds, only the cirrus genus has been 
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Fig.25 CLOUD STREETS OVER PACIFIC OCEAN 20402 
16 MAY 1960 R/O 659 
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Fig. 26 TRANSVERSE WAVES OVER INDIAN OCEAN 
ABOUT 08402 

23 APRIL 1960 R/0317 
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tentatively identified. Such identification has leaned heavily 

on such features a s  smoothness of texture, high reflectivity, 

wispy edges. 

either the cirrostratus or  cirrocumulus genera, so that here  

again the label "cirriform''  is probably the only one justifiable 

until some positive technique of cloud identification has been 

Some of the examples undoubtedly belong to 

developed, 

2.2.2.2. Organization 

Cloud Streets 

The phenomenon of the organization of clouds into 

s t reets  appears repeatedly in the TIROS pictures. 

examples have already been pointed out as in Figures 11 and 

14. 

examples of this sor t  of organization. 

Several 

Figure 25 shown here is perhaps one of the outstanding 

This picture was 

taken over the eastern Pacific, and displays rQws of large 

cumuli,. some of them on the order of 5 to 10 miles in 

diameter spaced 30 to 40 miles apart. Whether s t reets  can be 

spaced SO closely together a s  to be unresolvable by TIROS I 

wide angle camera is uncertain a t  present, 

Transverse Waves 

Waves across  a cloud band a r e  illustrated in Figure 26 

over the South Indian Ocean near Kerguelen Island. Wave length 
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f rom cres t  to c res t  is about 20 miles. Near the waves, 

bright clouds which a re  probably cumulonimbi, can be seen. 

Close inspection reveals that shadows a r e  visible, indicating 

apparent vertical development. 

Rings and Annular Clouds 

F r o m  time to time clouds a r e  organized into rings 

which last for a t  least  1-1/2 hours (see Figures 1 and 2 

lower right). On at least  two occasions, TIROS has observed 

a very interesting large annular cloud. 

graph of such a cloud off the west coast of Africa; the same 

cloud was  noted by the analyst on the TIROS nephanalysis map, 

Figure 27 is a photo- 

reproduced as Figure 28. Explanations for these clouds cannot 

be offered with confidence at this time. 

2.2.2. 3 Vertical Development 

Since the TIROS pictures have a resolution of three to 

five miles horizontally (for the wide angle lens) it is reasonable 

that cumulonimbi o r  other clouds having extensive vertical 

development should be resolvable, particularly in oblique 

views. Vertical development can be seen in Figure 2 between 

the vortex and the center cross ,  as well as elsewhere in the 

photograph. Vertical development can be deduced in Figure 29 

50 



Fig, 27 ANNULAR CLOUD NEAR AFRICA 17402 
8 MAY 1960 R / O 5 4 3  

5 1  



Fig.28 FACSIMILE MAP OF ANNULAR CLOUD 17402 '8  MAY 1960 
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Fig. 29 CLOUD DEPICTING VERTICAL DEVELOPMENT 
AT SUNSET OVER ATLANTIC OCEAN 

4 MAY 1960 R / O 4 8 6  

1 
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from the lighting of clouds over the South Atlantic Ocean, 

and it is apparent in Figure 40. 

If TIROS is programmed to take pictures ae  it moves 

from daylight to darkness across  the sunset line, the 

typical situation is for the clouds to become darker and darker, 

with the contrast diminishing until cloud features or  cloud-earth 

contrasts cannot be distinguished. 

vertical development may have their higher portions in sun- 

light while the lower parts a r e i n  the dark. In Figure 29 the 

western portions of the higher cloud elements a r e  still  in 

Clouds with substantial 

sunlight. Toward the horizon (east)  the clouds disappear into 

darkness. Thus, in some situations it is possible to estimate 

extent of vertical development near the sunset line. 

Stereo pictures can be taken with TIROS to obtain an 

impression of depth for  clouds possessing great vertical depth 

or  in an attempt to distinguish higher clouds from lower clouds 

o r  the ground. 

SRDL, using both 10 and 15 second picture intervals, but the 

results of this experiment are not presently available (but see 

Section 4.3 .5 .  1). 

Such an attempt was made by Dr. He KO Weickmann, 

54 



2.2.2.4 Oronraphic Clouds 

Outstanding among small- scale features a r e  oro- 

graphic clouds. 

the Pyrenees, the Caucasus, Lebanon, and, particularly the 

Alps, where a hook-shaped cloud was observed for a week 

during April 1960. Figures 30 and 31 show this I'hook" on 

They have been seen in many a reas  over 

2 and 7 April. 

the highlands very well. 

i s  visible to the left of the Alp cloud (along with part of 

Corsica), the upper Italian peninsula l ies below it, and the , 

Adriatic Sea i s  in the lower right corner,  In Figure 3 1  the 

cloud appears to have a slightly longer hook. The negative 

from which the print waa made is  very poor, but the whole 

Italian peninsula i s  faintly visible, as i s  Sicily and the 

Mediterranean westward to Gibraltar. 

The cloud shape conforms to the shape of 

In Figure 30 the Mediterranean Sea 

In Figure 30 structure i s  evident in the "Alp cloud. I 1  

This, together with apparent slight changes of shape from 

day to day, strengthens the conclusion that the phenomenon is 

indeed mostly cloud, and not snow, which has also been 

suggested. 

Figure 32 shows the Alp cloud of Figure 30 on a 
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Fig.30 CLOUDS OVER ALPS I I152 
2 APRIL 1960 R/015 
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Fig.31 CLOUDS OVER ALPS 10152 
7 A P R l L  1960 R/O87 
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Fig.32 FACSIMILE MAP OF MEDITERRANEAN AREA 
10152 7APRIL 1960 

5 8  



nephanalysis map. 

cloudiness over the upper Red Sea, which had been clear 

The map also shows considerable 

24 hours previously. 

2.2 .2 .5  Characteristics of Land 

When TIROS is looking at land, surface character- 

istics may sometimes be seen, Vegetation is often so dark 

it is difficult to distinguish from water, and may thus mask 

the ocean-to-land transition. On the other hand, the Nile  

River, for example, was clearly visible in the wide angle 

pictures, partly because the vegetation along its banks stood 

out in contrast to its sandy surroundings. In general, desert  

areas such as the Sahara and Arabian deserts appear very 

bright, almost like thin cloud, when viewed from certain 

angles. 

however, composed mostly of rock formations, are very 

dark in contrast to the sand. 

Certain highlands and mountains in the same area,  

Many atolls have so little land breaking the ocean 

surface they may be mistaken for wisps of cloud, but their 

regular outlines tend to reveal them. 

in Figure 33a which shows atolls of the Tuamotu Archipelago 

in the South Pacific Ocean seen by the narrow angle camera 

This effect is illustrated 
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at a nadir angle of 45'. (The raft Kon Tiki landed on 

Raroia atoll of this group after an historic voyage from 

Peru), A portion of the photograph (Fig.  33b) has been 

enlarged to show more detail. 

(Fig. 33c), to roughly the same scale, gives the names 

and locations of the atolls, 

visible in the enlargement a r e  difficult to distinguish from 

each other. 

and photograph in places could be due to lens distortion, 

The accompanying map 

Some of the atolls and clouds 

The relatively poor agreement between map 

map e r ro r ,  etc. ; we might expect poor agreement, however, 

since the photograph may be revealing underwater coral reefs 

not indicated on the map. Portions of the barrier reef of€ 

the Australian coast have also been observed, with identifiable 

features similar to those of the atolls. 

Snow o r  ice cover may sometimes be distinguished. 

Meteorologically, this is useful information for temperature, 

cloudiness, and development forecasts. Frozen lakes were 

visible over Canada in early April. Snow on the Himalayas 

and Karokorums of Kashmir, an hour and a half before sunset, 

on 9 May 1960 is shown in Figure 34a, where lower regions 

a r e  almost dark in contrast to the mow. A portion of the 
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photograph has been enlarged (Fig. 34b) and presented for 

comparison with a portion of a map (Fig. 34c) on the same 

scale. 

above 10,000 feet a r e  white, a r eas  between 5 ,000  and 10,000 

feet  are gray, while lower levels a r e  hatched. The valley of 

the Indus River can be clearly distinguished in the photograph 

The latter is f rom Goode's School Atlas; a r eas  

as a dark a r e a  penetrating into the white. 

paratively good agreement between the contours and the photo- 

graph, the conclusion seems warranted that the snow line 

was generally between 5, 000 and 10, 000 fee t  at this time. 

Although certain especially bright a r e a s  in the mountains 

could be cloud, it is believed the pattern of brightness indicates 

that mostly snow and not cloud is being observed. 

F r o m  the com- 

2.2.2.6 Persistence 

Cyclones may exist for  days o r  even weeks, so i t  i s  

not surprising that TIROS i s  able to see the clouds associated 
e 

with them for  days a t  a time. 

Madagascar waa observed for  five or  six days. 

clouds also can be persistent, The ,"Alp Cloud, for instance, 

was seen for seven days. 

A low in the Indian Ocean off 

Orographic 

The persistence of smaller acale patterns has bgen 
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surprising. Patterns in lows often las t  for 24 hours and 

the low can be recognized from day to day by i t s  pattern. 

Figures 11 and 14 illustrate this point. 

Unusual patterns can be recalled. A jagged cloud-free 

area (the "Christmas Tree") seen over the United States on 

5 April, lasted at least  24 hours while moving northeastward 

several  hundred miles into the Atlantic (Figs. 35 and 36). 

In the two figures, the pattern one day appears almost like 

a m i r r o r  image of that on the next. 

examples of persistence could be found from the TIROS photo- 

Undoubtedly, many other 

graphs. 

2.2 .2 .7  Summary 

Meteorological phenomena which can be immediately 

recognized from TIROS have been illustrated by photographs 

and drafts of facsimile maps prepared operationally on the 

basis of such photographs. Fo r  some cyclones, portions of 

standard weather,maps have been presented to document the 

photographs and facsimile maps. 

identifiable include cyclones , bands , waves , rings and 

Phenomena immediately 

orographic clouds. Deserts,  r iver valleys, snow cover and 

other cloud features and characterist ics a r e  observable. 
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Fig.35 CLOUD PATTERN OVER EASTERN UNITED STATES 
ABOUT 17002 5APRlL 1960 R/O 61 
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Fig.36 SIMILAR PATTERN TO Fig.35 OFF 
OF UNITED STATES 16102 
6 APRIL 1960 R/O 75 

EAST COAST 
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2. 3 Additional Meteorological Information Derivable by 

Inference* 

In addition to the meteorological information, more or 

l e s s  directly available f rom the TIROS pictures as exemplified 

in the preceding pages, a certain amount of additional, useful 

information appears derivable. This can be subdivided into: 

1) conventional type data which may be used to supplement 

direct observations in sparse data areas ,  and 2) diagnostic 

information which furnishes useful clues to the synoptic analyst 

and forecaster regarding the weather processes at work, en- 

abling him to make a more accurate diagnosis of the weather 

situation. 

2. 3. 1 Conventional Data 

2. 3. 1. 1 Wind Information 

One of the most easily obtained and obvious bits of 

information is the direction of the low-level flow o r  stream- 

line flow which may be obtained from the direction of cloud 

s t reamer s originating at small islands, particularly in the 

t 

* This Section was written by Re J, Boucher, Allied Research 
A s so c ia te s , Inc . 
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tropical or  semi-tropical oceans; see Figure 37. 

the islands from which these s t reamers  originate can be 

identified, they provide an unambiguous indication of the 

resultant direction of the low-level wind. 

Assuming 

It is known f rom several studies that cloud rows, or  

as they a r e  called, usually align themselves 

parallel to the wind. 

reveal the individual s t reets  but lines of cloud organization 

are visible in the TIROS pictures (see F i g .  25) and, 

presumably, a r e  also aligned with the wind. Here, however, 

there is ambiguity present since the wind may be in one of 

two directions, 180° apart. 

a r e  present, this ambiguity may resolve itself since the 

clouds will generally be displaced inland with an onshore 

wind, and vice versa, 

is due to the horizontal components integrated over the cloud's 

vertical extent, it is not possible to establish a ttleveltt in the 

atmosphere that corresponds to the indicated wind. 

TIROS cloud photos do not always 

If land masses  and/or coastlines 

Since the motion vector of any cloud 

It has been established by several investigators that the 

narrow belt of high- speed winds a t  j e t  a i rcraf t  cruising altitudes, 

usually referred to as the "jet s t ream, 'I i s  often accompanied by 
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Fiq,37 ATLAS MISSILE PHOTO SHOWING ISLAND GENERATED 
CLOUD STREAMERS 
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characteristic bands of c i r rus  clouds. There is already 

evidence from the TIROS pictures that these cloud bands 

can be identified (Fig.  42). We may thus have a means 

of locating jet streams in a reas  where the network of upper 

wind observations is deficient. 

obvious economic and strategic importance since jet stream 

flying can provide a tremendous ground speed advantage to 

Location of the jet is of 

the aircraft concerned. 

A large number of circular and spiral cloud patterns, 

revealed in the TIROS pictures, have been identified with 

closed atmospheric circulations or low pressure l1storrn1l 

centers. This provides a means of establiehing the general 

direction of winds, since the cloud patterns a re  produced by 

the wind. 

and associated research, it should be possible to establish the 

level of the winds represented with useful accuracy. 

already possible to  differentiate between stages of development 

of these systems, i. e., whether a storm is weak o r  intense, 

and this information can be converted into a crude scale of 

estimated wind speeds. 

never provide a complete substitute for direct observations, 

With experience and a minor number of case studies 

It is 

While these procedures will probably 
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they will certainly be a valuable gap-filler, 

To the extent that weather fronts can be identified on 

the pictures, so can regions of wind shifts be located. The 

latter may in turn be related to wind patterns on either side 

of the frontal area,  derived a s  suggested in the preceding 

paragraphs, to form an integrated representation of the 

general wind flow over a sizeable area.  

2. 3.  1 . 2  Precipitation 

For  obvious reasons, precipitation i s  not directly 

observable from a TIROS satellite. It i s  possible in some 

cases to deduce from the cloud a reas  of substantial preci- 

pitation. 

horizontal extent, without breaks and of high reflectivity 

repesents  an a rea  where precipitation is occurring at  the 

ground in measurable quantity. 

broken o r  scattered, a r e a s  of precipitation a r e  more diffi- 

cult to determine except in the case of outstanding thunder- 

storm activity, 

to the presence of showers or perhaps a percentage of the 

a rea  likely to be experiencing precipitation would be feasible, 

Some research i s  indicated to attain this objective, 

In general a dense cloud mass  of considerable 

Where the cloudiness i s  

In other cases,  a probability statement as 
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2. 3.2 Diagnostic Information 

2.  3 . 2 .  1 Vertical Motion 

The motion of the atmosphere is generally con- 

sidered in t e rms  of the horizontal wind produced by 

horizontal gradients of atmospheric pressure. While 

the vertical component of the wind is generally small 

in comparison to the horizontal component, i t  i s  very 

important, since it i s  the upward vertical motion which 

produces most of the clouds and all of the precipitation. 

With the exception of fogs and low-level stratus, 

products of cooling from below, clouds then indicate the 

presence of upward vertical motion. 

in restricted areas, giving r i se  to clouds that only partially 

This may take place 

cover the surface. 

systems producing small cloud elements. 

This will occur with weak circulation 

Strong local 

circulations (thunderstorms, rquall lines, etc. ) give r i s e  

to larger  elements , exhibiting greater o r  l e s se r  organization 

among themselves. 

Well-organized s torm systems will have rather 

large a r e a s  of nearly uniform upward motion which character-  

istically produce large a r e a s  of solid cloud. Since recognition 
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of such areas  of cloud and differentiation between solid, 

broken and scattered cloud masses  is one of the simpler 

forms  of analysis from TIROS pictures, the upward vertical 

motion fields can thus be recognized. However, it  must be 

realized that some cloud forms, especially c i r rus ,  will 

persist  in a neutral atmosphere (neither rising nor sinking) 

for s o m e  time and can therefore be transported a consider- 

able distance downwind from the region of active vertical 

motion where they were produced. 

Thus, a qualitative method i s  available for  the definition 

Any quantitative interpre- of a r eas  of upward vertical motion. 

tation will  remain difficult, although the recognition of cloud 

density, and reflectivity do suggest degrees of lift. 

Conversely, a r eas  where clouds a r e  absent indicate 

the presence of downward vertical motion. 

a r eas  may consist of relatively small but definite "holes'l 

surrounded by cloud, or  large a reas  covering a major portion 

of a continent o r  ocean. 

motion is on a small scale, possibly even smaller than the 

grid size used in numerical prediction techniques. On the 

other hand, the larger  clear a r eas  indicate downward motion 

Again these 

On the one hand the downward 
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on a scale comparable with that delineated in charts of 

vertical motion produced by numerical prediction methods. 

Thus, TIROS type pictures correctly interpreted, can 

be used to indicate the a r e a s  of vertical motion, the direction 

(up o r  down), and a rough scale of magnitude. These data 

should provide a valuable diagnostic tool to the forecaster 

and serve to check on vertical motion values derived numer- 

ically from analyzed charts. 

2. 3 . 2 . 2  Cyclonic Development 

The TIROS pictures have revealed unexpectedly 

large numbers of vortices which in most cases turn out to 

be visible evidence of the existence of cyclonic circulations 

or  organized s torm a reas  a t  some level in the atmosphere. 

One of the most interesting features is that there appears 

to be a close connection between the stage of development of 

the system as presented in a conventional analysis, and i ta  

appearance in the TIROS pictures. 

In the early stages of a cyclonic (s torm) development, 

the cloud a r e a s  a r e  not too well organized although in the 

tropics the spiral  clouds seem to be present f rom the start. 

If the system i s  intensifying, then there will  be an a rea  of 
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dense, highly reflective cloud usually north of the low 

pressure center. 

substantial precipitation. A vortex may or  may not be 

in evidence a t  this point, but a s  the s torm deepens the 

vortex pattern becomes more evident in the pictures. 

The dense cloud shield becomes displaced to the east  

and north of the low pressure center where the steady 

precipitation i s  found a t  the ground while to the west 

and southwest may appear clear a r eas  o r  rows of cloud 

masses  o r  "streets. ' I  

This i s  the a rea  of continuous and 

The final stage of a cyclonic storm, the decaying 

stage, occurs after the energy source has become cut off 

o r  dissipated. 

disorganized and there appears to be no nucleus to the 

storm. 

take several days to "run down. I '  

appears to produce a characteristic pattern in the TIROS 

pictures consisting of concentric, more o r  l ess  circular 

alternating bands of broken cloud and clear spaces ( see  

Fig. 4). 

Precipitation then becomes more o r  less  

Over the oceans a deep storm in this state may 

This decadent condition 

Thus it appears quite feasible to deduce from the 
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TIROS pictures the stage of a cyclonic development, 

This is particularly t rue  i f  the s to rm can be observed on 

successive days. The recognizable features  appear to change 

gradually, each s torm pattern retaining its identity f rom one 

day to  the next. 

2. 3 . 2 .  3 Cloud Anomalies 

Pictures  of the type produced by TIROS I lend 

themselves to  the formulation of a world cloud climatology. 

In fact  such a climatology should indeed be compiled as  

rapidly as  possible in order  to obtain a "normal" distribu- 

tion of clouds, cloud fo rms  and cloud patterns over the 

world. F r o m  the limited amount of data already available, 

it is becoming very apparent that some a r e a s  almost in- 

variably display the same cloud fo rms  and patterns. 

others  there  is grea te r  variability but one o r  two patterns 

In 

predominate. In still other regions there  appears ,  so far,  

to be an  almost  constant change in cloud form and pattern. 

Knowing beforehand the normal type, pattern and 

distribution of clouds to be expected in a cer ta in  region 

would enable a meteorological diagnostician to readily discern 

anomalies in those infrequently disturbed a reas .  A significant 
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change f r o m  one weather reg ime to another which ordinar i ly  

hera lds  a l a rge  scale  hemispherical  reshuffling of key weather 

sys tems should become immediately discernable in the cloud 

patterns.  This would be particularly t rue  following a period 

of relatively stagnant weather (low index) where the l a rge -  

scale  cloud pat terns  would tend to show li t t le day-to-day 

change. 

itself by significant changes in the cloud pat terns  which could 

furnish useful c lues  to the impending changes before  these 

become apparent  in the conventional analyses ,  since the 

la t te r  tend to present  a somewhat t ime-integrated picture 

r a the r  than completely instantaneous representat ion of the 

s ta te  of the atmosphere.  

The denouement of such a situation should revea l  
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CHAPTER I (Continued) 

SECTION 3 

THE ROLE OF FUTURE TV WEATHER SATELLITES IN 

SYNOPTIC METEOROLOGY AND RESEARCH* 

3. 1 Introduction 

The pictures f rom TIROS I have already provided a 

completely new s tore  of information about the atmosphere,  

as described in the preceding section, and r e sea rch  is 

expected to increase  both the precision and the variety of 

the data which will be extracted f r o m  them. The routine 

construction of nephanalyses and their  experimental dis-  

semination to operational forecas t  centers  have combined 

to give a clear  outline of many of the character is t ics  and 

capabilities of these new resources  for  synoptic meteorology, 

This section draws on that experience to describe what we 

consider possible and desirable  to work toward in planning 

the use of the meteorological T V  satellite systems that will 

become available in  the next few years .  

* This Section was written by D r .  C. Dean, Altied Research  
A s sociate s, Inc, 
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3 . 2  The Use of Satell i te Data in Global Weather Analysis 

A fundamental charac te r i s t ic  of the satel l i te  cloud 

pictures  i s  the i r  ability to make the main  fea tures  of 

l a rge - sca l e  cloud sys t ems  apparent  to the mos t  casual  

observer.  

mentary  weather m a p  which i s  a l ready  analyzed. The 

init ial  work with the TIROS I pictures  has  ver i f ied that 

these  cloud sys t ems  cor respond qualitatively to  the  sys t ems  

of a tmospher ic  s t ruc tu re  which a r e  important  in the dy- 

namics  of the a tmosphere  and the pictures  themselves  now 

make  the r e s e a r c h  possible to determine the f u l l  extent of 

th i s  relationship. The re fo re ,  it i s  cer ta in  that a ma jo r  

objective of a fully operational meteorological satel l i te  

sys t em will be to provide a n  integrated synopsis of the d i s t r i -  

bution of weather sys t ems  on a global scale ,  with sufficient 

frequency to provide what amounts to  continuous coverage in 

t ime. It s e e m s  unlikely a t  present  that  satel l i te  photographs 

will eve r  provide conventional numerical  data of enough 

precis ion and detail  to  replace conventional observing tech-  

niques, 

importance of the conventional analyses  which r equ i r e  

In effect each picture  can be used as a supple- 

It is a l s o  unlikely that the pictures  will l e s sen  the 
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numerical data. 

be to eliminate the major  uncertainties which the analyst  

now faces  every day in dealing with data collected at widely 

separated points by providing a clear  outline of the analysis 

to which the numerical  data must be fitted. 

The r ea l  contribution of the pictures will 

Complete global analyses have long been recognized 

as a necessity for the development of long range forecasting 

techniques, and the TIROS I pictures have already shown the 

ease  with which satellite observations permit  the extension 

of accurate  analyses through regions for which the conven- 

tional data a r e  very sparse .  The surpr is ing thing has  been 

the amount of important new detail which the pictures have 

revealed in the cloud systems over a r e a s  with relatively 

dense networks of conventional observing stations. The 

value of this  new detail is  such that satellite surveillance 

of the weather in  these a r e a s  will be near ly  as  important as 

for unpopulated regions. 

Besides increasing the accuracy of the analyses,  the 

satell i te observations should increase the a r e a  which an 

individual analyst  can study thoroughly in a facility such as 

the National Weather Analysis Center. This will reduce the 
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ar t i f ic ia l  fragmentation of the total synoptic picture which 

necessar i ly  accompanies to some extent any division of 

labors ,  in spite of the c a r e  taken to insure  close contact 

between the cooperating analysts.  

contained in the pictures  might s eem to inc rease  the t a sk  

of the man who must  analyze and explain what he sees ,  but 

the ready-made s t ruc tura l  f ramework which the pictures  a l so  

provide m o r e  than compensates for  this  factor .  

The additional detail  

The future  sys tem will p resent  a unified view of the 

satell i te data for  the complete a r e a  which an  analyst  is 

considering, and preferably for  the contiguous a r e a s  also.  

His bas ic  t a sk  is  to  understand his  area as a single unit of 

in te r re la ted  weather systems. Any ser ious  fragmentation 

of the data fo rces  him to spend ex t ra  t ime in synthesis,  and 

any such delay diminishes the operational usefulness of the 

f inal  weather analysis .  An ideal method, although fanciful, 

might be to print the complete rectified satell i te nephanalysis 

lightly on the synoptic base  map by some rapid reproduction 

process ,  taking c a r e  to insure  accura te  geographical align- 

ment  and location. 

on the same  map,  an  accura te  and rapid analysis  would be 

assured .  

With the conventional synoptic data plotted 
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The timing and the frequency of the satellite observa- 

tions needed to maintain an  adequate surveillance of a given 

a r e a  cannot be specified accurately at  this time. 

the research suggested in Section 4 i s  intended to provide 

a better understanding of this problem. 

includes the amount of persistence shown by the distinctive 

features in the cloud systems, which determines our ability 

to recognize the continuity between two sets  of pictures 

separated by a given time lapse, a s  well a s  the extent to 

which the pictures must be synchronous with the conventional 

data in order to permit a reasonably coherent unified analysis. 

The early results f rom TIROS I have suggested that one f u l l  

view of an a rea  each day might suffice, and that the systems 

develop slowly enough on the scale that we a r e  considering to 

permit assembling that view f rom a mosaic of pictures with a 

timing discrepancy of several  hours. Obviously research on 

this meteorological problem is needed to insure, fo r  example, 

that the satellite system design is not unduly complicated by 

unnecessarily stringent requirements. 

Pa r t  of 

What is involved 

It is instructive to l is t  some of the principal specifica- 

tions that will be met by satellite picture data for use in the 

82 



analysis of large areas:  

(1) A unifiedview wi l l  be given as much a s  

possible of the a r e a  under analysis, 

(2)  The various par t s  of the view of a given a r e a  

will be as  nearly synchronous as  possible, 

( 3 )  The data wi l l  be presented very quickly, with a 

minimum amount of preliminary processing and 

interpretation, 

(4) The data will contain as much of the original 

picture information as possible, since the signif- 

icance of many details cannot be a s ses sed  fully 

prior to the combined analysis, 

(5) The resolution of the original photographs may 

be lower than that of TIROS, however, since it 

is the large-scale  cloud organization that is 

important; and 

( 6 )  A single good view of a given a r e a  each day may 

well Suffice. 

It is not easy to visualize the system that will be finally 

adopted to meet  these specifications. 

large a r e a  nephanalyses require synthesis f r o m  many 

With TIROS I, all 
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individual pictures. In the I. 0. U. experiment this is 

accomplished in the hand-drawn rectification sketches, a 

t ime - consuming proce s s which necessarily suppres see a 

tremendous amount of qualitative information concerning 

texture, intricate patterns and shadings of cloud cover, 

al l  of which contribute vitally to the total information in 

the pictures. 

be used to rectify the pictures, so as to allow mosaics to 

be assembled for large areas .  Thus, the future system 

may be designed with the high precision location and aspect 

data and with the minimum distortion optics and electronics 

that would be required for automatic real-t ime construction 

of high quality mosaic syntheses. 

Elaborate optical or  electronic methods may 

Although the processing of the photographic data is 

necessarily rather complex for a satellite at a few hundred 

miles elevation, it should be realized that comparable 

coverage is virtually impossible with observations from any 

appreciably lower elevation. Although the r e  solution may be 

so Low that each data bit is an average for several square 

miles of earth surface, we a r e  considering a complete set 

of such data bits for the entire earth. To obtain such coverage 
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f rom an airplane flying at  20 miles,  for  example, viewing 

a s t r ip  60 miles wide (a  wider field of view than was found 

fully useful in TIROS I), somewhat over three million miles 

of flying per day would be needed to provide a one-per-day 

view of the ear th 's  surface. To obtain an equivalent density 

of data f rom surface observations, allowing a radius of view 

of roughly 20 miles for each station, would require about 

150,000 observing stations. 

assembling and analyzing the bits of data, a function which 

i s  essentially performed automatically by each TIROS I 

picture for an  a rea  of nearly a million square miles, it  

would seem that the cost of any such lower altitude system 

would be orders  of magnitude greater than for  a satellite 

system. 

Aside f rom the problem of 

On the other hand, it i s  interesting to notice that the 

individual photographs a s  received from a high-altitude 

satellite, with very little further interpretation, would seem 

to meet the specifications for large a rea  analysis surprisingly 

well. 

(Cooper, 1959) the optimum altitude would be roughly 4000 miles 

above the ear th 's  surface, on the basis of a reasonable 

According to an analysis of meteorological systems 
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compromise between maximum useful a r ea  per picture and 

the increased difficulty of achieving higher altitude. The 

cost of providing this speci,alized satellite might be partly 

offset by simplified communications and drastically simpli- 

fied preparation of the large-area nephanalyses. The in- 

creased speed with which the nephanalyses could be presented 

to the weather analysis center by itself might justify a con- 

s iderable expen s e, 

Even for a complete meteorological system a single 

4000 mile satellite might suffice. With one orbit about every 

four hours and with a camera angle of view of about 60°, 

approximately six pictures per orbit could provide complete 

global coverage each day with ample overlap between pictures. 

A polar orbit i s  not essential for this complete coverage. 

Long telemetering paths a r e  possible because of the great 

elevation, permitting considerably more latitude in locating 

the telemetering sites than i s  possible for  a lower level 

satellite, 

F o r  an early experimental system one might consider 

a lightweight and somewhat simplified version of TIROS which 

perhaps could be placed in a 4000 mile orbit in the fairly near 
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future.  Although a c i rcu lar  orbi t  is  distinctly preferable ,  

an  ell iptical  orbi t  might be acceptable if the c a m e r a  were 

a imed downward at apogee. 

suffice and the tape r eco rde r  could be omitted, since the 

high altitude would permi t  adequate a r e a  coverage on d i rec t  

sequence pictures  fo r  the initial experimental  purposes.  

With this angle of view adequate resolution f o r  la rge-sca le  

cloud sys tem analysis  might be furnished by the TIROS camera  

design. 

distinct advantage that the c a m e r a  axis direction relat ive to 

the ea r th  p rogres ses  smoothly according to  simple ru l e s ,  so 

that the pictures  themselves  provide enough data f o r  altitude 

determinations ( s e e  Appendix A). Since reasonable pictures  

would be  needed for  success  of the experiment in any event, 

the special  altitude senso r s  might be  omitted, fu r the r  lighten- 

ing the vehicle. 

A single 60' c a m e r a  would 

In this  application the spin- stabil ized vehicle has  the 

To provide some m e a s u r e  of attitude control f o r  a 

epin-stabilized vehicle one might consider the use of sma.11 

reaction motors  to reor ien t  the spin ax is  f r o m  t ime to t ime 

on command f r o m  the ground station, provided the nutation 

dampers  could work effectively at the slow spin r a t e  needed 
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for the camera. Fo r  the experimental vehicle this control 

could be quite crude, a s  it i s  needed only to insure that the 

camera will see the ear th 's  surface during a reasonable 

fraction of the vehicle's orbit over the sunlit hemisphere. 

Judging from the performance of TIROS I, the control might 

be needed a s  infrequently as  once in a hundred orbits o r  more,  

A reference direction for this operation might be provided by 

the direction of arr ival  of the command signal, for  example, 

o r  simply by the sun. 

3.  3 The Use of Satellite Data for Operational Problems 

The individual features in the TIROS I pictures, which 

account for  the textures of the cloud masses  on a gross  scale, 

correspond roughly to the details of a mesoanalysis on closer 

inspection. Pa r t  of the research suggested elsewhere in this 

report  is intended to make the interpretations precise on just  

this scale. 

in the TIROS I., 0, U, rectification sketches, many of the favor- 

abIe comments that have been received about their use in 

In spite of the detail that was necessarily suppressed 

operational forecast  centers pertain to this aspect of the satellite 

T V  data, and it is certain that future meteorological satellite 

systems will include provisions for the fu l l  use of this potential. 
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The many different questions that can be answered by 

detailed analyses of satellite cloud pictures have been dis- 

cussed in Section 2 of this Chapter. 

fo r  this new information include a variety of local cloud cover 

problems for different a i rc raf t  and naval operations, many 

other local details of the existence of possibly troublesome 

weather for such operations, and the thorough monitoring of 

.meteorological developments in a r e a s  of potentially severe 

s torms  . 

The obvious requirements 

Common to all of these applications a r e  the need for  

good resolution in the photographs and the need for views 

of specific and relatively res t r ic ted  a r e a s  on specified 

occasions, requirements distinctly different f rom those for 

global analysis. The a r e a s  of interest  to most of the operations 

in which these weather details a r e  important a r e  st i l l  expanding 

rapidly, and it would be prudent to plan the future  meteorological 

satell i te system on the assumption of a n  essentially global interest .  

The global analysis program described in the preceding para-  

graphs is motivated by this consideration, in addition to the need 

for  global data i n  analyzing and forecasting the dynamics of the 

atmosphere. 

veillance of the world's weather which must be furnished to the 

These analyses w i l l  provide the continual su r -  
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operational forecast  centers. These analyses, together with 

the current operational requirements, will determine which 

local regions should be ihspected by mesoscale satellite 

photography at  any given time. 

Although the resolution of the narrow-angle camera is 

preferable fo r  fine details, the relevance of the TIROS I 

wide-angle data to mesoanalysis a s  well as to large-scale 

cloud systems analysis i s  one of the most impressive out- 

comes of the TIROS experiment. This fact could lead to a 

meteorological system in which the basic data consist of 

frequent high resolution pictures for the whole earth, from 

which syntheses would provide the global analyses a s  described 

above, and detailed inspections would provide the chosen meso- 

analyses. To really meet the operational requirements for  

mesoscale data, the operations centers would probably need 

to receive in effect the original pictures. 

mission of all the pictures to all of the operations centers, for 

each to use a s  it sees  fit,  seems ridiculous so that presumably 

only specific pictures would be transmitted upon request. 

The routine trans- 

An alternative might rely on a separate system in which 

special satellites would be ready to provide operational mesoscale 
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data on command, 

flexible, they could be used fo r  a var ie ty  of r e s e a r c h  

purposes a t  other t imes ,  as discussed in the following 

paragraphs.  The satell i te instruments  could be made 

available for  local pictures  on d i rec t  command f r o m  the 

nea res t  of a selected group of operational cen ters ,  although 

central ized coordination would be required.  

different sys tem there  might be a central ized control center  

which would program the pictures  according to specific 

reques ts  f r o m  the operational cen ters  and then t ransmi t  the 

selected pictures  to  the appropriate  centers  by high speed 

facsimile .  Certainly it will be necessa ry  to provide fo r  

remote  pictures ,  perhaps tape- recorded  like those f r o m  

TIROS, to provide mesosca le  information f r o m  inaccessible 

o r  perhaps unfriendly a r e a s .  

If these  instruments  were sufficiently 

In a slightly 

A s  a l ready  mentioned in connection with the 4000 mile 

satell i te suggestion, even economics might favor  a sys tem 

built around two o r  m o r e  specialized types of satel l i te  ins t ru-  

ments .  The combination of operational and r e s e a r c h  requi re -  

ments  mus t  be met somehow, and cer ta inly i t  is most  economical 

to  be able to  control the selection, type, and scale  of the data at 
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the source,  r a the r  than to  attempt to  m e a s u r e  everything 

everywhere all the t ime and to maintain a vast  data proces-  

sing center  to  reduce it tc, the var ious f o r m s  requi red  for  

the var ious purposes.  

3 . 4  The Use of Satell i te Data f o r  Geophysical Resea rch  

The meteorological T V  satel l i te  sys tem which s e r v e s  

the weather analysis  and forecas t  functions descr ibed above 

will a l so  se rve  many purposes  in geophysical research .  

With the chosen operational functions provided, the ins t ru-  

ments  will have the maximum additional flexibility permit ted 

by power and weight requi rements ,  in o rde r  to  facil i tate 

whatever specialized additonal observations the scheduling 

m a y  allow. One might anticipate, for  instance,  provision 

for  calibration of the absolute light intensity, a selection of 

optical f i l t e rs ,  po lar izers ,  and perhaps a lens  sys tem with 

a selection of fields of view t o  va ry  the resolution of the 

t ransmi t ted  pictures  for  special  purposes,  

It is only natural  that  many of the r e s e a r c h  purposes will 

be s t r ic t ly  meteorological as  i l lustrated by the range of topics 

discussed in Sections 2 and 4 of this  Chapter. An important 

additional f ield of meteorological r e s e a r c h  is that  of accura te  
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albedo measurements ,  fo r  which a well calibrated instrument  

is  required,  and for  which the selection of optical f i l t e r s  

would be extremely valuable. In addition to the ref lected 

light intensit ies f r o m  the  var ious types of sur faces ,  the 

albedo depends on the average cloud cover  over  the ear th ,  

and on the distribution of the clouds relative to water  and 

land surfaces .  

provide the f i r s t  accura te  means of evaluating both the long- 

The systematic  global nephanalyses will 

t e r m  average and the possibly significant short  period fluctua- 

t ions in this factor.  

A new cloud climatology will gradually be derived f r o m  

the satell i te observations. 

t ions of average cover ,  since high-resolution studies can be 

used as  needed to furnish the finer details  of cloud type. An 

interest ing prospect  is climatology of high clouds, f r e e d  f r o m  

the bias  that local o r  essent ia l ly  surface-generated cloudiness 

gives to  ground-based observations.  This subject, important 

both fo r  numerous aeronautical  applications and f o r  studies of 

a tmospher ic  dynamics, should be opened up by the studies to 

be made on identifying cloud types f rom the satel l i te  photographs, 

It will not be l imited to considera-  

The pictures  of the ea r th ' s  surface in c lear  regions can be 
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used for  a var ie ty  of geophysical observations.  Important 

to  both meteorology and hydrography will be the indication 

of snow cover.  It a l s o  m a y  be possible to observe regions 

of extensive floods, since the amounts of light reflected by 

land and water  a r e  typically quite different. Other studies 

a r e  possible,  since the shading of land areas in a number 

of TIROS I photographs show nuances which appear  to be 

re la ted  to the t e r r a in .  

A separa te  area of r e s e a r c h  concerns the sun-glint 

which can be seen on water when the c a m e r a  is or iented to 

receive specular ly  ref lected sunlight. The overa l l  geometry 

of the sun-glint, the distribution of light intensity through it, 

and its degree of polarization may  be of interest .  F r o m  this  

r e s e a r c h  may  come a use fu l  means  of measur ing  the s ta te  of 

the sea  over  wide a r e a s .  A re la ted  possibility is  a study of 

the appearance of shallow ocean waters ,  which may  well de- 

pend on the s ta te  of the sea. 

mation which may  be  access ib le  to  satel l i te  photography 

includes the location of icepacks,  and perhaps the delineation 

of the ma jo r  ocean cu r ren t s  which may  be distinguishable by 

color. 

Still other  oceanographic infor- 

F o r  such studies as  these  the flexibility of the satel l i te  
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inst rument  will be  important,  since the s tandard meteoro-  

logical observations would only occasionally involve the 

right instrumental  pa rame te r s  fo r  the oceanographic work, 

Observation of the e a r t h ' s  surface by the meteoro-  

logical satel l i tes  might be valuable f r o m  a completely 

different standpoint. Such questions as snow cover ,  flooding, 

drought and perhaps the details  of g r o s s  appearance such as 

color,  could possibly contribute useful bi ts  of information 

to  our intelligence of foreign t e r r i t o r i e s  to supplement the 

output of the regular  surveil lance sys tems if  necessary .  

95 



CHAPTER I (Continued) 

SECTION 4 

PROBLEMS REQUIRING IMMEDIATE STUDY FOR OPTIMUM 

USE OF FUTURE SATELLITE OBSERVATIONS 

4. 1 Introduction 

The extreme utility of the pictures obtained from 

TIROS I, for both practical and for research  purposes i s  

apparent to the most casual on-looker. Fo r  a few applica- 

tions the TIROS pictures a r e  useable without any particular 

study being required. 

sophisticated uses, various studies and research endeavors 

a r e  required to answer outstanding questions, to provide 

effective techniques, and to furnish a firm basis for the 

practical applications. 

But for many of the potential, more  

It is the purpose of this section of the report  to review, 

in more  or  l e s s  orderly fashion, a number of the studies which 

we believe a r e  required to continue the growth of the infant 

science and technology of satellite meteorology. 

i s  made to evaluate the magnitude of the various tasks, 

case, it i s  probable that an optimum application of both 

Little attempt 

In each 
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imagination and brute force will yield the most  useful 

results.  

Characterist ically,  many of the problems lie on the 

interfaces between meteorology and other disciplines. 

Thus, the work can bes t  be approached by integrated groups 

containing specialists in the various fields required. 

affords an excellent opportunity for scientists f r o m  other 

a r e a s  to be brought into the meteorological field and at the 

same time provides an opportunity f o r  the broadening of the 

some time s seriously r e  st r ic te  d backgrounds of meteorological 

specialists 

It 

A number of the problems represent  somewhat thorny 

questions that have been sidestepped by meteorological in- 

vestigators of the past. 

and the incentive of more  thorough scientific and practical  

utilization of satellite meteorology data, these problems may 

be now solved. 

With the availability of TIROS data 
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4 . 2  Optical Properties of the Field of View* 

4. 2. 1 Specification of the Cloud Field 

4. 2. 1 .  1 General 

The clouds in the field of view of the television 

satellite form the primary information source for the 

relatively complex communications chain that terminates 

with the operational use of the satellite data, Between this 

source of information and the consumer of the information 

there a r e  inserted a number of processes that may be treated 

a s  logical filters. These fi l ters res t r ic t  the amount of in- 

formation which can be made available to the eventual user. 

Sophisticated design would arrange the f i l ters  in such fashion 

that the maximum amount of wanted information would be 

presented to the consumer, along with a s  little a s  possible 

of unnecessary information, which may be regarded a s  "noise. ' I  

In the TIROS I Immediate Operational Use experiment a t  

least  three fi l ters existed between the primary information 

field in the atmosphere and the consumers in Washington. The 

f i r s t  of these was the restricted resolution of the television 

* 
This Section was written by D r .  A, Glaser, Allied Research 
Associates, Inc. 
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system, which did not permi t  seeing fea tures  of s ize  3.  0 

miles  o r  l e s s .  The second f i l t e r ,  one of relatively complex 

nature ,  was the human link between the picture received on 

the ground and the message ,  e i ther  coded o r  facsimile ,  sent 

to the operational users .  

Analysis of this  human fi l tering process  would be mos t  

interesting. 

resolui.ion of the sys tem to a ve ry  poor f igure,  perhaps 

50 miles ,  but on a separa te  "channel" adds a representat ion 

Of the texture of the l a rge  regions t reated.  

recognition permi ts  a consolidated description of complicated 

f ea tu res  which repeat  themselves  in nature.  Commentary on 

the performance of the human f i l t e rs  indicated that they were  

usually somewhat "opaque. It  

In a g r o s s  sense,  the human f i l t e r  cuts the 

In addition, pat tern 

A third,  somewhat unavoidable, source  of information 

loss was the position uncertainty of the identified information 

elements.  This is another a r e a  that may  be of considerable 

in te res t  to study, a s  the accuracy  requi red  in the location of 

f ea tu res  in the f ie ld  of view is by no means  immediately 

apparent. 

the information, o r  the na ture  of the information. 

It i s  obviously dependent upon the intended use  of 
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A number of investigations a r e  called f o r  to provide 

sufficient information about the nature of the field of view 

of the meteorological satellite to permit future system 

designs. Suggestions a s  to the means of approach a r e  

contained in the following sections. 

4. 2. 1. 2 Informational Specification of the Field of View 
~ 

The field of view may be treated a s  a two dimensional 

continuum composed of a number of discrete unit areas .  

The size of the unit a r eas  can be left arbi t rary,  since 

resolution of the system is one of the parameters to be 

investigated. 

of brightness. 

convenient to assume a uniform level of illumination for  the 

given picture and reduce the brightness to somewhat more 

manageable units of reflectance. 

quantize the reflectance according to some grey- scale. 

Each unit a r ea  i s  characterized by a level 

In order to simplify the analysis, it will be 

It may be convenient to 

The f i r s t  question that might be asked of a field thus 

specified is the nature of the Fourier spe-ctrum represented. 

Fo r  a scanning system, it might be sufficient to consider a 

simple one - dimensional s pectr um. However, the obvious 

patterning and orientation of patterns makes it desirable to 
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conduct a two-dimensional analysis with appropriate co- 

t e rms .  

The resul ts  of such an  analysis must be studied 

with some care.  

itself Over regions of reasonable cloud homogeneity to per -  

mit visual identification of the features  that show up as 

characterist ic wave numbers of the analysis. 

been done, it will be possible to compare the spectral  con- 

tributions of various manifestations in the field of view with 

the utility of the knowledge of these manifestations to the 

consumer of the information. This, of course,  requires  

detailed knowledge of the requirements of the various poten- 

tial consumers of the information, a separate investigation. 

It will be necessary to conduct the analysis 

Once this has  

The availability of the fundamental spectral  information 

will permit  a relatively sophisticated analysis of the communi- 

cations requirements of the system and of savings in communi- 

=ations capacity that may be effected by elimination of extreme 

re dundanc y . 
Another by-product would be an  indication of the feasibility 

Of some f o r m  of on-board analysis. This possibility has a l ready been 

explored (Glaser,  1957) but no actual data were  available to  per form 
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the necessa ry  conclusive evaluation. It may  be added 

parenthetically that, while advances in communication 

capability m a y  make on-board analysis  unnecessary,  a 

similar f o r m  of data reduction may be requi red  at some 

point on the ground to a s s u r e  the maximum utilization of 

the hard-won data without burying the consumer under 

piles of finely detailed pictures.  

In addition to its obvious application in the design 

of future satell i te sys tems,  a documentation of the spat ia l  

spec t rum of the cloud field should be of considerable in t e re s t  

to  meteorologis ts  concerned with the motions of the a tmos-  

phere. While it can not be claimed that the spec t rum of 

cloud manifestations matches the spec t rum of ver t ical  motion, 

the correlation is quite obvious. 

4. 2. 2 Cloud Composition and Reflectivity 

A problem that a r i s e s  constantly in the interpretat ion 

of TIROS pictures  is the interpretat ion of var ia t ions in cloud 

br ightness .  E lementary  reasoning would indicate that the 

br ightest  clouds a r e  the thickest. However, it is a l s o  obvious 

that to  a cer ta in  extent the br ightness  of the cloud is controlled 

by the relat ive position of sun, cloud, and camera .  It is not 

102 



known, except perhaps in a very  general  way, what the 

effect  of dropsize distribution o r  the presence of ice  

c rys ta l s  is  upon directional reflectivity. 

standing of these effects is required before  successful 

cloud identification can be  possible, 

meteorological sys tems of higher resolution capability 

will not eliminate the need for  cloud identification by bright- 

nes s ,  

A good under- 

Future  satel l i te  

Several  different approaches might be used to amass 

the requi red  data. 

consis t  in matching up the observed br ightness  as seen by 

TIROS with as good a description of cloud charac te r i s t ic  

as  is available f r o m  conventional observation. This will 

requi re  a somewhat g rea t e r  level of location accuracy  than 

is current ly  present  in mos t  TIROS data. 

TIROS satel l i tes  wi l l  be be t te r  documented. 

TIROS has  the distinct advantage that actual br ightnesses  

a r e  well documented by the calibration and standardization 

procedures  that have been used. As a result, the use of a 

microdensi tometer  on film reco rds  reproduced f r o m  the 

TIROS magnetic tapes  can be expected to give excellent 

A purely empir ica l  approach would 

Hopefully, future 

The use of 
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results, The same cannot be said to be true of most air- 

craft and rocket photography to date. 

documentation i s  available for  these pictures, and over- 

exposure seems to be the general rule. 

No grey-scale 

Wherever possible, special high altitude aircraf t  

flights should be made carrying camera equipment of a 

type well suited to photometric measurement. 

care  must be taken to assure  brightness calibration of the 

film records and to assure  an adequate range of exposure. 

The use of wide angle o r  trimetrogon cameras  will permit 

documentation of the relative effects of sun, cloud, and 

camera positions. If such photographic flights could be 

made in conjunction with cloud physics type flights, it 

would be possible to provide f u l l  documentation of the internal 

structure of the clouds to provide a guide for theoretical 

studies of the relation between cloud composition and r e -  

flectivity. 

Extreme 

The observational program should be supported by a 

strong theoretical program, a s  it will manifestly be impossible 

to take a sufficient number of observations to cover all contin- 

gencies. The problem of scattering from a polydisperse aerosol 
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is  a r a the r  complex one. 

to exist. 

establishment of acceptable simplifying assumptions and 

of suitable approximate methods of solution. 

No general  solutions a r e  known 

A pract ical  approach would probably involve the 

The ice  c rys ta l  problem i s  one requiring special  

attention, par t icular ly  for  the frequent case  of m o r e  o r  

l e s s  monodisperse and uniformly oriented c rys ta l s .  

It i s  quite apparent  that  a g rea t  deal of work mus t  be  done 

on cloud optics to provide usaable resul ts .  

of the task should not, however, be permit ted to discourage.  

an  ea r ly  approach. 

The magnitude 

4 . 2 . 3  The Sun Glint as  an  Oceanographic Tool 

Specular reflection of sunlight f r o m  water sur faces  has  

been seen c lear ly  in many TIROS I pictures.  

smooth water  surface the camera  would see an  image of the 

sun ve ry  slightly reduced in s ize  by the curvature  of the ear th .  

Waves on the water surface provide a distribution of angles  of 

reflection which b reak  up the central  image and reduce its 

intensity, but which a l so  provide specularly reflected image 

components f r o m  a a r g e  additonal a r e a  of the sea ,  

sun-glint, i. e , ,  the total pattern of specular ly  reflected 

With a perfectly 

Thus the 
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Fig.38 SUNGLINTON THE OPEN OCEAN 
ON SUCCESSIVE FRAMES 

R/O 704 



Fig. 390 SUNGLINT ON THE OCEAN 
JUST OUTSIDE SAN FRANCISCO BAY. 

Fiq. 39b SUNGLlNT WITH PRINCIPAL 
REFLECTION FROM SAN FRANClSCO BAY 

R /O 703 



sunlight as imaged by the camera,  has a distribution of 

light intensity and polarization ,which depends on the state 

of the sea a s  well a s  on the basic geometrical relations 

between earth, sun, and satellite. 

Figures 38 and 39 show examples of sun-glint to 

illustrate the range of variation that i s  encountered. 

particular interest is the diffetence in brightness between 

Of 

the reflections from San Francisco Bay and from the open 

ocean just  outside the Golden Gate. (Fig. 39 near center), 

it appears from the surface reports that both a reas  were 

essentially clear, so that the difference in brightness may 

be due to the difference between relatively calm and relatively 

r o ugh wa t e r . 
The derivation of state-of-the-sea information f r o m  s u n -  

glint data has been studied in considerable detail (Cox and Munk, 

1954). However such information from satellite photographs would 

appear unique in the vast a r eas  of the oceans which would be 

brought under relatively direct observation. 

it would be useful to specialize the ear l ier  work on sun-glint 

for the case of an observation point a t  the elevation of TIROS I, 

and to analyze the sun-glints seen in TIROS pictures a s  fully 

as possible. 

F o r  this reason 
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A second objective of this work would be to consider 

what specifications for future satellites might provide the 

most useful pictures for oceanographic studies. Elsewhere 

in this report i t  has been pointed out that future meteoro- 

logical satellite systems may be sufficiently flexible to 

permit scheduling a certain number of special purpose 

pictures in addition to the presumably standardized cloud 

pictures. It would be useful to determine what special 

instrumentation or  characteristics might be included to 

facilitate oceanographic observations. 

This research, therefore, would include a review of 

sun-glint calculations and their specialization to the particular 

case of TIROS I pictures. TIROS pictures showing sun-glint 

would be tabulated along with the relevant geometry, and the 

sun-glints would be analyzed a s  completely a s  possible and 

compared with oceanographic records a s  available. 

purpose would be to determine the usefulness of the technique, 

l ist  any satellite modifications that would be helpful, and 

suggest procedures for routine analysis if deemed feasible, 
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4. 3 Cloud Identification* 

4. 3. 1 Introduction 

Historically, the identification and classification of 

cloud forms far outdistanced the early science of meteorology, 

much a s  anatomy outran medicine for  many years.  Experience 

has shown that cloud studies, of themselves, a r e  rather f r u i t -  

l ess  endeavors--it i s  only when clouds a r e  used as indicators 

of atmospheric processes that cloud analysis acquires signifi- 

cance. As our knowledge of atmospheric processes has in- 

creased, a renewed interest  in clouds a s  processes has occurred, 

It is against this background that the techniques of cloud form 

.recognition from satellite data and their potential utility must 

be considered, 

In the attempts a t  immediate utilization of TIROS wide 

angle pictures, positive cloud identification was impossible 

in most cases. Even the determination of cloud family (high, 

middle or  low) by analysis was quite difficult. 

something more sophisticated than merely the identification 

But certainly 

of bands, vortices o r  general cloud cover is desirable for 

the future. 

* 
This Section was written by R, J. Newcomb, Allied Research 
Associates, Inc. 
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The principal obstacle to cloud recognition seems to 

be the resolution restriction of the satellite image system. 

The best resolution of the TIROS wide-angle camera is in 

principle about 1. 6 miles. 

qppears to be only slightly 

Under operating conditions, it  

poorer; a value of approximately 

3. 0 miles looking straight down has been estimated using 

small islands a s  reference, 

presented in Figure 40a, a wide-angle photo of the Gulf of 

California and 40b, a narrow angle photo of a smaller portion 

An example of the resolution is 

of the gulf, The larger island visible in both photographs i s  

Tiburon. The smaller circular island, San Sebastian, i s  

approximately 3 . 4  miles in diameter. At this resolution, 

most cloud genera a r e  unrecognizable. 

However, despite the resolution restriction, tentative 

identification of certain cloud genera has been accomplished. 

Groups of cumulonimbus clouds are often deemed recognizable 

because of their brightness, vertical development and overall 

size. An illustration of a line of these suspected cumulonimbus 

groups is found in Figure 41, taken over western Australia on 

6 May 1960. 

apparent c i r rus ,  probably related to the proximity of the je t  

Occasionally idetitifiable a r e  long bands of 
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Fig. 40 RESOLUTION EXAMPLES 

a.WIDE ANGLE b. NARROW ANGLE 

R/O 602 



Figg 41 L INE OF PRESUMED CUMULONIMBUS ACTIVITY 
OVER WESTERN AUSTRALIA 07462 

6 MAY 1960 R/O 505 
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s t r e a m  (Conover, 1959) .  

found in  F igure  42, taken f rom an orbit  over the Indian 

Ocean on 9 May 1960. 

long and 50 miles  wide, is seen to  s t re tch  almost the ent i re  

length of the Gulf of Aden. Socotra Island is visible at the 

lower right of the picture, Somaliland in  the lower left fore-  

ground and the Arabian peninsula at the top, Uniform c i r r u s  

An example of one of these bands is 

A band of c i r rus ,  some 600 mi les  

was successfully identified Over North Africa on 16 May 1960, 

F igure  10, 

A fair number of s imi l a r  identifications have been 

made. Frequent ma jo r  e r r o r s  occur, however, as a result  

of attempts to  "stretch" the s ta te  of the art. 

s t em f rom erroneous interpretation of the s ize  of cloud 

elements, f rom interesting interactions between the scan 

lines and cloud Iines, and f rom blurring of unresolved 

elements, 

cumulus, far too sma l l  to  be resolved individually, may take 

on the appearance of a c i r r u s  veil,  

These e r r o r s  

A s  an example of the la t ter ,  a field of small 

Significant progress  in  cloud recognition can be achieved 

only with the appropriate expenditure of r e sea rch  effort. 

following a r e  suggested methods of approach to some of the 

The 
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h . 4 2  APPARENT LARGE SCALE BAND OF CIRRUS 
OVER THE GULF OF ADEN 11562 

9 MAY 1960 R/O 552 
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identification problems. A careful integration of the 

resulting techniques should prove rewarding. 

4.3.2 Comparison to Conventional Observations 

The most obvious method of learning cloud identifica- 

tion involves the intercomparison of the TIROS Satellite 

data and conventional cloud data, including the extremely 

valuable pilot reports. This type of effort w i l l  prove to be 

rather time consuming but fairly productive. It maintains 

the advantage of utilizing readily available conventional 

information. 

A number of practical difficulties will be encountered, 

familiar to those who have practiced nephanalysis. In particu- 

lar, regularly recorded cloud observations a t  ground stations 

seldom reflect the pertinent information required for accurate 

analysis and correlation with satellite data. A listing of the 

most desirable information might include: the distance and 

direction of observed cloud forma, an estimation of cloud 

thickness, the existence of significant bands, and the estimated 

amount of cloud cover in the upper layers. In some cases pilot 

reports in the vicinity of the surface cloud observations help to  

clarify the situation, 
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At least a par t ia l  solution to  the lack of detail in the 

hourly cloud observations could be achieved by the construction 

Of schematic  d iagrams of cloud cover at each station during 

Periods when the satell i te is  known to be in the vicinity. 

would be desirable  to  select  these stations in coherent groups 

f o r  the purpose of maintaining continuity f r o m  one to another.  

Three  o r  four of these d iagrams per  day constitute the maxi- 

mum requirement  f o r  a weather station in the case  of a single 

TIROS type satell i te.  An example of the suggested schematic  

representat ion of a cloud observation is shown in F igu re  43. 

This scheme would establ ish much of the vital information now 

lacking in cloud reports .  

It 

A program organized around the intercomparison of 

satel l i te  and ground observations m u s t  be well documented so 

that personnel other than the r e s e a r c h e r s  may  obtain the 

benefit of the experience.  It must be recognized that satellite 

cloud recognition is-and probably will continue to be- some- 

thing of an a r t ,  proficiency in which can only be gained through 

sufficient experience,  the acquisition of which can be faci l i ta ted 

by the preparat ion of manuals ,  documented examples,  etc.  

In the long run, however, t he re  is  no substi tute f o r  long t e r m  
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experience with a continuous verification program main- 

taining "quality control. I t  

It m a y  be argued that the increasing resolution 

capabili t ies of future  satel l i tes  will make specialized 

training and experience in cloud recognition unnecessary.  

The re  can be  l i t t le doubt that  the process  will be facil i tated 

by be t te r  resolution, as evidenced by the na r row angle 

pictures  of TIROS. But these pictures  a l so  demonstrate  

that interpret ive skil l  is still requi red  in many-if not in  

most  - c a s  e s. 

4. 3. 3 Comparison to  Photographic Cloud Observations 

To enhance the utility of the comparison of satel l i te  

data to conventional data,  m o r e  tangible cloud information 

in the f o r m  of photographs offers many advantages. 

dist inct  methods are  available for  obtaining this  type of data. 

Two 

High altitude a e r i a l  cloud photography would provide 

excellent resolution pictures  f r o m  above, approaching the 

type of information provided by the satell i te.  

the pictures  would be taken f r o m  above the clouds i s  helpful, 

but does not insure  e a s e  of identification. 

has  demonstrated that even with high resolution a e r i a l  

The fact  that 

Past experience 
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Cu 81 Cb IO Mi. MW 
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Ci Sheet Est 
Base 270. Tops 
310.Ci Band 
About 5 Mi. Wide. 

Fig. 43 SUGGESTED SCHEMATIC REPRESENTATION OF SURFACE 
CLOUD OBSERVATION 



photographs, positive cloud identification s t i l l  r equ i r e s  a 

cer ta in  amount of comparison to  conventional data. 

principal de te r ren t  to this  method, other  than the prohibitive 

cost  of routine flights, is the problem of correlat ing satel l i te  

data to a i r c r a f t  flight data,  

The 

A m o r e  desirable  a l ternate  method is  the use of one 

o r  m o r e  networks of ground based c a m e r a s  capable of photo- 

graphing the en t i re  sky. 

m o r e  positive f o r m  of the cloud schematic  method discussed 

This technique is essent ia l ly  a 

earlier. 

viewed f r o m  below, a definite disadvantage when seve ra l  

Here  the problem is encountered that the clouds a r e  

cloud l a y e r s  a r e  present.  However, this  should present  no g rea t  

problem with the proper  selection of sequences f o r  study. 

The "whole sky camera"  method has  the distinct 

advantage of being much m o r e  economical than a e r i a l  photog- 

raphy, It should be pointed out he re  that this  type of identifi- 

cation p rogram is current ly  being pursued on a small scale 

by the Satellite Meteorology Branch of the Geophysics Resea rch  

Directorate ,  United States A i r  Fo rce .  (See Appendix E) 

4. 3 . 4  Identification by Inference f r o m  Pat te rns  

Even the most  casual  inspection of the TIROS data 
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provides an  indication of ve ry  extensive organization of 

the clouds into definite patterns.  Admittedly present  

knowledge of the significance of these l a rge  sca le  pat terns  

is  l imited since the i r  existence had only been suspected 

pr ior  t o  recent  verification by miss i le  and satel l i te  observa-  

tions. An outstanding example of cloud organization is 

i l lustrated in F igure  2 over the Indian Ocean, depicting an 

area of l a rge  sca le  cyclonic circulation. 

The r ecu r rence  of specific pat terns  has  been frequently 

observed. It is suspected that many less obvious pat terns  

a l so  exist ,  but have passed unnoticed, 

sufficient evidence to  support the concept that cloud f o r m s  

There  appea r s  to be  

which constitute these repeti t ive pat terns  may be quite 

Similar f r o m  one situation to another. Once this relationship 

has  been established it may  be possible to  bypass the stringent 

Cloud identification requi rements  to a l a rge  extent. This should 

cer ta inly be thoroughly investigated since it would provide a n  

ex t remely  useful meteorological analysis  tool. 

4. 3. 5 Additional Identification Aids 

4. 3. 5. 1 Stereo 

The application of s t e reo  viewing techniques would 

Provide a most  useful implement to aid cloud identification. 
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This type of information would enable the analyst to dis-  

tinguish cloud layers  one f rom another and also extract  

at leas t  approximate est imates  of cloud thickness. An 

initial attempt has  been made by Allied Research  Associates,  

Inc. ,  to determine whether o r  not this is feasible, using a 

limited number of TIROS wide angle photographs. Some 

mild evidence of s tereo was observed, but it was apparent 

that more  elaborate techniques a r e  required for proper 

utility of this information. 

a r e  currently being undertaken by Allied Research. 

Investigations along these l ines 

4. 3. 5. 2 Brightness Variation 

Variations in brightness of the cloud field a r e  a l so  

quite helpful in distinguishing cloud type. With reasonably 

uniform lighting of the field of view-i. e . ,  relatively high 

solar  angle- clouds of the grea tes t  ver t ical  development 

appear brighter than other forms. This fact  becomes 

quite apparent when one views presumed a r e a s  of cumulo- 

nimbus deveiopment ( see  F igo  41). In contrast  to this,  a r e a s  

of l imited vertical  development take on a greyish cast. Cloud 

identification through brightness and brightness variation 

should be greatly facil i tated by pursuit of the studies recom- 

mended in Section 4.2. 
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4.3.5.3 Cloud Shadows 

Cloud shadows a r e  c lear ly  evident in many of the 

TIROS na r row angle photographs, and a r e  present  in 

the wide angle pictures.  

pendent upon the relative brightness of the surface on 

Recognition of shadows is de- 

which they a r e  cas t ,  the sun and satell i te positions, aQd 

the cloud composition and thickness. 

a r e  present ,  reasonably accura te  determinations of cloud 

height a r e  possible. 

When cloud shadows 

Techniques a r e  requi red  to  permit  ready u s e  of 

shadows for  cloud height determination, taking account 

of the variations of so la r  elevation, camera  position, and 

perspect ive (Glaser ,  1957). The mathematical  complexity of 

these relationships makes  essent ia l  the construction of 

nomograms o r  other computational aids.  

4 .4  Analysis Techniques* 

4.4. 1 The Self-analyzing Weather Map 

The fea ture  of the TIROS pictures  that f i r s t  s t r i kes  

the meteorological observer  is the tendency of cloud 

elements  to group themselves  into s t ra ight  o r  smoothly 

curved l ines  that outline ma jo r  sys tems in much the same 

* This Section was writ ten by R, C, Copeland, Allied 
Resea rch  Associates ,  Inc. 
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way that the isobaric patterns of the conventional map 

analysis delineate circulation systems. In addition, major  

f ronts  a r e  c lear ly  indicated by heavy cloud l ines;  cyclonic 

centers  become vortex centers ;  major  anticyclones a r e  

marked by substantial blank a r e a s  limited by the encroaching 

cyclonic clouds on the one side and on the other by a fan of 

clouds organized into f rac tured  l ines that clearly show the 

divergent anticyclonic flow, 

basic  atmospheric processes  has  led more  than one TIROS 

worker to  call the pictorial presentation a 

weather map. 

This striking portrayal of 

self-analyzing 

Unfortunately, the f u l l  import  of this feature  had not 

been fully appreciated when the Immediate Operational Use 

system of data abstraction was set  up by Allied Research  

meteorologists, even though the At l a s  11C pictures provided 

a beautiful example. No adequate provision was made for  

transmitt ing the "self analysis" f rom the data acquisition 

s i tes  to the operational users ,  who thus obtained the analysis 

in a f o r m  severely limited by the a r t i s t ic  capabilities (for 

facsimile)  o r  topological skil l  (for code) of the data abs t rac tor ,  
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Attempts to equate the self-analysis to more conven- 

tional analyses (e. g . ,  Conover and Sadler, 1960) show that 

it is difficult to account for  .the cloud features on the basis 

of a horizontal conventional analysis at any single level, 

although it is probable that most major cloud features will  

be seen a s  a synoptic feature a t  some level in the atmos- 

phere. Thus, it would be difficult to reproduce a constant 

pressure chart f rom cloud information. 

This suggests that the cloud picture self-analysis, 

if it i s  to be used a t  all,  must be treated a s  a separate 

form of analysis. Before it can be properly exploited, it  

must be understood, both from a theoretical and a practical 

point of view. Programs a r e  required to clarify the nature 

Of the cloud s t reams that point out definite directions. Are 

these directions of flow, of shear, or  of some more complex 

vector quantity? 

Empirical work i s  required to derive methods of 

analysis of the cloud field, methods which will lend them- 

selves to forecast  purposes. If forecasting from these 

analyses proves to be possible-and surely it must be- 

then forecast  techniques and rules must be evolved. 
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It would appear that the pictorial self-analyzing map 

will provide the greatest  benefits in the tropical and middle 

latitude oceanic regions. 

attained, and it is a lso in these regions that conventional 

analysis techniques provide the poorest service.  It should 

be in these under-observed a r e a s  that the greatest  benefits 

of the meteorological satell i te occur. 

Here the greatest  c lar i ty  is 

4.4.  2 Cloud Systems 

The meteorologist in dealing with weather data of the 

past  has  been accustomed to  dealing with identifiable entities 

that he r e f e r s  to  generically as  t lsystems.  

to define "system, he may grow somewhat vague, but still 

insis ts  on the legitimacy of dividing the atmosphere into a 

number of identifiable regions of indefinite boundaries, each 

of which contains a grouping of features  that can be manipu- 

lated as a mental symbol, 

When called upon 

These Ilsystems" can occur on any scale of analysis.  

Thus, "systems,  I '  f o r  the long range forecas te r  a r e  likely to 

consist  of ent i re  waves in the westerlies.  

meteorologist a "system" becomes a single identifiable cloud 

complex of a few miles  size. 

F o r  a meso-  
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Regard less  of the presence o r  absence of any theoreti-  

ca l  justification, the satell i te meteorologist  a l so  finds him- 

self  dealing in sys tems.  In many cases ,  cloud sys tems are 

nicely defined and reasonably well bounded. The charac te r -  

i s t i c s  displayed in the region permi t  recognition of the 

sys t em as belonging to  a definite c l a s s  and a l so  permi t  day 

to day recognition of the s a m e  system. 

the present  s ta te  of the a r t ,  a number of situations arise in 

which the clouds present  a confused pattern that does not 

permit  any ready recognition of the central  nucleus of a 

system. 

Of experience has  been acquired in interpretation of satel l i te  

pictures ,  even these situations will become manageable. 

