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PREFACE 

The world meteoro logica l  community suppor t s  and uses  new and l a r g e r  
numbers of weather sa te l l i t es  €or ga the r ing  va r ious  types of meteoro logica l  
information.  A t  l eas t  f i ve  geos t a t iona ry  and f i v e  near-polar  o r b i t i n g  
s a t e l l i t e s  ga the r  o p e r a t i o n a l  and r e sea rch  da ta  and provide  weather 
forecasters wi th  informat ion  s e v e r a l  t i m e s  each day. All areas of t h e  Ear th  
are covered and new ways t o  u s e  and in te rpre t  t h e  satel l i te  data are 
c o n s t a n t l y  be ing  developed. It is  t h e  purpose of these Lecture  Notes on 
S a t e l l i t e  Meteorology t o  assist with t h e  t r a i n i n g  of  weather s c i e n t i s t s  and 
f o r e c a s t e r s  i n  b a s i c  areas r e l a t e d  t o  t h e  pract ical  a p p l i c a t i o n s  o f  t h e  
weather s a t e l l i t e  data. 

This  set of n o t e s  is n e i t h e r  in tended  t o  provide  a f u l l  spectrum of 
s a t e l l i t e  photographs of weather f e a t u r e s  nor  an up-to-date review o f  r e sea rch  
r e s u l t s  from t h e  use  of weather  sa te l l i t e  data. The reader is r e f e r r e d  t o  
s p e c i a l  p u b l i c a t i o n s  by n a t i o n a l  space agencies  and t h e  s c i e n t i f i c  l i terature 
for  reviews of t h e s e  top ic s .  

These lecture  n o t e s  were developed and t e s t e d  i n  fou r  i n t e r n a t i o n a l  
WMO sponsored t r a i n i n g  events ,  and one n a t i o n a l  t r a i n i n g  course i n  t h e  
U.S.A.. The first, and l a r g e s t ,  i n t e r n a t i o n a l  s e s s i o n  d i r e c t e d  by t h e  first 
au thor  w a s  h e l d  i n  For t  C o l l i n s  i n  1979, followed by o t h e r s  i n  Mexico Ci ty  i n  
1980 and Lisbon i n  1981. The n a t i o n a l  s e s s i o n  w a s  h e l d  i n  F o r t  C o l l i n s  i n  
1982 and w a s  followed by another  course  t h e r e  i n  1983. It is important  t o  
acknowledge t h e  c o n t r i b u t i o n s  and ques t ions  from t h e  p a r t i c i p a n t s  a t  t h e s e  
t r a i n i n g  events .  They provided t h e  s t i m u l a t i o n  and focus for  t h e s e  l e c t u r e  
notes .  

W e  are g r a t e f u l  t o  t h e  WMO Secretariat  for i t s  a s s i s t a n c e  i n  
sponsoring and o rgan iz ing  t h e  s e v e r a l  courses and t h e  notes .  Ear ly  curr iculum 
i d e a s  f o r  t r a in ing -cour se  o b j e c t i v e s  w e r e  provided by M r .  David Johnson and 
M r .  Vincent  Oliver  of NOAA/NESDIS. D r .  S tan ley  Kidder o f  t h e  Univers i ty  of  
I l l i n o i s  ( former ly  from CSU) reviewed my e a r l y  n o t e s  and made s u b s t a n t i a l  
con t r ibu t ions .  Our associates a t  Colorado S t a t e  Un ive r s i ty  and o t h e r  
o rgan iza t ions ,  e s p e c i a l l y  M r .  K. Robert Morris, provided t i m e  and material t o  
h e l p  assemble t h e  l e c t u r e  notes .  Organizat ion of t h e s e  n o t e s  and 
word-processing s e r v i c e  w e r e  provided by Dee M. Vonder Haar with t e c h n i c a l  
t y p i n g  a s s i s t a n c e  f o r  t h e  equat ions  from P a t r i c i a  Wright. 

Spec ia l  r ecogn i t ion  is due t o  those  s c i e n t i s t s  l i s t e d  below who made 
major c o n t r i b u t i o n s  t o  cer ta in  s e c t i o n s  or chapters8  

E. A. smith Sec t ion  1.2 
D. W. Reynolds Sec t ion  8.6 
R. Weldon Chapters  9 and 1 0  
R. A. Maddox Chapter 12 
s. Q. Kidder Chapter 13 

Thomas H. Vonder Haar 
P ro fes so r  and Head 
Department of Atmospheric Science 
Colorado S ta te  Un ive r s i ty  
Fort C o l l i n s ,  Colorado 
U. S. A.  



Blank page r e t a i n e d  for p a g i n a t i o n  



INTRODUCTION 

Meteorological s a t e l l i t e s  have taken the i r  place as a standard 
observing platform from which t o  measure the weather. The purpose of t h e  
Lecture Notes on Meteorological Sa te l l i t e s  is  t o  provide basic education and 
t ra ining for meteorologists involved i n  both research and forecasting. The 
tex t  i s  directed toward t h e  t ra in ing  of Class I meteorological personnel. It  
is intended for  use by those d i rec t ly  involved i n  meteorology and climatology 
as well as related f ie lds .  

During t h e  l a s t  ten years, the World Meteorological Organization has 
published a number of documents about s a t e l l i t e s  and the i r  applications. Some 
of these are l i s t e d  i n  the suggested reading which follows t h i s  introduction. 
Unlike the ea r l i e r  publications, these lecture notes do not review the 
capabi l i t ies  and plans of meteorological s a t e l l i t e  services of the various 
nations. They do not provide specialized information on research topics tha t  
are closely related t o  s a t e l l i t e  meteorology, nor do they provide an extensive 
summary of t h e  many s a t e l l i t e  photographs of t h e  Earth and atmosphere already 
i n  the archives. During t h e  course of these lecture notes, extensive 
references are provided t o  other documents t o  meet these specialized needs. 
I n  addition, references are made t o  the regular s c i en t i f i c  l i t e r a tu re  and t o  
special WMO publications, so the reader is  t h u s  directed t o  a wealth of source 
material. Reference is also made i n  the Annex t o  an extensive s e t  of 395 
color s l ides ,  which have been compiled by the principal author and h i s  
associates as a separate project for  the World Meteorological Organization. 
T h i s  s e t  of s a t e l l i t e  training-course s l ides  is  available from the World 
Meteorological Organization, Geneva, a t  cost. "he s l ide  s e t  can be used by 
instructors who also choose t o  use these lecture  notes as par t  of a course i n  
t h e  use of meteorological s a t e l l i t e s .  However, it is important t o  note tha t  
the text  is designed for use without the s l i de  set. 

Throughout t h e  course of t h e  lecture  notes, the pract ical  applications 
of meteorological s a t e l l i t e s  are emphasized. The notes are divided in to  three 
sections. 

Section I describes the basic principles tha t  must be mastered before 
discussion of the various applications. These principles involve fundamentals 
of o rb i t a l  geometry, the nature and capacity of the s a t e l l i t e s  themselves, 
aspects of s a t e l l i t e  instrumentation, and a special  understanding of s a t e l l i t e  
data-receiving systems, as  well as image and data display systems. The basic 
principles a lso include fundamentals of radiat ive t ransfer  used i n  
measurements from s a t e l l i t e s .  

Section I1 is  en t i t l ed  "Practical  Applications". T h i s  is the la rges t  
section and describes the use of s a t e l l i t e s  t o  obtain measurements o r  
estimates of the basic s t a t e  parameters of the atmosphere, including 
temperature, moisture and winds. A discussion of cloud observation and 
ident i f icat ion from s a t e l l i t e s  includes those features associated w i t h  
synoptic, t ropical ,  and small-scale weather features. Special chapters are  
provided t o  deal w i t h  small mesoscale storms and f lash floods as  well as 
estimates of r a in fa l l  from s a t e l l i t e  data. Some special  applications of 
s a t e l l i t e  data t o  weather modification and cloud physics studies,  as  well as  
s a t e l l i t e  observations related t o  air-sea interaction and climatology, 
conclude t h i s  section. 
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Sect ion I11 discusses  t h e  f u t u r e  developments t h a t  a r e  a n t i c i p a t e d  i n  
meteorological  s a t e l l i t e s  and data-processing systems and concludes with a 
summary d iscuss ion  of some of  t h e  practical a p p l i c a t i o n s  of meteorological  
sa te l l i tes  t h a t  are envisaged t o  grow i n  t h e  1980's and beyond. 

As is t h e  case i n  any compilation of l e c t u r e  notes ,  no at tempt  has 
been made t o  cover a l l  aspects of t h e  wr i t ten  l i t e r a t u r e  i n  t h i s  area. 
Cer ta in  re ferences  and examples are chosen t o  convey information t o  t h e  reader  
but  no attempt has been made t o  give equal  coverage t o  a l l  good work i n  a 
p a r t i c u l a r  area. For a p a r t i c u l a r l y  f i n e  in t roduc t ion  and over-view t o  t h e  
use of sa te l l i t es  i n  meteorology, oceanography and hydrology, t h e  reader i s  
r e fe r r ed  t o  WMO pub l i ca t ion  No. 585 - Satell i tes i n  Meteorology, Oceanography 
and Hydrology. 1982. 

References and Suaaested Addit ional  Readinqc 

WMO-411 Information on Meteorological S a t e l l i t e  Programmes Operated by 
Members and Organizations,  19751 

WMO-531 Q u a n t i t a t i v e  Meteorological Data from S a t e l l i t e s ,  Technical Note 
No. 166, 1984 (second r e p r i n t ) ,  

WMO-585 S a t e l l i t e s  i n  Meteorology, Oceanography and Hydrology, 1982 



SECTION I 

BASIC PRINCIPLES 

The normal review o f  basic physics and mathematics i s  required f o r  

those using these lec tu re  notes on meteorological sa te l l i t es .  

i s  intended t o  provide background information and the basic p r inc ip les  o f  

operation of the polar and geosynchronous meteorological sa te l l i t es .  

includes a discussion of s a t e l l i t e  o r b i t s  and the  so-called navigation 

problem. 

the user. 

i n  Chapter 3, again w i t h  the user or meteorologist in terested i n  p rac t i ca l  

appli.cations i n  mind rather  than f rom an engineering prospective. Chapter 

4 discusses the image and data display systems which are often the inter-  

face point  between the user and the vast array o f  technology deployed i n  

the  s a t e l l i t e  systems. 

transfer fundamentals. 

measured by the s a t e l l i t e  instruments that  we obtain, detect, and i n f e r  

information about the weather and the underlying surface o f  the earth. 

This section 

This 

We also cover aspects o f  s a t e l l i t e  instrumentation important t o  

An ou t l i ne  o f  the s a t e l l i t e  data receiv ing systems i s  provided 

F ina l l y ,  Chapter 5 provides a review of rad ia t i ve  

I t  i s  through the natura l  rad ia t ion  streams 
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CHAPTER 1 

POLAR AND GEOSYNCHRONOUS SATELLITES 

The study of basic operating pr inciples  begins wi th  a discussion of 

the fundamental s a t e l l i t e  platforms used for observing the weather. We then 

cover the principles of the o rb i t s  o f  these sa t e l l i t e s  and conclude Chapter 

1 with a discussion of tracking the @'direct readout" weather satel l i tes .  

1.1 Overview of the Meteorological Satel l i te  Program; History 

I n  1984 it  is particularly noteworthy that we compile a Compendium, 

because it was j u s t  over 20 years ago, i n  October, 193, when the first 

sa t e l l i t e  to  carry a meteorological experiment, Explorer V U ,  was launched 

i n t o  a successful orbit. 

Experiment on t h i s  s a t e l l i t e  as well as the many other successful experi- 

ments that have been carried out by several countries dur ing  the l a s t  20 

years. 

We w i l l  study the Earth Radiation Budget 

What can we learn by looking a t  t h e  history o f  t h e  meteorological 

s a t e l l i t e  program? Well, certainly it  w i l l  help us t o  understand the 

steady progression of instruments and sa t e l l i t e  capabilities that leave us  

where we are today with the current operational and research systems. 

addition, by some extrapolation, we can begin to t h i n k  about future 

sa t e l l i t e  capabilities that we might anticipate i n  the years to  come. O f  

course, i n  the l a t e r  parts of these notes on polar and geostationary 

meteorological sa te l l i t es ,  we w i l l  definitely be talking about such new 

systems as the space shuttle and space lab. 

I n  

Nevertheless, the operational 



- a -  

meteorologist, researcher, or  i ns t ruc to r  of today can on ly  properly 

understand, use and teach the pr inc ip les  of meteorological s a t e l l i t e s  by 

having a thorough understanding of the past systems. 

1.1.1 S a t e l l i t e s  

Both the Soviet Union and the United States carr ied meteorological 

experiments on t h e i r  research s a t e l l i t e s  i n  the ear ly 1960’s. 

developed i n t o  regular  meteorological s a t e l l i t e  systems that  carr ied the 

imaging systems t o  take p ic tures o f  the clouds and the basic rad ia t ion  

measurement systems t o  measure the Earth’s rad ia t i on  budget. 

Sputnik and Explorer class sa te l l i t es ,  the United States began i t s  TIROS 

series, an acronym tha t  stands fo r  Television and In f ra red  Operational 

Sate l l i tes .  

the f igures shows the t y p i c a l  TIROS sa te l l i t es .  

1961J shows the speci f ic  launch dates o f  some o f  these ear ly  TIROS within 

the context o f  the other a r t i f i c i a l  earth s a t e l l i t e s  and s ign i f i can t  

launchings from the l a t e  1950’s up through the launch o f  Vostok i n  1961 

tha t  placed the f i r s t  man, Cosmonaut Gagarin, i n t o  space. 

These soon 

After  the 

Beginning i n  1960, the TIROS extended through 1965. One of 

Table 1.1.1 (Johnson, 

Figures 1.1.1 and 1.1.2 show that the TIROS ser ies was soon augmented 

i n  the United States by an experimental s a t e l l i t e  program t o  t e s t  new 

meteorological devices. 

s a t e l l i t e  was launched i n  1963. NIWUS was a tes t  bed and has continued 

through l978 with the launch o f  NIt43US-7. 

second generation operational meteorological s a t e l l i t e s  ca l led  ESSA were 

interspersed through the l a t e  1960’s with the experimental NIMBUS. 

NIMBUS t e s t  bed allowed many new experiments t o  be pioneered and we sha l l  

learn  about them i n  t h i s  Compendium. 

I t was ca l led  NIMBUS and the f i r s t  NIMIUS 

The same figures show that  the 

The 
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The t h i r d  series of meteorological sa te l l i t es  for operational purposes 

Figure 1.1.3 shows i n  the United States were named NOAA (see Table 1.1.2). 

the early version of NOAA (the present spacecraft is shown i n  Chapter 2).  

The NOAA series and METEOR series of the USSR were essentially the i m m e -  

diate forerunners of the present-day near-polar o r b i t i n g  operational 

weather s a t e l l i t e s  system. 

by experiments on C0SM)S spacecraft. 

I n  the USSR the METEOR s a t e l l i t e s  were preceded 

I n  the la te  1960’s the launch vehicle capabilities had allowed u s  t o  

place communication sa t e l l i t e s  i n t o  geostationary orb i t s .  

an excellent one for meteorological s a t e l l i t e s  as we shall  learn i n  the 

next two chapters. I t  allows an observing radiometer or  camera to  take 

continuous pictures of the developing and moving weather patterns, i n  

contrast t o  the snapshot view that the polar-orbiting sa t e l l i t e s  could pro- 

vide. 

Applications Technology Satel l i tes  (ATS-1). T h i s  s a t e l l i t e  carried a spe- 

c ia l  experiment called a spin-scan cloud camera (SSCC). The camera used 

the sa te l l i t e ’s  rotation t o  sweep across the Earth and gather a l ine that 

would be added together with many other such sweeps t o  form an image of the 

Earth’s weather patterns from a distance of approximately 35,800 kilome- 

ters. 

capability and together these two sa t e l l i t e s  became the forerunner of the 

operational geostationary s a t e l l i t e  programs of the United States, Japan, 

the European space Agency and soon India and the Soviet Union. 

1.1.4 displays the present day GOES (Geostationary Operational 

Environmental Satel l i te) .  

Such an o r b i t  is 

Thus,  i n  1966 the United States launched one of i ts  experimental 

ATS-1 was followed by ATS-3 (Figure 1.1.1) Hhich had a color camera 

Figure 

A list o f  current references t o  these various sa t e l l i t e  systems are 

included a t  the end of  t h i s  section. These references do not  cover the 
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e a r l i e s t  beginnings o f  the s a t e l l i t e  program, but rather  emphasize the pre- 

sent s i tuat ion.  Prospects fo r  the future are noted i n  Chapter 19. For 

more information about the ear ly  h i s to ry  the reader i s  re fer red t o  Hubert 

and Lehr (1967), NASA (1980), NASA (1982a) and t o  WM)-No.585. Chapter 2 of 

these notes discusses the instrumentation on the s a t e l l i t e s  i n  more deta i l .  

1.1.2 S a t e l l i t e  Documents 

Hoppe, E. R. and A. L. Ruiz, 1974: 
s a t e l l i t e  products. NOAA Technical Memorandum, NESS 53, 
NOAA-NESS, Washington, DC, 9 1  pp. 

Catalog o f  operational 

Houghton, J. T., 1979: The future r o l e  o f  observations from 
Meteorological Sate l l i tes.  Quart. - J. Roy. Meteor. Soc, 105, 
443, 1-23. 

Hubert, L. F. and P. E. Lehr, 1967: Weather Sate l l i tes .  
B la i sde l l  Publishing Co., Waltham, W ,  120 pp. 

Johnson, J. D., F. C. Parmenter, and R. Anderson, 1975: 
Environmental s a t e l l i t e s t  Systems, data in te rpre ta t ion  and 
application. NOW-NESS, Washington, DC, 66 pp. 

NASA, 1982a: Meteorological s a t e l l i t e s  - past, present, and 
future, NASA Conference Publ icat ion 2227, A l A A  20th Aerospace 
Sciences Meeting, 11-14 January, Orlando, FL, 63 pp. 

NASA, 1982br The conception, growth, accomplishments and 
fu ture of meteorological sa te l l i t es ,  NASA Conference 
Publ icat ion 2257, American Meteorological Society’s 62nd Annual 
Meeting, 11-15 January, San Antonio, TX, 101 pp. 

-- M A A  Polar Orb i t ing  Sa te l l i t es  (NOAA-2 - to NIAA-5) 

Fortuna, J. J., and L. N. Hambrick, 1974: 
N I A A  polar s a t e l l i t e  system. 
MAA-NESS, Washington, DC 127 pp. 

The operation o f  the 
N I A A  Technical Memorandum NESS 60, 

TIROS-N and N I A A  A-G Series 

Hussey, J. W., 1977r The TIROS-N polar o r b i t i n g  environmental 
s a t e l l i t e  system. Technical Report, NIAA-ESS, Washington, DC, 
35 PP- 

- 

Hussey, J. W., 1979: The TIROS-N/WAA operational s a t e l l i t e  
system. Technical Report, NOAA-NESS, Washington, DC, 95 pp. 
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Kidwell ,  K. B., 1979: N A A  po lar  o r b i t e r  data (TIROS-N) users 
guide. 
Washington, DC . Technical Report, Nat ional  Cl imat ic  Center-SDSD, 

Lauritson, L., G. 3 .  Nelson, and F. W. Porto, 1979: Data 
ex t rac t ion  and c a l i b r a t i o n  o f  T IROS-NrnAA radiometers. 
Technical Memorandum, NESS-107, 73 pp. 

NIAA 

Schwalb, A., 1978: The T I R O S - W A A  A-G s a t e l l i t e  series, NOAA 
Technical Memorandum, NESS-95, 75 pp. 

Schwalb, A., 1982: Modified version of the T I R O S - r n A A  A-G 
s a t e l l i t e  ser ies (NOAA E3)-Advanced TIROS-N (ATN). 
Technical Memorandum, NESS-116, 23 pp. 

Defense Meteorological S a t e l l i t e  Program (DMSP) 

Dickinson, L. G., S. E. Boselly, and W. S. Burgmann, 1974: 
Defense meteorological s a t e l l i t e  program (DMSP) user’s guide. 
Technical Report AWS-TR-74-250, A i r  Weather Service, USAF. 

NOAA 

SEASAT 

NIAA,  1977: N I A A  Program Development Plan for SEASAT-A Research 
and Applications. Report, NOAA-NESS, Washington, DC. 

NIMBUS 

NIMBUS Project ,  1965: NIMBUS I User’s Catalog. Goddard Space 
F l i g h t  Center, Greenbelt, MD. 

Center, Greenbelt, M), 229 pp. 

mt Center, Greenbelt, MD, 238 pp. 

Center, Greenbelt, MD, 214 pp. 

-9 1972: The NIM3US V Users’ Guide. Goddard Space F l i g h t  
Center, Greenbelt, MD, 112 pp. 

Center, Greenbelt, MD, 227 pp. 

, 1966: NIM3US I1 Users’ Guide. Goddard Space F l i g h t  

, 1969: The NIMBUS I11 Users’ Guide. Goddard Space 

, 1970: The NIM3US I V  Users’ Guide. Goddard Space F l i g h t  

, 1975: The NIMBUS V I  Users’ Guide. Goddard Space F l i g h t  

-’ 1978: The NIMBUS V I 1  Users’ Guide. Goddard Space F l i g h t  
Center, Greenbelt, M), 263 pp. 

SMS-OOES 

Clark, 3.  D., 1983: The GOES User’s Guide. NOAA/NESDIS, 
Washington, DC, 169 pp. 
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Corbel l ,  R. P., C. J. Callahan, and W. J. Kotsch, 1976: 
The GOES/SMS User’s Guide. NDAA-NESS, Washington, DC, 118p 

ETEO SAT 

Ensor, G. J., 1978t The NOAA Geostationary S a t e l l i t e  
System. N3AA-NESS, Washington, DC, 101 pp. 

ESA, 1978: ETEOSAT Image Bu l l e t i n .  European Space 
Operation Center, Darmstadt, FRG. 

€SA, 1981: In t roduc t ion  t o  the METEOSAT system, €SA 9-1041, 

ETEOSAT Operations Div is ion,  1978: 
METEOSAT Archive. 
ment, European Space Agency, Darmstadt, FRG. 

54 PP. 

Users’ Guide to  the 
Meteorological Data Management Depart- 

K C ,  1978: VISSIR D i g i t a l  Archive Users’ Guide. National 
Cl imat ic Center, SDSD, Appl icat ions Branch, Washington, OC. 

Meteorological S a t e l l i t e  Center, J.978: Monthly repor t  o f  
Meteorological S a t e l l i t e  Center. Monthly Summaries, MSC, 
Tokyo, Japan. 

These documents, together with the more general references included a t  the 

end of t h i s  chapter, provide extensive background mater ia l  for  those 

in te res ted  i n  spec i f i c  s a t e l l i t e s .  
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1.2 Basic Orbits - of S a t e l l i t e s  

The purpose of t h i s  section i s  to  demonstrate that  for  proper use of 

t h e  data from s a t e l l i t e s  we must: 

a )  Define an o r b i t ,  

b )  locate i t  i n  space, 

e )  

d )  

e )  

locate the s a t e l l i t e  i n  t h e  o r b i t ,  

determine the a t t i t ude  of the s a t e l l i t e ,  

know the opt ica l  axis re la t ive  to  t h e  s a t e l l i t e  coordinate system, 

and 

determine the pointing vector along the opt ical  axis ,  and i t s  f )  

intersect ion wi th  the earth.  

1.2.1 - The S a t e l l i t e  Navigation Problem 

The topic of t h i s  investigation is  o rb i t a l  mechanics and i ts  rela-  

t ionship to  the s a t e l l i t e  navigation problem. 

navigation" denotes a variety of concepts, i t  is  important to ref ine a 

def ini t ion for  purposes of t h i s  s tudy .  We say, i n  general, that  s a t e l l i t e  

navigation is a process of identifying the space and time coordinates of 

s a t e l l i t e  data products ( i n  t h i s  case meteorological s a t e l l i t e s ) .  Note 

that  t h i s  characterization departs somewhat from the c lass ica l  usage of 

navigation which implies the def ini t ion and maneuvering of the position of 

s h i p s ,  a i r c r a f t ,  s a t e l l i t e s ,  e tc .  A m r e  exact def ini t ion is given i n  

Section 1.2.2. A fundamental component of any s a t e l i t e  navigation system 

is a model of t h e  s a t e l i t e ' s  o rb i t a l  properties. 

Since the term " s a t e l l i t e  

T h i s  investigation is 
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p r i m a r i l y  concerned with t h e  mathematical and phys i ca l  na ture  of near-earth 

meteoro log ica l  s a t e l l i t e  o r b i t s  and thus meteoro log ica l  s a t e l l i t e  naviga- 

t i o n  requirements. The study a l s o  considers the  bas ic  na ture  o f  t h e  coor- 

d ina te  systems and t h e  var ious  measures o f  t ime. 