Unfortunately, at 

It may ve ry  well be that after a sufficient amount 

The first s tep  in the use of the cloud sys tem concept 

as a logical tool in the use of satell i te pictures  is identifica- 

tion of the var ious types of cloud system, The most  obvious 

method of approach would b e  to equate cloud sys t ems  with 

conventional synoptic systems.  

assoc ia ted  with a su r face  cyclone would be t e rmed  a cyclonic 

cloud sys tem,  

Thus, the cloud sys t em 

This method of approach s e e m s  ar t i f ic ia l ,  as cloud 
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sys t ems  have a l ready  been identified with r ecu r r ing  pat terns  

which s e e m  to have no counterpar t  in regular  synoptic 

sys tems,  

system, which has  been observed in  var ious f o r m s  in seve ra l  

areas. Inspection of TIROS pictures  has revealed many cloud 

complexes on a modera te  to l a rge  scale  that exhibit the type 

of coherence that would make  it possible to  dignify them with 

the name of system. 

Most noticeable of these i s  the "annular" cloud 

Accordingly, it is  probable that the isolation of types 

of cloud sys t ems  will r equ i r e  a g rea t  deal of independent 

analysis  of TIROS pictures.  

ology suggests that  some time m a y  go by before  a useful 

systematization can be accomplished, but this  should not 

discourage a vigorous attack. 

The experience of r a d a r  me teo r -  

4,4. 3 Continuity of Cloud Pa t t e rn  

The concept of dist inct  l a rge -  scale  cloud sys t ems  

implies  some m e a s u r e  of continuity in t ime,  in addition to 

the pos sibility of distinguishing regular ly  r e c u r  ring families 

of similar s t ruc tu res  as  outlined above. A useful study can 

take the f o r m  of empir ica l  r e s e a r c h  in which the l a rge - sca l e  

cloud distributions are  viewed as  the independent observable 
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entities. 

over which one can recognize the evolution and motion of 

the cloud distributions. 

independent of the attempt to define useful categories of 

cloud systems, and thus it provides a relatively unbiased 

test  of the concept itself. 

I n  this approach one inquires into the time scales 

Such a study can be relatively 

This research would have some bearing on the re -  

lationship between cloud organizations and synoptic systems. 

Certainly the clouds should reflect to some extent the day-to- 

day continuity of the dynamic (synoptic) systems with which 

they a r e  associated. Conversely, therefore, it would be 

valuable to determine what cloud features do show strong 

continuity, for presumably these features would be the ones 

with the most fundamental connections to the dynamic systems, 

Operational forecast  purposes would also be served by 

empirical research into the continuity of cloud distributions. 

Although each operational problem demands an assessment 

of many different weather factors,  common to each seems to 

be the fundamental need to establish quickly the location and 

extent of a r eas  of unfavorable weather. According to the 

response of a number of operational centers to the TIROS 
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nephanalyses, the large- scale organization of the cloud 

systems a s  seen in the TIROS pictures apparently describes 

the distribution of this crude binary function in a way which 

is immediately useful for all  applications. Thus the results 

of the study would relate directly to  an operationally signifi- 

cant concept, and they could be applied directly to guide 

nephanalysis extrapolations in operational forecasting. 

Among the many purposes of the TIROS experiment 

is that of obtaining evidence on whichto base the specifications 

of future operational weather satellite systems. Here again 

the question of the continuity of cloud systems is important, 

for it bears  directly on the frequency with which the neph- 

analyses will be needed in order to provide adequate meteoro- 

logical surveillance of any given area.  

The empirical study by no means implies an artificial 

attempt to analyze the TIROS I pictures without regard to 

available synoptic analyses. 

that a portion of the overall program of research in satellite 

meteorology will be directed toward an important specific 

question which the pictorial data a r e  ready to answer directly, 

and for which the synoptic data can be regarded a s  merely a 

The inte,-:ion i s  rather to insure 
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useful supplement. 

havior is indeed such a question is shown by the fact  that 

it required the TIROS I pictures themselves to demonstrate 

to u s  the majestic scale on which the cloud systems a r e  

real ly  organized. 

That the problem of cloud system be- 

Following a listing of the geographical a r e a s  covered 

by the available sequences of TIROS I pictures,  cases  would 

be selected which permit  as many days of essentially con- 

tinuous coverage of an a r e a  as possible. 

analyses for  these cases  would be progressively refined to 

include all details that appear relevant to the problam of 

continuity. These nephanalyses would be compared with 

analyzed synoptic maps and conventional nephanalyses when 

available, and diurnal effects  would be considered and taken 

into account when possible, 

would necessar i ly  depend on the outcome of the investigation. 

A t  a minimum the completed analyses would be valuable as 

individual case studies. Beyond this, however, it is antici-  

pated that empir ical  cloud forecas t  ru les  could be formulated, 

and the work should certainly a s s i s t  other r e sea rch  projects 

in the classification of cloud systems and in the study of their  

relations to dynamic systems,  

Rectified neph- 

The presentation of resu l t s  
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4.4.4 Integrated Analysis Techniques 

It is apparent that one of the largest  problems in 

the use of satellite meteorological data will  be the effective 

integration of material  observed by the satellite with that 

collected through conventional sources. A number of 

difficulties a r e  apparent with casual inspection. 

review some of these. 

Let u s  

Conventional meteorological data a r e  essentially 

point data taken at  one of a number of points on an irregular 

grid. The satellite information, on the other hand, i s  con- 

tinuous in the horizontal plane. This continuum may be 

regarded a s  a ser ies  of point data but the spacing i s  very 

much finer than that available with conventional observations. 

Most of the information available f rom the conventional 

observations is quantitative; that from the satellite is 

notoriously qualitative, 

nature of the data make integration a knotty problem. 

These differences in fundamental 

The f i r s t  reaction of most meteorologists of TIROS is 

that they would like to see a rectified projection of actual 

cloud pictures superposed on a conventional macroscale 

weather map. This would then serve a s  a guide in performing 
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the conventional analysis.  

is  that i t  does not take f u l l  advantage of the wealth of 

ma te r i a l  contained in the satel l i te  pictures.  

to find the appropriate  level in the a tmosphere  to  which the 

clouds mus t  be assigned; thus,  clouds delineating high level 

circulations will add l i t t le to the understanding of the 

analytical fea tures  of a surface weather char t .  

modified analytical  techniques must be found which will give 

appropriate  weight to the satel l i te  observations.  

The weakness of this approach 

It is difficult 

Somewhat 

A number of analytical situations may  be  considered. 

The first, a l ready  discussed in  the previous section, would 

occur  where only satell i te information i s  available and the 

eventual application of the analysis  would be directed toward 

f o r e c a s t s  of material similar to that contained in the pictures.  

If on the other  hand, it is des i red  to forecas t  the meteorological 

var iab les  m o r e  access ib le  to conventional analysis ,  it will be  

necessa ry  to convert  the cloud analysis  to something approxi- 

mating a conventional analysis ,  possibly with the a id  of whatever 

Scattered conventional observations a r e  available. While it is 

probable that some success  would be attained even now at such 

an  endeavor,  it is obviously requi red  that systematic  techniques 
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be evolved for performing this transformation. 

Where ample quantities of both conventional and 

satellite information a r e  available, the fo rm of analysis 

may be dictated by the eventual utilization of the analysis,  

If it is intended for forecasting, of variables well represented 

in the satellite pictures, the analysis probably should take 

the form of a nephanalysis supported by conventional infor- 

mation. Techniques a r e  completely lacking here .  

If the analysis is to be used for forecasting of winds 

or  temperatures ,  conventional analysis techniques a r e  

probably preferred.  

devising appropriate techniques of presentation of the 

satellite mater ia l  in a form permitting ready use. 

probable that initial development will be along these l ines,  

i f  for  no other reason than this route requires  leas t  modifi- 

cation of analytical procedures and concepts. 

Here the problem becomes one of 

It is 

It is difficult to prescr ibe a plan of attack a t  this time. 

Initial at tempts at analysis will se rve  to  indicate problem 

a r e a s  and may suggest techniques. 

appears  as  Figure 17, showing an analysis for 11 May 1960. 

A sample “ f i r s t  approachtt  
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* 4. 5 Data Processing and Presentation 

The experience of the I, 0, U. program of TIROS I 

has sharply pointed up the necessity for the streamlining 

of data handling and processing procedures. 

interrelated problems exist- -that of satisfactorily locating 

features seen in the pictures, and that of making a satis- 

factory map presentation of the features seen. 

of these is essentially a geometrical problem,methods of 

solution cannot be divorced from the meteorological context. 

It i s  suggested, therefore, that an investigation be performed 

to establish the most effective means of presentation of infor- 

mation to the operational user. 

more o r  less  empirical o r  even a t r ia l  and e r r o r  basis. 

Once the general principles of data presentation have been 

established on a rational basis, it will then be easier  to 

establish the data locating and data abstracting parts of the 

overall data - handling s y s tem. 

Two somewhat 

While each 

This may be performed on a 

It has been suggested by some observers that the 

operational user could best use rectified and assembled 

* This Section was written by R. C, Copeland, Allied 
Research Associates, Inc. 
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mosaics covering large areas .  This assumes that the user 

is qualified to interpret the raw pictorial material  to the 

best advantage, However, following the present-day trend 

of the treatment of conventional meteorological data, it may 

be found more convenient for abstractions and analyses to 

be performed by extremely skilled centralized per sunnel, 

with pertinent abstractions sent to the operational users,  

possibly along with a sufficient amount of degraded pictorial 

material  to permit the user to reach the necessary decisions. 

It should be re-emphasized that the design of equipment 

for rectification and data presentation should only be under- 

taken when a clear evaluation of the meteorological aspects 

of the problem is available. 

4.6 Application Survey 

The previous paragraphs point up the obvious fact that 

it i s  most difficult to design a general-purpose system fo r  

processing and presenting satellite pictorial data. The 

various applications that suggest themselves require a 

variety of types of abstraction and of presentation. Before 

any intelligent approach to these problems can be made, 

clear outlines of the nature of the applications must be 

available. 

136 



Accordingly, one of the first s teps  in the design 

of the "system" must  be a systematic  survey of probable 

eventual applications and their data requirements .  

surveys have a l ready  been made,  most ly  in the f o r m  of 

questionnaire s of interviews with operational activit ies.  

While these have had an  encouraging response,  they can 

bes t  s e rve  as  a s tar t ing point for  a m o r e  organized analysis.  

Operational personnel a r e  wont to consider application 

Curso ry  

in t e r m s  of supplement to the i r  cur ren t  operating procedures ,  

which may take their  f o r m  largely because of lack of informa- 

tion similar to that available f r o m  the satell i te.  Accordingly, 

it may  be necessa ry  fo r  an investigator to  delve r a the r  deeply 

into the operational procedures  of the consumers  of meteoro-  

logical information as  well as of the meteorologis ts  them- 

selves.  

The r e su l t s  of any application survey must be  presented 

in as  finite t e r m s  as possible, to  implement the eventual 

organization of a satel l i te  meteorological sys tem that will 

sat isfy the grea tes t  number of requirements .  
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4. 7 Conclusion 

The preceding paragraphs have indicated a few of the 

problems that must find partial solution before operational 

satellite meteorology comes of age. Fortunately, the 

satellite camera is so powerful a tool that fair use of i ts  

capabilities can be made even though much knowledge and 

most techniques a r e  still  lacking. 

The investment in TIROS, i ts  predecessor photographic 

rockets, and in future meteorological satellites has been and 

will  continue to be heavy. The return on this investment wil l  

be determined in large measure by the effectiveness of use of 

the hard-won data. 

appropriate investment in the necessary research to realize 

the vast potential of the successors to TIROS. 

It i s  hoped that the future will see an 
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CHAPTER I1 

ATMOSPHERIC RADIATION STUDIES 

ABSTRACT 

This chapter on atmospheric radiation studies is 

divided into four sections. The f i r s t  section is concerned 

with the radiation regimes and processes  in the atmosphere. 

It is a study of the relationships of observations of the up- 

ward radiation flux f rom the atmosphere with the radiative 

Processes  within the atmosphere and the synoptic state. 

The next section is concerned with a discussion of a numeri-  

cal experiment with dynamical-numerical models containing 

the heating te rm.  

In order  to interpret  satellite infrared observations in 

t e r m s  of atmospheric radiation parameters ,  the problem of 

radiation geometry is considered in Section 3 .  It is shown 

that in general  the radiation flux leaving the atmosphere cannot 

be derived simply f rom total radiation flux observations f r o m  a 

satellite. Specific intensity observations, however, can yield 

sufficient information so that the flux could be determined. 

Some intensity computations a r e  ca r r i ed  out for  the infrared 
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t ransparent  region (900-1000 cm-I) t o  show the dependence on sur face  

tempera ture ,  water  vapor,  and aspect  anyle of the observation, 

In Section 4 an analysis of theoret ical  and experimental  resu l t s  on 

atmospheric  t ransmiss ion  and emission of in f ra red  is continued i n  o r d e r  

t o  determine the amount of radiation i n  small spec t r a l  in te rva ls  that  

would be measu red  by a sa te l l i t e  with var ious atmospheric  conditions. 

F o r  rotational water ,  at  wave number;: 250-560 ern-', a tmospheric  

t ransmiss ion  inc reases  with tempera ture ,  F o r  the 6 . 3 4  H20 band, at 

1200-2000 c m  , t r ansmiss ion  dec reases  with increasing t empera tu res  
-1 

in  the highly absorbing cen t r a l  region of width about 100 cm-', but 

i nc reases  with t empera tu re  outside this region. 

shows sma l l  dependence on temperature .  

intervals  in the 1 5 ~ C 0 ~  band, a s  computed theoretically by Kaplan f o r  

model a tmospheres ,  a r e  analyzed. Outside of the cen t r a l  highly 

absorbing region, an approximately l inear  relation is found between 

t ransmiss ion  and a p r e s s u r e  weighted m e a n  t empera tu re  of a layer .  

Over the  en t i re  15rc C 0 2  band theoret ical  absorptions a r e  about 6% 

lower than Howard's experimental  values.  

radiations,  co-mputed f o r  different days over  the United States and 

southern Canada, revea l  the macrosca le  field of ver t ica l  motion not 

readily apparent f r o m  sur face  o r  upper a i r  weather  maps ,  

The en t i r e  band 

Transmiss ions  at 5 c m  

Pa t t e rns  of in€ r a r e d  
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SECTION 1 

SYNOPTIC SCALE RADIATION PROCESSES* 

1. 1 Introduction 

The necessi ty  of knowing the t ime and  space variations 

of radiative p rocesses  and energy distribution within the 

a tmosphere  during changes of synoptic state led to the choice 

of a t ime-sect ion study a t  a given station as  an  appropriate  

means  of investigation. The selection of a station for  the 

case  study required that the station have (1) sufficient 

meteorological data to facil i tate computations of radiation 

f luxes,  ( 2 )  a cyclone o r  f rontal  passage to bring about changes 

in the s ta te  of the atmosphere,  ( 3 )  c lea r  sky conditions before  

and af te r  the passage of the disturbance as  " references ,  I '  and 

(4) a location preferably on f la t  continental t e r ra in .  

The station selected a s  meeting these requirements  was 

Omaha, which experienced a cyclone-frontal  passage during 

the period of 12-16 March 1957. 

(12 March 1957) a lmost  the en t i re  Midwest, including Omaha, 

At the beginning of the period 

was under a weak h igh-pressure  sys tem and except f o r  a few 

* 
This section was writ ten by K. L. Coulson and P. M. Furukawa, 
Stanford Resea rch  Institute. 
Contract No. AF191604)-5965, under ARPA Order  No, 26-59. 

The work was sponsored under 
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scattered cirrus ,  clear skies predominated throughout most 

of the area.  On the 13th of March, a weak low situated on 

the leeside of the Rocky Mountains initiated a regeneration 

with an accompanying frontogenesis. 

develop on the 14th, the center of the low and the polar front 

with i ts  associated weather passing through Omaha at  about 

0 3 2  on this date. This was followed on the 15th and 16th by 

the outbreak of cold continental polar a i r  behind the front, 

and a build-up of a high-pressure cell with clear skies over 

Omaha and much of the Midwest. 

This continued to 

The time- section analysis of the synoptic situation, a s  

well a s  the analyses of the radiation fields with supplementary 

computations, were based on the usual meteorological data 

(pressure,  temperature, humidity) a s  published in the U. So 

Weather Bureau's Northern Hemisphere Data Tabulation and 

on synoptic data obtained f r o m  the National Weather Records 

Center, Lack of data on the moisture distribution above 400mb 

made it necessary to extrapolate the moisture curve to the 

tropopause level in all  cases. The procedure used here  was 

to extend the dew point sounding upward from the point of i ts  

termination with a curve that paralleled the mean meridional 
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mois ture  distribution given by J. London in 1957. 

The mos t  difficult phase in the analyses  of the t ime 

Sections was encountered in the determination of the cloud 

effects on the radiation field. This was par t ly  due to the 

lack of data on the heights of the cloud bases  and tops but 

m o r e  to the complicated physical pa rame te r s  of clouds. 

The l imitations of the study compelled g r o s s  simplifications 

to be made as follows: (1) all clouds were  a s sumed  to  be 

black bodies and only radiation f r o m  the i r  tops and bases  

was considered, ( 2 )  all amounts of cloudiness were  con- 

s idered  as  moving over the station as  one smooth-surfaced 

Cloud body, 

Clear sky condition to cloudy condition was a s sumed  to be 

two hours  f o r  a l l  amounts of cloudiness, 

in the flux distribution was considered to occur  at the leading 

and t ra i l ing edges of the cloud l aye r s ,  

Precipitation was a l so  a s sumed  to be black body and was 

considered together with the accompanying cloud as such, and 

(6) mult i - layered clouds were  a s sumed  continuous in the ver t i -  

cal  in such a way a s  to  f o r m  a single layer .  

Partial cloudiness the fluxes were  determined by proportionately 

( 3 )  the period for  the radiation field to  go f r o m  

(4) a discontinuity 

(5)  heavy continuous 

In the case  of 
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weighting the calculation for  a c l ea r - sky  condition and that 

for  an overcas t  condition. 

Although the simplifications a r e  considerable,  it is 

felt  that  the important fea tures  of the synoptic situation a r e  

sufficiently re ta ined in the modelling to produce a reasonable 

es t imate  and the main details  of the cloud effects on the 

radiation field. 

The net  contribution to  the t ropospheric  radiative 

cooling o r  heating by the long-wave absorption o r  emission 

by carbon dioxide i s  generally ve ry  small compared to that 

of water  vapor. F o r  our  purposes  it was considered to  be 

insignificant, and the effects of carbon dioxide on t e r r e s t r i a l  

radiation were  ent i re ly  neglected. 

1. 2 T e r r e s t r i a l  Radiation Regime 

1 . 2 .  1 General  

The present  study of the long-wave t e r r e s t r i a l  radiation 

was pr imar i ly  directed towards gaining an  appreciation of its 

ro le  in the radiative energy balance (cooling and heating) of the 

a tmosphere ,  the variations in the distribution during changes 

in synoptic s ta tes ,  and its contribution to  the radiation flux 

emerging f r o m  the top of the atmosphere.  E l s a s s e r ' s  graphical 
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method was employed in the computations of the upward f l u x  

and downward f l u x  and f r o m  these two, the net f l u x  and the 

flux divergence were  determined. 

l a t e r  improved methods of computing fluxes of long-wave 

radiation a r e  available, the use of Elsasser 's  e a r l i e r  tech- 

nique is justif ied because (1) it is convenient, (2)  the values 

obtained a r e  thought to be sufficiently accura te  to  give a valid 

Pattern and the essent ia l  changes of the distribution of the 

radiation pa rame te r s ,  and ( 3 )  the p rec i se  magnitude of the 

pa rame te r s  i s  not the main concern of the study. 

While it is recognized that 

1 . 2 . 2  Upward F l u x  

The t ime-sect ion analysis  of the upward f l u x  of 

t e r r e s t r i a l  radiation revea ls  definite pat terns  of distribution. 

The essent ia l  fea tures  of these  pat terns  show, f i rs t  of all, 

marked  diurnal variations of the upward flux, with the maxi-  

mum amount occurr ing at the t ime of the midday maximum 

of the ground surface tempera ture .  The effect of clouds is 

to dec rease  the upward f l u x  of c l ea r  sky conditions in the 

region of the a tmosphere  above the cloud tops. 

body assumption fo r  the cloud sur faces  r e su l t s  in  the ver t ical  

distribution of the upward flux approaching cloudless sky 

The black 
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conditions with decreasing height of the cloud tops. F o r  

c l ea r  sk ies ,  the upward flux dec reases  with height and the 

l a rges t  changes take place in the lower part of the troposphere.  

There  does not appear  to be any consistent t r end  in the 

flux distribution through inversion layers .  Resul ts  of the 

analysis  show both inc reases  and dec reases  f r o m  the bases  

to the tops of inversions,  the dependence being attr ibutable 

to the s t rength ( tempera ture  gradient)  and the mois ture  

distribution through the stable layer .  

1 .2 .3  Emergent  Upward Flux 

The long-wave radiation flux emanating f rom the top 

of the a tmosphere  gives the expected resu l t  that  the l a rges t  

values a r e  to be found in c l ea r  skies  during the period of 

the diurnal maximum of the ground surface tempera ture .  In 

areas of cloudiness, a s h a r p  dec rease  of upward f l u x  f rom 

c lear  sky conditions occur s  at the per iphery of the cloud 

l a y e r s ,  with a m o r e  o r  l e s s  uniform distribution of reduced 

flux throughout the region above the cloud top proper .  

1 . 2 . 4  Downward Flux  

Changes in the distribution of the downward f l u x  a r e  

not as obvious as the ones depicted by the distribution pat terns  
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of the upward flux. 

there  is  no regular  diurnal variation of the downward flux 

and that the variations in the downward f l u x  distribution 

throughout the day a r e  small compared to the diurnal changes 

Of upward flux. A t  the ve ry  high levels ,  the isopleths of flux 

values appear  to paral le l  the tropopause,  but this undoubtedly 

ref lects  the res t r ic t ions  of the computational method r a t h e r  

than a rel iable  display of physical distribution. 

An examination .of the f ie ld  shows that 

The presence of a cloud produces an  increase ,  re la t ive 

to a cloudless condition, of the downward f l u x  below the cloud 

layer ,  

Conditions occur s  a t  the cloud edges,  while vertically,  the 

increase  is l a r g e s t  j u s t  below the cloud base and dec reases  

with increasing distance toward the e a r t h ' s  surface.  

downward flux that r eaches  the surface is  affected m o r e  by 

clouds with low bases  than by those with bases  at higher 

elevations. 

Horizontally, the grea tes t  change f r o m  c lea r  sky 

The 

The gradients  of the downward f l u x  in the ver t ical  

direction a r e  again l a r g e r  in  the lower a tmosphere  where 

the water  vapor content is grea te r .  

distribution of the downward flux shows l e s s  dec rease  with 

In addition, the ver t ical  
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height (weaker gradient)  in the cold, d ry  air behind the 

polar front than in the relatively w a r m e r  and m o r e  moist  

air ahead of it. The computed values of the downward 

flux decrease  f r o m  the  b a s e s  to the tops of inversions,  but 

the decrease  is not noticeable on the scale  of the t ime-sect ion 

analysis  since the magnitude of the change i s  small .  

1 . 2 . 5  F lux  Divergence 

The field of flux divergence o r  r a t e  of cooling displays 

m o r e  cel lular  pat terns  than does the analysis  of the upward 

o r  the downward flux. The outstanding fea ture  is the relatively 

g rea t e r  cooling that takes  place above the cloud l aye r s  and a t  

o r  above inversion tops; l e s s  cooling occur s  below clouds and  

at the bottom sur faces  of inversions.  In c a s e s  of clouds with 

low bases ,  the analysis  shows radiative heating in the region 

below the clouds. Centers  of maximum cooling occur  nea r  

and above the cloud edges,  but whether this is the consequence 

of the assumptions used with r e g a r d  to clouds o r  whether i t  i s  

physically valid r equ i r e s  fur ther  study. 

There  i s  no definite o r  consistent pat tern of radiative 

cooling in the cloudless sky. In a very  general  sense,  and 

in the absence of an  inversion in the lower levels ,  the r a t e  of 

148 



cooling appears  to dec rease  with height and then increase  

to  the tropopause level. 

inversion, the r a t e  of cooling inc reases  to and  above the 

inversion top, dec reases  to  mid-tropospheric  levels ,  and 

then inc reases  again. 

In the presence of a low-level 

1.2.  6 Effect of Water Vapor 

The mos t  important  radiative mechanism involving 

the long-wave t e r r e s t r i a l  radiation is the absorption and  

r e -emiss ion  by the water  vapor in  the troposphere.  The 

p rocesses  involved h e r e  provide the well-known greenhouse 

effect  which contributes to the overal l  radiative budget by 

reducing the flux passing through the a tmosphere  and being 

lost  in space. By this  mechanism some of the radiant 

energy absorbed by the water vapor is returned to the 

ground surface where it is again absorbed,  thereby decreasing 

the net loss of energy by the ear th .  

The absorption and emiss ion  of long-wave radiation by 

Water vapor takes  place mainly in the lower levels  of the 

a tmosphere  where m o s t  of the water vapor is concentrated. 

The analyses  of the upward and downward flux mentioned 

e a r l i e r  showed s t ronger  ver t ical  variation in the lower half 

of the t roposphere than in the upper half. 
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Accounting fo r  the effects of the water vapor dis-  

tribution in the interpolation of the radiant f l u x  field was 

difficult because radiation emanating f r o m  a mass of air 

depends on both its tempera ture  and  p res su re ,  as  well as  

on its water  vapor content. 

to delineate the separa te  effects is outside the scope of the 

present  study. 

The detailed analysis  necessa ry  

1.2.7 Effect of Ground Surface Tempera ture  

The effect of the ground surface tempera ture  i s  mos t  

noticeable in the diurnal variation of the upward flux within 

the a tmosphere  and in the upward flux leaving the top of the 

a tmosphere  fo r  cloudless conditions. In both cases ,  the 

magnitude of the upward f l u x  r i s e s  and falls in phase with 

the variations of the surface temperature .  

ations at all leve ls  a r e  much l e s s  pronounced f o r  overcas t  

conditions. 

The diurnal va r i -  

Although it is known f r o m  observations that the t e m -  

pera ture  of the e a r t h ' s  surface can differ appreciably f r o m  

the tempera ture  of the air layer  next t o  i t ,  the radiative 

tempera ture  of the surface was taken he re  as  the a i r  t em-  

pera ture  given in the regular  meteorological observation. 
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This has two consequences. 

computed for a given time may have been in e r r o r  and, 

Second, the assumption may introduce a phase displacement 

Of the diurnal oscillation. 

made to determine the probable e r r o r  that may result from 

neglecting any air-ground temperature differences. 

results show that i f  the ground temperature i s  greater than 

the reported a i r  temperature, the radiant flux emitted by 

the ear th 's  surface i s  increased by approximately eight 

Percent for each 5OC difference in the temperatures. 

flux i s  decreased by very nearly the same amount when the 

First, the amount of energy 

Computations of fluxes were 

The 

The 

ground temperature i s  l e s s  than the a i r  temperature. 

in taking for  the radiating surface the temperature of the a i r ,  

an e r r o r  is  introduced which can be significant and may be 

Quite large. 

of regular soil surface temperature data for  radiational 

studies in the atmosphere. 

Thus, 

These considerations also emphasize the need 

The phase difference between the diurnal variations 

of the two temperatures i s  only of the order of an hour or  9 0 ,  

corresponding to a shift of the patterns by a like amount in the 

time section representation. 

selves a r e  otherwise unaffected by the shift. 

The distribution patterns them- 

15 1 



1. 3 Solar Radiation Regime 

1. 3.  1 General 

The main processes  effecting the distribution of solar 

radiant energy in the atmosphere are (1) scattering by the 

molecules of the air, (2) reflection f rom ground o r  clouds, 

( 3 )  absorption by atmospheric constituents such as ozone, 

water vapor, and liquid water, and (4) scattering and ab-  

sorption by particles such as haze and dust. The f i r s t  two 

of these have been studied by the use of the exact theory of 

radiative t ransfer ,  as originally derived by Chandrasekhar 

and extensively applied by Sekera and collaborator 6. 

la tes t  information on the distribution of ozone has  been used 

to determine the ra te  of heating by ultraviolet absorption by 

ozone, and an  empirical  method derived by Korb, et  al, 

was applied for determining water vapor absorption. Still 

to be studied a r e  the effects of liquid water absorption and 

of absorption and scattering by haze particles.  

The 

-- 

In order  to provide one example of the significance of 

the various processes  in the atmospheric energy balance, 

quantitative values a r e  being computed for the synoptic 

situation described above. 

the diurnal variation of each process  a r e  being included. 

Both the total contribution and 
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1. 3 . 2  Molecular Scattering and Surface Reflection 

The Rayleigh- Ghandrasekhar theory of light scattering 

was used for computing the flux of radiation emerging from 

the top of the atmosphere a s  a function of wavelength and of 

sun elevation. Since this is an exact theory and the atmos- 

pheric model i s  a realistic one, the results obtained in these 

computations a r e  of basic importance and fo rm an underlying 

foundation to which the other processes can be added. Because 

of i ts  fundamental nature, somewhat more emphasis has been 

placed on this work than on the phases for which only approxi- 

mative o r  empirical methods of attack a r e  available, 

1. 3. 2. 1 Variation with Wavelength 

According to the original Rayleigh theory the amount 

of scattering by an air molecule i s  inversely proportional to 

the fourth power of the wavelength. Thus, short waves a r e  

scattered much more strongly than a r e  long waves, a fact 

Which i s  responsible for the blue color of the sunlit sky. 

The scattered light which escapes to space from the top of 

the atmosphere i s  similarly rich in short wavelengths, being 

even llbluerfl than the skylight. 

contributions of ultraviolet, visible, and infrared spectral 

In this work the separate 

153 



regions a r e  computed, for the incident radiation cor res -  

ponding to that from the sun. 

by saying that for energy considerations Rayleigh scattering 

of the infrared i s  completely negligible in comparison to that 

of the visible and ultraviolet. F o r  the short wavelengths, on 

the other hand, Rayleigh scattering is  the controlling factor 

in determining the energy distribution in a clear atmosphere. 

The results can be summarized 

1. 3. 2. 2 Effect of Surface Reflection 

Only by the method used here has it been found 

possible to evaluate exactly the effects introduced by 

radiation reflected from the underlying surface, be it soil, 

snow surface, cloud droplets, or  other diffusely reflecting 

material. The computations show that surface reflectivity 

largely determines the characteristics of the solar radiation 

which emerges from the top of the atmosphere, especially 

for the solar infrared region. 

long wavelengths a r e  already well known, but these computa- 

tions emphasize the very important influence of surface r e -  

flectivity on the energy budget. 

Practical  consequences at  

Because of the method by which the optical thickness 

of the atmosphere i s  defined by Chandrasekhar, it  i s  possible 
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to determine the effects introduced by the reflecting surface 

being located at different heights in the atmosphere. 

means that we can determine the character is t ics  of the 

radiation upward f r o m  the top of the atmosphere for the case 

Of the top of a uniform cloud deck of known reflectivity being 

located at various heights in the atmosphere.  

flectivity of 0.50 has  been taken as  reasonable,  and 

computations of the upward f l u x  have been made for the cloud 

top a t  s e a  level, 2 km, 5 km, 10 km, 20  km, a n d a t  the 

top of the atmosphere. 

This 

A cloud r e -  

1 3 . 2 . 3  Significance for  Satellite Measurements 

The resul ts  of the above computations suggest the 

Possibility of determining the height of cloud tops by measure-  

ments of the solar  radiation emerging f r o m  the top of the 

atmosphere.  

dependence of molecular scattering on wavelength, the in- 

Briefly,  because of the negative fourth-power 

tensity of the sca t te red  radiation in the short  wavelengths i s  

much m o r e  sensitive to  the thickness of the molecular 

scattering medium than is  that in the longer wavelengths, 

while the cloud-reflected radiation appears  to have little 
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wavelength dependence. 

of the escaping radiation at, say,  3200 8 and 15, 000 8, 
Thus the ra t io  of the intensit ies 

could be used a s  a m e a s u r e  of the amount of molecular 

scat ter ing which occurs  in  the c l ea r  air above a cloud top, 

and hence yields the height of the cloud top. 

of the intensit ies over the downward hemisphere  has  been 

Integration 
. *  

accomplished in the present  case ,  and the r e su l t s  show the 

cloud-height dependence ve ry  well. Considering the sun ' s  

position and the dependence of scat ter ing on angle,  these 

measu remen t s  might be made m o r e  sensit ive by confining 

measu remen t s  to a small solid angle in a given direction. 

The degree  of polarization is likewise sensit ive to 

the amount of molecular  scat ter ing in the overlying c lear  

air and is, therefore ,  sensit ive to cloud-top height. But 

this  is outside the scope of the present  investigation. 

1 . 3 . 3  Absorption by Ozone 

The absorption of ultraviolet radiation by a tmospher ic  

ozone has  been determined by the method der ived by Craig. 

The data of DUtsch f r o m  Arosa  on the ver t ical  distribution 

of ozone have been a l t e r ed  slightly to be applicable to the 

synoptic situation during March  at Omaha. As  expected, 
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the magnitude and height of the heating maximum is a 

function of sun elevation, the noon value f o r  Omaha being 

1. 3°C/hour at 46-48 ki lometers ,  The integrated t empera -  

t u re  change for  the whole sunrise- to-sunset  per iod was 

Over 12OC at 50 k i lometers ,  decreasing tcj about 2OC at 

70 ki lometers  and l e s s  than l0C a t  30 ki lometers .  

1. 3.4 Absorption by Water Vapor 

An empir ica l  method given by Korb, hfichalowski, 

and MGller was applied to the data of the synoptic Cade for  

determining the total  solar  energy absorbed by the water 

vapor at Omaha, f r o m  both the incident paral le l  radiation 

and the radiation diffusely reflected f r o m  the soil  o r  snow 

surface o r  cloud tops. Fortunately the water vapor absorp-  

tion bands a r e  in the inf ra red  region, where molecular  

scat ter ing i s  minor .  

therefore ,  in considering the two p rocesses  independently, 

as was done here .  Energy absorption values of f r o m  57 to 78 

langleys/day were  obtained, corresponding to about 9% to 12% 

Only small e r r o r s  a r e  introduced 

of the so la r  energy incident a t  the top of the atmosphere.  
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1. 3. 5 Absorption by Liquid Water and the Effects of Haze 

These fac tors  in the shor t  wave radiation reg ime will be 

studied. It is known beforehand that any r e su l t s  obtained must  

be  ve ry  approximate. So far the theory of radiative t r ans fe r  

in a turbid a tmosphere  has  not, been developed to the point at 

which a r igorous approach is  feasible.  It is probable, however, 

that  existing methods can be applied to give reasonably satis- 

factory results.  

1 . 3 . 6  Net Solar Energy Balance for  Omaha 

Still to  be  accomplished, a lso,  is an  integration of the 

var ious effects,  to a r r i v e  at a net so la r  energy input fo r  the 

selected synoptic situation of March, 1957, a t  Omaha. 
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CHAPTER I1 (Continued) 

SECTION 2 

DYNAMICAL-NUMERICAL EXPERIMENTATION* 

2. 1 The Need f o r  Tes t  Integrations 

Our goal is the realization of heating formulations- 

e i ther  of physical heating p rocesses  o r  of relationships 

which a r e  m o r e  empirical-in the improvement of 

dynamical-numerical  models  used  in the study and p re -  

diction of the evolution of a tmospheric  motions. However, 

t he re  a r e  many difficulties involved and it is wise to  take 

these on singly, as far as  possible. 

experiments  planned (and discussed he re ) ,  the heating will 

be direct ly  prescr ibed,  by choice, in  space and time-that 

In the f irst  s e t  of 

is, the heating will not be coupled to any of the evolving 

Pa rame te r s  . 
Although radiative heating processes  dre being e m -  

phasized in the present  study, the first s e t  of experiments  

* 
This Section was writ ten by M, M. Holl, Stanford Resea rch  
Institute. 
AF19(604)-5965, under ARPA Order  No. 26-59. 

The work was sponsored under Contract No. 
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is m o r e  general. The independent heating distributions 

may  be prescr ibed  and at t r ibuted to  other processes  as  

well, such as the r e l ease  of latent heat. La te r  experiments  

would attempt dependent formulations of the heating. 

Experiments  a r e  wanted which will r e v e a l  some of the 

influences of heating on the bas ic  dynamics of air motion. 

Understanding is  des i red  of the effectiveness of heating, 

(1) in creat ing thermally-dr iven circulations,  

ing the evolution of circulation sys t ems ,  and ( 3 )  in t r iggering 

dynamic instabil i t ies.  The heating is differentiated as  r ega rds  

to magnitude and distribution. 

geographically, and relat ive to motion systems.  Of special  

i n t e re s t  a r e  the effects of heating a t  high levels.  

(2 )  in modify- 

Distributions a r e  of significance 

The re  a r e  a l s o  numerical  analogue and  integration 

difficult ies to be explored. Recent r epor t s  f r o m  r e s e a r c h e s  

in dynamical- nume r ica l  experimentation indicate increasing 

success  in the use of the bas ic  sys tem of dynamic equations. 

However, every  somewhat-different model permi ts  new diffi- 

cult ies to  a r i s e .  Of par t icu lar  i n t e re s t  h e r e  i s  the problem 

of the generation of compression-gravi ty  waves ve r sus  

abruptness  of change in the heating. 
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2 . 2  The Dynamical-Numerical Model Selected 

Considerations which led to the choice of the 

meridional-plane model (independent of longitude) 

were indicated in the Technical Progress  Report No. 

(Holl, 1960). 

tions presented in that report  is: 

1, 

The pertinent system of differential equa- 

2 2  - v 2  - ( u  c o s b )  - 2n-s in4v  a t  COS cp a y  - - -  
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r) I t  

where K = Cp/Cv , 

radius,  and is the ra te  of heating per unit mass .  

The northward coordinate i s  y = ah. A t  sea-level,  

is the latitude, a is the ear th ' s  

w = 0. 

The main reasons for  deciding on experiments with 

a hemispheric longitude-independent model a r e :  

task is  smal le r ,  with. fewer difficulties than with f u l l  

three-dimensional variability in space. 

to forego horizontal variability in preference to considerable 

detail in the vertical ,  ( 2 )  In this model, noise-free initial 

distributions may readily be prescribed. 

zonal flows in balance, which a r e  then unbalanced by the 

commencement of heating. 

(1) the 

It w a s  decided 

These a r e  a rb i t r a ry  

- 

The model falls short  for  some types of investigations. 

Compression-gravity waves and surface-type waves should 

exhibit other sensitivities and character is t ics  when f u l l  

variability is allowed. A l s o ,  the dynamic instability of 

zonal motions subject to longitudinal perturbations, which 

resu l t s  in the breakdown of the zonal motion and the growth 

of horizontal eddies, cannot be manifested. This means that 

we cannot get such l imit  cycles of the type demonstrated by 
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general  circulation model integrations having full ho r i -  

zontal variability. 

Because we have not included a limiting f o r m  of 

friction, the total  energy should keep increasing as long as 

net heat energy is supplied. However, heating and cooling 

distributions may a l s o  be prescr ibed  which, over the volume, 

integrate to a net energy-input r a t e  of zero.  For the la t te r ,  

it may  be possible to asymptotically r each  a steady state. 

Assuming that a steady s ta te  can be reached, f r ic t ion 

formulat ions may be added in a repeti t ion of the experiment  

to investigate the modified asymptotic behavior. 

Heating distributions,  as a function of latitude and 

altitude, over the hemisphere,  will resu l t  in pure thermally-  

driven planetary circulations because the development of 

horizontal  eddies i s  excluded. 

without the effect  of cyclones, etc. 

in understanding the general  circulation, and cannot be de te r -  

mined f r o m  observational data because the t ranspor t  due to 

eddies does not average  out. 

The heat energy is t ranspor ted  

Such results a r e  of i n t e re s t  

The choice of many levels  in the ver t ical  makes  the 

model par t icular ly  a t t ract ive in the study of the propagation 
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of influences in the ver t ical ,  A l s o ,  compression-gravi ty  

and surface-type wave dis turbances need many degrees  of 

f reedom in the ver t ical  fo r  their  portrayal.  

2 , 3  P r o g r e s s  to Date 

The equation sys tem was f i r s t  t ransformed into a 

m o r e  suitable form,  A s  absolute angular rotation, a 

was introduced: 

U JLa  = . A +  
a c o s +  

Also introduced were  

zonal r ing of unit c r o s s  section, and 

a zonal r ing of unit c r o s s  section: 

as  the angular momentum of a 

as  the mass in 

= p c o s  4 c p - 1  

The constants in parentheses  were  dropped f r o m  these 

definitions. With these substitutions, Eqs. ( l ) ,  ( 2 ) ,  and ( 3 )  

of the sys tem a r e  replaced by 

164 



These reveal the conservation of mass  and angular 

momentum in a more useful form fo r  the development 

of a numerical analogue for the system. 

The hemisphere, a s  represented by distributions in 

a representative meridional plane, was divided by lines 

y = ym and z = zn which create zonal rings a s  volume 

modules. The m,n th  volume module consists, in the 

meridional plane, of one corner, two sides, and the 

interior. A l l  parameters belonging to the m, n module 

a r e  subscripted by m, n and a r e  located as shown in the 

following figure: 
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The ym inc rease  in regular  increments  f r o m  y = 0 

at the equator to  y49 = a r / 2  at the pole. 

selected in i r r egu la r  increments ,  according to variabil i ty 

considerations,  f r o m  zo = 0 at sea  level to 218 = 55 km. 

0 

Levels  were  

F o r  the formulation of boundary conditions a t  the top, 

there  is  l i t t le difference between extending the upper layer  

of volume modules f r o m  55 km to z = CP 

them a t ,  say,  z = 100 km ( w h e r e 4  

although the f o r m e r  i s  somewhat m o r e  appealing. 

r a t e  is prescr ibed  fo r  each volume module. 

o r  terminating 

is taken as zero) ,  

A heating 
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The development of the numerical  analogue will be 

detailed in a scientific report .  However, some comments 

a r e  in o rde r  here .  

Equations ( 9 )  and (10)  were  analogued in such a way 

a s  to  conserve total mass, and total  angular momentum 

about the polar axis.  

two distributions cancel internally. 

based on the pertinent fluxes through module walls, and on 

one-to-one correspondences between the mass in a volume 

module and the density a t  a chosen inter ior  position, and 

between the absolute angular momentum in a volume module 

and the value of .yn a t  the in te r ior  position. These 

correspondences a re  based on the geometry and the s tandard 

atmosphere and a r e  fixed except for  the following exception: 

The rat io  between the m a s s  in the module of the uppermost 

So-called truncation e r r o r s  in these 

The analogues a r e  

a 

and the density a t  an inter ior  position in that module 

may be idealized into a pressure-dens i ty  relationship and is 

tantamount to stating the temperature .  

relationship that heat i s  introduced into the uppermost layer  

of volume modules. 

be introduced the re  via Eq. (4). 

It i s  through this  

It i s  done in this  way because heat cannot 

Equation (4) is used to determine 

167 



the ver t ical  motion a t  the top of the module, given w a t  

the bottom, but since we a r e  not having any outflow through 

the top of the uppermost modules,  Eq. (4)  is ineffective 

there .  

The numerical-analogue for  the sys tem was completed 

by the end of F e b r u a r y  and work was s t a r t ed  on programming 

the analogue for  SRI's Burroughs 220 computer.  

able work went into code- checking and developing data t r a n s f e r  

and output routines.  

la te  June. 

Consider- 

The first r e su l t s  were achieved during 

The f i r s t  resu l t s  have been examined. These a r e  of a 

t e s t  integration for  an a tmosphere  a t  r e s t ,  with the equilibrium 

being upset by heating one column of latitude- ring volume-modules, 

a t  the r a t e  of 10°C pe r  day. The integration was taken in one-hour 

increments  to  hour five. Resul ts  ag reed  with independent calcula- 

t ions prepared  for  the f i r s t  two t ime-s teps .  

The chain of events is as  follows: Heating the column 

re su l t s  in i t s  upward expansion. A t  a n  upper level,  then, m a s s  

f r o m  below moves above and r a i s e s  the p r e s s u r e  a t  that  level. 

This  sets up a horizontal  p r e s s u r e  gradient which acce le ra t e s  

m a s s  out of the column. The disturbance thus begins i t s  northward 
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and southward propagation f rom the heated latitude. 

This abrupt  heating was chosen to help determine the 

maximum t ime increment  which might be used in the inte- 

grations. A s  expected, the one-hour t ime-  s tep  is  consider- 

ably too l a rge .  The mass divergence f o r  the upper three  

volume modules of the heated column was la rge  enough a t  

hour three  to evacuate them if  held steady for  so long a 

t ime interval.  Recalculation a t  shor te r  intervals  would 

gradually reduce the m a s s  divergence as the p r e s s u r e  

drops accordingly. 

t ime- s t ep  in o rde r  to determine the propagation speed of the 

We shall  next t r y  a considerably reduced 

compression-gravi ty  waves which a r e  s e t  up by the abrupt 

heating. 

Eight hours  of computing t ime on the Burroughs 220 

have been used to date, largely f o r  code checking. 

2 . 4  Experiments  Planned 

The first experiment  in which one ver t ical  column of 

modules at mid-lati tude is heated should indicate the t ime  

increment  which may  be used and also should give some in-  

sight into the compression-gravi ty  and surface-type waves. 

This experiment  might a l so  produce some computational 
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dif f ic  ultie s which will r equir e analogue modif ica  ti on s . 
This experiment will be followed by another in which 

the atmosphere is  initially a t  r e s t  but with its equilibrium 

disturbed by a complete meridional  heating and  cooling 

distribution corresponding somewhat to winter and adjusted 

so  that the net heating r a t e  is  zero.  

to r e a c h  an  asymptotic s ta te ,  

per iments .  

An at tempt  will be  made 

Resul ts  will lead to l a t e r  ex-  
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CHAPTER I1 (Continued) 

SECTION 3 

STUDIES OF ATMOSPHERIC RADIATION AS OBSERVED 

FROM SATELLITES* 

Introduction 

One of the basic  objectives of the meteorological 

satell i te program i s  to obtain continuous observations of 

a tmospheric  radiation over all regions of the world. It has  

been suggested that these observations can provide useful 

information in determining the ver t ical  s t ruc tu re  of the 

atmosphere ( see ,  for  instance,  Kaplan, 1959). Satellite 

observations of cloudiness, shor t  and long wave radiation 

Would a l so  be of pr ime importance in dynamic forecast ing 

techniques (Holl, 1960). When sufficient observations a r e  

available, it will be possible to  determine the var ious 

components of the mean atmospheric  radiation budget f r o m  

considerations other than purely theoretical .  This l a t te r  - * 
This  Section was writ ten by J, London, KO Ooyama, and 
H. Viebrock, New York University. The work was sponsored 
under Contract No. AF19(604)-5955, under ARPA Order  No. 
26-59. 
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problem is of course  fundamental to our understanding 

of the la rge  scale  circulation of the a tmosphere  and the 

planetary climate of the ear th .  

A s  has  been pointed out (London, 1959) the determina-  

tion of radiative flux in the a tmosphere  has ,  until recently,  

been c a r r i e d  out largely by theoret ical  means.  

in the past few y e a r s  there  have been many at tempts ,  

moderately successful,  in instrumenting a i rborne  apparatus  

to observe atmospheric  radiation under var ious conditions. 

One ma jo r  problem, however, has  been the interpretat ion of 

these observations in t e r m s  of the des i r ed  radiat ion 'param- 

e t e r s .  

cussion of the geometr ical  problem, and an at tempt  to 

simulate such observations as  would be taken f r o m  a satel l i te  

equipped with suitable filters for l imited regions of the inf ra red  

spectrum. 

3.  2 The Geometr ical  P r o b l e m  

However, 

The following r epor t  dea ls  with a prel iminary d is -  

The total  long wave radiation f r o m  the ear th-a tmosphere  

to  space can be observed by a satell i te equipped with a non- 

coll imated inf ra red  sensor .  However, what is important in 

application of these  observations is the differential distribution 
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of the radiative heat balance with latitude (and eventually 

longitude). If the upwelling beam is collimated through the 

detecting unit and can view a t  all angles,  this  problem can 

be solved in a relatively s t ra ightforward albeit  tedious 

manner.  However, i f  the radiative flux as  received at 

satell i te levels  i s  not collimated, there  a r e  additional 

geometr ic  difficulties which prevent the unique determination 

of the atmospheric  flux a s  a function of latitude without some 

simplifying assumptions.  

mathematical  manipulation, we consider a two- dimensional 

case  where the ea r th  is a thin c i r cu la r  plate with i t s  a tmos-  

phere around the rim. F o r  practical  application, of course,  

these r e su l t s  mus t  be extended to the spherical  case.  How- 

ever ,  the essence  of the problem can be t rea ted  with the 

above assumption, 

In o rde r  to avoid a g rea t  deal of 

Consider a thin c i r cu la r  plate including the polar ax is  

a s  diameter,,  

of the c i rcu lar  plate. 

t r ibutes  significantly to  the radiative budget is  a relatively 

thin layer  of only a few tens of k i lometers  thick. 

the effective top of the a tmosphere  may be a s sumed  to have 

A l l  the radiation is a s sumed  to l ie  in the plane 

The par t  of the atmosphere which con- 

Therefore  
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a radius  r ,  which is  a lmost  equal to the e a r t h ' s  radius.  

The orbi t  of the satell i te is a s sumed  to be c i rcu lar  with 

a radius  R. It i s  a l so  a s sumed  that the receiving surface 

of the satell i te sensor  i s  flat and always faced toward the 

e a r t h ' s  center .  The total  (outgoing) flux, G(0)R de at the 

co-latitude 0 ,  cross ing  a segment  of the satell i te orbi t  R de 

f r o m  a l l  possible directions is then given by 

FlGU R E I : G E OM ET R I C A L RE L AT ION SH I P S 
SHOWING THE RADIATION RECEIVED B Y  

THE SATELLITE SENSOR 
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where Is(@, 9) is the intensity of the flux in the direction 

f r o m  the normal  of the orbi t  a t  the point of the co-latitude 8 

on the orbit. The angle dm is  the maximum value f o r  9 

f o r  which Is does not vanish. Then ( see  Fig. 1) 

9 

sin r,bm = r/R 

( for  a satel l i te  orbiting at 700 km above the ea r th ' s  surface 

lm is approximately 6 4 O ) .  

We suppose that the satell i te observation is such that 

G(8) can be obtained a s  a function of 8. In pract ice ,  G(8) 

i s  not observed simultaneously for  different values of 8. 

F u r t h e r ,  in the three-dimensional  ca se ,  a considerable t ime 

interval would be requi red  for  a satell i te to cover the en t i re  

ear th  fo r  a sufficiently dense net of observations.  G(8) i s  

therefore  obtained as a cer ta in  average  over a long period 

of observations.  We simply he re  a s s u m e  that G(e)  i s  every-  

where known f r o m  the satell i te observations.  

The quantity of par t icular  meteorological in te res t  is  not 

G(8) but the radiative energy loss per  unit volume for  all points 

Within the a tmosphere  (shaded a r e a  in F ig .  1). 

Possible to  determine the three-dimensional  radiative flux 

It is not however 
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divergence f r o m  the observations of G ( 0 )  alone. We 

will h e r e  consider only the problem of the upward radiative 

flux as a func'tion of the horizontal coordinates (in this ca se  e)  

f r o m  the (effective) top of the atmosphere.  

If we denote the outgoing total  flux f r o m  a small segment 

( r  dyl) of the effect ive top of the atmosphere,  at the co-latitude 

y /  , by F(y/)r  d\G: then we may  wri te  

where I(9.5) is the intensity of the outgoing flux in the 

direction 5 f r o m  zenith, at the co-latitude p. 

Our  problem, then, i s  to  obtain Fob) f r o m  G(@). 

F(P) 5 F(0)  5 G(0)  only if R = r. 

When R &  r we have the following relationship 

where f r o m  fig. 1 the four angles  satisfy the following: 

sin (6 = s i n 5  - sin ( 0  -p) - 
J" r R (4) 

(5 )  

and 
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Then f r o m  (4 )  we have 

s in  4 = - r $  sin 
R 

= sin 9 sin 5 
m 

and 

A l s o ,  f r o m  (4)  and (5 )  

= (cos  8 - sin 9 c o s 5  ) sinJ m 

Since f o r  a par t icular  satell i te altitude, the r ight  hand side 

is a function of J alone, we may  write 

where 

4 

F r o m  ( 3 ) ,  (6 ’ )  and (7)  we have 
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The expression f o r  F at a point at the effective top 

of the a tmosphere  is 

The exchange h e r e  of the symbols and 8 should not 

introduce any confusion, since both angles a r e  co-latitude 

and we a r e  interested in obtaining the functional f o r m  of F 

f r o m  the observed function G. 

The f l u x  intensity function I(0,J ) is not observed. 

However, since i t s  integral  value given by (8) is observed,  

G and F can be  re la ted  in terms of I as given above. 

If the satel l i te  radiation measurements  a r e  made on a 

coll imated beam for  every  possible angle 

latitude 0 ,  the total  flux F(Y/) can be calculated direct ly  

fo r  each co-latitude y .  In the case ,  however, where the 

and a t  each co- 

satell i te orb i t  is non-polar,  t he re  a r e  res t r ic t ions  to the 

calculation of F(Y) since it would then be necessa ry  to 

a s sume  that I ( v , J )  can be neglected fo r  l a rge  values of 

Sample calculations of Is(O,  4) and G(0)  a r e  given at the end 

. 5 

of this  report .  
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3 .  3 The Non-collimated Flux 

Since I (0 ,J )  is  a function of two independent 

variables, in general it is impossible to eliminate I 

between (8) and (9) in order to obtain a unique functional 

relationship between the observed f lux  G and the desired 

flux F. 

Because I(e,J ) is a periodic function of 8, we can 

expand I into a Fourier series.  

Substituting (10) into (8) gives 

where 
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and 

for n = 1, 2, 3,  . 

The coefficients of g and h can be determined by expanding 

the observations of G(9) into a Fourier series.  Thus, 

and 

rG(8) sin ne de 
hn =* 

-7f 

The desired function F(8) can also be expanded in 

Fourier  se r ies  giving 

a 

n= 1 
F ( 0 )  = A, t 2 (An cos ne 4- Bn sin ne) 
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and from (9) and (10) we can write 

Bn= 3 bn($)  cos$ d s  
- TI2 

The problem now is to determine the A ' s  and B ' s  f rom 

and ( 16), we have 

A, = go ' 

That is ,  the coefficient A, is uniquely determined f rom 

the observed value go. 

other coefficients An and Bn cannot be so determined 

from gn and & unless o( (6 ) is constant for all values 

of 5 , 

It is obvious, however, that all  

This last  condition i s  possible if and only if 

r 
R 

sin $m = - = 1 .  

Then and the solutions a r e  
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In other words, i f  the satellite orbits the earth a t  the 

height of the effective top of the atmosphere (R=r) ,  we 

then have the trivial case 

F(0) S G ( 0 )  . 

F o r  R larger  than r ,  ( 4 )  varies within the range 

Thus if R i s  only slightly larger  than r ,  the variation 

of cos n d  ($)  and sin n d(5) i s  small if n i s  small, 

Thus the coefficients An and Bn for small n can be 

determined to a lesser  degree of uncertainty than i s  the 

case for  large n. That is ,  if the orbital radius of the 

satellite is increased, only a broad distribution of P(e) 

cah be obtained and details of the variation of F(0) with 

respect to 0 become lost and unrecoverable f rom the 

observations of G ( 8 ) .  

It is possible that information of the form and 
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variation of F(0) can be derived from the observations 

Of G(B) with additional restrictions. Fo r  instance, we 

may introduce an as sumption restricting the functional 

behavior of Ice,$ ) in such a way that I ( e , s )  will be a 

function of only one independent variable. 

relationship, however, must be derived f rom the empirical 

This functional 

relationships between the parameters studied. 

2- 4 Some Simulated Observations 

The intensity of a collimated beam arriving at  the top 

of the atmosphere (level of the satellite) a t  some angle from 

the vertical, is 

where u i s  the optical thickness of the gas in the direction 

of the beam 5 and 

function for  the gas and spectral interval involved. 

h s i t y  of radiation reaching the sensor then originates in part 

at  the earth 's  surface (or a t  a cloud top) and in part  f rom the 

represents the specific transmission 

The in- 

itself. If the sensor can view at all angles, the 

flux of radiation observed across  a horizontal surface a t  the 
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satellite level can be computed since, for  the three 

dimensional case 

In order to simplify the present calculations, we will 

deal with the spectral interval l O - l l , & .  (wave numbers 

- 1  
900-100 cm 

ous atmospheric absorption bands which cover the remainder 

of the infrared spectrum, 

900-1000 cm- l  region i s  occupied by an absorption continuum 

whose origin l ies in the rotational band of water vapor. The 

average water vapor absorption coefficient a t  STP for the so- 

called 'transparent'  region i s  approximately so = 0.27 (see,  

for instance, Yamamoto and Onishi, 1949). In this interval 

k is a linear function of half-width and therefore of pressure.  

We assume that the satellite is overhead at  45ON at a 

). This is a region that is f ree  f rom the numer- 

The major portion of the 

- 

height of 700 km. 

beam is then 64016' corresponding to a zenith angle of 

at latitudes 70'44' and 19°161N. 

we also have from Eq. (4) 

The maximum aspect angle of the collimated 

f l / 2  

For this satellite elevation, 
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sin $' = 1.11 sin$, 

and fromFig.  1 y = e t g - T  . 
The following table gives the zenith angle and co- 

latitude from which the surface beam originates for each 

ten degrees of aspect angle, for  8 = 45 N. 

refer to positive and negative values of # (i. e. , looking 

0 
and ps N 

north and south from the satellite respectively). 

O0 O0 45O 45O 

10 11.1 43.9 46. 1 

20 22,4 42. 6 47.4 

30 33.7 41. 3 48.7 

40 45.7 39.3 50.7 

50 58. 3 36.7 53.3 

60 75.0 30.0 60. 0 

64O16I 90 19.3 70.7 

A satellite in an inclined orbit of 60° north and south 

Would eventually receive all radiation leaving the ear th 's  

surface within the latitude belt ~ 3 5  N and S. 0 

F o r  the purpose of these sample calculations, different 

models of temperature and water vapor distribution were 

adopted. In each case circular symmetry was assumed. 
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These models were: 

1) Temperature and specific humidity increasing 

outward from the sub-satellite point. 

2) Temperature and specific humidity constant ov?r 

the sub- satellite area. 

3) Temperature and specific humidity decreasing 

o ut  wa r d. 

In addition, in order to tes t  the effect of temperature and 

water vapor separately, 

4) Temperature increasing but specific humidity 

decreasing outward. 

5) Temperature decreasing but specific humidity 

increasing outward. 

(Note: Sub- satellite surface temperature for models 4, 5 

was assumed slightly higher than for models 1, 2, 3. ) 

The computed intensity of the collimated beam which 

would be observed by the detector as a function of the aspect 

angle is shown in figure 2(a) for the first three atmospheric 

models, and figure 2(b) for the last two models assumed. 
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As can be seen fromthe diagrams, in all cases 

the total intensity decreases with increasing aspect 

angle. This, of course, results from the fact that with 

increasing aspect angle, the surface beam is depleted to 

a larger  extent and more of the radiation originates from 

the atmosphere (colder than the ground). Comparison of 

the three curves in figure 2(a) indicates again that the effect 

of atmospheric moisture is to lift the effective radiating 

surfaces. 

Variations of the surface temperature and water 

vapor distribution have some effect on the radiation intensity 

received, a s  seen in figure 2(b). At small aspect angles the 

temperature and humidity values a r e  nearly the same in both 

models. 

a r e  quite different. 

satellite comes f rom an a rea  close to the sub-satellite point. 

As a result, so long a s  the surface conditions remain relatively 

the same, the observed radiation flux in this spectral interval 

W i l l  depend largely on the sub- satellite surface meteorological 

conditions. 

9oo-lOOO c m - l  reaching a satellite a t  700 k m  and 45ONorth, is 

At large angles, however, the radiation conditions 

Most of the radiation reaching the 

The computed f lux  for the spectral interval 
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given below for each of the five models evaluated. 

- 1  G(45'N) ly min 

Model 1. 2 2 . 4  

Model 2. 2 2 . 5  

Model 3. 2 1 . 8  

Model 4. 2 4 . 5  

Model 5 .  21 .9  

The maximum difference in the flux is only about 10 percent. 

This is  because the sub- satellite surface conditions were 

assumed similar in all five cases. 

only for clear skies since the effect of cloudiness would 

simply be to decrease the surface (emitting) temperature 

and thereby decrease the intensity and the radiation f lux  as 

observed by the satellite detector. 

Calculations were made 

Finally, i t  should be pointed out that in the so-called 

transparent'  spectral interval, although only slightly more I 

than half of the upwelling radiation comes from the surface 

of the earth, 

three kilometers of the atmosphere. 

of the outgoing radiation a s  a function of latitude can be made 

the remaining portion i s  emitted by the lowest 

Thus the computations 

a relatively straightforward manner provided that the 
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satellite observations a r e  collimated, the aspect angle 

for each observation is  known (all aspect angles # s$m 
must be observed), and the satellite is a t  o r  near a polar 

orbit. 



CHAPTER I1 (Continued) 

SECTION 4 

SATELLITE OBSERVATIONS OF INFRARED 

RADIATION * 

4. 1 Introduction 

The photographic observations of TIROS I have shown 

a termendous organization of cloud pat terns  which may  extend 

Over l a rge  a r e a s  of the e a r t h ' s  sur face .  A future TIROS m a y  

map  pat terns  of in f ra red  radiation which will provide additional 

information. 

It was shown in GRD Resea rch  Note No. 3 6  that  a 

Computed in f r a red  m a p  ( 6  March  1959) gave a pat tern which 

Could be in te rpre ted  in  t e r m s  of the motion field assoc ia ted  

With a deep s torm.  Grea te s t  intensity cons t ras t  was obtained 

in the I'window1' regions of the infrared spec t rum between 

8. 3 - 9. lfi and 10 - 12.5+ , in  which the outgoing radiation 

is closely re la ted  to the t empera tu res  of the radiating sur face  

* 
Originally prepared  as a Semi-Annual Technical Summary 
Report  under Contract No. AF19(604)-5968, under ARPA 
Orde r  No. 26-59 and GRD-TN-60-493, 30 June 1960. This 
Section was writ ten by R. Wexler, Allied Resea rch  Associates ,  Inc. 

"Contributions to  Satellite Meteorology, Vol. I, 
1 

Hereaf te r  r e f e r r e d  t o  a s  Volume I. 
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(ground o r  cloud). 

gave similar pat terns  but with reduced contrast .  

duction in contrast  is a function of the amount and distribution 

of the intervening absorbing gas  between the radiation surface 

and the satell i te,  with dependence on both p r e s s u r e  and tempera  

ture .  

The use of other broad  spec t ra l  regions 

This re-  

In Volume I ,  calculation of the inf ra red  radiation that 

would be emitted f r o m  the a tmosphere  was made  by neglecting 

t empera tu re  dependence. In the present  r epor t  the effect  of 

t empera tu re  dependence i s  considered f r o m  the viewpoint of 

determining empir ica l  re la t ions which can be used operationally 

whenever satel l i te  observat ions of the inf ra red  a r e  made. 

Comparisons of the outgoing radiation for  different portions 

of the spec t rum a r e  made  with balloon measu remen t s  of the 

in f r a red  in  New Mexico, 

This  Section a l s o  d iscusses  other  c a s e s  of "windowtt 

maps  in an  effort  to determine the associat ion of in f ra red  

pat terns  with synoptic weather.  

4. 2 Rotational Water 

4 . 2 . 1  Tempera ture  Dependence 

In Volume I it was shown that the empir ica l  t r ansmiss ions  

fo r  rotational water through l a rge  l a y e r s  may  be represented  
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quite well a s  a function of m P  only, where m is the optical 

depth and P is the pressure.  Fo r  transmission through the 

atmosphere from a level p tothe top of the atmosphere the 

Pressure P should be defined by the Curtis-Godson approxi- 

mations. 

0 

m P = 5  p d m  

P 

It was found that the t r a n s m i s s i o n y ,  f rom Palmer ' s  

data for  rotational water, fitted a relation 

- K G  /r= e 

where K i s  a constant. This equation'is valid in narrow 

spectral regions for relatively large absorption in a gas  

having absorption lines randomly distributed. Values of K 

Were derived f rom Palmer ' s  data for 60 to 70 cm -1 intervals 

and a r e  repeated in Table 1 below (Section 4. 2 . 2 ) .  These 

Values o f '  K were based on measurements made at a tempera- 

ture of about 17OC and may be expected to vary with temperature. 

Theoretically K i s  related to the intensities Si and half widths vi 
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of the absorption lines in the following manner: 

K N(zi Siqi)’I2 

the product S i v i  i s  prpportional to the pressure and some 

function of the temperature. Where ( 3 )  i s  valid, correction 

for  both pressure and temperature can be made by modifying 

the Curtis approximation a s  follows: 

m P  =j y p d m  

P 

where 

( 3 )  

(4) 

0 
where the subscript o re fers  to the value at  17 C a t  which 

the measurements were made. The function y may be computed 

from unpublished computations of Si ‘fi made by Benedict and 

Kaplan which a r e  given a s  a function of the wave number 

f rom the band center. Figure 3 shows a plot of y a s  a function 

of temperature for the different rotational water bands. It i s  
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FIG. 3 T E M P E R A T U R E  CORRECTION FOR R O T A T I O N A L  WATER. 
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0 
seen that y = 1 at 17 C (by definition) but may be 

appreciably lower at cold temperatures .  The temperature  

correction is relatively la rge  for  the 500-560 c m - l  region, 

where absorption is relatively small; in the region of high 

absorption 250-310 c m - l  temperature  dependence is l e s s  

important. 

4.2.2 MaPs of Rotational Water for  6 March 1959 

Calculations of the amount of radiation in the rotational 

water region leaving the top of the atmosphere for air m a s s e s  

1, 2 and 3 have been computed for  6 March 1959 a t  00002. 

This case was discussed at length in Volume I for other 

spectral  regions of the infrared. 

water region show essentially the same pattern as  the other 

regions. 

o r  near  the surface) and the cold a r e a s  (generally high c i r r u s )  

of the map is  greatest  where absorption is relatively smal l  

(500 - 560 c m - l )  and becomes progressively smaller  a s  the 

absorption increases  with decreasing wave number. 

sample map plotted in t e r m s  of radiation amounts is shown 

in F igure  4 f o r  the 250 - 310 cm-’ region, where absorption 

is relatively high. The contrast  for  the different bands may 

Maps f o r  the rotational 

The contrast  between the warm a r e a s  (generally at 

A 
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be made by comparing the equivalent black body tempera-  

tu res  ( T  ) of the outgoing radiation of Miami, with c lear  

conditions and a surface temperature  of 24OC, with those 

of Pittsburgh with a c i r r u s  cloud top temperature  of -65 C. 

Table 1 shows the values of TE for Miami at air m a s s e s  

1, 2 and 3 for  the different bands. 

E 

0 

Because of the small 

amounts of water vapor above the c i r r u s  clouds, the 

f o r  all bands and for all th ree  air m a s s e s  over Pittsburgh 

may be considered as equal to -65'C. 

TE 

TABLE 1 

~ Q U I V A L E N T  TEMPERATURES ( O c )  FOR ROTATIONAL 

WATER AT MIAMI 00002, 6 MARCH 1959 

500 - 560 .046 

440 - 500 ,080 

3 - 2  - 5  

- 5  -10 - 12 
380 - 440 .145 -13  -18 -20 

310 - 380 . 3 1  

250 - 310 . 5 1  

-24 - 29 - 3 1  

-32 -37 -40 
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It is evident that the contrast  in TE between warmest  and 

coldest a r e a s  for air m a s s  1 is  a lmost  70 C in the region 

of low absorption (500  - 560 c m - l )  and only about 3OoC in 

0 

the region of high absorption (250 - 310 c m - l ) .  The reduc- 

tion in contrast  is 5 C for air mass 2, and 7 to 8 C for  air 
0 0 

m a s s  3. 