There a re  two very general o r b i t a l  a p p l i c a t i o n  areas i n s o f a r  as 

meteoro log ica l  s a t e l l i t e s  a re  concerned. The f i r s t  and more t r a d i t i o n a l  

a p p l i c a t i o n  o f  o r b i t a l  ana lys i s  i s  the  process o f  t r a c k i n g  t h e  p o s i t i o n  and 

motion o f  s a t e l l i t e s ,  by t h e  space agencies, so as t o  p rov ide  ephemeris and 

antenna p o i n t i n g  i n f o r m a t i o n  t o  ground readout s t a t i o n s  and opera t ions  com- 

mand f a c i l i t i e s .  Consider ing t h a t  i n  t h i s  process, t he  a c t u a l  charac- 

t e r i s t i c s  o f  an o r b i t a l  p lane are  defined, t h i s  can be r e f e r r e d  t o  as a 

nav iga t i on  process. However, f o r  our purposes, we s h a l l  consider t h i s  pro- 

cess as an " o r b i t a l  t rack ing "  problem. 

The second a p p l i c a t i o n  i s  t he  a n a l y t i c  t reatment  o f  o r b i t a l  motion i n  

a model designed f o r  process ing the  meteoro log ica l  data, generated by spa- 

c e c r a f t  ins t rumenta t ion .  I n  t h i s  case, t he re  are very d i f f e r e n t  com- 

p u t a t i o n a l  and opera t i ona l  r e s t r a i n t s  than i n  the  case o f  o r b i t  t rack ing .  

P r i m a r i l y  we are  concerned with developing e f f i c i e n t  and qu ick  com- 

p u t a t i o n a l  r o u t i n e s  t h a t  r e t a i n  a r e l a t i v e l y  h i g h  degree o f  o r b i t a l  pos i -  

t i o n  accuracy, but a re  n o t  bogged down with the  m u l t i p l i c i t y  o f  e x t e r n a l  

fo rces  t h a t  o r b i t  t r a c k i n g  models must consider. 

The p r a c t i c a l  outcome of  t h e  study i s  a se t  o f  o r b i t a l  computer models 

which are  adaptable i n  a very genera l  fashion, t o  a v a r i e t y  o f  a n a l y t i c  

near-earth s a t e l l i t e  n a v i g a t i o n  systems. The u s a b i l i t y  o f  these models i s  

i nsu red  because they a re  based on the  convent ional  o r b i t a l  elements ava i l a -  

b e l  from the  primary meteoro log ica l  s a t e l l i t e  agencies, i.e., the National 
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Environmental Sa te l l i t e ,  Data, and Information Service (NESDIS) , the 

National Aeronautics and Space Administration ( N A S A ) ,  the European Space 

Agency (ESA), and the National Space Development Agency ( N A S D A )  of Japan. 

Meteorological s a t e l l i t e s ,  whether t h e y  are of the experimental or 

operational type, are  c l a s s i f i ed  as  e i ther  geosynchronous (= 24 hour 

period) or polar low orb i te r  (= 100 minute period) by the above agencies. 

The l ow orbi te rs  may be placed i n  e i ther  sun-synchronous or  non-sun- 

synchronous orb i t .  

and i n  general, are  a t  a l t i tudes  a t  which atmospheric drag is  not a 

s ignif icant  factor  over the prediction time scale under consideration 

( z  1-2 weeks). 

A l l  of these s a t e l l i t e s  are  i n  nearly c i rcular  o rb i t ,  

T h i s  investigation w i l l  address these types of o r b i t s .  

A principle reference used i n  t h i s  analysis is  the very f ine  compen- 

dium on O r b i t  Mechanics by Pedro Ramon Escobal (1965), h e r e i n a f t e r  EB. 

work stands alone as an aid to  solving o rb i t a l  mechanics problems faced by 

s a t e l l i t e  workers and sc i en t i s t s .  

t h i s  s t u d y  were the handbook on pract ical  navigat ion by Bowditch (1962) and 

a t rans la t ion  of a Russian text  on o rb i t  determination by Dubyago (1961). 

The l a t t e r  work provides a very in te res t ing  h i s to r i ca l  sketch of the deve- 

lopment of o rb i t a l  mechanics and man’s understanding of the motion of 

c e l e s t i a l  bodies. 

This 

Other very helpful references used i n  
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1.2.2 - Basic Concepts 

1.2.2.1 Orbit  mechanics - and sa t e l l i t e  Navigation 

The following definitions are essential t o  an 

understanding of the ensuing analysis: 

Orbital Mechanics: A branch of celest ia l  mechanics concerned with 

orbital  motions of celest ia l  bodies or a r t i f i c i a l  spacecraft. 

Celestial Mechanicst The calculation of motions of celestial  bodies 

under the action of their  mutual gravitational attractions. 

Astrodynamics: The practial application of celestial  mechanics, astro- 

ba l l i s t ics ,  propuls ion theory, and all ied fields t o  the problem of planning 

and directing - the trajectories o f  space vehicles. 

Navigation (General): The process of directing - the movement of a craft 

so that it w i l l  reach i t s  intended destination: subprocesses are position 

f i x i n g ,  dead reckoning, pilotage, and homing. 

Navigation (Satel l i te) :  The process of determining --- a set of unique 

transformations between the coordinates of s a t e l l i t e  data p o i n t s  i n  a 

s a t e l l i t e  frame of reference and their associated te r res t r ia l  o r  planetary 

coordinates. (Th i s  definition should be contrasted wi th  "Satellite Image 

Alignment", which is a non-analytic, mostly subjective process i n  which the 

two or more images t o  be aligned often have different aspect ratio 

characteris t ics.  ) 

The major areas of Orbital Mechanics are: 

1. Sa te l l i t e  Orbi t  Injection 

a. Thrust  (Bal l is t ic ,  Propuls ion)  forces 

b. Drag forces 

c. L i f t  forces 
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2. Determination of Orbital Elements 

a. P o s i t i o n  vector, velocity vector, and i n i t i a l  time 

b. 
c. 

Two p o s i t i o n  vectors and times (;l, tl, ;2, t 2 )  
Three pairs o f  azimuth-elevation angles and times 

d. Slant-range, range-rate, and time observations 

e. Mixed observations (angles, ranges, range-rates, times) 

3. Orbital Properties and Tracks 

a. Orbital elements 

b. Velocities and periods 

c. Pos i t i on  vectors 

d. Direct and retrograde o r b i t s  

e. Equator crossing data 

f. Orbital revis i t  frequencies 

4. Orbital Analytics 

a. Nodal passages 

b. Satel l i te  r i se  and se t  times 

c. Line of s i g h t  periods and eclipses 

d. Orbital architecture 

The ensuing analysis w i l l  be primarily concerned w i t h  the topics 

outlined i n  parts 3 and 4. Since meteorological s a t e l l i t e  navigation 

methods are generally not affected by how sa t e l l i t e s  are placed i n  o r b i t  

nor how the various space agencies track these sa t e l l i t e s  so as t o  produce 

orbital  elements (other than the associated errors) ,  we w i l l  put  aside any 

further discussion of parts 1 and 2, and instead concentrate on t h e  

material outlined i n  parts 3 and 4. 
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1.2.2.2 S a t e l l i t e  Naviqation Modelinq 

S a t e l l i t e  navigation modeling can be considered t o  be 

a f ive-part problem: 

1. The t i m e  dependent determination of the spacecraft o r b i t a l  pos i -  

- t i o n  i n  an i n e r t i a l  coordinate system. 

2. The time dependent determination o f  the spacecraft o r ien ta t ion  

(a t t i tude)  i n  an i n e r t i a l  coordinate system. 

3. The spec i f i ca t ion  or determination (time dependent) o f  the op t i ca l  

paths of the imaging or  sounding instrument with respect t o  the spacecraft. 

4. The in tegra t ion  o f  the above s t a t i c  and dynamic aspects of the 

spacecraft i n to  a model which can provide measurement p o i n t  vectors i n  the 

i n e r t i a l  frame o f  reference. 

5. The transformation of the i n e r t i a l  po int ing vectors t o  po int ing 

vectors i n  the preferred (non- iner t ia l )  coordinate system. 

The f i r s t  requirement of an analy t ic  navigation technique i s  a model 

which can solve fo r  s a t e l l i t e  pos i t ion  a t  any speci f ied time. I n  fact ,  the 

determination of spacecraft o r ien ta t ion  is absolutely dependent on 

knowledge of s a t e l l i t e  pos i t ion  if ground-based or  star-based a t t i t ude  

determination techniques are applied. 

found i n  Smith and P h i l l i p s  (1972) and is presently being extended by 

P h i l l i p s  ( D E ) .  

A discussion o f  t h i s  topic can be 

With the knowledge of spacecraft pos i t ion  and orien- 

ta t ion,  the dynamics of  the actual  on-board instrumentation can then be 

considered. F ina l l y ,  upon in tegra t ion  of these th ree  dynamic aspects o f  an 

o r b i t i n g  s a t e l l i t e  i n t o  an appropriate model, po int ing vectors can be 

obtained which f i x  the re la t ionship .between an instrument f ield-of-view and 

a t e r r e s t r i a l  coordinate ( la t i tude ,  longitude, height ). 
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1.2.2.3 S a t e l l i t e  Orientat ion 

I t  i s  important t o  d is t inguish between the e f fec t  o f  

varying s a t e l l i t e  pos i t i on  and varying s a t e l l i t e  o r ien ta t ion  on the 

apparent earth scene. 

various terms associated with s a t e l l i t e  or ientat ion.  

F i r s t  o f  a l l ,  i t  i s  i ns t ruc t i ve  t o  define the 

Att i tude: Or ientat ion of  the p r inc ipa l  ax is  o f  a spacecraft, e.g., the 

spin axis, with respect t o  the p r inc ipa l  ax is  (spin ax is)  o f  the earth, 

usual ly given i n  terms o f  dec l inat ion and r i g h t  ascension with respect to  a 

c e l e s t i a l  frame o f  reference. 

Precession: The angular ve loc i ty  o f  the ax is  o f  spin o f  a spinning 

r i g i d  body, which ar ises as a r e s u l t  o f  steady uneven external  torques 

act ing on the body. 

Nutation: A h igh frequency sp i ra l ,  bobbing, or  j i t t e r i n g  motion o f  a 

spinning r i g i d  body about a mean p r inc ipa l  axis, due t o  asymmetric weight 

d i s t r i b u t i o n  or  short per iod torque modulation. 

Wobble: An i r regu la r  v a c i l l a t i o n  of a body about i t s  mean p r inc ipa l  

ax is  due t o  non-solid body character ist ics.  

Figure 1.2.1 has been provided t o  i l l u s t r a t e  these def in i t ions.  

Var ia t ion i n  the or ien ta t ion  of a meteorological s a t e l l i t e  can lead t o  

both t rans lat ions and ro ta t ions  o f  earth f i e l d s  with respect t o  a f i xed  

s a t e l l i t e  f ield-of-view. 

motions due t o  var ia t ion  i n  the o r b i t a l  posit ion. 

s a t e l l i t e  navigation model i s  the inc lus ion  of  procedures t o  separate the 

apparent motions from the r e a l  motions which are essent ia l ly  independent 

Processes. Therefore, t h i s  invest igat ion w i l l  be devoted t o  the deter- 

These apparent motions are superimposed on - real  

A requirement o f  any 
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mination o f  o r b i t a l  pos i t i on  as these c a l c u l a t i o n s  genera l ly  preface the 

determinat ion of t h e  remaining naviga t iona l  parameters. 

1.2.2.4 Applicat ions of a Satellite Navigation Model 

F i n a l l y ,  an important quest ion concerning satel l i te  

navigat ion isz "What does a navigat ion model provide?" E s s e n t i a l l y ,  i t  

provides  the fol lowing three c a p a b i l i t i e s r  

1. The c a p a b i l i t y  of  p lac ing  g r i d  and/or geographic-topographic anno- 

t a t i o n  information i n  or on t h e  data .  

"Gridding" process.  

Th i s  process  should be called a 

2. A means t o  specify the  terrestrial or p lane tary  coord ina te  o f  a 

given data poin t  coord ina te ,  or conversely,  t o  specify the  data po in t  coor- 

d i n a t e  corresponding t o  a given terrestrial  or p lane tary  coordinate .  

process  should be c a l l e d  a "Navigational In te r roga t ion"  process.  

Th i s  

3. A framework f o r  transforming the raw satel l i te  imagery i n t o  alter-  

na t e  ca r tog raph ic  (map) pro jec t ions .  The a c t u a l  process  of reorganizing 

the raw data i n t o  a new p ro jec t ion  should be c a l l e d  a "Mapping" process. 

Note the a c t u a l  navigat ion process only involves  spec i fy ing ,  calcu- 

l a t i n g ,  or determining the  appropr ia te  parameters i nhe ren t  t o  t h e  navigat ion 

model and u t i l i z i n g  them t o  calculate coord ina te  t ransformations.  

1.2.3 The Two Body Problem 

1.2.3.1 The Inverse  Q u a r e  --- Force F ie ld  Law 

We cont inue the a n a l y s i s  by consider ing the two body 

- 

problem, ignor ing  a l l  o f  t he  pe r tu rba t ive  in f luences  (i.e.,  t h r u s t ,  drag,  
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l i f t ,  rad ia t ion  pressure, proton bombardment or  solar wind, asymetrical 

electromagnetic forces, aux i l l a ry  bodies and any aspherical g rav i ta t iona l  

po ten t i a l  of e i ther  body); tha t  i s ,  we consider only the mutual a t t rac t ions  

o f  a body A with a body B and the resul tant  motions. 

assume that  the motion under consideration i s  that  of a s a t e l l i t e  or  plane- 

ta ry  body B (secondary body of mass m2) with respect t o  a centra l  body A 

(primary body o f  mass m l ) .  

Furthermore, we 

For closed solut ions we w i l l  u t i l i z e  the inverse square force f i e l d  

law: 
.. 

r5 
F i r s t ,  we determine the oglg in  o f  the above equation, Essent ia l ly ,  

Equation 1.1 embodies the laws of Kepler and Newton. To review: 

Kepler ’s - Laws (Empirical-aided by astronomical observations) 

I. Within the domain o f  the solar system a l l  planets describe e l l i p -  
t i c a l  paths with the sun a t  one focus. 

11. The radius vector from the sun t o  a planet generates equal areas 
i n  equal times. 

111. The squares o f  the periods o f  revolut ion o f  the planets about the 
sun are propor t ional  t o  the cubes o f  t h e i r  mean distances from the 
sun. 

Newton’s -- Laws of Motion 

I. Every body w i l l  continue i n  i t s  s ta te o f  rest or o f  uniform motion 
i n  a s t ra igh t  l i n e  except insofar  as i t  i s  compelled t o  change 
tha t  s ta te by an impressed force. 

11. Rate o f  change o f  momentum (mv) i s  proport ional  t o  the impressed 
force and takes place i n  the l i n e  i n  which the force acts. 

F = ma m(dv/dt) 

111. Action and react ion are equal and opposite. 

Newton’s -- Law o f  Universal Gravi tat ion 
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Any two bodies i n  the universe a t t r a c t  one another with a force (F12) 
which i s  d i r e c t l y  p ropor t iona l  t o  the product o f  t h i e r  masses ( m l ,  m2)  
and inverse ly  p ropor t iona l  t o  the square o f  the distance (r12) between 
them: 

where t 

K2 = G m l  

G = Universal  Grav i ta t iona l  Constant 

= 6.373 . 10-8 dyne.cm2.g-2 

m l  = la rge  mass (e.g., the ear th )  

m2 = smaller mass (e.g., a s a t e l l i t e )  

We can der ive the inverse square force f i e l d  law from Newton's second 
law and h i s  law o f  un iversa l  grav i ta t ion.  
2 o f  EB, the Universal  Law o f  Grav i ta t ion  statesr 

Adopting the no ta t ion  i n  Chapter 

Now consider an a r b i t r a r y  i n e r t i a l  reference frame shown i n  Figure 1.2.2. 

The force i n  the x d i r e c t i o n  F I X  i s :  

therefore: 

and f i n a l l y :  

(1.6) 

1- 16 
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= force on body 1 

Newton’s second law states that  the unbalanced force on a body i n  the x 

d i rec t ion  i s  given by: 

2 
d X l  

therefore: 

Now repeating the analysis f o r  the y and z components we f ind:  

or : 

(1. l o )  

Now transform t o  a re la t i ve  i n e r t i a l  coordinate system as shown i n  

Figure 1.2.3. From above: 

+ 
d r l  5 2  

ml = Gmlm2 ,3 
12 

where : 
+ + + r12 = r2 - r l  

Now considering only the x component: 

XI2 = x2 - x 1  

we note that: 

(1.11) 

(1.12) 

(1.13) 

(1.14) 
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d t  

vhich i s  the desired expression fo r  

t o  body 1. 

d t2  d t2  

From our a rb i t ra ry  i n e r t i a l  analysis: 

the accelerat ion o f  body 2 with respect 

12 - Gmlm2 - 
d2x X 

ml - 3 
5 2  

2 
- Gm m x2 

m2 - 2 1  
x21 

r21 

- 
3 

N o w  since r12 = r21, and cancel l ing masses, then: 

and subtract ing the 

d2x2 

d t2  

- -  

2 (x2-x1) 
- Gm2 - - Gm2 - - x12 - -  x1 

3 3 
12 5 2  d t2  r 

(x1-x2) 
= Gm, - - Gm, - d2x2 x21 - -  

d t  

two equations 

dt2 d t2  

y ie lds  : 

0 5 - x 2 )  
= Gml - 

3 
5 2  

(x2-x1) 

d t2 5 2  

- = -G(ml + m 2) - 
3 

(1.15) 

(1.16) 

(1.17) 

(1.18) 

(1.20) 
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Now repeating the analyses f o r  the y and z components we f ind:  

and f i na l l y :  .. 

(1.21) 

(1.22) 

where : 

1J. = ( m 1  + m2)/m1 
= normalized mass sum 

We generally apply (1.22) t o  a system where the primary mass ( m l )  i s  much 

greater than the secondary mass (m2), y ie ld ing  p approximately 1.0. 

Often i n  the study o f  o r b i t a l  mechanics, an n-body system ar ises i n  

which the desired o r i g i n  o f  the coordinate system i s  the mass center or 

barycenter; t ha t  i s ,  motion i s  r e l a t i v e  t o  the barycenter and not any 

single cent ra l  body (see Figure 1.2.4). We refer  t o  such a reference 

system as a Barycentr ic Coordinate System (see a review i n  Chapter 2 o f  

EB). The u t i l i t y  o f  t h i s  frame o f  reference can be seen i n  the event t h a t  t h e  

t ra jec to ry  o f  a space vehicle would undergo less disturbed motion i f  

re fer red t o  as a barycenter. 

earth s a t e l l i t e s  we w i l l  forego an examination of the barycentr ic coor- 

dinate system. It i s  useful t o  examine the governing equation, however: 

- 
Since we are pr imar i l y  concerned with near- 

where t 

n = 1 (the primary mass of the system) 



n = 2 (the space vehicle under consideration) 

and E represent the barycenter. 

1.2.3.2 Coordinate Systems - and Coordinates 

We f i r s t  define the c e l e s t i a l  sphere: 

Celest ia l  Sphere: An imaginary sphere o f  i n d e f i n i t e l y  large radius, 

having the earth as the o r i g i n  and the fundamental plane being an i n f i n i t e  

extension of the Earth’s equator ia l  plane (see Figure 1.2.5). 

the c e l e s t i a l  sphere we f i r s t  extend a l i n e  along the fundamental plane t o  

a po int  f ixed by the vernal equinox (y) ,  which i s  the reference meridian, 

and l e t  that  be the x-axis. The z-axis i s  given by the earth’s spin ax is  

or pr inc ipa l  axis. 

by defining the y-axis as the cross product o f  the z and x axes (see Figure 

1.2.6). 

To define 

An orthogonal Coordinate system i s  f i n a l l y  established 

This ce les t i a l  reference frame i s  o f ten termed a r i g h t  ascension- 

decl inat ion i n e r t i a l  coordinate system, i n  which dec l inat ion ( 6 )  i s  analo- 

gous t o  l a t i t u d e  ( 4 )  (or as the case may be - colat i tude),  and r i g h t  

ascension ( p )  i s  analogous t o  longitude (A) or  hour angle (HA). 

we re fe r  t o  the equator ia l  plane as the fundamental plane, the z-axis as 

the p r inc ipa l  axis, the vernal equinox as the reference meridian. 

note that  the c e l e s t i a l  coordinate system i s  not t r u l y  an i n e r t i a l  system 

since i t  u t i l i z e s  the t e r r e s t r i a l  spin axis as the p r i nc ipa l  axis. Since 

the earth’s spin ax is  precesses (g iv ing r i s e  t o  the westward precession of 

the equinoxes) we are l e f t  with a non- iner t ia l  reference frame if we con- 

sider very long t i m e  periods. 

Note that  

Also 

There i s  also a lunar inf luence on the 
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earth’s s p i n  axis  which causes a nutation having a periodicity of approxi- 

mately 18.5 years. 

Wobble, which has a period of approximately 14 months and is  due to  the 

nan-solid nature of the  earth i tself .  For our purposes, t h e  non-inertial 

variation i n  t h e  t e r r e s t r i a l  s p i n  axis is ignored. 

Superimposed on these motions is t h e  so-called Chandler 

I t  should be noted that we can define our coordinate system i n  any way 

we choose, however, simplicity and convenience are the watchwords. I n  

designing coordinate systems f o r  t h e  various orbi t ing bodies or vehicles 

contained i n  the solar  system, the same basic principles that  are used for 

the earth centered (geocentric) ce l e s t i a l  coordinate system are applied. 

Examples of various coordinate systems adopted for o rb i t a l  analysis are 

referred to  as follows (see E8) :  

Reference Body Coordinate System 

Earth Geocentric 

Sun Heliocentric 

Moon Selenographic 

Mars Areocentric 

S a t e l l i t e  Orb i t  Plane 

I t  should a l so  be pointed out that  there a re  a choice of coordinates 

t o  be used once the coordinate system is defined. 

a rb i t ra ry ,  however, t h e  chosen coordinate parameters should have a natural 

relationship between the observer and the observed depending on whether 

measurement, calculation, or  description is the nature of the problem on 

hand. 

Again, the choice is  

Again, there are a variety of choices: 

1. 

2. 

Declination ( 6 )  - r i g h t  ascension [ P )  - radial  distance ( r )  

Declination ( 6 )  - hour angle ( H A )  - radial  distance ( r )  
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3 .  

4. 

5. 

6 .  C a r t e s i a n  ( x , y , z >  

The s o l u t i o n  o f  the governing equa t ion  (1.22) given i n  an earth- 

relative celestial  coord ina te  system w i l l  y i e l d  three c o n s t a n t s  after the 

f irst  i n t e g r a t i o n  (of  t h e  three component e q u a t i o n s ) ,  and three c o n s t a n t s  

af ter  the  second. 

o r d e r ,  o rd ina ry  d i f f e r e n t i a l  equa t ion ,  t h e  f irst  set of c o n s t a n t s  are i n i -  

L a t i t u d e  ( 4 )  - l o n g i t u d e  (A) - he igh t  ( h )  

E leva t ion  ( H )  - azimuth ( 4 )  - s l a n t  range ( d )  

Zeni th  ( e )  - azimuth ( 4 )  - a l t i t u d e  ( h )  

S ince  (1.22) is an a c c e l e r a t i o n  form o f  a l i n e a r ,  second 

t i a l  v e l o c i t y  terms ( k , p , t )  and t h e  second set of c o n s t a n t s  are i n i t i a l  

p o s i t i o n  terms (xo ,  yo, zo). Thus, i f  we are given a p o s i t i o n  vec to r  and a 

v e l o c i t y  vec to r  a t  an epoch time to ( s i x  o r b i t a l  e lements  and an epoch) ,  we 

have a means t o  s o l v e  t h e  governing equat ion .  

Usual ly ,  t h i s  se t  of i n i t i a l  e lements  is no t  a v a i l a b l e  s i n c e  obser -  

va t ion  of  t h e  secondary body B are made from a r o t a t i n g  primary body A 

( tha t  is a coord ina te  system that  is different  from t h a t  i n  which t h e  ana- 

lysis w i l l  be performed).  

or range-range ra te  s i g n a l s  must first be t ransformed t o  a set of con- 

ven ien t  o r b i t a l  e lements  i n  t h e  preferred coord ina te  system. Since t h i s  

problem comes under the more g e n e r a l  problem o r  o r b i t a l  de t e rmina t ion  we 

w i l l  no t  cons ide r  i t  any further. 

That is why elevat ion-azimuth ang le  obse rva t ions  

1.2.3.3 S e l e c t i o n  -- of Uni t s  

S impl ic i ty  and computation e f f i c i e n c y  can be achieved 

w i t h  t h e  proper  s e l e c t i o n  of  u n i t s ,  based on the p a r t i c u l a r  o r b i t a l  

problem. The proper  choice  of phys i ca l  u n i t s  f o r  l e n g t h ,  mass, and time i s  
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pr imar i l y  determined by the dimensionality o f  the primary body A. 

discuss two systems of uni ts;  the Hel iocentr ic  (solar o r i g in )  and 

Geocentric ( t e r r e s t r i a l  o r i g i n )  systems. 

We sha l l  

1. Hel iocentr ic  Uni ts 

Length: Astromical Unit (A.U. ) 

The mean distance between the sun and a f i c t i t i o u s  pla- 

net, subjected t o  no perturbations, whose mass and 

sidereal  period are the values adopted by Gauss i n  h i s  

determination of  KO (we w i l l  discuss KO l a t e r ) .  

1 A.U. = 1.496 108 km per A. U. 

Mass: Mass o f  Sun (rrg) 

mo = 1.9888822 1033 g per solar mass (s.m.) 