4 . 3  Temperature  Dependence for 6 . 3 A  H20 

4. 3. 1 Absorption at 50 c m - l  Intervals 
~~~ ~ 

Absorption tends to decrease with temperature  in  the 

central  portion of the band but to increase in the wings. In 

order  to co r rec t  for  temperature  in the 6 . 3 A  H20 band i t  

is desirable to separate  the band into intervals of about 

50 c m - l .  

at such intervals is not available. However, by assuming an 

equation of the fo rm ( 2 ) ,  it is possible to utilize Howard's data 

Unfortunately, experimental data on the absorption 

to determine values of K for these smaller  intervals. The 

assumption should be valid for  50  cm" intervals since for the 

ent i re  band a straight line relation exis ts  between log /r and P 

(at high absorption--see Volume I )  and since (2 )  holds for inter-  

vals of 60 c m - l  in the rotational H20 region. 
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FIG. 4 OUTGOING RADIATION ( 10-3 CAL MIN-I CM-* STER-9 IN 
THE 250-310 CM-' REGION FOR 00002, 6 MARCH 1959. 
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Figure 5 from Howard, (1955) shows the amount of 

precipitable water wo for a transmission of 50% as a 

function of wave number for the 6 . 3 ~ H 2 0  band. 

wo for 50 cm-l intervals f rom 1200 to 2000 cm 

obtained f rom the 125 mm H curves. Assuming now that 
g 

Equation (2) i s  valid f o r  each 50 cm-I  interval, the constant 

K was computed and i s  listed in Table 2. 

The mean 

was -1 

TABLE 2 

VALUES OF K IN 6 . 3 ~ H 2 0  BAND 

Wave Number K 

( cm- l )  (Cm- 1 /2mb- 1 /2)  

1200 - 1250 0.018 

1250 - 1300 0.034 

1300 - 1350 0.065 

1350 - 1400 0.130 

1400 - 1450 0. 25 

1450 - 1500 0.42 

1500 - 1550 0. 60 

Wave Number K 

/2mb-1 /2) (cm-1) (cm 

1600 - 1650 0.33 

1650 - 1700 0.49 

1700 - 1750 0.34 

1750 - 1800 0. 19 

1800 - 1850 0.10 

1850 - 1900 0.058 

1900 - 1950 0.035 

1550 - 1600 0.33 1950 - 2000 0.023 
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WAVENUMBER IN cm-I 
PRECIPITABLE WATER W,[CM) FOR A TRANSMISSION OF 

50% IN  THE 6.3p H20 BAND (AFTER HOWARD). 
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In order to tes t  the accuracy of the K values, the 

average transmissions fo r  -= 5 was calculated over 

the entire band 1200 - 2000 cm and the result was com- -1 

pared with the formula derived in Volume I .  

-0.0715 (3 = 0.665 e 

The calculations by the two methods gave almost identical 

results, indicating that the K values in Table 2 a r e  

reasonably accurate. 

4. 3 . 2  Temperature Dependence at  50 cm Intervals 

The formula (6) and the derived values of K in 

-1 

Table 2 may be considered valid for a temperature of about 

0 22 C a t  which the measurements were made. F o r  other 

temperatures, a correction may be made by the use of a 

factor y similar to that made for rotational water; y i s  

computed in the same manner, using 1600 cm 
1 

a s  the center 

of the band, and multiplying by a factor 

- 1 .4388V 

TO 
1 - e  

- 1.4388 y 

T 
1 - e  

(7) 
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where ~f is  the difference between the cent ra l  wave 

-1 
number (e. g. , of the intervals  in Table 2)  and 1600 c m  D 

T is the tempera ture  and To the experimental  t empera ture  

of 295'K. In the rotational water  region the factor  (7) is  the 

rat io  of the induced emiss ions  at the two tempera tures ,  and 

is included in the calculations of 5 i Si vi by Kaplan. F o r  

6. 3~ H20, because of the higher wave number,  the exponential 

t e r m  is negligible so that the value of (7) is unity. Therefore ,  

by taking < as the depar ture  f r o m  the cent ra l  wave number,  

this t e r m  is eliminated f r o m  the calculations of y in the 

6.3/ H20 band. 

The cor rec ted  factor  y is shown in F igu re  6 as  a 

function of t empera tu re  for  mean wave number differences 

f r o m  1600 ern-', the band center .  of 25 

r e f e r s  to the interval  between 1550 and 1600 o r  1650 and 

1600 cm-'. 

g rea t e r  than 1 for  a spec t ra l  region within 100 cm 

band center.  Thus, the t ransmiss ion  in this cen t ra l  region 

inc reases  with increasing tempera ture  but beyond 100 cm- '  

it  dec reases  with tempera ture .  F igu re  6 shows that  y 

generally dec reases  with increasing A r. 

Thus, a A 

It is seen that at cold tempera tures  y is  

-1  of the 

The anomalous 
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behavior of y for  b v =  175 and 225 cm” is difficult 

to  explain but appears  re la ted  to the presence of relatively 

strong absorption l ines in the region 200 to  205 c m - l  and 

245 to 250 cm-’. 

4. 3. 3 Tempera ture  Dependence for  Ent i re  Band 

In o r d e r  to determine the effect of tempera ture  

dependence for  the en t i re  6. 3/ t ,  band the calculations 

using the y factor in F igure  6 were  made for  

and 10 crn1/2mb1/2 at t empera tu res  of 200, 250, and 

i- = 5 

295OK. The resu l t s  a r e  shown in Table 3 .  

TABLE 3 

TRANSMISSIONS (70) FOR 6 . 3 p  H3.0 BAND 

Temperature  F 
5 10 

29 5 46 30 

250 48 32.5 

200 50 36. 5 

These r e su l t s  indicate that the tempera ture  effect  on 

t ransmiss ions  over the en t i re  6. 3 p  H 2 0  band is relatively 

small, The effect of tempera ture  on the wings causes  the 

t ransmiss ion  fo r  the whole band to decrease  with increasing 

ternpe ra ture .  
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'4.4 Tempera ture  Dependence for  1 5 ~  C02 

4.4. 1 General  

The 15,&C02 band is s imi la r  to  the 6. 3 H 0 band 

in that absorption in the wings inc reases  with tempera ture ,  

while a t  the center  it decreases .  However, the central  

portion of the band is  opaque f o r  t ransmiss ion  through a 

layer  of a tmosphere only 100 mb  in thickness.  The resu l t  

i s  that absorption over the ent i re  C02 band inc reases  with 

tempera ture .  

A 2  

4.4.2 Theoretical  Transmiss ion  

Kaplan (unpublished, but s ee  Kaplan, 1959) has  

computed the theoretical  mean t ransmiss ions  over  5 c m - l  

intervals  of the 

a tmospheres  for  uniformly distributed C02  with a surface 

value of 260 c m  NTP. 

in accordance with the equation 

15/c(C02 band in four  different model 

He a s sumed  a tempera ture  s t ruc tu re  

k 
T 
- TO =[k) 

Transmiss ions  were  computed for  

(a t  po = 1000 mb) and fo r  k = 1 / 6  and 1 /3 .  These values 

To = 313 and 273'K 
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of k a r e  approximately equivalent to lapse r a t e s  of 

5 .5  and l l ° C  k rn - l ,  respectively.  Transmiss ions  were  

computed for  var ious small l aye r s  (50 m b  at lower levels) ;  

finally the t ransmiss ions  f r o m  various levels  to 100 m b  

Were determined. 

f r o m  1000 to 100 m b  for  To = 273OK and k = 1 / 6  is shown 

in F igu re  7. 

central  region between 630 and 710 c m - l .  

A sample curve fo r  the t ransmiss ions  

The a tmosphere  is essentially opaque in the 

4. 4. 3 Comparison of Theoretical  with Empir ica l  

Transmiss ions  

To determine whether Kaplan' s theoret ical  t ransmiss ions  

Over the en t i re  1 5 p C 0 2  band a g r e e  with Howard's experimental  

Values, comparisons were  made for  50 m b  l aye r s  of the model 

a tmosphere in which the mean tempera ture  of the l aye r s  were  

close to  the tempera ture  of Howard's experiments  (approximately 

l7OC), 

a tmospheric  amount of CO2 (13 cm,  NTP)  and for  one layer  

The r e su l t s  for  two 50 m b  l aye r s  containing a no rma l  

containing only 1 / 2  the no rma l  amount a r e  shown below. 
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TABLE 4 

COMPARISON OF THEORETICAL (KAPLAN) AND EMPIRICAL 

(HOWARD) TRANSMISSIONS FOR ENTIRE 15 C 0 2  BAND 

Layer  

(mb) 

Transmiss ions  (70) 
co2 
( e m )  Kaplan Howard 

600 - 650 13 58 56 

600 - 650 

800 - 850 

6. 5 

13 

64. 5 61 

55.5 52 

These r e su l t s  indicate that Kaplan's theoret ical  absorptions 

a re  consistently about 570 sma l l e r  than Howard's empir ica l  

values. According to a private communication f r o m  Howard 

the theoret ical  values appear  to be within the range of experi-  

mental  e r r o r .  

4 .4 .4  Variation of Theoretical  Transmiss ion  with 

Tempera ture  

In o r d e r  to be able to  c o r r e c t  for  tempera ture  in the 

15/vC02 band in satel l i te  o r  balloon observation it would be 

desirable  to c a l c u h t e  t ransmiss ions  similar to  those of 

F igu re  7 for  any lapse r a t e  and for  l a y e r s  of different p re s su res .  

Such calculation can be made with Kaplan's methods,  involving 
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the use of an  electronic  computer.  However, severa l  t e s t s  

with the r e su l t s  for  his  four model a tmospheres  indicate 

that an  empir ica l  cor rec t ion  for  t empera tu re  may be made. 

F o r  a layer  extending f r o m  p r e s s u r e  p to 100 mb, t r a n s -  

miss ions  for  the four model a tmospheres  were  plotted as a 

function of the tempera ture  a t  the mean p r e s s u r e  of the layer .  

An approximately l inear  relation was found. 

relation was obtained by using a tempera ture  T at a p r e s s u r e  

of 0. 65 p t 0. 35 X 100 mb ,  thus in effect using a tempera ture  

a t  a level c loser  to the level p. 

F igure  8, in which the t ransmissions between the indicated 

P res su re  p and 100 m b  a r e  plotted a s  a function of T. The 

s t ra ight  l ines  drawn by eye f i t  the plotted points ve ry  well. 

Thus, t empera ture  correct ion for  the en t i re  1 5 ~ C 0 2  band is 

obtained by simple graphical methods. 

A bet te r  l inear  

The r e su l t  i s  shown in 

The s a m e  procedure was attempted for  5 cm- '  intervals  

of the C 0 2  band (F igure  9).  

in the 5 c m - l  intervals  centered at 600 and 730 c m - l 0  

the l inear  re la t ion does not hold in the cent ra l  highly absorbing 

A good l inear  relation is evident 

However, 

region as  charac te r ized  by the interval  centered at 700 c m - l  in 

F igure  9.  
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4.5 Comparison of Theory with Observation 

4.5. 1 General 

The only source of data now available for comparison 

of theoretical t ransmission of the infrared through the atmos-  

phere with actual t ransmission is the balloon observations in 

Alamogordo, New Mexico, reported by Strong, (1959). His 

observations were made with a balloon-borne grating spectrom- 

eter  which recorded, as  a function of wave length, the difference 

in the power received in fairly narrow beams f rom two directions, 

one centered at about 60' above the horizontal, the other a t  60° 

below the horizontal. 

by recording the spectrum of radiation power difference in the 

same beam widths f rom two black body radiation sources  at 

the temperatures  of dry  ice and of water and ice. Thus the 

ratio of the radiation difference f rom the atmosphere to the 

radiation difference f rom the black bodies effectively eliminated 

instrumental parameters ,  and the data could be interpreted in 

t e rms  of the well-known theoretical black body radiation density 

functions. The published calibrated data gave the power differ-  

ence over wide spectral  bands, as obtained by an  approximate 

integration over the original detailed spectral  data. 

It was calibrated in flight periodically 
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4. 5.2 Comparison with Strong's Measurements 

Figure 10, taken f rom Strong, shows the variation 

of radiation flux (upward minus downward) with altitude for  

different balloon flights at Alamogordo, New Mexico, on 

6 March and 29 April  1959. The units in the ordinate, 

which a r e  in t e r m s  of hemispheric radiation, is a factor 

of # greater  than the equivalent units of Figure 4. 

To determine representative soundings for the 

flights, interpolation was made between the 12002 E l  Paso 

and Midland radiosondes. 

radiation were made for an air m a s s  of 1. 15 (cosecant 60 ). 

Calculations of the upward 

0 

F o r  the 6 . 3  to 8 .2  region (1220 - 1587 c m - l )  the K ,fl 
values of Table 2 were used to obtain a n  average t ransmission 

as a function of mP.  No humidity data were available above 

500 mb but standard values of the specific humidity were 

assumed above that level ( s ee  Volume I ). No temperature  

correct ion was made, since it is presumed that f o r  a fu l l  

half of the 6. 3 H20 band such correction would be small  /u 
( see  Section 3.  3) .  

F o r  the 8.2 to 11 and 9 to 1 2 y e g i o n s  the standard P 
O3 distribution of Paetzold was assumed, as discussed in 
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Volume I .  Since most  of the ozone l i e s  above the 100 m b  

region, sample calculations of the downward radiation 

were  made,  but because of the near ly  i so thermal  conditions 

at these alt i tudes it was found to be essent ia l ly  negligible 

compared to  the  upward. These regions a l so  envelop portions 

of the "window" region in which absorption due to water  vapor 

occurs .  

be (see Volume I ) :  

The t ransmiss ion  in these regions was a s sumed  to 

- - 4 x 1 0 - 4 m p  
T =  e 3 

(9)  

where m is in c m  and P in mb. Because of the dryness  

of the soundings the correct ion due to this  effect is relatively 

small. 

The 15 to  2 5 ~  region covers  half of the CO2 band 

and a portion of the rotational water  region. 

a s sumed  that the 12.5 to 1 7 . 9 ~  absorption band is  completely 

F o r  C 0 2  i t  was 

symmetr ic  so  that the theoret ical  t ransmiss ions  of F igure  6 

with t empera tu re  dependence could be used for  the 15 to 17.9+ 

region. K values of Table 1 and the y values of F igu re  1 

(for t empera tu re  dependence) could be used direct ly  for  the 

rotational water  region. 

par ison with the observed radiation amounts a r e  shown in Table 5- 

Resul ts  of the computations and com- 
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TABLE 5 

c a p A R I S O N  O F  COMPUTED AND OBSERVED RADIATION AMOUNTS 

(10-2 c a l  c m - 2  r n i n - l )  

FOR 6 MARCH AND 29 A P R I L  1959 

Date  

6 M a r c h  

29 A p r i l  

S p e c t r a l  
Region (,U) Computed Ohs e r v e  d 

6. 3 - 8. 2 

6 M a r c h  
8 . 2  - 11.3 

29 A p r i l  

6 M a r c h  
9 . 0  - 12.6 

29 A p r i l  

15 - 25 6 M a r c h  

29 A p r i l  

2.9 

2.7 

7.9 

i o .  a 

L. 7 

2.9 

7 . 2  

8.2 

9 . 2  9 . 0  

12 .5  10 .3  

11 .2  1 0 . 4  

12 .1  11.2 

A l l  reg ions  except  the 6. 3 t o  8. 2~ reg ion  show cons is ten t ly  

l a r g e r  computed outgoing rad ia t ion  than ac tua l ly  observed .  

L a r g e r  deviat ions a p p e a r  t o  be in  t h e  window a n d  ozone 

r e g i o n s  8 .2  t o  11. 3~ and  9 .  0 t o  1 2 . 6 f i ,  which m a y  b e  par t ly  

due t o  dus t  l a y e r s ,  too low ozone contents  a s s u m e d  f o r  the 

t r o p o s p h e r e ,  o r  t o  d e p a r t u r e s  of ground t e m p e r a t u r e  f r o m  

that  r e a d  in the i n s t r u m e n t  s h e l t e r .  The  15 t o  2 5 b r e g i o n  
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shows  computedvalues to exceed observed by about 8%. 

Bet ter  agreement  would have been obtained taking into 

account the overlapping of the rotational water region with 

the 1 5 p  C 0 2  band o r  by increasing the absorption in the 

1 5 ~  C 0 2  region by about 670, thus bringing Kaplan's theoret i -  

cal  values m o r e  in agreement  with Howard 's  experimental  

values. Nevertheless ,  the agreement  of theoret ical  calcula- 

tion with the observations made by Strong a r e  perhaps bet ter  

than might have been anticipated f r o m  the known shortc,omings 

of the radiosonde data. It is  to be noted that a 10% e r r o r  in the 

f i r s t  th ree  spec t ra l  regions involve an  e r r o r  in the equivalent 

tempera ture  of 4 to 5OG; in the 15 to 2 5 p  region, it amounts 

to about 7OC. 

4 . 6  Infrared Maps for  9, 10 and 11 Februa ry  1959 

4.6 ,  1 General  
~~ 

Since any broad spec t ra l  region gives a s imi l a r  

radiation pattern,  i t  will suffice to display a "clean window" 

map  for  comparison with synoptic patterns.  A clean window 

m a p  shows the actu'al t empera tu res  of the surface for  c l ea r  

conditions o r  of the cloud top for  overcas t  conditions. 

par t ia l  cloudiness the radiation f r o m  cloud top and surface i s  

F o r  
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Prorated and an equivalent tempera ture  computed. 

i t  is real ized that the inf ra red  windows: 8. 3 - 9. 1 

10 - 12. 5 / ~  are  essent ia l ly  "dirty windows", nevertheless ,  

considering the t remendous cont ras t  between warm su r face  

a r e a s  and the cold high overcas t  a r e a s ,  the reduction in 

contrast  by the slight absorption i s  relatively small .  

Although 

and /y 

The case  discussed in Volume I involves a deep 

cyclonic s t o r m  with the circulation extending to s t ra tospheric  

levels,  

map gave a pat tern which could be in te rpre ted  in terms of the 

flow pat tern associated with the s torm.  In this  section, a 

high index situation, involving relatively shallow p r e s s u r e  

Systems and  extremely rapid motion is analyzed. Surface 

maps and 11clean window" maps  at 24 hour intervals  for  3 days 

indicate the associat ion of surface p r e s s u r e  pat terns  with infra-  

r ed  pa t te rns  which would be observed by a satell i te.  

Under such conditions it was shown that an in f r a red  

4.6.2 Maps for  9 F e b r u a r y  1959 

F igure  11 shows the surface m a p  for  12002, 9 F e b r u a r y  

A weak s t o r m  has en tered  the Pacific Northwest and l959. 

another somewhat deeper  s t o r m  is located over southwestern 

Colorado. A wavy warm frontal  sys t em extends eas tward  to the 

219 



N 
N 
0 



Atlantic. 

extends northward as far a s  southern Illinois. 

Snow cover with cold clear radiation conditions prevailed 

Over most of Canada, It i s  of interest to determine whether 

these very cold surface conditions can be distinguished f rom 

the cold temperatures associated with high clouds. 

Warm tropical air with widespread fog and drizzLe 

Widespread 

Figure 12 shows the window map for this day. 

high clouds of the Pacific northwest storm show up as a cold 

area of -4OOC. 

as Sociated with the Colorado storm. Somewhat surprisingly 

a vast cold a rea  of -6OOC extends from Texas to the Atlantic 

and northward to  New England which cannot be immediately 

interpreted as being associated with the synoptic pressure 

Pattern. 

surface because of the widespread drizzle but is fairly evident 

from the radiosonde plots which show nearly saturated condi- 

t b h s  extending to the highest levels reported (generally about 

400 mb) and unstable Lapse rates  above almost to the tropopause. 

The wave on the surface map over Missouri may be interpreted 

on the window map a s  a northward protrusion of the cold a rea  

into this region. 

The 

Another cold a rea  of - 4 O O C  over Utah is 

This vast c i r rus  overcast is not observed a t  the 

A relatively warm area ,  due to low cloud tops 
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evident in the Peor ia  and Nashville radiosondes,  is  located 

to the eas t  and northeast  of the wave. 

The c l ea r  cold snow-covered a r e a  of southern 

Canada with tempera tures  of -30 to  -4OOC is seen as  a 

relatively flat region on the inf ra red  m a p  and is readily dis-  

tinguishable f rom the -6OOC high cloud region north of Lake 

Huron. 

This window map  f o r  9 F e b r u a r y  1959 gives consider- 

able information concerning the l a rge  sca le  field of ver t ical  

motion not readily apparent  f r o m  a study of surface o r  upper 

air maps.  

4 .6 .3  Maps for  10 F e b r u a r y  1959 

The rapid motion of the Colorado s t o r m  c a r r i e d  it to 

central  Illinois in 24 hours  (Fig. 13) ,  Cold dry  air to the 

west of this s to rm has  penetrated to nor thern  Texas.  The 

Pacif ic  s to rm,  being blocked by the southward penetration 

Of the Canadian high, shows little motion. 

The window m a p  (Fig. 14) shows a core  of cold cloud 

top over Minnesota assoc ia ted  with the surface low p r e s s u r e  

a r e a  over  Illinois. This cold c o r e  i s  connected in the f o r m  of 

an occlusion to the vast  cold (high cloud) region extending f r o m  
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New York to southern Texas ahead of the advancing cold 

front. Relatively warm clear conditions (but cold a i r  f o r  

the surface) extend from Missouri to New Mexico west and 

southwest of the surface low. A steep gradient in the equivalent 

temperature occurs through South Carolina to Mississippi and 

marks the disappearance of the high c i r rus  ahead of the cold 

front. 

The weak cold core of -4OOC over northern Idaho i s  

associated with the Pacific storm. 

differentiate this a r ea  from the vast cold clear snow-covered 

It may be difficult to 

a rea  of nearly the same temperature over southern Canada. 

It is evident that the window map for 10 February 1959 

gives supplementary information concerning the Illinois storm, 

showing that most of the rising motion i s  occurring well ahead 

of the surface position of the cold front and indicating an 

occlusion process north of the surface position of this low 

pressure center. 

4.6.4 Maps for  11 February 1959 

With the cold front having pushed eastward to the 

Atlantic, a low pressure a rea  i s  located southeast of Nova 

Scotia (Fig. 15). A disturbance on the cold front in the 
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Gulf of Mexico is causing some ra in  and  extensive high 

cloudiness over the Gulf states.  The western s t o r m  is 

now located over Nevada wiih snow extending northward 

through Idaho to  western Montana, 

The window m a p  shows the cold high clouds over 

the Gulf s ta tes  associated with the disturbance to the south. 

A belt  of relatively warm equivalent radiation t empera tu res  

extends f r o m  Kansas to West Virginia. 

Over Maine i s  the remnant  of the high cloudiness associated 

with the Atlantic s torm.  The western s to rm,  showing develop- 

ment of a m o r e  extensive and colder c i r r u s  region, is centered 

in Idaho northeast  of the developing s t o r m s  in Nevada. 

f ea tu re l e s s  pat tern r ep resen t s  the vast  snow covered area over 

Canada. 

The cold region 

A flat  

The pat tern of ver t ical  motion represented  in the window 

m a p  of 11 F e b r u a r y  1959 i s  in excellent agreement  with the 

synoptic pat tern of the sur face  weather map (Fig.  16).  

4. 6 .  5 Charac te r i s t ic  Circulation Pa t te rns  

The cold and w a r m  a r e a  of the window maps  m a r k  

the location of l a rge  sca le  ascending and descending motion. 

The pat terns  a l so  give indications of horizontal  flow patterns.  
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Various charac te r i s t ic  pat terns  a r e  associated with different 

s tages  of a cyclonic s to rm.  

small a r e a  of high cloud with top near  -4OOC is located 

generally to the north of the cyclonic center  a t  the surface.  

A s  the s t o r m  develops a m o r e  widespread cloud deck with 

top near  - 6 O O C  develops, which extends in a band some 

200 to  300 mi l e s  wide ahead of the cold front,  and is joined 

to  a vas t e r  a r e a  ahead of the s t o r m  center.  The occlusion 

In the ea r ly  s tages  a relatively 

process  shows up as  a separa te  small cold a r e a  with a 

na r row connection to the widespread cold a rea .  

the very  deep s t o r m s ,  a r e a s  of ascending and descending 

motion a r e  in t e r spe r sed  into a sp i r a l  circulation pattern.  

Similar  pat terns  have been observed in the TIROS photo- 

graphs.  

Finally in 

The deeper the s t o r m s  the be t te r  the associat ion 

between inf ra red  m a p s  and surface weather maps.  In high 

index situations,  widespread cloudiness may  appear  which 

has  no apparent  connection with surface p r e s s u r e  pat terns .  

In low index situations, the pat terns  of the inf ra red  maps  

show a m o r e  d i rec t  associat ion with surface fea tures ,  
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4 . 7  Summary and Conclusion 

The analysis  of the rotational HzO, 6. 3PH20 and 

15,P-C02 regions makes  it possible to calculate the outgoing 

radiation in any portion of these regions for  an  a tmosphere  

of known propert ies .  

F o r  rotational water,  a t  wave numbers  smal le r  than 

560 ern-', absorption inc reases  with decreasing wave number.  

Tempera ture  correct ion is made by modifying the Curt is  

approximation by a factor y which is related to the intensity 

and half width of the absorption l ines .  The factor y i s  chosen 

a s  unity for the tempera ture  of the experiments  but dec reases  

With decreasing temper  a tur  e. 

f o r  rotational water r e su l t s  in higher t ransmiss ion  a t  colder 

Thus , t empera ture  dependence 

tempera tures .  

F o r  the 6 . 3 ) ~  H20 region tempera ture  dependence is 

1 also taken into account by use of a factor  y. Within 100 c m -  

of the band center  y dec reases  with tempera ture ,  so  that the 

t ransmiss ion  inc reases  with temperature .  However, since 

the cent ra l  region is so opaque anyway, even for smal l  a tmos -  

pheric l aye r s ,  t empera ture  dependence in the central  region 

relatively unimportant. Outside of this  cen t ra l  region the 
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t ransmiss ion  dec reases  a s  the tempera ture  increases .  

A s  a resul t ,  f o r  the en t i re  6. 3 UHZO region, the t ransmiss ion  

dec reases  a s  the tempera ture  inc reases  but its effect is r e l a -  

tively small .  

The caluclations of the t ransmiss ion  for  small intervals  

in the 6. 3 y 2 0  band were made somewhat roughly f rom 

published graphs of Howard’s empir ica l  relationships,  

detailed experimental  t ransmiss ions  in this region a r e  desirable  

and will soon be available f rom experiments  conducted at Ohio 

State University. 

More 

Calculations by Kaplan of the absorptions a t  small 

intervals  in the 15,,&C02 region give values which a r e  about 

67’0 smal le r  than the empir ica l  value of Howard at approximately 

the same  tempera ture .  

given p r e s s u r e  p to the 100 mb  level was found to  vary l inear ly  

with a p r e s s u r e  weighted tempera ture .  

relatively simple determination of tempera ture  dependence for  

the ent i re  C 0 2  band. A s imi la r  l inear  relationship was fomd 

fo r  5 cm-’  intervals  outside of the cent ra l  region of the band. 

The variations of absorption with tempera ture  in the C 0 2  region 

amounts to about 207’0 of the absorption between -50 and O°C. 

The theoret ical  t ransmiss ion  f r o m  a 

This r e su l t  enables a 
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F r o m  theoretical  considerations i t  may be shown that 

temperature  dependence in the 9.6 4 O3 band is relatively un- 

important. 

o3 band a r e  at  bes t  uncertain without measurements  of distribu- 

tion of the 0 

Calculations of the outgoing radiation involving the 

in the atmosphere. 3 

Empir ical  relations may be used to determine the 

-1 
t ransmissions in the window regions 800 - 1000 cm 

1100 - 1200 cm”. 

to determine t ransmissions over small intervals i n  these regions. 

and 

Theoretical  calculations w i l l  be necessary 

Theoretical outgoing radiation in four different spectral  

regions w a s  found to be relatively high compared to balloon ob- 

servations of in f ra red  radiation in these regions on two separate  

days Over Alamogordo, New Mexico. A good f i t  was found in the 

6 . 3  - 8.2,uH,O region. This may indicate that our assumptions 
& 

of the water vapor content above 

missions for  the 6 . 3  y H20 band 

lations involving the window and 

500 mb  and the empir ical  t rans-  

a r e  reasonably valid. Calcu- 

0 regions give agreement 3 

Within 10% of the observed values on one day, but a r e  about 20% 

too large on the other day. The discrepancy may be due to dust 

l ayers ,  a n  incor rec t  assumption concerning the distribution and 

amount of ozone, and to departures of ground emissivity f rom 

that of a black body. 
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F o r  the 15 to 25 breg ion  calculated radiations a r e  /L 
about 10% higher than observed. 

be  due to dust l aye r s ,  and to overest imat ion of t ransmiss ions  

in the CO2 band. This la t te r  possibility should be looked into 

m o r e  carefully. 

The discrepancy may  also 

Nevertheless ,  considering the type of measurements ,  

overal l  agreement  is good. 

a r e  desirable.  

available is the measurements  of the total ear th-emit ted 

radiation f r o m  Explorer  VII. 

ation over a portion of the e a r t h ' s  surface would be most  useful 

for  comparison with theory.  

More comparisons of this  type 

Another source  of data which may  soon become 

Pat te rns  of the measu red  radi.- 

With empir ica l  methods available for  the computation 

of the outgoing radiation f r o m  an a tmosphere  of known proper t ies ,  

the r e v e r s e  problem of determining atmospheric  charac te r i s t ics  

f r o m  measurements  of the radiation in selected spec t ra l  regions 

is  m o r e  difficult, 

possible to determine the tempera ture  distribution f r o m  radiation 

measu remen t s  using six different wave lengths in the 15 

region and one in the window region. 

puted by a perturbation method f r o m  a bes t  f i t  using l aye r s  of 

Kaplan (unpublished) has  shown that  it i s  

F 0 2  

The distributions a re  com- 
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different model  a tmospheres .  

tu rn  to simplified methods for  estimating atmospheric  

Fu tu re  r e s e a r c h  could well 

t empera ture  distributions and in addition the distributions 

of water vapor and ozone in the atmosphere.  

The use of pat terns  of in f ra red  radiation to give 

information concerning the macrosca le  field of ver t ical  

motion appears  very  promising. Maps of this  nature  may 

give supplementary information not apparent f r o m  sur face  

or  upper a i r  measurements ,  The development of cyclonic 

s t o r m s  can be followed by a sequence of such maps ,  A 

circulation pattern,  involving the cold a r e a s  of high cloud 

tops and the warm a r e a s  f r o m  nea r  the surface,  is  generally 

apparent in the a r e a  surrounding a deep s torm.  Such c i rcu-  

lations in the f o r m  of sp i r a l  pat terns  have been observed 

Photographically f r o m  TIROS I. Infrared maps  give informa- 

tion on the heights of cloud sys tems not apparent  in TIROS 

Photographs. 

Observations of an  inf ra red  senso r  on a future  TIROS should 

therefore  add another dimension to the interpretat ion of these 

SPe ctac ula r photographs . 

The preparat ion of in f ra red  window maps  f r o m  
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CHAPTER 111 

CLOUD STUDIES 

ABSTRACT 

Ten mid- United States composite radarscope pictures a r e  

Presented i n  Section 1, showing radar precipitation echoes, frontal 

Positions, and total cloud cover, 

Of the low, middle and high cloud shields, 

using radarscope pictures, taken during aircraft reconnaissance flights 

Over the eastern Pacific, a r e  included with their corresponding cloud 

ahd frontal analyses, The ten cloud-analyzed continental composites 

and the reconnaissance composites a r e  discussed in the text with respect 

to the cloud-precipitation relationships, 

Patterns which Seem, f rom the composite analyses, to be associated 

with precipitation or  s torm systems are  discussed in te rms  of the 

likelihood that they could be discerned from satellite photographs, 

These a r e  accompanied by analyses 

Three s t r ip  composites 

Characteristics of the cloud 

In Section 2, a number of operational conclusions and tentative 

research results are listed and described relative to the immediate 

Operational use program, 

analysis and use  of satellite pictures in tropical meteorology a r e  

ou thed ,  

Studies a r e  commented upon briefly. 

The post launching preparations for  an 

Phenomena of particular interest in these and the future 

Through the use of TIROS I photographs, a frontal system is 

Studied and followed fo r  a period of nine days in i ts  movement across 
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the Pacific Ocean in the last Section of Chapter III. The series of 

TIROS I pictures show that i t  is possible to maintain a day-to-day 

surveillance of mid-latitude storms with a meteorological satellite. 

The rectified pictures show the movement and the day-to-day changes 

in the cloud patterns of the frontal system which could be an indicator 

of the future development in a storm. 
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CHAPTER 111 

SECTION 1 

CLOUD SHIELD AND RADAR PRECIPITATION ECHO RELATIONSHIPS 
- WITH SATELLITE APPLICATIONS* 

Introduction 

This Section attempts to  indicate those relationships which might 

@xist between cloud cover, a s  observed f rom the ground and aircraf t ;  

and precipitation, a s  indicated in radarscope photography, These 

‘esults a r e  then studied to determine their  usefulness when applied 

to cloud cover observations which might be expected from a satell i te,  

In the process  of selecting suitable s to rms  fo r  analysis, the U. S. 

Bureau’s daily weather maps f o r  the yea r s  1957, 1958, and 

1959 were studied, F r o m  this study a number of situations which 

typical of various s torm types were selected, The number o€ 

PrQWsing situations was reduced by study of radarscope fi lms and by 

discarding the s to rms  occurring on days of insufficient o r  poor radar  

coverage. 

Mid-West. 

Most of the s torms  selected by this method were  in 

Cases  involving cloud and precipitation data obtained by airborne 

Observers and instruments were  limited to  the three Pacific weather 

‘@COnnaissance flights during which the aircraf t ’s  radarscope was 

Photog r aphed. 

I in this Section was taken f rom Scientific Report I, .. 7 

Lloud Shield and Radar Precipitation Echo Relationships with Satellite 
Applicationst1, by F. L. Ludwig and R. E. Nagle, Stanford Research institute, 
rnd@r ARPA Order  No. 26-59. In addition, the reader’s attention is 
lnvit@d to the aforementioned report  for  a discussion of fou r  additional 
‘Ontinentat s to rms  plus thir teen other composites f rom West Coast 
and Pick et ship radars  c op e pic tu r e  s . 
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1. 2 Data Sources 

1.2.1 Radarscope Photographs 

The radar  pictures used in the construction of the composites 

shown in this study were made from an extensive collection of radarscope 

film taken at various Air Defense Command stations during the Inter- 

national Geophysical Year, 1957-1958. Stations whose film was used 

in the construction of the composites of this report and i ts  appendix 

a r e  shown in Fig 1, * 
In no one indance a r e  films from all the sites shown used. 

flight tracks and a rea  of radar  coverage of the composites made from 

weather reconnaissance flight radarscope films a r e  shown in Fig. 2. 

with a reas  of 150-mile-radius coverage indicated. 

The 

1. 2. 2 Cloud Data 

Cloud data recorded by surface observers has been obtained 

primarily from microfilm copies of the weather records at Asheville, 

N.C. 

stations. U. S. Weather Bureau forms WBAN 10-A, B and D were 

used by most of the stations shown in Fig, 3. 

used in the analysis of the s torm of November 17-19, 1957, was obtained 

directly from the stations shown in Fig, 4, 

Generally, these a r e  copies of the original forms filed by the 

The cloud information 

Cloud observations taken during the weather reconnaissance flights 

were recorded on Air Weather Service form 35; copies of the forms- 

from the three flights on the days radarscope photographs were taken- 

were graciously supplied to  the authors by the 55th Weather Recon- 

naissance Squadron. 

* Illustrations appear at the end of each sub-section. 
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1. 2. 3 Frontal Analyses 

The frontal analyses shown in Figs, 6-35 of this chapter are those 

of the U. S ,  Weather Bureau, 

of frontal positions to  better correspond with the radar echo patterns 

In some instances, slight adjustment 

indicated, These adjustments a r e  usually obvious, but have not 

made because it was felt that the use of completely independent 

a n a l p  es was more  important than achieving perfect compatibility. 

The agreement between radar echoes and frontal analysis is usually 

close and adjustments in either would have dulled the significance 

Of this agreement, 
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FIG. 1 

RADAR STATION NETWORK 



FIG. 2 

RECONNAISSANCE FLIGHT TRACKS AND RADAR COVERAGE 
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FIG. 3 

CLOUD DATA NETWORK 
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FIG. 4 

CLOUD DATA NETWORK USED I N  ANALYSIS OF 17-19 NOVEMBER 1957 STORM 
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1.3 Methads of Analys es 

1. 3.1 Continental Data 

1. 3.1.1 Radar Composites 

The analyses of storms over land were made as  follows. After 

a storm was selected, prints of the radarscope pictures were made 

to a scale of 100 nautical miles to the inch. 

then properly placedandalignedon the base map. 

pasted to the map to form the final composites. 

These pictures were 

They were cut and 

To prepare illustrations 

for this report, overlays were made on clear plastic. 

showed frontal position and the distributions of total sky cover, 

ground echo patterns were also blocked out with the overlay. 

composite-overlay combination was then photographed, and these pictures 

were used for the illustrations of this report. 

These overlays 

The 

The 

1.3.1. 2 Cloud Analyses 

The cloud analyses, accompanying the continental composites, 

have proceeded strictly from the point of view of the reports of ground 

based obsemers. 

cloud cover as a continuous field although the actual cloud formation 

itself may be discontinuous. Fo r  example, in the exaggeration shown 

in Fig. 5, the observer at A has total sky coyer, the observer at E 

bas none; and the intermediate observers see varying amounts of partial 

sky cover even when the actual cloud sheild ends abruptly. 

it is quite possible that, where the isopleths of reported cloud cover 

a r e  closely packed, the cloud sheet may have a sharp boundary. 

such information was not available in the data. 

This approach leads to the representation of the 

Thus, 

HowNef ’  

The nature of the 
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analysis and their  possible relation to the actual cloud field should be 

remembered when attempting to visualize what a cloud observation 

Satellite might have seen in the situation. 

The total sky cover and low cloud cover analyses a r e  straight- 

forward, but, due to the large amounts of low cloud, the analysis 

Of middle and high cloud cover usually had to be based on sparse  data. 

Ground based cloud observations suffer  from the fact that the 

I t  summation principle" i s  utilized in reporting multiple cloud layers on 

WBAN form IOB. The cloud amount reported at any particular level 

based on the percentage of the total skv covered by clouds UP to  the 

level of interest, 

the amun t  of a higher cloud layer does not necessarily represent the 

true cloud cover at the higher altitude. 

altered so that the higher-cloud-covered fraction of that part  of the sky 

"hich was not obscured by the lower layer was assumed to apply over 

If low clouds exist, then the fraction reported for 

In such cases the data were 

entire sky, For example, if the fraction of the sky reported 

=Overed by low cloud is 4/10, and the fraction reported covered by 

a iddle  cloud is 3/10, then it is assumed that the total fraction of the sky 

middle cloud, NM, is given by: 

NM = 3/10 = 5/10. 
1- 4 /10 

Of Course, the la rger  the fraction of the sky covered by lower clouds, 

the less reliable the technique becomes. 
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Certain parts of the analyses, indicated by dashed lines, a r e  

considered doubtful either because of lack of data o r  because of uncertain 

data. 

at the level represented by the particular analysis. 

Dashed lines mark those areas  which were overcast by clouds 

Cloud cover was not investigated for times corresponding to  periods 

of total darkness in  the area,  because of the doubtful accuracy of 

nocturnal cloud observations and of the lack of pertinence to the problem 

of satellite cloud observations. 

To facilitate the comparison of the radar echoes with the cloud 

distribution figures, the principal radar echoes seen in the composites 

and the a rea  of radar coverage available in each case were entered 

on the cloud analyses. 

In considering the validity of the cloud distribution charts, mention 

also must be made of the scale of both the cloud systems and the observing 

network. The intent of the analysis is to determine relationships, i f  

present, between precipitation areas  and cloud shields associated 

with synoptic scale. weather phenomena. 

The observations utilized in the nephanalysis of the November 1957 

ser ies  were obtained from a synoptic scale network of stations while 

those used in the remainder of the continental composites were obtained 

from a network which approached the meso-scale. It is now recognized 

that meso-scale systems exist within synoptic patterns. 

systems generate clouds which may not show any definite relationship 

with the over-all large scale pattern (Fujita, et al, 1956). Obviously, 

i t  is not possible to completely define mesoscale systems with a 

Such 

synoptic scale observational network; nor can the cloud structure 
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with these mesosystems be completely separated f rom the 

larger  sca le  features.  There  is  the distinct possibility, too, that 

mesoscale  cloud patterns a r e  uniquely associated with m o r e  violent 

conditions and in  the i r  uniqueness may be m o r e  readily 

by s at ellit e obs e rvations . 
1. 3, 2 Reconnaissance Flight Oceanic Data 

1. 3. 2.1 Radar Str ip  Composites 

The construction of the s t r ip  composite photographs f rom 

airborne radarscope pictures was s imi l a r  t o  the construction of the 

‘Ontinental composites. The construction was complicated though, 

the l a rge  number of individual pictures used and the difficulties 

After the  pictures had 

taken and developed, pr ints  were  made  f o r  specific intervals 

involved in the orientation of the pictures. 

the track. r0: These prints were  made t o  the same  sca le  as t h e  

Continental pr ints  of the U. S , ,  i. e., 100 miles  to  the inch. Positioned 

the flight t rack,  the pr ints  were  then aligned by using echoes 

On Successive pr ints  a s  a guide, Afterwards, the  prints were  cut and 

together t o  reveal  a s  completely as possible the detected precipi- 

tation echo pattern. 

Initially, a spacing of 50 mi les  was used between successive prints. 

‘Owever, when the a i rc raf t  was in  clouds a considerable attenuation 

As a result ,  this attenuation required a observed in  the radar .  

reduction in  the print intervals t o  25 miles  f o r  the composites constructed 

Position at which a picture was taken is obtained f rom information 
‘Ontained in  the a i r c ra f t  log, and the t ime  and f r a m e  numbers recorded 
&lth the radarscope pictures. 
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for the Loon Hotel and Stork India tracks, 

display of the echoes detected, 

the echoes visible in the film record could not be presented in the 

composites, 

This permitted a greater  

Even with this reduced interval, all 

A graphical representation of the total echo, as  detected on each 

These overlays flight, is shown in the overlays to  the composites, 

a r e  felt necessary due to the loss of detail in reproduction of the s t r ip  

composite. The information in these overlays is not an exact positioning 

of the echoes. 

actual data contained in the original film. 

Instead, the information is provided as  a guide to  the 

The weather reconnaissance squadronsr WB-50D aircraft  a r e  all 

equipped with AN/APS-23 radars, This is an X-band, 3-cm radar 

with peak power output of 44 kw. Its antenna is mounted in a bubble 

beneath the fuselage, allowing 360° scan operation. The radiational 

pattern is cosecant squared and has 55. O o  vertical and 1, 50° horizontal 

beam angles. 

With the antenna tilt at zero degrees, the radar is capable of 

detecting clouds and precipitation areas  from the flight level down to  

the surface. 

at the range of 100 miles originate from energy reflected from precipitation 

generally below 24, 000 feet, 

Consequently the echoes seen in the s t r ip  composites 

1.3, 2. 2 Cloud Analvses 

Observations taken from weather reconnaissance positions were 

used as the primary informtion on which the cloud analysis was 

conducted. 
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In the RECCO code (AWSM 105-34), the aircraft  is considered to 

be located at the center of a cylinder of a i r ,  30 nautical miles in radius. 

It  this position, present weather, cloud types and amounts, flight 

'Onditions, and other observational elements a r e  observed as  occurring 

the cylinder, Outside the cylinder, the quadrantal concept is 

'sed to report prevailing conditions in the four major quadrants, ' I  

If no obstruction to visibility exists, at the 500-mb level the most 

distant point on earth visible from the aircraft  i s  approximately 160 

Thus, when the flight altitude is  relatively cloud free,  away, 

the SOO-rnb level provides complete visual observation of clouds 

Over the a rea  of radar  coverage; when clouds,or other obscuring phenomena 

exist at the flight level, o r  slightly below, the slant range visibility is 

@atly r educ ed. 

The cloud type, amount, bases and tops, at each observation 

Position were plotted. Contour lines for cover of equal cloud amounts, 

from o-25yO, 25~0-50~,,, 50%-75°/0, and greater  than 75% at low, middle, 

and high levels, were drawn from this plotted data; cloud reports f rom 

ships, when available, were used to  supplement the reconnaissance 

data- After the total sky cover at each level had been analyzed, the 

Observed cloud types were entered in the a reas  where they were reported. 

The total visible Ittop view" cloud amount charts were prepared 

in 

the middle cloud chart and a composite cloud cover chart was drawn 

from these two layers, This composite distribution was then overlaid 

following manner, The high cloud distribution was overlaid on 
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on the low cloud amount char t  and added t o  give the total cloud ar-munt 

visible f rom above. 

/ 
A 
‘O40 

/ 8/10 2/10 \ 

O40 

FIG. 5 

SCHEMATIC REPRESENTATION OF CLOUD SHIELD 
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Discussions of a Continental Storm 

L 4 . 1  17-19 November 1957 Storm 

1. 4, l .  1 17 November 1957, 12002 ( F i n  6 )  

On 17 November 1957, at 12002,  there was a stationary frontal 

extending across  the southern United States. Associated 

With this front were minor areas  of precipitation in Tennessee, Kentucky, 

and southern Illinois, 

than shown; but, it  was not detected because i t  was either too light 

The precipitation was probably more  extensive 

Or was below the radar  horizon. 

In addition to the a rea  of rainfall associated with the front, there  

several  a reas  of showers. 

warm a i r  mass  in southern Arkansas. 

Pattern which suggested a meso-scale system such as  a squall line. 

A very thin line of precipitation was detected in the Texas Panhandle. 

line and the showers in Kansas were probably indicators of local 

One of these shower a reas  was in the 

It seemed to have a linear 

‘Onvective activity in the cold a i r  mass,  with the former  possibly 

taking i ts  configuration due to a local asymptote of confluence in the 

field. Such features a r e  generally too small for  identification 

a synoptic scale analysis. 

The sky was generally overcast throughout most of the a rea  shown 

On the maps, This overcast a r ea  began 200-300 miles from the front 

In the warm a i r  and extended well behind the front--with the exception 

Of the small  a reas  of broken sky cover in Texas and Mississippi. The 

of the overcast in the cold a i r  was not shown because it 

extended outside the a rea  of data coverage. 
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The low clouds accounted for  most of the total sky cover mar 

the southern boundary of the cloud shield, as can be seen by comparing 

the low cloud and total cloud analyses in  Fig. 6. In the warm air mass ,  

these low clouds were mostly s t ra tus  becoming strato-cumulus at 

the boundary. 

of cumulo-nimbus, corresponding to  the showers in Arkansas. The 

northeastern par t  of the analysis consisted pr imari ly  of strato-cumulus. 

The rest  of the low cloud a rea  featured mixed reports  of s t ra tus  and 

There was one notable exception and that was an a rea  

strato-cumulus with some reports of f racto-cumulus. 

The decreasing low cloudiness and increasing middle cloudiness 

in  Tennessee, Kentucky, and Illinois suggested that the precipitation 

in this a r ea  was caused by general  upslope motion. 

Most of the stations reporting middle cloud indicated alto-cumulus, 

while the high cloud was reported as cirro-s t ra tus .  

L 4.1. 2 17 November 1957, 18002 (Fig. 7) 

The situation at this t ime was little changed. The front was 

in approximately the same position indicated six hours previously. 

Taking direction of flow into consideration, the a rea  of total overcast  

generally began in  the warm a i r  and conformed roughly to  the shape 

of the front. Unlike six hours previously, the line marking the beginning 

of the a rea  of total overcast  sky now had become closer  to  the front, 

more  nearly 75 miles  than 200 t o  300 miles. 

There s t i l l  eristed the a rea  of up-glide rainfall in Kentucky. Cold 

air mass  showers were st i l l  evident in Kansas. Warm air mass  

shower activity could be found in Texas and Louisiana. 
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The low cloud distribution is shown in Fig. 7. Except in an 

area on the cold a i r  side of the front in Texas, where stratus and fracto- 

Stratus predominated, this distribution consisted mostly of strato- 

CUtnulus, 

side of the front in the Oklahoma-Arkansas area, 

of the isopleths of the low cloud cover suggest the possible formation 

Of an area  clear of low cloud, next to one totally overcast by low cloud. 

The patterns shown a r e  generally oriented north-south with the clear  

area east of the overcast. 

six hours later. 

The overcast low cloud isopleth was found on the cold a i r  

The gross configuration 

This configuration became quite pronounced 

Again, the upglide nature of the rain in Kentucky was  suggested 

the low and middle cloud patterns, 

The middle and high cloud shields very nearly conformed t o  the 

front except over the eastern part  of the map. They also exhibited 

a tendency toward alternate areas  of overcast and clear,  as  did the 

low cloud pattern, The middle clouds were generally alto-cumulus 

at the edge, becoming alto-stratus deeper in the overcast area. The 

high clouds were distributed similarly, varying from c i r rus  to c i r ro-  

st ratus . 
1. 4.1. 3 18 November 1957.00002 (Fig. 8) 

At this t ime a very small  wave on the front could be found 

the Oklahoma- Arkansas- Texas junction, Precipitation was found 

this wave. Cold mass  showers in Kansas and western Texas 

and warm mass  precipitation in Mississippi were other precipitation 

features at this time, 
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The total sky cover pattern reflected the trends which were  becoming 

apparent i n  the low, middle and high cloud shields six hours previously. 

An a r e a  of broken sky cover was found east  of the overcast  a r e a  which 

protruded into the warm mass.  

The low cloud cover at this t ime markedly exhibited the character-  

is t ics  of adjacent overcast  and c lear  a r e a s  which had begun s ix  hours 

earlier.  

cumulus and cumulus o r  cumulo-nimbus. 

the front were  found double layers  of low cloud, featuring s t ra tus  and 

strato-cumulus. 

were  observed. 

cumulus becoming s t ra tus  toward the west. 

Low cloud cover in the warm a i r  consisted mostly of s t ra to-  

Along the eastern par t  of 

Along the western par t  of the front s t ra tus  and fog 

The r e s t  of the low clouds were  pr imar i ly  s t ra to-  

The tendency toward decreasing low cloud coincident with increasing 

middle cloud was l e s s  than shown at the first two times. 

expected, the precipitation over Kentucky, which was assumed t o  be 

caused by upgliding over the cold air, had either ceased o r  moved out 

of radar  range. 

As would be 

The middle and high cloud patterns a lso exhibited the a reas  of c lear  

o r  scat tered cloud east  of the a r e a s  of heavier cover. 

as if this may be a p recu r so r  of the frontal wave formation. 

a development generally character is t ic  of wave formation, it could be 

quite useful in  the analysis of satell i te cloud observations. It is not 

s a f e  to  generalize f rom the one case,  though, and fur ther  study is 

warranted, 

It appears 

Were such 
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The middle clouds were  generally alto-cumulus, with a few stations 

‘@Porting alto-stratus,  High clouds were  c i r ro-s t ra tus ,  becoming c i r r u s  

in the southeast corner  of the map and along the southern edge, 

c i r rus  was also reported in  Iowa and Nebraska. 

Some 

2, 4.1. 4 18 November 1957. 0 6 0 0 2  (Fig. 9) 

The wave in the front had become m o r e  pronounced, 

Precipitation was organized into lines along the cold front and an a r e a  

Of rainfall in Kentucky, southern Illinois, and Missouri, behind the 

The 

front. 

in the  cold m a s s  in  Texas, along the Gulf Coast in Mississippi, 

Other a r e a s  of precipitation shown in  this f igure include 

and the snow over Lake Superior, 

The cloud cover is not shown because of darkness  in the a r e a  of 

Obse mation. 

1. 4.1, 5 18 November 1957. l200Z (Fig. 10) 

At this t ime, the wave in the polar front over southern Missouri  

s t i l l  m o r e  pronounced, and the cold front was extremely well 

by radar  precipitation echoes. Warm frontal  precipitation was 

Strongly evident, Precipitation was also taking place in  the Great  

region, Most of the a r e a  of interest  was overcast, but par t  of 

thewarm sectorindicated broken cloud t o  within 100 miles  of the cold 

front. Clearing began about 300 mi les  behird the cold front. 

The edges of the  overcast  l ayers  of all t h ree  levels of cloud 

‘Onformed reasonably well in  shape and location with the southern par t  

Of the cold front, The low cloud layer  deviated f rom this  pat tern m o r e  

bidelY than did the other two levels, with a smal l  a r e a  of overcast  
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about 150 miles ahead of the cold front, 

front were mostly cumulus and cumulo-nimbus. 

ahead; stratus, fracto-stratus and strato-cumulus, behind. The 

central part of the a rea  shown was covered with stratus, fracto- 

stratus and fog. 

and eastern borders of the map. 

The low clouds along the cold 

Strato-cumulus were 

Strato-cumulus clouds were found along the northern 

The middle clouds were mostly alto-cumulus. The high clouds 

were reported as  cirrus. 

cirro-stratus was probably found but due to the overcast lower layers, 

such a supposition can not be confirmed. 

Away f rom the edges of the high cloud deck, 

1. 4.1.6 18 November 1957, 18002 (Fig. 11) 

The frontal wave was sti l l  more  pronounced at this t ime and 

had moved into central Illinois. 

echoes along the cold front and at the apex of the wave. 

also much precipitation well back of the frontal system in the cold air. 

The a rea  of total sky cover extended about 200 miles into the warm air 

south of the warm front. 

the southern part  of the cold front. 

was overcast. 

There were strong radar precipitation 

There was 

General clearing began about 200 miles behind 

The remainder of the analysis 

The a rea  of low cloud cover was distributed similarly to the a rea  

of total cloud cover. 

closely to  the warm frontal position than did the total cover pattern. 

There was an a rea  of broken low cloud just north of the frontal wave. 

The predominant low cloud-type within the warm sector was 

However, the low cloud cover a rea  conformed more 

strato-cumulus. Cumulo-nimbus predominated along the cold front. 
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These gave way to  f racto-s t ra tus ,  then to  strato-cumulus and cumulus 

in the cold air m a s s  behind the cold front. Preceding the warm front  

200 t o  300 miles  f rac to-s t ra tus  was found, with one report  of a 

cumulo-nimbus at the surface position of the warm front. Much of the 

a r e a  shown had a low cloud covering of stratus. 

Due to  the uncertainties in the analysis of the middle and high 

cloud fields, i t  would be unjustified to  attempt a detailed description 

Of them. However, they do seem toconform generally to  the frontal 

while extending some distance into the warm air. 

1. 4.1.7 19 November 1957.00002 (Fin. 121 

At this t ime the front had occluded. It was accompanied by 

Snow over Lake Michigan, Minnesota and Wisconsin. The low ce l l  

with this sys temwas  located near  Chicago, Illinois, at this 

There  also appeared to  be time with a minimum p r e s s u r e  of 9 8 3  mb. 

Precipitation in the warm sector. 

thecoldfront was outside the a r e a  of data coverage. 

The line of total  sky cover preceding 

Behind the front 

‘learing began within 100 miles,  in the southern portion; in  the rest 

Of the a r e a  total cloud cover extended deep into the cold air. 

The a r e a  of total low cloud cover  had as a boundary, a line which 

nearly coincided with the surface location of the warm front. 

cloud (as well as  high and middle cloud) clearing began abruptly 

behind the cold front  in Mississippi and Alabama. 

low cloud types was much the same  as f o r  the previous observation time, 

‘Owever, lack of data along the cold front  leads t o  some uncertainty 

In this region. 

The distribution of 
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Again, lack of data makes detailed comment on middle o r  high 

cloud distribution unjustified. 

these fields can be obtained from Fig. 12, 

A general  idea of the configuration of 

1.4.1.8 19 November 1957 0 6 0 0 2  (Fig. 13) 

The systemhad occluded fur ther  and the low center  was found 

Where over central  Wisconsin with the central  p ressure  s t i l l  983 mb. 

radar  coverage was available, there  appeared to  be no precipitation 

associated with the cold front. 

however, and the snow over Lake Superior may also have been associated 

with this system. 

W a r m  frontal  precipitation was present, 

1.4.1.9 19 November 1957, 12002  (Fig. 14) 

The deeply occluded system had nearly passed from the data 

region by this time, 

southern par t  of the cold front. 

of the a r e a  until about 500 miles  behind the system. 

Litt le cloudiness seemed to be associated with the 

Clearing did not begin over the remainder 

Apparently low cloudiness accounted for  most of the total sky cover. 

This low cloudiness was generally strato-cumulus. It thoroughly 

obscured the sky above, making middle and high cloud discussion 

virtually impossible. 

I, 4.1. 10 19 November 1957, 18002 (Fig. 15) 

On this, the las t  map of the ser ies ,  the front had passed almost 

entirely f r o m  the field of interest ,  

evident in the available radarscope pictures, 

skies began 200 t o  500 miles  behind the front in  the north, while the 

Litt le o r  no precipitation was 

The a rea  of clearing 
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southern end of the front probably had only scat tered to  broken sky 

cover, 

The low clouds had much the same array as the  total  sky cover, 

except that there  was little o r  no low cloud coverage in Louisiana and 

eastern Texas. The low clouds were pr imari ly  strato-cumulus. 

The middle clouds were alto-cumulus at the edge of the a r e a  of 

total coverage, 

obscuration. 

Their nature north of this  is unknown due to  low cloud 

The high cloud coverage over Louisiana, Arkansas and Texas 

W a s  c i r rus ,  while the a r e a  to  the northeast of this was cirro-s t ra tus  

according to  the one available report. 
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AND TOTAL SKY COVER 
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FIG. 6 

17 NOVEMBER 1957, 12002 

2 62 
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FIG. 7 

17 NOVEMBER 1957, 18002 
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RADAR ECHO PATTERN, FRONTS 
AND TOTAL SKY COVER 
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MIDDLE CLOUD COVER HIGH CLOUD COVER 

FIG. 8 

18 NOVEMBER 1957, OOOOZ 
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RADAR ECHO PATTERN AND FRONTS 

FIG.  9 

RADAR ECHO PATTERN AND FRONTS 
FOR 18 NOVEMBER 1957, 06002 
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RADAR ECHO PATTERN, FRONTS 
AND TOTAL SKY COVER 
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MIDDLE CLOUD COVER HIGH CLOUD COVER 

FIG. 10 

18 NOVEMBER 1957, 12002 
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RADAR ECHO PATTERN, FRONTS 
AND TOTAL SKY COVER 
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FIG.  11 

18 NOVEMBER 1957, 18002 
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RADAR ECHO PATTERN, FRONTS 
A N D  TOTAL S K Y  COVER 

LOW CLOUD COVER 

MIDDLE CLOUD COVER HIGH CLOUD COVER 

FIG.  12 

19 NOVEMBER 1957, OOOOZ 
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RADAR ECHO PATTERN AND FRONTS 

FIG. 13 

RADAR ECHO PATTERN AND FRONTS 
FOR 19 NOVEMBER 1957, 06002 
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RADAR ECHO PATTERN, FRONTS 
AND TOTAL SKY COVER 
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FIG. 14 

19 NOVEMBER 1957, 12002 

2 70 



RADAR ECHO PATTERN, FRONTS 
AND TOTAL S K Y  COVER 
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FIG. 15 

19 NOVEMBER 1957, 18002 
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1.5 Discussion of Airborne Radarscope Storm Studv 

The three s t r ip  composite pictures shown, were compiled from 

radarscope photographs taken on weather reconnaissance flights on 

10, 12 and 17 December 1959. 

Over the eastern Pacific Ocean during this period is quite interesting 

and the data contained on the s t r ip  composites a r e  invaluable in 

correctly interpreting and following the development of the situation. 

The synoptic situation which transpired 

The situation during this eight day period has been treated as  a 

sequence of events even though radar data is available on only three 

of the days. The radarscope photography was accomplished on flights 

which traversed significant areas  of the synoptic pattern and occurred 

at critical times within the development of the complete cycle. 

attempt has been made to  integrate these discrete observations with 

the overall cycle of events and to  show the variation which takes place 

in the cloud shields and the echo types in varying stages of the system 

and s torm region. 

An 

1.5.1 Lark Uniform Flight of 10 December 1959 

1. 5 ,  L 1 Svnoptic Situation 

The synoptic pattern over th,e eastern Pacific Ocean showed 

a typical wintertime situation f o r  this area. The precbminant features 

of the 00002, 11 December 1959, surface chart (Fig. 16) corresponding 

to the mid-track t ime of the aircraft, were the two cold frontal system’ 

and the strong zonal flow in evidence between.40°N and 50°N. The 
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sub-tropical high p r e s s u r e  ridge which had been stationary over central  

California for  some eighty days showed indications of weakening with 

the easternmost cell  retrogressing. 

The 500-mb pattern, drawn f rom the th ree  reconnaissance flights 

on this day, showed a major  trough extending southwest f rom a closed 

low, centered at 45ON, l38OW t o  an a r e a  just  north of the Hawaiian 

Islands, 

north of 35ON, with two distinct jet maxima over 100 kts. 

a split in the westerly flow was indicated south of 35ON in the vicinity 

of 143OW with the strong possibility of the development o r  existence 

of a closed low N E  of the Hawaiian Islands. 

A widespread band of strong westerly winds was observed 

Significantly, 

1. 5.1. 2 Radar Data 

F igure  17 shows the s t r ip  composite constructed f r o m  the 

radarscope photographs taken on this flight. 

front near  139OW corresponded exactly with the analyzed 18002 position 

on the su r face  chart. The f rontwas  repenetrated by the aircraft in  its 

E-W stationary portion near  32ON on the southbound leg of the flight. 

This position was some 60 miles  south of the position of the front as 

shown on the O O O O Z  surface analysis (composite t ime  at  this position 

W a s  02302, 11 December). 

The position of the cold 

The composite contained echoes f rom clouds and precipitation 

associated with two basic a i r  m a s s  types, mar i t ime tropical and mar i t ime  

Polar, a s  well as  their  boundaries. 

into the following f ive a r e a s  along the flight track, each of which 

The composite can be sub-divided 

a specific echo type associated with the stability of the a i r  

masses:  
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Area  I - - A  stable, mar i t ime  tropical air mass ,  extending f rom the 

West Coast t o  139OW, contained a la rge  number of small ,  weak, convective 

echoes and severa l  moderate  bands oriented NW-SE. 

Area  11--The frontal zone and the unstable m P  air behind i t ,  

extending f r o m  139OW t o  152OW, contained echoes f rom the frontal  

precipitation band and f rom the post-f rontal shower activity. 

Area 111--A stable subsidence region in the m P  air mass ,  extending 

f r o m  152OW to 36ON on the southbound leg of the flight t r ack  displayed 

no echoes. 

Area IV--A stable region with the m T  overriding the m P  a i r  existing 

between 36ON and 32ON, contained weak s t ra t i form echoes which 

terminated in  a scat tered line of convective echoes at the southern 

boundary of the cold air mass .  

Area V--An unstable m T  air m a s s  south of 32ON latitude was 

character ized by scattered, rnoderate to  s t rong convective echoes. 

1. 5.1. 3 Cloud Distribution and Comparison wi th  Radar Data 

Figures  18, 19 and 20 show the distribution,amountand type of 

the low, middle and high clouds that existed over the ent i re  analysis a r e a  

on 10 December. 

The total "top view'' cloud distribution, F i g  21, shows that the 

cloud shield associated with the low cell  in the southern Gulf of Alaska 

region was quite extensive and covered practically the ent i re  eas te rn  

portion of the analysis area. In the a r e a  of r ada r  coverage seen on the 

composite, the shield extended some 150 mi les  west of the O O O O Z  surface 

frontal  position and paralleled the boundary of the cold air in  the vicinity 

of the low cell. 
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Cloud data and the associated radar  echoes in  the various composite 

a reas  were as  follows: 

Area I- - A dens e c i r ro-  s t ra tus  overcast  covered this entire region 

and extended over the northwestern s ta tes  into northern California. 

In addition to  this cloud layer, a solid strato-cumulus undercast (with 