Now if we use our previous de f in i t ion :  

(1.24) G ( q  + mp) = k2p 

where: 

mg = mass of sun 

mp = mass o f  planet 

K* = GW, 

u = (rrg + mpl/mo, 

we can define normalized mass factors f o r  the nine planets. Note 

that  the mass o f  a planet i n  the he l iocent r i c  system would also 

include the mass o f  i t s  moons. Table 1.2.1 provides normalized 

mass factors f o r  the nine planets. 
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Table 1.2.1: Solar System Normalized Mass Factors 

Planet 

Mercury 

Venus 

Earth -Moon 

Mars 

Jupi ter  

Saturn 

Uranus 

Neptune 

Pluto 

Normalized Mass Factor (1) 

1.0000001 

1.0000024 

1.0000030 

1.0000003 

1.0009 547 

1.0002857 

1.0000438 

1.0000512 

1.0000028 

2. Geocentric Uni ts  

Length: Earth equator ia l  radius (e.r. ) 

1 e.r. = 6378.214 lan per e.r. 

Mass: Mass o f  earth (me) 

me = 5.9733726 1027 g per earth mass (e.m. ) 

Note the mass of the mon (mm): 

m, = 7.3473218 1025 g per moon mass (m,) 

must be considered as par t  o f  the planetary mass when considering 

the ea r th  o r b i t  i n  a he l iocent r i c  system, but i s  ignored when con- 

s ider ing a s a t e l l i t e  i n  a geocentric system. 

1.2.3.4 Velocity 7 and Period 

We need t o  define the  ve loc i ty  and period o f  an 

o r b i t i n g  body. Consider f i r s t  the c i r cu la r  o r b i t  of a s a t e l l i t e  a t  height 
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h (mass ms) above the ear th  (radius Re). 

r i s  given by 

Therefore, the geocentric radius 

r = R , + h  (1.25) 

(1.26) 

However, the magnitude o f  msr i s  a cen t r i f uga l  force -rns*V2/r where V is 

the c i r c u l a r  ve loc i ty  a t  o r b i t a l  a l t i tude .  Therefore i n  scalar form: 

v2 m s . K . p  2 
- -  

2 - 
r "'s r (1.27) 

(1.28) 

V = ( K2p/(Re + h ) ) i  (1.29 1 

11.30) 
1 

V = K ( FJ(Re + h))? 

Therefore v i s  the required o r b i t  ve loc i ty  f o r  a c i r c u l a r  o r b i t  a t  height h. 



Since  the  c i r c u l a r  o r b i t a l  track would be a d i s t a n c e  o f  2n(Re + h ) ,  for 

a s i n g l e  r e v o l u t i o n ,  t h e  o r b i t a l  per iod  (P) would be 2T*(Re + h)/V, or: 

2v=(Re + h )  3/2 
P =  (1.31) 

Note t h a t  as the he igh t  of a sa te l l i t e  i n c r e a s e s ,  t h e  v e , x i t y  r equ i r ed  t o  

main ta in  it i n  c i r c u l a r  o r b i t  &creases. 

i l l u s t r a t i o n .  

is expended i n  l i f t i n g  a sa te l l i t e  a g a i n s t  g r a v i t y  t o  reach a h i g h e r  o r b i t ,  

t han  is gained i n  t he  r educ t ion  or  the  forward speed requ i r ed  f o r  o r b i t  

i n j e c t i o n .  

See Figure  1.2.7 for an 

Note, however, from a propuls ion  p o i n t  of view, mre energy 

If we s o l v e  P = T*(Re + h)3/2/(Ki.11/2) f o r  h us ing  a pe r iod  P of  24 

hours ,  we have so lved  f o r  t h e  r equ i r ed  h e i g h t  o f  a geosynchronous 

satel l i te ;  that  is, an o r b i t a l  con f igu ra t ion  i n  which t h e  pe r iod  is that of 

a s i n g l e  r o t a t i o n  of t h e  earth. 

sa te l l i te  i n  a c i r c u l a r  o r b i t  is t h u s  approximately 35,863 lan (42241.214 lan 

from g e o c e n t r i c  o r i g i n ) .  

The r equ i r ed  he igh t  f o r  a geosynchronous 

N o w  s i n c e  we know the  o r b i t a l  pe r iod  P, we can determine the ground 

speed (Vgs) of a c i r c u l a r  o r b i t ,  i.e. , the v e l o c i t y  a t  r a d i u s  Re. 

the pa th  o f  one r e v o l u t i o n  is  2n Re, then 

Since 

(1.32) 

and apply ing  equa t ion  (5.29): 

(1.33) 
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gs (Re + h)  

Table 1.2.2 tabulates various o r b i t a l  charac ter is t i cs  as a funct ion o f  

s a t e l l i t e  a l t i t u d e .  

1.2.3.5 E l l i p t i c  Orb i t s  

I n  the considerat ion o f  e l l i p t i c  o r b i t s  governed by 

our p r i n c i p l e  equation, the rad ius r ,  of the second body from the primary 

body, can be given by 

r = p / ( l  + e-cosv) (1.34) 

which i s  simply the equation descr ib ing conic sect ion (see Figure 1.2.8), 

where : 

e = eccen t r i c i t y  

v = t rue  anomaly 

p = semi-parameter o f  conic 

= ed 

Thus we see tha t  i f  p # 0, then: 

0 < e < 1 the conic i s  an e l l i p s e  

e = 1 the conic i s  a parabola 

the conic i s  a hyperbola 1 < e < 

I n  the fo l lowing disccussions the term semi-major ax is  (a )  w i l l  be 

used. I t  i s  defined as h a l f  the maximum diameter of the conic. Note that  

(see Dubyago, 1961): 
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a = 0 for parabolic motion 

0 < a < Q) for e l l i p t i c  or  circular motion - < a < 0 for hyperbolic motion 

For an ell ipse,  a and p are related through e by p=ed=a(l-e2). 

As an aside, it is interesting t o  note that for any arbitrary position 

of a vehicle, wi th in  the influence of t h e  t e r res t r ia l  gravitational f ie ld ,  

there is a given escape velocity (Vesc). The magnitude of the i n i t i a l  

velocity vector r determines t h e  type of path, that isr 

+ 
parabolic if II r II = Vest 

The escape velocity from a celestial  body is given by: 

where: 

g = gravitational constant of body 

R = radius of body 

(1.35) 

For the earth and noon, the escape velocities of a missile launched 

from the surface are: 
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Body Vesc 

Earth 
Moon 

Contrast the above t o  the velocity of an a i r  parcel a t  the ear th 's  surface 

(no wind) : 

where 52 is  the ear th 's  angular velocity and Re i s  the earth radius. 

The equation for an e l l i p se ,  i n  polar coordinates w i t h  the o r i g i n  a t  a 

focus, is given by: 

r = a ( l  - e2)/(1 + e*cosv) = p / ( l  + e*cosv> (1.37) 

Noting tha t  p # 0, 0 < e < 1, and 0 <a < 00 fo r  the planets, consti tutes a 

Proof of Kepler's First Law. 

A proof of  Kepler's Second Law requires an integration o f  the area 

swept o u t  by the radius vector I". 
orbi ta l  period P i n  the re la t ive  i n e r t i a l  coordinate system which we have 

established. 

T h i s  resu l t s  i n  the definit ion of the 

The period i s  then given by: 

(1.38) 

Mich corresponds t o  equation (1.31). 

i n  Chapter 3 o f  EB. 

A proof o f  equation (1.38) is  given 

T h i s  i s  the appropriate form i n  a re la t ive  i n e r t i a l  coordinate system. 

M e  that for  c i rcular  o r b i t s :  
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1 
V = K (p/a)? (1.39) 

For e l l i p t i c  o r b i t s  V i s  not which corresponds t o  equation (5.30). 

constant. 

Now since the per iod P o f  a body is: 

we can square both sides t o  get Kepler's Thi rd  

- 2 3  4n a 
K2V 

2 P =  

Law: 

(1.41) 

the planets about (The squares o f  the periods o f  revolut ion o f  
the sun are proport ional  t o  the cubes o f  t h e i r  mean distances 
from the sun.) 

It is i n te res t i ng  tha t  Kepler derived h i s  laws empir ical ly, invo lv ing many 

years o f  laborious data reduction. H is  3rd law d i d  not include the mass 

factor  p since the accuracy i n  h i s  data simply d id  not allow the detection 

o f  the secondary mass e f fec t  (see EB). 

1.2.3.6 The Gaussian Constant 

We can now define the Gaussian constant KO, not ing that: 

(1.42) 

and choosing a he l iocent r i c  system o f  character is t ic  units. 

matter t o  compute the numberical value of K2 or the Gaussian constant: 

It i s  a simple 

thus: 

(1.43) 
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(1.44) 

Now since the period o f  the Earth i s  365.256365741 man solar days 

( ce les t i a l  period), and i f  the semi-major axis o f  the earth's o r b i t  i s  taken 

t o  be 1 A.U. and = 1.0000015, then KO = 0.017202099 A.U.3/z*day-l. 

This was the procedure Gauss used t o  determine KO i n  h i s  1809 publica- 

t i o n  "Theoria Motus Corporum Coelestium In Sectionibus Conicis Solem 

Ambientium", i.e., Theory o f  the Motion of Heavenly Bodies Revolving Round 

the Sun i n  Conic Sections (see EB). Simi lar  procedures are used t o  obtain 

the g rav i ta t i ona l  constants o f  the other planets. 

g rav i ta t iona l  constant data f o r  the planets. 

Table 1.2.3 provides 
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Table 1.2.3: Grav i ta t iona l  Constants o f  the Major Planets 

(From Escobal, 1965) 

Planet Semimajor Axis Grav i ta t iona l  Constants (Kp) 

(km) (A.U.3/2/E..lean Solar Day) 

Mercury 

Venus 

Earth 

Mars 

Jup i te r  

Saturn 

Uranus 

Neptune 

P lu to  

2,424 

6,100 

6,378.15 

3,412 

71,420 

60,440 

24,860 

26,500 

4,000 

6.960 x 

2.691 x 10-5 

2.99948 x 10-5 

9.786 x 10-6 

5.3153 x 10-4 

2.908 x 10-4 

1.136 x 10-4 

1.240 x 

2.700 x 

Note tha t  for  Table 1.2.3, 1 A.U. = 149,599,000 h and Kp i s  re la ted  t o  KO 

by Kp = Ka ( m p / k l i .  Also note tha t  i n  the geocentr ic system, the  present 

value o f  Ke (ear th  g rav i ta t i ona l  constant) i s  0.07436574 e.r.312 min-1. 

1.2.3.7 Modif ied Time Var iable 

It i s  o f t e n  convenient i n  the treatment of o r b i t a l  problems 

t o  transform the t ime dimension t o  the so-called modified time var iab le 

(T). 

and an epoch time to. 

The transformat ion invo lves a g rav i ta t i ona l  constant (e.g., K, or K,) 

I n  He l iocent r i c  un i ts :  
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whereas i n  Geocentric un i ts :  

r = Ke(t-t,) (1.46) 

The advantage o f  using t h i s  quanti ty can be seen if we recast the 

governing equation i n  terms of r. Since: 

d2r = K2d2t 

then : 

- -  d2? 2 + 3  - -K pr/r 
dt  

(1.47) 

(1.48) 

transforms to: 

- -  d% - - p;/r3 
d-r 

(1.49) 

and K2 does not appear. 

Use o f  character is t ics  un i ts ,  leads t o  a new u n i t  o f  ve loc i ty  (Vcsu), 

the c i r cu la r  s a t e l l i t e  unit  ve loc i ty  (see Chapter 3 of EB): 

I n  The Hel iocentr ic  System: 

1 '  3/2 )+ (1.51) 'csu e 1 A.U. (Fix = K (-)T = 0.017202099 A.U. 
day 

= 0.017202099 A.U. 1.496 0 10l1 m 1 day ( 1.52) - aay A.U. 86400 sec "CSU 

= 29,785 m0s-l 



- 4 0 -  

I n  t h e  Geocentric Systemt 
1 1 

(I. 53) - 3/2 1 
) 2  = 0.07436574 e.r. 

min "CS" = 'e (1 e.r. 

= 0.07436574 e.r. 6.378214 lo6 m - 1 min - _. 
(1.54) nun e.r. 60 sec %S" 

= 7,905 m=s-1 
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1.2.3.8 Classical Orbital  Elements 

Let us  f irst  establ ish an e l l i p t i c  frame of r e f e r e n c e  i n  

which we cons ide r  c o o r d i n a t e s  a long x,, y, axes i n  a p l ane  con ta in ing  the  

o r b i t  (see F igure  1.2.9). 

We have already defined:  

e = e c c e n t r i c i t y  
1 - (a2 - b2>?/a 

a = semi-major a x i s  

b = semi-minor a x i s  

p = semi-parameter o f  c n i c  

= a(l-e2) 

v = t r u e  anomaly 

In a d d i t i o n ,  t h e  p o s i t i o n s  where dr/d.r are ze ro  are called apsis ( p l u r a l  fo r  

apse) .  

Sat isf ied,  i .e., t h e  minimum r a d i u s  p o s i t i o n  (peri  focus  ) and the maximum 

r a d i u s  p o s i t i o n  (apofocus) .  

E l l i p t i c a l  o r b i t s  posses s  two p o i n t s  where the above c o n d i t i o n  i s  

I n  d i s c u s s i n g  the  sun i n  i t s  ec l ip t ic ,  we 

refer t o  t h e  apsis as p e r i h e l i o n  and aphel ion  (see F igure  1.2.10). 

A complete set of o r b i t a l  e lements  s u f f i c i e n t  t o  describe an o r b i t  

are the "Classical Orbital Elements". 

They are as fo l lows:  

1. Epoch Time (to): 
e lements  are def ined .  

J u l i a n  day and GMT time f o r  which the fo l lowing  

2. Semi-major Axis [ a ) :  
p e r i f o c u s  and apofocus.  

Half the d i s t a n c e  between t h e  two a p s i s  of  

3- E c c e n t r i c i t y  (e ) :  Degree of e l l i p t i c i t y  o f  the o r b i t .  

4. I n c l i n a t i o n  (i): 
p lane  o f  the primary body. 

Angle between the  o r b i t  p l ane  and the  e q u a t o r i a l  
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5. Mean Anomaly (b): 
c e n t e r  o f  a mean circular o r b i t ,  having a pe r iod  equ iva len t  t o  the 
a n o m a l i s t i c  p e r i o d ,  from p e r i f o c u s  t o  the s a t e l l i t e  p o s i t i o n .  

Angle i n  o r b i t a l  p lane  w i t h  respect t o  the 

6. Right  Ascension o f  Ascending Node (Q0): 
between ve rna l  equinox ( r e f e r e n c e  mer id ian)  and northward equator  
c ros s ing .  

Angle i n  o r b i t a l  p lane  

7. Argument of  Pe r igee  (w,): 
node t o  pe r i focus .  

Angle i n  o r b i t  p lane  from ascending 

The above set o f  e lements  satisfies the  requirement  of d e f i n i n g  s i x  

c o n s t a n t s  and an epoch time noted i n  Sec t ion  1.2.3.2. Note tha t  i f  t h e  

epoch time were t o  correspond t o  p e r i f o c u s ,  t h e  mean anomaly would be zero  

and t h u s  would be an unnecessary parameter. T h i s  is g e n e r a l l y  not  the case 

with either NASA, NESS, €SA, or JMS o r b i t a l  element t ransmiss ions .  O f  the 

7 parameters ,  t h e  threer angular  q u a n t i t i e s  ( M o t  Q,, wo) are s u b s c r i p t e d  

similar t o  to i n d i c a t i n g  that t h e y  are time dependent q u a n t i t i e s .  

European Space Agency has used true anomaly rather than  mean anomaly i n  

The 

their o r b i t a l  t r ansmiss ions  f o r  t h e  Meteosat and GOES-1 sa t e l l i t e s .  

First we recall  t h e  e s s e n t i a l  angles :  

i Orbital  i n c l i n a t i o n  

Right  ascens ion  o f  ascending node 

wo Argument of pe r igee  

Following the approach given i n  Chapter 3 of  Ef3, t h e  a n g l e s  i, 620, w0 ( t h e  

T la s s i ca l  O r i e n t a t i o n  Angles”) are used t o  d e f i n e  the o r b i t  p l ane  i n  

celestial space, de f ined  by an or thogonal  ( I ,  J, K )  coord ina te  system (as 

shown i n  F igure  1.2.11). 
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Note that: 

From F i g u r e  1.2.11 i t  is convenient  t o  d e f i n e  r e t r o g r a d e  and direct 

o r b i t s  : 

1. 

2. 

Retrograde:  O r b i t s  whose motion is i n  the d i r e c t i o n  of  y t o  x. 

Direct o r  Prograde: Orb i t s  whose motion is i n  the d i r e c t i o n  o f  

x t o  y. 

Compare t h e  above w i t h  t h e  classic d e f i n i t i o n  o f  a r e t r o g r a d e  o r b i t :  

Motion is an o r b i t  o p p o s i t e  t o  the usua l  o r b i t a l  d i r e c t i o n  of celestial 
bodes wi th in  a g iven  system; e.g., a sa te l l i t e  motion, i n  a d i r e c t i o n  
o p p o s i t e  t o  the motion of t h e  primary body. 

F i n a l l y ,  adding the  s a t e l l i t e  t o  t h e  o r b i t ,  as i n  F i g u r e  1.2.12, a l lows  

d i sp lay  o f  the mean anomoly 

the ang le  from the p e r i f o c u s  t o  t he  sa te l l i t e  p o s i t i o n ,  complet ing the  set 

of o r b i t a l  e lements  needed t o  d e f i n e  the p o s i t i o n  o f  a s a t e l l i t e  i n  space. 

( ang le  v i n  the f i g u r e ) .  The mean anomaly is 
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1.2.4 P e r t u r b a t i o n  Theory 

1.2.4.1 Concept - of  G r a v i t a t i o n a l  P o t e n t i a l  

We w i l l  now cons ide r  t h e  d e v i a t i o n  ol an o r b i t  from t h e  

ideal ,  two body, i n v e r s e  square-force f i e l d  law. 

must d i s t i n g u i s h  the  concepts  o f  e m p i r i c a l l y  c o r r e c t l y  o r b i t  c a l c u l a t i o n  

due t o  a non-perfect  two body system, and the  a c t u a l  p r e d i c t i o n  of  o r b i t  

p o s i t i o n s  based on a physical model which accounts  f o r  f o r c e s  that  p e r t u r b  

a body from perfect two body motion. 

good deal o f  s tudy  under t he  g e n e r a l  heading of " D i f f e r e n t i a l  Correc t ionn .  

A d i s c u s s i o n  o f  t h i s  t o p i c  is  g iven  i n  Chapter 9 o f  EB, by Dubyago (1961), 

and by C a p e l l a r i  -- et  a l .  (1976). 

dieted o r b i t  p o s i t i o n  i n t o  agreement with a set of  a c t u a l  o rb i t  measure- 

ments i n  such a way so as t o  a d j u s t  a set of  c o n s t a n t  o r b i t a l  e lements  t o  

sat isfy a new l o c a l  time per iod .  

cons ider  the phys ica l  r easons  why an o r b i t  is perturbed. 

I n  o r d e r  t o  do so,  we 

The first technique  has r ece ived  a 

The method c o n s i s t s  o f  b r ing ing  a pre- 

Thus the methodology does n o t  n e c e s s a r i l y  

The g e n e r a l  area o f  "Pe r tu rba t ion  Theory" c o n s i s t s  o f  developing a set 

o f  reasonable ,  time dependent q u a n t i t i e s  which arise due t o  va r ious  p e r t u r -  

b a t i o n  f o r c e s ,  which i n  t u r n  lead t o  time dependent expres s ions  f o r  t h e  

o r b i t a l  e lements  themselves. 

t a b l e  t o  a n a l y t i c  t echn iques ,  has  a phys ica l  basis i n  fact .  

sa te l l i t e  nav iga t ion  problem is  not  really compatible  wi th  t h e  required 

procedures  used i n  D i f f e r e n t i a l  Cor rec t ion  t echn iques ,  we s h a l l  address the 

fo l lowing  d i s c u s s i o n  t o  p e r t u r b a t i o n  techniques.  

T h i s  t heo ry ,  a l though no t  n e c e s s a r i l y  adap- 

Since  the 
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1.2.4.2 Perturbative Forces --- and the Time Dependence - of Orbital 

Elements 

A s a t e l l i t e ,  under the influence of a perfect inverse 

square force f ie ld  law, would have a set  of constant orbital  elements: 

devoid of any time dependence. 

orbital  elements are acted upon leading t o  s h i f t s  o r  oscillations. 

are a number of effects  which can be considered as  perturbative forcesr 

However, due t o  perturbative forces, the 

There 

1. 

2. 

3. 

4. 

5.  

6 .  

7. 

8. 

Aspherical gravitational potential 

Auxillary bodies (e.g. s u n ,  moon, planets) 

Atmospheric drag 

Atmospheric l i f t  

Thrus t  

Radiation Pressure (shortwave and longwave radiation) 

Galactic particle bombardment, e.g. protons (e.g. solar wind) 

Electromagnetic f i e l d  asymmetry 

The most important of these effects on earth sa t e l l i t e s  i s  due t o  the first 

factor; the aspherical gravitational potential of the earth i t s e l f .  

Atmospheric drag becomes s ignif icant  f o r  the lower orbit s a t e l l i t e s  

(heights less than 850 Can). 

The aim of general perturbation theory is t o  develop closed expression 

for the time dependence of the orbital  elements. 

Perturbations possess different characteristics (see Chapter 10 of EB and 

Qubyago (1961) for a review): 

I t  has been shown that 
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1. Secular variations 

2. Long term periodic variations 

3. Short term periodic variations 

I n  working with meteorological s a t e l l i t e  o r b i t s ,  we are primarily concerned 

w i t h  non-oscillatory secular perturbations which cause ever increasing or  

decreasing changes of particular orbital  elements away from their values a t  

an epoch to as shown i n  Figure 1.2.13 

The aspherical gravitational potential of the earth primarily effects 

M, Q, and w (where we understand that M, 0, and w without  subscripts are no 

longer constant). The other  elements (a,  e, i )  undergo minor periodic 

variations about their  mean values due t o  the aspherical gravitational 

potential, but i n  terms of meteorological s a t e l l i t e  o r b i t s ,  are not con- 

sidered significant. 

continuous variance of w whereas short  period variations are caused by 

linear combinations o f  variations i n  M and W. 

I n  general, long period variations are caused by the 

I n  terms of meteorological s a t e l l i t e s  we are generally considering 

nearly circular, free f l y i n g  o r b i t s  w i t h  al t i tudes greater than 800 h. 

addition, updated orbital  parameters from the sa t e l l i t e  agencies can be 

expected a t  a frequency of no greater than two weeks. 

conditions, most of the above perturbation terms can be ignored. 

perturbation effect ,  o f  course, is  the non-sphericity of the earth and the 

resultant effect  on the gravitational potential f ield.  

insofar as meteorological s a t e l l i t e s  are concerned, are the lunar effect ,  

atmospheric drag, and solar radiation pressure. 

need not be included i n  o r b i t  propagations that take place over a one to  

In 

Given these boundary 

The major 

The minor terms 

I n  general the minor terms 
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two week period, i f  we consider the allowable error bars associated w i t h  

s a t e l l i t e  navigation requirements. 

the minor perturbations does not lead t o  position or  ephemeris errors 

significantly greater than the resolution of the data fields under analy- 

sis. 

That is t o  say, ignoring the effect of 

It is important t o  note that the space agencies responsible for 

tracking sa t e l l i t e s  often include the  minor terms i n  retrieving orbi ta l  

elements. 

ges have been developed for the extensive variety of operational and 

experimental s a t e l l i t e s ,  and missiles rather than retrieval packages i n d i -  

vidually tailored t o  specific types of satel l i tes .  The primary difficulty 

wi th  treating the minor terms i n  a s a t e l l i t e  navigation model is that the 

required mathematics does n o t  lend i t s e l f  t o  streamlined analytic calcula- 

t i o n s ,  a principle requirement for processing the vast amounts of data pro- 

duced by most meteorological s a t e l l i t e  instruments. T h i s  is t h e  principle 

reason for retaining on ly  the major perturbation effect  (asymmetric gravi- 

tational potential) which can be handled i n  a direct analytic fashion. 

T h i s  is  due to  the fact that generalized o r b i t  retrieval packa- 

If we ignore the oscillatory components ( i n  a, e ,  and i )  we can then 

develop secular perturbation expressions fo r  any selected order o f  t h e  grav- 

i ta t ional  potential expansion, 

t i o n s ,  which elements the time dependence i n  a, e, and i while including i t  

i n  M, n, and W. Next note that the time dependence o f  an arbitrary orbital  

element ( x )  can be expressed as a Taylor series expansions 

It is this process, for s a t e l l i t e  applica- 

.. 
x = x + ?( t  - to) = x ( t  - tJ*/Z! + 0 . .  ( 1.55) 

0 .. 
where xo is  the i n i t i a l  value at  an epoch to, and A ,  x,  ..., are time 
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derivatives. Now,  i f  we ignore a l l  bu t  first order t i m e  derivatives and 

consider only t h e  f irst  order variations of the aspherical gravitational 

potential, we can express the time dependence of M, Q, and w i n  simple 

f in i t e  difference form with adequate accuracy: 

M = Mo+ R ( t  - to) 

Q = no+ a (t - to) 

0 = wo+ fJ(t - 
. . .  

where M = 

first derivatives of SZ and w. 

EB, are given by: 

is defined as the Anomalistic Mean Motion and Q, w are the 
These expressions, derived i n  Chapter 10 of 

3 J2 i r = +  7 cos i )  TT 
P 

which are a l l  function of a, e, and i. 

long as the l a t t e r  3 parameters remain nearly constant with time, i t  is not 

I t  is important to note that as 

necessary t o  apply implicit numerical techniques to  the s o l u t i o n s  of 

equations (1.57), (1.58), and, (1.9). However, a principal effect  of 

atmospheric drag on low o r b i t  s a t e l l i t e s  is to  modify the values of a, e, 

and i as a function of the eccentric anomaly. 

the essential effect  of drag is t o  'de-energize a s a t e l l i t e  o r b i t  and thus  

This  is due t o  the fact that 
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reduce the dimension (semi-major ax i s )  o f  t h e  o r b i t  e l l ipse.  

if the  i n i t i a l  o r b i t  is h i g h l y  non-c i rcu lar ,  t h e  v a r i a t i o n  i n  the drag 

effect due t o  t h e  e l l i p t i c  path leads t o  mod i f i ca t ion  o f  t h e  o r b i t  inc luna-  

t i o n .  

being cons ide red ,  time dependent expres s ions  f o r  t h e  semi-major axis ,  

e c c e n t r i c i t y ,  and i n c l i n a t i o n  should be inc luded .  

expres s ions  f o r  drag  induced derivatives of a,  e, and i i n  Chapter 10 of 

h i s  t e x t ,  however, t o  i n c l u d e  these expres s ions  i n  an o r b i t a l  s o l u t i o n  

would require a m u l t i p l e  step i terative approach t o  the c a l c u l a t i o n  o f  t h e  

s i x  d e r i v a t i v e  q u a n t i t i e s .  

problem, drag induced p e r t u r b a t i o n s  need not be cons idered  f o r  meteorologi-  

cal sa te l l i t es  u n t i l  o r b i t a l  a l t i t u d e s  start  f a l l i n g  below 850 km. 

Note tha t  the s i g n  o f  t h e  expres s ion  f o r  dQ/dt (see Equation 1.57) ind ica -  

tes why o r b i t s  must r e t r o g r a d e  t o  achieve  a sun synchronous c o n f i g u r a t i o n  

(eastward p recess ion  o f  ascending node). S ince  dQ/dt must be p o s i t i v e  and 

the expres s ion  is o f  t h e  form - b o s i t i v e  cons tan t ]  *cos  i ,  then  the c o s i n e  

of i must be negat ive .  

I n  a d d i t i o n ,  

If a low-flying sa te l l i t e  (small pe r iod  or h igh  e c c e n t r i c i t y )  were 

El3 provides  a set of 

With respect t o  the sa te l l i t e  nav iga t ion  

T h i s  r e q u i r e s  i >90. 
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1.2.4.3 Required Inclination -- for  a Sun-Synchronous Orbit  

Another problem which we can address, is the deter- 

mination o f  t h e  required inclination angle for sun synchronous o r b i t s  f o r  a 

given 

orb i ta l  period (P). 

degrees per mean solar year. 

Th i s  is simply a matter o f  requiring t o  be 360 

NOW since: 

1 

2 p = a ( l  e ) - 

J 

We simply require that i satisfies:  

360 degrees 
365.24219879 days - - - T ( - J  3 J2 c o s i )  n [ l ?  3 J 2- (l-e*)i 

P2 

(1 - s i n  i )  2 1  
or 

3 (1082.28*10-6 cos i l  0.985647336 deg-day-’= - 7 
P2 

2 l  
-6 (1-e IT1 3 sin2i 1 

J 2 -7 1082.28*10 
; I +  7 P 

(1.61) 

(1.62) 

(1.63) 

Note that  a is assumed to  be i n  cannonical u n i t s :  
a(e.r.) = a(km)/R, (km) 

T h i s  equation is easily solved numerically. Since the  r i g h t  hand side 
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of  equation (1.64) i s  monotonically increasing as i goes from 900 t o  1800, 

we can use a Newton’s method approach i n  the i n t e r v a l  (900 < i < 180°) t o  

iso la te,  t o  a speci f ied tolerance, a so lut ion matching the l e f t  hand side. 

By applying t h i s  procedure, Table 1.2.4 has been generated M i c h  gives the 

required s a t e l l i t e  height and i n c l i n a t i o n  for a sun synchronous o rb i t ,  

given the s a t e l l i t e  period. 

- -  

A c i r cu la r  o r b i t  (e=O) i s  assumed. 

Table 1.2.4 Required Orb i ta l  I n c l i n a t i o n  for a Sun Synchronous 

S a t e l l i t e  Given a S a t e l l i t e  Period (e=O) 

Period (minutes) Height (km) Inc l i na t i on  (Deg) 

90 

100 

110 

120 

274.36 

758.44 

1226.62 

1680 . 80 

96.5893 

98.4366 

100.5585 

102.9718 
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1.2.5 Summary 

T h i s  s e c t i o n  has been directed toward the s tudy  o f  the o r b i t  proper-  

t ies  o f  near -ear th  meteoro logica l  satell i tes,  and i n  p a r t i c u l a r ,  t h e  a p p l i -  

c a t i o n  o f  t h e  r e s u l t s  t o  t h e  sa te l l i t e  nav iga t ion  problem. 

some basic d e f i n i t i o n s  o f  time and coord ina te  systems, the b a s i c  foundat ion  

f o r  t h e  s o l u t i o n  o f  the two body Kepler ian o r b i t  was out ined .  T h i s  so lu-  

t i o n  was adapted t o  t h e  convent iona l  o r b i t a l  element parameters a v a i l a b l e  

from the meteoro logica l  s a t e l l i t e  agencies .  T h i s  is a fundamental  r equ i r e -  

ment f o r  any a n a l y t i c  sa te l l i t e  nav iga t ion  model. P e r t u r b a t i o n s  t o  o r b i t s  

and their  effects (some u s e f u l )  were discussed. 

Beginning w i t h  
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1.3 - The Direct  Readout Capabi l i t ies  -- from the Sate l l i tes;  Exercises 

D i rec t  readout fo r  the weather s a t e l l i t e s  brought s a t e l l i t e  imagery o f  

clouds within reach o f  small forecast and research u n i t s  around the world. 

ERT (B iY ) ,  describes the h is to ry  o f  t h i s  noteworthy addi t ion t o  the basic 

s a t e l l i t e  system - one unique i n  the 1960's t o  the world's meteorological 

services. 

need special explanation and study. 

1963 and on NIM8US-1 i n  1964, and became a continuing service beginning 

with ESSA-2 i n  1966. 

The so-called nAPT9' (Automatic Picture Transmission) systems 

They were f i r s t  tested on TIROS-8 i n  

The remaining por t ion  of t h i s  section describes the de ta i l s  o f  the 

Procedures t o  be followed i n  obtaining these "APT" s a t e l l i t e  data. 

equipment requirements are discussed i n  Chapter 3). 

(The 

The sequence i s :  

a) receive the teletype APT PREDICT message 

b)  decode the message 

c) t rack the s a t e l l i t e ;  record the data 

d) display the data as a photograph 

e) earth-locate ( g r i d )  the photograph. 

After the descr ip t ive sections i l l u s t r a t i n g  procedures, several exer- 

cises t o  demonstrate the APT procedures conclude the section. Several 

references are then l i s t e d ,  inc lud ing one i n  the s c i e n t i f i c  l i t e r a t u r e  

(Madden and Parsons, 1973) h i c h  describes computer generation o f  the gr ids 

and display of the APT data when i t  i s  d ig i t ized.  

view of not only the s a t e l l i t e  loca t ion  and tracking topics, but also 

For an excel lent  over- 

amateur" engineering and equipment , see Taggart (1981) , the New Weather 9, - 
S a t e l l i t e  Handbook. 
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Digressiont 

Before proceding through the general exercises regarding the 

decoding o f  the informat ion from the teletype and the conversion 

o f  tha t  informat ion i n t o  a s a t e l l i t e  loca t ion  and then s a t e l l i t e  

t rack ing data, l e t  us pause f o r  a moment t o  r e c a l l  from the previous 

section what s a t e l l i t e  o r b i t s  look l i k e .  Figure 1.3.0.1 shows three 

s a t e l l i t e  o r b i t s  i n  a right-ascension-declination coordinate system. 

The near-polar o r b i t  and the geosynchronous o r b i t  are the ones most 

commonly used. 

coordinate system and p l o t  against earth coordinates, l a t i t u d e  and 

longitude, we have the p ic tures o f  o r b i t s  shown i n  Figure 1.3.0.2 and 

1.3.0.3. 

an o s c i l l a t o r y  motion which moves as the earth moves or rotates. 

geosynchronous o r b i t  shows almost no motion with a slow e l i p t i c a l  

path resu l t i ng  from a non-perfect o r b i t  (e.g., i n c l i n a t i o n  not 

exactly equal t o  zero degrees and o r b i t  not a per fect  c i r c le ) .  

p ic tures o f  "what s a t e l l i t e  o r b i t s  look l i k e "  are good t o  v isua l i ze  

as we move through the remainder o f  t h i s  section and learn  how t o  

locate s a t e l l i t e s  i n  both kinds of o rb i ts .  

I f  we convert these two o r b i t s  i n t o  an earth- 

The near polar o rb i te r  ( l i k e  a sun-synchronous o r b i t )  has 

The 

These 

1.3.1 General Information on APT PREDICT Messages (TBUS 1 and TBUS 2) 

APT information l i s t e d  on the world weather te letype c i r c u i t  

under the TBUS 1 heading i s  f o r  s a t e l l i t e s  which are NIGHT-ASCENDING 

(northbound a t  n ight ) .  

under the TBUS 2 heading i s  f o r  DAY-ASCENDING sa te l l i t es ;  f o r  example, 

TIROS-N i s  northbound on the s u n l i t  side o f  i t s  o rb i t .  

KIAA-6 i s  an example o f  such an o rb i t .  Information 
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A new o r b i t  number i s  assigned when the s a t e l l i t e  crosses the equator 

northbound. The reference o r b i t  i s  the o r b i t  t o  which the s a t e l l i t e  sub- 

po int  information applies fo r  the times a f te r  the  equator crossing. 

equator crossing times and longitudes are for  northbound equator crossings 

only. 

The 

For TBUS 1, NIGHT PART I1 i s  the northern hemisphere, northbound l e g  

o f  the reference o r b i t  fo l lowing the equator crossing, PART I11 i s  the 

southern hemisphere, northbound leg  o f  the previous numbered o r b i t  t ha t  

connects t o  i t , where the t i m e  i s  i n  minutes before the northbound equator 

crossing. 

the earth. 

l e g  o f  the reference o r b i t  and DAY PART I11 i s  the  southern hemisphere, 

Southbound l e g  o f  the reference o r b i t  w h i l e  the s a t e l l i t e  i s  over the 

s u n l i t  side o f  the earth. 

Both are fo r  w h i l e  the s a t e l l i t e  i s  over the darkened por t ion  of 

For TBUS 1, DAY PART I1 i s  the northern hemisphere, southbound 

I n  TBUS 2 messages, DAY PART I1 i s  the northern hemisphere, northbound 

l e g  of the o r b i t  fo l lowing the northbound equator crossing and on the 

s u n l i t  por t ion  o f  the earth. DAY PART I11 i s  the northbound, southern 

hemisphere por t ion  o f  the previous numbered o r b i t  before the given equator 

Crossing time and connects t o  DAY PART I1 a t  the equator crossing. 

PART 11 i s  the southbound, northern hemisphere par t  of  the reference o r b i t  

and NIGHT PART I11 i s  the southbound, southern hemisphere par t  where both 

are for the darkened por t ion  of the earth. 

NIGHT 
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1.3.2 Addi t ion - o f  O r b i t a l  Elements _.- t o  APT Pred ic t  (TBUS) 

Messaqes (Part  -- I V )  

O r b i t a l  elements for po lar  o r b i t i n g  s a t e l l i t e s  have been 

added t o  Par t  I V  o f  the APT Pred ic t  (TBUS) message transmit ted by te le type 

and v i a  ATS WEFAX. 

updated pe r iod i ca l l y .  

are i den t i ca l .  

These elements appear i n  each d a i l y  message, and are 

The format o f  both the te le type and WEFAX messages 

(See end o f  chapter). 
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Example --For NIAA-6 Parts I1 and I11 ---- 
TBUS 1 NIGHT-ASCENDING NOAA-6 

PART I1 
NIGHT 
N. Hemisphere; 
Northbound 

PART I11 
NIGHT 
S. Hemisphere; 
Northbound 

Eq. Crossing 

+02 min 
+04 
+06 
+08 
+ 10 
+ 12 
+ 14 
+ 16 
+ 18 
+20 
+22 

-02 min 
-04 
-06 
-08 
-10 - 12 - 14 
- 16 - 18 
-20 
-22 
-24 
-26 
-28 
-30 
-32 

Time GMT 

20 :43 :03 

20:47:03 
20 :47 t 03 
20:49:03 
20 : 51 : 03 
20 : 53 :03 
20:55:03 
20: 57 :03 
20 t 59 I 03 
21 101 :03 
21 :03 :03 
21:05:03 

20 :41: 03 
20 : 30 : 03 
20 : 37 : 0 3 
20 : 35 : 03 
20 : 33 t 03 
20:31:03 
20:29 :03 
20 t 27 : 03 
20 : 25 : 03 
20 : 2 3 I 03 
20 : 2 1 : 03 
20: 19 :03 
20: 17:03 
20:15:03 
20% 13t03 
20: l l t03 

L a t i  tude 

@N( S> 

7. OoN 
14.1 
21.2 
28.2 
35.3 
42.3 
49.3 
56.1 
62.9 
69.5 
75.6 

/ 

7. OoS 
14.1 
21.2 
28.2 
35.2 
42.2 
49.1 
56.0 
62.7 
69.3 
75.3 
80.1 
81 .O 
77.2 
71.5 
65.0 

Longitude 

17.810W 

19.4 
21.0 
22.7 
24.5 
26.5 
28.8 
31.5 
35.0 
33.7 
47.0 
9 .9  

16.2OW 
14.6 
12.9 
11.0 
9.1 
6.8 
4.1 
0.6 
3.90E 

11.0 
23.6 
49.4 
93.5 

126.5 
142.4 
150.9 



PART I1 
DAY 
N. Hemisphere; 
Southbound 

PART 111 
DAY 
S. Hemisphere; 
Southbound 

+24 min 
+26 
+28 
+30 
+32 
+34 
+36 
+38 
+40 
+42 
+44 
+46 
+48 
+50 

52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 
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Time GMT 

21 107r03 
21 :09 r03 
2 1 r l l t 0 3  
21:13:03 
21 : 15t03 
21:17:03 
21tJ9:03 
21 :21 r03 
21 :23 : 03 
21 :25:03 
21 :27 : 03 
21:29:03 
21 :31:03 
21 r33 103 

21 : 35 :03 
21 : 37:03 
21 : 39 :03 
21 :41:03 
21:43:03 
21:45:03 
21 :47 : 03 
21 :49 :03 
21:51:03 
21 : 53 :03 
21 t 55 :03 

L a t i  tude 

80.20N 
80.8 
76.9 
71 .O 
64.5 
57.8 
50.9 
44.0 
37.0 
30.0 
23.0 
16.0 
8.9 
1.9 

5.10s 
12.1 
19.2 
26.2 
33.2 
40.1 
47.1 
53.9 
60.7 
67.3 
73.6 

Longitude 

86.9OW 
131.6 
163.5 
178.8 
172.90E 
167.7 
164 . 0 
161.2 
158.8 
156.7 
154.9 
153.2 
151.5 
149.9 

148.40E 
146.7 
145.1 
143.3 
141.4 
139 . 2 
136.7 
133.5 
129.3 
123.1 
112.8 

With the a i d  o f  a sa te l l i te - t rack ing  chart (Figure 1.3.2.1) or  small  

computer program fo r  a small colrrputer (Taggart, 1981) you convert the 

s a t e l l i t e  loca t ion  informat ion t o  antenna tracking information appropriate 

t o  a pa r t i cu la r  stat ion.  

t ion.  

the actual  s a t e l l i t e  o f  i n te res t  t o  you. 

The fo l lowing general example i s  for i l l u s t r a -  

Always re fe r  t o  the spec i f i c  users’ guide for an example re la ted  t o  
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Example -- S a t e l l i t e  Trackinq 

TBUS 1 APT PREDICT 27 Sept 1975 NJAA-6 

PART I Reference o r b i t  = 1311 
Equator crossing time = 20t57r41 (GMT), 14x57141 ( l o c a l )  
Equator crossing longi tude = 21.44OW, Octant = 0 
Period = 101 min, 18 sec 
O r b i t a l  increment = 25.32O 

Find the next o r b i t  tha t  gives the best p i c tu re  coverage (c losest 

o r b i t a l  t rack)  t o  Fo r t  Col l ins .  

For t  Co l l i ns  l a t i t u d e  = 40.580N, longi tude = 105.8oW 

Step I: Find the range of equator crossing longitudes which give an 

antenna e levat ion of a t  leas t  200. -- 
Step 2: Determine from the o r b i t a l  increment which o r b i t s  f a l l  i n t o  

the range found i n  Step 1. 

Step 3: Determine the times o f  the equator crossings f o r  the o r b i t s  

found i n  Step 2. 

You should now have the necessary informat ion (equator crossing, 

longitude and t i m e )  t o  be able t o  graphical ly determine the antenna posi-  

t ions  and s a t e l l i t e  subpoints minute-by-minute 

Range: S - N 77.5OW t o  1 l l . O O W  

N - S 73.7OE t o  93.0OE 

Orbi ts;  only N314 f a l l s  within 200 elevat ion range 

for S - N o r b i t s  97.4oW eq. crossing. 
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Time Orb i t  1315 = 03:42:55 GMT 

- 1 ~ 4 1 ~ 1 8  

Orb i t  1314 = 02:01:37 GMT eq. crossing 

1st Horizon 3 min 45 sec a f t e r  eq. crossing 

02:05:22 GMT 

The f i n a l  step a f t e r  recept ion o f  the s a t e l l i t e  data a t  your t rack ing  

s ta t i on  i s  i t s  display (Chapter 4) and gr idd ing (earth locat ion) .  Because 

each d i r e c t  readout s a t e l l i t e  system today has special  data sample 

averaging procedures r e f e r  t o  the appropriate users’ guide. 

neering in format ion about the APT and HRPT (High Resolution P ic tu re  

Transmission) i s  included i n  Chapter 3 and i n  Taggart (1981). 

Some engi- 
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Figure  1.1.1 U.S. Meteoro log ica l  S a t e l l i t e  Program from 1960 to 
1967 ( A l l i s o n ,  1977) 
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Figure 1.1.2 U.S. Polar-Orbiting Meteorological Satellite Program 
(NASA, 1982a) 
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Figure 1.1.3 Improved TIROS Operational Satellite (ITOS) 
(Slide S e t  #27) 

Figure 1.1.4 Geostationary Operational Enviornmental Satellite 
(GOES) (Slide Set # 2 5 )  
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~NWTATION 
PRINCIPAL AXIS 

PRINCIPAL AXIS 
OF SPACECRAFT 

w WOBBLE 

Figure 1.2.1 Dynamics of S a t e l l i t e  Orientation 

figure 1.2.2 Arbitrary i n e r t i a l  coordinate 
reference frame 
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Figure 1.2.3 Relative iner t ia l  coordinate reference frame. 
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Figure 1.2.4 Barycentric coordinate reference frame. 
(t3ased on a figure from Ed, 1965) 
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Figure 1.2.5 The celestial sphere (Frm Bowditch, 1962) 
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2 
PRINCIPAL AXIS 

L PLANE 

TX  

Figure  1.2.6 The right ascension - dec l ina t ion  
i n e r t i a l  coord ina te  system. 

ALTITUDE OF ORBIT (N.MI.) 

ALTITUDE OF ORBIT ( K M  1 

Figure  1.2.7 Velocity and per iod of  a s a t e l l i t e  in  
c i r c u l a r  o r b i t  a s  a func t ion  o f  a l t i t u d e  
(Froin Nidger, 1966) 



- 70 - 

Dl RECTRIX 
I 

.. I' I 
I 
I /I - 

I 
I 
I 

I f  a po in t  P moves so t h a t  i t s  d is tance  from a f ixed point  
(ca l led  the  focus)  divided by i t s  d is tance  from a f ixed l i n e  
(ca l led  the  d i r e c t r i x )  is  a constant  e ( c a l l e d  the  e c c e n t r i c i t y ) ,  
then the curve descr ibed by P is c a l l e d  a conic  (so-called 
because such curves can be obtained by i n t e r s e c t i n g  a plane 
and a cone a t  d i f f e r e n t  angles ) .  I f  the focus i s  chosen a t  
o r i g i n  0 the  equat ion of d conic i n  polar  coordinates  ( r . u )  is, 
i f  OQ - p and LH - d: 

r - P  sd 
1 + ecosv 1 + ecosv 

Figure 1.2.8 Conic s e c t i n n s  (Based on a f i g u r e  from Spiegel ,  l.968). 

APOFOC U S 
\ 

Figure  1.2.9 E l l i p t i c  frame of  re ference  
(Based on a f i g u r e  from EU, 1965) 



ORBITA 
TRACK 

Figure  1.2.10 Perihelion and aphelion of earth i n  solar o rb i t  
(Not exact scale) 

Figure 1.2.11 The Classical Orientation Angles and the 
Orthogonal I ,  J, K Coordinate System 
(Based on a figure from E@, 1965) 
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SAT ELL IT E 

+ X  
T 

Figure 1.2.12 Adding the  sa te l l i t e  t o  Figure 1.2.11 
(Based on a f i g u r e  from W ,  1965) 

w 
J 
i55 
m SEC U LA R VAR I AT IO N - 

LONG PERIOD VARIATION 

Figure 1.2.13 Three pr inc ip le  types of o r b i t a l  pe r tu rba t ions  
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I -  

EO 

I -  

2.S 

Figure 1 . 3  .O .1 T h r e e  S a t e l l i t e  Orbits (Taggart, 1981) 
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Figure 1 . 3 . 0 . 2  Geosynohronous Orbit i n  Earth Coordinates 
(Smith, 1980) 
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PERIODS ORBITAL ELEMENTS 

P =  101.946 min to* DEC 31,1979 1gh lgrn 24' 

TIROS-N:2.5 ORBITS-DEC 31,1979 
( TIMES GIVEN IN GMT) 

Figure 1 . 3 . 0 . 3  Polar Orbit i n  Earth Coordinates 
(Smith, 1980) 
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Figure 1 . 3 . 3 . 1  Polar-Orbiting S a t e l l i t e  Tracking Chart 
(Taggart,  1981)  
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Table 1.1.1 Early L i s t  of A r t i f i c i a l  Earth 
Sat e l  1 i t  e8 (Johnson, 1981) 

EARTH SA7€LLIlES AND WAC€ rllOBtS-APUlL 24, 1961 

IYS7 Alplv I 
19S7 .Upha 2 
1Y57 Hco 

19SX Alpha 
I W  Hrta I 
I9.W Hrta 2 
Ius8 ( ; r m  
19% IJrlta I 
I9.W Drlh 2 
IYSW Epihn - 
19% Z N  

1'959 Alpha I 
19% Alplv 2 
1959 BN 

IVSV cmnu 
195Y Del(. 
1959 Eplibn I 
l Y 5 9  lsprilon 2 
1959 zcl. 

_. 
U u w e r c r  I 
Yimurr I V  
U,scwcrcr I I  
Explorer Vi 
Dircwcrcr \' 

Discoverer V I  
Luirik I I  
\ a n i u r d  111 
L m i k  111 
E.plorcr \'I[ - 
piiravr rc r  VI1 
Discwcrcr SI11 
Pimurr V 

Tiros I 

T r m u t  IB 
D i m v c r c r  X I  

Sinunik I\' 

J l i h  I 1  
Transit 11.4 
Grch 

- 

l l i r r w n a r  SI I I  
I.XlKl I 

3W1 
Iu 

J6M 

I 4  
3 

14 

1327 

1.47 

... 
17.4 
38.3 

5.117 
34w 
1472 

23 
SQO 

730 
64.4 

771 
e8 

771 
389.4 

4s 

41.5 

9.41 

6.08 

278.5 

26.8 
771 
771 
42.9 
23 

122 
570 
IW 
771 

2Mo 
?loll 
2270 
101.1 

I Y  

771 
611 

771 
43w 

771 
227 

. . .  

... 

. . .  
W P E I  
26.n 

771 
I27 

4.563 

77 I 
77 I 

IWJ 
7211 
642 

i214 

1111 
1111 
113 

. . .  

. . .  

6 .0  

24.5 

Slnrttlik IX 47lNyl.Y 
Simtiiik X 46Y5 
Exl8Iur.r x 3;.4 
I>iunvncrSSIII I I I 1  
Vortok 471 5 
... . . .  