tops to 6000 ft) and a scat tered alto-cumulus deck (with bases at 7000 

f t  and tops at 8000 ft) were reported in this area,  

echoes, seen in  the composite, were undoubtedly reflections f rom small  

buildups in the strato-cumulus o r  alto-cumulus cloud layers,  

bands of moderate convective echoes in the composite were oriented 

generally normal to  the lower level wind flow and were indicative of 

the scat tered shower activity reported by several  ships, 

The cellular type 

The 

Area II--The pre-frontal c i r ro-s t ra tus  shield extended 150 miles  

into the cold air ,  The frontal  band, i tself ,  consisted of moderate to  

heavy showers some five miles wide while the shower intensityand 

amount decreased with distance into the cold air, 

tops Were reported between 18,000 and 22 ,000f t  just  west of the 

Convective cloud 

frontal  bands. The vertical  extent of these cumulus clouds decreased 

gradually to  6000 f t  at the western extreme of the area, 

Area 111--The cloud types in this a r ea  typify the upper level 

stability that was developing in association with the rapid building 

of the high cel l  in  the post-frontal cold a i r  mass ,  Scattered cumulus 

With little ver t ical  extent and broken strato-cumulus were the predominant 

cloud types observed, This a rea  appeared to  have been quite extensive 

With s imilar  cloud conditions reported up to  600 miles t o  the west and 

400 miles  to the north. 
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Area  IV--This a r e a  commenced with a thin al to-s t ra tus  layer  

reported between 22,000 and 23,000 ft; the  broken strato-cumulus 

clouds reported in  Area  I11 were  a l so  observed in  the  region. The 

scat tered alto-stratus clouds increased  rapidly t o  overcast  and the bases 

lowered t o  a level beneath the  aircraf t ' s  flight altitude. 

boundary of this a rea ,  a weak E-W line was in  c lose agreement with 

the O O O O Z  sur face  frontal  position and the change in  cloud fo rms  to  the 

south of this line was fur ther  evidence of the existence of the front a t  

this position. 

At the southern 

Area V--The visual cloud observations in this a r e a  were  limited, 

due t o  darkness  overtaking the aircraf t ,  but the r a d a r  data gave an 

excellent indication of the cloud amounts and types present. 

This a r e a  was character ized by sca t te red  cumulus activity 

and a high broken al to-s t ra tus  layer  i n  i t s  northerly extreme. The 

cumulus activity increased  south of 30°N latitude and could be seen 

in  the composite as scat tered,  moderate  to  strong echoes. 

trade-wind cumulus activity, that is charac te r i s t ic  of the region, 

appears to  have been intensified by the presence  of cold air at the 500-rnb  

level. 

This typical 

1, 5. 2 Loon Hotel Flipht of 12 December 1959 

1, 5. 2.1 Synoptic Situation 

The synoptic situation in  the next 48 hours changed markedly 

f r o m  that of 10 December. 

Fig. 22, shows an IlOmega" blocking pattern over  the analysis a r e a  

with a s t rong N-S ridge along 139OW longitude. 

of the high p r e s s u r e  region was coupled with the retrogression and 

The O O O O Z  13 December sur face  chart ,  

The rapid development 
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vast increase  in  cyclonic circulation around the semi-permanent Gulf 

of Alaska low. 

The breakdown of the eas te rn  cel l  of the Pacific sub-tropical 

high p r e s s u r e  region pertnitted the occluding frontal  system, seen i n  

Fig. 16, to  continue i t s  southeasterly movement at approximately 20 kts. 

This system l a t e r  passed the San Franc isco  Bay Region as a l ine of 

moderate  showers bringing the first precipitation t o  the California a r e a  

in  83 days. 

The p r imary  polar f ront  regenerated in  the  tight gradient between 

the two major  p r e s s u r e  systems and an  occluded portion of this front 

advanced rapidly northeastward into the Gulf of Alaska, 

The 500-mb pattern on this day showed a major  ridge oriented 

NE-SW f rom Sandspit Island, 13. C. , t o  an a r e a  some  300 miles  NW 

of the Hawaiian Islands. 

Coast and west of the Loon Hotel €light track, Northwesterly flow and 

a marked  warming tendency could be observed over  the ent i re  eas te rn  

Portion of the analysis a rea ,  indicating strong subsidence and intensi- 

fication of the surface high cell. 

Major troughs were  situated along the West 

The wind and 500-mb  height values northeast  of the Hawaiian Islands 

s t i l l  indicated a depression in the a r e a  with a slight displacement 

eastward. 

te r i s t ic  of the formation of blocking action over  the eas te rn  Pacific 

Ocean, 

Of the subsequent rapid development of the surface high cel l  and the 

temporary re turn  to  a summer t ime type situation in this area,  

In general, the  position of a lowin this a r e a  is  quite charac-  

The appearance of this system on 10 December was indicative 
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1,5. 2. 2 Radar Data 

F igure  23 shows the radarscope s t r ip  composite constructed 

frorn photography accomplished on the Loon Hotel flight of 12 December 59. 

The position of the surface front is verified almost exactly by the radar  

data. 

composite, was some 400 miles  northeast of the position indicated on 

the O O O O Z  surface chart ,  The radar  data revealed that the wave was 

quite well developed and had considerable weather associated with it, 

The wave on the pr imary  polar front, as seen on the s t r ip  

Again the flight t rack  of the a i rc raf t  was through two a i r  m a s s  

types, m T  and m P ;  the echoes detected could be associated with the 

relative stability of each. 

The composite has  a lso been subdivided into a reas  character ized 

by specific echo types which a r e  associated with the varying stability 

of the two air masses.  

those described in  the Lark  Uniform t rack  and in  these cases  the 

classification numbers a r e  retained in  this description. 

Some of these a r e a s  a r e  of the s a m e  type a s  

The flight s ta r ted  f rom Hickam Air  F o r c e  Base, Hawaii and 

t raversed  Area  V type conditions up to 26ON latitude. 

this a r e a  were  s imi l a r  to  those detected at the s a m e  latitude of the 

La rk  Uniform flight with the exception that the convective cells were  

aligned i n  paral le l  bands, 

bands detected in  the vicinity of 25ON, 163OW. 

sharp  curvature  t o  the northwest, 

low level wind shea r  between the two cells of the sub-tropical high 

p res su re  region, 

The echoes in 

Of par t icular  in te res t  were  the two concentric 

Both these bands had 

They appear  t o  be associated with 

Echo charac te r  in the remaining composite a reas  was as follows: 
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Area  VI--Between 26ON and 35ON, is an  a r e a  of s table  m P  

a i r  containing few o r  no echoes, 

Area  VII--Between 35ON and 40°N, contains echoes f r o m  clouds 

associated with a develo2ing wave on the p r i m a r y  polar  front. 

fu r the r  north the echoes between 46ON and 51°N a re  f r o m  clouds 

associated with unstable mP a i r  and a r e  comparable  to  those detected 

in  Area  I1 of the L a r k  Uniform composite. 

Continuing 

Area  VIII-- Between 51°N and the  Aleutian Islands, contains 

intense convective echoes associated with the deep trough and occluded 

front. 

5. 2. 3 Cloud Distribution and Comparison with Radar  Data 

F igu res  24, 25 and 26 show the  distribution, amount and type 

of low, middle and high clouds i n  existence over  the ent i re  analysis  

a r e a  on 12 December. The shift  i n  the  total  "top view" cloud shield 

distribution, Fig,  27 f rom that of 10 December was quite striking. 

The ent i re  cent ra l  and northern portions of t he  analysis a r e a  were  

covered by this  shield. Breaks i n  the "top view" could b e  s een  off 

the west coast  of the United States and south of the cent ra l  and wes tern  

Aleutian Islands. 

Significantly, an a r e a  of widespread middle and high cloudiness 

was observed N E  of the Hawaiian Islands which could not be t r aced  

to  any su r face  system. 

With a high level low ce l l  whose presence  was indicated a t  the 500- 

mb level. 

These  clouds were  believed t o  be associated 
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The comparison between the clouds observed and the radar  echoes 

in the various a r e a s  of the composite is as follows: 

Area V--Scattered t o  broken strato-cumulus and cumulus 

clouds were  reported extensively in  this a r e a  with bases at 2000 f t  

and tops to  4000 f t  with occasional buildups to  8000 ft. The echoes 

seen in the composite were undoubtedly f rom the occasional curnulus 

buildups oriented in parallel  bands. 

as  occurring f rom these clouds at the t ime of the radar  pictures. 

No precipitation was reported 

Area  VI--This a r e a  began with an abrupt end to  the curnulus 

activity in Area V, and was reported as  relatively cloud f r e e  over some 

125 miles. The northern extreme of this a r e a  contained strato-cumulus 

in  increasing amount with bases at  2000 f t ,  tops at 4000 ft .  These 

conditions were  indicatedby the lack of echoes on the composite in 

this area. 

Area VII--The echoes in this a r e a  showed the complete 

precipitation s t ruc ture  of an unstable wave on the pr imary  polar front. 

A c i r ro-s t ra tus  

type cloud layers  that were  reported beneath it, 

of this wave extended S W  out of the circulation center  and could be 

seen as echoes f rom a solid line of thunderstorms just  west of the 

shield covered the ent i re  a r e a  with multiple cumulo- 

The frontal  portion 

flight track. Thediffuse echoes north of this a r e a  were  associated 

with warm frontal  overriding. The predominate cloud, reported in 

advance of the cold front, was cumuliform with tops initially at 25, 000 

ft and increasing rapidly to  a height above the flight level of the aircraft ,  

The total cloud shield ac ross  the flight t rack  extended fo r  some 600  miles. 
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Area  II--This was a nar row region in  the  a r e a  of l a rge  p r e s s u r e  

gradient south of the m a j o r  low cell. 

warm Japanese  cur ren t ,  creat ing unstable conditions in  the  lower l aye r s  

of the atmosphere. 

f t  was observed throughout the region. 

ill-defined due t o  a malfunction of t he  r a d a r  i n  the region. 

Cold m P  air had moved over  the 

A solid cumuliform undercast  with tops t o  12, 000 

The echo charac te r i s t ics  were  

Area  VIII-- This a r e a  contained intense convective cloud forms 

with tops t o  20, 000 ft and numerous cumulo-nimbus towers  extending 

to  26, 000 ft. This activity was oriented along the  "back bend" trough 

extending south out of the Alaskan lowo That the  a i rc raf t  was fo rced  

to  circumnavigate these  cel ls  a t tes ted to  the cells '  sever i ty ,  f o r  

normally these  a i r c r a f t  f ly  through such s t o r m s  unless  i t  is thought 

that s t ruc tu ra l  damage might b e  sustained. Several  of these  echoes 

had a sp i r a l  appearance of approximately th i r ty  mi l e s  in  diameter ,  which 

Was indicative of the intense wind s h e a r  in  this trough. 

1. 5, 3 Evolution of the Synoptic Situation During the Pe r iod  f r o m  

00002,  13 -- December to  18 December 1959 

F igu res  28 and 29 show the OOOOZ sur face  char t s  f o r  15 and 17 

December respectively. 

United States  sustained i t s  cen t ra l  p r e s s u r e  of 1036 m b  through O O O O Z  

15 December and dr i f ted slowly southeast. 

Gulf of Alaska on 12 December,  had dissipated t o  bring about a gradual  

southerly movement in the p r i m a r y  polar  f ront. 

unstable waves moved rapidly eastward along this front and curved 

The  l a r g e  high ce l l  off the west coast  of the  

The r i d g e  existing in  the  

Numerous intensifying, 
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sharply into the  Gulf of Alaska before reaching the  coast, 

occlusions associated with these  lows moved northeast  into Br i t i sh  

Columbia r a the r  consistently, bringing extended periods of cloudiness 

and intermit tent  rnoderate to  heavy precipitation to  this area.  

The 

The situation pe r s i s t ed  fo r  another 48 hours  with the  high ce l l  

continuing i t s  southerly drift  and weakening, 

the cent ra l  p r e s s u r e  had fallen t o  1019-mb and the p r i m a r y  polar  f ront  

was now found along 40°N latitude. Successive waves s t i l l  fo rmed 

along the front and rmved into the Gulf of Alaska but theocclusions 

were  now moving i n  a m o r e  eas te r ly  direction bringing a renewal 

of the wet season  t o  Washington and Oregon. 

By 0 0 0 0 2  on 17 December 

1, 5, 4 Stork India Flight of 17 December 1959 

1. 5, 4.1 Synoptic Situation 

By 17 December the eas te rnmost  ce l l  of the sub-tropical  high 

p r e s s u r e  region had r e t rog res sed  westward and was replaced by a 

weak trough off t he  west coast. 

char t ,  Fig. 30, shows a deep low ce l l  that cen tered  600 mi l e s  NNW 

of Vancouver Island with an occluded frontal  sys tem extending out 

of it. 

wester ly  su r face  winds along 40°N indicated this sys tem would continue 

a southeaster ly  t r a j ec to ry  onto the  Northern California and Oregon 

coasts. 

The O O O O Z  18 December su r face  

The  cold a i r  behind this front had dipped below 35'N and s t rong 

The 500-mb pat tern had returned to  a winter t ime reg ime with a 

long wave trough extending south out of the Gulf oE Alaska. Strong 
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westerly winds were found north of 35ON, with an 85 kt jet core  along 

40°N. 

1. 5. 4, 2 Radar Data 

Figure 36 shows the s t r ip  composite constructed from the 

radarscope photographs taken on the Stork India flight, 

the camera equipment became inoperative at the southern extreme 

of the flight and little data was available in the vicinity of the occluded 

front, 

cold m P  a i r  which was predominately unstable. 

Unfortunately, 

The data shown in this composite were obtained entirely in 

Two distinct echo types can be seen in the following areas: 

Area =--A relatively stable m P  a i r  mass ,  extending 

f rom the coast of Alaska to 49ON, is characterized by numerous weak 

echo bands. 

Area 11-- The remainder of the composite contains echoes 

in theArea I1 category. 

east a r e  numerous moderate to strong convective type echoes, 

the eastern edge of the composite a r e  several  strong bands of echoes 

associated with the occluded front. 

Commencing at 49ON and extending south and 

Along 

1.5.4.3 Cloud Distribution and Comparison with Radar Data 

Figures 32, 33 and 34 show the distribution, amount and type 

of low, middle and high clouds which were in existence over the entire 

analysis a r ea  on 17 December 1959. 

The total visible "top view" cloud distribution is shown in Fig. 

The total cloud shield over this a r ea  was quite extensive with the 35. 
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land m s s e s  in advance of the frontal sys tems having the heaviest 

cover. The two relatively c l ea r  spots in  the cold air, positioned 

the open wave in the center  of the analysis a r e a  quite well. 

The middle and high cloud shields associated with the frontal  

systems quite closely approximated those specified by frontal models, 

especially in regard to  the open wave. The tongue of broken c i r r u s  

NW of the open wave apex appears to  be associated with a strong jet 

stream. 

broken c i r rus  north of the Hawaiian Islands was found f rom the 

available data. 

Lit t le explanation fo r  the extensive a r e a  of scat tered to  

The clouds reported and echoes associated with them within the 

a r e a  of r ada r  coverage were  as follows: 

Area =--An extensive undercast  cumuliform cloud layer  

extended f rom the Alaskan coast  t o  49ON. Weak, mostly s t ra t i form 

echoes can be seen  in  this segment of the composite. 

Area I1 --This a r e a  began at 49ON with scat tered to  broken 

cumuliform clouds having bases at 8000 f t  and tops to  15,000 f t ,  

This cloud type and amount was typical of the cold a r e a  between the 

two surface cells. 

extended some 650 miles  north and northeast f rom the surface position 

of the low center  and was overlying the cumulus activity up to  45ON. 

The c i r ro-s t ra tus  shield f rom the open wave 

The cloud shield f rom the occlusion extended westward in  the 

"back bend'' trough, creating a narrow, 100-mile break between the 

cloud shields associated with the two systems. The echoes seen  in  
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the composite west of 145OW longitude clearly showed the cumulus 

activity as observed in this region. 

had a more  stratified appearance, which is indicative of the alto- 

stratus clouds in the "back bend'' trough. 

segment of the southeast portion of the flight track several  strong 

convective lines can be seen. These lines a r e  poet-frontal bands 

associated with the occlusion which had moved rapidly to the east. 

East of this longitude the echo 

Paralleling the northern 
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FIG. 16 

EASTERN P A C I F I C  SURFACE CHART, 11 DECEMBER 1959, OOOOZ 
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FIG. 17 
RADARSCOPE STRIP COMPOSITE FOR LARK UNIFORM FLIGHT OF 10 DECEMBER 1959 
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FIG. 18 
LOW CLOUD D\STR\BUT\ON AND N P E  OVER EASTERN PACIFIC ON 10 DECEMBER 1959 
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FIG. 19 

MIDDLE CLOUD DISTRIBUTION AND TYPE OVER EASTERN PACIFIC ON 10 DECEMBER 1959 
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FIG. 20 
HIGH CLOUD DISTRIBUTION AND TYPE OVER EASTERN PACIFIC ON 10 DECEMBER 1959 



FIG.21 

TOTAL "TOP VIEW" CLOUD DISTRIBUTION AND TYPE OVER EASTERN PACIF IC  QN 10 DECEMBER 1959 
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FIG. 22 
EASTERN PACIF IC  SURFACE CHART, 13 DECEMBER 1959, oooOZ 



FIG, 23 

RADARSCOPE STRIP  COMPOSITE FOR LOON HOTEL FLIGHT OF 12 DECEMBER 1959 
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FIG. 24 

LOW CLOUD DISTRIBUTION AND TYPE OVER EASTERN PACIFIC ON 12 DECEMBER 1959 



FIG. 25 
MIDDLE CLOUD DISTRIBUTION AND TYPE OVER EASTERN PACIF IC  ON 12 DECEMBER 1959 



FIG. 26 
HIGH CLOUD DISTRIBUTION AND TYPE OVER EASTERN PACIF IC  ON 12 DECEMBER 1959 



FIG. 27 
TOTAL “TOP V I E W s  DISTRIBUTION AND TYPE OVER EASTERN PACIF IC  ON 12 DECEMBER 1959 
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FIG. 20 

EASTERN P A C I F I C  SURFACE CHART, 15 DECEMBER 1959, oooOZ 



FIG. 29 
EASTERN PACIFIC SURFACE CHART, 17 DECEMBER 1959, oooOZ 
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FIG. 30 
EASTERN P A C I F I C  SURFACE CHART, 18 DECEMBER 1959, OOOOZ 
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FIG. 31 

RADARSCOPE STRIP  COMPOSITE FOR STORK I N D I A  FLIGHT OF 17 DECEMBER 1959 
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FIG.  32 
LOW CLOUD DISTRIBUTION AND TYPE OVER EASTERN PACIFIC ON 17 DECEMBER 1959 
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FIG. 33 
MIDDLE CLOUD DISTRIBUTION AND TYPE OVER EASTERN PACIF IC  ON 17 DECEMBER 1959 
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FIG. 34 
HIGH CLOUD DISTRIBUTION AND TYPE OVER EASTERN PACIFIC ON 17 DECEMBER 1959 
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1.6 Conclusions 

From the analyses presented, a number of promising clues 

for  the detection of precipitation a reas  in synoptic scale cloud 

systems have appeared, 

acceptable to  nephanalysis detection is to be found in advance of 

c lear  o r  scattered cloud areas-- areas,  as  noted, appearing behind 

the trailing cold front. This c lear  a r ea  is more  apt to  be valuable 

as an indicator of a cold front's presence and intensity than of i ts  

exact position. 

is reasonably descriptive of the actual conditions. 

this c lear  a r ea  and the a rea  of cumulus activity will provide an 

indication of the movement of the cold a i r  mass  and of the front. 

amount of cumulus activity may also be an indicator of the low level 

stability of the a i r  mass. 

behind the front will make this an imprecise method to locate the 

fronts. 

improvement over the present capabilities in "silent areas .  I' 

The precipitation which seems to be most 

The analyses have indicated that the cold front model 

The motions of 

The 

The variability of the clear area's distance 

Nevertheless, even approximat e location r epres ent s considerable 

In contrast to cold fronts where the precipitation occurs primarily 

along the front, the precipitation associated with warm o r  with 

stationary fronts may occur well away f r o m  these fronts in the cold 

air. 

a r e  often quite extensive and the rainfall patterns a r e  usually less  

organized. Thus, for such a situation, locating warm and stationary 

frontal precipitation can become difficult, 

The cloud shields associated with the warm and stationary fronts 
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As mentioned in  the discussion of the 17-19 November 1957 s to rm,  

the formation of adjacent overcast  and par t ia l ly  overcast  a r e a s  may  

signal the development of a wave, 

true,  satel l i te  observations would provide a valuable tool f o r  the 

forecas te r ,  The feature ,  in  the example studied, s eems  l a rge  and 

Pronounced enough f o r  ready detection. 

system has one niajor  drawback i n  this respect:  i t  may  not be i n  the  

right place at  the right t ime  t o  detect developments, such a s  t h e  wave 

formation, which las t  l e s s  than the twenty-four hour intervals  between 

Satellite observations of the s a m e  area.  

might occur  on the  dark  s ide  of the earth. 

If this assumption were  general ly  

The Presently planned satel l i te  

Fur thermore ,  these  developments 

The pictor ia l  presentation of cloud cover  that the satel l i te  

Provides inay be useful in calling attention to  developments o r  fea tures  

With nlight otherwis e be m i s s e d  in  ordinary operational analys es. 

@astern Pac i f ic  situation discussed in  the report  provides an example, 

The 

upper-level cold low cel l  N E  of the Hawaiian Islands did not 

in  the daily analyses, 

available in  pictorial  form, the extensive c i r r u s  clouds in 

this region might have signalled the need f o r  a c lose r  scrut iny of 

However, had this cloud information been 

data in  this region. 

T h e r e  is much uncertainty about the obscuring effect of high 

'loud. 

then most  o r  all of the  precipitation-associated details of low clouds 

If no lower layers  can be discerned through this overcast ,  

not be seen, Location of f ronts ,  squall  l ines,  and hur r icanes  
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is apt to be quite difficult, for  these phenomena a r e  often overcast  

by layers  o r  veils of c i r rus  o r  c i r ro-s t ra tus .  

The discussion of reflectivity f rom multiple layers  indicates 

the possibility that low clouds under a high layer  may be detectable 

as brighter a r eas  in the high cloudso 

factors  which cast  a doubt upon this possibility--io e , ,  inhomogeneities 

in the high cloud layer  may be mistaken for  low cloud; inadequate 

brightness resolution may make brighter a r eas  undetectable; o r  

the assumptions, on which the expression for  the combined reflectivity 

of two layers  is based, may not be entirely valid. 

Although there  exists the strong possibility that low clouds m a y  

But there  a r e  other known 

not be detectable below higher clouds, i t  does seem worthwhile 

discussing cer ta in  features in cloud patterns which might be quite 

useful, should i t  develop that low clouds will appear as bright a reas  

in .the higher cloud shield. 

Mmt of the precipitation in  the examples studied is associated 

with low cloudiness,, 

but brighter bands o r  a r eas  in cloudv a reas  should be considered as 

- suspect locations for  precipitation, 

Glaser  (1957) who has prepared a number of brightness char ts  for  

various weather situations. 

as  indicated on Weather Bureau analyses, were generally marked as 

being brighter than the surroundings. 

The converse is not necessarily true,  of course;  

This agrees  well with the work of 

In these charts  the precipitation areas ,  

The precipitation a reas  shown by radar  often display definite 

patterns of organization. This i s  particularly t rue of the l inear a r rays  



associated with squall lines and cold fronts ,  

to  suppose that the cloud formations attending these  precipitation 

a reas  may be distinct f r o m  the surrounding cloud in  some way, 

cloud formations may actually f o r m  a line separa te  f rom the other 

clouds in  the a r e a  o r  they may be thicker and m o r e  reflective than 

the surroundings, 

l a rge  enough to  be resolved by the satellite, as indicated by the  

radarscope degradation examples. 

fea tures  then hinges upon the brightness resolution of the system, 

It is not unreasonable 
I 

These 

The s ize  of these fea tures  should be generally 

The detectability of these 

Ordinary meteorological data do not provide the information 

necessary f o r  the location of cloud features  whose sca le  is of the 

o rde r  of tens of miles,  

analyses if features of this s ize  exist and can be used in  the location 

Of s t o rm systems. 

altitude photographs do indicate the existence of systems of tnis size. 

While it cannot be accurately specified at  this t ime  how such patterns 

might be used in  precipitation location, it can be stated that with the 

availability and study of satell i te pictures these patterns may b e  

exceedingly useful in analysis. 

Therefore, it is not known f rom the cloud 

However, the r ada r  composites and some high 

Of course,  the interpretation of satell i te pictures will require  

the analyst to  include information beyond that contained in  the individual 

Picture, 

i s  Producing significant precipitation at  the surface,  the age of the 

System may be relevant; an extended squall line may develop 

F o r  instance, in  determining whether a given cloud pat tern 



and produce intense s torms f rom cloudless skies in a few hours, 

but an old, stagnant, cloud a rea  of large extent may be pretty well 

"rained out. " 

As is t rue  with more  conventional types of analysis, the topography 

of the a rea  under study will be important in  identifying precipitating 

clouds. In many cases,  surface reports will supplement the satellite 

pictures, helping to identify the a reas  of precipitation which a r e  

caused by orographic lifting. 

covered this type of precipitation. 

work with actual satellite pictures will indicate the character of 

or og raphic ally precipitating clouds . 

None of the cases  studied in this report 

However, it is hoped that future 

It is obvious that satellite observations a r e  not soon apt to aid 

That forms of analysis materially in a reas  of good data coverage. 

data already available to the analyst a r e  used in the search for cloud 

patterns of signilicance indicates this fact, Additionally, analysts 

do not generally use all the information presently available. 

instance, only limited use i s  presently made of radar reports. 

i s  c lear  f rom the composite radarscope pictures presented that some 

improvement in frontal placement could often be achieved by use of 

this information. 

For 

It 

In a reas  where meteorological observations a r e  widely spaced 

o r  non-existent, satellite photography holds great promise a s  an aid 

to better analysis, Subjective analysts may require t ime to gain the 
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experience necessary  f o r  the most  efficient usage of the material .  

However, present  models and knowledge should be sufficient to  show 

immediate improvement in  the analyses, and hence the forecasting 

in the "silent areas." Much research  will probably be necessary  t o  

discover significant new relationships between weather and cloud 

patterns as  shown by a satellite. 

Research directed toward full operational us e of satell i te pictures 

will need t o  catalog cloud patterns and attendant weather. 

have to  develop new models which better f i t  the new information and 

which will s e r v e  as a guide to  the analyst. This research  should 

develop s ta t is t ical  relationships between reflectivity patterns and 

other atmospheric fields. Tn addition, numerical  models capable 

of assimilating satel l i te  information--perhaps as an indicator of the 

moisture  o r  net radiation fields- -would be desirable. 

It will 
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CHAPTER I1 I C  ontinued) 

SECTION 2 

U S E  OF SATELLITE DATA IN TROPICAL MET.EOROLOGY* 

2.1 Introduction 

With the successful launching on 1 April 1960 of the weather 

satell i te TIROS I, its placement, well spin- stabilized, in a near ly  

perf ect,very near ly  c i rcu lar  orbit, and the excellent functioning of 

the cameras  and the electronic power, storage,  and readout systems,  

production began of what proved to  be a long s e r i e s  of sequences 

of excellent informative satell i te pictures of cloud patterns and 

associated weather phenomena. The detail, both of cloud formations 

and of t e r r e s t r i a l  landmarks,  that the pictures revealed, and the 

abundance and general  high quality of the pictures,  exceeded most  

expectations and provided the meteorological analysts with a wealth 

of information-filled mater ia l  t o  interpret ,  char t ,  describe,  summarize,  

and make available f o r  immediate operational use. Teams of meteorolo- 

gis ts  high on windy Kaena Point, Oahu, Hawaii, and at F o r t  Monmouth, 

New Jersey ,  performed these tasks  on a cur ren t  r ea l  t ime b a s i s ,  and 

were  the fortunate few who f i r s t  saw and studied in detail the remarkable  

and informative large-scale  cloud patterns of the pictures, 

of the patterns seen  represented an atmospheric sca le  so la rge  that 

Many 

"fOriginally prepared a s  a Semi-Annual Technical Summary Report 
under Contract No. AF 19(604)-6156, under ARPA Order  No, 26-59. 
This Section was written by H. M, Johnson, University of Hawaii. 
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(excepting the resu l t s  of a few rocket shots) i t  had not been seen  

before, thus many new fea tures  appeared, some  quite unsuspected, 

A notable example is the vast  s ca l e  on which combined cyclone- 

anticyclone sys tems integrate  the cloud pat terns  of t he  adjoining 

regions of the atmosphere,  Another is the  wide range of s ca l e s  

of banding, which is largely without explanation in the theory of 

the present  time. Another is the apparent var ie ty  and complexity 

of thc s m a l l e r  scale ,  but still relatively large,  f ea tu re s  in  the low 

latitude regions. A l inal  example is the unexpected appearance,  often 

in extensive a r r ays ,  of cloud formations long observed f rom the 

ground. Many others  could be l is ted here.  

Although some real p rog res s  was made  in  the a r e a  of t ropical  

meteorology and the  u s e  of satel l i te  pictures  in the study of low 

latitude cloud pat terns  and the related atmospheric phenomena 

during the  init ial  essentially operational phase of the project,  the 

subsequent gains were  chiefly in the form of preparat ions f o r  an  

intensive analysis to  be based upon the u s e  of special  synoptic 

charts.  This section will surninarize the early findings, including 

the resu l t s  of continued studies of picture  sequences,  and will outline 

the preparat ions completed fo r  the next phase of the u s e  of sa te l l i t e  

data in Tropical  Meteorology. 

relations of the satel l i te  photographic representations of m a j o r  and 

l e s s e r  a tmospheric  sys tems,  and the  u s e  of synoptic information 

in the fu r the r  interpretat ion of satel l i te  picture  features. 

This phase will include studies of the 
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2. 2 Cloud Pattern Analvsis 

The cloud patterns of the satellite pictures were considered 

to represent a large amount of information, but in a form not easily 

interpreted. These patterns, and their  details, sequences, and changes, 

comprise a complex, interesting and important natural "story, " and 

it is most unfortunate that very little of it can be correctly read by 

anyone as yet. 

too busy with their  pressing operational tasks to  take much time to 

investigate the meaning of cloud pattern details o r  to search for 

answers by comyaring current pictures with pictures obtained during 

the ear l ier  orbits, 

ways in which he could contribute to  the project and its ultimate 

success was through such interpretive investigations carr ied out on 

a current basis, concurrently with the operational phases of the 

project. He had such investigations as  one of his major objectives, 

and thus was able to devote more  t ime to investigations of this type. 

Some of the results of this work, mainly preliminary and tentative, 

w i l l  be touched upon in the brief general comments which follow. 

The immediate operational meteorologists were mostly 

Dr, Johnson believed that one of the important 

Activities and progress in this phase of the project included the 

following: 

a. The synoptic meaning of the largest scale cloud pattern 

features, and of the similar but smaller  features, was determined o r  

tentatively determined, particularly for  the mid-latitudes. Among 
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the fea tures  identified were  cyclones, anticyclones, cold frontal  

bands, vortex centers ,  vortex center  cloud shields, warm sec to r s ,  

cold air advection a reas ,  possible waves, cyclone- anticyclone combined 

systems, cyclone families,  other vortices,  convergence zones, and 

other features,  

identified. 

b, 

Relatively few low latitude systems were  sure ly  

Different stages in  the develo?ment of major  features  were  

observed. F o r  example, new cyclones, developing cyclones, old 

occlusions, f r e s h  strong cold fronts ,  old weak cold front, frontolyzing 

fronts ,  and others  were  identified. 

c. The relqtionships of these systems to  lower latitude and t ropical  

systems were  sought. 

systems a s  they moved o r  extended t o  lower latitudes were  observed, 

Cold fronts  were  particularly interesting in  this regard. 

Modifications occurring in  typical mid-latitude 

They appear 

to  undergo a s e r i e s  of changes which is neither s imple nor  well 

understood, 

and relationships, 

Much m o r e  should be done with these transformations 

d, Types of cloud pat terns ,  and atmospheric systems which were  

distinctive (though varying in  detail and in degree of development) 

and which occurred  repeatedly, and therefore  appeared on severa l  

Or on many picture sequences, were  given special  attention, 

included most  of the systemp mentioned under "a" above, but a l so  

These 

Others not sat isfactor i ly  identified o r  well understood. These 
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contrasted with pat terns  and sys tems which appeared t o  occur  

ra re ly  o r  only once in  the set  of satel l i te  picture  sequences. 

e. A wide var ie ty  of patterns,  representing a notable complexity, 

was observed in  the t ropical  regions par t icular ly  over  the oceans. 

Some of these  were  of distinctive recur r ing  types, mostly poorly 

understood, but many presented a chaotic appearance and possibly 

represented much randomness and thermodynamic disorder ,  o r  

possibly represented an unusually complexly ordered g rea t e r  system. 

Very likely turbulence effects, of s eve ra l  of the many sca les  of turbulence, 

were  dominant in  these patterns. 

f. Day t o  day t ime changes in  cloud patterns and sys tem development 

were  observable, and were  usually considerable. In many cases  

continuity could be followed; in many other cases  the changes were  

too grea t  and continuity was lost. Longer period t ime changes were  

easily observed, and were  very  interesting, 

and changes of similar t ime sca le  could usually not be determined 

effectively, One important exception occurred during the  periods 

when pictures  were  taken at the southernmost l imits  of successive 

orbits,  where severa l  subpoint paths crossed. 

short  period changes were  noted, 

Hour to  hour t ime  changes 

At such t imes  appreciable 

g. Many sma l l e r  sca le  patterns in  mid- and low-latitude a reas ,  

and in  the transit ion zones between them, were  given special  attention. 

Others deserved much m o r e  attention than they received, 

studied include: cloud types, only a limited number of which were  

Those 
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sat is lactor i ly  identified; fog a r e a s ;  low s t r a tus  decks; coastal  local 

effects; orographic effects, including l ee  waves; island effects; cloud 

subsystems in cyclones and anticyclones; banded cloud sys t ems ;  

extensive repeti t ive cloud patterns;  para l le l i sm and other  types of 

oriented formations ; recur r ing  t ropical  f o r  mat ions ; and others. 

h. By the u s e  of nar row angle lens pictures  which represented  

known a r e a s  within wide angle lens pictures ,  when such pa i r s  were  

available, a number of clouds were  properly identified. In general ,  

in the wide angle pictures ,  c i r r u s  clouds of s eve ra l  types a r e  c lear ly  

recognizable, a s  a l s o  a r e  cumulus and towering cumulus cel ls  o r  

groups of cells,  Low latitude cloud s t r e e t s  a r e  highly distinctive, 

and show elements of a r a the r  wide range of sizes.  Some middle 

cloud formations were  identified tentatively. 

in each sequence of pictures  w e r e  not sure ly  identified. Many 

Unidentified types and pat terns  may  well be middle cloud fornxtions,  

Many cloud elements  

i. The low level a i r  flow pat terns  w e r e  often well revealed 

by groups of relatively numerous cloud s t r ee t s ,  which showed extensive 

Paral le l  f low a r e a s ,  distinct and a t  t imes  extensive zones o r  l ines 

of convergence, and other  details. 

level at  t imes  c lear ly  revealed different  flow directions at  the different 

Cloud elements at  m o r e  than one 

levels, 

sys tems were  assumed,  and were  a t  t imes  confirmed by oriented 

cloud elements in  the sys tem cloud patterns. 

Flow pat terns  charac te r i s t ic  of cyclone and anticyclone 
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j. A highly distinctive, often recurring, mottled o r  speckled 

pattern which occurred typically in  the western,  o r  southwestern 

( in  the Southern Hemisphere, northwestern) sec tor  of oceanic well 

developed cyclone systems,  and often extended into the associated 

anticyclone system, and which represented equatorward flow and cold 

a i r  advection, was found to  consist  of towering cumulus elements, 

isolated and clastered, often with spreading tops, Areas  with this 

convective pattern, and the associated low level instability were  at 

t imes ve ry  extensive, having dimensions of many hundreds of miles. 

Large  sca le  banding was sometimes apparent i n  such areas .  

k. An attempt was made t o  re la te  "small" cloud elements (which 

were  still ra ther  large)  of the satell i te wide angle pictures to  what is 

observed and recorded by ground observers.  

were  made at Kaena Point at the t imes of satell i te passes  t o  help 

establish the relationships, but because readouts were  usually being 

made when the satell i te was nearest  o r  overhead, few pictures were  

taken nea r  enough to  include the clouds observed f rom the ground. 

In fact ,  pictures of the Hawaiian Islands with clouds near  or above 

the islands proved t o  be very rare .  Nevertheless, l a rge  formations 

observed but not well seen f rom the ground, because of distance 

and perspective, and therefore  very difficult i f  not impossible t o  

visualize correct ly  f r o m  ground observations (as has certainly been 

the c a s e  for many yea r s ) ,  were  recognized in a limited number of 

cases  to  be the s a m e  as o r  closely s imi l a r  t o  cer ta in  of the "smaller" 

elements which were  newly seen in the satell i te pictures,  

Special cloud observations 

More 
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progres s  was made  i n  the interpretat ion of these  relationships by 

the use  of the nar row angle pictures. 

needed intermediate  sca le  detail,  and provided the key t o  the 

solution of many aspects  of this problem. 

pictures  often re la te  direct ly  t o  what has  long been seen  f r o m  the 

ground. 

These  pictures  provided the 

Details seen  in these 

1. In one exceptional c a s e  a dense (highly reflective overcast)  

largely north-south band, which had associated cloud a r e a s  and other  

fea tures ,  and was not c lear ly  "frontal, 

cur ren t  satel l i te  pictures  while i t  was over  t he  island of Oahu and 

the re  causinz extraordinary ve ry  heavy rainfall and seve ra l  remarkable  

Occurrcnces of hail. 

was observed froin above in 

Milch middle cloud was present  a t  this time. 

m. While not easy, in many cases ,  it proved t o  be possible to  

re la te  na r row angle picture  cloud elements in  one t o  one correspondence 

With elements i n  a small Portion of the related wide angle picture. 

The outline details  of many s ~ a l l  sca l e  cloud elements often remained 

distinct in  the wide angle lens picture,  although the difference in 

resolution general ly  caused substantial  changes i n  the appearance 

of the elements and their patterns.  It is ,  therefore,  mos t  unfortunate 

that the nar row angle c a m e r a  sys tem was inoperative through much of 

the productive per iod of the satellite. 

angle pictures  cer ta in  distinctive fea tures  appeared twice (at t i m e s  

m o r e  than twice) appearing in one p ic ture  and then again in  the following 

Picture ( o r  pictures).  

In some sequences of na r row 

The success ive  picture  pa i r s  thus linked the 
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sequence and provided continuity, but lacking horizons did not permit  

orientation in  the s a m e  manner  that it was obtained f o r  the wide angle 

pictures. When l a rge  and small angle pictures alternated, orientation 

was possible fo r  both. 

two cameras  not only facilitate the recognition and identification of 

cloud types and ground observed formations, but a l so  provide orientation 

information (and information on satel l i te  motions including the spin axis 

motion o r  wobble). 

2 .3  Pic ture  and Cloud Pa t t e rn  Orientation 

In the absence of useful landmarks,  and also of good computing 

center  positional data, orientation can be achieved quantitatively by 

a method which provides a close approximation. 

a sequence of closely related pictures,  and uses  the information contained 

in  the apparent motion of distinctive cloud features  which is seen  in  

successive pictures as  the satell i te moves along i t s  path. 

of change of the apparent positions, with respect t o  the principal line, 

of the cloud fea tures  provides a measu re  of the angle between the principal 

line and the subpoint path, hence of the azimuth, at each point o r  time. 

When this method was used nadir angles were  obtained quickly and with 

sufficient accuracy by interpolation f rom the rectification grids. 

point t o  principal point ear th  surface distances corresponding t o  the nadir 

angles were  taken f rom curves ( o r  tables) based on the geometry involved. 

A family of curves  which takes  into account the latitudinal and azimuthal 

variations of this relationship when the distance is measured  in  degrees  

wonld be very helpful. 

Thus the relationships between pictures f rom the 

This method requires  

The t ime ra te  

Sub- 

Good satell i te data f rom the computing center,  
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which were  always available, were  a l so  required, With the subpoint 

as one known point and the azimuth a s  a known direction, the  known 

ear th  s u r f a c e  distance f r o m  subpoint t o  principal point established 

the picture  center  position, and the  pr ic ipal  l ine established the  direction 

t o  the picture  center ,  thus orientation was achieved, Results obtained 

by this method when checked against those obtained by the u s e  of 

landmarks,  when both methods w e r e  used on picture  sequences which 

had good landmarks,  showed ve ry  good agreement .  This method f o r  

obtaining orientation was used routinely during the las t  week of full 

s ca l e  operations,  was used effectively and intensively l a t e r  during 

the reduced operation (par t icular ly  by careful  weather  bureau personnel),  

and has  been used routinely in  the nesearch studies. 

2, 4 Data Collection 

This activity commenced short ly  a f te r  TIROS I was launched, 

and increased  as data a r r ived  in  increasing abundance f r o m  an 

increasing number of sources ,  and a s  the  pictures  and other  ma te r i a l s  

became available, A gradual  tapering off is anticipated, but the  end is 

not yet in sight. The data collected w e r e  of s eve ra l  main types: 

2.4.1 Synoptic Data 

After the successful  launching of TIROS I, when its ability to  

Produce detailed informat ive  pictures  became known, t e l eg rams  and 

le t te rs  were  sent t o  thc  weather s e rv i ces  which were  making continental 

and sub-continental synoptic collections in  the t rop ics  and subtropics,  

requesting copies of the data f o r  a per iod f r o m  30 March on (est imated 
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t o  continue fo r  about th ree  months). When TIROS I became non-productive, 

l e t te rs  were  sent t o  request that no data be sent af ter  24 June. Thus 

data were  requested for  the period f rom 30 March to  24 June 1960. 

The broadcasts requested, the organizations contacted, and the 

responses  (at t he  present  t ime) a r e  l isted below: 

(I) Data requested: AXM (Canberra),  sub-continental 

broadcasts. 

L. J. Dwyer, Director  of Meteorology 
Commoqwealth Bureau of Meteorology 
Box 1289 K G. P, 0. 
Melbourne, Australia 

Data receivedfor:  3 April - 9 June (except 3 days), a l so  

17-21 June. 

(2)  Data requested: New Zealand Daily Weather Bulletin 

Director,  New Zealand Meteorological Service 
P. 0. Box 722 
Wellington, New Z ealand 

Data received fo r  : 30 March - 19 June (complete) 

(3) Data requested: JMG RTT broadcasts f rom Tokyo 

Commander, First Weather Wing 
Wheeler Air F o r c e  Base 
Oahu, Hawaii 

Data received for: 26 April - 6 July (except 10 days) 

(4) Data requested: AIE RTT broadcasts f rom Guam 

Commander, First Weather Wing 
Wheeler Air  F o r c e  Base 
Oahu, Hawaii 

Data received for: 6 May - 23 June (except 3 days) 
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(5) Data requested: S E  Asian CW intercepts  made  a t  Clark  

Field 

Commander,  F i r s t  Weather Wing 
Wheeler Air  F o r c e  Base  
Oahu, Hawaii 

Data received for: 10 May - 21 June (except 1 day) 

(6 )  Data requested: Receptions made  at WBAS Honolulu 

Honolulu Airport  Station 
U. S. Weather Bureau 
Honolulu, Hawaii 

Data received for :  30 March - 31 May (over  30 l a rge  car tons)  

(7)  Data requested: Indian Daily Weather Report  

High Commission of India 
Establishment Dept. , Publications Branch 
India House, Aldwiych, London, W, C. 2 

No data received f o r  period of request. Data scheduled for  

delivery. 

(73) Data requested: AFMET SIX, African subcontinental 
broadcasts 

A. Rowe, Direc tor  
Meteorologique de  l a  Metropole et de  I'Algerie 
2 Avenue Rapp 
P a r i s  7",  F r a n c e  

Data received for :  30 March - 24 June (complete) 

(9)  Data requested: AFMET F I V E ,  African subcontinental 
broadcasts. 

Monsieur M. B rouquet - Laglai  re ,  Direct  o r  
Serv ice  Meteorologique de I'Afrique 
Occidentale F r a n c a i s e  
Dakar,  F rench  West Africa 

Data received for :  30 March - 31 May (complete) 
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(10) Data requested: AFME? FOUR, African subcontinental 
broadcasts 

Director  
Brit ish W, Africa M'eteorological Service 
Lagos, Nigeris  

Data received for: 7 May - 31 May 

(11) Data requested: AFMET THREE, African subcontinental 
broadcasts 

Director  of Union Weather Bureau 
Department of Transport  
Weather Bureau 
Po 0. Box 1135 
Pre tor ia ,  Union of South Africa 

No data received. Data scheduled fo r  delivery. 

(12) Data requested: AFMET TWO, African subcontinental 
broadcasts 

B. W. Thompson, Deputy Director  
M et eo r ol og i c  a1 D ep a r tm  ent 
Dagoretti Corner,  Pr iva te  Post  Bag 
Nairobi, Kenya, Brit ish East Africa 

Data received for: 30 March - 31 May (complete) 

(13) Data requested: AFMET ONE, African subcontinental 
broadcasts 

M, F. Taha, Director  General 
Meteorological Department 
Koubry El Quobha P, 0, 
Cairo,  United Arab Republic 

No data received. No data scheduled for  delivery 

(14) Data requested: AMERSUD, South American continental 
broadcasts 

Director,  Meteorological Service 
P r a c a  
5 O  Andar 
Rio de Janeiro,  Brazil 

No response 

3 24 



The data received f rom these  se rv ices  have all been sor ted,  checked, 

logged in, put in good order ,  and organized and s to red  f o r  easy accessibil i ty 

and quick retr ieval ,  Additional data a r r i v e  seve ra l  t imes  each week. 

Analysis and U s e  of Satell i te Data in  Tropical  M-eteorologL 

In this pa r t  of the p rogram the work and p rogres s  has  consisted 

largcly of preparat ions f o r  the  intensive study which has  jus t  commenced. 

TIROS positional data, cloud char t s ,  weather summar ie s ,  and the 

films have received considerable u s e  i n  the selection of orbit  pas ses  

and tapc picture  sequences to  be studied first in  this  new phase. 

Surface and upper a i r  synoptic char t s  will be plotted first f o r  sequences 

known to  be of unusual interest ,  

The plotting of a l imited number of sur face  cha r t s  has  been conipleted. 

This work has  not p rogres sed  fu r the r  pr imar i ly  because of the fact  that  

Until recently not enough data were  on hand t o  permi t  completion of even 

one synoptic chart ,  Since only those cha r t s  can  be plotted f o r  which full 

s e t s  of data  a r e  available, many important orbits,  and picture  sequences 

With phenomena known to  be of unusual in te res t ,  have not yet received 

the attention they deserve.  

can be completed. 

the delays in data reception have determined t o  a l a r g e  extent what 

could be done in  this par t  of the  program, 

Then others  will receive attention, 

The plotting continues f o r  those char t s  which 

The data f o r  the others  a r e  on the i r  way. Clearly,  

The analysis of the plotted char t s  i E  at its ear l ies t  s tages ,  but 

has  commenced, 

and, of course ,  cloud analyses,  and wi l l  soon p rogres s  at  a great ly  

acc el e ra ted r a t  e. 

This work includcs both contour and s t reaml ine  analyses,  
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In the present  phase of this work par t icular  attention is being 

given to  tropical formations and systems and tropical conditions, 

and to  oceanic phenomena, especially at the lower latitudes. 

Phenomena and problems now under study include the following 

examples: 

a. La rge  low latitude cloud patches, which appear repeatedly, 

may be relatively stable, occur fairly frequently, andseem to be at 

1 east  partly c i r  rif o rm, 

b, Low latitude formations and sys tems which appear t o  be 

derived f rom mid-latitude systems. 

c. Cloud s t r ee t s  and the convergence, convection patterns,  and 

other processes  and patterns which they reveal, 

d. Cloudless o r  relatively cloud f r e e  a reas ,  particularly when 

associated with unusually cloudy a reas ,  and particularly when at 

the lower latitudes, 

e. 

f. Cloud pattern smal l  element identification, particularly in  

those cases  where narrow-angle pictures  of conditions shown in  known 

a r e a s  of wide angle pictures a r e  available, and when the pho tograpk  

conditions a r e  unusually favorable, Ent i re  patterns,  and the la rge  

elements a r e  a l so  under study. 

Land- s e a  cloudiness and cloud pattern differences. 

g. The relationships of satell i te picture cloud pattern elements t o  

cloud types and other information found in the standard synoptic reports  

and reported by ground observers.  
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h. Unusual conditions and sys tems in the Southern Hemisphere,  

and over the southern seas.  

i. Typhoon occurrence,  and typhoon developnent. 

j. And many others,  

F o r  these studies, which so  far represent  only a good s ta r t ,  and 

which require  good analyzed synoptic char ts ,  it is too ear ly  t o  give 

technical summar ies  o r  t o  give tentative conclusions. 
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CHAPTER IlI (Continued) 

SECTION 3 

THE LIFE-CYCLE OF A PACIFIC FRONTAL SYSTEM 

3.1 Introduction 

The ability to  photograph large- sca le  cloud cover  has  been amply 

demonstrated by the TIROS meteorological satellite. Another useful 

aspect of this satell i te is found to  be the ability t o  s e e  the  day t o  day 

variations and developments in the large-  scale  meteorological systems 

a s  shown by changes in  cloud cover and patterns. 

The orbital  period of TIROS I is such that on the  Sou.th to  North 

leg in  the Northern Hemisphere, orbit (Nt14) is  approximately 23 

hours l a t e r  than orbit (N) and the path l ies  approximately 7 . 6  degrees  

longitude to  the east. The change of 7 . 6  degrees  longitude to  the east  

in 23 hours can be used t o  advantage in attempting t o  follow the day t o  

day development and easter ly  movernent of a la rge  sca le  system such as 

an extra-tropical cyclone. As a demonstration of this technique, a 

frontal system which was f i r s t  photographed in the western Pacific 

on 18 May 1960 was followed in its movement ac ross  the Pacific until 

it entered the west coast  of the United States on 26 May 1960. 

Attitude data fo r  TIROS I was of such a nature  as t o  make  the 

exact location of pictures doubtful in regions without suitable 

landmarks. 

any landmarks,  no attempt has been made to  make any detailed comparison’ 

Since these pictures were all  rectified without the u s e  of 

between the cloud patterns and the p r e s s u r e  analysis over these areas .  

“This Section was writ ten by  J. A .  Leese,  Geophysics Research 
Direct orate  
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Such comparisons would be of l i t t le o r  no value even with good attitude 

data s ince the analysis could a l so  be doubtful in this region of l i t t le  

o r  no data. 

of f r a m e s  with good horizons were  rectified on a blank papcr  to  get 

the relation between the sub-point and the principal point lines, 

The rectifications were  performed a s  follows: a s e r i e s  

It 

Was then assumed the s tar t ing t i m e  was as programmed,  and the  sub- 

Point t r ack  was cor rec t ,  

location on the sur face  of the  ear th  a s  a s tar t ing point. 

this assumption led to  no g r o s s  e r r o r s  in  location, at least ,  in  a 

F r o m  this it was possible to  get a fixed 

It was found 

study of la rge-sca le  cloud pat terns  such as this. 

2 Discussion and TIROS Rectification of a Pacif ic  Fronta l  Svstem 

Orbit 677. 02302. 18 Mav 1960 

The Northern Hemisphere Surface Analysis f o r  O O O O Z  18 May 1960 

(Fig. 36A) shows a new wave cyclone developing nea r  35N 160E af te r  

the occlusion has  been "washed out" and the  low p r e s s u r e  a r e a  associated 

With the  occlusion has  begun to  f i l l .  

(Fig,  36B) has  a relatively nar row band in  the region of the cold front 

but otherwise exhibits l i t t le  in the way of an organized cloud pat tern 

around the f ronta l  system. 

of 40N is probably associated with the old occlusion, 

cumuliform clouds t o  the  northeast  show a tendency to  be organized 

into l ines para l le l  t o  theflow around the anticyclone. 

The rectification of orbit  677 

The l a r g e  overcast  a r e a  i n  the vicinity 

Scat tered 

Orbit  691. Ol45Z 19 M a v  1960 

The Surface Analysis for O O O O Z  19 May 1960 (Fig. 37A) located 

the center  of the low p r e s s u r e  a r e a  nea r  38N 173E and shows a drop  
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in the central  p r e s s u r e  of nearly 15 mil l ibars  in 24 hours, 

system is already well into the occluded stage. The rectification of 

orbit 691 (F ig  37B) shows a much m o r e  organized cloud pattern than 

was seen near ly  23 hours ear l ie r  on orbit 677 (Fig, 36B). The band 

of clouds in the vicinity oE the cold front is now much broader. The 

brighter reflectivity indicated by the heavier shading shows the cloud 

cover  now extends through a g rea t e r  depth than previously. A broad 

band has  a lso developed ahead of the warm front, 

associated with the occlusion is now moving around the northern 

periphery of the low and on into the northwest quadrant indicating 

an increase  in circulation around the s torm,  

of the vortex is  not well defined by the cloud patterns. 

d r i e r  air being drawn into the system in  the southwest quadrant is shown 

by the presence of only a few cumulus clouds in this area. 

smal l  bright reflective a r e a s  along 175W, above 35N, indicate the 

presence  of bands within this region of general  overcast. 

bands could indicate the presence of buildups in those a reas ,  o r  i E  

the cloud cover is in  layers ,  the sum of the depth of these layers  is 

g rea t e r  in  the brighter reflective a r e a s  than the surrounding overcast. 

The frontal  

The cloud band 

At this stage the center  

Evidence of 

The relatively 

These bright 

Orbit 705. 0100Z. 20 May 1960 

The center  of the lowpressure  a r e a  was located near  50N 

176E on the SurEace Analysis f o r  O O O O Z  20 May 1960 (Fig, 38A) and 

shows a fur ther  deepening of eight mil l ibars  in the past  24  hours, 

The circulation shows a fu r the r  intensification while the frontal  system 
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has continued t o  occlude. 

rectification of orbi t  705  (Fig. 38B) is the  clar i ty  of the  definition of 

the center  of the vortex by the cloud pattern.  

relatively dry  a i r  entering the  sys tem f r o m  the southwest and the  

frontal  band spiral ing around f r o m  the northwest t o  maintain the i r  

separa te  identit ies in  the fo rm of a logrithmic sp i r a l  into the center  

of the vortex is certainly an outstanding feature. 

appear  t o  b e  a charac te r i s t ic  r e se rved  f o r  a s l o w  moving sys t em o r  

at  least  a sys tem which maintains a wind speed around i t  many t imes  

g rea t e r  than the  speed of i t s  horizontal  niovement in  o r d e r  t o  prevent 

the mixing of these  two a i r  masses .  

the su r face  analysis and cloud rectification on the exact location of the 

center  of the vortex cannot be accounted f o r  solely b y  the  t ime  difference. 

This lack of agreement  could be the resu l t  of an inaccurate  location 

of the center  in  the analysis due to  lack of data, o r  could resul t  f r o m  

an inaccurate  location of the rectification. 

the vortex of an intense slow-moving sys tem such a s  this should be 

nearly ver t ica l  through the atmosphere and the center  as shown by 

the cloud pat tern should show good agreement  with the  center  of the 

Vortex on the s u r  face. The cold f ront  was placed without any data 

in  the region and the re fo re  could be displaced at  least  f ive degrees  

t o  the west t o  show better agreement  with the  band of clouds i n  that 

One of the most  striking fea tures  of the 

The  ability of t he  

Such a f ea tu re  would 

The lack of agreement  between 

In any case ,  it is felt  

The band of clouds associated with the  warm front is now 

defined than i t  was approximately 23 hours  ea r l i e r  on orbi t  691. 
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The region f r o m  40N to  45N and 150W to  160W has  a thin c i r r u s  cover  

but m o r e  notablyit  has  a complete lack of low cumulus clouds. 

f ea tu re  of a s h a r p  cut-off of the low cumulus clouds well ahead of the  

warm front  cloud band has  been s e e n  i n  other  p ic tures  of sys t ems  

s i m i l a r  t o  this ,  and could be an indication of the l ine where  the difference 

between the s e a  water  t empera tu re  and the f r e e  air t empera tu re  changes 

sign together with the different physical p rocesses  involved with this  

change. 

change in  the  organization of the cloud pa t te rn  in  most  of this f rontal  

sys tem,  the  w a r m  sec to r  has  remained general ly  broken with an 

appearance indicating multiple l aye r s  of clouds. 

This 

It should a l so  be noted that although t h e r e  has  been a complete 

Orbit 720. 01452, 21 Mav 1960 

The movement of the low p r e s s u r e  a r e a  i n  the past  24  hours  has  

shifted t o  a m o r e  norther ly  direction, and the center  i s  shown t o  be 

n e a r  48N 

A comparison of this analysis with the analysis  24  hours  previously 

(Fig. 38A) would indicate the re  has  been l i t t le  change in  t h e  syjtem 

during this period. 

of orbit  720  (Fig. 39R) is 

705 (Fig. 38131, changes can be noticed, especially in the vicinity of the 

center  of the vortex. 

cen ter  of the vortex could be that the occluded sys tem reached i t s  

peak of development n e a r  the t ime  of orbi t  705 and by the t ime  of orbi t  

720 the sys t em had begun to  decay. 
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176W on the O O O O Z  21 May 1960 sur face  analysis (Fig. 3 9 9 ) .  

However, when the rectification of the  cloud pat terns  

compared with the  rectification of orbi t  

One reason f o r  this  change in  pat tern n e a r  the  

This  together  w i tha  weakening 



in  the intensity of the circulation would allow tlic air iJiassCs t o  

beconic !nore honiogeneous result ing in  cloud cover  all  around the 

ccnter  of the vortex r a the r  than the two sepa ra t e  air nxisscs as 

appeared nea r  the center  24 hours  previously. 

southwest of the center  of the vortex has  shown a significant i nc rease  

in cloud cover  in the 2 4  hour period. 

Thc. region to  the 

These clouds a r e  predominately 

cumulus and stratocumulus with a l a rge  overcast  patch i n  the center  

of this region, 

170E o r  approximately at the ridge l ine between the  two systems.  

The band of clouds associated with the cold front s t i l l  exhibits a 

These cumuliforimclouds show a sha rp  cut-off nea r  

reflectivity which is br ighter  than the surrounding overcast ,  while 

the bright ref lect ive band associated with the warm front on orbi ts  

691 and 705 has  completely disappeared, 

cold f ront  has  had no noticeable change in intensity while the warm 

front  has  significantly decreased in  intensity. 

This would indicate the  

Orbits 733 and 734, 0000Z . -22  May 1960 

The low p r e s s u r e  center  has continued t o  move toward the north- 

northeast  during the past  24 hours ,  and is centered n c a r  54N 172W 

on thc sur face  analysis f o r  00002,  2 2  May 1960 (Fig. 40A).  It 

a lso shows a filling of approximately 16 mil l ibars .  

sys tem has  moved eastward and out of the low. 

Of orbi ts  733 and 7 3 4  (Fig. 40B) shows a band of brighter reflectivity 

Which is probably associated with the frontal  system. However, this 

band is located fronif ive to  ten  degrees  west of the position of the 

front ,  shown on the  sur face  analysis,  in the  region above 40N. 

As in the previous rectifications, the reason  fo r  this lack of agreement  

The frontal  

The rectification 
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cannot be determined accurately. 

accurately, then the f ront  above 40N has not moved a s  rapidly a s  

was indicated by the surface analysis, It is doubtful that a sma l l  

wave such as  the one developing near  36N 165W would ever  show a 

cloud pattern of such organization as  to  be able to  determine its 

presence  f rom cloud pictures  alone, 

frontal  band is still dominated by sca t te red  cumuliform clouds. The 

tendency to organize into lines paral le l  to  the flow is not a s  s t rong 

at this stage as i t  was in the ear l ie r  stages. 

a fu r the r  weakening in  the intensity of the circulation. 

pattern to  the east  of the frontal  band would suggest the presence  

of cumuliform clouds with a wide sheet of c i r r u s  above. 

the few ship reports  available in  this a r e a  a r e  reporting low s t ra tus  

clouds and fog together with the cumuliform clouds and i l lustrates  

one of the problems of cloud identification i n  TIROS pictures. 

If the rectification is located 

The region to  the west of the 

This would indicate 

The reflective 

However, 

-- Orbits 747 anG745, 23002.  22 Mav 1960 

The low p r e s s u r e  a r e a  has moved northward into the Bering 

Sea while the cold front  has moved eastward a s  seen  on the surface 

analysis f o r  00002,  23 May 1960 (Fig, 41A). The rectification fo r  

orbits 747 and 748 (Fig. 41B) shows l i t t le in the way of organized 

large-scale  cloud patterns. 

distinguishable in the vicinity of the cold front north of 4ON. 

l a rge  overcast  a r e a  west of the cold front and north of 45N is i n  

the general  vicinity of an upper air trough, but lack of upper air data 

A band of brighter reflectivity is 

The 
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in this region precludes any attempt a t  direct  association of the 

Cloud cover with the trough, 

United States, centered nea r  42N 127W (Fig. 41A) is indicated in 

the cloud pattern by the l ines of cumulus clouds spiraling into the 

Center of the vortex. T h e w e s t e r n  U. S. north of 40N was dominated 

by buildups and thunderstorm activity. 

TIROS photographs as relatively sma l l  m a s s e s  of bright reflective 

Overcast and se rves  as another i l lustration that the brightness 

of the clouds is an indicator of the depth of the clouds. 

The vortex off the west coast  of the 

This is indicated on the 

Orbits 762  and 763, 00002,  24 Mav 1960 

The surface analysis f o r  00002,  24 May 1960 (Fig. 42A) shows 

the f rontal  sys tem has continued to  move eastward with a new wave 

beginning to develop in the vicinity of 51N 150W. Evidence f o r  this 

wave development is not immediately apparent in the cloud pattern 

at this t ime as shown in the rectification of orbits 7 6 2  and 763 

(Fig, 42B). The cloud patterns in the region 50N to  5 5 N  and 150 

to 155W indicate a vortex centered near  52N 154W which could be 

an indicator of an upper a i r  low over  this region. 

clouds in  the vicinity of the f ront  as well as the clouds to the east  

The band of 

a m o r e  organized pattern than was seen nearly 25 hours  

@ar l ie r  on orbits 747 and 748 (Fig. 4113). 

%inity of the cold front  would suggest that the front does not go 

Relatively narrow bands t o  the east  of the frontal  

The band of clouds in  the 

of 40N. 

band, oriented in  a north- south direction, show the circulation 
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aloft has changed and become s t ronger  in this direction, 

interpretation of this overall  pat tern could be that the  upper level 

trough is moving into a position with reference to the cold front so  