111.4-57 
IU-4.S7 
I1.3-S7 

I-31-SR 

3.17-58 
3-26.58 
3-17.U 
5 . I 5 . 0  
7-26.M 

3 . 1 7 . ~ ~  

10.1 I .sn 
1 2 . 6 . ~ ~  
I2-IR.5R 
1.2.59 
2-17-59 
2-1 7-19 
2.28-59 
3-3.1'1 
4.13-59 
8-7.59 
n-13-SY 
~1.13.59 
aiq.s9 

Y . i n m  
!J.l2..W 

104.59 
10-13.59 
IO-13-C 
I I -7.5Y 
11-20.54 
3-11.60 
4.1-0 
41-60 
4- 13-60 
4-13-60 
4.15-60 

5.1.:.60 
5.l5.W 
5-24-6u 
6.2241Il 
6.22-UI 
6-22dd1 
X - I I ) 4 I  

W.IZ.ffi 

8-IU-60 
Y.IY-M 
Y.IJ.011 
lll.J.611 
lll.4-/lll 
11.3.60 
11-.3-4(1 
1 I- I M n  
I 1-23-60 
11.2J.M 
l2-1.fAl 
lZ.I.Wl 
12-741 
12.3l.UJ 
1-31.61 
2-4-61 
2.12.61 
242.61 
2.16.bI 
2-17-01 
Z.IX-6l 
2.22-61 
2-22-01 

3-9-11 
3.2541 
3-25-61 
4.8-61 
4-12-61 
4-12-61 

Y-12-60 

aims 

v511 12.1-57 
V Y I  1-4.sn 

16711 4.14-58 

ZS4Il -1% 
3031 - 2 W  
39141 .--3O(XI 

30.3) -2HNJ 
IWI 4-6-60 
221x1 10.23-.W 

ZWIO 6 -2x-5~ 

I XO.IWIU I t1.12. sx 
160.(00 IZ.f-.W 

1.110 1.21-59 
(l.ZYl' . . I  

3321) -ZI% 
3320 -211Yl 
970 3-3-59 

( 1 . 1 9 '  . . .  
3.M 4-26.59 

4 2 . 4 ~  Unccrtain 
720 Y-28.50 
720 Unccrtain 
Bbu 10.M.59 
. . .  9.13.59 

37u) -m 
470,Olffl 4-M-60 

l lYl -m 
1130 -1990 
B10 11.26.59 

1670 3 . ~ 4  
(0.W)' ... 

7.M -mu) 
7.M -2o.w 

I %AI 
7.17-60 - I972 
-2llHl 
-2ll.W 
--MY1 
I I-I4.(YI 
-1W.5 
--Mo(I 

;\tlmIpld CPImUIc rrcovrry 
Siwtiiik I V  lrunchcr 
nu krt-launrli dcicctar 
Naduation system 
Lnlrr  radiation (pigR+brk utc l l i tc)  
l rvncl ier  
Caprulv rcwvcry 
bldul.canmuniution ICII 
Fxlm I lauuchrr 



- 77 - 

Table 1.1.2 U.S. Meteorological  S a t e l l i t e s  

11, J 

17R 

195 

2 h 5  

2R7 

L M l  

2 7 0  

2 6 5  

3711 

> I O  

1 2 0  

290 

1 5 0  

290 

3 5 0  

290 

1 5 0  

290 

150 

6 B l  

6 8 1  

7 5 0  

1 5 0  

7 5 0  

730 

3127 

3127 

I 1 2 1  

9 9 . 3  

9 R .  3 

1 0 0 . 6  

i o n . . i  

1 1 0 . 5  

9 8 . 7  

P I . 4  

0 Y . S  

1 1 9 . 2  

1 0 0 . 6  

1 0 0 . 2  

111.1 

1 1 4 . 5  

1 1 1 . 4  

1 1 1 . 5  

1 1 4 . 8  

1 1 4 . 9  

1 1 4 . 7  

115 .1  

1 1 5 . 1  

1 1 4 . 8  

1 1 4 . 9  

116 1 

1 1 4 . 9  

1 1 6 . 2  

9 8 . 9 2  

1 1 1 1 . 2 6  

1 0 1 . 9  

r e  T r a n a m l m s l o n  

(NASA, 1982a) 

THE TI€tOS/ESSA!ITOS/NOAA SATELLITES IN ORBIT 

1 9 6  

: 1 1  

0 5 4  

R17 

6 P O  

7 R 3  

7 1 1  

.I96 

n o 6  

8no 

8 I R  

1 4 6 1  

1 5 9 1  

1 5 2 2  

1 5 5 6  

1 6 2 2  

1G46  

1 6 2 2  

1 6 1 7  

1 6 4 8  

1 4 1 2  

1 4 5 1  

1 5 0 2  

I447 

1 s n 4  

R I P  

8 0 7 . 5  

8 4 5  

- 
h w q r  e 

I k n l  

8 6  1 

8 1 7  

9 37 

9 7 2  

1 1 1 9  

R 2 2  

74 1 

8 7 8  

2 9 6 7  

9 5 7  

965 

1639 

1 7 0 9  

1 6 5 6  

1 6 3 5  

1 7 1 1  

1 6 9 1  

l 6 E 2  

1 7 3 0  

1 7 0 0  

1 4 7 2  

- 

1451) 
1 5 1 2  

1 4 6 1  

1 5 1 8  

1364 

n z )  
e 7 9  - 

I PIC1 1 - 
1\11 i w i  
l d r g l  

4 0 . 1  

4 8 . 5  

4 7 . R  

. I n .  1 

5 9 . 1  

5 8 . 2  

5 f l . 2  

I f l . 5  

9 6 . 4  

9 8 . 6  

9 7 . 9  

1 0 1 . 0  

1 0 1 . 0  

i n 2 . o  

1 0 1 . 9  

1 0 1 . 1  

1 0 1 . 1  

101 .8  

1 0 1 . 9  

1 0 1 . 0  

1 0 1 . 0  

9 8 . 6  

1 0 1 . 9  

1 n i . h  

1 0 1 .  L 
1 0 2 . 3  

9 8 . 1 4  

Y 8 . 9  

.- 

- 
1.1 f C  

d .I y - 2  ) - 
L19 

176 

2 1 3 1  

161 

111 

3n9 

1 0 0 9  

1 2 8 7  

1 2 1 8  

7 IO 

a6 I 

1 6 9 2  

7 30 

4 6 5  

1 0 1 4  

16 1 

5 7 1  

L l O l  
1010 

5 1 0  

2 5 2  

0 1 7  

11119 

l 4 G l  

1 0 6 1  

4 6 0  

0 5 7 .  

t JI.. 

ns u 
S t H  

SPM 

sn 
ssu 
TCD 

T V  

VHRR 

VTPR 

R 8 . m J r k h  

I TV-WA anti  I TV-NA 

1 T V - W A , , I  'TV-NA. p a s # I V e  b aOtlV. 111 s c 4 n  

2 T V - Y A ,  H B ,  t R .  I R P  

2 TV-WA. I R .  I R P .  HB 

1 TV-WA. 1 TV-MA 

1 TV-WA. I TV-MA 

2 TV-WA, IR. I P .  HB 

L Y I  APT T V  d i r e c t  r e a G  . I L  (I I TV-NA 

F l r S t  "wh*eL'r 2 TV-WA q l u b a l  covers?. 

S u n  s y n c h r a > n o u # ,  2, TV-WA 

l e t  o p e r a t i o n a l  s y s t e m .  ? T V - W A ,  PPI 

2 APT, q l o b a l  O p e r a t l t t n r l  APT 
2 A V C S ,  P P I  

2 APT 

2 AVCS, F P I I  

1 APT T V  

2 AVCS,  PPR, s - B a n d  

2 APT T V  

2 A V C S ,  F e n ,  S - n a n d  

2 APT, 2 A V C S .  2 SR. r P R ,  J-ar ls  s t s b l l l i a t i o n  

2 AFT.  2 AVCS. 2 S R ,  PPI) 

2 VHRR. 2 V T P R ,  2 SR. SPM 

2 V I I R I ,  2 VTPR.  2 S R ,  SPM 

2 V I IR I I ,  2 VTPR.  2 S R .  SFN 

2 w R n .  I V T P R ,  a S R .  S P M  

AVIIRR. i i i m s - 2 .  ssu ,  M S U ,  H I I ~ ~ U .  V E P E D ,  DCS, rco 
A V H H R .  I I I R S - 2 ,  SSU, MSU. HLPAD. MCPCD. DCS. Tho 

AVHRII-2. I I I R S - 2 ,  sou,  nsu,  H E P A D .  nEPcD. TED, 
DCS 
N I C ~ O Y O V ~ !  S c d n n m r  U n l l  

S o l r r  E n v i r u n m * n t a l  M o n l t o r .  T E D ,  M C F C D . ~ H ~ P A C  

S o l a r  P r o t o n  Monl tor  

S c a n n i n g  R a d l o n e t e r  

S t r a t o m p h e r I c  S o u n d i n g  U n l t  

T o t a l  E n o r q y  D e t e c t o r  

T*I@vImAon Caneram l l / 2 *  g l d l c o n l  

NA Nacrov A n q l e  - I 2 0  

M A  N - d l u n  Anplm - 7 8 0  

N A  Wld. A n q l e  - I040 

Vmry H i g h  Resolution h . i d r ? n m t e r  

V * r t i c a I  T e m p e r a t u r m  P r o f i l e  R a d l o m e t m r  
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Table 1.2.2s Orbital Characteristics as a Function of Altitude - 
Re = 6370 lan (From Widger, 1966). 

I50 81 6520 3516 1.024 . 9 7 7 0  28111 I5245 27464 l4R94 
!8 5 100 6 5 5 5  3515  1.029 .9717 28080 15203 27285 I4773 
-00  106 6570 3543 1.011 .9695 28004 l5lHR 27150 I4725 
? 5 ?  1 3 5  6620 3570 1.039 , 9 6 2 2  27901 I5130 26846 Id558 
2 : .  IS0 6645 3585 1.044 .r1542 27839 r ~ 0 9 9  26675 1 4 6 8  

. JOI'  l t 2  6b70 3537 1,047 , 9 5 5 0  27795 15074 26544 14396 
350  109 6720 3624 1.055 , 9 4 7 8  27690 15017 26245 I 4 2 3 3  
371 200 6741 3635 1.058 .9450 27649 14094 26128 I 4 1 6 9  

.e58 87.48 LI.E? 

.468  88.08 2 2 . 0 2  

.476 88.56 22.14 
- 4 9 2  89 .52  22.38 
.502 9O;lZ 2 2 . 5 3  
.507  00.54 22.64 
. 526  91.56 22.89 
. 5 3 3  91.98 23.00 

400 216 6713 3651 1.063 , 7 4 0 8  27589 14V62 259% 14076 1.543 92.58 23.15 
1 5 0  2 4 1  h R 2 O  3L7H I C71 9319 274_HA 14005 25671 l>n-ZJ I 560 9 j . 6 0  2 3 . 4 0  
-+b 5 2 5 0  LicJ3 3615 1:073 :9JLL 2 7 4 6 ~ & ? 3  25600 l 3 H H 3  1:565 91.90 23.40 
500 270 6070 3705 1.079 .9271 27186 14HSI 25390 13768 1.578 94.68 23.67 
5 5 0  297 6920 3712 1.086 .9204 27287 I4798 25115  13620 1.595 95 .70  2 3 . 9 3  
556 303 6926 1715 l.OM7 . 9 l 9 7  27277 1479J  250M7 1!605 1 .597  95 .82  2J .96  
t,on 2 2 4  h970 3759 1 .004  , 0 1 3 H  271R9 14745 :4845 13474 1 . 6 1 2  94 .72  2 4 . 1 8  
U I J  $56 i O L 9  J7H5 1.1UL .YO75 27095 I.Lb74 '2569 1 5 0 5  1 . 6 L ' j  '!7.74 24.44 
6 5 0  3 5 1  7020 3786 1.1OL . 9 0 7 J  27092 14b92 24581 13310 1.629 97.74 24.44 
7 C O  378 7070 3811 1.110 .9009 26995 14640 2 4 3 2 0  13189 1.647 98.82 24.71 
7.1 I 400 7111 3815 1 . 1 1 6  . a957  26919 14597 2 4 1 1 1  13075 1.661 99.66 24.92 
'53 405  7120 3840 1 . 1 1 a  .8945 Z ~ ~ O L  1 .15~8  24964 130.19 1 . 6 6 4  9 9 . ~ 4  24.96 
6Od J J 2  7170 3467 I.ILb . 0 d i ? - ~ t i j o 7  i . i i . t ,  ' , a 1 3  IZ '912. 1.b.IL IUU.')2 1>.13 
8 3 4  450 7214 3 ~ 8 5  1 . 1 1 1  .a842 26725 14503 2 3 6 3 0  11824 1.697 101.82 25.46 
8 50 459 7220 3894 1.134 . B Y 2 1  26715 I44H7 23565  I 2 7 7 7  1 .699  101.94 2 5 . 4 9  
905 486 7270 3921 1.141 .a761 26624 14436 2 3 \ 2 5  12647 1 .717  103.02 25.76 - 92 7 500 7297 3935 1.146 .I3727 Zb575 14411 23197 I2579 1.727 1 0 3 . h 2  25.91 
15u 5 1  J 7320 3948 I . I 4 9  .a701 2 6 5 3 1  I .rJbw Z l T h T X 3 l 9  1.735 104.10 26.03 

1000 540 7370 3975 1.157 .A642 26441 14338 22850  12391 1 .753  105 .18  L 6 . 3 0  
1013 550 7389 3985 1.160 .E620 26408 14320 22764 I2314 1.760 105.60 26 .40  
1050 567 7420 4002 1.165 .&St33 2 6 3 5 2  14290 22619 I 2 2 6 5  1.771 106.26 26.57 

594 7470 4 0 s 9  1 .171  .8S_26 26264 141.41 2 2 3 9 3  I2144 1.7HR 107 26 2 6 . 8 2  

1150  6 2 1  7520 4056 I.181 . e 4 6 9  26179 14194 22171 liOZ1 1.806 108.36 27.09 
I LOO 648 7570 4083 l . l & q  .H413 26089 1 4 J 4 7  21749 I1902 1.825 109.50 27.38 
1205 650 7 5 7 5  40M5 1.189 .E409 2 6 0 8 3  14145 21933 l I R 9 5  1.826 109.56 27.39 

~ 1250 674 7420 4109 1.196 .I4360 26005 14103  21710 I1790 1.842 110.52 2 7 . 6 1  
1.497 700 7 6 L l  4115 1.204 .&307 L5925 14059 2l5.3b 11679 1.160 ll1.bU 27.90 
I300 701 7670 4116 1.204 .a305 2591o 14057 21526 11674 1.161 111.66  27.92 
I350 728 ' 1 7 2 0  4163 :.212 .e251  25834  14011 21316  11560 1.879 112.74 28 .19  
I390  750 7760 4185 1.218 .82OLI 25769 13974 2 l l S I  11470 1.894 113.64 28.11 
I .io0 7 5 5  7770 4 1 0 0  I . L 2 O  . A 1 9 H  2 i 7 5 2  I3966  2 l I I I  11.149 1.897 113 .82  ZR.46 

I 4 8 3  800 7853 4235 1 . 2 3 1  ,8111 2 5 6 1 5  13H91 20776 11267 1.928 1 1 5 . 6 8  28.92 
1500 8 0 9  7A70 4244 1.236 .UO94 25589 13876 20712 11231  1.934 116.04 29.01 
I550 836 7920 4271 1.243 .Bo43 25508  1 3 8 3 3  20516 Ill26 1.352 117.12  29.28 
I575  850 m 4 5  4285 I 247 a o i h  25468 i w i o  ~ 0 4 1 5  11070 I.?61 117.66 29.4L 
i l > U U  b h 3  7970 4198 l:L5l 17992 25428 I 3 r 8 9  LO>L: 11020 1.971 118.26 L0.57 
1650 8'JO 8020 43l5 1.259 .794L 25349  I3747 L O 1 3 2  10711 1 . 9 3 9  1 1 9 . J 4  ' 29.84 
166R 900 8018 4335 1.262 .7924 Z S I L I  13730 20064 IORAO 1 , 9 9 6  119.76 29.94 
1700 917 8070 J35L 1.267 .7893 25267 1 3 7 0 1  17941 IO816 2.008 120.48  10.12 
I 750 914 8120 4379 1.275 , 7 8 4 4  25171 1 3 h b 2 1 9 7 h n  I0710 2.027 12!.b2 30.41 
17cl 950 8131  43N5 1 . 2 7 7  .7834 23175 13651 I O ' I L L  lOh94 L . O ~ I ~ I > L  10.41  
1890 971 8170 4406 1.283 .7796 2 5 1 1 3  13619  19578 10617 2 . 0 4 6  122.76 30.69 
L850 998 8220 4433 1.21)1 .7749 25039 13578 19401 10522 2.064 123.84 10.96 
1853  1000 8223 4435 l .291 .7745 25033  13574 I9388 10513 2 .065  IL;.'Jb 30.99 

-K 600 7 4 b J U 3 5  1.175 . M 5 1 3  2LZ43 14232 2L34l I2116 1.793 1 0 7 : 5 8 7 b 7  

I450 7 U L  I820 4L!? 1.22% . & I 4 6  2567 0 I W L I  2 0 9 1 1  I I N O  1.915 114.?0 Ln.7J 

55815 I9326 4 Z I b 5  22761 6.622 ,1510 11052 5992 - - 24.000 1440.00 - 
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PART I V  

AAAAAAAAA BBBBB CCCCCCCCCCCC D D E E F F G G H H I I I I I  JJJJJJJ 

KKKKKKKK LLLLLLLL MMMMMMMM NNNNNNNN 00000000 PPPPPPPP 

QQQQQQQQ RRRRRRRR SSSSSSSSSS TTTTTTTTTT UUUUUUUUUU V V V V V V V V V  

WWWWWWWWW X X X X X X X X X  YYYYYYYYY ZZZaaabbb cccc dddddddddd 

eeeeeeeee fffffffff g g g g g g g g g  SPARESPARE 

APT TRANSMISSION FREQUENCY X X X . X X  M H t  
HRPT TRANSMISSION FREQUENCY X X X X . X X  MHz 
BEACON (DSB) TRANSMISSION FREQUENCY X X X  .XX M H t  
APT DAY X / X  APT NIGHT X / X  

(ADDITIONAL PLAIN LANGUAGE REMARKS WHEN NEEDED) 
DCS CLOCK TIME DAY X X X  X X X X X - X  

TABLE 1.391 

Numbers used in TBUS, SATOB, SATEY, SAREP bulletins to identify 
satellites: 

10 - 19 ITOS series satellites 
20 - 29 SMSjGOES series satell ites 
30 - 39 TIROS-N series satellites 
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PART I V  

Symbol 

AAAAAAAAA 

BBBBB 

cccccccccccc 

DD 

EE 

FF 

GG 

HH 

11111 

J 35 J J J J 

KKKKKKKK 

LLLLLLLL 

MqMMMMYM 

NNNNNNNN 

00000000 

PPPPPPPP 

QQQQQQQQ 
RRRRRRRR 

ssssssssss 

TTTTTTTTTT 

- (Contains h igh p rec i s ion  o r b i t a l  elements, 
transmission frequencies, and remarks). 

E x ~ l  anation 

Spacecraft i d e n t i f i c a t i o n  ( I n te rna t i ona l  
designator- see "COSPAR Guide t o  Rocket and 
S a t e l l i t e  Informat ion and Data Exchange 
Informat ion B u l l e t i n  #9, J u l y  1962). 

Orb i t  number a t  epoch. 

Time of ascending node (days from January 1 a t  
OOZ, t o  nine decimal places. 

Epoch year 

Epoch month 

Epoch day 

Epoch hour 

Epoch minute 

Epoch second, t o  three decimal places 

Greenwich Hour Angle a t  Ar ies a t  epoch, t o  f o u r  
decimal places . 
Anomal i s t i c  per iod (minutes), t o  fou r  decimal 
places . 
Nodal per iod (minutes), t o  f o u r  decima 

Eccen t r i c i t y ,  t o  e i g h t  decimal places. 

Argument o f  perigee (degrees), t o  f i v e  
places 

Right Ascension o f  the ascending node 
t o  f i v e  decimal places. 

I n c l i n a t i o n  (degrees) , t o  f i v e  decimal 

places . 

decimal 

degrees) , 

p l  aces 

Mean anomaly (degrees), t o  f i v e  decimal places . 
Semi-major ax is  (km), t o  three decimal places. 

Sign and epoch X p o s i t i o n  component (km), t o  fou r  
decimal places. 

Sign and epoch Y p o s i t i o n  component (km) , t o  fou r  
decimal places. 
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Symbol (Cont .) Expl anat i on (Cont ) 

uuuuuuuuuu 

vvvvvvvvv 

wwwwwwwww 

xxxxxxxxx 

Y Y Y Y Y Y Y Y Y  

zzz 
aaa 

*Sign and epoch Z p o s i t i o n  component (km) , t o  
fou r  decimal p l  aces 

*Sign and epoch X v e l o c i t y  (Xdot) component 
(km/sec), t o  s i x  decimal places. 

*Sign and epoch Y v e l o c i t y  (Ydot) component 
(km/sec), t o  s i x  decimal places. 

*Sign and epoch 2 v e l o c i t y  (Zdot) component 
(km/sec) , t o  s i x  decimal places 

B a l l i s t i c s  coe f f i c i en t  CD-A/M (m / k g ) ,  t o  e i g h t  
decimal p l  aces 

D a i l y  so la r  f l u x  value (10.7 cm) 

90-day running mean o f  s o l a r  f l u x  (10-7watts/m ). 

2 

2 w a t t / m  ) .  

2 

bbb Planetary magnetic index (2xlOm5 gauss). 

cccc 

dddddddddd 

eeeeeeeee 

f f f f f  f f f f 

Drag modulation c o e f f i c i e n t ,  t o  f o u r  decimal 
places. 

Radiat ion pressure c o e f f i c i e n t  (m /kg), t o  t e n  
decimal places 

2 

Sign and perigee motion (deg/day) , t o  f i v e  
decimal places 

Sign and motion of Right  Ascension o f  t he  
ascending node (deg/day) t o  f i ve decimal p l  aces. 

Sign and r a t e  of change o f  mean anomaly a t  epoch 
(deg/day) , t o  two decimal places 

SPARESPARE spares 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
*-- A l l  signed values i n  PART I V  are preceeded by a "P" or "N" t o  denote a p l u s  
(+) o r  minus (-)value. 
- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - -  
APT TRANSMISSION FREQUENCY X X X  .XX MHZ 
HRPT TRANSMISSION FREQUENCY X X X X  .XX MHZ 
BEACON (DSB) TRANSMISSION FREQUENCY x x x  
APT DAY X / x  APT NIGHT X / X  where X w i l l  i d e n t i f y  channels being used. 

Followed by PLAIN LANGUAGE messages when necessary- 

MHz 

CLOCK TIME DAY X X X  X X X X X . X  
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SAMPLE APT PREDICT (TBUS) BULLETIN 
The following encoded APT Predict (TBUS) Bulletin example i s  referred to 
throughout the remaining appendices. The major features of the message are 
decoded on the following pages. 

TBUS2 KWBC 211900 
APT PREDICT 
062430 TIROS N 

PART I 
08749 02416 01653 01146 TO202 L2550 
37532 30503 11349 
87570 55311 24446 
87611 24121 34243 
DAY PART I1 
02840 070132 04840 140149 06840 21066 
08840 28084 10840 350204 12840 419227 
14840 488255 16840 55689 18840 523336 
20840 688407 22840 749529 24840 796776 
26841 308200 28841 774538 30841 717705 
32851 654794 34842 588749 36842 520710 
38842 452579 
DAY PART I11 
02845 070100 04855 140083 06855 210066 
08855 280048 10855 350028 12845 419005 
14868 488022 
NIGHT PART I1 
40852 383655 42852 313633 44842 244614 
46842 174596 48842 104580 50852 034563 
NIGHT PART 111 
52857 935547 54857 105531 56857 175514 
58857 244497 60857 314478 62857 383456 
64857 452431 66857 520401 68857 588362 
70857 654306 72857 717217 74857 773050 
76858 808714 78858 797290 80858 749043 
82855 689079 84845 624150 86845 557197 
88845 489232 90845 420259 
PART I V  
1979 057A 09345 105066560150 810414203210007 1509616 
01011681 01022254 00124732 17142454 13773458 09867899 
18869440 07189253 M053313427 PO48448725 MOO0019396 
PO0759127 PO0825300 PO7350534 003263350 245206018 9449 
0000499998 MOO290091 PO0098722 PO0512415 SPARESPARE 

APT TRANSMISSION FREQUENCY 137.62 MHZ 
HRPT TRANSMISSION FREQUENCY 1707 MHZ 
BEACON (DSB) FREQUENCY 137.77 MHZ 

AND V I S  CHANNEL 1 (0.55 t o  0.90 MICROMETERS) 
WILL !E TRANSMITTED CONTINUOUSLY. 
DCS CLOCK TIME DAY 088 41126.4 

APT DAY,INIrJHT 114 APT I R  CHANNEL 4 (10.5 t o  11.5 MICROMETERS) 



TBUS2 KWBC 211900 

TBU S 2 

-- 
KWBC 

211900 

APT PREDICT 

062430 - 

TIROS N 

PART I 
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Decoding Excercise 

- B u l l  e t i  n headi ng-- ident i f i es b u l l  e t  i n fo r  
s a t e l l i t e  southbound i n  d a y l i g h t  

- B u l l e t i n  source--Washington, 0. C. 

- 21  -Day o f  t h e  month--2lst - 1900 - B u l l e t i n  broadcast time--1900z 

Comnunications Center 

- B u l l e t i n  i d e n t i f i e r  

- Message s e r i a l  number 
06 --month -- June 
24 --Day f o r  which b u l l e t i n  appl ies -- 24th 
30 - - S a t e l l i t e  i d e n t i f i e r  (see code t a b l e  

1.3.1). 

- P l a i n  language s a t e l l i t e  i d e n t i f i e r  

08749 02416 01653 01146 TO202 L2550 

- I d e n t i f i e s  reference o r b i t  i n fo rma t ion  and 
t h e  o r b i t a l  he ight ,  equator crossing, 
l ong i tude  and equator cross ing t ime f o r  t he  
fou r th ,  e ighth,  and t w e l f t h  o r b i t s  a f t e r  
t h e  reference o r b i t .  

08749 

02416 

01653 

01146 

TO202 

L2550 

0 - Group i n d i c a t o r  
8749 - Reference o r b i t  number 

0 - Group i n d i c a t o r  
24 - Day of month of equator cross ing 
16 - Hour 

0 - Group i n d i c a t o r  
15 - Minutes 
53 - Seconds 

( t ime  of equator cross ing 16:16:53z) 

1146 - 011.46"W I equator cross ing l ong i tude  
0 - Octant 0 0' t o  go"), N. Hemisphere 

f o r  o r b i t  8749 i n  octant  0) 

T - Group i n d i c a t o r  
0202 - 9 r b i t a l  per iod 102 minutes 02 seconds 

L - Group i n d i c a t o r  
2550 - Nodal l o n g i t u d i n a l  increment 25.50' 
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87532 30503 11349 

87532 30503 

11 349 

87570 55311 24445 
87611 24121 34243 

DAY PART I 1  

8753 - O r b i t  number 8753 (4th o r b i t  a f t e r  

2 30503 - Time (23:05:03z) o f  ascending node 
reference o r b i t  ) 

f o r  o r b i t  8753 

02840 070132 04840 140149 ..... ...... 

1 - Octant 1 9O"W t o  180") 
1349 - 113.49"W I equator crossing f o r  o r b i t  

8753 i n  oc tan t  1) 

02840 

070132 

04840 

140149 

- Decoded i n  same manner as previous 
under l ined l i n e  o f  data 

- Contains s a t e l l i t e  a l t i t u d e  and 
subpoint coordinates a t  two-minute 
i n t e r v a l s  a f t e r  t ime o f  Northbound 
(ascending) equator crossing. 

02 - Minute 02 a f t e r  Northbound equator 
cross i ng 

84 - Spacecraft he ight  840km 
0 - Octant 0 (0" t o  9OoW), N. Hemisphere 

070 - L a t i t u d e  07.0"N 
132 - Longitude 013.2°W 

04 - Minute 04 a f t e r  Northbound equator 

84 - Spacecraft he ight  840 km 
cross ing 

0 - Octant 0 (0" t o  9OoW), N. Hemisphere 

140 - L a t i t u d e  014.0"N 
149 - Longitude 14.9"W 

Remainder of DAY PART I 1  decoded i n  same manner. D a t a  f o r  DAY PART I 1  are  
continuous at 2-minute i n t e r v a l  s from equator North t o  Northern terminator.  

DAY PART I 1 1  - Contains s a t e l l i t e  a l t i t u d e  and 
subpoint coordinates a t  two-minute 
i n t e r v a l s  South o f  t he  equator. 
s a t e l l i t e  Northbound i n  t h e  Southern 
Hemisphere (Points are p l o t t e d  
Southward from the  equator). 
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02845 

070100 ' 

04855 

140083 

02 - Minute 02 before Northbound equator 

84 - Spacecraft he ight  840 km 
5 - Octant 5 (0  t o  90°W, S. Hemisphere) 

cross ing 

070 - L a t i t u d e  07.0's 
100 - Longitude 010.0'W 

04 - Minute 04 a f t e r  equator crossing 
85 - Spacecraft he ight  850 km 

5 - Octant 5 (0  t o  90°W, S. Hemisphere) 

140 - L a t i t u d e  14.0's 
083 - Longitude 08.3OW 

Remainder of DAY PART I I  decoded i n  same manner 

NIGHT PART I 1  - S a t e l l i t e  a l t i t u d e  and subpoint 
coordinates a t  two-minute i n t e r v a l s  
beginning a t  t he  day/night terminator  
in t h e  N. Hemisphere and cont inu ing 
southward toward the  equator. 

40852 

383655 

- 40 - Minute 40 a f t e r  Northbound equator 

- 85 - Spacecraft he ight  860 km - 2 - Octant 2 (90'E t o  180', N. Hemisphere) 

cross ing 

- 383 - L a t i t u d e  38.3'N - 655 - Longitude 165.5'E 

- 42 - Minute 42 a f t e r  equator cross ing - 85 - Spacecraft he ight  860 km - 2 - Octant 2. (90'E e t o  18 ) ,  N. 
Hemi sphere) - 313 - L a t i t u d e  31.3'N 

- 633 - Longitude 163.3'E 

- S a t e l l i t e  a l t i t u d e  and subpoint co- 
ordinates a t  two-minute i n t e r v a l s  
south of the equator on the  descending 
s ide o f  the o r b i t .  
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52857 

035557 

54857 

105531 

- 52 - Minute 52 a f t e r  Northbound equator 

- 85 - Spacecraft he ight  860 km - 7 - Octant 7 (90"E t o  180', S. Hemisphere) 

crossing 

- 035 - L a t i t u d e  03.5's - 547 - Longitude 154.7'E 

- 54 - Minute 54 before equator crossing - 85 - Spacecraft he ight  860 km 
- 7 - Octant 7 (90'E t o  180°, S. Hemisphere) 

- 105 - L a t i t u d e  10.5's - 531 - Longitude 153.1'E 

Remainder decoded i n  same manner. D a t a  continuous a t  2-minute i n t e r v a l s  from 
f i r s t  po in t  South o f  equator t o  Southern terminator.  

PART I V  - I n d i c a t o r  -- o r b i t a l  elements, 
t ransmission frequencies, and remarks 
f 01 1 ow. 

AAAAAAAAA 1979-057A 1979-057A I n t e r n a t i o n a l  designator 

BBBBB 09345 revo l  u t i  on 9345 

cccccccccccc 10506 6 569 1 50 105.066560150 days 

DDEEFFGGHHIIIlI 810414203210007 81--1981 year 
04--04 months 
14--14 days 
29--20 hours 
32--32 minutes 
10007--10.007 seconds 

3535553 

KKKKKKKK 

LLLLLLLL 

MMMMMMMM 

NNNNMNNN 

00000000 

PPPPPP PP 

QQQQQQQQ 
RRRRRRRR 

1509616 

01011681 

01012254 

001 24732 

17142454 

13773458 

09867899 

18869440 

07189253 

150.9616 degrees 

101.1681 minutes 

101.2254 minutes 

0.00124732 no u n i t s  

171 -42454 degrees 

137.73458 degrees 

98.67899 degrees 

188.69440 degrees 

7189.253 km 
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ssssssssss M053313427 

TTTTTTTTTT PO48448725 

uuuuuuuuuu MOO0019396 

vvvvvvvvv PO07 59 127 

wwwwwwwww PO0825300 

xxxxxxxxx  PO7350534 

Y Y Y Y Y Y Y Y Y  003 26 3 3 50 

ZZZaaabbb 245206018 

cccc 9449 

dddddddddd 0000499998 

eeeeeeeee MOO290091 

f f f f f f f f f  PO0098722 

SPARESPARE SPARESPARE 

-5331.3427 km 

+4844.8725 km 

-1.9395 km 

+0.759127 kmjsec 

+0.825300 km/sec 

+7 . 350534 km/sec 

0.03263350 m2/kg 

206--206 x 1 0 i 7  w a t t / m  
018--36 x 10- gauss 

245--245 x l o m 7  w a t t / m 2  2 

0.9449 no u n i t s  

0.000499998 m2/kg 

-2.90091 degrees/day 

+O .98722 degrees/day 

+5124.15 degreeslday 

No in fo rma t ion  a t  t h i s  t ime 

APT TRANSMISSION FREQUENCY 137.62 MHZ 
HRPT TRANSMISSION FREQUENCY 1707 MHZ 
BEACON (DSB) FREQUENCY 137.77 MHZ 
APT DAY/NIGHT 1/4 APT I R  CHANNEL 4 (10.5 TO 11.5 MICROMETERS) 
AND V I S  CHANNEL 1 (0.55 TO 0.90 MICROMETERS) 
WILL BE TRANSMITTED CONTINUOUSLY. 
DCS CLOCK TIME DAY 088 41126.4 - DATA COLLECTION SYSTEM CLOCK TIME 

RESET FOR JULIAN DAY 088, 41126.4 
SECONDS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

NOTE: The c l a s s i c a l  elements (Kepler ian) from MMMMMMMM t o  RRRRRRRR are (Brower) 
mean elements; the p o s i t i o n  and v e l o c i t y  components SSSSSSSSSS t o  X X X X X X X X X X  are 
actual. The Greenwich Hour Angle i n i t i a l l y  w i l l  be put out as mean s i d e r i a l  
time; i t  i s  expected t o  eventual ly  become apparent s i d e r i a l  time. 

The paramenter " t ime o f  the ascending node" ( i  .e. , CCCCCCCCCCCC) i s  present ly  
being reevaluated. 
the ascending node crossing p r i o r  t o  epoch ( i n  minutes)". 
compute t h e  t ime of t he  northbound equator crossing p r i o r  t o  epoch instead o f  
the  t ime f o r  an a r b i t r a r y  northbound equator crossing. N a t u r a l l y  any changes 
would be announced. 

I t  may be t o  changed t o  "epoch t ime minus t ime o f  
Thus, t he  user could 
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CHAPTER 2 

SATELLITE INSTRUENTS 

A wide range o f  instruments, p r imar i l y  radiometers, have been f lown on 

The p r a c t i c a l  user o f  data from these instruments must weather sa te l l i t es .  

be aware o f  some basic instrument character is t ics  which w i l l  a f f ec t  h i s  

in te rpre ta t ion  and use o f  the data. They are: 

a) f ie ld -o f  -view (and resu l t i ng  ground resolut ion)  

b) spect ra l  response 

c )  ca l i b ra t i on  (and resu l t i ng  accuracy and precis ion) 

d )  time and space sampling 

O f  course, there are other instrument parameters which are important for 

special uses and especial ly f o r  consideration i n  the design o f  new ins t ru -  

ments. I n  t h i s  chapter we w i l l  address the four above and a few others o f  

special note. 

gories of 

Af ter  an overview o f  these topics we w i l l  consider the cate- 

a) cloud-imaging systems (Sec. 2.1) 

b) sensors for  temperature and moisture sounding inc lud ing and 

microwave sensors (Sec. 2.2). 

We conclude the b a p t e r  with a survey of equally important weather sensing 

systems, the data co l l ec t i on  and platform loca t ion  systems. 

Consider a small area, A,, on the surface of the earth (or a cloud) as 

Shown i n  Figure 2.0.1. 

surface, Ns, w i l l  be re f l ec ted  solar energy (of  course, emitted in f ra red  

and microwave energy also ar ises from A,; t h i s  i s  discussed i n  Chapter 5 ) .  

When i l luminated by the sun the radiance from the 
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For the  purpose o f  t h i s  example, Ns w i l l  be reflected s o l a r  r a d i a t i o n  and i t  

reaches the  ape ra tu re  (opening) o f  a s a t e l l i t e - b o r n e  instrument  having an 

area, A,, of t h a t  opening. 

sa te l l i t e  instrument? Th i s  is the basic s i g n a l  which w i l l  be i n t e r p r e t e d  

i n  terms o f  some information about the s u r f a c e  (e.g., c loud)  or the 

What is the r a d i a n t  power, Pr, received at t h e  

atmosphere between the  s u r f a c e  and the satel l i te .  The equat ion is: 

h e r e  y is t h e  angle  between the l o c a l  v e r t i c a l  through As and t h e  l i n e  

from A, t o  A,. 

is directly above A, and thus y = 0. 

Pr = ASwSNs. 

The same f i g u r e  shows the simpler case where the sa te l l i t e  

Then equat ion (2.0.1) becomes 

Since from t he  d e f i n i t i o n  of  a s o l i d  angle ,  

(2.0.2) A, 

rS 
S = ---2 

with rs the d i s t a n c e  between As and A,. 

tended from the s u r f a c e  by t he  aperature o f  t h e  instrument.  O f  course,  

As = pa2 md f o r  small angles ,  a ( t h e  nfield-of-view" of t h e  sa te l l i t e  

The s o l i d  angle ,  ws, is t h a t  sub- 

Sensor) ,  we khow 

a2 
-7"- 

- 
As - , thus 0. a = rs -2- 

and- 

P, = M A 1~ -r 2 (2.0.3 ) 

however, s i n c e  t h e  so l id  angle  subtended a t  t he  sensor  ape ra tu re  by the 

s c  
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surface A, i s  

then Tu2 
= "4' 9 C 

P r  = AcwcNs ( i n  Watts) (2.0.4 ) 

Equation 2.0.4 gives us our desired expression f o r  the power received 

a t  the s a t e l l i t e  sensor i n  terms o f  two known sensor parameters (Ac  and wc) 

and the unknown s ignal  from the earth-atmosphere system (Ns i n  Watts m- 

steradian-') . 
2 

NOTE: I n  the case o f  re f lec ted  solar rad ia t ion  the radiance, Ns, on 

the earth i s  a funct ion o f  the ref lectance, p,  and the inc ident  angle, e .  

Assuming atmospheric transmittance i s  uni ty,  

Ns = S, p cose n- 9 

1 
(2.0.5) 

where S, i s  the solar constant ( i n  i r rad iance u n i t s  a t  the distance of the 

earth from the sun). The TT factor ar ises because the outgoing radiance i s  

assumed i so t rop i c  (independent of d i rect ion) .  P i  (TI) i s  the i n t e g r a l  over 

a hemisphere o f  the cosine factor i n  order t o  change from i r rad iance t o  

radiance uni ts .  

un i ts) .  

(See Chapter 5 f o r  more on rad ia t ion  quant i t ies  and 

A t  the s a t e l l i t e  instrument the power received (Pr )  i s  converted t o  an 

Output voltage (V,) and generally d i g i t i z e d  immediately t o  a d i g i t a l  count 

(C). 

transmitted t o  the ground. Since 

The d i g i t a l  count i s  recorded on tape a t  the s a t e l l i t e  or  immediately 

and C a k2Vo 
'0 a klPr 

sometimes s a t e l l i t e  instrument ca l i b ra t i on  curves are simply shown r e l a t i n g  
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C Q: klkpPr or even C a k3NS* 

So long as the user has some understanding of the values A, and wc as well 

as the relationships expressed by k l  and k2 he can then confidently use 

values of C provided t o  him from the sa t e l l i t e  data center t o  understand 

the signal Ns. 

User's manuals and engineering documents convey t h i s  information t o  

the meteorologist with the aid of tables and graphs. 

typical calibration curve from the SMS-1 and GOES-1 visible l i g h t  sensors. 

Here Ns is expressed as a relative reflectance from the surface, As; C is 

given as a d i g i t a l  ncountn ( i n  t h i s  case a nurrber between 0 and 255). 

that the curve is  non-linear. 

earth signals important to  t h e  user is very c r i t i ca l  information. 

inquire about this aspect of the calibration of a s a t e l l i t e  instrument .  

Of course, calibration also carries information about the absolute 

Figure 2.0.2 is a 

Note 

Departure from linearity across a range o f  

Always 

(and relat ive)  accuracy of instrument .  

the s a t e l l i t e  ins t rument  i n  o r b i t  additional information is available to 

the user about the s tab i l i ty  of the sensor. 

des t he  necessary assurance that measured signals, Ns, have a h igh  degree 

of re l iabi l i ty  For the user. 

tion is beyond the scope of these notes. 

space agencies, aJSPAR, and the W M ~ .  Hudson (1969) is  a good textbook on 

engineering aspects of s a t e l l i t e  instruments. 

sumnary report on calibration technology for  meteorological s a t e l l i t e  

If it is possible to  "re-calibraten 

T h i s  information Often provi -  

Discussion of details  of instrument  calibra- 

Refer t o  publications from the 

Williamson (1977) provides a 

applications. 

The s a t e l l i t e  instrument  field-of-view, FOV, is shown i n  Figure 2.0.1 

For a small angle of a (Ala) and nadir viewing the ground resolution as a. 

(Ax) o f  the s a t e l l i t e  sensor is, 



- 93 - 

Ax = hAa (2.0.6) 

with h the height o f  the s a t e l l i t e  and Aa i n  radians. 

a weighted measurement o f  rad ia t ion  from the ground spot o f  size Ax. 

Features the s ize o f  Ax or smaller general ly cannot be studied by use of 

the s a t e l l i t e  data. 

The instrument makes 

For reasons discussed fur ther  i n  Chapter 5, most s a t e l l i t e  sensors are 

designed t o  measure i n  l i m i t e d  spectral  regions (e.g., the v i s i b l e  or 

"window" in f ra red  regions noted i n  Section 1.1). Thus, each sensor has a 

spectral  response as i s  shown i n  Figure 2.0.3 fo r  two in f ra red  "channels" 

of an instrument carr ied on KTEOSAT-1. 

spectral  response curves are normalized t o  the peak spectral  transmittance 

o f  the combined instrument system o f  optics, f i l t e r  and detector. 

are t yp i ca l  curves and the radiance that  i s  actua l ly  measured i s  ca l led  

" f i l t e red "  radiance, NAA, h e r e  

I n  t h i s  case, the instrument 

These 

(2.0.7) 

and AA i s  the wavelength i n t e r v a l  between A 1  and A2; 

spectral  response. 

i s  the normalized 

The time and space sampling o f  an instrument i s  determined f i r s t  by 

the o r b i t  of i t s  s a t e l l i t e  (see Section 1.2.7) and also by i t s  scanning or 

po in t ing  mechanisms. 

users. 

Obviously, t h i s  i s  an important d a r a c t e r i s t i c  for 

Any user or prospective user o f  a spec i f i c  set of data from a 

s a t e l l i t e  instrument (or  the reader o f  a paper or  repor t  using the data) 
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should be aware o f  the basic instrument character is t ics  discussed above. 

Without such knowledge i t  i s  d i f f i c u l t  t o  f u l l y  understand - or properly 

use - data from the s a t e l l i t e  experiment. 

The user should also inqu i re  i n  some cases about such instrument para- 

meters as response time, data sample averaging or overlap, etc. 

are found i n  users’ manuals and guides and some examples are noted i n  

fo l lowing sections. 

Deta i l s  

As par t  o f  t h i s  overview o f  s a t e l l i t e  instrumentation the example of 

the presentday operat ional  U.S. sun-synchronous weather s a t e l l i t e  N I A A ,  

i s  provided i n  Figure 2.0.4 (Schwalb, 1978) and Table 2.0.1. 

the f igure and tab le demonstrate t yp i ca l  character is t ics  o f  a 1983 meteoro- 

l o g i c a l  s a t e l l i t e  with i t s  package o f  instruments. 

The data i n  

Further examples o f  the wide range o f  s a t e l l i t e  instruments flown t o  

date for research and operational purposes are given i n  Figure 2.0.5 and i n  

Tables 2.0.2 and 2.0.3 (Also see Table 1.1.2). 

2.1 Cloud Imaging Systems: In f ra red  - and Vis ib le  Scanners, Sp in-scan - 
Radio meters 

We begin our study o f  spec i f i c  types o f  s a t e l l i t e  instrumen- 

t a t i o n  by considering the category of sensors designed to  obta in  imagery of 

clouds. These instruments are by f a r  the most fami l iar  t o  the mn- 

spec ia l i s t  and provide the largest  amount o f  data used by the weather fore- 

casters and research sc ient is ts .  A common charac ter is t i c  of these 

instruments i s  tha t  they are designed t o  see through the atmoshere. 

are designed t o  operate i n  so-called atmospheric “window” so that  the gases 

i n  the atmosphere w i l l  not impede the view of the cloud surfaces. 

They 
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Scanning radiometers are current ly  the primary imaging devices f o r  

both the po lar -orb i t ing and geosynchronous operational sa te l l i t es ,  

replacing the vidicon cameras o f  the ear ly TIROS and ESSA sa te l l i t es ,  and 

ITOS A-C (NOAA-1 and 2). 

sense energy simultaneously i n  both v i s i b l e  and in f ra red  wavelengths ( 2  or  

more). 

the 91 (Scanning Radiometer used f o r  cloud and ocean surface imagery and 

APT on NOAA-3, 4 and 5, and the VIS% (Vis ib le- Infrared Spin Scan 

Radiometer) o f  the SMS-ODES ser ies o f  geosynchronous sa te l l i t es .  

Generally speaking, the scanning radiometers 

I n  t h i s  section, we w i l l  describe two basic types o f  scanners - 

The Scanning Radiometer (SR) i s  a two-dannel scanning instrument sen- 

s i t i v e  t o  energy i n  the v i s i b l e  spectrum 0.5 to  0.7 pm and i n  the in f rared 

(IR) window region 10.5 t o  12.5 pm. 

on a sun-synchronous spacecraft i n  a 1464 km orb i t .  

33 can be obtained from Schwalb (1972). 

The instrument was designed t o  operate 

Further de ta i l s  on the 

The SR i s  a l i n e  scan devices global  coverage i s  achieved from con- 

tinuous horizon-to-horizon cross-track scanning by the mirror combined with 

the forward motion o f  the spacecraft (Figure 2.1.1). 

ro tates a t  a constant angular rate, the geometric resolut ion on the ground 

changes as the distance from the subsate l l i te  po in t  increases; a p ic tu re  

produced from these signals w i l l  appear foreshortened i n , t h e  area o f  the 

horizons. 

resolut ion o f  approximately 7.5 km a t  the subpoint. Successive l i n e s  are 

contiguous a t  the subpoint and overlap as the distance from the subpoint. 

increases. I n  equator ia l  regions, contiguous data from successive o r b i t s  

W i l l  occur a t  a po in t  about 1668 km from the subsate l l i te  point .  A t  t h i s  

Point the data zenith angle i s  600 and the IFOV spot covers about 15 km x 

Since the mirror 

The 5.3 mrad IFOV o f  the in f ra red  channel provides a ground 
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22 km. 

t h e  subpoint.  

a t  the equatorial con t igu i ty  poin t .  

a 4 km "gapn between v i s i b l e  channel data l i n e s  a t  the subpoint.  

w i l l  not  be apparent  i n  the display and w i l l  disappear e n t i r e l y  a t  d i s t an -  

ces more than  about 1385 km from t h e  subpoint.  

The v i s i b l e  h a n n e l ,  with a 2.8 mrad IFOV produces a 4 km spot  a t  

This  spo t  s i z e  inc reases  to  approximately 7.5 km by 15 h 

It should be noted tha t  there w i l l  be 

The gap 

It should be noted t h a t  t h e  3? is one of t he  ins t ruments  which pro- 

vided a great amount o f  u s e f u l  "APT" data as discussed i n  Sect ion 1.3. 

Advanced Very High Resolut ion Radiometer (Figure 2.1.2) is an increased  

r e so lu t ion  4-&annel instrument  based on the  SR. 

The 

I n  c o n t r a s t  t o  t h e  SR inst rument ,  the cross-ear th  scan for the  Visible 

and In f r a red  Spin-Scan Radiometer (VISSR) is due t o  the r o t a t i o n  (100 

rev/min) of t h e  e n t i r e  sa te l l i te ,  where the  VISSR looks out  t he  side o f  the 

satel l i te  perpendicular  t o  t h e  satel l i te  s p i n  axis ( t h e  oval ape ra tu re  i n  

Figure 1.1.4). 

paral le l ,  a scan l i n e  is a l igned  west t o  east across the face o f  t h e  ear th ,  

Once during each revo lu t ion  o f  t h e  satel l i te ,  t h e  scan mir ror  (Figure 

2.1.3) angle  is s l i g h t l y  changed (s tepped)  t o  g ive  the north-south d isp la -  

cement between success ive  scan l i n e s  t o  form an earth image. 

mirror is the only part of t h e  VIS% which needs t o  move f o r  an image to  be 

taken. Note that i n  the VIS= conf igura t ion  shown i n  Figure 2.1.3 that the 

instrument  view t o  earth is o u t  through the sun shade or towards the  bottom 

o f  t he  f igure .  The r a d i a t i o n  coo le r  shown on t h e  VIS% radiates heat from 

t h e  HgCdTe i n f r a r e d  detector i n t o  cold space and makes the  i n f r a r e d  sensor  

much more temperature-sensi t ive.  

corresponds t o  the coverage o f  a s i n g l e  I R  sensor.  

With the s p i n  axes of  the sa te l l i t e  and the earth being 

The scan 

A l i n e a r  a r r ay  of e i g h t  v i s ib le  sensors  

Thus, t h e  r e so lu t ion  i n  
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the v i s i b l e  channel i s  about 8 times the I R  resolut ion. 

the v i s i b l e  photomult ip l iers by using f iber  opt ics  l i g h t  guides, but 

reaches the I R  sensor d i rec t l y .  

8 v i s i b l e  l i n e s  of higher resolut ion covering the same area (See the GOES 

references i n  Section 1.1). 

L igh t  i s  guided t o  

Each scan is composed of one I R  line, and 

The sensor scans from west t o  east i n  e igh t  i den t i ca l  v i s i b l e  channels 

and two redundant in f rared channels. 