as to  se t  up favorable conditions f o r  the development of a wave on 

the surface front,  but had not reached that position at the t ime  these 

pictures were  taken, 

One 

Orbits 775 and 776,  24 Mav 1960, 2 2 0 0 2  

The wave has gone through a period of rapid movement and 

develo?mcnt ciurinj the 24  hour period a s  seen by comparing the 

surface analysis f o r  9 0 0 0 2  25 May 1960 (Fig. 43A) with the analysis 

24 hours previously (Fi;* 42A). These analyses show that the wave 

developed to  the occlusion s tage quite rapidly with a low associated 

with the occlusion centered nea r  43N 145W and another low centered 

at the vortex of the wave at 42N 1 3 4 \ N .  

7 7 5  and 776 (Fig. 433)  shows that the  cloud band associated with the 

cold front  t o  the west of 140W has assumed an east-west orientation 

along 35N. The extensive a r e a  of sca t te red  low cumuliform clouds 

to  the north of the cold front band indicates a new injection of cold 

dry  a i r  into the frontal  system f r o m  the northwest. 

narrow bands of bright reflectivity a r e  seen embedded in  the band 

of clouds ahead of the warm f ront  with an orientation paral le l  to  

the front. 

band s t ructure ,  

extends northwest f rom the occlusion and probably accounts fo r  the 

The rectification of orbits 

Relatively 

The a r e a  in  the vicinity of the occlusion shows no organized 

An upyer a i r  trough oriented northwest-southeast 
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extensive cloud cover  in  this region. An a r e a  of ;iuilclups, with many 

of the stations reporting cumulonimbus type clouds, existed i n  the 

coastal  a r e a  of the northwest United States  and southwestern Canada. 

These clouds showed up as relatively si;iall a r e a s  of hright reflectivity 

on the TIROS pictures ,  

Orbit 791, 2 3 0 0 2 ,  25 M a y  1960 

The  su r face  analysis f o r  0 0 0 0 2 ,  26 May 1960 (Fig. 44A)  shovrs 

the f ronta l  sys t em has continued to  occlude and has  entered the west 

coast of the United States, The cen te r  of the low p r e s s u r e  a r e a  

associated with this  f ronta l  sys tem is now n e a r  47N 135W o r  approxiiilatcly 

in the Same position a s  i t  was 24 hours  previously (Fig. 43A) .  

The cloud pat terns  associated with this sys t em a r e  shown i n  thc 

rectification of orbit  791 (Fig. 44B). Evidence of the  occlusion 

advancing out of the cen te r  of the  low is shown by the cloud band 

having i t s  wes te rn  edge along 125W. 

the per iphery of the Low p r e s s u r e  area although the changes i n  the  

This band appears  to  c i r cumscr ibe  

pa t te rn  indicate the  cloud band is  not distributed unifori .ly 

around the  low. The  a r e a  of sca t te red  cuniuliforin clouds to  the 

“est of the f ronta l  band has  now beconie oriented approximately 

north-south below 40N i n  agreement  with the orientation of the flow 

t o  the  south of the low p r e s s u r e  area.  The region of cuniulonitnbus 

activity has  a l so  moved eastward during the past 24 hours  and is 

located most ly  to  the  eas t  of 120W in the region 50N to  55N, 
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3 .  3 Conclusion 

This s e r i e s  of rectified pictures has shown i t  is possible to  

maintain a day to  day surveil lance of inid-latitude s to rms  with a 

satel l i te  such as TIROS I, 

in  the cloud patterns and thus give an indication of the stage of 

development of the s torm.  

they organize should be an indicator of future developments i n  a 

s tor in  since they a r e y i s i b l e  evidence of the physical p rocesses  

at work in the atmosphere,  

these cloud patterns i n  t e r m s  of future developnients, then the 

satell i te will become, i n  addition to  a uniclue observation platfori-n, 

a tool t o  be used as an aiu in  forecasting. 

The pictures s h o v ~  the day to day chan,;es 

The clouds and the patterns into which 

When i t  hecoixes possible t o  in te rpre t  
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CHAPTER IV 

MET EOROL OG IC AL SAT ELLIT E S Y ST EM ANALYSES 

ABSTRACT 

This chapter on the meteorological satellite system analyses 

The f i r s t  section conducts a study is divided into three Sections. 

of the effect of satellite height on the quantity and quality of optical 

coverage. The results of this study indicate that there is little 

point in operating meteorological satellites at heights much above 

4, 000 miles. Combined consideration of both quantity and quality 

make lower heights more  appropriate when the field of view is 

limited. 

more  important than the a rea  covered, lower heights a r e  again 

When resolution at the center of the image is relatively 

more appropriate. 

Next, an investigation of methods facilitating the determination 

of the geographical coordinates of pertinent weather features on 

satellite photographs has led to the development of a step-by-step 

approach to the coordinate transformation process. A considerable 

variety of devices having application to the reduction of meteorological 

satellite photographs may be readily designed by the following step- 

by-step approach. 

computer for drawing latitude and longitude grids on a satellite 

These devices range from a manually operated 

Photograph to a completely automatic computer for  displaying the 

Cloud map on a Mercator (or other) projection as  i t  is transmitted 

f rom the satellite. 
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Finally, an experiment for  studying the optimum interval 

between satellite meteorological observations is described and 

discussed in  Section 3. 
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SECTION I 

ORBITAL SAMPLING CHARAC T ERISTIC S * 

The size of the a rea  viewed in a single observation, the frequency 

with which a given a rea  of this size can be observed, and the resolution 

which can be achieved over this a r ea  a r e  clearly important properties 

of a meteorological satellite system. These and other data gathering 

properties of a meteorological satellite system depend on i ts  orbital 

parameters,  as  do the required telemetering parameters (e. g., 

transmitter power and bandwidth). A quantitative understanding 

of the effects of orbital parameters on meteorological satellite 

system performance is therefore essential to the intelligent design 

of such systems, 

effects of satellite height on a limited, but important, aspect of 

meteorological satellite system performance: the size of the a rea  

viewed in a single observation and the resolution which can be 

achieved over this area, 

The following material  is an examination of the 

L l  The Effect of Satellite Height on Optical Coverape 

I. 1.1 Introduction 

There i s  a rather obvious qualitative statement that can be 

made about the variation of optical coverage with satellite height: 

the greater  the satellite height, the la rger  the a rea  that can be viewed, 

but the poorer the resolution over this area. In order  to render 

Such a statement more  precise and, therefore, more  useful in the 

- 
*Sections I and I1 of Chapter IV were originally prepared a s  a Semi- 
Annual Technical Summary Report under Contract No. AF 19(604)-5582, 
under ARPA Order No. 26-59 and GRD-TN-60-609, dated 30 June 1960. 
This section was written by G. Cooper, Allied Research Associates, I ~ c ,  
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design of meteorological satellite systems, i t  is necessary to introduce 

quantitative definitions of coverage and resolution. 

definitions must be physically significant and, ideally, should lend 

Such quantitative 

themselves to convenient mathematical analysis. Accordingly, in 

this section, coverage is defined in terms of the maximum "useable'l 

a rea  that can be viewed at  one instant, and resolution is defined 

in te rms  of the scale factor relating distances on the ground to distances 

on the image. 

This definition of total coverage is independent of satellite 

attitude and the optical field of view but is dependent on the meaning 

of ''us eable". 

in this study. 

Two quantitative definitions of "us eable" a r e  employed 

The f i r s t  definition is based on the assumption that 

the grazing angle (angle above local horizontal) of a ray must be 

above a certain minimum value in order  for  it to be in the useable 

portion of the image. In this f i r s t  approach, the minimum value 

of this angle above horizontal is taken a s  the parameter defining 

"us eable" coverage, The second definition of "us eable" is based 

on the assumption that there is a maximum tolerable decrease in 

scale factor from its value at  the subpoint. In the second approach, 

this allowable scale factor deterioration i s  taken as  the parameter  

defining "us eable" coverage. Other arbi t rary definitions of llus eable" 

arepossible,but i t  is believed that the use of these two parametric 

definitions provides sufficient insight into the effect of satellite 

height on total optical coverage to permit intelligent meteorological 

satellite system design. 

this section. 

Only these two definitions a r e  treated in 
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Another aspect of coverage that may be of interest  to  the consumer 

Of meteorological satell i te data concerns the effect of satell i te 

height on the resolution o r  sca le  factor attainable with a specified 

Coverage. This mat te r  is also t reated in  this section, but in somewhat 

less  detailed fashion than total coverage. 

1.1. 2 Total Coverage--Grazinv Angle P a r a m e t e r  

F igure  1 shows the geometry pertinent to  the computation 

Of total "useable" coverage based on the definition of "useable" 

in  t e rms  of the grazing angle parameter ,  8. The covered a r e a  is 

completely described by the central  angle y, which fo r  convenience, 

is te rmed the "radius of coveragel' ( in degrees  of equatorial latitude). 

Applying the Law of Sines to Figure 1 yields 

- -  R -  Rth  
s in  a sin (90° -b e )  

(1.1) 

Where 

a = angle subtended at the satell i te 

R=earth radius 

h=satell i te height. 

Substituting 

a=180°- y-(90° t 8 )  into Equation (1. I) and solving fo r  y yield-q,. 

- 1  cos e 
Y =  =os (3) -e (1. 2) 
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FIG. I 

GEOMETRY PERTINENT TO GRAZING ANGLE COMPUTATIONS 
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Figure  2 is a plot of y vs. h/R f o r  various values of the grazing 

angle parameter  0. Inspection of F igure  2 indicates that the total 

useable" coverage increases  with satell i te height regardless  of 1 1  

the value of 8 which is chosen to  define "useable". 

l a rge r  0,  the sma l l e r  is the total "useable" coverage. 

f o r  8 = 0 represents  the coverage that would be obtained i f  the ent i re  

region within the horizon were considered "useab1et'. 

heights g rea t e r  than about 10 earth radii  (about 40, 000 miles) ,  t he re  

Of course,  the 

The curve 

F o r  satell i te 

is no appreciable increase  in coverage fo r  increased satell i te height. 

In fact, "diminishing returns ' '  s e t s  in  at satell i te heights of about 

1 earth radius (about 4000 miles) ,  regardless  of the choice of the 

grazing angle parameter.  

Of coverage, there  is an optimum satell i te height of about 1 ear th  

This implies that, f rom the point of view 

radius. Fu r the r  discussion of this point is contained in  Section 

I* 1. 3. 

1.1.3 Total Coverafze--Scale Fac tor  P a r a m e t e r  

F igure  3 shows the geometry pertinent t o  the computation 

01 sca le  factor  a s  a function of distance f rom the satell i te subpoint. 

Scale factor  is defined as the differential increment in  angle subtended 

at the satell i te produced by differential increment in position on the 

@arth, or,  referr ing to  F igure  3, daldy. F r o m  Figure  3 i t  is seen 

that 

a= t a n - '  ( R sin y ,) 
R t h - R COS y 

(1.3) 

the symbols have the same significance a s  in  Section 1. I. 2. 

3 5 5  



FIG 2 

RADIUS OF COVERAGE vs. SATELLITE HEIGHT 
(GRAZING ANGLE AS PARAMETER) 
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FIG, 3 
GEOMETRY PERTINENT TO 

SCALE FACTOR COMPUTATIONS 
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Differentiating Equation ( 1 .  3 )  yields 

") cos y - 1 R 
(1.4) 

, ( , 1  t ;) cos y t 1 

where a = scale  factor  (differential  angle subtended a t  the satel l i te  

p e r  differential angular change in  position on the ear th) .  

F igu re  4 shows the behavior of the scale  factor a s  a function 

of distance f r o m  the satel l i te  subpoint, with satel l i te  height a s  

pa rame te r .  

is grea tes t )  a t  the subpoint and i t  dec reases  monotonically, eventually 

reaching 0 ( a t  the horizon).  

the scale  fac tor ,  the Ijlseablef1 coverage may  reasonably be defined 

as  that region for  which the sca le  fac tor  i s  g rea t e r  than a fract ion K 

of the scale  factor a t  the subpoint. 

factor  a t  the subpoint is a. = R/h. 

It i s  seen that the sca le  factor i s  a maximum (resolution 

Because of the monotone behavior of 

F r o m  Equation ( 1 . 4 ) ,  the scale  

Therefore ,  

a h (1 t ;) cos  y - 1 
K = -  - -  

a 0 - (1 ti)' - 2  ( 1  +;.)cos y t 1 

Solving Equation ( 1 . 5 )  fo r  y yields 

(K - 1 )  
y = cos - l  [ 1 t(; )" ( 1  t $  ) ( 2 K t  -$-) -1 

( 1 . 5 )  

Again, y is  the ! 'radius of coverage" (degrees  of equatorial  lat i tude).  
F igu re  5 shows a plot of y vs. h /R for  various values of the 

sca le  factor pa rame te r ,  K. The s imi la r i ty  between F igures  2 and 5 
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FIG$ 4 

SCALE FACTOR vs. DISTANCE FROM SUBPOINT 
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FIG. 5 

RADIUS OF COVERAGE vs. SATELLITE HEIGHT 
(SCALE FACTOR AS PARAMETER) 
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is readily apparent, "Diminishing returns"  in coverage se t s  in  

at satel l i te  heights of about 1 ear th radius (about 4000 mi les ) ,  

regardless  of the parameter  chosen to  define "useable". 

naturally, the m o r e  deterioration allowed i n  the sca le  factor,  the 

l a r g e r  the "coverage radius" at a given satel l i te  height. 

Quite 

The appearance of the  "diminishing returns" effect i n  F igures  

2 and 5 suggests the existence of an  optimum satel l i te  height 

with respect to  coverage in the vicinity of about 4000 miles.  Indeed, 

since sca le  factor  decreases  with increasing satel l i te  height, t he re  

is l i t t le reason to  i F r e a s e  the satel l i te  height beyond the point of 

"diminishing returns  in coverage. To quantitatively determine this 

Point, i t  is necessary  to  introduce some coverage figure of merit 

which takes  into account the attainable sca l e  factor  as well a s  the 

useable" a r e a  covered. There  a r e  many ways to  define such a I' 

f igure  of mer i t ;  perhaps the s implest  definition weighs the  sca le  

fac tor  and covered a r e a  equally by taking the product of the sur face  

a r e a  covered and the sca l e  f ac to r  a t  the subpoint. Using this definition, 

With the su r face  a r e a  normalized t o  a fraction of the sur face  area 

of a hemisphere,  the coverage f igure of mer i t ,  F, i s  given by 

sin Y )  ( R  d y)  
2#R2 

F = a. 

0 

o r  

(1.7) 
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Combining Equations (1. 6)  and 1, 8) yeilds 

Figure 6 shows a plot of F vs. h/R for  various values of the ' 

scale  factor parameter ,  K, 

than about 0, 5, the maximumvalue of F i s  attained for  satell i te 

heights of about 1 earth radius. 

satell i te height i s  about 4000 mi les  i f  relatively uhiform image quality' 

is required over the covered area. Should wider tolerances b e  

placed on the uniformity ofLimage qualityh(K less than 0.5), this 

f igure of mer i t  indicates a lower optimum satell i te height. 

should be recalled that the f igure of mer i t  has been defined sdmewhat 

arbitrari ly,  s o  that conclusions drawn f r o m  Figure 6 should not bel 

It is seen that for  values of K greater '  

This il'nplies that the optimum 

It 

dogmatic. However, the conclusions do appear quite reasofiable. ' 

1.1. 4 Specific Coverage 

As indicated in  Section 1.1.1, there  may be applkatibns ol ' 

meteorological satell i te systems for  which the resoldtion at a 

specified distance f rom the subpoint is of more  interest  than the 

total coverage. 

is limited by the viewing optics o r  the satell i te attitude. 

This is particularly t rue where the field of view 

Figure 7 ,  

based on Equation (1. 4), shows the variation of a scale  factor with 

satell i te height for  various distances f rom the subpoint. 

Examination of Figure 7 shows that there  i s  an optimum satell i te 

height which produces the maximum scale  factor  associated with each 
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FIG 6 
COVERAGE FIGURE OF MERIT vs. SATELLITE HEIGHT 
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distance f rom the subpoint, This optimum height is obtained 

by differentiating Equation (1, 4) with respect  to height, setting the 

derivative to  zero,  and solving fo r  height, In detail, 

u cos y - 1 
dh Rdu R d u  
da = I d a  =1 d 

where u = 1 t h/R 

2 da - -1 u c o s y -  2 u t  cos y - - -  
dh R (u2 - 2 u cos y t 1 ) L  

Setting da/dh = 0 in  Equation (1.11) and solving f o r  urn 

or 

- - 1 + s i n  y -1 
cos y 

(1, 10) 

(1. 11) 

(1.13) 

where (h/R)m is the satel l i te  height f o r  maximum sca le  factor, 

Substituting (h/R), f r o m  Equation (1.13) into Equation (1.4) 

Yields 

2 

2 s in  y (1 t s in  y) 
- cos y a - 

m 

where am is the maximum scale factor. 

a,, vs, distance froin subpoint. F o r  comparison purposes,  a plot 

of the subpoint sca le  factor, a,, at the optimum satel l i te  height for 

the given distance f rom subpoint'is a l so  included in  F igu re  8. 

F igure  8 shows (h/R), and 
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Examination of Figure 8 indicates that the maximum attainable 

scale factor decreases as distance from the subpoint increases. 

Furthermore, the satellite height required to attain the maximum 

scale factor increases with distance from the subpoint. 

of the significance of these results, consider a satellite whose field 

Of view is limited by the optics to  about loo  from the subpoint (this 

corresponds to  about the field of view of TIROS I). To achieve the 

macimum scale factor at this distance from the subpoint, the satellite 

height should be about 800 miles. 

the field of view would be about 2.5, while the corresponding scale 

factor at the subpoint is 5.0. 

As an example 

The scale factor at the edge of 

1.1.5 Conclusions 

It appears that insofar as optical coverage is concerned, 

there is little point in operating meteorological satellites at heights 

much above 4000 miles. Lower heights a r e  more  appropriate when 

resolution at the center of the image is relatively important. 

heights a r e  also appropriate when the field of view is limited, 

either by satellite attitude o r  viewing optics, 

Primarily concerned with satellite systems with unlimited fields 

Of view; further investigation of systems with limited view is required 

for the intelligent design of such systems. 

Lower 

This investigation was 

Factors other than optical coverage may exercise the controlling 

influence on the choice of orbital height for  a meteorological satellite 

Perhaps the most important of these factors is the telemetering 

requirements as a function of satellite height. 

367 



CI-IAPT ER N (Continued) 
SECTION 2 

DATA PROCESSING AND INTERPRETATION* 

Actual operating experience with data processing for the TIROS I 

photographs has shown that present methods require a great deal 

of time to determine the geographical coordinates of the pertinent 

weather f eatures. An investigation of methods of facilitating this 

processing has led to a re-examination of the mathematical relations 

between photographic and geographic coordinates, 

visualization of these relations has been developed, 

in  various ways to provide practical devices for  partially o r  wholly 

automating photographic rectification. 

in considerable t ime savings in  actual operation. 

describes this visualization and a possible electromechanical device 

f o r  partially automating photographic rectification whos e design is 

A convenient 

It may be applied 

Such devices should result 

The following material  

based on this visualization, 

The device to be described in Section 2.1.3 was designed to 

automate as fully as possible the cloud analysis procedure that has 

been used with TIROS pictures. In that procedure a meteorologist 

draws a pencil sketch of the principal cloud masses  on a standard 

map projection, adding words and descriptive symbols to describe 

the finer details that a r e  apparent i n  the pictures, The input of the 

*This section was written by G, Cooper, Allied Research Associates, Inc. 
The work was sponsored under Contract No. AF 19(604)-5582, under 
ARPA Order No, 26-59. 
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new machine would be derived from the motion of a pointer with 

which he would t race  on the original photograph 

cloud masses;  the output of the machine would be an x-y recorder 

which would correctly plot out those outlines on any chosen map 

projection, Thus, the device would eliminate the e r r o r  and the t ime 

consumed in the present procedures in  which the transformation from 

Picture t o  map is a task which the meteorologist must perform with 

only simple graphical aids, in addition to his task of cloud analysis. 

the outlines of the 

The study of the transformation has also suggested several 

related devices which could be used with modified cloud analysis 

Procedures, 

These a r e  outlined briefly in Section 2.1.4. 

& 1 Photographic Rectifiers fo r  Satellite Applications 

2.1. 1 Introduction 

Each appears to have merit  for  specific applications, 

A photograph of the earth's surface taken from a satellite 

is a two-dimensional projection of an appreciable portion of a nearly 

Spherical surface. As a result, the picture is seriously distorted. 

With a non-stabilized satellite, the projection generally has a skew 

Orientation with respect to the usual latitude-longitude earth coordinate 

system, This combination of distortion and skew coordinate systems 

makes the problem of determining the geographic location of weather 

€eatures seen on a satellite photograph rather difficult. 

In order  to deal with this problem, i t  is  convenient to introduce 

two right-handed Cartesian coordinate systems. The earth coordinate 

369 



system has i t s  origin at the center  of the earth,  its X-axis in the 

equatorial plane at 90° West Longitude, its Y - axis in the equatorial 

plane at O o  Longitude (in the plane of the Greenwich Meridian), and i t s  

Z-axis along the earth's rotational axis, pointed towards the North 

Pole, 

its XI-axis in the filrn plane in  a direction defined by fiducial marks  on 

the photograph, its Y'-axis in the film plane in  a direction orthogonal 

to  the XI-axis, and the ZI-axis perpendicular to the film plane, pointin2 

down towards the ear th  (along the principal axis),  

The satell i te coordinate system has i t s  origin at  the satellite, 

Any point on the earth's surface may be represented by i t s  coordinates 

in  either of these two systems. 

of a point in  the satell i te coordinate system, when multiplied by the 

appropriate scale  factor (focal length divided by the projection of slant 

range on the principal axis), a r e  the photographic positions of that point, 

Thus, the problem of photographic rectification can be mathematically 

described as the problems of determining the t r ans fo rmt ion  equations 

Fur thermore ,  the X', Y*  coordinates 

between the two coordinate systems. 

The nature  of the coordinate transformation equations is discussed 

i n  Section 2.1. 2. 

f o r  performing the operations described by these equations is described 

in  Section 2.1.3. 

A relatively simple electromechanical analog computer 

Other methods of solving these equations a r e  described 

in  Section 2.1. 4, alond with some discussion of particular features  that 

might be desirable  in  an actual o7erational photographic rectifier,  

2.1. 2. The Nature of the Coordinate Transformation Equations 

The key point of this approach is to  recognize that the satell i te 

coordinate system may be related to  the ear th  coordinate system by a 
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sequence of translations and rotations corresponding to the degrees 

of freedom of the satellite. Since, in general, the satellite has 

six degrees of freedom, there must be six independent parameters 

involved in  the coordinate translormation equations. While there 

a re  a variety of ways of defining these parameters,  i t  is convenient 

to us e satellite height, h ; latitude of satellite subpoint, 4; ; longitude 

of satellite subpoint Ps; nadir angle of the principal line, n; 

geographical azimuth of the principal line measured from local 

North, 8; and the azimuth of the projection of the principal line 

on the photograph relative to a fiducial line on the photograph (the 

angle from the satellite X'-axis to the projection of the principal 

line), p. 
general satellite, having fewer degrees of freedom and requiring 

fewer parameters (i. e.,  n= Oo and 0 = y.'). 

S 

An earth-stabilized satellite i s  a special case of the 

The actual process of coordinate transformation may be visualized 

as a sequence of three translations to move the origin from the 

Center of the earth to the satellite followed by three rotations to 

align the axes of the translated coordinate system with those of 

the satellite coordinate system, The three translations a r e  governed 

by the parameters hs, f s, and 

governed by the parameters n, 8,  and f', Since the rotational 

while the three rotations a r e  
S 

Parameters n and 0 have been defined with respect to local vertical 

and geographic reference, i t  is necessary to take ss and As into 

account in performing the three rotations, Conceptually, i t  is most 
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convenient to accomplish this by f i r s t  rotating the translated coordinate 

system to align one axis with the local vertical and a second axis 

with the geographic reference. These preliminary rotations a r e  

governed by the parameters f? and , Thus, for ease in visualization, 

the three rotations have become five rotations, although there a r e  

still  only three rotational degrees of freedom. 

r' 

S S 

It is now appropriate to be specific about the transformation 

equations. 

system relative to the earth coordinate system a r e  given by 

Equations (2. 1) to (2. 3) .  

The coordinates of the origin of the satellite coordinate 

Xs = ( R  t h S ) COS'S S sin X S 

Y S = ( R  t hs) c o s 3  S cos As 

Z s  = ( R  t h ) sin $, 
S 

where 

R is the earth's radius 

';I 

$ 
The three translations require the coordinates of a point (X, 

is positive for  West Longitude, negative for East Longitude 

is positive for North Latitude, negative for  South Latitude. 

Y, Z )  in the earth coordinate system to be expressed in te rms  of an 

(X", Yl', Z" )  coordinate system which is parallel to the earth 

coordinate system but whose origin is at  the satellite, These 

transformations a r e  given by Equations (2. 4) td  2. 6 ) .  

X" = x - xs 
yl' = y - y 

S 
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Z" = z - zS (2. 6 )  

Two preliminary rotations, a s  described above, a r e  required 

to transform the (X", Yll,  Zll) coordinate system into an (XI': 

Y", Z m )  coordinate systemwhich is aligned with local vertical and 

the geographic reference (assumed to  be local North). 

of these is about the Z"-axis by an amount equal 

Y - a x i s  lies in the same meridional plane as the satellite. The 

second preliminary rotation is  about the resulting X-axis by an 

amount 9 0 0  -3 s; the resulting Z-axis (which has been denoted as 

2"') coincides with the local vertical directed away from the earth 

while the resulting Y-axis (which has been denoted as YTtX)  coincides 

with the local South, 

The f i r s t  

; the resulting 
S 

The final three rotations of the(XXzr, Ytrt ,  Z"') system a r e  

required to make i t  coincide with the(X', Y', Z') satellite coordinate 

system. 

amount 0 t NO0, the resulting Y-axis lies in  the plane of the principal 

axis. 

the resulting Z-axis (which has been denoted a s  Z') coincides with 

the principal axis, 

the principal axis on the resulting XY plane (the film plane) coincides 

With the negative Y-axis. 

axis, s o  that i t  will be at an angle of Yfrorn the negative Y - a x i s ,  

a third and final rotation about the new Zl-axis  (the principal axis) 

by an amount V - 9 O 0  is required, 

The f i rs t  of these rotations i s  about the Z'"-axis by an 

The second rotation is about the new X-axis by an amount 180°-n; 

After this second rotation, the projection of 

To align the resultant X-axis with the X*- 
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The equations for  transforming the (X", Y f * ,  Z") coordinates 

into the (XI, Y t ,  Z*)  satellite coordinates a r e  therefore determined 

by five successive applications of the equations for rotation of 

coordinates. In general, the coordinate transformation equations 

for  the rotation from a ( f ,?, J ) coordinate system to  a ( 

coordinate system about the - axis through an angle y are: 

f * = {cos y - a s i n y  (2 .7)  

It i s  not necessary to perform all the substitutions in detail, since 

a device to perform these operations may be synthesized in  te rms  

of the individual steps involved in  this visualization, 

substitution would result in extremely lengthy expressions which 

Actual detailed 

would be quite subject to typographical e r r o r s  and contribute 

practically nothing to the comprehension of the operations. 

2.1. 3 A Possible Electromechanical Photographic RectiEier 

Most of the elegance that can be claimed for the foregoing 

visualization of the transformation f rorn geographic to satellite 

coordinates lies in treating the transformation as  a sequence of 

relatively simple basic steps, However, coincidence, in the form 

of an equally simple electromechanical device known as a resolver, 

enhances the elegance of this visualization by providing a natural 

mechanization for  the basic step. The resolver, which is shown 

schematically in Figure 9,  is a device which produces an internal 
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magnetic field which i s  proportional to the vector sum of two electrical 

inputs. Its two electrical outputs a r e  proportional to  the components 

of the internal magnetic fields along two orthogonal axes determined 

by a shaft position. 

to rotation of coordinates as  described by Equations (2.7) and (2. 8). 

This operation is mathematically identical 

Thus, the sequence of rotation required to perform the coordinate 

transformations may be mechanized with a ser ies  of interconnected 

res  olve r s , 

To be specific about the application of resolvers to the problem 

of photographic rectification, assume that it is desired to design a 

device vhich will produce a line drawing on a Mercator projection 

corresponding to a line traced on a satellite photograph, This particular 

device has been chosen because i t  i l lustrates an interesting difficulty 

in  the application of this step-by-step approach together with i ts  

solution. This difficulty a r i ses  from the fact that the coordinate 

tvansformation requires the knowledge of all  three coordinates of 

a point in the satellite (photographic) coordinate system, whereas 

only two coordinates (which have been designated as  X* and Y') a r e  

known: the solution to this difficulty is somewhat analogous to  a 

successive approximation procedure, although the actual mechanization 

of this solution is, in reality, a closed form, single step procedure. 

In essence, the solution is based upon performing the coordinate 

transformations using an assumed value of Z ' .  

coordinates a r e  then converted into polar coordinates (latitude, 

The resultant (X, Y, 2) 
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longitude, and radial distance from the center of the earth). 

difference between this computed radial distance and the known (or  

estimated) radial distance of the point i s  then determined, A feed- 

back circuit may be used to reduce this difference to zero by appropriate 

adjustment of the assumed value of 2'. 

The 

The known ( o r  estimated) radial distance of the point under 

consideration is the earth radius plus the height of the point, 

the height of any point of meteorological interest  may be taken as 

zero, with negligable resulting e r ro r ,  but this restriction is not 

essential. 

Usually, 

With the foregoing as  background, the electromechanical computer 

shown in Figure 10 is nearly self-explanatory, It is implicit in 

Figure 10 that thephotographic coordinates (X', Y') a r e  available as 

electrical voltages and that the output Mercator map coordinates a r e  

Supplied as  electrical voltages. 

available plotting tables which can perform the actual input and output 

functions 

There a r e  a number of commei-cially 

As indicated in Figure 10, the f i r s t  step in  the transformation is 

to provide the proper scaling from photographic distance to t rue  

distance as determined by the 2' coordinate and camera focal length, 

Although not shown in Figure 10, this picture magnification control 

can also allow for  compensation o€ lens distortion and unequal 

electronic gain in the vertical and horizontal channels of the transmission 

system, Non-linear electronic gain effects can also be compensated 

at this point i f  their nature is known, 
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Following the picture magnification control, the five coordinate 

transformations a r e  performed in the reverse  of the sequence 

described in Section 2.1. 2, since the problem here i s  to transform 

f rom satellite coordinates to earth coordinates. 

is introduced at the nadir angle resolver a s  shown. 

and direction of shaft rotation f o r  the resolvers a r e  chosen s o  a s  

to prmide  the actual angle required by the transformation equations. 

The required signal 

Zero  positions 

After completion of the rotational transformations, the translations 

a r e  performed in the summing circuits, which a r e  actually three 

separate summing amplifiers. 

amplifiers, namely Cartesian coordinates of the satellite, a r e  readily 

generated through the use of resolvers which a r e  mechanically 

coupled to the other satellite latitude and longitude resolver shafts. 

The zero positions of the two latitude resolvers differ by 90°, but 

the two longitude resolvers a r e  aligned to have the same ze ro  

positions. As indicated in  Figure 10, one of the electrical inputs 

to each of these satellite coordinate computing resolvers is zero, 

The other inputs to  the summing 

The signalsat the output of the summing circuits a r e  the Cartesian 

coordinates of the point in the earth coordinate system. 

to convert these Cartesian coordinates into polar coordinates to 

provide the required feedback for the unknown third coordinate ( Z t )  

in the satellite coordinate system, It is also convenient to perform 

this conversion as a preliminary to the computation of the Mercator 

coordinates. 

It is necessary 

The conversion from Cartesian to polar coordinates 
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can also be accomplished with resolvers  by the use  of a feedback 

technique. A servo  motor is used to  drive the shaft of the resolver  

until one of i t s  outputs is zero. The other output is then proportional 

to  the vector sum of the inputs, while the shaft angle is  the angle 

whose tangent is the rat io  of the two inputs. This is precisely 

the relation between Cartesian and polar coordinates in  two dimensions , 

as expressed in  Equations (2.10) and (2.11): 

(2.11) 

The corresponding transformation f rom polar to  Cartesian coordinates 

is given by Equations ( 2 .  12) and (2.13) 

x = f cos e (2,121 

(2. 13) y = f' s in  8 

The non-zero electrical  output of the latitude computing resolver  

is the radial distance of the point f rom the center  of the earth,  

is compared with estimated radial  distance of the point in a summing 

circuit  and the difference is amplified to  provide a portion of the 

feedback signal f o r  the third coordinate, Z' of the satell i te coordinate 

system. 

of this feedback signal, namely, the satell i te height, hs. 

signal is the quiescent point of the servo  amplifier, indicated in 

this way f o r  conceptual convenience. 

required in  an actual device. 

It 

Another summing circuit  is shown to add in  the other portion 

This la t te r  

The summing circuit  is not 

The relation between the latitude and longitude of a point and 

i t s  Mercator  coordinates a r e  given by Equations (2.14) and (2.15): 
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x m = K H A  

ym = K, tan (p 

(2, 14) 

(2. 15) 

where 

x =  
m 

Ym - 
KH - 
K =  

- 
- 

V 

> =  
8 =  

horizontal Mercator  coordinate (longitude) 

ver t ical  Mer'cator coordinate (latitude) 

horizontal sca le  factor 

ver t ical  sca le  factor  

longitude of point 

latitude of point, 

A potentiometer is a straightforward means of converting shaft 

position,into electrical  voltage. A linear potentiometer (i, e. , one 

Whose output is  proportional to  shaft positions) whose supply voltage 

is adjusted to  provide the desired scale  factor is, therefore,  shown 

in  F igure  10 to provide the horizontal Mercator  output. A tangent 

Potentiometer (i. e . ,  one which is wound in such a way to  provide 

an output which is proportional t o  the tangent of shaft position) is 

shown providing the ver t ical  Mercator  output. 

voltage is adjusted to  provide the desired scale  factor,  The potentiom- 

Again, the supply 

eter  outputs a r e  then f ed  to  summing circui ts  to  provide control 

Over the latitude and longitude corresponding to  the center  of Mercator  

Projection. This feature,  together with the scale  factor  controls, 

permits  the tracing of severa l  successive photographs on a single 

381 



Mercator projection, Such mosaics a r e  obviously useful in studying 

weather systems which a r e  la rger  than the field of view of a single 

photograph. 

The accuracy of the device described herein has not been 

investigated in detail. It is believed that i t  can be macle sufficiently 

accurate fo r  m eteorolobical satell i te photographic rectification 

applications, since resolvers  with accuracies  of better than 0. lo 

a r e  available. Indeed, devices built with resolvers  whose accuracy 

a r e  f rom 0. 2 5 O  to  0. 5 O  would probably prove to  be quite useful. 

- 2,1,4 Other Applications and ConEimrations 

The device described in Section 2. 1. 3 is  not the only 

application of the visualization of coordinate transforinations described 

in Section 2.1.  2. 

desired to t r ace  a latitude and longitude grid on the satell i te photograph. 

The feedback of the third coordinate would not be required since it 

would actually be known (i. e. , the earth 's  radius itself). 

the computing servos  for  latitude and longitude would not be reqrired, 

nor  would the Mercator  potentiometers, However, the picture  

magnification control would still be necessary with the required Z' 

A far s impler  device would result  i f  i t  were  merely 

Furthermore9 

coordinate being directly available. Manual control of the desired 

latitude and longitudes would yield the simplest  device, but  i t  would 

also be possible to incorporate a computer to  automatically generate 

a specified latitude and longitude grid, 
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A slightly more  complex device than that of Figure 10 could be 

designed to permit tracing of 'satellite photographs onto Mercator 

grids and the tracing of latitude and longitude 'grids bn the satellite 

photographs. Switches (both mechanical and electrical) would.have 

to be added to piovide this flexibility. ,Other map projectitins can 

also be provided either as alternatives to or replacements for the 

Mercator projection. 

1 It is not even necessary to employ resolvers to perfbrm the . 

coordinate rotation, although some of the elegance bf the approach 

would then be lost. Completely electronic computing devices may ' 

be used instead of resolvers. This would result in an increase in 

computing speed because of the absence of moving parts,  Such an 

all electronic version of the device of Figure 10 could conceivably 

be designed to operate in real  time using the teleyision scan voltages 

as the input signals and a cathode ray tube output, The output display 

Would then be a television photograph on a Mercator projection (o r  

other projection i f  desired). 

2.1, 5 Summary 

A visualization of the transformation f rom satellite 

coordinates to earth coordinates a s  a step- by-step process consisting 

of translations and rotations has been developed, The mechanization 

of this transformation following this step-by-step approach simplifies 

the design of aids for  rectification of meteorological satellite 

Photographs, Considerable flexibility is possible in the type of devices 

3 8 3  



that may  be designed. 

and longitude gr ids  on a satel l i te  photograph, Another device may 

permi t  the tracing of satel l i te  photographs on a Merca tor  o r  other 

projection. 

electromechanical reso lvers  in  performing the basic operation of 

coordinate rotation, 

the  use  of completely electronic computing cornponents. 

operation, providing a T V  display which is a cloud rnap on a Merca tor  

o r  other projection, is possible with the completely electronic 

device. 

F o r  example, one device may t r a c e  latitude 

A fa i r ly  straightforward design resu l t s  f rom the use  of 

Grea te r  operating speed can be attained through 

Real-itime 
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CHAPTER IV (Continued) 

SECTION 3 

AN EXPERIMENT FOR STUDYING THE OPTIMUM INTERVAL 
BETWEEN SATELLITE METEOROLOGICAL OBSERVATIONS*, 1 

3. 1 Introduction 

A problem which has  as yet been given little consideration with 

regard to  meteorological satell i tes is that o€ the desirable  frequency 

of observation. Doubtless this will be dependent on the types of 

observations to  be made and on their  expected utilization. W h i l e  

there  will certainly be some reasons €or  desiring, in  at  least  some 

cases ,  continuous o r  very frequent observations, it may not be 

Possible to justify them on economic grounds, 

2 Experiment Description 

The following is a description o€ a possible experiment which, 

using two satell i tes placed in  constantly varying synchronized orbits,  

should provide sufficient data to  permi t  significant study of this 

Problem over t ime intervals between observations in  the range of 

one to six hours. (A  single satell i te i tsel€ provides the twelve 

hour interval,  assum’ing observations in the dark hemisphere a r e  

Provided for through proper  instrumentation. ) Since the experiment 

would require  only two satell i tes,  i t  would appear to  be much m o r e  

economic than other possible approaches to  the problem, which would 

* This Section was writ ten by W, K. Widger, J r . ,  Geophysics Research 
1 Directorate. 

Present  Affiliation: National Aeronautics and Space Administration 
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probably, for a thorough study, require  a rninimum of four 

vehicles, the second, third, and fourth of which would be spaced, 

respectively, one, three,  and s ix  hours af ter  the first. 

It is anticipated that most future meteorological satell i tes (af ter  

the TIROS se r i e s )  will be placed in  quasi-polar, re t rograde orbits 

with a precession of the plane of the orbit of one degree p e r  day, 

thus maintaining essentially a constant local t ime of observation 

over the useful life of the payload. 

(1960), the ra te  of precession of the plane of the orbit is given by 

the equation: 

According to p. 19 of King-Hele 

X = 9.97 (R/R t h)3* cos i 

where 

X = the precession in  degrees  p e r  day 

R = the earth's radius 

h = the  average altitude of the orbit 

i = the inclination of the orbit  to  the equator 

F o r  a retrograde (east  to  west) orbit, the precession is  f rom west 

t o  east. Based on this equation, Table One indicates possible 

combinations of orbit inclination and altitude fo r  a one degree p e r  

day precession, rangingfrom 82.6O at 300 miles  t o  77.3O at 1000 

miles ,  

Consider that a meteorological satell i te has  been placed in  such 

an orbit with a one degree p e r  day precession, 

assume the orbit altitude to  be 700 (statute) miles  and the inclination 

As a specific example, 
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79,  7 O .  

before o r  af ter  the zenith passaze  of the f i r s t ,  with such an  

orbit altitude and inclination that the orbit precessions cause 

the orbit planes to rotate away f rom each other at a rate of 

0, 4 O  p e r  day. Then, at the end of s ix  month the satell i tes 

W i l l  be executing the daylight portions of the i r  orbits 90' 

o r  s ix  hours apart. Over the six month period, samples  will  be 

Provided of intervals between observations gradually increasing 

f rom one hour to  six hours. Because of the comparatively slow 

ra te  of relative preccssion, there  will be at least  one month of 

data for  each integral  hour interval  to  a t ime  accuracy within plus 

or minus one-half hour. 

entire ear th  on a substantially continuous basis,  should be sufficient 

to  permi t  significant deductions to be possible as regards the value 

of increased frequency of observation. 

Then let a second satell i te be launched one hour (15') 

A sample of this length, covering the 

Two c l a s ses  of 0. 4' p e r  day relative precession exist. In the 

f i r s t ,  the launch of the second satel l i te  is made one hour before the 

zenith passage of the f i r s t  satell i te and the absolute precession r a t e  

Of the second satel l i te  is 1. 4 O  p e r  day. Possible  combinations of 

orbit altitude and orbit inclination for  this c a s e  a r e  given inTable  

One, ranging f rom 300 miles and 7 9 .  6 O  to  1000 mi les  and 72. O o ,  

second c lass ,  the launch of the second satel l i te  would be one 

F o r  

hour a l t e r  the zenith passage of the f i r s t ;  the  second satellite's 

absolute precession ra te  would be 0 . 6 O  p e r  day. Table One a l so  
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gives the possible combinations for  this case,  ranging from 85. 6 O  

at 300 miles  to  82. 4 O  at 1000 miles ,  

No exhaustive study has been made of the relative mer i t s  

of the two cases  or  of the optimum altitude within each of them. 

In the present  s ta te  of launch technology, desired orbit inclinations 

can be obtained f a r  m o r e  exactly than can orbit altitudes. 

effect of orbit altitude e r r o r  on desired precession ra te  

The 

var ies  f rom about 0. 0 4 O  p e r  day p e r  100 miles  at  8 5 O  inclination 

to  about 0 . 1 4 O  per  day p e r  100 mi les  at 7 2 O  inclination, Thus 

a high inclination angle would seem very desirable,  It would 

also seemlogical  t o  keep the inclinations of the two orbits 

approximately equal, although the value of this would require  

fur ther  study to  be s u r e  i t  exists,  High orbit altitude has the 

value of increased coverage and increases  the probability of 

achieving an orbit with a significant life in the event the desired 

altitude, o r  orbit circularity,  is not attained. These considerations 

would seem to  favor launching the second satell i te one hour 

d t e r  the zenith passage of the f i r s t  on a 1000 mi le  altitude, 82. 4 O  

inclination orbit, Should equal orbit inclination be found to  be a 

fac tor  of significant value, consideration could be given to  some 

reduction in orbit altitude of the f i r s t  satell i te concurrent with 

increased orbit inclination. This would, however, increase  the 

difference in  relative coverage of the two satell i tes,  and ,  i f  

the s a m e  sensor  systems were used, the difference in resolution 

of the observable features.  
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TABLE 1 

Orbit Inclinations, as a function of orbit altitude, for precession 

rates (of the plane of the orbit) of 1. 4, 1. 0 and 0. 6 degrees per  

day. 

Orbit Altitude 
LStatute Miles) 

300 

400 

500 

600 

700 

800 

900  

1000 

Precession Rates (Degrees pe r  day1 

1. 4 1. 0 0, 6 

79.6 82. 6 85. 6 

78.6 81. 9 85. 2 

77.6 81. 2 84. 7 

76, 7 80. 5 84. 3 

75. 6 79.7  83.9 

74, 3 78. 9 83, 4 

73. 3 7 8 . 1  82. 9 

72. 0 77 .3  82.4 
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APPENDIX A 

ATTITUDE DETERMINATION FROM PICTURE DATA* 

TIROS I i s  equipped with special sensors to telemeter the sun 

and horizon positions. 

satellite Computation Center can calculate the attitude, 1. e., the 

orientation of the TIROS camera at the time of each picture. 

was expected that the Center could furnish predicted attitude for  

future orbits that would be accurate enough to  be used in rectifying 

the cloud photographs as they were received, For  several reasons 

the predicted attitudes were not sufficiently accurate, and through- 

out the real-time I. 0. U. experiment it has been necessary to rely 

exclusively on attitudes that were deduced directly from the photo- 

graphs. 

to  use in this situation (Conover and Sadler, 1960). However, under 

the pressure of this constant I'emergency, 

evolved into a somewhat different form, in order to make their use 

With good data from these sensors the 

It 

Provisions had already been made for emergency procedures 

the procedures have 

feasible on a real-time basis by the personnel whose primary concern 

is necessarily that of a rapid and efficient meteorological analysis. 

The purpose of this appendix is to summarize and to systematize 

these developments. One particular concern is to insure that data 

from a complete sequence of pictures can be incorporated into a 

single self-consistent attitude analysis, and that it can be related 

to the results for  preceding orbits so as to provide a reasonably 

"This Section was written by Dr, C, Dean, Allied Research Associates, 
hc. The work was sponsored under Contract No. AF 19(604)-5581, 
under ARPA Order No. 26-59, 
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accurate smoothed interpretation from the rather inaccurate individual 

bi ts  of data. A second concern is to  permit useful short-term extrap- 

olations 

for the initial analysis of a new sequence of pictures. 

A. 2 Attitude Nomoprams 

to  be made by the meteorological personnel, when needed 

To interpret each picture we must know the direction in  which 

the camera was looking, in addition to  the location of the satellite 

at that instant. 

in line with the symmetry axis of the vehicle and with its axis of spin, 

Thus in the unperturbed calculations this direction [the attitude of the 

camera) is a constant vector in space, which we shall denote by the 

unit vector 

The TIROS design places the optical axis of the camera 

F o r  convenience in  the meteorological interpretation - N should be 

described in  a local coordinate system that is suitably aligned relative 

to the earth€s surface at the satellite sub-point, i. e,, the point on 

earth directly beneath the vehicle, We use the nadir angle, n, the 

angle between N - and the line from the satellite through the center of 

the earth, 

we take 5 ,  the azimuth angle of - N, to  be positive clockwise (as  

seen looking down at the earth) from a reference direction which is 

tangent t o  the projection of the orbit onto the earth's surface at the 

subpoint, and which points in  the direction opposite to  the motion 

of the satellite. 

coordinate system which travels with the satellite, as shown in 

Figure A-1. 

To combine operational expediency with simple mathematics 

These variables describe N, in  t e rms  of a polar 
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We need expressions f o r t  and n as functions of time, the orbital 

elements, and the spin direction in  space, since this is the basic 

informtion which is currently available at the meteorological interpretation 

center. These expressions a re  simple for circular orbits, but to  

include the case of elliptical orbits we first derive them as  functions 

of the true anomaly, w, i, e., the angle beyond perigee of the satellite 

in its orbit. 

vector normal to the orbit, z (we take t 5 in the direction of the orbital 

angular momentum of the satellite). 

the moving satellite, therefore, ,N appears to describe a circular 

cone about g. The nadir angle varies with the position of the satelUte, 

and has the minimum value n = 1900 - a /at a particular true anomaly 

which we shall denote by w0. 

with the sign of (90° - a), constitute a complete description of the 

direction of ,N in space relative to the orbit. 

definition we would necessarily have 0 5 n o z  90°,  it is useful to 

incorporate the sign by re-defining n0=900 - a, that is, sin n = 

The vector P-J makes a fixed angle, a, with the unit 

As seen from the viewpoint of 

0 

The parameters no and wo, together 

Since according to this 

0 

,N Z The geometry for this set of variables is shown in  Figure 

A- 2. 

The functions f and n a r e  found by considering the two different 

sets of polar angle variables relative to  a moving right-handed 

Cartesian frame whose z axis is normal to the orbit, as above, and 

whose x axis is in the direction from the satellite to the center 

of the earth. Denoting the components of ,N in this frame as (X, Y, Z), 

we have 
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=cos (n) 
=sin a cos (w - w )=cos (no) cqs (w - wo) 
=sin(n) cos ( e )  " I  0 

=-cos (no) sin(w - wo) wJ y \  = -sin a sin(w - 
=sin n sin " 1  =cos a = s in  no 

Equating the two expressions for each component, we arrive at the 

computational formulae: 

wO) I (1) 
cos n = cos no cos (w - 
ctg f =-ctg n sin(w - w 

0 0 

For  circular orbits we may measure w from the ascending node 

of the orbit. Since w varies linearly with time in this case, we can 

write 

(w - wo) = 360 (t - to)/T degrees, (2) 

where t is the time elapsed since the ascending node, to is the value 

of t at which the minimum nadir angle occurs, and T is the period 

of the orbit. For  elliptical orbits the non-linear relation between 

t and w is that between mean anomaly and true anomaly, as described 

in texts on celestial mechanics (Moulton, 1914). 

The preceding discussion is for unperturbed orbits. With 

sufficiently small perturbations on either or  both the orbit and the 

satellite spin direction, n and w (o r  to) may be taken as constant 
0 0 

throughout any single orbit, but there will be a slow cumulative 

change in these parameters with successive orbits. To within the 

current accuracy of the picture rectifications, this seems to be the 
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case  with the T I R B  I pictures, although the changes do become 

appreciable for  this work in the order  of ten orbits. 

€or any given picture in  any orbit can be calculated from(1) if  no 

and wo o r  to a r e  known as, say, functions of orbit number, 

Thus the aspect 

F o r  the TIROS picture rectifications the accuracy of graphical 

attitude computations is ample, 

the functions of Equation (I) a r e  plotted in  Figure A-3 for  selected 

values of no; these can be considered as universal curves. 

graphs a r e  drawn for  positive no only, F o r  negative values of no 

the same curves a r e  used, the only change being to  interpret f as 

negative, i, e,, angle counter-clockwise from the path of the orbit, 

F o r  a circular orbit a linear t ime scale is to  be related appropriately 

to  the angular abscissa, w, the scales being adjusted according to  

(2) to make the t ime interval of one period, T, match the angular 

interval of 360O.  

a separate s t r ip  of paper, 

orbit is aligned with the graph position (w - wo) = 0, so that n and 

[ can be read off for any value of t during the orbit by using the 

curves f o r  the proper value of n 
0, 

illustrates the time scale alignedproperly for  the case to= 12 min, for  

a circular orbit with the period T = 99. 2 minutes. 

To permit a simple procedure 

Both 

F o r  convenience the t ime scale can be laid off on 

In use, then, the value t = to for  a given 

A separate scale in Figure A-3 

Although the curves of Figure A-3 also apply to elliptical orbits, 

the proper non-linear t ime scale must be laid off on the separate 
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st r ip  of paper, and t = 0 must always be taken as perigee rather than 

the time of ascending node. 

eccentricity of the orbit into account it will be necessary to  construct 

a running graph of perigee times after ascerding node, as a function 

of orbit number, since only the ascending node times a r e  currently 

received f o r  each orbit at the meteorological analysis sites. 

graph can be made from the orbit elements which a r e  received every 

two weeks or  so. 

to correspond to  the gradually changing eccentricity of the orbit. 

& 3 Determination of Attitude Parameters  f rorn Satellite Photoeraphs 

If it becomes necessary to take the 

This 

New time scales would b e  required from time to t ime 

In this section the discussion will be limited to the case of circular 

orbits, since this case is a good approximation for  the TIROS I 

experiment. 

same except for  the additional complication needed to  distinguish between 

the use of t and w as  the independent variable, 

A. 3. 1 The Uses of Nadir Annle Data 

The nadir angle can be measured directly from nearlyevery 

The discussion f o r  elliptical orbits is essentially the 

Photograph which shows the horizon (Conover and Sadler, 1960). 

Although this can be done by measuring the shortest distance in the 

Picture from the principal point to the horizon, it is helpful to do so by 

trial  and e r r o r  with a selection of perspective grids, since thehorizons 

on the grids have been drawn t o  conform to the rather queer distortions 

in the T I R E  I lens, 

within the picture borders from picture to  picture has been checked 

In fact, i f  the amount of rotation of the horizon 
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carefully, or the sun angle data can be deciphered, it is possible to 

determine the nadir angle fairly well from only a short section of 

horizon in the corner of a picture, even when the horizon point nearest 

to the principal point actually lies outside of the picture itself. 

The set of nadir angles for a sequence of pictures taken at known 

times will determine values fo r /  no I and to; only the sign of no 

remains to be found, 

With ideal nadir angle measurements only two pictures would be needed 

to fix the two parameters. 

measurements makes it preferable to  use all the nadir values that have 

been obtained for a sequence, and to choose I no/ and to for the best 

fit to a curve from Figure A-3. 

nadir angles against time on a separate sheet, and using a copy of 

Figure A-3 which has been prepared on a transparent overlay. This 

apparatus can of course be used also in place of that described in the 

preceding section to predict n and 5 . 

The first of the formulae in (I) is used for this. 

However, the uncertainty of the individual 

This is done quite easily by plotting 

It is a particular virtue of this method of aspect determination 

that it involves no picture analysis of consequence, The measurements 

and the curve fitting can be accomplished in the first few minutes of the 

routine analysis of a picture sequence. 

the nadirs for  all possible pictures in a sequence, even though some 

frames will not be needed for the subsequent cloud analysis. 

this it is possible to determine a surprisingly convincing curve f i t  in 

spite of fairly appreciable e r rors  in the ihdividual measurements. 

It is expedient to  measure 

By doing 
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It is obvious that the individually measured nadir angles a r e  useful 

in themselves, since they can be applied directly in  the rectification 

of the individual pictures. However the practice of fitting the values 

to a curve at the beginning of a cloud analysis provides a guide f o r  

Westionable f rames,  and a rapid and logical extrapolation for  frames 

in which no horizon is visible, 

angle curve prescribes a particular no, and thereby prescribes the 

azimuth angles, aside from the question of sign. Although the fit is 

somewhat insensitive to  no for  the higher nadir angles for which the 

horizon data a r e  fairly exact, and the derived azimuths a r e  consequently 

only approximate, this can be a useful guide in special cases. 

In addition, the f i t  of the nadir 

An unexpected but very useful application of the nadir angle data 

in the station has been to check the t ime of the f i rs t  picture in  a sequence, 

Particularly f o r  the tape- recorded remote pictures, 

on nadir angle data from the accurately timed direct picture sequences 

it has been possible to obtain values of t which fall with relatively 

little scatter around a smooth curve against orbit number. 

@xtrapolations of this curve f o r  ten orbits o r  so beyond the last such 

data have been found accurate t o  within about a minute, 

such an extrapolated value can be taken as  a reference against which 

By relying heavily 

0 

Freehand 

Therefore, 

indicated to from a remote sequence can be checked; any major 

discrepancy indicates the approximate e r r o r  in  the timing of the first 

Of the remote pictures. 

This technique has been particularly helpful for sequences in which 

Considerably fewer than the expected number of pictures (32)  were 
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received, 

correspond t o  either the beginning o r  the end of the intended full 

sequence (presumably the tape recorder sticks part way through either 

the recording o r  the playback), 

reproduces the predicted t 

In these cases  it appears that the existing pictures usually 

The choice of a picture timing which 

generally settles this question, 
0 

Clearly distinguished landmarks a r e  of course better than nadir 

angle for settling timing questions. On occasion, however, the use of 

nadir angles t o  determine approximate timing has led to the subsequent 

recognition of faint landmarks with sufficient certainty to permit a 

final accurate timing check, 

A. 3. 2 Azimuth Determinations 

An independent determination of azimuth angle can be made whenever 

a known vector on the surface of the earth can be located relative to 

the principal axis in the photographs. The line from the subpoint to a 

landmark point is such a vector, Two landmark points in one picture 

provide an independent vector, and of course an extended landmark is a 

congeries of such vectors. 

azimuth for an individual picture is essentially automatic in  the TIROS 

rectification procedure, since the analyst is logically forced to  orient 

his sketch map properly in order  to  have the landmarks correspond 

to what he sees  in  the atlas by his side, 

a r e  rare,  so  that only occasionally can this procedure be used directly. 

The use of landmarks to determine the 

Unfortunately good landmarks 

Sharply distinguishable and precisely located cloud features a r e  

usually found in some pictures of every sequence, 

is unknown apart from the pictorial evidence itself, the clouds in  a 

Since their  location 
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single picture cannot specify its orientation, 

fact that there is considerable overlap between the areas viewed in 

successive TIROS pictures means that the velocity vector of the satelUte 

can be deduced relative to the principal axis, from the apparent motion 

of the cloud features from one picture to  the next, 

vector is in fact known precisely from the orbit data, the azimuth of 

the principal axis can b e  determined. 

On the other hand, the 

Since the velocity 

Let us consider the distinctive cloud features to b e  rectified 

onto a blank map, i, e,, onto a blank sheet of paper, from one particular 

picture. 

orientation a r e  known.) Let the subpoint and the direction of the principal 

line from it also be indicated on the map. 

ideal, the rectification of the same clouds from adjacent picture f rames 

would be identical, since the t ime lapse between the pictures is trivial 

relative to that needed f o r  significant cloud developments on the scale 

of the resolution of the pictures, Therefore let us consider the original 

rectified sketch to be moved to make the cloud pictures appear correctly 

on the transfer grid according to the next picture, and then enter the 

subpoint and the direction of the principal line for  it for  that picture, 

The pair  of subpoints is obviously parallel to  the projection onto the 

earth of the velocity of the satellite relative to  the earth, 

considered obvious that the cloud velocities relative to  the earth a r e  

(It is assumed here  that the proper perspective grid and its 

If the pictorial data were 

(It is 

negligible in this context. ) The projection of the t rue  velocity is 

obtained after a minor correction for  the velocity of the earthts surface, 
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that is, for the amount that the earth has rotated during the t ime between 

the two pictures. 

known (all we really need is the path of the subpoints, corrected for 

the earthts rotation), the azimuth as defined in the preceding section 

is immediately read off the rectified map. 

Since the satellite velocity vector in space is precisely 

it seems reasonable to claim that an azimuth determination from 

cloud features can approach the accuracy of a determination from 

landmarks. 

frequently found and the effect of distortions in the pictures is similar 

in the two cases. 

characteristically involved at least two pictures in a sequence, and it 

is often possible to use several cloud features to derive an over-all 

azimuth determination that is based on quite a number of the pictures 

in a sequence, 

of averaging over the various distortions in the pictures, with the 

somewhat surprising result that one may at times claim even a better 

determination from clouds than from a landmark clearly seen but 

usable in only one or two pictures. 

features can be used much more often than landmarks makes the 

technique quite important. 

Clearly recognizable points in the cloud structure a r e  

In addition, the determination from cloud features 

Consequently the use of cloud features permits a form 

In any case the fact that cloud 

The procedure is described in detail above to  illustrate its 

theoretical basis. In the real-time operations a t r ia l  value of azimuth 

is often chosen by intuitive extrapolationf mm the analyst's recollection 

of a sequence from a prior orbit. 

guide the choice of azimuth for  subsequent pictures, and t r ia l  and e r ro r  

The principles outlined above then 
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adjustments a r e  made if necessary, 

sequence of steps outlined in  the preceding paragraphs is precluded 

at present, since the rectification is done onto a map on which the 

string of subpoints has already been marked. 

time operation rule against separate trial maps and also against 

completely new starts if a minor discrepancy appears. 

The use of the relatively direct 

The exigencies of real- 

It is recommended that the curves of Figure A-3 and the 