0.8 km reso lu t ion  and in f rared data a t  8 km resolut ion. 

a t  s a t e l l i t e  subpoint and deter iorate as the area viewed moves away from 

subpoint. 

VIS% scanning mirror scans the earth for  about one-twentieth o f  each 

complete 3600 rotat ion.  

scans from nor th t o  south i n  18.2 minutes. 

complete ear th  d isc  or  about one quarter o f  the earth’s surface. 

resu l t i ng  v i s i b l e  images (0.55 t o  0.70 pm band) contains 14,568 l i n e s  and 

have a reso lu t ion  of nearly 0.8 km. 

have a t o t a l  o f  1821 l i n e s  with a 9 .3  Ian resolut ion. I n  addi t ion to  th is  

normal scan mode, the spacecraft may be placed i n t o  a l i m i t e d  scan mode. 

While i n  th is  mode, the north t o  south scan may be l i m i t e d  to  a fewer 

number o f  scans. This reduces the area o f  coverage, but increases the fre- 

quency o f  imaging fo r  special  weather observation. 

This sensor provides v i s i b l e  data a t  

These are rea l i zed  

With the s a t e l l i t e  ro ta t i ng  a t  100 revolut ions per minute, the 

The radiometer performs 1821 steps i n  successive 

This provides an image o f  the 

The 

In f ra red  images (10.5 t o  12.6 p m  band) 

A special  note t o  the user o f  VISSR-type in f ra red  data deals with sen- 

sor response time. 

t ionary o r b i t  distance and the s a t e l l i t e  spin causes a rap id  scan across the 

earth an instrument response time o f  55 microseconds i s  a factor t o  con- 

sider. 

Because the I R  s ignal  from earth is low a t  the geosta- 

Along each scan l i n e  described above the output o f  the I R  detector 
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i s  sampled each 7.6 microseconds. Thus, 7 samples o f  earth s ignal  are 

taken and converted t o  output (count) values during the response time. 

user in terested i n  studying a sharp-edged cloud over a hot  background sur- 

face w i l l  not obtain the proper in f ra red  temperature o f  the cloudtop. 

A 

The VIS% launched on ATS-1 became the f i r s t  successful meteorological 

experiment on a geostationary s a t e l l i t e .  

and colleagues a t  the Universi ty o f  Wisconsin-Madison. 

c ip les  of VISSR have been used on the SMS and GOES experiments as wel l  as 

GMS o f  Japan and METEOSAT of €SA. 

It was designed by V. E. Suomi 

The operating prin- 

Digression: 

Geostationary s a t e l l i t e  data such as that  from the VISSR are extremely 

~mges valuable t o  the meteorologist because of t h e i r  high time frequency. 

are avai lab le every 30 minutes and sometimes even more frequently. 

disadvantage of the geostationary o r b i t  i s  the viewing o f  clouds and 

e a t h e r  systems a t  large values of great c i r c l e  arc from the subpoint of 

the s a t e l l i t e  which i s  necessarily on the equator. However, the data a t  

these near-horizon posi t ions are s t i l l  qu i te  quant i ta t ive and very usefu l  

one 

if the appropriate Corrections for  the viewing angle can be made. 

The most obvious uncertainty that  ar ises h e n  using the data from 

~ E S ,  METEOSAT and GMS at  Values of great c i r c l e  arc greater than 500 f r o m  

the subpoint i s  the apparent mislocation of the tops o f  high clouds rela- 

t i v e  t o  t h e i r  actual  Posi t ion above a point  on the earth’s surface. 

(1979) has calculated the correct ion factors necessary t o  adjust the 

s i t ua t i on  displayed i n  Figure 2.1.4. 

i n  Figure 2.1.5. 

2.1.7 and Tables 2.1-1 and 2.1.2. 

Weiss 

The geometry o f  the problem i s  shown 

Results from WeiSS’ work are shown i n  Figures 2.1.6 and 

For example, he points  out that  a cloud 
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top a t  10 km appearing over Anchorage (ANC) must be corrected by 30 h t o  

the south-southeast t o  f i n d  the actual  cloud location. An exercise f o r  the 

reader i s  t o  reproduce Weiss' calculat ions with the a i d  o f  trigonometry. 

He used the fol lowing values fo r  constants i n  Figure 2.1.5; R = 6371 h, 

Re = 6378 h, A = 35,793 h. 

2.2 Scanning Radiometers fo r  Remote Sensing of Ocean and Land; Temperature 

- and Moisture Sounding; Microwave Systems 

- --- 

The next category o f  instruments we w i l l  discuss covers those s l i g h t l y  

more sophist icated instruments which are designed f o r  remote sensing pur- 

Poses. They may also produce image qua l i t y  data, but often include chan- 

nels with cer ta in  selected spectral  i n te rva l s  t o  obta in  information about a 

Par t icu lar  charac ter is t i c  of cloud,- land surface, or atmospheric const i -  

tuent. 

discussed i n  Chapter 6. 

The techniques used for temperature and moisture sounding w i l l  be 

2.2.1 - The Temperature-Humidity In f ra red  Radiometer (THIR) 

The NIMBUS-7 meteorological s a t e l l i t e  which was launched i n  

1978, car r ied  a Temperature-Humidity In f ra red  Radiometer (THIR) , shown i n  

f igure 2.2.1.1. 

Performance on NIMBUS-4 ( l970) and -5 (1972) by recording several years o f  

day-night cloud coverage, cloud heights, ground and sea-surface tem- 

This two-channel scanning radiometer proved i t s  r e l i a b l e  

E r a t u r e s  and providing a qua l i t a t i ve  estimate of mid-tropospheric humidity 

under c lear sky conditions. 

The two THIR detectors Consist of germanium-immersed thermistor bolo- 

meters which have peak spectral  responses i n  the 10.5 - 12.5 pm "window" 

and the 6.3 - 7.25 pm water vapor absorption region (Figure 2.2.1.2). 
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hote tha t  NIM3US THIR is identical  t o  the o l d  NOAA APT 543 except t h e  

v i s i b l e  sensor is replaced by a 6.3  - 7.25 pm water vapor channel.] 

cutaway of the  radiometer,  shown i n  Figure 2.2.1.3, i n c l u d e s  t h e  scan 

mirror, sun s h i e l d ,  folded o p t i c a l  Cassegranian te lescope ,  a d i ch ro ic  beam 

spli t ter ,  e l e c t r o n i c s  module and two de tec to r s .  

A 

The elliptically-shaped plane scan mirror, i n c l i n e d  a t  450 t o  the  

optical axis of t he  ins t rument ,  rotates a t  48 rpm and scans  through a 360° 

angle  i n  the plane perpendicular  t o  t h e  d i r e c t i o n  of motion o f  the 

satel l i te .  Figure 2.2.1.4 shows t h e  7.7 by 7.7 lan ground r e s o l u t i o n  (scan 

s p o t )  of the 11 pm channel a t  zero degree nadi r  i nc reas ing  to  an elongated 

14 by 31.8 km scan spot a t  500 nad i r ,  a t  an 1112 lan o r b i t a l  a l t i t u d e .  

Similarly the ground r e s o l u t i o n  of  t h e  6.7 pm channel a t  the s u b - s a t e l l i t e  

po in t  was 22.6 lan while a t  50° nad i r ,  i t  was 41.1 km by 93.5 km. 

A sample NIMBUS-5 MIR ( l lpm)  scan sequence is shown i n  Figure 

The two d e t e c t o r s  simultaneously view t h e  housing, A, a t  spa- 2.2.1.5. 

cecraft zeni th ,  (zero seconds). Seven synchronous pu l ses  start  a t  C, 

followed by six l -vo l t  c a l i b r a t i o n  steps. A space scan s t a r t s  a t  D to G,  

followed by an earth scan (1170 wide) t o  I ,  a space scan t o  K, a housing 

scan to  M, and then back t o  zeni th .  The e n t i r e  sequence lasts 1.23 

seconds. 

the i n - f l i g h t  check of c a l i b r a t i o n .  

housing and space scans. 

f i c a t i o n s  are shown i n  Table 2.2.1.1. The ~1mus-4 THIR (11 pm) c a l i b r a t i o n  

curve (Figure 2.2.1.6) relates the  vo l t age .ou tpu t  of t he  d e t e c t o r  t o  equiva- 

l e n t  blackbody temperature (Tm) at a 293 K housing temperature while Table 

2.2.1.1 E l a t e s  the  effective rad iance  (N) t o  the  equiva len t  blackbody tem- 

perature (Tm) f o r  both channels. 

The space and housing-viewed parts of  the scan serve as part  of 

Note the small noise  r ipp le  on the 

The THIR design parameters and performance speci- 



- 101 - 

An analog-to-digi ta l  converter on the s a t e l l i t e  NIEIUS-7 d i g i t i z e s  the 

11 p m  and 6.7 pm channels a t  a m i n i m u m  ra te  of 1200 and 400 samples per 

second respect ively and outputs a 10-bit  d i g i t a l  word (or ”count” from 0 t o  

1023). Figure 2.2.1.7 shows t y p i c a l  THIR output. 

and dry (black) areas i n  the 6.7 um channel. 

t y p i c a l  i n f ra red  ”window” image o f  clouds and surface. 

(1972) gives some appl icat ions of THIR data. 

Note the m i s t  (gray) 

The 11.5 urn shows the more 

A l l i son  -- et al .  

h i s t o r i c a l  Note: The ear ly  NIlrBUS experiments M I R  and THIR de- 

veloped and tested the water vapor measurements from sa te l l i t es .  However, 

the most dramatic appl icat ion of t h i s  method was f i r s t  accomplished by the 

European Space Agency when METEOSAT-1 car r ied  a water vapor channel i n t o  

geostationary o r b i t  for  the f i r s t  time.] 

2.2.2 Microwave Instruments 

Passive microwave signals emitted and re f lec ted  from por t ions 

Of the earth and atmosphere provide add i t iona l  remote sensing in format ion.  

M i c h  can be measured from s a t e l l i t e s .  

the rad ia t i on  a t  these mi l l imeter  and centimeter wavelengths. 

Chapter 5 discusses the nature of 

I n  l a t e  1969 the USSR s a t e l l i t e  COSMJS 243 car r ied  the f i r s t  success- 

Thus far, U. S. and USSR ins t ru -  fu l  microwave meteorological experiment. 

ments viewing a t  various wavelengths have been used t o  determine cloud 

Water content, atmospheric temperature and moisture, estimates o f  p rec ip i -  

t a t i o n  and proper t ies o f  the ocean or  land surfaces. 

appl icat ions w i l l  review these topics. 

Fol lowing chapters on 

A good review o f  passive microwave sensing i s  provided i n  NASA’s 

NIMBUS-5 Users’ Guide (avai lab le from Goddard Space F l i g h t  Center, 
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Greenbelt, MI 20771). I t  describes the E l e c t r i c a l l y  Scanning Microwave 

Radiometer (ESM?) Hhose antenna i s  shown i n  F igure 2.2.2.1 and the NIbBUS E 

Microwave Spectrometer (NEMS) . 
A m r e  advanced instrument, the Scanning Mult ichannel Microwave 

Radiometer (SMMR) was f lown on NIMBUS-7 launched i n  l a t e  1978. The WMR 

channel wavelengths are centered a t  0.8 cm, 1.4 cm, 1.7 cm, 2.8 cm and 

4.6 an. 

f o r  each channel. 

cm channel. 

sea-surface winds and temperatures (See Chapter 17). I n  addi t ion,  other 

geophysical parameters are ext racted from the SMMR data. These include: 

sea i c e  parameters, a mesoscale s o i l  wetness index, snow accumulation ra tes  

over con t inen ta l  i c e  sheets, subsurface phys ica l  temperatures i n  snow 

cover, and atmospheric parameters over open ocean water o f  t o t a l  water 

vapor, t o t a l  non-prec ip i ta t ing l i q u i d  and r a i n f a l l  rate.  

P o l a r i z a t i o n  components o f  the microwave r a d i a t i o n  are extracted 

The h ighest  ground r e s o l u t i o n  i s  about 20 lan for the 0.8 

The p r i n c i p a l  s c i e n t i f i c  ob jec t i ves  o f  SMM3 were t o  ob ta in  

The f o l l o w i n g  desc r ip t i on  o f  SMMR as t y p i c a l  o f  a microwave instrument 

of the l a t e  1970’s i s  ext racted from NASA’s NIMBUS-7 Users’ Guide. The 

SMlVR i s  a ten-channel instrument d e l i v e r i n g  orthogonal ly po la r i zed  antenna 

temperature data a t  the f i v e  microwave wavelengths i nd i ca ted  i n  Table 

2.2.2.1. A diagram o f  the SMlVR i s  shown i n  Figure 2.2.2.2. 

S i x  conventional Dicke-type radiometers are u t i l i z e d .  Those operat ing 

a t  the four longest wavelengths measure a l t e r n a t e  p o l a r i z a t i o n s  dur ing suc- 

cessive scans o f  the antenna; the others, a t  the shor test  wavelength, 

operate continuously f o r  each po la r i za t i on .  

system i s  used, cons i s t i ng  of an ambient RF terminat ion and a horn antenna 

viewing deep space. A swi tch ing network o f  l a t c h i n g  f e r r i t e  c i r c u l a t o r s  

A t w o - p i n t  reference s igna l  
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selects the appropriate po la r iza t ion  or ca l i b ra t i on  input  f o r  each 

r adiome t e r . 
The remainder o f  the instrument, inc lud ing the radiometers, con t ro l  

electronics, power supply, data and programmer subsystems, i s  a der ivat ive 

of the NIMBUS-5 E M S  and NIMBUS-6 SCAMS instruments with minor modifica- 

t ions  t o  take advantage of improved state-of-the-art components. 

Physical ly, the %Mi instrument consists o f  f i v e  hardware elements: 

The antenna assembly consist ing of the re f lec to r ,  fabricated 

of graphite epoxy, and the feedhorn 

The scan mechanism, inc lud ing momentum compensation devices 

An RF module containing the input  and reference switching net- 

works, the mixer-IF preampli f iers, and the Gunn l o c a l  o s c i l l a t o r s  

An e lect ron ics module containing the main I F  ampl i f iers,  a l l  

the post-detection electronics,  and the power supplies fo r  the scan and 

data subsystems 

A power supply module which contains the dc-to-dc converters 

and regulators f o r  the r e s t  of the instrument 

The antenna, scan mechanism, RF module, and sky horn c lus te r  are 

mounted on a br idge- l ike platform which i s  then i n s t a l l e d  as a preassemled, 

aligned and ca l ibrated u n i t  on the spacecraft. 

Supply modules are mounted separately and are cabled t o  the instrument and 

Spacecraft through connectors. I t s  ove ra l l  s ize ( re fer  t o  Figure 2.2.2.2) 

can be visual ized by not ing tha t  the e l l i p t i c a l  antenna re f l ec to r  i s  

approximately 110 cm x 80 cm. 

Power consurrQtion 60 watts, and i t s  d i g i t a l  data output ra te 2 kbs. 

The e lect ron ics and power 

Total  instrument weight i s  about 50 kg, i t s  

On NIWUS-7, the SMMi scan pat tern is forward viewing and scans 
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equally t o  e i ther  side of the orbital  track so the swath is centered on 

that track. With a sub-satellite velocity of about 6.5 h * s - 1  and a scan 

period of 4.096 seconds, overlap coverage is provided a t  a l l  wavelengths. 

To conserve power, the scan is sinusoidal. 

the scan extremeties is utilized for  reading the radiometer internal and 

space horn references. 

multiples of and synchronous w i t h  the 0.81 cm channel dwell time of 32 ms. 

Concurrent dwell  time f ac i l i t i e s  multispectral data analyses on various 

geometric scales. 

Part of the time spent a t  

The dwell time of a l l  the SMW channels are integral 

Conversion of the  raw radiometric readings to  microwave brightness 

temperatures involves correcting for  actual antenna patterns, including 

sidelobe effects,  as well as separating o u t  the horizontal and vertical 

polarization components of each of ten channels of radiometric data. 

equations are available from NASA. 

2.3 Data Collection Platforms and Platform Location Systems 

These 

- 

A t h i r d  category of ins t ruments  connected with the sa t e l l i t e  programs 

are those called data collection, relay, and location systems. 

t o  probing the atmosphere w i t h  the remote sensors discussed i n  preceding 

sections, s a t e l l i t e  platforms both on polar-orbi t i n g  and geostationary 

spacecraft provide new opportunities for the collection and relay of stan- 

dard weather data from s i t e s  on the surface of the land o r  water, from 

moving platforms such as a i rcraf t  or s h i p s ,  and even from d r i f t i n g  buoys 

and balloons. 

I n  addition 

These data collection platforms (DCP’s) are coming i n t o  increasing use 

each day i n  areas of meteorology and hydrology and have also been used by 
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those i n  the b io log i ca l  sciences. 

automatic measuring device with a radio t ransmit ter  t o  provide contact with 

the s a t e l l i t e .  

apart from the small antenna that  i s  necessary, t h e i r  dimensions are no 

more than those o f  an average sized suitcase and the i r  weight no m r e  than 

about 50 kg. 

A data co l lec t ion  plat form i s  simply an 

Sizes and shapes o f  DCP’s vary a good deal but generally, 

There are four basic types of platforms: self-timed, interrogated, 

a l e r t  and random-access. 

addi t ional  mu l t ip le  transmission feature or  o the r  device is necessary. 

t y p i c a l  data co l l ec t i on  plat form is shown i n  Figure 2.3.0.1 with a close up 

of i t s  antenna and solar panel i n  Figure 2.3.0.2. 

f igures i s  t y p i c a l  o f  the f i xed  land-based plat form which sends i t s  100 b i t  

Per second s ignal  f o r  less  than 1 minute to  one o f  the geostationary 

s a t e l l i t e s  such as GOES, GMS, or METEOSAT. 

I f  loca t ion  o f  a d r i f t i n g  platform i s  required an 

A 

The type shown i n  these 

I n  the remaining pa r t  o f  t h i s  section, we w i l l  f i r s t  discuss the data 

Col lect ion platforms systems operating through the geostationary s a t e l l i t e s  

and then discuss the p la t form data and loca t ion  capab i l i t i es  f rom the near- 

Polar o r b i t i n g  sa te l l i t es .  

2.3.1 -- OCP’s fo r  Geostationary S a t e l l i t e s  

Because o f  the coverage o f  a t y p i c a l  geostationary s a t e l l i t e  

shown i n  Figure 2.3.1.1 

with a l l  repor t ing platforms within approximately 77 degrees o f  great 

c i r c l e  arc from the s a t e l l i t e  subpoint on the equator. 

Over much of the world geostationary s a t e l l i t e s  are the primary co l lec t ion  

Platform for DcP’s. Over the polar regions and for  special d r i f t i n g  p la t -  

the s a t e l l i t e  can maintain continuous contact 

For t h i s  reason, 
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forms that do not know their  own location, polar-orbiting sa t e l l i t e s  wi th  

special capabilities are necessary. 

shown i n  Figure 2.3.1.2. 

equipped t o  obtain hydrological data w i t h  a stream flow gauging system and 

a recording precipitation gauge. 

A GOES data collection platform is 

I n  addition t o  meteorological data, i t  can be 

A group wishing t o  make use of the data collection platform capabili- 

t i e s  should contact the operating agency for  the geostationary sa t e l l i t e  

that covers t h e i r  area of interest .  

transmissions from the DCP’s do not interfere w i t h  other systems, each data 

collection platform transmitter, timing circui ts  and other aspects of the 

engineering must pass special acceptance tes t s  before being connected i n t o  

the sa t e l l i t e  system. 

from the national agency having authority over radio transmission and com- 

munications. 

I n  order i n  insure that the 

I n  addition, permission t o  transmit must be obtained 

After making these arrangements, the user is generally free t o  attach 

whatever type o f  meteorological, hydrological, o r  other sensors most 

appropriate to  h i s  purpose. 

per second is a general one which places a limit on the amount of data 

which can be transmitted. 

data collection platforms make i t  easier t o  appreciate their usefulness: 

( a )  standard meteorological observations, ( b )  environmental monitoring, 

(c> sea s ta te  (See Figure 2.3.1.3 for  an example of a mored buoy which 

monitors sea-state activity,  sea temperature as well as standard meteorolo- 

gical parameters), ( d )  aircraft  t o  s a t e l l i t e  data relay (ASDAR), (e )  hydro- 

logical monitoring. 

uses of the data collection platforms connected t o  geostationary sa te l l i -  

tes. 

However, the constraint i n  terms of 100 b i t s  

A few examples of the different applications of 

Several publications are available which sumnarize 

They include W M 3  Publication No. 480 and W M O  Publication No. 420. 
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The ASDAR system mentioned above is a new and s l i g h t l y  different 

application of geostationary DCP’s that deserves further discussion. 

During the Global Weather Experiment i n  1979 a few wide-bodied commercial 

a i rcraf t  operating on long-haul routes were equipped with specially 

designed DCP which extracted detai ls  of a i rcraf t  pos i t i on ,  f l i g h t  level, 

a i r  temperature, wind direction and speed from the aircraf t ’s  navigation 

System every 7.5 minutes (Sparkman and Gireytys, 1977). A tape recorder i n  

the ASDAR system stores the data and transmits them f o r  2 minutes every 

hour. The l a s t  8 data sets are transmitted. After retransmission t o  the 

ground through the geostationary sa t e l l i t e ,  these data are made available 

t o  a l l  meteorological authorities concerned wi th  forecasting for  aviation. 

The technical report NESS-78 provides detailed background information 

for those interested i n  the use o f  data collection platforms. 

report and i n  the reports from other s a t e l l i t e  agencies, lists of vendors 

are available who can provide the DCP equipment that has passed the basic 

approval tests. 

I n  t h i s  

When a user places h i s  DCP i n t o  operation he receives the data back i n  

The central readout faci l i ty  of the sa t e l l i t e  agency nor- one o f  two ways. 

mally collects the data and makes i t  available either i n  a digital  form 

suitable for access by the  owners’ computer or terminal via telephone l ines 

or be i n  a mail form with the l i s t i n g s  or p r i n t o u t  of data sent t o  the user 

from t h e  central s i te .  

Wicker way, is to establish connections wi th  a secondary sa t e l l i t e  readout 

Station. A typical station is comprised of an antenna as shown in Figure 

2*3- 1.4 at  Colorado State University’s Department of  Atmospheric Science. 

is a 5 meter antenna which also has  a capability to  readout the ima- 

A second way t o  receive data, and also a much 
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gery as w i l l  be d iscussed  i n  Chapter 3.  

approximately 2 meters i n  s i z e  can be used f o r  t h e  data c o l l e c t i o n  platform 

recept ion.  

Even smaller antennas down t o  

A t  t h e  p re sen t  time (1982) the c o s t  of a completely equipped secondary 

satel l i te  r ece iv ing  s t a t i o n  for da ta  c o l l e c t i o n  platform (not  necessa r i ly  

imagery) from t h e  GOES sa t e l l i t e s  is approximately U.S. $70,000. 

should not  be confused with the  approximate c o s t  o f  one o f  the da ta  co l l ec -  

t i o n  platforms t o  which one a t t a c h e s  instruments.  

one or  two meteorological or  hydrological instruments  (and capabilities for 

the user t o  add o t h e r  ins t ruments )  costs about U.S. $3,000 - $4,000 i n  

1982. 

This  

A basic platform w i t h  

2.3.2 - Data Recording= Location -- from Other Satellites 

A s  noted earlier the  near-polar o r b i t i n g  ( o f t e n  sun-synchronous 

sa te l l i t es )  are requi red  t o  readout da t a  c o l l e c t i o n  platform information 

over t he  polar  reg ions  which are out  of range f o r  geos ta t ionary  s a t e l l i t e s .  

I n  add i t ion ,  research during t h e  l a s t  10 years has lead t o  t h e  development 

of systems on the  polar -orb i t ing  s a t e l l i t e s  (wi th  associated ground pro- 

cess ing  equipment) Hhich can determine the l o c a t i o n  of moving or d r i f t i n g  

platforms such as bal loons o r  buoys, which do not know their own loca t ion .  

One of t h e  very f irst  successful tes ts  of the loca t ion  of a d r i f t i n g  

platform was obtained during t h e  EOLE Experiment (Morel and Bandeen, 1973). 

I n  the  southern hemisphere, ba l loons  were released from launch s i tes  i n  

Argentina and completely c i r cumav iga ted  the  mid-lat i tudes of the southern 

hemisphere on several occasions.  

data a t  200 mb for  research purposes. 

The bal loons were used t o  ob ta in  wind 

During t h e  Global Weather Experiment 
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an important data source i n  the southern hemisphere were d r i f t i n g  balloons 

and d r i f t i n g  buoys. 

the instrumented d r i f t i n g  buoys measuring sea surface temperature and sea 

l e v e l  pressure over generally data-void regions o f  the southern hemisphere. 

Figure 2.3.2.1 shows the locat ion on 30 May 1979 of 

The RAMS (Random Access Measurement System) on the NIb8US-6 and the 

mGOS system on TIROS-N are two examples o f  p lat form locat ion systems for 

data co l l ec t i on  by polar sa te l l i t es .  

by the Tropical  Wind Energy conversion and Reference Level Experiment 

(TWERLE). 

mine winds, temperatures, and pressure gradients i n  the upper troposphere 

i n  the t ropics.  

2.3.2.2. 

of determining loca t ion  o f  the platforms. 