running charts of n 

As stated earlier,  the sequence of nadir angles for  a given picture 

sequence prescribes a particular n 

although the prescription is not necessarily very precise. 

noted that this is t rue  even with an incorrect choice for  the time of 

the initial picture of the sequence; no and t a r e  orthogonal i n  this 

sense,) Whatever good determinations can be made from landmarks or 

from cloud features can be used to  guide the choice of the best *ralue 

fo r  n In any event, it  should be thoroughly understood by the analyst 

that the choice of both nadir and azimuth angles for an entire sequence 

should be considered as a single simultaneous curve-fitting operation, 

hit ially there  was some belief that the aspect was in fact wobbling, 

6 0  that deviations from the curves of Figure A-3 should be expected, 

At present, however, it appears that i f  such wobbling occurs its 

amplitude is too small  to be  important relative to the present uncertainties 

in the rectification process. 

and to be used fully to supplement theabove procedures. 
0 

and thus the azimuth angles, 
0 

(It should be 

0 

0' 

The curve-fitting that is described above could be done by an 

automatic computer. However, the over-all uncertainty of the data and 
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the use requirements make the accuracy of the graphical method 

perfectly adequate, and the t ime needed to perform it is scarcely 

more  than that needed to record the observed angles. 

this, an automatic program for use with these highly redundant bi ts  of 

data, each of which is subject to a wide variety of random and 

accidental e r ror ,  would require elaborate provisions to tes t  for 

every possible data flaw, if its answers were to compare favorably 

with what can be done by human judgment. 

a r e  progressively refinedmuch more  accurate predictions of attitude 

will be possible from the Computation Center, so  that the present need 

f o r  emergency provisions will all but disappear, It is unlikely that a 

significant saving of man-hours would have been realized by that t ime 

through the development and use of a separate automatic computer 

program f o r  use in the satellite meteorological interpretation center. 

In addition to 

As future satellite systems 
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APPENDIX E 

IMMEDIATE OPERATIONAL USE (I. 0. U. ) PROGRAM OF TIROS I* 

Bm 1 Introduction 1 

TIROS I was in operation for about 75 days. Its creation and operation 

has been an unqualified success from the technological point of view 

and i ts  televised pictures are  demonstrating the greatest advance 

in weather observing and mapping since the telegraph made possible 

the f i rs t  "real time" synoptic 'weather map. 

The remarks contained in the following paragraphs a re  intended 

as a review of the operational procedures used during the I, 0. U. 

Program for  TIROS I. 

& 2 Operational Procedures 

B. 2. 1. RectifiS&tion of Pictures 

B. 2. 1. 1. General 

The rectification techniques underwent a period of experi- 

bentation and evaluation at Belmar out of which emerged a rather 

working procedure. During the f i rs t  few days of operation, 

pictures we re  carefully monitored for quality and information 

Later, rectifications content and obvious landmarks were noted. 

attempted for passes having recognizable landmarks, as  this 

@nabled obtaining accurate fixes to permit positive picture location 

and to determine the azimuth of the principal line, At this point 

1 

*This section was written by R,. J, Boucher, Allied Research Associates, 
In,. 
'WA Order No, 26-59, 

The work was sponsored under Contract No. AF 19(604)-5581 under 
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in the operation there was no positive knowledge regarding the behavior 

of the satellite's optical axis and there was considerable doubt about 

the accuracy of the picture timing mechanism. 

i t  was considered impractical to attempt rectification of picture 

sequences having no landmarks, 

F o r  these reasons 

In time i t  was realized that the azimuth of the principal line 

changed very slowly from day-today at the same latitude. Hence it 

was possible, having established the azimuths on one orbit, to use 

these same values for successive orbits at the same latitudes. Errors 

in the timing system ("clock") were run down and the given time of 

s tar t  of remote pictures became quite reliable. 

possible to rectify a large number of the remote passes. 

simple but very useful technique was to determine the image rotation 

rate in  that portion of the picture sequence having a horizon for fitting 

the perspective grid. 

day, it was possible, knowing it, to continue rectification down to  low 

nadir angles even after losing the horizon, by continuing to apply 

the same rate of image rotation to locate the principal line in the 

picture. This technique worked very well. However, as  the minimum 

nadir angle position was reached, the azimuth of course rotated very 

quickly by a large angle and i t  was necessary to  fit the cloud patterns 

very closely to avoid confusion. 

Thus it became 

Another 

Since this rate changed very slowly from day-to- 

R. 2. 1. 2 The procedure 

P r i o r  to receiving the f i r s t  film positive, subpoints for all 

possible pictures from all of the day's passes as given in the program 
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were plotted on transverse mercator maps, 

outlines were also traced on these from a previously prepared library 

Of outlines. Status reports for  each orbit were checked for possible 

changes from programmed times. Having received the film, it was 

f i r s t  checked f o r  consistency with the program and, i f  direct, with 

the events recorder data to establish the actual time of start  of pictures 

sequences. In this inspection landmarks were identified and a decision 

made as  to feasibility of rectification, Having decided on rectification, 

the film was placed in one of the two Simmon-Omega enlargers and 

Projected onto a mas ter  focus sheet which had been prepared 

from lens calibration data for the wide angle camera. 

a "best fit" of the fiducial marks on the film to those of the focus 

sheet, a blank sheet was laid down and the film fiducial marks traced 

@Xactly. 

thereby saving considerable time, 

The pertinent geography 

Having obtained 

This eliminated the necessity of "fitting" each picture 

Rectification then proceeded. If landmarks were available, it  

was customary to  use these as  a starting point, giving a good check 

on the time of the pictures. If no landmarks were available, rectification 

with pictures having horizons somewhere near the middle 

Of the picture. 

perspective grid and for establishing the principal line. 

Of the principal line azimuth was then obtained from the latest available 

This provided a reliable horizon for fitting the 

An estimate 

rectification covering the latitudes of interest. The principal 

Point location on the map was determined by scaling off the distance 
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along the azimuth from the plotted sub-point which is a function only 

of nadir angle, assuming a constant altitude of 450 miles. This scale 

was laid off on the transfer grid for convenience and labelled in  t e rms  

of the nadir angle, 

In the rectification, which was performed directly onto the trans- 

verse  mercator  map, major cloud features were located a s  precisely 

as possible. 

If no serious timing e r r o r  developed the sub-point locations were quite 

accurate and the rectification proceeded smoothly-- one picture "dove- 

tailing" into the next with a minimum of compromise necessary. 

However, because of the presence of some lens distortion, not known 

at the time the perspective grids were computed, the fit of individual 

cloud features from one picture to  the next was not perfect--the largest 

departures occurringnear the picture edge where presumably the 

uncompensated distortion was greatest. 

problem was not serious- - simply another undesirable feature which 

"had to be lived with. If 

Smaller scale features were indicated schematically. 

In general the distortion 

The end product of this process was a transverse mercator  map 

on which were sketched, in more o r  less  crude form, the cloud 

features and distribution of cloud cover a s  abstracted from the picture 

by the analyst. 

room fo r  differences in  interpretation. However, i t  is also quite 

apparent to  those who partook most extensively in the analysis, that 

after a sufficient amount of experience has been acquired by a competed 

analyst, differences tend to  become rather insignificant--to use an 

Jn carrying out this one step there is considerable 
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analogy: the shape of the letters may differ between analysts-- 

but the words of the message and even the spelling of the words a re  

the same. 

Regarding the requirements of the analyst, he should be a 

Professional meteorologist of research calibrewith a considerable 

background in synoptic analysis of hemispheric scope and at least 

some forecasting experience. 

necessary to grasp the significance of cloud patterns and abstract 

Such a person will have the tools 

essence--and acquaintance with forecasting problems will give 

a means of evaluating the usefulness of the information and assist  

him in presenting i t  effectively to the user. 

and, to some degree, interpretation goes on during the rectification 

Process, a s  described above, it would be a serious mistake to employ 

inadequately qualified personnel to  car ry  out this most important 

Because so much abstraction 

step in the data reduction process, 

J3. 2. 2 Transmission of Data 

Having completed the rectification, two choices were available: 

(a) to transmit the transverse mercator  map, and (b) to transfer 

the analysis to a smaller scale map and transmit, Both procedures 

followed at various t imes at Belmar, Procedure (a) was the 

least time consuming, However, even this process required additional 

kork on the map after the t ransfer  of data to render it suitable for 

acsimile transmission, 
f 

a 'lean map. 

t 

In some cases  it necessitated tracing onto 

Often the size of the rectified map precluded i ts  

ranemission in  a single section. Procedure (b) was utilized most 

%uently for two reasons: 
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(1) To reduce the map size and permit transmitting the entire 

rectification, in a single transmission 

(2) To standardize the size and scale of maps transmitted, 

The adoption of half-scale grids and maps during the latter part 

of TIROS I operation made it possible to transmit the original map, 

However, it was still found desirable to transfer the data to a 

1:20, 000, 000 mercator map with printed geographical outlines. This 

became more or  less  the adopted standard base map for  transmitting 

rectifications from Be lmar, 

In addition to the transmitted rectifications, summaries were 

prepared for each readout of data and transmitted by teletype. 

contained an evaluation of the number, quality and content of the pictures 

and a brief descriptive summary of cloud forms seen, their probable 

synoptic interpretation and locations and visible landmarks. 

These 

B. 2. 3 Utilization of Data 

Rectification of TIROS I cloud data has been considered 

throughout the operation to be on a strictly experimental basis. 

Accordingly no commitments were made to provide any operational 

group with specific data, Moreover, the relay of TIROS I nephanalyses 

by facsimile was done on a contingent basis as circuit time was available. 

Yet, in spite of these serious limitations, there was positive evidence 

that the TIROS I data, limited a s  they were, were very useful, 

Several instances have been citedby Widger (1960) where the TIROS I 

data provided the only solution to a problem involving cloud cover. 
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The TIROS I data, when integrated with conventional nephanalyses, 

resulted in much improvement in cloud depiction over water areas. 

Even in regions of dense weather reporting networks, the TIROS I 

data frequently delineated cloud patterns not apparent from an analysis 

of the ground sequence observations, 

Thus TIROS I observations served at both extremes: to supply 

Rleteorological information not available by other means, and to  

indicate the organization existin2 in the clouds even for a region 

having adequate ground observation. 

All of the known feedback originated at military installations-- 

hence there is at this writing no knowledge of the usefulness of the ' 

TIROS data in synoptic analysis and medium range general forecasting. 

B. 2. 4 Ooerational Difficulties 

B. 2. 4. 1 General 

This section will enumerate only those problems which were 

not adequately solved during the f i rs t  three months of TIROS I 

Operation, As anticipated, the f i rs t  few weeks of operation of the 

stations brought to light a number of difficulties due to the 

lbRIPlete newness of the operation, 

were minor and were solved by the meteorology teams on site. The 

more difficult problems requiring more elaborate techniques wi l l  be 

discussed below, 

The majority of these problems 

B. 2. 4. 2 Attitude Data 

In the original TIROS plans, attitude data for each picture 

were to be predicted by the Computation Center and transmitted to 
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the meteorological picture analysis center, along with the sub-point 

data. This was done, but the predicted attitudes were quickly shown 

to be useless by incontrovertible landmark data. 

had been prepared to cope with occasionally missing parts of the 

predictions, but the complete failure of the predictions throughout 

Emergency procedures 

the TIROS I operations had not been anticipated. 

The meteorological analysis teams quickly devised means of 

inferring attitudes directly f rom the photographs, and these methods 

were used throughout the I. 0. U. program. 

primarily on a visible horizon in each picture todetermine i ts  nadir 

angle, with simple interpolation o r  extrapolation being trusted for 

perhaps two o r  three picture frames. 

These methods depended 

The overlap of the cloud areas  

seen in successive frames helped in  the choice of azimuth directions, 

but with little time to survey the basic geometry involved,these methods 

were considered inherently inexact, and great reliance was placed 

on the occasional good landmarks that were seen. 

it was recognized that the rectified nephanalyses were fairly accurate 

Nevertheless, 

in general. 

The Meteorological Satellite Section of the U. S. Weather Bureau 

began analyzing the attitudes deduced from the pictures and predicting 

future attitudes, Apparently they also placed major emphasis on 

landmark data. Although their predictions were quite good, each 

prediction reached f a r  enough into the future to  require an accuracy 

dynamic analysis for adequate precision, rather than a simple 

extrapolation of the perturbation parameters,  However, this work 

would have furnished the foundation for  accurate attitude data for  all 
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of the incoming pictures if it had been possible to  quickly and conveniently 

modify the extrapolated attitudes in the rectification process to take 

into account the new pictorial data as  it became available. 

Since i t  was apparent that both the in-station procedures and the 

MsS computations were giving valid results, Allied Research scientists 

turned to the question of possible revisions in the kinematic description 

which would permit a more unified and complete use at the data 

malysis site, The nature and the completenegs of the pictorial 

attitude data was reviewed a s  well a s  the form of the perturbation 

Parameters that would be the most convenient and meaningful for 

analyst performing the rectifications. The result, described in 

A, is a nomogram in which the nadir and azimuth angles 

for the pictures as  a function of time in a given orbit a re  shown as 

a tWo-parameter family of curves, the parameters being the value 

Of the minimum nadir angle f o r  that orbit and the time after perigee 

(Or ascending node,for a circular orbit) at which it occurs. These two 

Parameters a re  equivalent to a description of the satellite spin 

Orientation in space, but they have a precise and obvious meaning 

In terms of the variables that a re  most directly used by the meteorological 

in performing the rectifications and nephanalyses. I By 

these functions as  a family of universal curves, the parameter 

alu@s f o r  a new sequenc; of pictures can be deduced by finding the \r 

best fitting curves f o r  the set of all nadir and azimuth angles that can 

be deduced f rom that sequence. This provides an up-to-the-minute 
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check on the accuracy of the predicted parameters. 

orbits in the future can be read off the curves that are  specified by 

the predicted parameters.  Since the entire process is graphical, 

and involves only numbers which a re  used directly in the rectifications, 

the additional time required is trivial. 

o r  exceeds the precision with which the individual pictures can be 

rectified. 

Attitudes for 

The precision easily matches 

It is believed that the failure of the original attitude prediction 

program occurred because the telemetered information from the sun 

and horizon sensors was considerably poorer than anticipated. 

should be appreciated that the use of the pictures to deduce attitudes 

has the tremendous advantage of using human judgement in an effective 

way to screen the data for  both expected and unexpected flaws, and 

to reject o r  occasionally validly modify it before using i t  in  the 

computations. 

and included wrongly labelled data (e. g., obviously wrong orbit number), 

incomplete remote picture sequences for which the picture taking 

t imes could be established only by ingenuity, and a myriad of 

oddities generated by electronic noise. On the other hand i t  also 

should be appreciated that the computation center was committed 

to an experiment on the functioning of the satellite system as planned. 

Thus the unfortunate fact that the original attitude part of the system 

was inadequate in effect forced the institution of a second attitude 

program based on the pictures, to serve the nephanalysis center. 

It 

Such flaws in predicted data were found by the score, 
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Both 

considerable logic in the arrangement that evolved, in that the 

system experiment continued at the main computation center while 

the( nephanalysis service computations were performed in close 

contact with the meteorology group. 

programs were needed in the total experiment, and there was 

8, . 1 

417 



Blank page r e t a i n e d  for p a g i n a t i o n  



APPENDIX C 

- RADARSCOPE PHOTOGRAPHY PROGRAM FOR TIROS I* 

A contract for research directed toward the use of synoptic 

radar observations in the interpretation of satellite cloud observations 

was negotiated with Stanford Research Institute in July 1959. The 

Purpose of this appendix is to acquaint the reader with the location 

Of stations, a r ea l  coverage afforded, dates and times for which 

radarscope photography was accomplished during the operation of 

TIROS I. Also included are  the dates and t imes of fifteen composite 

radarscope charts that were constructed for simultaneous satellite 

comparisons . 
The Radarscope PhotoPraPhv Program 

L.2. 1 Comp 1 etion of Preparations- 

Early in 1960, eighteen Air Defense Command radar stations 

visited by personnel of S. R. I. for the purpose of installing 

'Pecial equipment needed in the photography program and indoctrinating 

Station personnel in the procedures to  be followed during the operation. 

additional ADC stations were visited for the same purpose during 

the middle of March, 1960. 

A flight test  was arranged with the 55th Weather Reconnaissance 

'quadron to  ascertain the usability of airborne radar data in the program. 

% material  was taken from a report entitled "Research Directed 

Of satellite Cloud Observations", by R. E, Nagle, R. H. Blackmer 
and G. He Ligda, Stanford Research Institute. The work was 
'ponsored under Contract No. A F  19(604)-5982, under ARPA Order 
'O- 26-59. 

the Use of Synoptic Radar Observations in  the Interpretation 
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The results indicated that this type of data would be of outstanding 

value in evaluating oceanic precipitation patterns. The refore, the 

three existing worldwide based weather reconnaissance squadrons 

were integrated into this program. 

Film, logs, manuals, and other supplies suffi'cient to maintain 

the photographic operation for approximately one month were mailed 

to all participating stations. Early in March, 1960, a test  was conducted 

to determine i f  all the camera equipment was still in operational 

condition, and to  evaluate adherence to  the procedure outlined in 

the Weather Watch I1 Manual and in  the airborne addenda. This test  

was quite fortuitous. All but two stations had experienced difficulties: 

consequently, it  was possible t~ correct  most malfunctions in time f o r  

the launching of TIROS I. 

As of 31 March 1960, the following ground and airborne radar  

stations were in readiness to commence the photographic program: 

25 Air Defense Command Stations 

4 Research Groups 

5 Weather Bureau Stations 

5 Navy Picket Stations 

12 Air Weather Service Stations 

3 Airborne We ather Reconnaissance Squadrons. 

The location and areal  coverage afforded by these radar stations 

is shown in Fig. C-1". 

*The weather reconnaissance tracks shown a re  the regularly scheduled 
flights and a re  not necessarily the actual tracks flown on any particular 
day. 
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C. 2. 2 Phase I of the Photoeraphv Propram 

On 1 April 1960 the successful orbiting of TIROS I required that 

Photography begin by stations that had been organized for the program. 

In anticipation of a successful launch, the participating ADC stations 

had previously been notified to begin photography at 00002, 31 March. 

Therefore, 

TIROS was launched. As a result of confusion about the "operational" 

status of the satellite, some delay was experienced in  notifying the 

AWS stations of the beginninq of the effort. However, on or before 

many of these stations were taking pictures at the time 

April 1960 all stations had been notified and by then they were 

@%aged in taking pictures. 

When we were notified that the satellite was assuming an unfavorable 

attitude to take pictures in the area of our radar  coverage, a message 

was sent to  a l l  participating stations that requested the stations to 

photography, The f i r s t  photography period (hereafter 

to as  Phase I) ended about 19 April. 

termination dates was due to our notification of ADC stations by mail. 

The variation in 

The film accumulated during Phase I is generally of good quality 

and almost continuous in areal and time coverage. 

'Pread precipitation a reas  recorded by more than one station have 

Several wide- 

noted in reviewing the film. 

The fi lm received from the various organizations during the Phase 

I Photographic period is a s  follows: 
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66  100-foot rol ls  f rom ADC stations 

8 100-foot rolls f rom the Navy Picket Ships 

18 100-foot rol ls  f rom Research Groups ( 2  of the 4 groups) 

13 100-foot rolls f rom the Weather Reconnaissance Squadrons. 

In addition to  these rolls of 35mm film, some 8 , 7 0 0  Polaroid 

pictures  were received f rom Air Weather Service and Weather Bureau 

stations. A comprehensive listing of the t ime, dates, and locations 

for  which film is available is given at the end of Appendix C. 

All film has been reviewed for  quality control and weather content. 

Evaluation sheets  were sent to  stations on each roll  of film t o  indicate 

its general  quality and to  advise of any equipment malfunction o r  

objectionable deviations in procedures.  

C. 2.3 Phase  I1 of the Photography P r o g r a m  

With notification that the satellite was again taking pictures north 

of the equator, the stations were requested t o  recommence photography 

on 5 May 1960. 

Some changes in  the participating stations were necessary  i n  

this phase of the program. Film f rom the Navy picket ships was no 

longer available due to  the termination of the contract through which 

these data were being obtained. 

Grounding of all Ai r  Weather Service reconnaissance aircraf t  

forced  a termination of the i r  efforts in  the program. The loss of this 

unique and high- quality data is extremely regretable,  especially i n  

light of the amount of precipitation seen on the film acquired f rom 

this  source during Phase  I of the operation. 
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It was felt highly desirable to maintain some radar coverage 

Over oceanic regions because of the interesting patterns seen over 

the oceans in the satellite cloud pictures. 

with the 552nd AEW and C Wing Headquarters to use the facilities 

of the squadrons under their command in the remaining phases of 

weather Watch 11. 

24 hours a day, some 450 miles off the West Coast of the United 

States. 

during daylight hours on all four of their  stations. 

Arrangements were made 

This wing maintains four airborne radar  stations, 

Continuous radarscope photography began on 13 May 1960 

The location and coverage afforded by stations participating in 

Phase I1 of the Photography program is shown in Fig. C-1. Additional 

listings of the times and locations of film available wil l  be prepared 

at intervals as  the film is accumulated. 

the following 35mm film has been received from the various stations 

durinz Phase I1 of the program. 

As of the date of this report, 

115 100-foot rolls from ADC stations 

56 100-foot rolls f rom A E W  and C stations. 

have also received some 8, 900 Polaroid pictures from the Air 

weather Service, Weather Bureau, and Navy sites. 

3 Construction of Current Composite RadarscoDe Charts 

Fifteen composite radarscope charts have been constructed from 

film data collected in Phase I of the photography program. The 

dates and times of the composites were those requested by the contract 

and correspond to a reas  and times of simultaneous satellite 

423 



2 April  1960 

cloud and r ada r  precipitation pictures.  

composite char t s  a r e  given below: 

1 April  1960 13302 

14002 

17002 

18302 

20302  

14302 

16002  

18002 

19302 

21302 

3 April  1960 17002 

5 April  1960 17002 

8 April  1960 16002 

9 April  1960 17002 

10 April  1960 14002 

The dates and t imes  of these 

Copies of these composites were mailed t o  the Atmospheric 

Circulations Laboratory,  Satellite Meteorology Sranch,  G R Q  the 

originals have been retained fo r  future analysis when rectified cloud 

pictures  become available or  when sufficient data a r e  supplied fo r  

us to accomplish our own rectification, 

A comparison of the direct  sequence satell i te cloud pictures  f rom 

orbit  number 0005 and the 20302  radarscope composite char t  of 
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April has been attempted, As no readily identifiable landmarks are  

visible in the cloud pictures, the positions of the cloud patterns a re  

uncertain, 

‘Wh this analysis. 

We are  awaiting additional aspect data before continuing 

4 Investipations Leadinp to Compatible Radar and Satellite Data 

Considerable knowledge of the data-handling procedures and 

difficulties involved in rectifying cloud pictures from the satellite 

h S  gained during the week of 23-30 May when a Stanford Research 

Ihstitute meteorologist spent the week working at th’e TIROS readout 

sit@ at Belmar, N, J, Serious reservations a re  now felt concerning 

the Ultimate ability to rectify entire cloud pictures to a projection 

‘%parable to that in  the construction of our radarscope composite 

Charts, with the accuracy and definition needed for analysis. 

Picture rectification (even graphical representations) to a map 

COm.01 ete 

of commonLy used meteorological charts will  be difficult 

if the only distortion were created by the earth’s curvature: 

the added factors of lens distortion, uncertain position, and satellite 

attitude data imply that rectification of whole cloud pictures to  a 

Projection and to the accuracy needed for ready comparison with 

the radarscope composite pictures will be difficult i f  not impossible 

to achieve. 

The solution to this problem appears to be in utilizing only 

of the cloud pictures, where distortion is negligible in 

the rectification process. Certain aspects of the satellite‘s character- 

i6tic5 and the picture-taking interval a re  conducive to accurate 

‘ectification of segments, optically, without undue difficulty or  expense, 
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Eecause the optical axes of the cameras are  very nearly along 

the velocity vector of the satellite, segments of pictures i n  proximity 

to the principle point ( + 3  degrees along the principle line and 5-7 

degrees laterally from it) and at nadir angles of 45 degrees o r  less  

a re  little distorted by the earth's curvature. 

pictures to be projected onto a section of a spherical she l l  from an 

angle corresponding to the nadir angle at which the actual pictures 

were taken. 

normal to a tangential plane through the principle point will accomplish 

an  accurate rectification of the cloud patterns in  proximitv to  the 

principle point. 

segments of the individual picture to  give an adequate areal  rectification 

f o r  analysis purposes. 

This wil l  allow the cloud 

Re-photographing the projection from a position on the 

Composites could be constructed from successive 

The problem of accurately positioning the cloud pictures in 

relation to  the radar  stations is another difficulty which will have to 

be solved before very meaningful comparisons can be accomplished. 

In the operational experiment being conducted at the readout site 

placement of the pictures according to  their  position on the earth 

was achieved primarily by aligning landmarks displayed on the rectification 

grids with landmarks readily observable in the satellite pictures. 

Rectification using this technique was considered accurate to +I degree 

of latitude, and +2 degrees when landmarks were not visible, 

Admittedly this accuracy may be slightly improved upon with the 

additional time available under research conditions, but accurate 
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Placement of cloud features to at least  10-20 miles will be necessary 

f o r  specific comparisons with the radar echoes. In this respect 

radar echoes may be, in themselves, of considerable use in 

%Eaaypositioning the cloud pictures. 

‘oughly oriented in i ts  proper position by use of landmarks, satellite 

After a picture has been 

Sub-point, nadir angle, and other ephemeris data, i t  may be possible 

to Position certain pictures accurately by use of distinctive cloud 

features (bands, bright areas*, etc.) which were detectable a d  can 

be identified by the radar( s) echoes in the picture area. This would 

lead to a limited a rea  type of analysis rather than a synoptic scale 

analysis, In light of the ‘difficulty we experienced in finding extensive 

areas of precipitation in selecting s torms for composite construction, 

limited a rea  analysis may prove to be not only simpler to accomplish 

but a more logical approach to the comparison. 

LL c onc lus ions 

Work in  preparation for the radarscope photography program was 

and uninterrupted radar coverage was obtained over 

the continental U. S. and coastal waters during daylight hours, and 

at times when simultaneous satellite cloud pictures were collected. 

’he data collection program was initiated. The film collected to  

contains numerous instances for  which simultaneous radar 

e 
and cloud pictures a re  available. 

,@vera1 very bright clouds which a r e  thought to be located over the 
‘lssissippi Delta at 20302 on 1 April have been tentatively identified 
by shape of several  echoes seen on the Houma A F  Station radar. 

*%- 
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Fifteen radarscope composite charts have been constructed from 

They show data obtained during Phase I of the photography program, 

the distribution of precipitation over as  large an a rea  a s  possible 

for periods when simultaneous cloud pictures a re  available. These 

composites a re  not included in  this report, but will be published 

when comparisons can be made with rectified satellite cloud pictures. 

Our limited experience with the procedures involved in rectifying 

the satellite pictures leads to  the following assumption: i t  will  not 

be feasible to rectify whole satellite pictures to projections comparable 

with those in the construction of our radarscope composites and to  the 
\ 

accuracy necessary to make specific comparisons between the two 

data. The proposed optical and photographic rectification techniques 

for segments of successive satellite pictures offer a method by which 

the satellite data can be made compatible with our radar  data, In 

addition, the radar echoes, themselves, may be useful in exactly 

positioning the cloud patterns in cases  where identifiable features 

can be recognized in  both data. 
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E0145 E0145 EO115 E0130 E0130 
51300 31230 B1230 B1230 B1230 131230 

E0115  EO100 EOZOO E O l O O  E O l O O  
2. S c h i l l i n g ,  Kansas 131745 B1200 131215 1%1200 B E 0 0  131200 

1. Lowry, Colorado ( A l l  times E T )  

B - tim photography began 
E - t i m e  photography ended 

E0130 E0130 E0130 E0130 EOOOO 
I31230 I31230 I31230 B1230 

EOlOO E O l O O  E O l O O  EOlOO E O 1 0 0  E0115 E0115  E 0 1 5 5  EO115 E0115 
31200 51200 131200 131145 131145 I31145 I31145 B 1 1 4 5  31145 B3.145 

E1645 

431 

E0945 E0945 E0945 E0945 E0945 
3.  Kadena, Okinawa a 1 4 5  I32145 I32145 B21l.5 132115 

E0730 E0715 E0730 E0730 E0730 
E0730 131900 131915 I31900 131900 131900 
131900 

1 

I 

5. Drize Norton, England i L11200 130545 130500 BO529 50530 130534 130649 
E1845 E1845 E1845 E1845 El845 E1845 E1900 

1 4.  Eniwetok 

i 

E0945 E0945 E0945 E0945 E0945 El000 E l 0 0 0  E0930 E 0 8 3 0  
I32115 Il2115 I32119 I32115 I32100 I22115 B2115 B2115 

130715 !:0730 E0715  E0645 E0713 E0730 E0715 E0713 E0730 EMS0 
131900 1<1900 E1900 G1900 131800 01900 131900 B1900 BlQOO 8'1900 

e1930 

130530 BO515 I10533 BO515 Lt0518 BO522 130515 BO500 
E1900 E1815 E1900 E1900 El900 E1900 E1900 E 1 1 3 0  I 

I31133 L)0615 BO445 BO445 130445 L;0500 I30445 130430 BO430 I30430 130430 
E1815 E1815 E1815 E1815 E1830 E1830 E 1 8 1 5  El830 E1830 E1830 E1830 

6.  Iiahn, Germany BO430 BO430 BO430 BO430 BO430 
E 1 8 3 0  E 1 8 3 0  E1830 E1830 m o o  

01100 B l l O O  131200 131200 U1100 131100 131215 E1115 131115 €31100 
E2330 E2330 E2215 E2330 E2?30 E2315 E2315 E2300 E2300 E2315  

131145 131000 B1000 B l O O O  131000 131000 U l O O O  131000 B1015 131000 
E2230 E2245 E2245 E2245 E3245 E2245 E2245 E2245 E2245 E2245 

7. Albrook, Canal Zone 

8. Bermuda 

131200 B1200 B1145 B1WO 61215 
E2030 E2330 E2330 E2230 E1245 

131000 I31000 BlOOO BlOOO 
E2245 E2230 E2230 E2249 

131411 
E2230 

BO915 
E2030 

9. Ramey, -to Rim 

10. Keflav lk ,  Ice land  

131030 131029 I31030 BlWO 131030 131030 131033 u1030 I31030 B10301 131029 U1WO BlOSO B1030 B1030 
E2230 E2230 E2230 E2230 E2230 E2232 E2230 E2230 E2230 E2230 E2230 E2230 E2230 E2230 E l 3 3 0  

BO645 BO645 BO630 BO800 I30730 130846 130730 BO615 130645 130645 I30745 BO719 BO800 BO613 BO600 
E2045 E2045 E2100 E2030 E2100 E2130 E2100 E2044 E2100 E2100 E2100 E2115 E2115 E2115 E0815 

11. Apalachicola, F l o r i d a  

12. auam 

B2045 B1230 B1145 131145 131145 I31 13 0 t B2145 BE300 
E 1 3 1 5  E2400 E2400 E2400 E2400 E2400 E2400 E1500 E2400 

PICl'URES FIRST PERIOD 

1 
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STATIONS ESMS1.W 35mm PILhl 

A D C S T A T I 0 N - S (3 p i c t u r e s  per 15 miiiutes, 2.1 hours per day e x c e p t  as n o t e d )  

A P R  I L hyZIICJI 

:3 1 1 3 - 3 3 1  5 6 7 El 9 10  11 12 13 1 4 15 16 17 18 1 9  2 0  2 1  22 23 

( 2 1 1  t imcs E T )  
U O O O l  E 1 5 0 0  E2005 I30500 E1957 

U223 0 1. Texarkntia, Ark. 

2 .  Lackland ,  Texas  U 1 . 1 2 8  E1809 

3 .  Amaril lo,  Texas  1323 15 E1600 

4 .  M o r i n r t y ,  New lMex. 
131525 
E2235 

5.  IIoum:i, La. I30001 (out  of f o c u s  12-18 A p r i l )  E 1 5 2 5  

6 .  S a u l t  S t e .  Marie, €32348 E1802 

- --- _----I 

Mich.  

7. F i n l e y ,  N . D .  
BO040 E1040 -- 

131832 E2128 

8 .  lJurns, Oreg. ( n o  f i l m )  

9 .  Uciitoii, Pa. 
I30001 
E1204 
131620 

E1515 
D2305 E1935 

10. Limestone, M e .  131558 E2000 

11. M t .  Lemon ,  Ar iz .  B1630 E2215 13153 0 E 1 5 0 0  

1 2 .  M t .  EIebo, O r e g .  
con ' t . El4OG E1630 BO130 E1720 

B171ci 

13, E l l s W O r t l i ,  N . D .  

14. Lake C i ty ,  Tcnn.  

130015 

131207 

E05 13 
I30804 

(a11 out of f o c u s )  

E1420 

T: 173 4 

131210 EO301 E 1 9 3 0  
131400 

15 .  l Iun te r  Am, 

E0424 ---yzmlJ-- -- ----~--- 
BO93 7 

-- ___ - --- 
E1540 --__I___- ..-- Savannah, Ga . 

C o n  ' t . 16. M i l l  V a l l e y ,  C a l i f .  
E1809 132240 

17. Klamnth AFS, 
Requa, C a l i f  

131700 ( a l l  o u t  of f o c u s )  E l  603 

4 3 3  
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A D C S T A T I O  :? S (Con't.) - 

- - 
Con't. E1729 El630 

MARCH 

31 1 2 3 4 5 

Station 1 

3 

2 (ill1 times X T )  

1 !30549 
I 

18. Neah Bay, 'Yasli. 

' Con't. 
I 19. C u t  Dank, hfont . 

i 
IT A V '' P I C K E T S l i  I P S (2 pictures per 15 minutes, 24 hours per day - -- _- 

1 
j E1400 E1430 

1323 00 
I_ 

! 

no film (all times ?c1'! 

u2100 

no f i l m  l i n t 4 1  1 1 ;  A n r . 4 1  

E1700 
133215 

i 
1 I;ooo1 
I 
1 

22. Waverly, Iowa 

I 23. Selfridge A F V ,  
Mt . Clemens , hfich. I 

6 7 8 9 10 

El618 E13 04 
1323 00 Ir23 07 

30.332 ijO113 
E2216 E1931 

132246 

I31930 GO03 0 
E3 13 0 E1730 , 

L - 
E2050 E1630 24. Pyote, Texas 

Boo01 1 25. Fortuna, ?!,D. 

! 

I112145 
E1400 coo01 iElS00 

BO900 E3300 GO800 E1803 
B2216 

- 

B223 0 

A P R I L  

11 12 13 14 15 

32200 I30600 EO100 BO550 I31201 
E1319 BO833 E1511 
52252 E1500 132207 

82226 
E2320 

E2221 

E1937 E1611 
B2302 B231! 

E1601 
B1915 

E1300 
132200 

E0301 
SOf500 

16 17 18 19 20 21 22 23 

i 
E0055 
b0647 

BO115 BO115 E1506 E1505 
E1722 B2 4 00 

E1959 

I30040 E1758 

E0040 E1900 
BO945 

E1900 

E2100 E2017 
E2400 

1 

E1430 

E2 004 E1900 f 
132400 1 

E0330 

9 Con't. El 600 1 I f 

435 
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O T H E R  I N S T A L L A T I O N S  (Con't.) 

MARCH A P R I L  

31 1 2 3 4 5 6 7 8 0 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

(all times CST) 
B1236 BO823 B1420 B1331 B1940 BO810 BO927 BO817 BO901 BO820 B1155 BO817 
E2333 E1009 E1758 E2105 E2040 E2002 E1202 E1534 E1201 E1042 E2400 E0910 

B1G3 0 B2020 B1541 B1736 B1138 
E1753 E2055 E1544 E2155 E2340 

1 1 1 i n o i s  state ~ t e r  
Survey  

McGill University U2246 (all times EST) E0555 
!3O630 

~08.15 
U0945 

E0745 E1230 
111605 

43 7 
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<acr) 
Time Ti- Tote1  
30g.m a d  Footrgr Classification Track R u m i r k s  

4 Apr i l  60 
6 A p r i l  60 
7 Apr i l  60 

13 A p r i l  60 

9 Apr i l  60 

10 Apr i l  60 
11 Apr i l  GO 

Stock J u l i e t t  
Stock J u l i e t t  
Stock J u l i e t t  
Stock J u l i e t t  

21502 
21002 
16302 
17202 

20452 

20252 
03002 

18402 

unk. 

19302 
unk. 

20152 

20202 

11002 
14402 
14052 
lO0OZ 
11002 
02002 
11202 
11102 
23402 
11102 
14002 
13002 
23552 

18402 

22002 
10902 
22302 

2.2402 
22152 

05/04252 
07/04102 
08/00402 
14/05552 

10/05452 

11/02452 
11/12002 

owo4ooz 

unk. 

11/05302 
unk . 

14/0415Z 

06/02302 

02/2M52 
03/10452 
05/00402 
05/21002 
06/21302 

Unk. 
owirio7z 
09/21502 
111'02252 
11/2130z 
12/20452 
13/21002 
14/07002 

14/1845Z 

OY/07OOZ 
O'i/20402 
09/2230Z 

11/07402 
12/0330Z 

34 f t  
28 i t  
17 i t  
15 f t  

35 it 

10 i t  
42 f t  

15 i t  

2G it 

20 f t  
21 i t  

17 it 

15 it 

l G  i t  
7 it  

20 it  
34 f t  
13  i t  
25 f t  
13  f t  
20 i t  
4 f t  

14 i t  
14 f t  
17 i t  
17 f t  

1 f t  

2; it 
27 i t  

f t  

10 i t  
17 f t  

W i d .  
I 

, 
Top of =ope or ionted  t o  ACRFT Beading 

Excel len t  wonther echoes 
E x c e l l e n t  weather schoem 

f a r k  Spec ia l  

Stock Spec ia l  
I a r k  Spec ia l  

Excellont wuather echoes (Loc. Oulf of 
Alaska) 
Loc8tion: Northern Gulf of A l a s k a  
Location: Eas te rn  P a c i f i c  near Calif. 

Confid. 

7 Apr i l  60 I a r k  X-Ray Mod. Confid. Location: Doglog from C a l i f .  to 

(Clock Missing) 
Hamilinn I s l ands  

Location: South of t h e  Fiamiian Ialaud .. 
(Clock Xissing) 
Location: South of the Hawaiian Island 

I t  t 

9 Apr i l  60 Loon g i l o  

10 Apr i l  60 
12 Apr i l  GO 

Loon Kilo 
Loon Kilo  

13 Apr i l  60 Loon g i l o  

5 Apr i l  60 Conf id .  Location: Southwest of Hawaiian Island8 

2 Apr i l  60 
3 Apri l  GO 
4 Apr i l  60 
5 Apr i l  GO 
6 Apr i l  60 
7 Apr i l  60 
8 Apr i l  60 
9 Apr i l  GO 

10 Apr i l  60 
11 Apr i l  C.0 
12 Apr i l  40 
13  Apr i l  60 
13  Apr i l  GO 

14 Apr i l  C.0 

oull S i e r r a  
G u l l  S i e r r a  
oul l  sierra 
G u l l  Sierra 
G u l l  S i e r r a  
Fox Able 
G u l l  S i e r r a  
G u l l  Sierra 
Gull S i e r r a  
Gull  sierra 
Gull  S i e r r a  
Gul l  S i e r r a  
Gull  Special 

Gull Sierra 

(Out of Focus) 

(Misframed - f i lm  s t i l l  usablo) 
(P ic tu re  q u a l i t y  poor) 
(No r ada r  p i c tu ros )  
(Poor p i c t u r e  qua l i t y )  m a t i o n :  U n h m  

Confid. 

(Excellent wathor .chDos)  

(Exce l len t  r e a t h e r  echoes) 

(Excellent oaa thor  ecJmo8) Location: 
A t l a n t i c  Ocean East d Bermuda 

Buzzard India 
Buarard Spec ia l  if17 
Buzrard Hots1 

Cuilfid. 
Location: Sea of Japan 
O n l y  two frames ava i l ab le  

Location: Sea. of Japan - Y e l l o w  Seta 
Location: Sea of Japan - Yellow Sea 

Location: Unknown 
BuzLarrl Special #21 
Buzzard S p 3 c I a l  629 
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APPENDIX D 

XHE PHOTOGRAPHIC AND PHOTOGRAMMETRIC ASPECTS OF T I R O S Z  

b Introduction 

Since the successful 1 April  1960 launch, 1095 orbits have been 

bade  (15 June 1960, Kaena); 17,449 and 5, 503 f r ames  have been read 

‘Ut f r o m  the F o r t  Monmouth and Kaena Stations, respectively; total 

22, 952 f rames .  Included a r e  51 orbits that were read out at both 

Stations. 

have been found t o  be usable. 

Between 15, 000 and 17, 250 of the photo f r a m e s  transmitted 

The responsibility for  the photographic handling and the photogrammetric 

of a l l  photo i m a g e s  received f rom TIROS I was assigned to  

the United States Navy Photographic Interpretation Center (hereaf te r  

*IC). 

The unprocessed film, obtained at both readout stations by 

Photographing the cathode ray tubes during commanded t ransmissions 

the satellite, was to  he forwarded to  NPIC regularly. NPIC 

‘as to  direct  the processing of the film which was t o  be undertaken 

Navy Photographic Center (hereaf te r  NPC); distribute prescr ibed  

“Pies; analyze, catalog and maintain a l ib rary  file of a l l  film; 

Ph 

f r  
otograrnrnetrically verify o r  co r rec t  the exact location of selected 

and, i n  conjunction with the USWB computer equipment, p repare  

his section was prepared by the United States Navy Photographic 
‘‘terPretation Center. The work was sponsored under MIPR 60-702, 

+-- 
ARPA Order  No. 26-59. 
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latitude-longitude gr id  overlays f o r  the selected frames,  and produce 

a 35mm composite negative therefrom fo r  distribution. 

U. 2 Photographic - -  Processinn 

NPIC received exposed, undeveloped film f rom readout stations 

at Kaena Point, Fo r t  Monmouth and RCA, Hightstown. This film 

was first assigned a processing number which is consecutive with each 

roll of film f rom each station. 

prefixed to  indicate the readout station: "K" designates orizinal f i lm 

f rom Kaena Point; "MI' designates original film f rom For t  Monmouthr 

N. J. ; "HI' des'gnates negatives made of r e - run  tapes  of Kaena Point 

by RCA: "3" designates re-run tapes of For t  Monmouth by RCA. In 

the ear ly  phases of the program, NPIC received reverse  polarity play- 

back positives f r o m  each readout station. This film was identified 

"PK" o r  'IPM". 

ear ly  date and no dissemination was attempted. 

Along with this number, a le t te r  is  

However, these playbacks were discontinued at an 

aphiC The unprocessed film ('I Original") was sent t o  the Naval F'hotogr 

Center by messen2e.r where i t  was programmed into their  workload. 

This f i lm was spliced chronologically by rol l  and orbit insofar a s  

was identifiable and pract ical  p r io r  to  processing. 

negatives were processed at 45 f t .  p e r  minute in an Eastman Capstaff 

negative developing machine that was designed for  and installed at 

NPC by the Eastman Kodak Company. 

negative formula N8, which is svghtly l e s s  active than D-76, to  a 

gamma of 1.30. Processing tempera tures  a r e  maintained at 7O0F, 

controlled by Honeywell Temperature  Control Units. 

The original 

It was developed in NPC 
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Next they went to the sensitometry section where densit ies were 

by technicians utilizing Westrex RA-1100F Densitometers,  

@Yarninin,n a reas  of .01" b y .  15". 

lo each group of negatives with corresponding edge notches thereby 

Preparing for printing, 

'Ositive S I ! ,  "Release Positives", and "Duplicate Negative s'l a r e  

The proper  light value was assigned 

The pr in te rs  used for  printing "Master 

UePue Micro film printers .  These a r e  of tension-rol ler  type with 

sprocket registry,  A program, furnished by the sensitometry 

'@Won, was set  up on Depue Automatic light control boards which 

Control exposure voltage settings. An automatic selector,  actuated 

a microswitch along the film travel,  selects  these settings consecutively, 

f i lm, traveling 

its open pcrsition. 

at about 90 ft, p e r  minute retains this switch 

The microswitch closes  as  i t  drops into one 

Of the r e c e s s  notches along the edge of the film thereby adjusting the 

light intensity fo r  the next s e r i e s  of negatives. 

Master"  film positives a r e  made f rom the original negative 1 1  

in a s imi la r  processing procedure to  that of the original except that 

th @Y a r e  developed to a 1.15 gamma; they a r e  used fo r  making "Release" 

The release positives and dupe negatives a r e  developed negatives. 

an Eastman Capstaff 35mm positive developing machine, t o  a 

'ahma of 1. 80. 

fh 

<Phot opr mhic  Analvsis 
b 

These a r e  developed at a ra te  of 115 ft. p e r  minute; 

@ developer used is  N P C - P 9  formula. 

Upon receipt of the release positive for  NPIC us'e, the analysts 
k 

edited and organized it, Analysis was restr ic ted to  numeric 
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identity, film quality in general and a brief consideration of f rame 

content, Cataloging and initiation of an IBM card system for ultimate 

rapid recovery by frames was instituted, 

usable locational data became available, appropriate information was 

incorporated into the system, 

As more  accurate and 

In order to  correct  for  image distortion, telereadex coordinate 

readings have been recorded from the photo negatives of the monitor 

display of thepolar target rnade by the D3, wide angle camera. 

monitor display calibration pattern was similarly recorded. 

these and coordinate readings of registration marks on actual TIROS 

photography, a computational method has been established for  

determining and correcting the amount of stretching of horizontal 

dimensions relative to vertical dimensions from any two camera 

markers  and their center crosses. 

D. 4 Photogrammetric Aspects of TIROS I 

The 

F rom 

The unavailability of accurate locational and attitude information 

introduced a major, conf using situation, However, after extensive 

message- s earch, liaison, calculations and interpolations, sufficient 

data has been acquired to  virtually perfect the programming system 

f o r  the IBM 704. 

currently well underway, 

Final testing and proving f o r  grid production is 

In order  to  prove the Church Method of tilt  determination for  

location in space of the satellite and facilitate the problem of gridding 

TIRUS photographs, all TIROS film fo r  the f i r s t  seven hundred orbits 

was screened fo r  land area  coverage including a minimum of three 
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well identified ground points. 

located to  the nearest  minute of latitude and longitude on World Aeronautical 

Charts. 

x-Y coordinates of points on the photograph were  correlated with the 

known WAC ground positions. 

The identified ground points were  

These points were  then read on the telereadex and the 

This information was then programmed 

the 704 computer t o  establish the spacial  location of the satell i te 

and ground coverage of the photo frame. 

Seven-hundred fifty nine (759) photographs were  selected out 

Of the 88 orbits fo r  this computation. 

about 400 photographs will be computed on the 704. 

On completion of this phase, 

Following this effort, the same  photographs were  used to  prove 

accuracy using one well identified ground location and five horizon 

points, 

in grid information in a tabular form. 

Similar  telereadex computation and programmed input result  

F r o m  either o r  both methods, tabulated data concerning latitude 

and longitude were  printed out f rom the 704. Although the gr id  

draWingunit(to be used with the 704) is not yet available, the print- 

out data has been hand plotted, appropriate points connected and proper  

grids produced. 

No difficulties a r e  expected in  the production of these i tems  

When a significant quantity a.lthough somewhat t ime consuming. 

Of these products have been produced, distribution will be effected 

NPIC. Meteorologically selected f r ames  of interest  will be 

8 ia i la r ly  produced and distributed. 
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APPENDIX E 

WHOLE SKY CAMERA PROGRAM OF TIROS I* 

1 Introduction 

A whole sky c a m e r a  network was s e t  up and operated during 

Periods when TIROS I was scheduled t o  take pictures  over  the New 

England area.  

located at  Bedford, Worces te r  and Woods Hole, Massachuset ts  and 

Bradley Field, Connecticut. 

t h e  lapse  co lor  film, while the others  used TRI-X 620 film. 

description of the  sky c a m e r a s  and the u s e  of whole sky photos i n  

the interpretat ion of cloud pat terns  is d iscussed  by Conover (1959). 

E. 2 P r o g r a m  Summary  

The stations which participated in  this  program were  

The sky c a m e r a  at Woods Hole used 16mm 

A 

During the  operation of TIROS I, the  whole sky c a m e r a  network 

was a le r ted  and picture  taking t imes  w e r e  coordinated between the  

%tions by personnel  of the Geophysics Research  Directorate,  

the conclusion of the operation, the film was forwarded t o  GRD. 

ba rn ina t ion  of the film and comparison with TIRCE I photos taken 

At 

the New England a r e a  show that simultaneous photos w e r e  obtained 

on 23 occasions. The  resu l t s  of this  comparison of whole sky c a m e r a  

and TIROS I photos a r e  shown i n  Table  1, 

-~ 
*This-n was wri t ten by F. R. Valovcin, J. A. Leese,  Geophysics 

@s ea r c  h Dir  ec t o r  at e 
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T A B L E  1 

SIMULTANEOUS PICTURE TAKING TIMES OF WHOLE SKY CAMERA AND TIROS I PHOTOS 

Number Date TIROS I Orbit Bedford Worces te r  Bradley F ie ld  Woods Hole 

1 6 A p r  60 75M - Direct  1549 None 1549 None 

2 7 A p r  60 89M - Direct  1513 1513 1512 Reel 1 

3 7 Apr  6 0  90M - Direct  1654 1655 16 54 Reel  1 

4 9 A p r  60 117M - Direct  1325 1325 13 25 Reel 2 

5 

6 
rp 
rp 
9 7 

8 

9 

10 

11 

12 

13 

9 Apr 6 0  

10 Apr  6 0  

10 Apr  60 

1 2 A p r  60 

16 May 60 

16 May 60 

17 May 60 

19 May 60 

19 May 60 

118M - 

132M - 

133M - 
161M - 
658M - 

659M - 
673M - 
701M - 
701M - 

Direct  

Direct  

Direct  

Direct  

Direct  

Direct  

Direct  

Direct  

Direct  

1508 

None 

None 

1412 

1911 

2052 

1958 

None 

1855 

1507 

1415 

1557 

None 

1911 

2052 

None 

1820 

1835 

1508 

1415 

15 57 

1413 

19 11 

2052 

1958 

18 20 

1835 

Reel 2 

Ree l  2 

Reel 2 

Reel 3 

Reel 4 

Reel 4 

Reel 4 

Reel  4 

Reel 4 



TABLE 1 (Cont'd.) 

SIMULTANEOUS PICTURE TAKING TIMES OF WHOLE SKY CAMERA AND TIROS I PHOTOS (Contl 

Number 

14 

15 

16 

17 

18 

19 

20 

21 * 

!A 

0 
u-l 22  

23  

Date TIROS I Orbit Bedford Worces t e r  Bradlev Field Woods Hole 

20 May  60  

26 May 6 0  

26 May 6 0  

26 May 60  

26 May 60  

2 Jun 60 

2 Jun  60 

3 Jun  60 

3 Jun  60 

6 Jun  60  

716M - 

801M - 
802M - 

S03M - 

803M - 

904M - 

905M - 

918M - 

919M - 

962M - 

Direct  

Direct  

Direct  

Direct  

Direct 

Direct  

Direct  

Direct  

Direct  

Direct  

19 10 

1537 

17 18 

1904 

1919 ;19 20 

1805 

2016 

17 43 

18 353191C 

1758 

1910 

1541 

17 18 

1904 

None 

1805 

None 

1712 

1855 

1758 

1911 

1535 

None 

None 

1919 

1805 

19 45 

17 12 

None 

None 

Reel  4 

None 

None 

None 

None 

None 

None 

None 

None 

None 



APPENDIX F 

. METEOROLOGICAL SUMMARIES OF TIROS I DATA-- 
NORTHERN HEME PHERE* 

F. 1 Introduction 

A vast  number of satellite cloud photos came  into being af te r  

the successful TIROG I operation. In o rde r  t o  alleviate potential 

r e sea rche r s  of the  arduous task  of examining some  23 ,000  satel l i te  

Photos f o r  interesting and provocative cloud features,  a brief summary  

of those TIROS I orbits f o r  which synoptic data were  immediately 

available is presented in  this Appendix, Consequently, the  meteorological 

summaries a r e  l imited at this t ime t o  Northern Hemisphere coverage. 

The method zlsed was to  examine the  pertinent satel l i te  cloud photos 

Without recourse  t o  exact rectification of the photos and compare them 

With the most near ly  concurrent synoptic map, This method could be 

described in  general  t e r m s  a s  a first approximation in  the r e sea rch  

of satel l i te  cloud data, 

E, 2 F o r m  and an Explanation of the Abbreviations used in  the 
Meteorological Summaries  

1, Readout Orbit Number and Location of Readout Station 

a, K: Kaena Point, Hawaii 

b, M: F o r t  Monmouth o r  Belmar,  N, J, 

2. Approximate Greenwich Civil T ime  (GCT) that TIROS I 

began taking pictures 

- 
*This section was writ ten by J. A. Leese  and F, R. Valovcin, 
Geophysics Research Directorate  
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3, Mode of Operation 

a. Direct: TIROS I was within a 1000 mile radius of a 

readout station and was commanded t o  take pictures and t ransmi t  

same directly to the readout station, 

0, Tape o r  P. B, Pix: TIROS I was commanded t o  take 

pictures and s t o r e  s a m e  on magnetic tape f o r  l a t e r  relay t o  the readout 

station, 

4, Camera  Numbers 

a, Cl  o r  (2):  Narrow Angle System o r  Camera  1 

b. C 2  or (2): Wide Angle System o r  Camera  2 

Number of photos taken with each c a m e r a  on direct  and/or  tape: 

a, 37 Direct - 12(2) 25(1): Thirty-seven (37)  pictures taken 

5, 

on Direct mode of operation, 

f ive (25) Camera  1 f rames.  

Twelve (12) Camera  2 f r ames  and twenty- 

bo 38 Tape - 31(2) 7(l): Thirty-eight (38) pictures taken 

and put on tape, 

c a m e r a  1 f rames ,  

Thirty-one (31) c a m e r a  2 f r a m e s  and seven (7)  

6 ,  

7, 

General geographical area where pictures were  taken 

Summary of the operation during a par t icular  orbit, 
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F. 3 METEOROLOGICAL SUMMARIES OF TIROS I DATA 

1 Apr i l  1960 

1bl 
Western Atlantic 

01/1336 - 27(2) Di rec t  - Many Hi Nadir  - Gaspe Peninsula  and  

Band of clouds west toward  Grea t  Lakes.  Clouds to e a s t  of 
Gaspe Peninsula  assoc ia ted  with f ronta l  sys t em in this  region. 

2bl 01/1518 - lO(2) Di rec t  - Gaspe Peninsula  and  Western Atlantic 

I Pa th  is j u s t  south of 1M and shows essent ia l ly  s a m e  area. 

3bl 
and Western  Atlantic 

01/1658 - 23(2) Di rec t  - Western Grea t  Lakes ,  a c r o s s  NE US 

Shows extensive cloud cover  assoc ia ted  with vor tex  off coas t  of 
Band extends S f r o m  th is  vortex assoc ia ted  with cold hew England. 

f ront .  General ly  sca t t e red  t o  SE of th i s  system. 

3K Blank 

'M 
and Atlantic 

01/1841? - 34 Di rec t  - 28(2) 6(1) - N Cent ra l  US SE to  Virginia 

Shows clouds to  nor th  of low centered  over  E a s t e r n  Nebraska.  
Band of clouds a c r o s s  G r e a t  Lakes  between th is  low and  low i n  Atlantic 

'hewn as  landmarks ,  
%airily sca t t e red  Cufm with some s t r e e t  pat terns .  

a l so  shown. Pix stop ju s t  off coas t  with Delaware and Chesapeake Bay 
Second se t  of d i r ec t  taken SE of cold f ront  and  shows 

4K Blank 
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5M 
Gulf of Mexico and Caribbean 

01/2022 - 37 Direc t  - 12(2) 25(1) - Midwest and Gulf States,  ac ross  

Camera  2 pix show vortex centered in Iowa with band extending S 
f r o m  vortex and associated with cold front  on Surface Chart. Also some 
clouds along Gulf Coast - Camera  1 pix taken over Gulf of Mexico and 
Caribbean show sca t te red  Cu with some s t r ee t  formations.  

7 K  
California 

01/2200 - 38 Tape - 31(2) 7(1) - N E  Pacific then SE to Baja, 

Appears  to have s ta r ted  slightly e a r l i e r  than programmed. First 
pix show vortex which would be located to  west of l a rge  vortex shown 
on sur face  char t  centered near  50N 150W. This l a r g e r  vortex shows 
later along path. 
Band associated with cold front  shown SE of the l a r g e r  vortex. 
l aye r s  of clouds present  to SE of f rontal  band. 
and surrounding waters.  

Scattered low Cufm to S of both of these vortices.  
Multiple 

This band could be Cifm to south of c lear  a r ea -  
Clear  over Baja, Calif. 

7 K  01/2340 - 7(2) Direct  - Mid Pacific S of 7 K  Tape 

Shows scat tered Cu to  S of vort ices  descr ibed in 7K tape along with 
Srn extension of frontal  band. 

7K 
Hawaii 

01/2346 - 26(2) Direct  - Pacific about midway between US and 

F ron ta l  band on horizon, s ame  band as  descr ibed in  two previous 
s e r i e s  of 7K. 
SE of c l ea r  a r ea .  

Shows c lear  a r e a  SE of band with broken multiple l aye r s  

454 



2 April  1960 

'B 02/0104 - 18 Tape - Rest  Hi Nadir - NW Pacific and Eas te rn  Asia 

Mainly scat tered over A s i a  with increasing clouds over Japan and 
East culminating in extensive cloud cover in vicinity of open wave with 
'Ortex centered near  46N 162E. Band associated with cold front extending 

vortex. 

'B 02/0123 - 7(2) Direct - Mid Pacific NW of Hawaii 

Band of clouds probably associated with warm front of wave described 
In 8K remote. 

The surface analysis 
$5 washed out any front through this ridge. 
fitted to  some degree to surface analysis,  but nadir angles seem quite low 
for this far north. 

This band continues SE and appears  to be continuous through 
ridge of high p res su re  although it appears  weak. 

The contents of pix can be 

8g OZ/Ol29 - 10 Direct - l(2) 9(1) - Pacific S of Hawaii 

Few cu; increasing clouds on last two f r ames .  

9k 02/0250 - 31 Tape - A s i a  and Western Pacific 

F i r s t  few f r ames  show band associated with front in Northern China. 
to scat tered along coast  of China and sea of Japan. Increasing 
toward Japan and East. Relatively broad band associated with cold 

in Pacific. Mostly c lear  SE of this band. (Band and clear  a r e  
f r o m  reruns  but show on originals. ) Also two direct  a r e  on 

Originals but not on reruns.  
Orbit but cannot determine location. 
'hich is apparently in vicinity equator shows scat tered Cufm. 

A sequence of 16 Camera 1 Tape is on this 
Then a sequence of 2(2) 2(1) Direct  

02/0755 - Tape - Blank 
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15M 02/1105 - 32 Tape - Eas te rn  Atlantic, Southern Europe, and 
E a s t e r n  Mediterranean 

P ix  show frontal  sys tem and circulation of deep vortex centered 
nea r  50N 2OW with frontal  band around Southern per iphery of vortex. 
Alps l lc loudt l  visible. 
associated with low over this  region. 
f r o m  this  a r e a  of low in region of cold front on sur face  chart .  

Cloud mass over Southern Italy and Greece  
Band of clouds extends eas tward  

16M 
Western Mediterranean and N. A f r i c a  

02/1249 - 46 Tape - 31(2) 15(1) - Eas te rn  Atlantic, Spain, 

View of same f ronta l  sys tem and vortex as descr ibed in 15M. 
E a s t e r n  Spain, Western Mediterranean and N. Africa most ly  c lear .  

16M 02/1425 - 8(1) Direct  - Gaspe Peninsula 

Clear  to scat tered.  

17M 02/1446 - 20 Tape - Remainder  Dark 

Pix s ta r ted  over Nigeria a t  approximately 10N. Shows mainly cloud' 
assoc ia ted  with ITCZ in f o r m  of bright patchy overcas t - sca t te red  Cufm 
of this  zone. 

17M 02/1602 - 6(2) Direct  - N Central  US 

Nadir angles relatively high for  any details  but most ly  c l ea r  area 
seen with increasing clouds to e a s t  probably assoc ia ted  with low over 
Minne s o ta . 

17M 02/1610 - 16 Direct  - 4(2) 12(1)  - N E  U S  and Western Atlantic 

Gaspe Peninsula mostly c l ea r  with overcas t  band fur ther  S in 
vicinity of Mass.  extending East in associat ion with frontal  sys tem a s  
shown on surface analysis.  
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l?K None 

l8lvl 02/1631 - 25 Tape - 18(1) 7(2) - Remainder of Camera  2 Dark  

Should be located in S Atlantic and Southern t ip of Africa. 

‘ah4 02/1746 - 6(2) Di rec t  - Mid W e s t  U S  

Extensive cloud mass associated with low over Minnesota as 
described in f i r s t  d i rec t  sequence of 17M. 

‘8l\.I 02/1754 - 7 Direc t  - 3(2) 4(1) - Atlantic off coast  of Southern US 

Contents of pix would indicate a vortex; however, in  region where 
pix were programmed to be taken there  is no indication of a vortex on 
’Urface analysis ,  Doubtful this  could be vortex over Minnesota. 

18K None 

19M 02/1912 - 12 Tape - Remainder  Hi Nadir - E a s t e r n  Pacific 

First distinguishable pix show sca t te red  to broken Cufm S of a n  
A bright  band vortex which m a y  be vortex nea r  58N 140W. 

hai41y E - W  appears  to be over lower Sc. F o r  this  r eason  the band does 
appear  to be a frontal  band and could be a heavy band of Cifm clouds. 

19M 02/1930 - 3 Direc t  - l ( 2 )  2(1)  - Midwest US 

Scat tered to  broken Cufm S W  of edge of overcas t  associated with low 
Over Minnesota. 
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19M 02/1937 - 10 Direct  - 4(2) 2(1) - Caribbean SE of F lor ida  

Noise throughout makes  recognition difficult but appears  to be 
mainly sca t te red  Cufrn. 

19K No useable pix 

21K 
Mexico 

02/2101 - 55 Tape - 31/2)  24 /1)  - N Pacif ic  SE to  S W  U S  and 

First few f r a m e s  show bands associated with occluded front  in 
NW Pacific. E a s t  of these bands a r e  sca t te red  to broken Cufm and the 
vortex of Aleutian low descr ibed in  19M tape. The band in the Eas t e rn  
Pacif ic  descr ibed in  19M tape and thought to be dense Cifm appears  on 
this sequence and mus t  be associated with warm front  on surface analysis 
although the appearance of a high band overriding lower clouds i s  s t i l l  
present.  
differs f r o m  cold f ront  by its ragged edges along the band. 
predominately c lear  with sca t te red  clouds to  east .  

This m a y  be good example of a strong warm front and. i f  so  
S W  U S  is 

21K 02/2252 - 4 Direct  - 2(2) 2(1)  - Pacif ic  between Hawaii and US 

Shows band of clouds nea r  horizon associated with cold front.  
Appearance of multiple l a y e r s  of clouds to SE of this  band. 

3 April  1960 

22K 03 /0004  - Tape - Blank 

22K 03/0029 - 24(1) Di rec t  - Mid Pacific 
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22K 03/0038 - 10 Direc t  - 5(2) 5(1) - Pacific E of Hawaii 

Mainly broken multiple l aye red  clouds. 

23K 03/0154 - Tape - None 

23K 03/0213 - 12(1) Direct  - Mid-Pacif ic  

28M 
but probably over China and Pacif ic  

03/0520 - 18 Tape - Location doubtful due to t ime of pix start 

Extensive cloud cover shown on pix could be over China as data on 
surface m a p  shows this  region to  be most ly  overcast .  

29M 
Southern Europe to P e r s i a n  Gulf 

03/1014 - 32 Tape - N Atlantic off coast  of F r a n c e ,  a c r o s s  

Vortex shown centered nea r  50N 2OW. Another vortex with occluded 
f ron t  centered nea r  50N 5W. 
Greece and Turkey probably associated with low over  Turkey. 
cover appea r s  a s  bright band. 
Gulf. 

Alps "cloud" visible. Cloud cover  over  
Cloud 

Small  band clouds over Northern Pe r s i an  

3oM 03/1155 - Tape - Blank 

3OM 
wes te rn  Atlantic 

03/1331 - 27(2) Direct  - Many Hi Nadir - Gaspe Peninsula and 

Extensive cloud cover over St. Lawrence,  relatively small c l ea r  
Generally broken to overcas t  over  Western area over Newfoundland, 

Atlantic- -no significant patterns.  

459 



31M 
t ime but contents of pix revea ls  they were  taken in same  a r e a  as 30M. 
Clear  a r e a  vicinity Newfoundland a l so  shows on these pix. Otherwise 
most ly  over cast .  

approx 03/1515 - lO(2) Di rec t  - No pix programmed for  this 

31K 
and Spain through NW and Centra) Afr ica  

03/1346 - 32 Tape - E a s t e r n  Atlantic off coast  of NW Africa 

Contents of firs: f r a m e s  indicates pix s t a r t ed  approximately 
Shows band associated with warm front in E a s t e r n  3 min ear ly .  

Atlantic. Mostly c lear  over NW Africa.  
indicate a wide but relatively weak zone. 

Clouds in  region of ITCZ 

32M 
Grea t  Lakes,  NE US and Western Atlantic. 

-3/1652 - 24 Direc t  - 12(2) 12(1) - North Dakota, a c r o s s  

Band on f i r s t  few f r a m e s  probably assoc ia ted  with occluded f ron t  
through N. Do Small  separat ion between this  band and beginning of 
extensive cloud cover over E a s t e r n  US. 
broken Cufm, with some multiple l aye r s .  

We s t e r n  Atlantic generally 

32K 
30W SE through Afr ica  

03/1524 - 32 Tape - E a s t e r n  Atlantic f r o m  approximately 35N 

Band of clouds toward horizon on f i r s t  few f r a m e s  probably 
associated with cold front  in mid-Atlantic. 
ce l l s  SE of this  band. 
of ITCZ. 
than the region seen in 31K. 

Mainly sca t te red  low Cufm 
Clear  along coast  of Africa and inland to region 

The ITCZ generally patchy overcas t  and appears  much stronger 

33M 03/1710 - 32 Tape - No program for  these pix but this is  
probably read-out  of pix scheduled to be s t a r t ed  at 17102 in which case  
the location is the Mid-Atlantic f r o m  approximately 20N 

First few f r a m e s  show two na r row bands apparently Cifm in E - W  

Region of mottled 
direction with sca t te red  Cufm below. 
patchy overcas t - sca t te red  l o w  Cufm S of this  zone. 
broken clouds mainly Cufm toward end of picture path. 
shaped cloud appea r s  in this  region on eight different f r a m e s .  
frames quite dark.  

ITCZ shows na r row band of bright 

A "doughnut" 
Last two 
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33M 
region of coverage to  be in Atlantic off coast  of F lor ida  

approximately 03/1840 - 9 ( 2 )  Di rec t  - Contents of pix indicates 

Extensive cloud cover toward horizon of first few f r a m e s  with 
remainder  showing numerous Cu s t r ee t  formations.  

36K 
Gulf of Mexico and Central  Amer ica  

03/2014 - 31 Tape - E a s t e r n  Pacific off coas t  US, through SW US, 

Appears  to  have s ta r ted  la te  as band of clouds associated with cold 
f ront  at surface is  shown toward horizon of f irst  frames. Bright band 
nea re r  center  of these s a m e  pix could be s t r a tus  deck off W coast  US. 
Few clouds over S W  US. Bright  band over  Southern Gulf and Yucatan 
Peninsula assoc ia ted  with quasi-  s ta t ionary front. 
I T C Z  shows bright patches. 

Region in vicinity 

36K 03/2335 - 6 Direct  - 3(2)  3(1) - Mid-Pacific 

Shows occluded sys tem in mid-Pacif ic  in region where cold and 
Shows two distinct bands joining warm front  join to f o r m  occlusion. 

to f o r m  a combination. 

36K 03/2344 - 12 Direc t  - 5(2) 7(1) - Pacific East of Hawaii 

Shows band assoc ia ted  with cold front  in th i s  region. Multiple 
layers  SE of this  band. 
Uniform cu cells. 

F u r t h e r  south shows region of relatively 

4 A p r i l  1960 

37K 
western  Pacific 

04/.0101 - 23 Tape - Many High Nadir - E a s t e r n  A s i a  and 

First frames of recognizable fea tures  show the clouds assoc ia ted  with 
L a r g e  a r e a  with Cifm clouds to 

This  region ve ry  mottled in appearance result ing 

front and vortex centered near  47N 135E. 
E of this vortex. Increasing Cufm clouds to E of high p r e s s u r e  area and 

cold front.  
multiple l a y e r s  of clouds. F ron ta l  band does not appear  on pix. 
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37K 
30N 180 

04/0120 - 8 Direct  - 4(2) 4(1) - Region NW of Hawaii SE f r o m  

Fronta l  band appea r s  toward horizon with a r e a  of most ly  c l ea r  S 
of band. Increasing Cufm clouds south of c l ea r  a r ea .  

37K 04/0129 - 11 Direct  - 5(2) 6(1) - SE f r o m  5N 155W in mid-Pac i f ic  

Shows mainly clouds associated with ITCZ. 

42M Blank 

43M 04/0928 - 32 Tape - Rumania,  Turkey, P e r s i a n  Gulf and  
Arabian Sea 

Patchy overcas t  over Southern Europe with band of clouds E- W 
a c r o s s  Mediterranean representat ive of frontal  band. 
on su r face  analysis  at this t ime although one was drawn on ea r l i e r  
analyses .  Mostly c l ea r  over  remainder  of picture  path. 

No front  shown 

44M 
Spain, a c r o s s  Southern Europe,  Mediterranean and Red Sea. 

04/1104 - 31 Tape - E a s t e r n  Atlantic off coast  of F r a n c e  and 

First f r a m e s  show Cufm clouds to W of f rontal  sys tem in Atlantic. 
Band of clouds in Atlantic associated with cold front.  Another band 
appea r s  to c r o s s  over f rontal  band and over Southern F r a n c e  ending 
abruptly on Mediterranean coast .  
in vicinity of band diminishing to  about half at approximately the s a m e  
place as cloud band ends. Vortex appears  to  N of point where bands 
apparently c r o s s  adding to complexity of situation a l ready  vividly 
displayed on surface analysis.  Alps t tcloud't  visible. Weak band of 
clouds N-S a c r o s s  Italy and Mediterranean could be cloud position of 
frofit shown fur ther  W on surface analysis .  Thin band Cifm a c r o s s  
Northern Red Sea probably assoc ia ted  with j e t  s t r eam.  

30 MB Chart  shows high wind speeds 
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45M 04/1414 - 9 ( 2 )  Direct  - NE US and Atlantic 

A l l  high nadir  angles 

45K 
Spain, NW and Central  Afr ica  

04/1246 - 32 Tape - Atlantic f r o m  45N 2 5 W  a c r o s s  Southern 

Extensive Cufm assoc ia ted  with some patchy overcas t  of probably 
Cifm clouds. 
of two bands descr ibed in  44M visible. 
band with smal l  region of overcas t  off coast  of Portugal. 
clouds along Mediterranean coast  of Africa. 
where s t r eaks  of Cifm appear  and S of this  the beginning of ITCZ. 

Southern extension of cold frontal  band and a l s o  crossing 
Mainly sca t te red  clouds E of 

Scat tered 
Clear  until last few f r a m e s  

46M 
Atlantic 

04/1559 - 21 Direc t  - 13(2) 8(1) - Northern US and Western 

Generally sca t te red  on f i r s t  few f r a m e s  increasing to most ly  overcas t  
associated with secondary front  vicinity Wisconsin. 
Overcast indicative of the complex p r imary  and secondary fronts  shown on 
Surface analysis.  Band of clouds extends SW f r o m  this  mass ive  overcas t -  
broken Cufm with uniform ce l l s  E of this  system. Narrow angle pix show 
that many sma l l e r  ce l l s  go together within these l a r g e r  cells.  

N E  US a l so  extensively 

47M 04/1743 - 25 Direc t  - 12(2) 13(1) - South of t r ack  of 46M di rec t  

Scat tered clouds on first few f r a m e s .  Weak band probably associated 
ki th  f ront  j u s t  E of Rockies. 
In Southern U. S. 
center of f r a m e  on Camera  1. 

Relatively broad band associated with front  
Scat tered Cu s t r ee t s  E of this band. S t ree t  goes through 
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47K 
but contents and location of pix revea l  the s tar t ing t ime to be 
approximately 04/ 1429. 
SE through N W  Afr ica  along Atlantic coast. 

04/1429? - 30 Tape - Pix programmed to s t a r t  at 04/1515 

A r e a  covered f r o m  mid-Atlantic 40N 35W 

First few f r a m e s  show extensive Cufm associated with anticyclone 
Band assoc ia ted  with cold f ront  very  sharply 

F e w  clouds SE of cold front  to  African 
centered nea r  38N 54W. 
defined and br ight  reflectivity. 
coast .  Clear  over Africa.  Cloud cover associated with ITCZ begins 
in vicinity of Gulf of Guinea but does not show typical cloud cover of 
ITCZ. 

48M 04/1928 - 15 Direc t  - 8(2) 7(1) - Texas and Gulf of Mexico 

Mostly c lear  over land. Band of clouds in Gulf associated with 
quasi-  stationary front.  

50K 04/2243 - 17 Direc t  - 8(2) 9 (1 )  E a s t e r n  Pacific 

Orbit  with widely publicized pix of banded pat terns  associated with 
extra- t ropical  cyclone near  35N 140W. 
these pix. 

F ron ta l  bands a l so  shown on 

5 Apri l  1960 

51K 
wes tern  Pacif ic ,  Northern China, Southern Siberia 

05/0008 - 19 Tape - Remainder  high nadir and noisy - Far north’ 

d Reflective a r e a  over Siberia could be snow cover.  Clouds associate  
with vortex centered near  55N 150E. Clear  to East of this  vortex and 
then increasing Cufm clouds in cold air of high p r e s s u r e  a r e a  to  NW of 
cold front.  Data on surface 
cha r t  indicates strong front  at surface.  
Di rec t  pix a r e  continuation along path a f te r  remote;  however, f irst  direct  
picture  falls between l a s t  two remote  and therefore  it appears  remote  Pi’ 
s ta r ted  approx 3 minutes late. 

Cold f ron t  appears  a s  heavy br ight  band. 
Scat tered clouds S of front.  
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51K 
remote  

05 /0026  - 9 Direct  - 4(2) 5(1)  - Continuation along path a f te r  

Shows front descr ibed in remote  and sca t te red  to  broken clouds 
south of front. 

51K 05/0035 - 12 Direc t  - 5(2) 7(1) - Continuation of first d i rec t  

Generally broken with noise in all f r a m e s  making resolution 
difficult . 

52K 05/0212 - 1 4  Direct  - 7(2) 7(1) - Path f r o m  20N 175E to Eq 

Patchy overcas t  clouds with multiple l aye r s  resembling clouds of 
ITCZ. Cu s t r ee t s  south of this zone. 

57M Blank 

58M 
Italy, E a s t e r n  Mediterranean a d  Saudia Arabia.  

05 /1146 - 32 Tape - Atlantic off coast  of F rance ,  a c r o s s  

Band associated with front  in  Atlantic visible but all nadir angles  
make any distinguishing fea tures  difficult to resolve.  
visible. 
with low in Mediterranean. 
associated with j e t  s t ream.  

Alps "cloud" 
Clouds over Southern Italy and Greece  probably associated 

Cifm clouds over Saudia Arabia  could be 
Remainder c lear .  

'9hl No useable pix 

6oh4 05 /1505  - 13 Direc t  - 11(2)  2(1) - E a s t e r n  U S  and Western Atlantic 

High nadir  angles and noise deter  the quality of pix but la rge  cloud 
-ass probably assoc ia ted  with wave cyclone off coast  of New England. 
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60K 
Western Mediterranean and Afr ica  

05/1519 - 31 Tape - Atlantic off coas t  of Spain, a c r o s s  Spain, 

P ix  may have s ta r ted  e a r l i e r  than programmed.  Cufm clouds to 
Cold front  sharply defined by West of cold front  on f i r s t  few frames. 

bright cloud mass. 
show the Cifm clouds prevalent over Central  and E a s t e r n  Spain as plotted 
on sur face  map. 
Remainder  most ly  c l ea r  until last few f r a m e s  which has  sca t te red  clouds 
which m a y  be associated with low on surface chart .  

P ix  show patches of Cu over  Spain but does not 

F e w  clouds along Mediterranean coast  of Africa. 

61M 
Md and Western Atlantic 

05/1650 - 18 Direc t  - l l ( 2 )  7(1) - E a s t e r n  US f r o m  N Dakota to  

P ix  in Western sector  show region sca t te red  to broken--no significant 
patterns.  Vortex centered vicinity E a s t e r n  Mass.  shown. F ron ta l  'band 
extends f r o m  this  vortex,  south along coast .  "Chris tmas t r e e "  pat tern 
appears  in s a m e  relat ive pat tern as  on Orbit  75M. 
E of frontal  band. 

Predominately broken 

61K 
SE to equator with African coast  visible on last few f r a m e s  

05/1519 - 30 Tape - Path  f r o m  mid-North Atlantic (35N 45W) 

F i r s t  few frames show mass of clouds associated with frontal  
The high p r e s s u r e  a r e a  to S of this  sys tem has  sys t em north of 40N. 

sca t te red  Cufm bands increasing toward S .  
which is  probably associated with cold front  shown on surface chart .  
This  band d i f fe rs  f r o m  what might be t e r m e d  a typical frontal  band in 
that it has  the appearance of broken multiple l aye r s  r a the r  than a dense 
and br ight  ref lect ive band. 
of "washing out". 
f rontal  band. 
as  a ve ry  na r row band with br ight  patches. 

A band of clouds is shown 

This could be  an  example of f ront  in process  
Another weak band possibly Cifm appears  south of this 

Mostly c lear  between th is  band and ITCZ. The ITCZ appears 
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62M 
a c r o s s  equator 

05/1704 - 29 Tape - Mid-Atlantic f r o m  vicinity 20N 50W SE 

Predominately Cufm with s t r ee t s  o r  na r row bands north of ITCZ. 
Mainly ITCZ appea r s  to have two separa te  bands of patchy overcast .  

sca t te red  Cufm S of ITCZ with some  s t r e e t  formations.  

62M 05/1833 - 4 Direc t  -2(2) 2(1) - Midwest US 

'Patches of clouds with no significant patterns.  

62M 05/1840 - 6 Direc t  - 4(2)  2(1)  - Southern US and Gulf of Mexico 

Clear  over land except l a rge  mass in vicinity where surface analysis  
Band of clouds ju s t  e a s t  of Southern F lor ida  shows secondary cold front. 

associated with cold front.  

621s None 

64K 05/2006 - 2 Tape 

64K 
Pix a r e  probably of E a s t e r n  Pacif ic  and W Coast of US 

05/2153 - 5(2) Di rec t  - F r o m  content and nadir angles these 

Shows broad f ronta l  band with Cufm clouds to  NW of this band. 

64K 05/2153 - 4(2)  Di rec t  - 4 views of vortex centered  nea r  34N 137W 
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65K 05/2316 - 9 Tape - Res t  high nadir - Western Pacific 

La rge  cloud mass associated with occluded front and vor tex  
Large  c l ea r  a r e a  to  W of this  system. centered nea r  48N 156E. 

65K 05/2335 - 9(2)  Direct  - Central  Pacific N of Hawaii 

Scat tered Cu asociated with high p r e s s u r e  a r e a  NW of front. 
F ron ta l  band appears  quite weak to S of center  of high and increasing 
in br ightness  toward NE. 
Cifm to N of f ronta l  band. 

Band of relatively c l ea r  except sca t te red  
Multiple l aye r s  of clouds S of band. 

65K 05/2344 - 9(2)  Di rec t  - Pacific SE of Hawaii 

Multiple l a y e r s  of clouds with s t r ee t  formations in lower Cu 

6 Apri l  1960 

66K 
make many of the frames very poor. 
Asia  between 45N and 50N, Northern Japan and Western Pacific to  
30N 170E 

06/0100 - 23 Tape - Res t  high nadir .  Noise and par t ia l  blanks 
Coverage should include E a s t e r n  

Very broad band on last few f r a m e s  in vicinity of warm front  drawn 
Path goes over  Southern par t  of deep low p r e s s u r e  on sur face  analysis.  

sys t em but noise makes  it difficult to determine presence of vortex on pix* 

66K 
10N 168W 

06/0120 - 6(2) Di rec t  - Region West of Hawaii f r o m  20N 180 to  

Multiple l a y e r s  of clouds giving pix a mottled appearance.  No 
significant patt e r n  s . 
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71M 
Western Pacific to approximately 10N 

0 6 / 0 4 2 6  - 31 Tape - 45N 90E Southeast a c r o s s  China and 

Clouds associated with occlusion and vortex (centered  nea r  
65N 100E) a r e  shown toward horizon on f i r s t  few f r ames .  
of China most ly  c l ea r  except for  smal l  vortex nea r  Shanghai. 
Stfm clouds a t  approximately 20N to 25N. 
surface char t ,  consis ts  mainly of alto s t ra tus .  
this band. 

Remainder 
Band of 

Band, shown by data on 
Mostly c l ea r  south of 

7 2 ~  0 6 / 0 9 2 3  - 31 Tape - Southern Europe, Turkey, P e r s i a n  Gulf 
and a c r o s s  Arabian Sea. 

Alps "cloud" visible on first  few f r ames .  Bright cloud mas8 
Over Greece  and Turkey. 
be assoc ia ted  with j e t  s t r eam.  

Small  Cifm bands over  P e r s i a n  Gulf could 
Remainder  most ly  c lear .  

73M 
these countr ies ,  a c r o s s  Mediterranean and through Afr ica  

0 6 / 1 1 0 3  - 31 Tape - Atlantic west of F r a n c e  and Spain through 

F ron ta l  sys tem and vortex visible on f i r s t  few f r a m e s .  Clear  
Wisps of between this  sys tem and front  through F r a n c e  and Spain, 

clouds mainly Cufm and some Cifm along African coast  of Mediterranean. 
Remainder most ly  c lear .  

74M 06 /1412  - 14(2)  Direct  - Gaspe Peninsula and Western Atlantic 

Band of clouds visible but due to intermit tent  pictures  and high nadir  
it is difficult to give general  location. 

74K 
to Centra i  Africa 

0 6 / 1 2 4 2  - 32  Tape - E a s t e r n  Atlantic a c r o s s  NW Africa through 

View of f rontal  sys tem and vortex f r o m  the Southeast side. Same 
Other f ron t  seen on 7 3 M  through F r a n c e  and System as  seen on 73M. 

Spain shows as  diffuse clouds nea r  coast  of NW Africa.  
extend into Afr ica  remainder  most ly  c l ea r  until Southern most  par t  of path 

pictures  where evidence of ITCZ appears  in the f o r m  of broken Cufm. 

Some Cifm t r a i l s  



75M 06/1557 - 23(2)  Di rec t  - N Dakota, Lake Michigan, New York 
and Western Atlantic 

Mainly sca t t e red  to broken up to  a band assoc ia ted  and ahead of 
occluded front  through Wisconsin. En t i r e  region report ing snow 
showers  and band shows br ight  reflection- - f rom E a s t e r n  Ohio to  
Atlantic s ta t ions r e p o r t  Sc and Cu. 
a r e a  of snow and  f o r e s t  cover.  
on surface map. 
in  s a m e  relat ive position as on 65M. 

This shows on pix similar to an  
Band in  Atlantic assoc ia ted  with front  

This  band contains the "Chr is tmas  t r e e "  formation 

75K 
Africa.  

06 /1431  - 32 Tape - Atlantic f r o m  30N 25W SE a c r o s s  W coast  

Sca t te red  to  broken Cufm over  Atlantic with band (apparent ly  Cifrn) 
running E - W  f r o m  horizon of f i r s t  pix to  Africa.  
along coas t  and  down to ITCZ. 
with f ibrous  veils extending f r o m  these  br ight  patches. 

Predominately c l ea r  
Bright  patchy clouds within th i s  ITCZ 

76M 06/1614 - 31 Tape - Mid-Atlantic SE f r o m  15N 

Multiple l a y e r s  of clouds with dense s t r e e t s  of low Cufm. Decreasing 
cloud cover to Eq and meinly sca t t e red  S of equator.  
at end. 

F r a m e s  become dar* 

76M 06/1741 - 6(2) Di rec t  - Nebraska SE to Georgia 

Cold f ron t  drawn on sur face  cha r t  but pix show nothing resembl ing  
f ronta l  band. Pecul ia r  cloud format ion  ove r  Nebraska with c i r cu la r  
cloud mass and cloud mass at center .  
over  th i s  a r e a  could combine as random clouds to  give this  a.ppearance. 

Low, mid  and high clouds repor ted  

76M 
of Windward Islands 

06/1749 - lO(2) Di rec t  - Pa th  f r o m  E Coast  F lo r ida  to lee  s ide 

SE c lear .  Increasing cloud cover  f r o m  off coas t  F lo r ida  to f ronta l  
band over  Cuba and Hispaniola, 
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78K 
f r a m e .  

06/2057 - 2(2)  Direct  - NE Pacific - Wide Fronta l  band on one 
Other Presumably  Cufm clouds NW of f ronta l  band. 

79K 
S W  US to  vicinity Yucatan Peninsula 

06/1916 - 23 Tape - Res t  high naidr and noise - NE Pacific,  

First frame of distinguishable quality shows decaying vortex 
centered on surface m a p  nea r  38N 132W. 
possibility of analysis  somewhat different than shown on surface m a p  
and that f ront  may  not be washed out as  completely as  would be indicated 
by analysis .  Clouds f r o m  above sys tem extend into California. Scattered 
to broken over  SW U S  and mainly c l ea r  over Northern Mexico. 
band E - W  with t ra i l ing bands to S probably associated with j e t  over 
Southern Mexico. 
with possibility that it could be snow on mountains. 

Cloud bands indicate 

C i r r u s  

Reflective area S of this  band of indeterminate origin 

79K O6/224O - 9(2 )  Di rec t  - Mid Pacific 30N to 45N; 155W to 175W 

Extensive overcas t  in region of occluded sys tem in  mid-Pacific.  
Broken Cufm to e a s t  of f rontal  sys tem in ridge of high pressure .  

79 K 
eas t  of Hawaii 

06/2249 - 7(2) Direc t  - Extension of previous d i rec t  t o  region 

Good view of cold front and occlusion with vortex nea r  45N 145W 
and a l s o  the extensive field of low Cufm in the cold air to  N W  of th i s  
system. Extensive cloud cover with the appearance of multiple l aye r s  
to south of cold front .  

7 Apri l  1960 

85M 07/0016 - 30 Tape - 8 Hi Nadir - Coverage 45N 155E to ON 160W 

Apparent f rontal  band on l a s t  few f r a m e s  with extensive c l ea r  a r e a  
No agreement  with su r face  analysis  and could mean pix to N W  of band. 

s ta r ted  approximately 5 minutes ea r ly  ( a f t e r  examination of 94K Tape, 
Possibly 10 minutes ear ly) .  
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86M 07/0830 - 31 Tape - SE Europe, I ran,  P e r s i a n  Gulf and into 
Arabian Sea 

Alps l tc loudl l  on first few frames. Bright cloud mass over Turkey 
and Black Sea. Remainder  mostly c lear .  Good agreement  with surface 
m a p  where data a r e  present.  

87M 
Mediterranean to Southern pa r t  of Red Sea 

07/1009 - 28 Tape - Atlantic j u s t  W of F r a n c e  a c r o s s  

Clouds with no significant pat terns  over F rance .  Alps t lc loudl t  
visible. Mostly sca t te red  over  Mediterranean. Cifm bands a c r o s s  
nor thern  pa r t  of Red Sea. Apparently assoc ia ted  with j e t  s t ream.  

88M 3(2) Direct  Hi Nadir 

88K 07/1152 - 31 Tape - Atlantic west of Spain through Central  Africa 

Cloud mass pa r t  of occluded sys tem in Atlantic. Band of clouds 
west  of Spain to about 45N 15W. 
cyclonic vortex in  this  vicinity but has  fi l led by t ime of pix. 
be example of cold f ront  aloft. 
Remainder  most ly  c l ea r  to  ITCZ on last few f r a m e s .  

Surface cha r t  12 hours  e a r l i e r  shows 
This could 

Some bands par t ly  Cifm over  NW Africa. 

89M 
s u r  rounding Atlantic 

07/1502 - 11 Direc t  - 8(2)  3 ( 1 )  - Mainly NE Coast of US and 

Clouds assoc ia ted  with low off New Je r sey  coas t  but high Nadir 
angles  make m o r e  detailed analysis  difficult. 
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89K 
coast  of West Africa 

07/1335 - 31 Tape - Central  Eas t e rn  Atlantic through central  

Bright band on pix in approximate position of cold front at surface. 
Cufm bands around N E  sector  of Bermuda high. 
depict the s t reamlines  of 700 and 500 MB than the surface which as in 
the previous orbi t  is difficult to reconcile the pictures with the sur face  
chart  in  the extreme eas te rn  Atlantic. F ibrous  Cifm bands in W e s t  
Central  Africa. Mostly c lear  until the ITCZ of the last f e w  frames. 
(Small ring shaped cloud at approximately 26N14W). 

These bands better 

90M 
through mid  Atlantic 

07/1646 - 32 Tape - Track  f rom 27N 43W SE a c r o s s  equator 

Fronta l  band shown on surface chart  in  mid-Atlantic north of 35N 
visible on first few f rames .  
with increasing cloud cover toward ITCZ. 
uniform Cufm to south of ITCZ. 
along with patches of fibrous clouds. 

Mainly scat tered south of this frontal  band 
' 

Wide band of relatively 
Small s t r ee t  formations south o f t h i s  

90M 07/1654 - 15 Direct  - 8(2) 7(1) - SE US and surrounding ocean. 

Front  drawn on sur face  chart  shows as  weak band dissipating 
toward west on pix. 
showers on surface chart .  

Bright cloud mass vicinity of ship repor t ingra in  

91M 07/1832 - 14 Direct  7(2) 7(1) - SW US and Gulf of Mexico 

F ron t  drawn on surface chart  through Texas has  practically no 
clouds associated with it as pix show this region to be mostly clear.  
Gulf of. Mexico mostly c lear  at beginning with increase  in cloud cover 
shown on last few f rames .  Some bands in last few f rames .  

473 



93K 
equator with Baja, California, visible. 

07/2015 - 31 Tape - Area  covered f r o m  30N 120W SE a c r o s s  

Cloud m a s s  between two frontal  sys t ems  along coast  of California 
shows as  br ight  a r e a  on pix with no significant pattern.  
a r e a  over Baja,  California, and surrounding ocean. Clouds inc rease  S 
of 150N with two separa te  areas along path featuring cloud pat terns  
normally seen in vicinity ITCZ. 

Extensive c l ea r  

93K 07/2147 - 6 Direct  - 4(2)  2(1) - Mid Pacif ic  around 40N 160W 

Complicated f ronta l  sys tem drawn on surface analysis.  Pix exhibit 
this  analysis  in the f o r m  of some of the broades t  overcas t  bands yet seen 
with a bright reflection in the same  proportion. 

93K 
remote  pix of 93K beginning in vicinity of 25N 140W 

2157 - 6 Direc t  - 3(2) 3(1) - Area  of coverage mainly to west of 

Band of cold front  segregated f r o m  clouds of surrounding area by 
na r row c l ea r  a r e a s  on ei ther  side in such a manner  that one is led  t o  
believe the development of this  sy tem was done in accordance with the 
textbook. 

94K 
of vortex with occluded front centered a t  47N 152E 

07/2314 - 9 Tape - Res t  high nadir .  Western Pacific mainly 

Analysis shows this  occlusion to be washed out nea r  center  on 
surface chart .  . Pix show frontal  band wrapped around the eas t e rn  
per iphery and spiraling into center  of vortex f r o m  NW quadrant. Pix 
of 85M covers  s ame  a r e a  approximately 23 h r  e a r l i e r  although i t  was 
difficult to  cor re la te  with surface due to high nadir and not s tar t ing as 
programmed.  

94K 
tape stopped and shows band which was only partially visible on last of 
remote  

07/2330 - 4 Direct  - 2(2) 2(1)  - Extension of coverage f r o m  where 

Surface analysis  shows a s ta t ionary front  in this  a r e a .  
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94K 
Hawaiian I s lands  but  i m p o s s i b l e  t o  ver i fy  due t o  cloud c o v e r  

07/2337 - 7 D i r e c t  - 3(2) 4(1)  - Coverage  should include 

P a t t e r n s  difficult  to a s c e r t a i n  due t o  mul t ip le  l a y e r s  of clouds. 

8 A p r i l  1960 

lOOM 08/0427 - 31 T a p e  - 41N t o  E q u a t o r  

Extens ive  c loudiness  over  China main land  a n d  F o r m o s a  f r o m  105E 
to 125E, 2ON t o  45N--probably r e s u l t  of f r o n t a l  s y s t e m  in t h i s  area 
not  drawn on S F C  C h a r t - - d a t a  on S F C  C h a r t  out l ines  this cloudy area--  
South of 20' TIROS shows c l e a r  t o  s c a t t e r e d  t o  10N. L a r g e  patchy 
o v e r c a s t  f r o m  l o o  to  Equator - -No data  on SFC C h a r t  South of 20'. 

lOlM 08/0918 - 31 Tape  - 47N t o  11N 

Alps  "cloud" v is ib le -  -another  "hook- shaped" cloud between 40 a n d  
45N. 
a s s o c i a t e d  with j e t  s t r e a m .  

Band of c louds f r o m  R e d  Sea o v e r  Saudia A r a b i a  probably 

102M 
Atlantic bu t  n a d i r  a n g l e s  a r e  high in this region. 
N A f r i c a  similar to  t h o s e  in  101. 

A p p e a r s  t o  have  s t a r t e d  7 m i n  late - banded clouds o v e r  E r n  
Band of clouds o v e r  

103M 08/1412 - 3 D i r e c t  - P r o b a b l y  o v e r  N r n  New England 

103M 08/1242 - 3 Tape  - Scheduled to  take  o v e r  NW A f r i c a  

104M 08/1554 - 21 D i r e c t  - 18(2) 3(1) 

Nadi r  Angles  high o v e r  U. S, 
on any  of the s u r f a c e  data.  

Wide c l e a r  a r e a  o v e r  Atlant ic  not 
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104K 08/1427 - 30 Tape - E r n  Atlantic South f r o m  25N 

Pic tures  show Brkn Cufm. The few surface Reports  call  i t  
everything in the books with a predominant t r ade  Cu (low 8) some 
Mid and Hi Clds. 

105M 08/1740 - 10 Direc t  - 5(2) 5(1) 

Band a c r o s s  Southern U. So corresponds to f ront  on Surface Map. 
Surface Reports  show Ci visible f r o m  Central  F lor ida  (Tampa and 
Orlando) but pictures  show this a r e a  to be clear .  Could be seeing the 
band a c r o s s  Southern F lor ida  corresponding to j e t  s t r e a m  a t  300 MB. 

105M 08/1610 - 24 Tape - South f r o m  15N 

107K All noisy and dark  

108K Tape - A l l  dark  and high nadir  

108K 08/2237 - 6 Direc t  

Northern Direc t  shows overcas t  possibly frontal  band of Surface 
Chart  2 frames l(2) l (1 )  - Southern Direc t  ( S  of 15N) shows li t t le 
di s c e rnible patt e r n  s . 

l09K 08/2354 - Tape 

A c r o s s  Eas t e rn  China - High nadir angles  and dark  f r ames .  

9 Apri l  1960 

1 0 9 ~  09/0022 - 6 Direct  

Band on horizon corresponding to cold f ront  on Surface Chart  in 
Mid- Pacific.  Remainder c l ea r  to scat tered.  
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114M 
a c r o s s  Himalayas 

09/0506 - 31 Tape - Southern China-Burma a r e a  mainly 

Mountains mainly cloud covered. No data on Surface Map. 

High nadir angles in Northern Mediterranean. Cloud cover over 
Turkey and E a s t e r n  Mediterranean. 
Pe r s i an  Gulf corresponding to 300 MB Je t  (No Data on map). 

Cloud cover  over Western 

116M 
to  su r face  chart .  
300 ME. 

09/1007 - 31 Tape - F r o n t  over F r a n c e  and Spain corresponding 
Cifm clouds over  Algeria corresponding to j e t  on 

Remainder  c lear  except sca t te red  clouds on last two f r a m e s .  

1 1 7 ~  09/1317 - 4 Direc t  - High nadir and dark  

I 117K 09/1149 - 31 Tape - 40N to 10N; 25W to 20E 

Path  runs SE of 116M and gives view of s ame  fea tures  as 116M 
from different angles. 
Probably the Eq. Conv. Zone. Some data on surface m a p  f o r  this a r e a .  

Extensive cloud cover over  Afr ica  below 15N; 

l18M 09/1502 - Direc t  - 3(1) 7(2) 

P i c tu re s  taken intermittently,  difficult to a sce r t a in  approximate 
location. Thin cloud band may be cold front  on surface char t ,  if so, 
then i t  is c l ea r  over l a rge  a r e a  behind front ,  r a r e  f o r  this  region in 
we s t e r n  Atlantic. 

477 



119M 09/1517 - 31 Tape - South f r o m  18N through Mid-Atlantic 

Mostly sca t t e red  cufm clouds above 10N. 

l l 9 M  09/1645 - 9(2)  D i rec t  - through ridge in Midwest U. S. 

119M 09/1654 - 9 Direc t  5(2)  5 (1 )  - Over Caribbean 

Sca t te red  to  broken over  a r e a .  

121K 09/2002 - ' 6 (2 )  D i rec t  

Nadir  angles a r e  high b u t  evidence of f ronta l  sys t em and  vor tex  
as  shown on sur face  m a p  (off Californian coast)  can be  seen  in the 
pictures .  

122K 09/1824 - 29 Tape 

Excel lent  quality. Pa th  is f r o m  Pacif ic .  J u s t  wes t  of California- 
Oregon borde r  through S W  US, Mexico and Central  Amer ica .  F r o n t  
as shown on su r face  m a p  is a band of clouds on the pictures .  
shows s t r a t u s  deck olf coas t  of Baja ,  California.  
Gulf Coast  pa r t  of weak f ront  on sur face  map. 
in lower pa r t  of orb i t  around Cent ra l  Amer ica .  

A l s o  
Clouds along Texas  

Mainly sca t t e red  Cufm 

122K 09/2150 - 9 ( 2 )  D i rec t  - Mid-Pacif ic  

Shows nor thern  pa r t  of same f ronta l  band seen  in d i r ec t  of 109K 
(09/0022) .  
p ic tures ,  probably because  of angle of view. 

Wave on f ron t  shown on sur face  m a p  not dist inguishable in 
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122K 
of Hawaii  

09/2154 - 8 D i r e c t  - 4(2) 4(1)  - C o v e r s  reg ion  f r o m  E to SE 

Data on m a p  shows p r e s e n c e  of mul t ip le  l a y e r s  of c louds not 
d i r e c t l y  a s s o c i a t e d  with any  s y s t e m .  
camera 1 a n d  2 s h o t s  of t h i s  a r e a  of excel lent  quali ty a n d  re la t ive ly  
low n a d i r  angle.  

P i c t u r e s  give a l te rna t ing  

123K 09/2329 - 3 D i r e c t  - 2(2) l ( 1 )  - P a t h  between 109K a n d  122K 

Band of c louds on hor izon  cor responding  t o  f r o n t  on s u r f a c e  map. 

10 A p r i l  1960 

128M 
to equator  

10/0254 - 31 Tape  - SE f r o m  12N, 145E - Mainly s c a t t e r e d  

129M 10/0738 - 6 T a p e  - r e m a i n d e r  above hor izon  

6 p i c t u r e s  o v e r  A r a b i a n  Sea. No data  on s u r f a c e  char t .  

130M Nothing 

131M 10/1234 - 3 / 2 )  D i r e c t  - W e s t e r n  Atlant ic  - High n a d i r  a n g l e s  

131K 
of it t o  south  of Equator .  
A l g e r i a  as in O r b i t  116M (09/1007)  a n d  117K (09/1149).  
f u r t h e r  south cor responding  t o  j e t  of 300 MB with different  shape than  
in 116M a n d  117K. 
c o r r e s p o n d s  to f r o n t  NW of Spain. 

10/1102 - 31 Tape  - P a t h  f r o m  Nor thwes t  A f r i c a  through c e n t e r  
Cloud mass along M e d i t e r r a n e a n  c o a s t  of 

Cloud band 

M a s s  of c louds on hor izon  of e a r l i e s t  frames 
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132M 
off coast  of New England. 
corresponding to f ront  on surface char t  is  seen, but data on surface 
map  does not show c l ea r  a r e a  behind front  a s  in pictures.  

10/1408 - 15(2) Direct  - Pic tures  cover Western Atlantic 
Band of clouds Nadir Angles a r e  high. 

132K 10/1243 - 31 ‘Tape - 30N to S of Equator;  25W to  10E 

No data on sur face  map. Analysis by clouds would give much 
m o r e  complicated s t ruc ture  than big high p r e s s u r e  a r e a  shown on 
sur face  map  for  Eas t e rn  Atlantic. 
of a s e r i e s  of eddies in this a r ea .  
15N could be assoc ia ted  with j e t  s t ream.  
without any solid band of clouds. 
s e r i e s  except f i r s t  few pictures.  
(09/1334Z) 

Clouds over water give appearance 
Band of th.in clouds between 10N and 

E q  Conv Zone appea r s  weak 
Coast of Africa visible throughout 
Area  of coverage s imi la r  to 118K 

133M 10/1425 - 31 Tape - Through Mid-Atlantic South f r o m  20N 

St ree ts  of Cufm at beginning then m o r e  patchy overcas t  f a r the r  
south toward Eq Conv Zone. 

133M 10/1552 - 8(2) Direct  - Atlantic off coast  of SE US 

Converging bands corresponding to cold f ront  and wave cyclone 
drawn on surface map. 

136K 10/1734 - 27 Tape - SW US, Wrn Gulf of Mexico, Yucatan 
Peninsula and Central  Amer ica  

Band of clouds could be f ront  off west coast  of U. S, Clouds 
probably low Stfm present  all along Gulf Coast. 
over  Central  America.  
sys tem over Rockies on surface map. 

Heavy cloud m a s s e s  
See nothing in pictures  similar to  frontal 
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136K 
cyclone on surface map. 
of the validity of surface analysis  by these pictures.  

10/2051 - 5 Direc t  - Massive cloud bands in region of wave 
Nadir angles  high for  any close determination 

1 3 6 ~  10/2100 - 4(2) Di rec t  

Massive cloud cover lacking any significant detail o r  pat tern to 
e a s t  of Hawaii. 

137K 10/2235 - 6(2) Di rec t  - Through Mid-Pacific NW of Hawaii 

Cold front  drawn on surface map  is depicted in pictures  as  one 
solid band of high reflective cloud mass. 
char t  is not in evidence in the pictures.  
in picturee.  

Small  wave on sur face  
F ron t  is  ve ry  sharply defined 

137K 10/2243 - 14 Direct  - 8(2)  6(1) - Region S-SE of Hawaii f r o m  15N 

Star t s  with broken Cufm and changes to patchy overcas t  as  it 
approaches Equator. 

137K Remote was s ta r ted  south of 10N. Ent i re  s e r i e s  including 
remote and two d i rec t  sequences have some of bes t  quality pictures  
seen. 

11 Apri l  1960 

143M 11/0159 - 31 Tape - Path  SE f r o m  21N 145E 

F r o n t  on sur face  char t  does not show on pictures  except m a y  be  
on horizon which is not in agreement  with analysis  location if  picture 
time is cor rec t .  
Guam o r  Saipan, then pictures  probably s ta r ted  3 o r  4 minuteslate .  

If what appea r s  to be land in first few f r a m e s  is ei ther  
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144M 
Mediterranean, Saudia Arabia  along Red Sea, and Gulf of Aden 

11/0824 - 28 Tape - Coverage a c r o s s  SE France ,  

High nadir angles in first few f rames .  Clouds over Mediterranean 
Clouds in region of low p r e s s u r e  area without any significant pattern. 

over southern par t  of Red Sea in patches r a the r  than banded o r  line 
pat tern of previous days. 

145M 
Algeria  through Central  Afr ica  to about 4s. 

11/1010 - 31 Tape - Coverage f r o m  Mediterranean coast  of 

Clouds toward horizon off Atlantic coast  of Spain and Portugal.  
Clouds over Algeria and F r e n c h  West Africa show line o r  s t r ee t  pattern 
and could be associated with j e t  s t r eam.  
broken of equator conv. zone and this  zone appea r s  stron,ger f r o m  cloud 
pat tern than on previous clays. Located approximately 10N to 5s. 

Las t  10 f r a m e s  show heavy 

146M 11/1321 - 4(2)  Di rec t  - Very high nadir 

146K 
about 5 s  

11/1149 - 32 Tape - NW coast  of Afr ica  through A f r i c a  to 

Heavy broken to overcas t  off coast  with some wisps of probably 
Cifm extending into Africa and could be associated with j e t  s t r eam.  
Light s t r eak  o r  band extending beyond this  Cifm fa r the r  into Afr ica  
could be reflection f r o m  very  thin Ci r rus .  
at approximately 15N and southward a r e  heavy a s  in previous orbit. 
appea r s  t c  be much s t ronger  than s a m e  a r e a  on previous days. 
on surface map. 

Clouds of equator conv. zone 
Aleo 

F e w  data 

147M 11/1332 - 32 Tape - Coverage SE f r o m  25N 35W 

Heavy broken Cufm with a single line of Cifm clouds to  about 10N. 
Decrease  in cloud cover between 10N and equator conv zone. 
in equator conv zone include widening of band of clouds downstream and 
ho r se  shoe bend in one of the bands. Prominent  fea ture  S of equator i s  
a r e a  of Cufm clouds with very  uniform cel ls .  

Odd features  
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147M 11/1506 - 6(2) Direct  - Western Atlantic off coast  of US 

Shows developing wave with band of cold front. Center of vortex 
not readily discernible  but evidence of circulation i s  apparent.  

148M 
Caribbean 

11/  1644 - 8 Direc t  - Spotty coverage f rom Colorado to  

Nadir angles high and pictures  noisy. 

150K 
West of California coast  f r o m  50N to 5 N  

11 /1822  - 25 Tape - Res t  high nadir  - E a s t e r n  Pacif ic  j u s t  

Broad  band jus t  west of San Diego is roughly in position of f ront  
on surface char t  but appears  two f ronts  have merged  to f o r m  so broad 
a band. L a s t  few f r a m e s  could be into equator conv zone and i f  so this  
zone appears  much weaker in cloud formations than in vicinity of Africa. 

150K 11/1959 - 6(2) Direct  - Mainly Pacific to N E  of Hawaii 

Bright cloud m a s s e s  but nadir  angles  high for  examination of details. 

151K 11/2013 - 32 Tape - Mid Pacific S of 15N 

Predominately broken clouds. No  unusual f ea tu re s  fo r  this  a r ea .  

151K 11/2142 - 7(2) Di rec t  - Mid Pacific f r o m  35N 175W to Hawaii 

F ron ta l  band appears  m o r e  extensive on pictures  and appea r s  to  be 
located f a r the r  eas t  than shown on sur face  map. 
front.  

Banded Cufm behind 
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151K 11/2150 - 12 Direct  - 6(2) 6(1) - SE of Hawaii S of 15N 

Mottled suggestive multiple l a y e r s  of clouds with strong band 
No data on near  end of s e r i e s  and probably connected with ITCZ. 

surface map. 

152K 
f r o m  22N 

11/2328 - 14 Direc t  - 8(2), 6(1) - Mid Pacific S W  of Hawaii 

Mass  of cloud cover toward horizon of first few f r a m e s  suggests 
cloud evidence of f ront  which has been washed out on surface chart .  
ITCZ is shown as a r e a  of patchy overcast .  

12 Apri l  1960 

157M 
located SE of Phillipines 

12/0245 - 28 Tape - Extensive cloud mass on first few f r a m e s  

Very l i t t le  data on surface map  in this  a r ea .  Previous maps  show 
Extensive cloudiness S suggestion of eas t e r ly  wave through this  a r ea .  

of equator. 

158M 
15N 55E 

12/0746 - 30 Tape - SE f r o m  off coast  of Saudia Arabia  f r o m  

Patchy overcas t  through ITCZ with one giving indication of small 
vortex. No data on surface map. 

159M 
Africa 

12/0925 - 15 Tape - SE f r o m  15N 30E - Mainly over E Central  

Mottled appearance along E coast  undecided whether it is cloud, 
o r  land, o r  both. 

16OM Nothing 
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161M 
to W coast of Africa at 5N 

12/1233 - 30 Tape - Central Atlantic (40N 5 0 W )  Southeast 

Frontal band discernible on pictures but wave cyclone on front of 

Last  few frames get 
surface map not clear on pictures. 
front. 
into ITCZ. 

Extensive Cufm clouds to SE of 
Clear off W coast of Africa vicinity 15N. 

161M 12/1414 - 2(2) Direct - High nadir angles 

162M 12/1423 - 31 Tape - Western S Atlantic from 15N 

Predominate feature on this ser ies  i s  the ITCZ across  Western 
Atlantic and entering South America. 

162M 
Over Gulf states due to southerly flow off Gulf i s  clearly visible. 

12/1551 - 6(2) Direct - Nadir angles high but extensive cloudiness 

164K 12/1907 - 7(2) Direct - High nadir angles 

1 6 5 ~  
of S America 

12/1558 - 32 Tape - Florida, Hispaniola and into Northern part  

Clear over Southern states. Extensive cloud cover Southern Florida 
to Caribbean. ITCZ discernible over S. America. 

1 6 5 ~  
visible which may be front a s  shown on surface map. 

12/2049 - 6(2) Direct - High nadir angles but some banding is  

‘65K 12/2057 - 3 Direct - l(2) 2(1) - Band shown on picutre from 
Camera (2) probably frontal band shown on surface map N of Hawaii. 
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166K 
No frame numbers .  

12/2105 - 32 Tape - Mid Pacific f r o m  equator toward SE. 

166K 
Direc t  

12/2234 - l l ( 2 )  Direct  - Mid Pacific in same  region a s  152K 

Solid bright cloud m a s s  s t i l l  appears  in region ju s t  a f t e r  surface 
Ai rc ra f t  analysis  shows cold f ront  stops. 

recon plotted on 700 MB Chart. 
f r o m  main wester ly  flow. 

Few ship r epor t s  in a rea .  
500 MB Analysis shows trough cut off 

166K 12/2242 - 8 Direc t  - 5 (2 )  3(1) - Mid Pacific south f r o m  15N 

Mainly sca t te red  Cufm. 

13 Apri l  1960 

171M 13/0201 - 31 Tape - S Pacific f r o m  5 N  145E 

172M 13/0653 - 32 Tape - SE f r o m  Saudia Arabia  

Few clouds over Pe r s i an  Gulf. Thin clouds over Arabian Sea. 
Small  vortex very  close to equator probably associated with ITCZ. 
Some frames mislabeled direct .  

173M 
coastl ine of Afr ica  over Italian Somaliland and into Indian Ocean. 

13/0832 - 32 Tape - Egypt along Red Sea c ross ing  eas t e rn  

Clouds over Ethiopia may  be assoc ia ted  with j e t  s t r eam.  ITCZ 
band relat ively na r row and appea r s  weak in the region of this  path. 
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174M 13/1011 - 32 Tape - SE a c r o s s  Central  Africa f r o m  10E 20N 

Clouds in ea r ly  f r a m e s  could be assoc ia ted  with j e t  stream. 
Clouds a c r o s s  ITCZ f o r m  relatively broad band of broken and patchy 
overcast .  

175M 
Africa 

13/1150 - 32 Tape - W coas t  of Africa f r o m  20N SE through 

Appearance of mult i - layer  clouds off W coast  of Africa. No data 
on surface m a p  over  this  a r ea .  
dense over SW coast  and surrounding Atlantic than over W coast  and 
Indian Ocean. 

ITCZ shows up br ighter  and m o r e  

175 13/1314 - Direc t  - High nadir  angles 

176M 13/1329 - 31 Tape - Mid Atlantic 

Difficult to  t ie  in  pictures  with area with given s tar t ing time. 
F r o m  nadir angles and content it appears  to  have s t a r t ed  at leas t  s ix  
minutes late.  This  then puts la rge  cloud band in vicinity of accepted 
location of ITCZ. 
3 5 s  r a the r  than 20s. 
diagonally a c r o s s  this  f ronta l  band. 

Also moves l a rge  frontal  band and vortex c lose r  to 
Fea thery  type cloud band probably Cifm runs 

179K 
and into S America  

13/1648 - 31 Tape - Yucatan Peninsula a c r o s s  Central  Amer ica  

Clouds along Gulf coast  of Mexico. Dense cloud m a s s e s  vicinity 
Panama. 
giving outline of Andes. 

Broken clouds over  Northern pa r t  S America  with band probably 

179K 
Program. 

4(2) Di rec t  - Time uncertain but obviously not as shown on 
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180K 1 3 / 2 0 1 2  - 31 Tape - E a s t e r n  Pacific f r o m  5N 

ITCZ shown as relatively na r row band. S t ree t  formations 
fur ther  south. 

180K 1 3 / 2 1 4 0  - 6(2)  Di rec t  

Cold front  of surface analysis  shows as band toward horizon.on 
Large  m a s s  of bright clouds discussed in 152K and 166K pictures.  

still present  in this  a r ea .  

180K 
10N 160W 

1 3 / 2 1 4 8  - 9 Direct  - 5(2 )  4(1) - Area  S W  of Hawaii. vicinity 

Predominately Cufm with no wel l  organized patterns.  

5 May 1960 

487M Direct  - None 

488K 0 5 / 0 2 0 4  - 16(2 )  Direct  - 2 s  to 20N; 15OW to 135W 

Mostly c lear  j u s t  S of ITCZ. The ITCZ presents  an unusual 
pattern of two o r  t h ree  long E - W  bands with m o r e  numerous bands 
running N-S. Possibly the E- W bands could be Cufm with a veil of 
N-S Cifm bands over  top. Banded Cufm a l so  present  to N of ITCZ. 

488M Tape - S of equator 

489M Tape - S of equator 
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489K 0 5 / 0 3 4 4  - 16(2 )  Direct  - F r o m  equator N E  to Hawaii 

Relatively broad band broken to overcas t  vicinity ITCZ. Mainly 
l ines of Cufm N of this zone. 

490M 05/0512 - 31 Tape - Mid Pacif ic  f r o m  3 0 s  to 1 5 N  

Scat tered Cufm N of ITCZ. The ITCZ shows broken clouds and 
appears  relatively weak. Vortex in  S Pacific appears  a t  beginning. 

490K Direct  - Dark 

491M 05/1653 - 31 Tape - Western Pacific f r o m  25s to 2ON 

Last  few f r a m e s  in twilight. Mainly scat tered Cu N of ITCZ. 
The ITCZ shows one large overcast  patch and is otherwise quite 
dispersed and appears  to have two branches.  Frontal  band S of 
equator and landmark on last two frames. 

493K 
Phillipines to 3 0 N  

0 5 / 0 8 3 7  - 31 Tape - Western Pacific f rom 10s NE across 

Wide band broken to overcast  vicinity ITCZ. Scattered Cufm N 
of this zone. 
pix is toward darkness and hard  to examine in any detail. 

Fronta l  band visible toward end of sequence but path of 

494K 
NE a c r o s s  India 3 0 N  

05/1155 - 25 Tape - Rest  in darkness  - Indian Ocean f rom 12s 

Scattered Cu increasing northward toward ITCZ. The ITCZ appears  
as single bright band. 
and mainly c lear  toward north. 

Southern India has  scat tered to broken cloud cover 



495 Blank 

500M 
f r o m  5 s  to  35N 

05/1833 - 26 Tape - Res t  in Darkness  - Eas te rn  Atlantic 

F i r s t  few f r a m e s  show mainly broken Cufm vicinity ITCZ. 
Lines  of Cu north of this zone off W coast  of Afr ica .  
over  Africa. 

Mostly c lear  

500M 05/2200 - 8(2)  Direct  - 15N 80W to 30N 65W 

Lines of Cu in Caribbean. Pix N of Caribbean a r e  dominated 
with pat terns  associated with vortex centered nea r  30N 70W. 
Remainder  in  twilight. 

501M 05/2324 - 31 Tapc: - E a s t e r n  Pacif ic  f r o m  2 5 s  to 15N 

Mainly sca t te red  Cifm N of ITCZ, ITCZ appears  a s  relatively 
na r row broken to overcas t  band. Apparent f rontal  band nea r  25s. 

501M Direc t  - Dark 

6 May 1960 

502M 06/0108 - 31 Tape - E a s t e r n  Pac i f ic  f r o m  1 2 s  to  30N 

Scat tered Cu S of ITCZ. This zone m a r k s  the beginning of 
extensive cloud cover f o r  the remainder  of the sequence of pix. 
p rogress ive  changes in reflectivity is probably the r e su l t  of NE 
movement toward twilight. 
predominately C uf m. 

The 

The cloud cover to  N of ITCZ appea r s  as 

503K Tape - Al l  S of equator 
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503K 06 /0251  - 9 Direct  5 ( 2 )  4(1)  - Mid Pacific NE to 20N 150W 

Mainly banded and multiple layered  clouds of ITCZ. 

503K 
of us 

06/0301 - 6(2)  Di rec t  - Pacif ic  between Hawaii and W coast  

Scat tered to broken Cufm with frontal  band to N on last f r ames .  

504K 06/0435 - 12(2)  Direct  - Mid Pacific f r o m  10N 175E to 30N 165W 

Mainly sca t te red  Cufm with increasing cloud cover to  N coverging 
into what may be frontal  band nea r  horizon but pix a r e  in twilight so is 
difficult to ascer ta in .  

505M 06/0608 - 27 Tape - Mid Pacific from 5 s  to 35N 

Broken multiple l aye r s  vicinity ITCZ. Lines of Cufm and banded 
clouds N of zone converging in a vortex centered nea r  32N 157E. 
Remainder  of pix in twilight. 

508K 
a c r o s s  SE A s i a  to Korea.  

06 /0927 - 26  Tape - Res t  in twilight. Indian Ocean f r o m  5S, 

Multiple l aye r s  with patchy overcas t  in vicinity ITCZ. Lines of Cu 
N of this zone. 
with s ta t ionary front  drawn on sur face  analysis ,  
sequence in twilight and darkness .  

Extensive cloud cover over SE A s i a  probably associated 
Remainder of picture 

509K 
Indian Ocean, 

06/1245 - Tape - 3 useable pix with 2 showing coast  line along 
Res t  noisy and blank. 
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514M 
Eas te rn  Pacific f r o m  2 s  NE a c r o s s  Western Africa 

0 6 / 1 7 4 3  - 24 Tape - Remainder in twilight and darkness .  

The ITCZ appears  to be d ispersed  over relatively wid- a r e a  with 
mainly sca t te red  to broken clouds. 
appears  on f r a m e s  22-26.  
with inter ior  most ly  c lear .  

A smal l  doughnut shaped cloud 
Scat tered clouds along coast  of Afr ica  

514M 0 6 / 2 1 0 8  - 4 Direct  - 2(2 )  2 (1 )  - Caribbean and S W  Atlantic 

Generally broken Cufm with increasing cloud cover to N in 
association with vortex centered nea r  30N 70W. 

515M 06 /2231  - 31 Tape - E a s t e r n  Pacific f r o m  2 5 s  to 15N 

ITCZ shows br ight  patches overcast .  F ron ta l  band vicinity 20s. 

515M Direct  - Pix in twilight and darkness  

7 May 1960 

516M 
a t  Baja ,  California 

07 /0015  - 27 Tape - E a s t e r n  Pacific f r o m  1 5 s  to 25N ending 

North of equator has  broken to overcas t  multiple l aye r s  with an  
extensive c i r r u s  cover extending to nea r  coast  of Baja ,  California. 

517K Tape - All S of equator 

517K Direc t  one - S of 10N 



517 
US f r o m  20N to 35N 

07/0207 - 12(2) Direct  - E a s t e r n  Pacific between Hawaii and 

F i r s t  f r a m e  has  appearance of very  small circulation nea r  center  
with doughnut shaped cloud at center  of circulation. 
of this small circulation with a band to  N of Cu. 
assoc ia ted  with cold front  shown on surface analysis .  

Broken Cufm N 
This  band probably 

518K Tape - A l l  S of equator 

518K 07/0342 - 5 Direct  - 2(2)  3(1)  Mid Pacific S W  of Hawaii 

Mainly sca t te red  Cufm, some in s t r ee t  formations.  

518K 
N of Hawaii f r o m  30N to 40N 

07/0350 - lO(2) Di rec t  - Last few in twilight. E a s t e r n  Pacific 

Goes over region of la rge  high p r e s s u r e  area on surface.  Scat tered 

Also 
to broken but does not have Cu cells seen so often in the region to  W of 
cold front  in April.  
the circulation at surface is not a s  s t rong as  i t  was in April. 

This could mean that the location of pix is off. 

519K Direc t  - Twilight and darkness  

519M Tape - S of 15N - Bright doughnut shaped cloud over SE Austral ia  

522K 
t o  j u s t  S W  of Japan (28N) 

07/0831 - 31  Tape - SE Indian Ocean (15s) N E  a c r o s s  SE Asia  

Generally broken with br ight  patches in vicinity of Malaya. 
on surface cha r t  a r e  all reporting Cb with T s t m  so this  may be  good 
example of cumulonimbus. 
clouds to  N with extensive overcas t  vicinity F o r m o s a  and N. 
of this  overcas t  might be in te rpre ted  as an  overcas t  of Stfm with towering 
CU protruding through overcast .  

Stations 

Lines of sca t te red  Cu in S China Sea. Increasing 
The appearance 
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523K 
a c r o s s  Indian Ocean to India. 

07/1148 - 31 Tape - F e w  with noise. E Afr ica  (18s) NE 

The tradit ional cloud pat terns  in vicinity of ITCZ a r e  not present.  
Lines of sca t te red  Cu appear  in vicinity of equator with some bright 
reflections indicating buildups. 
zone. Otherwise most ly  c lear .  

The re  a r e  a few l ines  of Cu N of this 

529M 
Africa to  30N 

07/1648 - 31 Tape - SE Atlantic (8s) NE a c r o s s  Western 

The ITCZ has  broken cloud cover and appears  relatively weak and 
dispersed.  
c l ea r  to  Mediterranean Coast which has sca t te red  Cu. 

F e w  low Cu N of this  zone with remainder  of Africa most ly  

529M 07/2157 - 6 Direct  - 3(2) 3(1) - Atlantic off coast  of SE US 

Shows vortex centered  nea r  28N 7 0 W  with l ines  of Cufm clouds 
converging toward center  of vortex. 

530M 
of Mexico visible on l a s t  f r ame .  

07/2320 - 31 Tape - SE Pacif ic  f r o m  25s to 20N with S W  Coast 

Equator and north is featured by clouds of ITCZ which shows mainly 
broken with bright reflectivity. Coast of Mexico most ly  c lear .  

530M 07/2340 - 5(2) Direc t  - Midwest and SE US 

Midwest most ly  c lear  with band of clouds in E a s t e r n  US associated 
with front  on s u r f a c e  analysis.  P ix  a r e  in twilight. 

494 



8 May 1960 

531M Tape - A l l  S of equator 

531K 
Hawaii f r o m  equator to  20N 

08/0107 - 18 Direc t  - 13(2) 5(1) - E a s t e r n  Pacific SE of 

Scat tered Cu s t r e e t s  S of ITCZ with ITCZ mainly broken. 
Extensive a r e a  of uniform Cu ce l l s  found North of equator. 

532K Tape - All S of equator 

532K 
equator to 20N 

08/0248 - 10 Direc t  - 5(2)  5(1)  - Pacif ic  S W  of Hawaii f r o m  

ITCZ is mainly broken and like 531K Direc t  looks relatively weak. 
Mostly sca t te red  Cu with no significant pat terns  North of ITCZ. 

532K 08/0258 - 6(2) Direc t  - Pacific N of Hawaii f r o m  30N to 40N 

Assuming a reasonable approximation to location of pix, a la rge  
band of clouds is  assoc ia ted  with the vortex centered nea r  43N 150W. 
This  band appea r s  as a typical frontal  band although no front  is  shown, 
on the surface analysis.  In the region where the front  i s  drawn on the 
surface char t ,  the pix show sca t te red  to  broken with no resemblance to 
a frontal  band. 

533M Tape - A l l  S of 15N 

533K Direc t  - None 
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534M 
to approximately 40N 180 

08/0609 - 22 Tape - Western Pacific f r o m  10N 140E NE 

Scat tered to broken multiple l aye r s  decreasing to  l ines  of 
sca t te red  Cu, Extensive cloud cover associated with vortex centered 
nea r  32N 175E appears  on middle 9 f r ames .  
darkness .  

Res t  in twilight and 

536 
Sumatra ,  Northern Phillipines to jus t  S of Japan (30N 135E)  

08/0740 - 31 Tape - SE Indian Ocean ( 1 0 s  100E)  NE a c r o s s  

Patchy broken with bright reflectivity at beginning, Scat tered 
to broken Cufm a t  equator and to N with many br ight  clouds indicating 
cumulonimbus clouds. 
observing cus with lightning and tstms. 
could be clouds of eas t e r ly  wave. 
with cold front  shown on surface chart .  
front.  

Surface map  a t  1 2 0 0 2  shows near ly  all stations 
Bright band vicinity Phillipines 

Clouds indicate a relatively weak 
Broken to overcas t  band is associated 

537K 
India to  Himalayas at approximately 30N 8 5 E  

08/1059 - 31 Tape - Southern Indian Ocean ( 1 0 s )  N E  a c r o s s  

F e w  patches br ight  clouds on first few f r a m e s ,  otherwise mainly 
l ines  of sca t te red  C u  throughout this  p a r t  of Indian Ocean. Relatively 
small round bright cloud vicinity Bombay with sca t te red  Cufm e a s t  of 
this cloud. 
of India mostly c l ea r  until VicinityHimalayas which has  some cloud 
cover and possibly snow cover.  

Cbs observed in this  vicinity on 12002 surface map. Res t  

538K 
Red Sea,  Saudia Arabia  and P e r s i a n  Gulf 

08/1238 - 3 1  Tape - Central  Afr ica  (10s) N E  a c r o s s  Southern 

Mostly sca t te red  Cu until j u s t  S of Red Sea which shows many 
bright patches indicating a region of s t rong build ups with tstsms. 
data on su r face  m a p  to  ver i fy  th.is. 
Southern Saudia A r a  bia. 
clouds in pat tern suggesting some type of vortex. 
of P e r s i a n  Gulf. 

N o  
These br ight  clouds a l so  extend into 

Northern Saudia Arabia  and Pe r s i an  Gulf have 
Scat tered clouds N 



543M 
(35N 10 ) 

08 /1736  - 31 Tape - Mid Atlantic ( 8 s )  N E  to coast  NW Africa 

Lihes  of sca t te red  Cu S of equator. ITCZ has  broken to overcas t  
and appea r s  relatively weak. 
Clouds off W Coast of Afr ica  give appearance of small vort ices .  
l'doughnut" shaped cloud appea r s  along W Coast of Afr ica  at approximately 
30N. 

Scat tered Cu vicinity Cape Verde Islands. 
Large 

543M 
Atlantic (30N) 

08 /2104  - 8(2)  Di rec t  - Caribbean, a c r o s s  Cuba to  Western 

Band of clouds on f i r s t  few f r a m e s  associated with cold front  to  
W of path. Lines of Cu converging a t  center  of vortex nea r  30N 70W. 
Same vor tex  as seen  on 529M Direc t  in approximately same  location. 
Fewer  clouds than on previous day. 

544M 
of Mexico (20N). 
broken to overcast .  

08 /2229 - 31 Tape - Western Pacif ic  f r o m  2 0 s  N E  to coast  
ITCZ appea r s  quite s t rong with two bands of br ight  

Mostly sca t te red  N of ITCZ. 

544M 08/2247 - 7(2)  Direct  - SE U S  

Clear  over Gulf Coast but coastl ine not distinguishable due to  low 
Extensive cloud cover associated with wave centered over sun angle. 

North Carolina. The pat tern is  in te rpre ted  as being a l a rge  cloud mass 
with vortex visible then small c l ea r  band separat ing th i s  f r o m  extensive 
overcas t  to  NE. 

9 May 1960 

545M 
hJE to Baja,  California (30N) 

09/0013 - 26  Tape - Labeled Direc t  - W e s t e r n  Pacific f r o m  10s 

Mostly b r  oken multiple l aye r s  vicinity ITC Z. Low Cu with Ci above 
to nor th  of this  zone. Scat tered clouds over Northern Baja, Calif. 
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546M All S of equator 

546K 
170W NE to 35N 130W 

09/0155 - 26 Direc t  - 19(2) 7(1) - Mid Pacific f r o m  equator 

Wide band of sca t te red  to  broken multiple l aye r  clouds on f i r s t  

The 
few f r a m e s .  
25N. Broad band associated with cold front  on surface chart .  
position of sun and resultant illumination of this  band shows there  are  
at least three  distinct l ines  of build ups located in leading half of this  
band. Small  b reaks  occur between these  l ines.  Relatively c l ea r  band 
(comparable  in  width to f rontal  band) appears  ahead of f rontal  band 
with low Cu behind frontal  band. 

Scat tered Cu with some s t r ee t  formations to approximately 

547K All blank 

551K 
a c r o s s  Phillipines to approximately 30N 145E 

09/0650 - 29 Tape - 85  llOE Vicinity Sumatra  and Borneo NE 

Generally broken first few frames becoming sca t te red  to  broken 
Cu with some bright clouds indicating build-ups over  Phillipines. Lines  
of sca t te red  Cu NE of Phillipines unt i l  region of 25N which shows weak 
band of broken clouds assoc ia ted  with cold f ront  drawn on surface chart .  
Band is quite diffuse as compared to cold f ronta l  bands previously seen. 
Widespread cloudiness may  be r e su l t  of vortex to west than frontal  band. 

552K 
Saudia Arabia  to  Himalayas. 

09/1148 - 30 Tape - E a s t e r n  Afr ica  f r o m  7s NE a c r o s s  Eas t e rn  

Scat tered to  broken Cu S of 10N. Thin Ci bands over  Gulf of Aden 
and Saudia Arabia. Mostly c l ea r  over remainder .  Snow cover with 
drainage pat terns  over Himalayas quite c lear .  
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557M 
NE a c r o s s  NW Air ica  to  approximately 35N 

09/1645 - 31 Tape - Mid Atlantic f r o m  approximately 7 s  

ITCZ shows bright patches of broken to overcast .  Scat tered 
Cu N of this  zone. F e w  Stfm clouds over Africa. Remainder  c lear .  

557M 
vicinity Hispaniola 

09/2012 - 8 Direc t  - 4(2) 4(1) - Caribbean and Atlantic 

Mostly broken multiple layers .  

558M Tape S of 15N 

558M 
and Georgia to Atlantic off coast  of New J e r s e y  at approximately 40N 70W 

09/2154 - 13(2) Direct  - Yucatan Peninsula N E  a c r o s s  F lor ida  

Patch of clouds appea r s  to be emanating f rom nea r  center  of high on 
surface.  Scat tered over Georgia and Flor ida  with increasing clouds to N 
associated with f ron t  in Atlantic and vor tex  centered over Eas t e rn  Grea t  
Lake s .  

559M 
Mexico approximately 30N 11OW 

09/2320 - 31 Tape - E a s t e r n  Pacific f r o m  10s  NE to Northern 

Broken with some bright patchy overcas t  vicinity ITCZ. Scat tered 
Few Cu over  to broken Cifm N of this  zone ju s t  W of Baja,  California. 

Mexico 

559M 09/2338 - 6(2) Direct  - Midwest US 

Dark  and noisy pix preclude any detai ls  other  than extensive cloud 
cover apparently assoc ia ted  with sys t em over  Eastern Grea t  Lakes, 
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10 May 1960 

560M Tape - A l l  S of equator 

560K 
equator and 165W NE to approximately 30N 135W 

10 /0103  - 22 Direc t  - 15(2 )  7 (1 )  - Mid Pacific vicinity 

Scat tered to  broken vicinity equator and most ly  sca t te red  N of 
this to  20N. 
f ron t  on surface chart .  
Direct.  The width of the band appea r s  to be only half that  seen in 546. 
The lighting effect indicates there  a r e  some build-ups but not the three  
distinct l ines  seen in 546. Band of c l ea r  ahead of f ront  still present  a s  
well as Cu behind front. 

Band of clouds vicinity 25N to N E  associated with cold 
This is s a m e  frontal  band descr ibed in 546K 

561K Tape - S of equator 

561K 
to approximately 25N 165W 

10 /0246  - 8 Direc t  - 4(2 )  4 (1 )  - Mid Pacif ic  f r o m  8N 180NE 

Mostly sca t te red  Cufm with some multiple l aye r s  in a few sections.  

561K 
approximately 45N 135 W 

10 /0255  - 12(2)  Di rec t  - Pacific f r o m  30N 155W N E  to 

Gives f a i r ly  complete view of deep low on surface cha r t  centered 
Cumulus clouds of 

Cloud band comes  
nea r  45N 140W with strong circulation around it. 
mos t  any s ize  and shape can be seen on these pix. 
into center  of vortex NW indicating frontal  band may be wrapped around 
outside of this  strong circulation. 

562M Tape - Blank 
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562K 
32N 180NE to 42N 165W 

10/0434 - 9 ( 2 )  Direct  - N Central  Pacific f r o m  approximately 

Two extensive cloud m a s s e s  with band of c lear  between. One of 
these cloud a r e a s  i s  located in SW quadrant of high p res su re  on surface 
with the other associated with cold front to W of high p res su re  area. 

571M 
NE to 35N 45W 

10/1921 - 13(2) Direct  - Atlantic f rom approximately 17N 65W 

Scattered Cufm clouds at beginning of sequence with increasing 
cloud cover to N with appearance of broken to overcast  multiple Layers. 

572M 
SE Asia to Japan 

10/0740 - 31 Tape - Indian Ocean nea r  equator 95E NE a c r o s s  

Scat tered to broken. predominately Cufm with some bright clouds 
indicating build-ups up to about 20N. 
all repor t  Cbs on 12002 surface map. 
cold front extends to NE culminating in vortex off coast  of Southern 
Japan. 

Few surface repor t s  in this area 
Band of clouds associated with 

Vortex not visible on pix. 

572M 
of Mexico and Atlantic 

10/2101 - 6 Direct  3(2)  3(1) - Florida with surrounding Gulf 

Band of clouds SE and 'E  of Flor ida could be associated with weak 
cold front in this a r ea .  
with squall line shown on 18002 surface chart. 
between these bands. 

Band of clouds in Northern F lor ida  associated 
Clear  to sca t te red  
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573M 10/2226 - 62 Tape - 31(2) 31(1) - F i r s t  orbi t  a f te r  remote  
Camera  1 came back in - E a s t e r n  Pacific f r o m  15s  NE to Southern 
Baja,  Calif. a t  25N. 

No significant pat terns  N of equator but a comparison of the two 
c a m e r a s  which a r e  easi ly  matched gives a good i l lustrat ion of how 
examining Camera  2 can be misleading in interpretation. 
example of this  is f r a m e  labeled 6 (2+4) on both cameras .  
alone would have been in te rpre ted  as Stfm clouds but examining 
Camera  1 showed it to be definitely Cufm. 

A good 
Camera  2 

573M 10/2244 - lO(2) Di rec t  - E a s t e r n  U S  f r o m  Texas to  Grea t  Lakes  

Scat tered over Midwest US increasing clouds to E a s t  assoc ia ted  with 
vor tex  centered over Northern Ohio. 
f r a m e  8. 

Vortex well. defined on last two 

11 May 1960 

574M Tape - A l l  S of equator 

575M Tape - A l l  S of equator 

576M Tape - A l l  S of equator 

577M 
to 32N 160E 

11/0506 - 62 Tape - 31(2) 31(1) - S W  Pacif ic  f r o m  8s NE 

Bright  patchy overcas t  vicinity equator . Predominately s catte r e d 
Cu to N for  remainder  of sequence with some l ines  and s t r e e t s  of low 
cu .  
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586M 
vicinity 105  NE to SE A s i a  vicinity 35N llOE 

11/0824 - 62 Tape - 31(2) 31(1) - Central Indian Ocean 

Bright patches broken to overcast from equator to 5N. 
Cu N of this zone with some bright clouds indicating build-upe. 
Increasing cloud cover vicinity 20N with appearance of multiple layera. 

Scattered 

586M 
of 20N 80W NE into Atlantic vicinity of 3SN 60W 

11/2009 - l l ( 2 )  Direct - Caribbean just  S of Cuba vicinity 

Generally broken multiple layer s with one large band apparently 
Cifm not associated with any surface front in vicinity but may be 
associated with je t  stream. 

587M 11/2151 - 62 Tape - 32(2) 30(1) - Mostly S of 15N 

Very good pix of Cu cloud s t reets  with Camera 1 and comparative 
view with Camera 2. 

587M 11/2151 - 8(2)  Direct - Eastern US 

Shows two separate vortices with one centered over South Carolina 
Band of clouds connects these two and other over Northern New York. 

vortices with appearances of frontal band but not directly associated 
with any front shown on surface chart. 

588M Tape - A l l  S of equator 

588K 
approximately 15N 

11/2320 - 7(2) Direct - Eastern Pacific f rom equator to 

Mainly scattered Cu with some lines of Cu. Thin band of relatively 
short length possibly Cifm although ship report  in vicinity reports 
alto c um ulu s t ransluci dus. 
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12  May 1960 

589M Tape - Programmed  to start at minute 1. 8,  but the nadir  
angles  and contents indicate a s tar t ing t ime of about orb i t  588, 
minute 82. 

590M 
to approximately 45N 140W 

12/0241 - 60 Tape - 29(2) 31(1) - Mid Pacific f r o m  8N 180NE 

Scat te red  to  broken multiple l aye r s  a t  beginning with sca t te red  
Cufm in s t r e e t s  to  north. 
cloud cover N of 30N predominately Cufm assoc ia ted  with vortex centered 
n e a r  45N 135W. 

Scat tered Cifm clouds about 25N. Increasing 

Vortex visible on l a s t  few f r ames .  

591M 
10N 145E NE to 45N 165W 

12/0421 - 61 Tape - 30(2) 31(1) - Western Pacific f r o m  

Mostly sca t te red  Cu with l ines and s t r e e t s  to  about 30N - Large  
c l ea r  a r e a  located to  E of cold front  on surface.  Extensive cloud cover 
associated with f ronta l  sys tem vicinity 30N 45N - No evidence of f rontal  
band as is u s u a l  but r a the r  a lmos t  complete overcas t  for  last 8 f r a m e s  - 
Data on sur face  map shows 10 ship r epor t s  of overcas t  through a ridge 
of high pressure .  

600M 12/0558 - 61 Tape - 30(2) 31(1) - Northern Borneo approximately 
5N 115E NE a c r o s s  Phillipines and Western Pac i f ic  to approximately 4oN 
160E 

Sca t te red  to  broken Cufm with br ight  patches indicating build- ups 
over Borneo and Phillipines - Scat tered low Cu over Pacific vicinity 
40N to 25N. Band of clouds on l a s t  10 f r a m e s  associated with quasi-  
s ta t ionary front  drawn on surface chart .  
those normally assoc ia ted  with front  especially a definite cold front.  

This  band i s  much wider than 
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600M 12/1916 - 3 Direc t  - l (2 )  2(1)  - Vicinity Hispaniola 

Scat tered Cu probably build-ups to  Cb. 

6 0 0 ~  - 12/1923 - 7(2) Di rec t  - Western Atlantic vicinity 35N to 43N, 
40W to 55W. 

Band of clouds with a vor tex  within this band probably assoc ia ted  
Reports  available in this  area do not with surface front  in this a r ea .  

indicate this  vortex. 

601M 
20s  NE to Southern Mexico a t  approximately 20N 

12/2041 - 61 Tape - 31(2) 30(1) - E a s t e r n  Pacific f r o m  

Scat te red  Cu in s t r e e t  formations vicinity equator t o  5N. Band 
of broken with br ight  patchy overcas t  north of 5N depicting the ITCZ. 

601M 12/2058 - 13(2) Di rec t  - E a s t e r n  U S  

Show6 two vort ices  in Eastern US. One centered  in South Carolina,  
the other  j u s t  off the coast  of New J e r s e y .  The clouds assoc ia ted  with 
these vort ices  indicate the nor thern  circulation to be the s t ronger  of the 
two. 

602M 12/2232 - 62 Tape - 31(2) 31(1) - E a s t e r n  Pacific f r o m  
approximately 1 ON 120W NE a c r o s s  Baja,  California,  Northern Mexico, 
Midwest US to  Grea t  Lakes 

Various pat terns  of Cufm in Pac i f ic  extending to coast  of Baja,  Calif. 
Mostly c l ea r  with few a r e a s  of s ca t t e r ed  Cufm over  Mexico and Midwest 
US. 
This vortex appears  to be distinct f r o m  vortex near  New Je r sey  descr ibed 
in 601M Direct .  A low is drawn on 18002 surface m a p  over Lake Ontario 
but is not shown on sur face  m a p  of 13/00002. 

Vortex on last few frames apparently centered  over Lake Ontario. 
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13 May 1960 

603M 
approximately 15N 150W NE a c r o s s  Northern California to Minnesota 

13/0013 - 62 Tape - 31(2 )  31(1) - E a s t e r n  Pacific f r o m  

Scat tered to  broken predominately Cufm over  Pzcific. Scattered 
Cu over California with coastl ine faintly visible. 
cover in associat ion with front  to West of Rockies but without typical 
f rontal  band. 
Last few f r a m e s  in twilight. 

Increasing cloud 

Some bright  clouds indicating buildups over mountains. 

604M Tape - Mostly S of equator 

604K 
10N 180NE to 40N 145W 

13/0150 - 23 Direc t  - 19(2) 4(1) - Mid Pacific f r o m  approximatelY 

Bands of sca t te red  Cu at beginning of sequence. Horseshoe shaped 
Increasing cloud cover to NE predominately band on frames 10 and 11. 

Cufm with appearance of multiple layers .  

605M 
Guinea, NE a c r o s s  Pacific to approximately 30N 175E 

13/0321 - 62 Tape - 31(2) 31(1) - Northern Austral ia ,  New 

Mostly broken wi,th some bright patchy overcas t  vicinity equator.  
"Ring" shaped Scat tered Cu N of equator and remainder  of sequence, 

cloud appea r s  on last four f r ames .  

605K 13/0339 - 10 Direc t  - 5(2)  5(1)  - N Center  Pacific 

Shows f ronta l  band and clouds assoc ia ted  with vortex centered n e a r  
50N 160W. 
probably about 40N but remainder  a lmos t  completely overcas t  including 
region to W of cold front.  Cold front  is distinguishable by br ighter  r e -  
f lectivity i l lustrat ing relationship between depth of cloud and reflectivity. 

Small  c lear  areas on both s ides  of f ronta l  band on first frame 
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608K 
a c r o s s  Eas te rn  Himalayas to Manchuria 

13/0827 - 59 Tape - 28(2) 31(1) - Southern India f r o m  10N NE 

Examination of pix reveals  the first f r ames  were taken at about 
15N. 
smaller  bright clouds further N probably Cb. 
Himalayas extending over Himalayas, 
these clouds. 
f ront  drawn on surface chart  but no frontal band is distinguishable. 

Scattered with bright overcast  patch on first few frames.  Other 
Broken Cufm S of 

Snow cover can be seen through 
Cloud cover N of Himalayas probably associated with cold 

609K 
Aden approximately 10N NE a c r o s s  NW India and Western Himalayas 

13/1041 - 54 Tape - 29(2) 25(1) - Indian Ocean near  Gulf of 

Few lines of scat tered Cu of first few frames.  Scattered Cu over 
India. 
Camera 1. 

Snow cover on Himalayas shows details of t e r r a in  especially on 
Scattered to broken mainly Cufm N of Himalayas. 

614M 
15N 70W N E  to vicinity 35N 45W 

13/1824 - 13 Direct - lO(2)  3(1) - Caribbean f rom approximately 

Scattered to  broken Cufm. No significant patterns. 

615M 
15N 5E NE a c r o s s  Eas te rn  Mediterranean and Caspian Sea. 

13/1326 - 62 Tape - 31(2) 31(1) - Central  Africa approximately 

Scattered Cu a t  beginning of sequence, Mostly c lear  over Northern 

Last few 
Africa. Scattered Cufm over Mediterranean. Relatively weak band over 
Turkey probably associated with front  shown on surface map. 
f r a m e s  in twilight. 

615M 13/2005 - 4 Direct - 2(2) 2(1) - Florida and surrounding waters 

Uniform Cu cells shown on camera  1 over Gulf of Mexico. Cifm 
clouds over Southern Flor ida with Western Flor ida mostly c lear .  
of clouds to SE of Flor ida might be associated with cold front shown on 
surface chart. 

Band 
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615M 
England 

13/2013 - 6(2) Direct - Western Atlantic off Coast of New 

Extensive cloud cover associated with front  in this region. Data 
on surface cha r t  verify extensive overcast .  
Most of clouds give appearance of being covered by Cifm veil. 

Banding difficult to  detect. 

616M 
to  Southern Baja,  California and Mexico. Relatively thin band Cufm 
vicinity 5N 

13/2131 - 63 Tape - 32(2) 31(1) - E a s t e r n  Pacific f r o m  8 s  N E  

Broken Cufm vicinity 15N with cyclonic and vortical  organization. 
Probably a weak t ropical  depression. 
Camera  1 off coast  of Baja, California. 

Uniform Cu ce l l s  revealed by 
Scat tered Cu over Mexico. 

616M 
Texas NE to Lake Er ie .  

13/2148 - 12 Direct  - 6(2)  6(1) - Midwest U S  f r o m  Central  

Scat tered Cifm at beginning of sequence. Pix show most ly  c l ea r  
over Midwest but data on surface m a p  shows sca t te red  to broken cloud 
cover.  
Wisconsin s imi la r  to that seen on 602M remote.  

This could be a case  of seeing through c i r rus .  Vortex over 

617M Blank 

617K 
equator NE to approximately 25N 135W 

13/2315 - 19 Direct  - 15(2) 4(1) - Western Pacific vicinity 

C u  s t r e e t s  on f i r s t  few f r a m e s .  Narrow bright  band to north of 
equator may  be associated with ITCZ. 
G u f m  N of this band. 

Generally sca t te red  to  broken 
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14 May 1960 

618M No film 

619M No film 

6 1 9 ~  
175E NE to 47N 140W 

14/0243 - 18 Direc t  - 15(2) 3(1) - Mid Pacific f r o m  25N 

Scat tered to broken. Cufm at beginning with increasing cloud cover 
to north. 
ending in vortex nea r  52N 155W. 
to  west of this f rontal  band. 
does not show on pix. 

Band of clouds in region of cold front  on surface analysis  
Extensive a r e a  of sca t te red  Cufm 

E a s t e r n  (leading) edge of f rontal  band 

6 2 2 ~  
SE A s i a ,  China to approximately 45N 135E 

14/0735 - 50 Tape - 27(2) 23(1) - BayofBengalNE a c r o s s  

Bright overcas t  patch on f i r s t  few f r a m e s  with sca t te red  Cu 
vicinity this  overcast .  
clouds indicating buildups. 
many stations reporting Cb in this  a r ea .  
China probably assoc ia ted  with cold front  shown on surface char t  
although frontal  band is not apparent.  

Scat tered Cu over SE Asia  with some bright 
The data on 12002 surface m a p  shows 

Broken to overcas t  over 

623K 
6 0 ~  NE a c r o s s  India, Himalayas to  vicinity 45N llOE 

14/0914 - 53 Tape - 30(2) 23(1) - Indian Ocean vicinity 10N 

Broken to overcas t  at beginning with clouds appearing to  converge 
in vortex indicated by very bright overcast .  
Pa t te rns  of snow cover  over mountains, 
with vortex centered nea r  45N 120E. 

Band of Cifm S of Himalayas. 
Generally broken N of mountains 

629M No film 
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630M 
NE to Mexico approx 25N 105W 

14/2038 - 56 Tape - 31(2) 25(1) - E a s t e r n  Pacific f r o m  15s 

Generally sca t te red  Cu. No significant patterns.  

630M 14/2055 - 10 Direc t  - 5(2) 5(1) - U,S. f r o m  Texas to New York 

La rge  patchy overcas t  probably over Okla. and Ark. Scat tered 
f a i r ly  uniform Cu cel ls  to NE with increasing cloud cover toward end 
of sequence probably associated with sur face  low over New England. 

631M Tape - A l l  S of equator 

631M 14/2240 - 2 Direc t  - l(2) l(1) - Midwest U. S, 

631M 
to 18N 135W 

14/2223/- 13 Direc t  - 6(2) 6(1) - Mid Pacific f r o m  2s NE 

Scat tered Cu on f i r s t  f rames .  Narrow band vicinity ITCZ. 
Broken mottled clouds N of th i s  band have appearance of mul t i - layers  
of clouds. 

15 May 1960 

632M All S of equator 

632K 
NE a c r o s s  Hawaiian Islands to approx 35N 140W 

15 /0004  - 24 Direc t  - 17(2) 7(1) - Mid Pacific nea r  equator 

Scat tered Cufm no definite pattern a t  beginning of sequence 
increasing to broken multiple l aye r s  over  Hawaii. Upper clouds give 
br ight  reflection with lower clouds a dull g ray  resembling landmarks.  
These multiple l aye r s  extend NE to end of picture sequence. 
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633M 
NE to 20N, 175E. 

15/0133 - 30 (2 )  Tape - Mid Pacific f r o m  approximately 20s 

Band of bright Stfm clouds vicinity of equator assoc ia ted  with 
ITCZ. Remainder north of equator mainly sca t te red  to  broken Cufm. 

633K 
175E NE to approximately 45N 150W 

15/0150 - 19 Direc t  - 13(2) 6(1) - Mid Pacific vicinity 20N 

Mainly sca t te red  Cufm at beginning of sequence with increasing 
clouds in  multiple l aye r s  to  NE. Band associated with cold f ront  in 
vicinity 35N appears  relatively diffuse and narrow. 
broken low Cufm is quite prevalent in region NW of cold front  and S 
of deep vortex centered nea r  53N 148W. 
on this  sequence. 

Scat tered to  

This vortex does not appear  

634M 
Pacific f r o m  approximately 22N 156E NE to 48N 142W 

15/0329 - 59 Tape - 29(2)  30(1) - Path a c r o s s  Northern 

Surface m a p  f o r  this t ime shows extensive frontal  sys tem N of 

The region in  this  sequence S of 35N is charac te r ized  by 
35N with two deep vort ices  located respect ively at 50N 178E and 53N 
148W. 
predominately sca t te red  Cufm. 
commencing in the Western pa r t  with a frontal  band and broken Cu 
NW of this band. 
to  SE of vortex is shown as  a complete overcast .  
low Cu is present  in the ridge between the two vortices.  
vortex with its assoc ia ted  cloud bands is visible on the last few frames. 

N of 35N has  extensive cloud cover  

The Western vortex is  not visible but the occlusion 
Scat tered to broken 

The eas t e rn  

637K 
a c r o s s  SE Asia ,  China to  Northern Japan 

15/0653 - 54 Tape - 27(2) 27(1) - Bay of Bengal nea r  10N 90E NE 

Scat tered clouds over water  and SE A s i a  with frequent br ight  clouds 
indicating Cu buildups. 
in this  region. 
remnants  of washed out front. 
overcas t  clouds assoc ia ted  with frontal  sys t em and vortex centered nea r  
47N 125E. 

The data on 12002 surface cha r t  show many Cb 
Broken to  overcas t  over Southern China probably the cloud 

Mostly c lear  f r o m  30N to 40N. Broken to 
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638K 
Aden NE a c r o s s  Saudia Arabia,  Himalayas to approximately 45N 95E 

15/1002 - 53 Tape - 29(2) 24(1) - E Africa vicinity Gulf of 

Scat tered Cu S of Gulf of Aden with remainder  of Africa most ly  

Diffuse band of clouds N of mountains probably 
c lear .  
Himalayas visible. 
associated with front  shown on surface m a p  in th i s  area. 

Also c lear  over P e r s i a n  Gulf. Pa t t e rns  of snow cover on 

643M 
15N 5 W  NE a c r o s s  Mediterranean,  Southern Greece ,  Turkey to 

Northern edge of Caspian Sea. 

15/1321 - 62 Tape - 31(2) 31(1) - Central  Afr ica  vicinity 

Scat tered to broken nea r  horizon at beginning of sequence. 
Band of Cifm clouds in Northern Africa. 

Clear  
Also 

Generally broken predominately Cufm over  

over  Central  Africa.  
few sca t te red  Cu over  Northern Africa.  
Coast of Mediterranean. 
Southern Greece  and Turkey with broken to  overcas t  over  Caspian Sea. 

Mostly c l ea r  along African 

643M 
vicinity Cuba and Hispaniola 

15/1820 - 6 Direc t  - 3(2) 3(1) - Caribbean and Atlantic in 

Relatively diffuse ban.d probably assoc ia ted  with weak cold front  
o r  m a y  be par t ly  assoc ia ted  with eas t e r ly  wave shown on surface chart .  
Remainder  most ly  scat tered.  

643M 15/1829 - 5(2) Di rec t  - Western Atlantic vicinity 40N 45W 

Overcast  with b reaks  mainly Stfm in region of w a r m  front. No 
evidence of a definite frontal  band. 

644M 
Pacif ic  f r o m  approximately 22s N E  to Mexico at 20N lOOW 

15/194,4 - 42 Tape - 27(2) 15(1) - Some high nadir .  E a s t e r n  

Scat tered to broken Cufm vicinity equator. Mostly clear N of 
e quat o r . 
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644M 
Northeast  a c r o s s  Southern US 

15/2002 - 14 Direc t  - 7(2) 7(1) - Western Gulf of Mexico 

Mostly c l ea r  in Western Gulf with sca t te red  Cu along Gulf Coast 
Increasing cloud cover a t  end of sequence in associat ion with of US. 

surface low in NE US. 

645M 
5s NE to  S W  US vicinity 35N 

15/2130 - 62 Tape - 31(2) 31(1) - E a s t e r n  Pacific f r o m  

Scat tered Cufm vicinity equator. Broken Cufm clouds N of 
equator to  Baja,  Calif. with la rge  region of Cu with uniform cel ls .  
Mostly c l ea r  over Baja, Calif, and SW US. 

645M 15/2147 - 6 Direct  3(2) 3(1) - Midwest US 

Large  overcas t  patches vicinity Kansas and Oklahoma. Scat tered 
Cifm clouds in S W  Grea t  Lakes with Lake Michigan c lear ly  visible as 
landmark. 

646M A l l  S of equator 

646K 
equator at 160w NE to approximately 20N 150W. 
to broken Cu with some Cu s t r ee t s .  
sequence. 

15/2311 - 16 Direct  - 8(2) 8(1) - E a s t e r n  Pacific vicinity 
Generally sca t te red  

Bright  overcas t  patch at end of 

16 May 1960 

647M 
of pix taken Southern Hemisphere 

16/0037 - 18 Tape - 9(1) 9(2) - 23 Pix high nadir  - Majority 
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647K 
Pacific - 12N 178E to 41N 147W. 

16/0055 - 22 Direc t  - DCSl - 7(1) 7(2)  - DCSl l  - 8(2) - 

A r e a  generally c lear .  F e w  Cu bands. Sun glint (16-17 C2T). 
Increase of cloudiness a f te r  30N - Warm front  35N. 

648M 
42N 153W. 

16/0234 - 64 Tape - 32(1) 32(2) - Paci f ic  - 13N 153E to 

Widely sca t te red  Cufm patches - up to about 27N. Edge of f rontal  

See vortical  cloudiness with big c lear  a r e a  
band seen about 30N, 
up until you r each  vortex. 
in center.  Possible  Cu s t r e e t s  on Camera  1 sequence. 

Sun glint (19 C2T). F ron ta l  band clouds hold 

651K 16/0553 - 56 Tape - 31(1) 25(2) - Cambodia, Canton, Yellow 
Sea, Sea of Japan, ending NW Pacific - 47N 157E 

No synoptic data available. Some landmarks bv.t difficult to  locate.  
May be some rough looking landmarks (F19-22 C2T). 
sca t te red  to  overcas t  patches. Sun glint (F6-7  CZT). 
cloudiness (extensive) e i ther  in  Sea of Japan o r  NW Pacific.  

Cufm variable  
F ron ta l  o r  vort ical  

652K 
Southern t ip  of Saudi Arabia ,  Afghanistan, Tibet - ending vicinity of 
Irkutsk,  USSR. 

16/0911 - 59 Tape 31(1) 28(2) - Arabian Sea - 13N 52E - a c r o s s  

No synoptic data available f o r  comparison. Possible  j e t  s t r e a m  
c i r r u s  off coast  of East Afr ica ,  vor tex  South of Saudi Arabia.  
666K and 681K f o r  additional comments  regarding this  vortex. 
appears  on 623K. 
clear .  Cufm over  Sulaiman Range in  Pakistan. 
D e s e r t  - good pix of Indus River .  
Tibet - then dec rease  of Cufm activity over  Mongolia. 
over  mountains. Good landmarks on Camera  1 sequence. Possible  Cu 
s t r e e t s  (F22-23 ClT) .  

See 
It a l so  

Aside f r o m  vortex Arabian Sea and Gulf of Onan generally 
Clear  south over Indian 

Increase  Cufm over mountains of 
Possible  snow covef 
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657M 16/1230 - 61 Tape - 30(1) 31(2) - F r a m e  numbers  miss ing  
on monitor;  Central  Africa,  Mediterranean,  Turkey, and Black and 
Caspian Sea 

F e w  broken patches Cufm over  Central  Africa. Thin C i r r i f o r m  
cloudiness over Afr ica .  Lakes  s e e m  to be obscured. Generally c l ea r  
over Mediterranean. 
Broken Cufm over  Turkey. 

Sun glint in Mediterranean (F13-16 C2T), 
Vortex slightly north of Caspian Sea. 

657M 16/1735 - 4(2) Di rec t  - Atlantic 34N 46W to 38N 44W 

P a s s  paral le l  to cold - stat ionary front  - good picture of dense 
overcast .  Probably mult i - layer  of f rontal  cloudiness in Atlantic. 

658M 
Broken to overcas t  Cufm SW of Mexico 

16/1852 - 64 Tape - 32(1) 32(2) - First 18 pix high nadir - 

658M 
along e a s t  coast  of U S  ending in Atlantic 38N 69W 

16/1909 - 11 Direct  - 5(1) 6(2) - Yucatan a c r o s s  F lor ida  - 

Some Cufm bands vicinity Yucatan. Sun glint Gulf of Mexico. 
Thin bright band Cufm running along e a s t  coast  of US. 

659M 
a c r o s s  Baja,  Calif. and into Mexico - 12 pix high nadir  

16/2036 - 64 Tape - 32(1) 32(2) - Pacific vicinity 25s - 

Cufm in rows and at right angles  to other  Cufm rows S W  of Baja, 
California - somet imes  broken, somet imes  a lmos t  overcas t ,  but still 
can see  rows. See (F7  C2T). Pix end west  of Baja,  California. 

659M 
Lakes a r e a  - Quebec. 

16/2053 - 10 Direc t  - 5(1)  5(2) - Panhandle of Texas - Grea t  

Pass along s ta t ionary front ,  w a r m  sec to r ,warm front. Stationary 
f ront  generally cloudless. 
W a r m  front.  Possible  vortex cloudiness. 

See clouds assoc ia ted  with w a r m  sec tor  - 
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660M 
a c r o s s  Central  California - ending in Wyoming 

16/2222 - 59 Tape - 31(1) 28(2) - Pacific vicinity 5N 155W 

Cufm band vicinity 5N. Possibly ITC. On about 3 f r a m e s ,  
have double exposures;  however, numbering sys tem rema ins  c o r r e c t  - 
broken anticyclonic Cufm to about 25N. 
becomes m o r e  organized as  you proceed north,  generally c lear  near  
Calif. Coast - Cufm over mountains. 

Sometimes unorganized, 

660K No film 

17 May 1960 

661M 
to Ea8 t e r n  Washington. 

17/0004 - 64 Tape - 32(1) 32(2) - Central  Pacific - 16N 172W - 

Pass starts over S W  par t  of High. Area  generally c lear  with some 
sca t te red  cloudiness. F15-16 C2T overlap. F12-13 C2T picks up 
frontal  cloudiness around 40N 145W. 
w a r m  sec tor  - a c r o s s  warm front .  Extensive cloudiness in F1-13  C2T 
but does not have a good pattern.  

P a s s  runs along cold front ,  a c r o s s  

661K No film 

662K No film 

662M No fi lm 

665K 
Japan and Pacif ic  Ocean - 47N 169E 

17/0502 - 56 Tape - 32(1) 24(2) - South China Sea, F o r m o s a ,  

No data f o r  pix. Difficult to locate pix. Sunglint on F 2 5  C2T. 
Some banded Cufm along island and /o r  mountain. 
F1-13. Using some imagination, believe possible wave F14  C2T. No 
good landmarks.  

Extensive cloudiness 
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666K 
Tibet - Manchuria. 

17/0820 - 60 Tape - 32(1) 28(2) - Arabian Sea - India - 

Excellent landmarks of India. Excellent pix of vortex in 
Arabian Sea, generally c l ea r  to sca t te red  along Indian Coast. 
Broken Cufm over mountains of Tibet. 
Excellent pix on Camera  1 sequence. 
lower clouds Cufm, upper clouds Strat i form - isolated Cufm patches 
with shadows on ground. 
cover drainage. If it is  there ,  then it is not well defined. 

C lea r s  up in Mongolia. 
See clouds at different levels - 

Surpr i sed  not to see  snow Banded Cufm. 

672M 17/1139 - 63 Tape - 32(1) 31(2) - Central  Afr ica ,  Egypt, 
Cyprus,  Turkey, and Caspian Sea - Ending vicinity A r a l  Sea and. 
Lake Balkhash. 

P ix  quality thin. Clear  over Africa.  Possible  j e t  s t r e a m  Cir rus .  
Sunglint Mediterranean. Turkey coast  c lear .  Excellent landmarks 
Egypt and Turkey. Cufm clouds over mountains of Turkey. Extensive 
cloudiness eas t  of Turkey into Ara l  Sea a rea .  

672M 
Bahama, Atlantic - 33N 70W 

17/1816 - 9 Direc t  - 4(1) 5(2) - SE of Yucatan, Cuba, 

Area  generally sca t te red  to broken Cufm over  water and is lands - 
sca t te red  Cufm in Atlantic. 

673M 
taken south of 20N in Pacific - Orbit  ends in Mexico 

17/1942 - 64 Tape - 32(1) 32(2) - 18 high nadir  - Most of pix 

A r e a  generally c l ea r ,  Scat tered banded cloudiness in Pacific. 
Possible wave developing o r  Eas t e r ly  wave S W  of Mexico (F10-12 C2T). 

673M 17/2000 - 13 Direct  - 6(1) 7(2) - Texas to  New England a r e a  

Overcas t  a r e a  SW Texas. F ron ta l  band cloudiness in Midwest. 
Overcast  area associated with vortex Grea t  Lakes.  

5 17 



674M 
Utah - Possible  ITC vicinity 5 to 10N 

17/2128 - 63 Tape - 31(1) 32(2) - Pacific Equator 152W - 

Extensive Cufm in Pacific SW of California. Large  cloud mass 
Good pix of with small V-shaped c lear  a r e a  off coast  of California. 

San Joaquin Valley with clouds and /o r  snow cover demarking the 
S i e r r a  Nevada Mountains. 

674M 17/2145 - 8(2) Direct  - SE Colorado - Great  Lakes  a r e a .  

No horizon seen. Generally overcas t  Dakota a rea .  Clear  to 
sca t te red  Grea t  Lakes  area. 

675M 
high nadir angles - Suspect that s t a r t  of pix taking m a y  be in e r r o r ,  
W a s  programmed to s t a r t  in  Pacific - 15N 165W - to  Montana 

17/2312 - 64 Tape - 32(1) 32(2) - Pix a r e  dark  - 14 pix have 

No landmarks.  P ix  generally c l ea r  to sca t te red  and unorganized 
in the Pacific. 
coast  of Oregon, but nothing like this  is found in TIROS Pix. 

Synoptic map would indicate extensive cloudiness off 

18 May 1960 

676M 
to NE Pacif ic ,  47N 132W 

18/0052 - 64 Tape - 32(1) 32(2) - Central  Pacific,  1 6 ~  171E 

Pre t ty  c l ea r  to scat tered.  Sunglint (22-24 C2T). About F18 P a s s  
See band of broken to  overcas t  - this  para l le l  to cold f ron t  in Pacific. 

goes f o r  about 10 f r a m e s ;  extensive cloudiness nor thern  portion of 
f rontal  system. 

677M 
to N E  Pacif ic ,  48N 151W 

18/0230 - 64 Tape - 32(1) 32(2) - Central  Pacific,  18N 149E 

Some banded cloudiness. Bands become thicker  and wider a s  you 
approach vortex in Pacif ic .  
radiating out. 
Get into a n  a r e a  with broken Cufm. 

Vortex cloudiness seen - overcas t  with ban d5 
Looks as  if 3 major  bands a r e  radiating out f r o m  vortex. 

F1-13 no horizon visible. 
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679K 
Kurile Islands 

18/0550 - 55 Tape 29(1) 26(2)  - Thailand - China - Korea 

Broken cloudiness with l a rge  c lear  a r e a s .  Japan and Sea of 
Japan pret ty  much overcast .  
Extensive cloudiness over China. 

Broken to overcas t  Yellow Sea. 

680K 61 Tape - 32(1) 29(2)  - Monitor misnumbered Orbit 679 - 
Also monitor reads  Direc t  mode - No synoptic data. P r o g r a m  to 
s t a r t  west coast  of India and ending N E  USSR nea r  sea  of Okhotsk 

Clear  to sca t te red  over India. Cufm over mountains of Tibet. 
Generally Cufm for  r e s t  of orbit. No apparent  pattern. 

681K 
Mongolia 

18/0910 - 63 Tape - 32(1) 31(2) - Saudi Arabia  - Afghanistan - 

Vortex which appeared on Orbit 666K may be  seen  - appears  that  
it moved into Saudi Arabia. Otherwise,  generally c lear  over Arabia ,  
snow cover over  mountains with maybe some cloud cover. Generally 
c l ea r  over remainder  of orbit .  
cover over mountains. 

Camera  pix show some good snow 

686M 
to north of Lake Balkhash 

18/1048 - 64 Tape - 32(1) 32(2) - Egypt - Syria  - Caspian Sea 

Clear  over Egypt - Africa. J e t  s t r e a m  C i r r u s  vicinity Suez. 
Broken to overcast  vicinity Caspian Sea to Excellent landmarks.  

Ara l  Sea. 
Interesting pix on Camera  1 sequence, especially F15-16. 

Very bright sunglint F 7  C2T possibly in Lake Balkhash, 

686M 
Atlantic, 30N 66W. Ent i re  area generally c l ea r  to scat tered.  Some 
sunglint. 

18/1725 - 11 Direc t  - DCSl 3(1) 3(2) - Pass over Cuba - 

DCSII 3(1) 2(2)  - Atlantic Ocean - 38N 54W to 44N 42W 

Excellent pix of vortex centered  around 40N 50W. 
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687M 
Texas  - La. in  Gulf of Mexico. General ly  c l ea r  over  Mexico. Broken 
to  o-rercast  SE Texas.  
taken over  Midwest - Mid Atlantic States.  
f ron t  - w a r m  front.  
should be  in  vicinity of Ohio. 
32(1) 32(2) - 21( 1) pix looking into space - 21(2) pix high nadir .  
to  r e a d  SE Pac i f ic  south of Equator  to  NE Mexico. 

18/1907 - 15 Di rec t  - DCSI - l(1) l ( 2 )  - Pix taken vicinity 

DCSII - 13(2) - No p rogram available.  Maybe 

Extensive cloudiness with l a r g e  c l ea r  a r e a  which 
Poss ib le  pas s  over  cold 

Only 1 pix with horizon. 64Tape - 
P r o g r a m  

Large  mass of br ight  cloudiness broken  to  ove rcas t  vicinity 10 to  
15N. Banded Cifm n e a r  Mexico mainland, possible j e t  s t r e a m  C i r r u s .  
Quick look at 300 MB m a p  shows a secondary j e t  in the a r e a .  

688M 
California,  ending in Arizona 

18/2033 - 64 Tape - 32(1) 32(2) - SE Pacif ic  a c r o s s  Baja ,  

12 pix high nadir .  Extensive broken -overcast  Cufm assoc ia ted  
with high S W  of Calif. Cold front  cloudiness off Baja ,  California. 
Good landmarks .  General ly  c l ea r  over  NE Baja,  Calif . ,  and  NW 
Mexico. 

688M 18/2051 - 8 Di rec t  - 3(1) 5(2) - Kansas  a c r o s s  t o  Quebec 

Extensive cloudiness assoc ia ted  with wave located Kansas  a r e a .  
Some Overcas t  goes up to  Dakotas. 

s ca t t e r ed  to  broken Cufm along St. Lawrence  River .  
L a r g e  c l e a r  a r e a  Grea t  Lakes .  

689M 
1 1 N  160 W to Montana 

18/2236 - 4(2) Di rec t  - 62 Tape - 32(1)  30 (2 )  - Pacif ic  

Dark ,  noisy,  no horizon, taken North Cent ra l  U S  and  Lake Superior  
a r e a .  
Poss ib le  ITC vicinity 10  to  15N (F29-30).  
vicinity Hawaii. Banded Cufm - maybe along i s o b a r s  25N. Anticyclonic 
Cufm 30N to  40N. Big c l e a r  a r e a  vicinity 35N 135W vicinity anticyclonic 
center .  General ly  c l ea r  off coas t  of California.  Some odd looking 
pa t te rns  F1-4 f r o m  Oregon to  Montana. 

Extensive cloudiness vicinity vor tex  located Dakota a r e a .  
Sca t te red  to  broken  Cufm 
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19 May 1960 

690M 
Montana 

1 9 / 0 0 0 2  - 64 Tape - 32(1)  32(2)  - Pacific 21N 1 7 6 ~  to  

Generally c lear  wtih few Cu f r o m  21N to  35N. A t  35N pick 
up f ronta l  band cloudiness F 9 - 2 0 .  TIROS pass  para l le l s  front. A t  
45N getting nea r  t u  wave disturbance and extensive cloudiness is 
seen - no apparent  pattern. 
near  Westcoast  of U S  and over Rockies. On Camera  1 sequence 
possible Cufm St ree ts  F 2 4 - 2 5 .  

Cufm with fair ly  la rge  b reaks  a r e  seen 

691M 
N E  Pacific 47N 140W 

1 9 / 0 1 4 1  - 64 Tape - 32(1)  32(2)  - Pacific 20N 1 6 2 E  to  

F r a m e s  (F 24-31  CZT) show banded Cufm. There  appears  a thin 
band (thickness of piece of thread)  running alongside of banded Cufm - 
vicinity 30N piclap frontal  band cloudiness. 
and br ighter  vicinity 35N. Vortex seen ( F 1 7  C2T). Extensive cloudiness 
Seen associated with w a r m  front and vortex 3 5  to 40N. 
behind cold front  vicinity 40  to 45N. Pick up some cloudiness associated 
with second vortex vicinity 47N. 

Band becomes thicker  

Generally c lear  

694K 
in Pacific 47N 1 7 3 E  

1 9 / 0 6 4 2  - 57 Tape - 32(1)  25(2)  - Tibet - Across  China ending 

No synoptic data. P ix  quality thin. Appears that  clouds are over 
snow cover in mountains of Tibet. Clear  in China - broken Cufm 
vicinity Manchuria. Vortex located nea r  Sokhalin Islands.  

695K 
Southern pa r t  Saudi Arabia  - Afghanistan - Tibet - MongDlia. 

19/0815 - 4 3  Tape - 32(1 )  l l ( 2 )  - Bebbera Coast of Africa - 

Majority of pix a r e  e i ther  blank o r  noisy. Pix m a y  show possible 
vortex located vicinity Aden. 
681K. Otherwise Saudi Arabia generally c lear .  No pix a f t e r  Saudia 
Arabia. 

Same vortex that appeared on 666K and 
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70GM 
Italy - Yugoslavia - slightly nor th  of Black, Caspian, and A r a l  Seas  - 
ending vicinity Lake Balkhash. 

19/1320 - 58 Tape - 30(1) 28(2) - F r e n c h  Morocco - Sardinia - 

Overcas t  NW Afr ica  - Spain over  land. West Medi te r ranean  
general ly  c l ea r  , a r e a  vicinity Sardinia  general ly  overcas t .  Generally 
sca t t e red  over  Yugoslavia - Hungary. 
Small  Cufm patches in bands en te r  vortex.  

Vortex vicinity Caspian Sea. 

700M 
ending Atlantic 24N 66W. 

19/1630 - 9 Di rec t  - DCSI 4(2)  - a c r o s s  Dominican Republic 
Nothing significant - some  sca t t e red  Cufm. 

5 DCSII - 2(1) 3(2)  - 16402. 

Pix a r e  noisy. P i x  taken a c r o s s  w a r m  f ront  into low center. 
Some vor tex  alignment of clouds but not too extensive.  

701M 
DCSII 4(1)  3(2 )  - North Atlantic - 42N 65W t o  47N 47W - 10 Tape 5 ( 1 )  5 (2)  - 
27 pix high nadi r  - Paci f ic  - ending vicinity Veracruz ,  Mexico 

19/1813 - 15 Di rec t  - DCSI 8(2) - Gulf of Mexico to  Carol inas  - 

General ly  c l ea r  to  sca t t e red  in Gulf - C i r r i f o r m  ove rcas t  patches 

Some Cufm off West Coast  of Mexico 
along coas t  of Louisiana - Mississ ippi .  
c i rculat ion SE of Newfoundland. 
a p p e a r s  t o  be mul t i - layered  in the  a r e a ,  

Extensive cloudiness vor tex  

702M 
14(1) 15(2) - Texas  Panhandle - a c r o s s  G r e a t  Lakes.  

19/1958 - 16 Di rec t  - DCSI 7(1)  5(2) - DCSII 4(2)  - 29 Tape - 
Quebec 

"Square cloud" (F 5CZD) 
Extensive cloudiness assoc ia ted  with cold front .  Warm sec to r  

a r e a  w a r m  f ron t  located vicinity of Grea t  Plains .  
quality thin, dark.  
good c l ea r  a r e a  in the pix. 
l andmarks  on C a m e r a s  1 and 2 of Baja,  Cal i fornia  anticyclonic Cufm 
clouds l ined up in  rows  S W  of Calif. 
coastl ine of Baja ,  Calif. 
possible  j e t  s t r e a m  c i r r u s .  

North Atlantic pix 
Extensive cloudiness along Northern pa r t  of vor tex  - 

17 Pix taken have high nadir  angles.  Good 

Cloudiness s tops abrupt ly  a t  
A band of clouds along southern t ip  of Arizona - 
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703K 1 9 / 2 1 2 3  - 6(2) Direc t  - A l l  pix have high nadir angles 

703M 
Pacific Ocean a c r o s s  US ending in Western Dakotas 

1 9 / 2 1 2 7  - 64 Tape - 32(1)  32(2)  - First 7 pix have high nadir - 

No synoptic data available. Map miss ing  o r  misplaced. Anti- 
cyclonic Cufm in bands over Pacific. Vicinity 30N in Pacific Cufm 
becomes thicker  and br ighter  possibly multi- layered. Vicinity 35N 
clouds become s t r a t i fo rm,  Clear  along coast  of California. Cufm 
over  mountains, may have picked up edge of f rontal  cloudiness in 
Dakotas. 

703M 1 9 / 2 1 4 4  - 7 Direct  - 3(1 )  4 ( 2 )  - Dakotas - Quebec. 

Area  generally overcas t  due to f rontal  sys tem located vicinity Minn. 
A c lear  a r e a  in the f o r m  of a band i s  seen vicinity Ohio. 

704K 1 9 / 2 3 0 6  - 12(2 )  Di rec t  - Pacific around 10N 179W to 25N 165W 

A r e a  covered with sca t te red  Cufm. Some broken toove rcas t  Cufm 
bands vicinity 10  to  15N. 

704M - 1 9 / 2 3 1 4  - 64 Tape - 32(1)  32(2)  - Pacific 30N 159W to Grea t  
Lakes  a r e a  

Sun glint in Pacific ( F 2 7  C2T).  A lot  of banded cloudiness. 
Banded Cufm running paral le l  to 35N. 
last few f r a m e s  a r e  dark,  

Banded s t ra t i form along NW US - 

20 May 1960 

705M 
Pacific 33N 180 to Dakotas 

2 0 / 0 0 5 5  - Direc t  - None - A l l  pix too dark  - 62 Tape - 31(1)  31(2)  - 

No synoptic map  available to  compare  pix with data. Excellent pix 
of vortex in Pacific.  
mottled Cufm clouds - good pix on Camera  1 of Cufm. 
relative to F r a m e  Numbering and mode of readout. 

La rge  a r e a  off West Coast of U S  i s  covered with 
Monitor in error 
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708K 
Pacific 46N 179W 

20/0552 - 52 Tape - 2 9 ( 1 )  23(2) - China - North of Japan - 

No data a r e a  to compare.  See frontal  band of clouds over China, 
then a big c l ea r  a r e a  over land. 
approach the coast .  
No apparent  pattern.  

Then a big a r e a  of Cufm a s  you 
Then an inc rease  of cloudiness over the water .  

709K 
Indian Dese r t  - Tibet - Mongolia - Manchukuo. 

20/0730 - 57 Tape - 32(1) 25(2) - Arabian Sea - a c r o s s  

No data a r e a  to compare.  Generally c l ea r  over Arabian Sea - 
India. Cufm clouds over  Tibet,  then clear ing over China. 

714M 20/1540 - 13(2 )  D i r e c t  - Virgin Islands - Atlantic 36N 43W 

Clouds along islands.  Big cloud m a s s  in Atlantic vicinity of 
cold front  on map. 
as a frontal  band as  would be expected f r o m  the map  nor  a s  a wave 
development o r  vortex on the front.  

This cloud mass does not apFear to be organized 

715M 20/1227 - 61 Tape - 31(1) 30(2) - Africa,  Italy, Black Sea - 
Ends vicinity Lake Balkhash, USSR 

J e t  S t r eam Ci over Afr ica  (FZ5-20). Otherwise generally c l ea r  
over Afr ica .  
Weak vortex vicinity Black Sea. 
Caucasus Mountains. 

Broken-overcast  in Mediterranean between Italy - Africa.  
Cufm bands o r  s t r e e t s  around 

May be another vortex vicinity A r a l  Sea. 

715M 
Flor ida  - Atlantic Ocean 31N 74W. 
land a r e a s .  
over water.  DCS I1 4(1) 2 (2 )  - 17292. 
46N 44. 

20/1720 - 13 D i r e c t  - DCSI - 7(2) - Yucatan - Southern t ip of 

Generally c l ea r  over water isolated hook patch of clouds 
Appears  that  Cufm clouds a r e  over  

North Atlantic 39N 61W to 
P ix  show extensive cloudiness of back side of low. 
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716M 
somewhat confusing. 
DCS I1 9(2) - No horizon - Overlap pix. 
probably associated with cold f ron t  Central  US. 
Cannot te l l  where o r  when. 

19 Direc t  - (I) Camera  took 19 Frames - 9 Blank - 5(1) 5(2) - 
Big band of clouds but cannot say where located. 

Again extensive cloudiness 
8 Tape - 3(1) 5(2) - 

717M 20/2032 - 35 Tape - 20(1) 15(2) - PixF 1-10 are dark  

There  is  only one pix with horizon. This orbi t  may  be h a r d  to  
Whereas the 
P r o g r a m  

locate - pix indicate that o rb i t  is going into the dark. 
p rog ram ca l l s  fo r  the pix to be taken mid-afternoon. 
impulses  check out to  20322. 

717M 20/2049 - 11 Direc t  - 5(1) 6(2) - Grea t  Lakes  - Newfoundland - 

Appears  that clouds associated with cold f ront  located Central  U S  
(Minn. - Iowa - Missouri ,  e tc)  is seen. 

718K . 

No data 
2(2) Di rec t  - Pix taken vicinity Equator - 15N - High nadi r  - 

718M 
Canada 

20/2234 - 6 Direct  - 2(1)  4(2) - Across  north Central  US - 

No horizon. 
and w a r m  front.  
Synop Map. PB Pix - None. All pix a r e  dark.  

Pix taken a c r o s s  North of Low between s ta t ionary 
It is a complicated sys t em on the OOZ 21 May 60 

21  May 1960 

719M 
high nadir 

21/0004 - 27 Tape - 12(1) 15(2) - All pix on Camera  2 have 

Also  Camera  1 P ix  do not cor respond to Camera  2 pix. 
pix that should be looking out into space have pix of clouds. 

Camera  1 
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719K 
read  out 2C1 then C2 in sequence for 6 minutes. 
in the pix - C2 pix picked,up frontal band in Pacific - Pix read  out 
was in Pacific f rom 25N 177E to 39N 163W 

2112359 - 1 1  Direct  - 8(1) 3(2) - Direct camera  program 
There i s  noise 

There  is  an overlap of pix on 719K with PB Pix  on 719M. 
There seems to be some overlap on Camera 1 sequence but 
Camera 2 sequence pix all had high nadir angles. 

720M 
system located in Pacific 35N 160E region. 

21/0142 - 64 Tape - 32(1) 32(2) - Pix show edge of frontal  

Then little cloudiness associated with high. 
on East Side of High. 
Extensive cloudiness associated with frontal  system. 
approach West Coast of U S  there  appears  a weak vortex that is  made 
up of anticyclonic Cufm clouds. 

Anticyclonic Cufm 
Excellent pix of vortex vicinity 45N 175W. 

Then as you 

722K 
Pacific 46N 171 W 

21/0500 - 55 Tape - 31(1) 24(2) - China - North of Japan - 

No synoptic data. P i x  show edge of frontal  band in China near  
East Coast. 
Peninsula. 
to be a vortex F10 C2 but  it su re  is  different f rom others  that were 
located over water. F3-7 a r e  interesting - have what appears  as an 
overcast  of C i r rus  - embedded in this mass is a distinct line of Cufm, 
probably CB. 
To say the Least - A VERY INTERESTING ORBIT. 

Weird sun glint F20 C2 along shoreline may be Kamchatka 
Appears Increase of cloudiness as you go over the Pacific. 

Also  some very interesting cloud pix taken on Camera 1. 

723K 
par t  of Sea of Japan - Pacific 44N 169E 

21/0640 - 57 Tape - 31(1) 26(2) - Star ts  in Tibet - Northern 

P ix  very thin at the start. May be hard  to tell  where or  when pix 
started.  F21-27 cloudy. F15-20 fa i r ly  clear.  Then increase of cloudinees 
F1-14 - F1-14 have extensive cloudiness but no apparent shape o r  form* 
Some interesting shapes of clouds vicinity Kurile Islands (maybe). 
pix show some interesting Cufm. See F21 C1 small  Cufm patches along 
with their  shadows on the ground. 

G1 
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724K 
Afghanistan - Mongolia. 

21/0813 - 59 Tape - 31(1) 28(2) - Saudi Arabia - I ran  - 

No synoptic data. Excellent landmarks Saudi. Clear  over Arabia 
a s  usual.  Clouds in the mountains of NW Tibet. Camera  1 Pix show Cufm 
buildups along mountains. Snow - Good pix of Qatar Peninsula. 

729M 
62 Tape - 31(1) 31(2) - 13152 - DCSI Cuba - SE of F lor ida  - Atlantic 
3 2 ~  66w 

21/1637 - 10 Direct  - DCSI 7 - 3(1) 4t2) 16282 - DCS I1 3(2) - 

Area  generally c lear .  Some Cufm along islands. DCS II - Atlantic 
Ocean. 
Eas t e rn  Atlantic - Spain - Central  Europe S W  USSR to North of Caspian 
Sea and A r a l  Sea a rea .  
generally c lear .  Increase  of cloudiness S W  France .  Sun glint Adriatic 
Sea. 

May have picked up some frontal  band cloudiness P B  Pix  - 

Some banded Cufm in Atlantic where it is 

Clouds at two levels Eas tward  into USSR. 

730M 21/1810 - 17 Direct  - DCSI 12(2) - Texas to Connecticut 

Excellent and striking pix on d i rec t  readout. 
SE U S  vicinity of Penna. 
around a vortex - with a well defined c lear  a r ea .  
with 18002 Nephanalysis. 
than 60 degrees .  DCS I1 5(2) - Taken off the Newfoundland Coast. 
Extensive cloudiness in the a r e a  with some good c lear  areas. 

Generally c lear  over  

Excellent comparison 
Camera  picks up a striking pix of clouds 

PB Pix  - A l l  Pix have nadir angles g rea t e r  

731M 
Grea t  Lakes a r e a  - Cufm along mountains. 
large c l ea r  a r e a  - same vortex a s  seen on 730M, but taken one orbi t  
l a te r .  
13(1) 32(2)  - F12-32  have nadirs  g rea t e r  than 60°, F 1 - 8  show clouds 
at two levels ,  lower level of Cufm - upper level Cirroform.  

21/1956 - 15 Direct  - DCS I I1 - 5(1)  6(2) - Colorado - 
Vortex band of clouds - 

Good landmark on Camera  1 of Green Bay a r e a ,  45 Tape - 

732K 
grea te r  than 60 degrees .  

8(2)  Di rec t  - Pix taken f rom minute 0-4. Al l  pix have nadir 
No PB Pix. 

527 



732M 
angles - Pacific 14N 160W - a c r o s s  Oregon into Montana 

21/2124 - 64 Tape - 32(1) 32(2)  - first 7 pix have high nadir 

Pacific covered with Cufm bands. All  s izes  r ea l  smal l  to large.  
Paas  goes by Southern and Western side of big anticyclone cell. 
Cannot te l l  f r o m  Fix when you r each  west coast  of US. 

732M 
Lakes - Ontario. 

21/2141 - 10 Direct  - 5(1) 5(2) - DCSI Dakotas - N. Grea t  

Some noise and distortion. However, pix taken of s ame  vortex 
vicinity Grea t  Lakes.  

733K 
to 34N 164W 

21/2304 - 14 Direc t  - 711) "(2) - Central  Pacific 16N 177E 

Pix taken along a cold front  - see  some frontal  band of cloudiness. 

733M 
some diagonal l ines  in a lmost  all the pix, a l so ,  there  appears  some 
horizontal  shrinking o r  ver t ical  elongation - pix taken f r o m  Central  N. 
Pacif ic  - Washington - Great  Lakes  a r e a  

64 Tape - 31(1) 31(2) - Monitor r eads  incorrectly.  There  is 

May have trouble with rectification, Pass goes through center  of 
high in Pacific.  
Anticyclonic Cufm - Appears  that it m a y  have picked up a frontal  band 
which does not appear  nor  give any indication on Synoptic Map. Some 
s t reaky  clouds around FlO CZT. 

However there  is an  excess  amount of cloudiness. 

22 May 1960 

734M 22/0051 - 47 Tape - 15(1) 32(2) - Pix supposedly s ta r ted  in 
center  of high - However, a br ight  c i rcu lar  f ronta l  band appears  in  
F27-32 C2T. 
of U S  (SW section of Montana). 

Incidently pix taken in Pacific 35N 173E to West Coast 

Generally broken to  overcas t  s t ra t i form - somet imes  Cufm over 
E a s t e r n  Pacific. 
However, pix a r e  a l i t t le da rk  and thin. 

F1-2  C2T show an  excellent pix of vortex in US. 
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737K 
North of Japan - Ends in Pacific 47N 168E 

22/1547 - 54 Tape 31(1) 23(2) - Tibet, a c r o s s  China, 

No data to compare,  area north of Japan generally broken with 
Cufm and Strat i form.  
Camera  1 Pix monitor in e r r o r  - numbering goes 1-5 - repeat  - 
could get them in proper  sequence. 
Cufm - Cufm streets. 

Generally c l ea r  to sca t te red  over China. 

Camera  1 pix show banded 
Also excellent pix of a lake. 

738K 
Ends vicinity of Kurile Islands 

22/0728 - 58 Tape - 31(1) 27(2) - East Afghanistan to  China. 

Cloud f r e e  over Afghanistan. Snow cover in mountains possibly 
Hindu Kush Mountains. See some clouds over  snow cover FZ1-23 C2T 
See some hook shaped type clouds. Possible  vortex vicinity 50N 137E. 
Very l i t t le organization and cloud distribution; Camera  1 pix show some 
Cufm bands. Possible  Cufm streets - snow cover on mountains. 

743M 
Cors ica  - Italy - Yugoslavia - Odessa - Slightly nor th  of Caspian and 
Ara l  Sea 

22/1223 - 60 Tape - 29(1) 31(2) - Casablanca - Across  

Generally c lear  over Fr. Morocco, Good landmarks.  Interesting 
cloud shape off Coast of Fr. Morocco, 
North African Coast near  Oran. 
Generally sca t te red  to c l ea r  in Mediterranean, 
reach  Italy. 
egg-shaped top type cloud off coast  of Cr imea  (F9-10 CZT)? 
glint Black Sea. 

Sun Glint in Mediterranean off 
Good pix of Balear ic  Islands. 

Clouds inc rease  as you 

Also sun- 
Sun glint in Adriatic Sea. Did TIROS pick up another 

Some good landmarks on C a m e r a  1. 

743M 
nadir too high and noisy; DCS I1 - 2(1) 3(2) - Mid Atlantic 35N 54W to  

22/1543 - 12 Direc t  - 7 DCS I - 6(1) l (2 )  - C2 Pix N.G. 

4 1 ~  4 3 w  

P i x  taken vicinity Low in Atlantic - pix show broken to  overcas t  
cloudiness in area. 
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744M 
Cape Hat te ras  - into North Atlantic vicinity Nova Scotia 

22/1721 - 10 Direct  - DCS I1 - 5(1) 5(2) - Pix  start vicinity 

Nice pix of vortex with possible wave. However pix s e e m  to be 
out of phase - top of pix appears  on bottom and vice ve r sa .  

745M 
a c r o s s  North Atlantic to Southern F rance ,  ending vicinity Sardinia 

22/1725 - 59 Tape - 32(1) 27(2) - South of Nova Scotia 

P ix  show extensive cloudiness. P a s s  a c r o s s  f rontal  band in 
Atlantic - clouds dec rease  as you approach France .  
(F 1-4) a r e  thin and dark. 

Last few pix 

745M 
Grea t  Lakes  

22/1902 - 16 Direc t  - DCS I - 6(1) 6(2) - NW Oklahoma - 

Generally c l ea r  in Central  Plains.  Good pix of vortex located 
over Grea t  Lakes.  
Extensive cloudiness associated with North side of Low located in  
Atlantic. 

DCS I1 4(2) - .Pass  E a s t  of Newfoundland. 

746M 
California 

22/2029 - 64 Tape - 32(1) 32(2) - South Pacific t o  Northern 

First 20 pix have high nadir angles.  Possible  vortex o r  f ront  
shows up off coast  of California. 
along Southeast side of high. 
normally seen in the Pacific. 
pix. 

Some good s ize  Cufm S W  of Calif. 

Cufm a l s o  show up good on Camera  1 
These Cufm a r e  much l a r g e r  than 

746M 
Grea t  Lakes  to Northern Maine 

22/2047 - 10 Direc t  - 5(1) 5(2) - Dakotas - Across  North of 

General ly  c l ea r  to sca t te red  over  Midwest. Vortex over  Grea t  
Lakes  a r e a  shows up well in the pix. 
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747M 
a c r o s s  Northern US, ending in Grea t  Lakes a r e a  

22/2218 - 64 Tape - 32(1) 32(2) - Central  Pacific 31N 160W 

Fron ta l  band clouds in Pacific a r e  seen. Good well defined 
c l ea r  a r e a  F14-19 C2T. 
May have picked up vortex off Coast of Washington. 
band, broken to overcas t  Cufm over N W  US, 
to be a d ry  s ta t ionary front located in Dakotas. 
sca t te red  in this  a rea .  

Outside of this area - find s t ra t i form clouds. 
Along with frontal  

P a s s e s  over what s eems  
Generally c lear  to 

23 May 1960 

748M 
a c r o s s  NW US, ending in South Dakota 

23/0000 - 64 Tape - 32(1) 32(2) - Central  Pacific 37N 177W 

Clear  in high in Pacific. NE edge of high have band of clouds. 
May be associated with vortex north of track. 
assoc ia ted  with front  vicinity 155W. 
in Orbit  747M is seen off coast  of Washington. 
taken slightly north of the previous orbit .  
flow. A s  you approach coast  i nc rease  of Cufm. 
Cufm dec reases  to sca t te red  to broken over Rockies. 
relatively dry  stationary f ron t  located in Dakota area. 

Extensive clouds 
Same c l ea r  a r e a  that appeared 

Pix on this  orb i t  a re  
Clear  a r e a  in anticyclonic 

Broken to overcast ;  
Pass again over 

758M 
determine where o r  when taken. 
available. 
f r o m  China into Pacific. 

32(1) Direc t  - Misprogrammed - No program available to  
64 Tape - 32(1) 32(2) - No program 

It m a y  have been taken around 05002.  This would be taken 
No synop data available to  compare.  

Generally c l ea r  to sca t te red  over land. Generally overcas t  over 
water.  
Orbit  754 around 1OZ. 

Checking MSS nephanalysis indicates that  pix were  taken on 

759M 
No program available, 
57 pix 25(2) 32(1) are looking into space the 48 Direc t  pix are good. 
No status r epor t  filed. 

48(1) Direc t  - No program available. 64 Tape - 32(1) 32(2) - 
In addition all pix have high nadir  angles - 

Manual operation indicated in Met Summary. 

531 



760M 
Grea t  Lakes a r e a  - Quebec. 

23/1953 - 23 Direc t  - DCS I 1 3 ( 1 )  6(2)  - Wyoming - 

The cloudless stationary front  that  has  been seen  on previous 
orb i t s  i s  now developing a wave j u s t  E a s t  of Salt Lake. 
associated with wave a r e  seen. Midwest i s  generally c lear .  Clouds 
increase  vicinity Grea t  Lakes  a r e a  towards the end of this  pas s  - 
8 consecutive pix a r e  taken on Camera  1. 
be overcas t  but is  not so  indicated on the Camera  1 pix. 
sca t te red  to broken in the Quebec area. 

Clouds 

The a r e a  covered should 
Lots of Cufm 

760M 23/2004 - 4(2) DCS I1 - Mid Atlantic 46N 49W to 43N 40W - 

Pass over  r e a r  s ide of vortex,  S t ra t i form at different levels  
a r e  seen - some semblance of vor tex  cloud pattern; 8(2) Tape - 
majori ty  of pix taken have high nadir  angles.  
General  Cufm broken SW of Calif. 
with low off coast  of Northern Calif. 
looking into space. 

Las t  8 pix taken a r e  OK. 
Picks up cloudiness assoc ia ted  

All pix taken with Camera  1 a r e  

761M 
Northern US and ending vicinity Grea t  Lakes  a r e a  

23/2125 - 64 Tape - 32(1) 32(2) - Pacif ic  30N 154W a c r o s s  

See frontal  band cloudiness - not too extensive - in Pacific 
vicinity 155W then becomes m o r e  extensive in Northern pa r t  of front.  
Streaky s t r a t i fo rm clouds seen assoc ia ted  with nor thern  par t  of high 
in Pacific.  
off and on coast  of Washington assoc ia ted  with low off the coast .  
Extensive and br ight  clouds in Idaho - Montana - Dakotas; Grea t  Lakes  
a r e a  generally c l ea r  but m a y  be  pix have taken some extensive c i r rus .  
Cannot rea l ly  see  it but based  on intuition. 

F e w  good c l ea r  areas in between. Cufm clouds appear  
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762M 
good; 64 Tape - 32(1) 32(2) - Central  Pacific 32N 178W a c r o s s  
Northwestern U S  ending SW N Dakota 

23/2306 - 9(2) Direct  - Pix a r e  thin, dark and not much 

Anticyclonic Cufm in Pacific vicinity 175W. Good c l ea r  a r ea .  
Pass over  cold front.  Extensive cloudiness. Appears  that there  a r e  
two lines of clouds a t  r ight angles  (22-24 C2T). 
extensive cloudiness along with frontal  band located vicinity 148W. 
Streaky s t ra t i form anticyclonic type over Northern section appears  
off the coast  of Washington. This  is about the 3rd  o r  4th orbi t  that 
this  type of cloudiness appears  within the past  24 hours.  
appear  off the coas t  of Washington - the s ta t ionary front  which had 
been cloudless is now a lmost  overcas t  with few breaks.  

Another a r e a  of 

Cufm 

24 May 1960 

763M 
a c r o s s  NW US to NW Colorado 

24/0050 - 64 Tape - 32(1) 32(2) - Central  Pac i f ic  40N 174E 

Pacific a r e a  most ly  cloudy. Clouds associated with wave a r e  
shown. 
of c l ea r  spot - f rontal  bands assoc ia ted  with cold front  in Pacific 
a r e  seen - behind cold front  appear  Cufm mottled type clouds - 
vortels circulation may  b e  seen. Clouds off coast  of NW US make 
landmarks difficult to  see.  Generally banded Cufm over Rockies. 

A c l ea r  spot north of wave and then m o r e  cloudiness north 

772M 
Direct  P r o g r a m  DCSI Caribbean - DCS I1 Atlantic Ocean 40N 55W to 
45N 44W 

24/1540 - 15(2) Di rec t  - DCSI 8(2) - High Nadir - DCS I1 7(2)  - 

DCS I - All pix with high nadir .  DCS I1 - Some random cloudiness 
appears .  No patterns.  Some bright  clouds indicating possible 
precipitation. 

772M 
to Pacific Ocean 45N 170W 

24/0400 - 32 Tape - 32(1) 32(2) - East China - North of Japan - 

Generally broken to  overcas t  with c l ea r  areas interspaced. Appears  
to have picked up a vortex in China around 50N 135E. 
vortex that is located in Pacif ic ,  F r a m e s  5-7 2 shades of cloudiness. 
Clouds at 2 levels.  One s t ra t i form,  the other Cufm. 

Also shows the 
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773M 
DCS taken - could be Texas o r  Maine - Only 1 pix Camera  2 of any 
value 

8 Direct  - 4(1) 4(2) - Nadir High - Difficult to say on which 

774M 24/1720 - 54 Tape - 27( 1) 27(2) - Albany, No Y. - Atlantic 
a c r o s s  Spain into Mediterranean Sea 

F l l - 3 2  fuzzy ( s e e m s  out of focus) F 1-10 show s t reaky  fi lament 
type clouds in all directions.  Also possible clouds at two levels.  

774M 
DCSI - Neb-Minn; DCS I1 Quebec - Atlantic 45N 37W 

24/1905 - 15 Direct  - DCS I l ( 2 )  - DCS I1 - 14(2) - 

DCS I - Fronta l  clouds seen. DCS I1 - Extensive cloudiness in 
Quebec. 
secondary low show up. 

F6-10 shows unique cloud - could be CB. Clouds of 

775M 24/2029 - 43 Tape - l l ( 1 )  32(2) - Pacif ic  16N 161W - Montana 

F 18-32 High Nadir. Good pix of w a r m  sec tor  and vortex located 
Clouds a t  off W e s t  Coast US. 

2 levels.  
After reaching US broken to overcast .  

Odd appearing Cufm overcas t  with numerous breaks .  

775M 
Quebec - Nova Scotia 

24/2046 - 10 Direct  - 5(1) 5(2) - North Dakota - Lake Superior-  

Edge of cloudiness assoc ia ted  with s ta t ionary front  located in 
Broken - Overcast  clouds over Grea t  Lakes  - Central  N. Dakota. 

St. Lawrence. 
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776M 
Across  Northern US to Grea t  Lakes a r e a  of West NW - Penna 

24/2218 - 33 Tape - l ( 1 )  32(2) - Pacific 39N 157W - 

Pix  probably taken over a washing-out vortex in Pacific. 
Anticyclonic appearing G u f m  surrounds detached vortex (F25-30).  
Near West Coast find s t reaky f i lament  clouds. 
Clear  a r e a  off coast. Mountain Cufm over Rockies. Noise and 
darkening of film toward end of roll .  Pix s e e m  to indicate l e s s  
cloudiness over North Central  US than what is repor ted  on the 
synoptic map. 

Clouds at 2 levels. 

25 May 1960 

777M 
locate Camera  1 Pix  

25/2357 - 29(1) Tape - No Camera  2 Pix - Difficult to 

786M 
High nadir - 51 Tape - 28(1) 23(2) - Focus  o r  double exposure difficulty, 
Getting double horizon. 

25/1440 - 11 Direc t  - DCSI 3(2)  - High nadir ;  DCSII 8(2) 1446-  

Camera  1 pix show some Cufm cloud s t reets .  

787M 
a c r o s s  F r a n c e  - Europe. 

25/1451 - 46 Tape - 27(1) 19(2) - Sta r t s  Atlantic 43N 30W 
Ends in Turkey. 

F r a m e  numbers  in e r r o r  a f t e r  pix 15. Pix quality poor. No 
landmarks.  Difficult to locate pix. See some anticyclonic Cufm over 
water ,  Possibly frontal  band off coast  of Ireland. 

787M 
DCS I1 8(2)  - 5 with high nadir - Pix  taken E a s t  of New England 

25/1628 - 12 Direct  - DCS I 4 ( 2 )  - All 4 pix have high nadir - 

Fronta l  band cloudiness associated with vortex located SE of 
Nova Scotia is seen, P ix  a l so  noisy. 
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788M 
Grea t  Lakes a c r o s s  Canada to Newfoundland - 56 Tape - 32(1) 24(2) 

25/1812 - 9 Direct  - DCS I l ( 2 )  - High nadir ;  DCS I1 - 8 ( 2 )  - 

Generally broken - overcas t  over Grea t  Lakes a r e a  and  US. 
Generally c l ea r  on Canadian Side of Grea t  Lakes.  
poor. Double exposure.  Double horizon. A l s o  only 3 pix with 
horizon. 

PB P ix  quality 

P ix  taking vicinity of verticali ty.  

789M 25/1955 - 12(2) Di rec t  - Montana, Grea t  Lakes,  Canada 

P ix  show good clouds broken, overcas t  band associated with 
stationary front  which is located in N. Dakota. 
Grea t  Lakes on Canadian side. 

Clear  a r e a  north of 

790M No program available. However by deduction, believe that 
pix were  taken on 789M 29. 8. 60 Tape - 32(1) 28(2) - 19 Pix ( F l - 1 9 )  
dark,  Remaining pix no horizon, Quality poor. Camera  1 pix show 
some good Cufm - m a y  be some sbreets.  

791M 
NW US to  Northern Missour i  

25/2306 - 64 Tape - 32(1) 32(2) - Pacif ic  41N 170W a c r o s s  

Pix quality poor. Same double exposure pix has  previously been 
No important mentioned - generally broken - overcas t  over Pacific. 

shapes over  land. Cloudiness becomes l e s s  over US. 

26  May 1960 

800M 
57 Tape - 25(1) 32(2) - China - Pacific Ocean 40N 168W 

26/0400 - 7(2)  Di rec t  - Pix NG High nadir  and noisy - 

Pix  quality poor,  double exposure o r  out of focus.  Interesting 
cloud patterns.  No data a r e a ,  Bright sun glint (F 15-19 C2). 
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801M 
DCS I1 17(2) - 12 high nadir - Pix  taken over secondary low off 
Carolinas.  See f ronta l  bands - 43 Tape - 22(1) 21(2) - Atlantic 
43N 32W a c r o s s  Europe (F rance  - Hungary) Black Sea,  Turkey. 

26/1535 - 19 Direc t  - DCS I 2(2)  - NG Noisy - Scalloped; 

Difficult to  locate pix taking. Pass is over two frontal  bands, 
cannot say whether f i r s t  o r  last 5 min  were  omitted. 
landmark that m a y  be the coast  of France .  

There  is a 

802M 26/1545 - 53 Tape - 30(1) 23(2) - First 20 pix quality poor. 

See band of f rontal  cloudiness assoc ia ted  with cold front  off 
west coast  of Europe. 
Interesting in F4-5  C2T. 

Sun glint in Mediterranean nea r  coast. 

802M 17 Direct  - DCS I 3(2) - NG High nadir  - DCS I1 7(1) 7(2) - 
Great  Lakes  a c r o s s  Northern Maine, Newfoundland - Atlantic Ocean 
48N 43 W 

P i x  show clouds associated with weak stationary front  vicinity 
Newfoundland. Possible  secondary low cloudiness SE of Newfoundland. 

803M 7 Direct  - DCS I l ( 2 )  - DCS I1 6 l (1 )  - Pix  vicinity 
Newfoundland show stationary f ront  and secondary low. 
Pix  taken s a m e  general  a r e a  on previous orbit .  

See 802 DCS 11. 

803M 
o r  blank - C2 Pix show some with poor quality. 
off coast  of Spain. 
band at s t a r t  of pix taking in Atlantic. 

26/1730 - 56 Tape - 32(1) 24(2) - First 15 Pix C1 are dark  
Fronta l  band cloudiness 

Sun glint in Atlantic F13-18 C2T. Another f rontal  
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804M 
Taken E a s t  of New England - 25(2) Tape - 11 high nadir  - nothing 
on Camera  1 

26/2030 - 2(2) Direc t  - Litt le o r  no horizon and noisy - 

Cufm bands along Northern Calif coast. Broken over NW US 
in l ine with stationary front. 
Western Dakotas. 

Then a c l ea r  a r e a  in Eas t e rn  Montana - 
Pix pick up cloudiness of low vicinity E a s t  Dakotas. 

805M 
4(1) 22(2) - Majority of Camera  1 pix a r e  dark  - Camera  2 pix 
11 high nadir.  
pas s  over cold f ron t  in Pacific then a c r o s s  occlusion off the West Coast 
of US. 
pix f r a m e s .  

26/2210 - Direc t  - A l l  pix ei ther  dark  o r  noisy - 26 Tape - 

Pic ture  quality is improved for the f i r s t  t ime. 

May be some difficulty in rectification due to  misnumbering of 

P ix  

806M 

815M 

816M 

817M 

27 May 1960 

No useful pix - dark  - noisy. No horizon. 

6(2) Di rec t  - None useful. Nadir too high. 

13(2) Direct  - Possibly one pix of any use - 12  have high nadir  

32(2) Tape - Across  Pacific 47N 164E to 32N 121W 

May have taken pix of 2 vort ices  and associated fronts.  

818M 
determine where o r  when pix were  taken 

Not programmed - spin up; 76(2) Di rec t  - No p rogram to 

Excellent pix of clouds, f rontal  bands (wide) - Cufm bands. J u s t  
genera l  extensive cloudiness in m o s t  f r a m e s  with good c l ea r  a r e a s  
separat ing the cloudiness. 
every  10 sec  on Direct .  
direct .  
taken on Orbi t  818 approx M 23. 

Quick deduction appears  that  pix were  taken 
It was possible to  get 13 min  of readout on 

Comparison with 1 8 2  27 May 60 s e e m s  to indicate that pix were  
See wide band of f rontal  bands in  Mid us- 

538 



819M 
Either  blank o r  noisy. 

Not programmed - spin up; 68(2) Di rec t  - 12 pix NG - 
Again no program available 

Quick deduction appea r s  that  pix were  taken on 819 approx 
min 28. 
Approx s a m e  a r e a  covered on this  pass. 
to study relation to frontal  sys tems.  
cloudiness associated with aforementioned in a t ime and distance 
change between two consecutive passes .  

Pix of s a m e  cloud sys t ems  which appeared  on 818M. 
Should be excellent orb i t  

Vortices and change of 

28 M a y  1960 

829M 
Across  US into Gulf of Mexico 

28/2310 - 31(2) Tape - 8 dark  - Pacific Ocean, 48N to 147W - 

Pix show vortex off coast  of US. Good landmarks of Oregon. 

Large  and I mean la rge  bright. 
Cufm over mountains. 
s e e m s  to change abruptly at F13. 
Cufm patch ( 3  p e r  pix - may be 240 Mi d iameter )  - appear  in vicinity 
of s ta t ionary front  on right side of Rockies,  

Good pix of Grea t  Salt Lake. Cloud reg ime 

Last 8 pix (F 1-8) a r e  dark.  

831M 
program - Spin up - Clock overse t  t o  c lear .  

No program - Only 1 pix on Direc t  - N,o horizon - Manual  

832M 
Atlantic, 43N 50W 

28/1900 - 44 Direct  - 31(1) 13(2) - Across  SE Canada - 

Extensive cloudiness broken - overcast .  Stfm associated with 
stationary front  vicinity Grea t  Lakes.  
Then overcas t  band south of Newfoundland associated with wave. 

Clearing vicinity Nova Scotia. 
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833M 
Pix  seemed to  have been paired off - Area  covered N, Dakota - 
Great  Lakes 

12(2) Direc t  - P r o g r a m  read  DCS I C2 PI 30s  ET 3.OM - 

Pix show clouds associated with s ta t ionary front.  Have the 
feeling that clouds seen may  have indicated a secondary low forming 
on front  - does not show for  at l ea s t  12 hours  l a t e r  on synoptic map  - 
generally cloudy over Grea t  Lakes.  

834M 
Nebraska - Across  SE U S  into Atlantic 

28/2225 - 16(2) Direc t  - 3 P i x  with horizon present  - 

See clouds of stationary front. Clear  a r e a  Ohio - W Va. a r ea .  
Then increasing clouds off SE Coast of US, 

29 May 1960 

843M 
48N 171E to South East Pacific 25N 122W 

29/0135 - 55 Tape - 28(1) 27(2) - North Central  Pacif ic  

Bright  c i rcu lar  cloud mass appears  vicinity of secondary low - 
prec ip  in area. 
F20-32 Nadir high. 

Fronta l  zone clouds appear  vicinity stationary front.  

846M 
Brunswick, Atlantic Ocean 

29/1800 - 11(2) Direc t  - N Dakota a c r o s s  Canada, New 

Area  broken, overcast .  F10-12 show la rge  amount of cloudiness 
assoc ia ted  with low centered in Atlantic Ocean SE of Nova Scotia. 

848M 
24N 64W 

29/2133 - 16(2) Direc t  - Ill. - North Carolina - Atlantic 

F ron ta l  zone cloudiness in F1-4; extensive cloudiness along coast-  
Possibly low developing along coas t  - Cape Hat. 
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30 May 1960 

858M 
S. Pacific 20N 135W 

30/022430 - 52 Tape - 20(1) 32/2) - NW Pacific 48N 166E - 

Extensive cloudiness associated with vortex to SW of pas s  o r  
East of Japan is seen. An excellent example of vortex vicinity 
45N 7 3 W  is seen. Extensive cloudiness associated with frontal  
sys tem appears  south of vortex. 
f rontal  sys t ems  and /o r  vort ices  in the Pacific. 

This orbi t  is a good one to study 

861M 30/1858 - 16(2) DCSI - Quebec, Maine, Atlantic 35N 45W 

Large  m a s s  cloudiness broken - overcas t  associated with 
stationary f ront  in Canada. Sharp c l ea r  a r e a  vicinity Maine, Nova 
Scotia, then dense overcas t  with c i r cu la r  banded Cufm. Bands stop 
abruptly a t  c l ea r  a r ea .  

862M 30/2041 - 16(2) DCSI - Mich. Maryland] Atlantic 25N 58W 

Occlusion depicted. 
ve ry  bright - other dull gray. Cape 
Hat teras ,  Cape May - broken, overcas t  SW of orbit .  North and SE 
of orb i t  sca t te red  thin patchy Cufm. 

F 5 - 6  shows 2 shades of cloudiness - one 
Fog bank o r  s ta tus  off shore.  

863M 30/2221 - 6(2) DCSI - Mid Central  US, Colorado, Oklahoma, 
Louisiana, Gulf of Mexico, Cuba 

Broken Cufm along mountains - clouds at two levels  or ient  
perpendicular to  each  other - another s h a r p  c l ea r  a r e a ,  
stopped pix taking a f t e r  3 rd  minute. 

Camera  
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31 May 1960 

872M 
with MSS Nephanalysis shows that it was taken on Orbit  866 19252 - 
East USSR, North of Japan - Pacific 

60 Tape - 29(1) 31(2) - P r o g r a m  not available - but check 

Most cloudiness ever  seen on any Orbit  - completely overcas t  
in many f r a m e s .  Few c l ea r  a r e a s .  Some wispy cloud formations.  
Generally c lear  to  sca t te red  over Pacific. 
vortex. 

S ta r t s  off with a nice 

874M No pix 

875M n i r e c t  - 1 pix 

876M No film 

1 June 1960 

886M No film 

890M No film I 

891M No film 

9OlM 
15N l l O W  

1/2351 - 55 Tape ’- 24(1) 31(2) - Pacific 47N 161W to 

See extent of clouds of vortex west of pass .  Fronta l  clouds 
under Pass. 
assoc ia ted  with high. 
California. 
off coast. 

Extensive c l ea r  area with a small cloud in the middle 
Increase  of cloudiness as you approach lower 

Clouds appear  at two levels  - Strat i form - Cufm; Cufm 
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2 June 1960 

904M 
Atlantic, West Coast Africa vicinity Canary Islands 

2 /1622  - 57 Tape - 26(1) 31(2) - Newfoundland] Across  

Pix probably s ta r ted  about 8 min  la te ,  shows frontal  band 
cloudiness located 40N 30W. 
Patchy Cufrn over Africa. 

Banded Cufm along African coast. 
Last 6 f r a m e s  dark. 

904M 2/1802 - 16(2) Direct  - 4 Noisy - Maine - Atlantic 33N45W 

Shows vortex. Fronta l  clouds located in Canada. Clear  over 
SE New England. 
Nova Scotia - Newfoundland. 

S t ra t i form overcas t  to  north of pass  vicinity 

905M 
Atlantic Ocean 25N 60W 

2/1945 - 16(2) Direct  - Chicago a c r o s s  Mid Atlantic States - 

Fron ta l  clouds seen - broken Cufm off coast. 

3 June 1960 

916M 
14N 126W 

3/3830 - 51 Tape - 19(1) 32(1) - Pacific Ocean 46N 178W to 

Generally overcas t  with few b reaks  through Low - occlusion. 
Extensive cloudiness in southern par t  of High. 
around 30N. 
picked up by TIROS. 

Banded Cufrn starts 
Secondary Low cloudiness vicinity 25N may  have been 
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919M 
Coast of Afr ica  22N 5 0 W  

3/1710 - 55 Tape - 24(1) 31(2) - Northern Maine to E a s t  

Curved dense banded cloudiness associated with low located in 
Canada. A s  you 
get into High, get patchy Cufm - some bands - cloud reg ime remains  
like this  to Africa. 

Appears  to pick up frontal  cloudiness vicinity 40W. 

919M 3/1854 - 16(2)  Direct  - SE Penna - Atlantic 22N 50W 

Edge of f ronta l  cloudiness seen vicinity of Grea t  Lakes  a r e a .  
Broken to overcas t  Cufm off coast  of U S  about 30 to 35N. 
Orbit pass generally c lear .  

North of 

920M 
Haiti, Caribbean Sea 

3/2036 - 16(2) Direct  - SE U S  (Mississ ippi)  a c r o s s  F lor ida ,  

Generally overcas t ,  broken vicinity of secondary low. Few Cufm 
bright  patches vicinity Flor ida.  

4 June 1960 

929M 
off coast  of Northern California - Central  Mexico 

4/2212 - 59 Tape - 27(1) 32(2) - first 7 pix Fuzzy - Sta r t s  

Unusual clouds off coas t  of Calif. Coastal  stratus along Calif. 
Big c l ea r  a r e a  separa tes  coastal  stratus f r o m  frontal  cloudiness. 
Overcast  Cufm off Lower Calif. 
Mexico. 

Batches of overcas t  Cufm over 

932M 
in e r r o r  - SW of Spain - a c r o s s  Cent ra l  Afr ica  

4/1445 - 61 Tape - 2 9 ( l )  32(2) - F r a m e  numbering may  be 

Broken to overcas t  Cufm over ocean. 
Generally c l ea r  over NW Africa. 
Cb) in inter ior  Afr ica  vicinity ION. 

No apparent  organization. 
Very br ight  Cufm activity (possibly 
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933M 
New England Atlantic 25N 46W 

4 /1755  - 16(2)  Direct  - North Dakota a c r o s s  Grea t  Lakes - 

High nadir angles and double exposures  leave much to be 
desired.  Possible  f rontal  band cloudiness. 

934M 
S. Dakota, Georgia,  Atlantic, 25N 71W 

4/1959 - Direc t  - DCSI - 3(1)  - DCSII 16(2) - then 1 2 ( 2 ) ?  

It appears  that  what was seen in Orbit  933M was real ly  seen in 
N o  program available. PB  Pix on Orbit  934M. 

DCS I1 16(2)  - should r ead  PB P ix  16(2). 
Have interest ing cloud s t r e a m e r s  o r  protuberance,  
shows up a lot of bright Cu o r  Cb activity in broken o r  overcas t  
patches. 

This accounts f o r  
Assume 16(2) is P B  Pix. 

Direct  12(2) 

This does not show up on synop map. 

5 June 1960 

944M No pix 

J e t  s t r e a m  Ci 25N. F e w  Cu along mountains on East Coast 

Cloudiness inc reases  into Indian Ocean - possible 
Afr ica  and W e s t  Coast Arabia.  
Gulf of Aden. 
ITCZ clouds depicted in  Indian Ocean. 

Generally c l ea r  to  sca t te red  to 

948M Direct  DCSII 14(2) - 2 pix destroyed due to  examiner  - 
4 3  Tape - 13(1,) 30(2) - 2 pix destroyed - Mid Atlantic States to 
West Central  Atlantic, 20N 62W; PB Pix - Azores  to Nigeria 

DCSII - Large  mass br ight  cloudiness suggests that  low is present  

F 1 6 - 2 1  possible j e t  s t r e a m  
vicinity 30N 67W - P B  Pix: 
indicate possible wave along l ine of orbit. 
Ci. West Coast Afr ica  generally c lear .  Clouds appear  cent ra l  F r e n c h  
W e s t  Africa and inc rease  inland. 

Cloudiness in Frames 25-30 seems  to 
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949M 15(2) DCS I - Texas,  Gulf of Mexico, Caribbean 

Pix show advance of cold front  in Texas. Scat tered clouds 
associated with high in Gulf. 
and Cuba Coasts.  

Scat tered C u  buildups along Yucatan 
Increase  of cloudiness in Caribbean. 

6 June 1960 

958M No pix 

959M 6/1123 - 46 Tape - 16(1) 30(2) - Turkey, Cyprus,  MidSaudi 
Arabia  

Donut shaped cloud 959-(28)-2; j e t  stream Ci 959-(18-22)-2 - Cu 
buildups along mountains. Clouds ( 1-4) indicate vor tex  in Indian Ocean. 

9 62 
20N 2 5 W  

6/1612 - 64 Tape - 32(1) 32(2)  - Ontario, Maine Atlantic 

Correlat ing pix with synop map  would indicate that PB P ix  
s ta r ted  8-10 min l a t e r  than what was deduced f r o m  P r o g r a m  
interpretation. 
assoc ia ted  with cold front  in Nova Scotia. 
dark. 

S ta r t  of Orbit  shows a lot of cloudiness which is 
Last 1 3  pix (F 1-13) a r e  

9 62 
Ocean 25N 55W 

6/1758 - 14(2) DCS I1 - Mid Atlantic States (Penn) - Atlantic 

Pix show broken cloudiness in weak cold f ront  along coast. 
mass br ight  cloudiness in Atlantic suggests that  low is present .  
shown on synop map. Should be s a m e  cloud m a e s  that showed on 
Orbit  948M - at l eas t  its in same  approximate location, 30N 62W. 

Large  
Not 
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963M 6 /1937  - 22(2)  DCSI - Kansas, Nebraska, Flor ida,  Cuba 

Extensive cloudiness behind and up to cold front. Bright banded 
Cufm clouds vicinity Florida.  P rec ip  and t s tms  in  a rea .  

7 June 1960 

974M 
Arabian Sea 

7 / 1 0 3 3  - 64 Tape - 32(1)  32(2)  - Iran,  Pe r s i an  Gulf, 

Extensive cloudiness Indian Ocean. Possible ITC - F ( 7 - 9 )  
Banded Cufm at right angle in cloud s t r e a m e r s  out of main cloud. 

same pix, Banded Cufm off Southern Coast Arabia. Cufm buildups 
over mountains SE coast  Arabia. Clear  Over Arabia. 

976M 
Africa 

7 / 1 3 5 1  - 64 Tape - 32(1)  32 (2 )  - FrenchMorocco ,  Central  

Mottley Cufm clouds over Atlantic Ocean ( F 2 8 - 3 2 ) ;  banded Cufm 
along mountains vicinity Marrakech Resor t  Area;  c lear  through F20; 
some clouds associated with low appear ,  Some bright Cufm vicinity 
Lake Shad. 
Cbs or  large Cufm clouds randomly spaced (F10). 
as  you go southward. 

South Lake Shad increase in Cufm activity with 6 o r  m o r e  
Cloudiness increases  

977M , 2 4  Direct - 16(2) DCSI - 8(2) DCSII - DCSI - Rapid City, 
S. D, to S Atlantic 28N 7 5 W ;  DCSII continuation of Orbit 977 - ends 
vicinity Puer to  Rico 

Extensive cloudiness in majority of pix. 
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8 June 1960 

987M No pix 

988M 
Coast Saudi Arabia,  Gulf of Aden, Indian Ocean 

8/1124 - 64 Tape - 32(1)  32(2) - Red Sea (25N) - West 

Extensive cloudiness in Indian Ocean south of 5N. Heavy Cufm 
along mountains East Coast Africa. 
away f r o m  mountains. Generally c l ea r  North 18N. Check t ime of 
pix, may  be off by 2 minutes ,  

Cufm activity East Coast Afr ica  

991M 
to S of equator 

8/1622 - 45 Tape - 27(1) 18(2) - Central  Atlantic 25N 40W 

Most pix taken in Southern Hemisphere.  P ix  show extensive 
cloudiness. Possible  vortex S. Hemisphere.  A l s o  possible ITC, 
Pix taken to 20s. 

991M 
16(2) DCSII - DCSI - S. Dakota, Iowa; DCSII - North Carolina,  
South Atlantic, 17N 57W 

8/1756 - 19 Direc t  - 3(2)  DCSI - Hi Nadir,  Pix NG; 

DCSII - Extensive cloudiness. First 8-9 pix Nadir Hi. 

992M 16(2) DCSI - North Central  Texas,  Caribbean 

Clouds to  r ight  of pass .  
Cufm over  is lands and Yucatan. 
vicinity Yucatan. 

First few pix high nadir - noisy. 
Extensive cloudinesa over  land 

994K 8/2251 - 6(2) DCSI - Central  Pac i f ic  39N 160W to 32N 150W 

Nadir angles  high. 
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9 June 1960 

995K 
10s; 22( 1) Tape - Indian Ocean, Northern India, Punjab, Mongolia 

9/0037 - 16 Direc t  - DCSII - Central  Pacific 25N 165W to / I  

Typical oceanic cloudiness. Possible  ITC. No landmarks.  
PB P ix  - All pix f r o m  Camera  1. 
some banded fo rms .  

Some pix show cloud s t r ee t s  - 

1003M No pix 

1004M 9/1350 - 64 Tape - 32(1) 32(2) - In te r ior  Africa 

P ix  show clouds over Atlantic. 
Possible  j e t  s t r e a m  Ci - F24-27 increasing cloudiness inland. 
Interesting cloud m a s s  vicinity F10-  13. Sharp cloud features .  

Clear  over coastal  Africa.  

1006M 
to 20s. 

9/1709 - 64 Tape - 32(1) 32(2) - Central  Atlantic 25N 57W 

Generally c l ea r  to sca t te red  over ocean to about 5N. Extensive 
Clouds a t  two levels  appea r ' l 5S  - F2-6 .  c1o;diness possible vortex. 

1006M 9/1847 - 8(2) Direct  - Gulf of Mexico, Cuba, Caribbean 

Horse-shoe shaped cloud appears  in Gulf of Mexico. Extensive 
cloudiness in Caribbean off Central  Amer ica  is in line with low center  
that appears  on map. 

1009K No pix 

lOlOK 8(2)  Di rec t  - No program 
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10 June 1960 

1017M No pix 

1019M 
Madagascar 

10/1300 - 64 Tape - 32(1)  32(2) - Central  Africa 22N 4 E  - 

Possible  j e t  s t r e a m  Ci F26-31 .  Clear  to  scat tered,  clouds 
appear  10-15N. Possible  ITC. Wide c i rc le  quasi-banded F 1 2 .  
Interesting cloud pat terns  F 1 - 10. 

1020M 
to 2 0 s  5 w  

10/1617 - 51  Tape - 32(1) 19(2)  - Central  Atlantic 25N 50W 

Extensive cloudiness vicinity equator. Possible ITC. 

1020M 
12(2)  DCSII - SE US - Bahama Islands 

10/1749 o r  1753 - 1 4  Direct  - 2(2 )  DCSI - High Nadir;  

Nadir too high on 9 pix on Direc t  for any use. 3 pix useful. 
F 1 0  interest ing cloud feature.  Extensive cloudiness F 1 2 .  
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