PUted by using data obtained from the measurement o f  the DCP ca r r i e r  fre- 

quency as received on the s a t e l l i t e .  

received during a given contact (passage o f  the NIMBUS or TIROS/NOAA 

s a t e l l i t e  within range o f  the plat form) the loca t ion  can be determined t o  

within 3-5 kilometers. Detection o f  the Doppler s h i f t  (frequency change) 

of the transmitted frequency from the p la t form requires that  the frequency 

must remain nearly constant during the time the s a t e l l i t e  is receiv ing 

signals from the platforms during a s ing le o r b i t .  

t ransmit ter  frequency i t s e l f  that  needs t o  be measured so precisely,  but 

the change of the frequency that  i s  due t o  the r e l a t i v e  motion between the 

s a t e l l i t e  and the plat form during an o rb i t .  

(frequency generator) o f  the plat form must be f a i r l y  stable wi th time. A 

stable c rys ta l  o s c i l l a t o r  that  was insulated from temperature changes was 

used on the TWERLE bal loon transmitters. 

RAMS on NIMBUS-6 was designed f o r  use 

This experiment used d r i f t i n g  constant l e v e l  balloons t o  deter- 

An example o f  the TWERLE bal loon system i s  shown i n  Figure 

Both the RAMS and the ARGOS use the di f ferent ia l -Doppler method 

The loca t ion  informat ion i s  com- 

When several measurements are 

I t  is not the plat form 

Thus, the o s c i l l a t o r  
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On the present-day NOAA sa t e l l i t e s  (as  first carried out by the 

TIROS-N) the Data Collection and Location System (DCLS) was designed, b u i l t  

and furnished by the the Centre National D’Etudes Spatiales (CNES) of 

France. 

The ARGOS provides a means for obtaining environmental information and 

They refer t o  it as the ARGOS data collection and location system. 

earth location information for fixed or mving platforms. 

t a l  data messages sent by the platform through the sa t e l l i t e  w i l l  vary i n  

length depending on the type  of platform and i ts  purpose. As i n  the case 

of t he  geostationary sa t e l l i t e s ,  the te r res t r ia l  DCP’s that transmit t o  

ARGOS must be accepted for  entry i n t o  the system af te r  meeting certain 

The environmen- 

tests.  

By international agreement, use of the  ARGOS is limited t o  platforms 

requiring location service or for  those situated i n  polar regions out  of 

the range of the data collection system on geostationary satel l i tes .  

General platform c r i t e r i a  are shown i n  Table 2.3.2.1. 

form, the  data output rate is 720 b i t s  per second. 

the DCLS (ARGOS) is that the sa t e l l i t e  rebroadcasts the data collection 

For the ARGOS plat- 

A final note regarding 

platform information over the sa t e l l i t e  beacon frequency along w i t h  the 

temperature sounder data (See Section 3.3).  Location data is only 

available i n  this mode o f  operation i f  a special computer for signal pro- 

cessing is available a t  the small ground readout s i te .  

data is collected from the u.S. s a t e l l i t e  by central groundstation faci l i -  

t i e s  and forwarded to  CNES for location determination and ou tpu t  pro- 

cessing. 

by CNES. 

receipt of data by the user. 

Normally, the ARGOS 

A user receives information from,platforms of interest  provided 

A normal time delay occurs between platform transmission and 
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I 
Figure 2 .0 .1  Viewing Area on Earth a s  Seen from a S a t e l l i t e  
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ITOS NOAA 1 NOAA 2, 3, 4. 5 
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SAxir Momentum Bias Stabilization 

Mission 
0 Global Daytime Direct Readout 
0 Global Daytime Stored Data 
0 Day & Night VIS and I R  Direct and Remote Data 

Heat Budget Data 
Electron, Proton Data 

ITOSl launched 1/23/70 
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Figure 2 .O .5 I’IQS/NOM Improved TIROS Operational System, 1970-1978 
(NASA, 1982a) 
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Figure 2 .1 .1  Scanning of Sensors Perpendicular to Orbit Path 
(Sohwalb, 1972) 



Figure  2.1.2 TIROS-N Advanced Very High Resolution Radiometer (AVHRR) 
( S l i d e  Set  #21) 

Figure 2.1.3 SMS-1 VISSR ( S l i d e  S e t  #24) 
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Figure 2.1.4 Actual VS. Apparent Cloud Location (Weiss, 1977) 

Figure 2.1.5 Geometry for Cloud Location Corrections 
(Weiss, 1977) 
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Figure 2.1.7 Plot of Mean Correction Coefficients 
(Weiss, 1977) 
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Figure 2 .2 .1 .3  NIMBUS THIU Instrument ( S l i d e  Set  #26) 

Figure  2 .2 .2 .1  NIMBUS-5 ESMR Antenna ( S l i d e  Se t  #28) 



Figure  2.2.1.4 Ground Resolution of NIMBUS-5 'IXIR 
(NIMBUS-5, 1972) 
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Figure  2 . 3 . 0 . 1  Data Collect ion Plat form (DCP) 
( S l i d e  S e t  #32) 

Figure  2 . 3  .O .2 DCP Antenna and S o l a r  Panel 
( S l i d e  S e t  #31) 
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Figure 2.3.1.1 Geostationary S a t e l l i t e  Coverage a s  of ear ly  1982 
(NASA, 1982b) 
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Figure 2.3.1.2 GOES DCP 
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Figure 2.3.1-3 Moored Buoy DCP 
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Figure 2 .3 .1 .4  CSU's Department of Atmospheric Science 
Antenna Systems ( 5  and 10 meters) 
( S l i d e  Set  #36) 
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Figure 2.3.2.1 Location of Instrumented Drif t ing  Buoys on 30 May 1979 
(Fleming, et al., 1979) 
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S p a c e c r a f t  

Pay1 oad 

Table 2.0.1 TIROS-NINOM A-G Summary Sheet 
(Schwalb, 1978) 

: Tota l  weight  1421 Kg (3127 l b s )  

: Ueight  i n c l u d i n g  t a p e  194 Kg (427 l b s )  

: Reserved for  growth 36.4 Kg (80 l b s )  

( i n c l u d e s  expendables)  

r e c o r d e r s  

Instrument  Complemeut: 

Advanced Very High Resolu t ion  Radiometer ( A V H R R )  
High Reso 1 u t i  on I n f r a  red Radi a t i o n  Sounder (HI R S / 2 )  
S t r a t o s p h e r i c  Sounder U n i t  (SSU) 
Microwave Sounder U n i t  (MSU) 
Data C o l l e c t i o n  System-ARGOS (DCS) 
Space Envi ronment Moni t o r  (SEM) 

S p a c e c r a f t  S i z e :  3.71 meters i n  l e n g t h  (146 inches) 
1.88 meters i n  d iameter  (74 inches) 

S o l a r  Array : 2.37 m X 4.91 m : 11.6 s q u a r e  meters 
(7.8 f t  X 16.1 f t  : 125 SQ f t )  

420 w a t t s ,  end of  l i f e ,  a t  worst solar a n g l e  

Power Requirement: F u l l  opera t ion-330 w a t t s  

A t t i t u d e  Control System: 

Reserved for growth-90 w a t t s  

0.2" a l l  axes 
0.14' determi n a t i  on 

Communi c a t i  ons  

Command L i n k  

Beacon 

S-Band 

APT 

DCS ( u p l i n k )  

Data Process  

O r b i t  

Launch Vehic 

Lifetime 

: 148.56 MHz 

: i36.77;  137.77 MHz 

: 1698; 1702.5; 1707 MHz 

: 137.50; 137.62 MHz 

: 401.65 MHz 

ng: All  d i g i t a l  (APT; a n a l o g )  

: 833; 870 km noniinal 

e: A t l a s  E / F  

: 2 y e a r s  planned 
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Table 2.0.2 

NBW 

Tinos I 
Tinos I I  

Tinos IV 

Tinos VI 
Tinos VII 

rrnos vw 

Tinos IX 

i inos x 

TIROS I l l  

TlROS v 

Nimbus I 

U S A  I 

ESSA 2 
Nimbus I I  

I S S A  3 
ATS I 
ISSA 4 
fSSA 5 
A l S  Ill 

f SSA 6 

C S A  1 

f S A 8  
fSSA9 

N*mbui 111 

IT05 I 
Nmbu i  IV 

NOAA I 
NOA4 2 

Nimbus 5 
NOAA I 
SMS I 

NOAA 4 

SMS 2 
Nimbus 8 
G O f S  1 

NOAA 5 
GOES 2 

G O I S  3 

TIROT N 

Nrmbus 1 

NOAA 8 --- 

Lwnrhmd 

olA?nSo 
23NOV80 

I l J U l 6 I  

MFEB62 

l9JUN62 

OSECTZ 
19JUNII  

21Of C6J 
18AUGM 
221AN65 

OZJUL65 

01ffE66 
21FEB66 
15MAY66 

020CT66 

060fC66 

I U A N 6 1  

- 

Z O A P R ~ ~  

05NOV61 

lONOV61 

16AUGM 

150EC68 

26fE869 

I4APR69 

23JANlO 

15APnlO 

I IDLC lO 

1 5 o c r i z  

I l O E C l 2  

06WOVl1 

11MAYV 

l5NOVl4 

owtnis 
l2JUNlb 

160C111 

29JUL16 

I U U N l l  

l U U N l 8  

IIOCT 11 

X O C l 7 8  

2 l JbN l9  - 

U. S . Meteor 01 og i ca 1 Sat e 11 it e R ogr am 
(Allison, e t  al., 1980) 

klQd 
Mini  

011 
#I 3 

1004 

100 4 

I005 
1 1  

91 4 

- 3  
9 1  3 

1192 

100 6 

100 I 
I 1 3 1  
1M I 
1145 

24 hi 
I134 
I 1 3 5  

24 hi 

114 8 
I 1 4  9 

I 1 4 1  

1151 

101 I 
1 1 5 1  

101 I 

1148 
1149 

101 I 
1161 

I436 4 

101 6 

I b I  5 

IO1 4 

14% I 
1112 

1415 I 
1436 I 

- 

S I  92 
9) >a 

101 26 - 

- 
h r q n  

Ikmi 

191 
111 

I W  
Ill 

S I 0  
181 
I l l  
l#l 

411 

Mi 
MI  
100 

I561 

I141 
1591 

41 151 

I512 
1556 

41 I66 

I622 

1646 

I622 
1631 

1232 

IC41 
I100 
1422 

I451 

1093 

1502 
15 605 

I 4 4 1  

35.02 
l l 0 l  

15,128 

IUY 

35.100 

I5 800 
US 
941 
101 

- 

- 
n TV 

~ c o * (  
lLml 

111 
811 

911 

911 
I119 

UI 
141 

111 
110s 

2961 

951 

96b 

1639 

IIW 
I109 

k ) .U l  

1610 
1615 

11 121 

1111 

1691 

1682 
1110 

I IO? 
I100 

1280 

1412 

1451 

I I05 
1512 

35,915 

1461 

16.101 
I l l )  

3 b . W  

1111 

16.200 

11,100 
1l4 
955 

111 

II 

- 

_3 

lncli 
Yllon 
IO*l 

40 I 
48 5 
41 I 
4 1  I 
51 1 

51 2 

5 1  2 
5 1  5 
9 1  6 
96 4 

98 6 

91 9 

101 0 
I00 3 
IO1 0 

0 1  

101 0 
101 9 

0 4  

IO1 I 

101 7 

101 I 

101 9 

101 I 

102 0 
99 9 

I02 0 
9 1  6 
99 9 

101 9 

0 6  

1149 

- 

0 4  
9s 9 

0 1  
101 1 

0 5  

0 5  

IO1 I 
iw n 
9 1  14 

MEYS 
- 

lCAMt  
actan 
ac n 
a w  
sins 

sm 
sn 

suun 

SSU 
T I D R  
TMIII 
TOYS 
TV 

Rmmwks 

---.-,-- .-._I_ 
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Tab1 e 2 .O .3 NIMBUS Exper iement Summary 
(NASA, 1982a) 
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Nimbus Experiment Summary (Continucd) 
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33.04 

49.31 

48.24 

71.66 

50" 55O 60' 

4.67 5.81 7.43 9.98 14.67 

24.36 

3 km 

5km 

1 O h  

15kn 

--I---- 
9.67 12.37 16.60 7.78 

19.30 24.66 15.53 

28*89 I 36*88 23.25 

Table 2.1.1 Cloud Location Corrections 
(Weirs, 1978) 

50' 55O 60' 65' 70' 

4.89 1.56 1.94 2.48 3.33 3 km 

5 km 

1 O h  

15km 

- 
$4 d 

7.56 1.93 2.47 3.32 4.87 

1.55 1.93 2.47 3.30 4.82 

1.55 

~ 

3.29 1.93 4.78 

1.55 I .93 2.47 3.31 4.84 

Table 2.1.2 Correction Coeff ic ients  of Cloud 
Looation (Weiss, 1978) 
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Table 2.2 .1.1 THIR Subsystem Specifications 
(NIMBUS-7, 1978)  

Design Paranieter 

Wavelength Band of Operation (Half Power Points 

Field-of-View (mrad) 

Ground Resolution (Subsatellite Point at 955 K m )  

( ni i cro ns)) 

( l i l l l )  

Collecting Aperture (cm2) 

Detector (Immersed Bolometer) 
Size (mm) 
Time Constant (msec) 

Scan Rate (rps) 

Dive11 Time (msec) 

Information Bandwidth (Hz) 

Dynamic Range (Target Temperature) ( O K )  

Performance characteristics 

Noise Equivalent Irradiance (NEI) (watts/cm2) 

b e  Equivalent Temperature 
Differential (NETD) at Indicated 
Scene Temperature 

SIN Ratio at Indicated Scene Temperature 

Physical Characteristics 

Power Requirements 

-24.5 vdc (watts) 

' 0 0 - H ~  Two-Phase Square Wave 5.25 V (wattslphase) 

Operating Temperature Range 
\ 

\ 

Channel 1 

6.5 to 7.0 

20 

20 

110 

0.67 x 0.67 
2.7 

0.8 

4.2 

115 

0 to 270 

Channel 1 

4.35 x 10-10 

5 . 0 ° K @  185°K 

0.26"K @ 300°K 

3.8:1 @ 185°K 
110: 1 @ 270°K 

Scanner 

14.0 

7.5 x 7.1 x 15.7 
(Excluding sunshield: 

Scanner 

1.8 

0.1 

10.5 to 12.5  

7 

6.7 

110 

0.22 x 0.22 
I .8 

0.8 

1.4 

345 

0 to 330 

3 . 0 ~  10-10 

1.5"K@ 185°K 

0.28"K @ 300°K 

19:l @ 185OK 
375: 1 @ 330°K 

Zlectronics Module I 

I Electronics 

0" t o  45°C 1 



Table 2.2.2.1 S W  Performance Characteristics 
(NIMBUS-7 197 8 1 

Parameter 

Wavelength (cm) 

Frequency (GHz) 

R-F Bandwidth (MHz) 

integration Time (ms) (approximate) 

I-F Frequency Range (MHz) 

Dynamic Range ( O K )  

Absolute Accuracy (OK rrns) 

Temperature Resolution, ATrms (“K) (per IFOV)* 

Antenna Beam Width (50.2”) 

Antenna Beam Efficiency (percent) 

Scan Cycle k0.4 rad (+25°)/second** 

Double Sideband Noise (dB) (maximum) 

1 

4.54 

6.6 

25 0 

126 

10-1 10 

10-330 

<2.0 

0.9 

4.2 

87.0 

4.096 

5 .o 

2 

2.8 

10.69 

250 

62 

10-1 10 

1 0-3 30 

<z .O 

0.9 

2.6 

87 .O 

4.096 

5 .O 

Channel 

3 

1.66 

18.00 

250 

62 

10-1 10 

10-330 

<2 .O 

1.2 

1.6 

87.0 

4.096 

5 .O 

4 

1.36 

2 1 .oo 

250 

62 

10-1 10 

10-330 

<2 .O 

1.5 

1.4 

87.0 

4.096 

5 .O 

5 

0.8 1 

37.00 

250 

30 

10-1 10 

10-330 

<2.0 

1.5 

0.8 

87.0 

4.096 

c .O 

*IFOV are remapped to form equal sized cells (150,90,50km) across the swath prior to retrieval Of gCOphySiCa1 parameters: the 
AT rnis’s are correspondingly lower. 

+*Add 2 ms (used for integer dump) for complete IFOV cycle time. 



Table 2.3.2.1 

ARGOS Platform Characteristics - 
Carrier Frequency 401.650MHz 

Aging (During Life) 22 kHz 
Short Term Stability (1 00 ms) 

Medium Term Stability (20 min) 
Long Term (2 hr) :*400Hz 

1 : 109 (Platform Requiring Location) 
1 : 108 (Platform Not Requiring Location) 
:0.2Hz/min (Requiring Location) 

Power Out: 34.8dbm (3W) Nominal 
Range During Transmission 

(Stability) :0.5db 

Antenna: : Vertical Linear Polarization 

Message Length: 360m to 920ms 

Repetition Period for Message: 4060 sec (Requiring Location) 
60-200 see (Not Requiring Location) 

Data Sensors: 4-32 Eight-Bit Sensors 
for Environmental Data 

Total Number of Platforms: 4,000 global 
450 Within View 

I 

I 
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Chapter 3 

SATELLITE RECEIVING SYSTEMS 

As we have seen i n  e a r l i e r  chapters many of the instruments flown on 

meteorological s a t e l l i t e s  and the s a t e l l i t e  data transmission systems 

themselves have been designed t o  a l l o w  d i rec t  access t o  the data by 

Prospective users. 

readout s a t e l l i t e  capab i l i t i es  comes from the very perishable nature o f  

Weather data. Old weather data has l i t t l e  or  no use to  a forecaster. 

While i t  i s  important t o  the research sc ien t is t ,  the opportunity t o  obtain 

data f o r  research over regions and a t  times o f  special in te res t  give the 

researcher an advantage when compared t o  after-the-fact acquision o f  data 

from the tremendous number o f  data tapes that  are recorded i n  the archives. 

Thus, for  both forecasting and research we w i l l  t a l k  i n  t h i s  chapter about 

the d i rec t  readout s a t e l l i t e  systems. 

The reason f o r  t h i s  emphasis on the so-called d i rec t  

We w i l l  a lso discuss the so-called higher resolut ion data systems that  

allow secondary ground stat ions t o  obtain data a t  the same data ra te  and 

resolut ion a t  which i t  i s  placed upon the s a t e l l i t e  tape recorders. 

i n  Section 3.2 we w i l l  consider the high resolut ion sun-synchronous and 

Seostationary s a t e l l i t e  imagery avai lable i n  t h i s  form. F ina l l y ,  i n  

Section 3.3 we w i l l  discuss the receiv ing systems that  are capable o f  

obtaining the quant i ta t i ve  atmospheric sounding data. 

Come pr imar i l y  a t  t h i s  time from the polar o r b i t i n g  M A A  s a t e l l i t e s  but 

Thus, 

The sounding data 

also from experiments now being flown on the geosynchronous sa te l l i t es .  

For m r e  than 10 years amateur rad io operators and amateur 

e a t h e r  groups as w e l l  as a var ie ty  o f  hobbyists have been receiv ing data 
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from the weather satel l i tes .  

s a t e l l i t e  operators t o  these groups t o  allow them t o  develop some very 

efficient receiving sets based on s u r p l u s  and home-built equipment. 

n e w  weather s a t e l l i t e  handbook by Taggart (1981) is a fine up-to-date sum- 

mary of not only  what has been done but  how t o  do it. 

this chapter w i l l  not be addressed to the amateur receiving group, bu t  

rather t o  those meteorologists who are involved i n  the reception of 

s a t e l l i t e  data as part of their professional activit ies.  

discuss the commercially available systems that are typical of those 

available i n  the 1980’s. 

products or  companies implies absolutely no endorsement of these products 

or companies; t h e  references are merely used t o  demonstrate typical equip- 

ment packages which are available today. 

Information has been provided by the 

The 

Our discussion i n  

Thus, we w i l l  

Our reference or  mention of various brand name 

For a historical  reminder Figure 3.0.1 shows a typical APT (Automatic 

Picture Transmission) system antenna which meteorologists began us ing  i n  

the la te  1960’s. 

equipment are found around the world and are pu t  t o  good use by many fore- 

casting u n i t s .  The figure shows the WAA-3 sa t e l l i t e ,  the antenna, the 

tracking control system and the photofascimile system t o  produce the small 

photographic p r i n t s  of the sa t e l l i t e  image over the local area. 

was taken from Vonder Haar -- e t  al. (1974) who described the direct readout 

meteorological s a t e l l i t e  data systems connected t o  a low-cost computer pro- 

cessing system. 

Such VHF antennae wi th  associated receivers and display 

The figure 

3.1 APT, WEFAX, GOES-TAP 

I n  the 1980’s the reliable APT systems continue t o  obtain great 

amounts of weather s a t e l l i t e  information using the data transmitted from 
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the scanning radiometers on both the N I A A  s a t e l l i t e s  o f  the United States 

and the METEOR s a t e l l i t e s  o f  the Soviet Union. New, modern-day electronics 

and antenna systems have a l l  but  removed the need for the t rack ing appara- 

tus * ich was common during the l a s t  10 years. 

The VHF omni-direct ional antenna p ic tured i n  Figure 3.1.1 together 

with the cont ro l  panels and tape recorders show a t yp i ca l  modern-day 

system. 

quencies set aside fo r  t h i s  use near 137.5 Miz, 

301.1 produces the paper facsimi le product and wh i l e  that  i s  the most com- 

The s a t e l l i t e s  are received a t  the l o c a l  s ta t ion  on specif ied fre- 

The system shown i n  Figure 

m n  option, other users choose t o  obtain an actual photographic p r i n t  from 

t h e i r  display device or  d i g i t i z e  the incoming analog signal  (see Vonder 

- e t  2) al 1974) t o  produce a computer analyzed and displayed product. 

The reader i s  re fer red t o  Chapter 1, Section 1.3 f o r  fur ther  information 

about the t rack ing and coverage obtained from the d i rec t  readout NOAA or  

~ T E O R  sa te l l i t es .  

Prospects fo r  continued operation o f  t h i s  basic weather s a t e l l i t e  ser- 

vice are good, The World Meteorological Organization has sponsored stan- 

dardized formats for the APT and i s  i n  regular contact with the s a t e l l i t e  

Operating agencies t o  represent the in te rna t iona l  community i n  t h i s  area. 

Even though the scanning radiometers on the s a t e l l i t e s  are becoming more 

cowlex with much higher data rates, they have thus far always maintained a 

d i rec t  readout (APT) transmission mode t o  m e t  the needs of the smaller 

groundstations and forecasting uni ts .  These plans W i l l  continue and the 

hm B u l l e t i n  is a good source of information about future development i n  

h i s  area. 

&@garding the equiment needed t o  readout the sa te l l i t es .  

d i rect  information. 

The many companies advert ise i n  the B u l l e t i n  and elsewhere 

Contact them for 
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The second-most-popular d i rec t  readout s a t e l l i t e  receiv ing s ta t ion  i s  

the one ca l led  WEFAX (Weather Facsimile). In fact ,  since WEFAX i s  now 

transmitted each day by four geostationary sa te l l i t es ,  t h i s  system i s  

rap id ly  r i v a l l i n g  the APT as the primary d i rec t  readout system of the 

1980’s. 

The VHF transmissions are designed t o  be received by the standard APT 

system. 

GOES-WEST, GMS and KTEOSAT are valuable i n  that  they provide not only 

s a t e l l i t e  imagery from the respective s a t e l l i t e s  but also weather i n f o r -  

mation i n  terms o f  standard maps and charts. 

These transmissions may come i n  e i the r  VHF or  LHF frequencies. 

Using LHF frequencies near 1691.0 Miz, the WEFAX from GOES-EAST, 

The t yp i ca l  WEFAX antenna i s  shown i n  Figure 3.1.2; i t  i s  approxi 

mately 2 meters i n  diameter. 

shown i n  Figure 3.1.3. 

smaller antennas o f  approximately 1 meter can be used i n  receiv ing data 

from some sa te l l i t es ,  such as METEOSAT. 

stands for the Secondary Data User Station. This is a term used by the 

European Space Agency (ESA) synonymously with the WEFAX acronym used i n  

t h i s  chapter. 

An even smaller antenna, 1 meter size, i s  

By incorporat ing new preampl i f iers and electronics,  

The acronym SDUS i n  Figure 3.1.3 

Figure 3.1.4 shows assembled WEFAX sectors from the METEOSAT geosta- 

t ionary s a t e l l i t e  o f  the European Space Agency received by the system shown 

i n  Figure 3.1.3. This display i s  t yp i ca l  i n  that  a geostationary s a t e l l i t e  

image i s  transmitted i n  sectors and one e i ther  uses the l o c a l  area sector 

only o r  pr imar i ly ,  or assembles a number o f  sectors each transmitted i n  

sequence according t o  a pre-arranged schedule t o  assemble the e n t i r e  large- 

scale region viewed by a geostationary s a t e l l i t e .  

O f  course, one of the advantages o f  the geostationary s a t e l l i t e  i s  the 

ease with which the p ic tures are gridded o r  located with respect t o  
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geocentric coordinates of l a t i t ude  and longitude. 

geostationary s a t e l i t e  is approximately circular  i n  the equatorial  plane, 

the s a t e l l i t e  operating agencies often superimpose a g r i d  which can be 

inspected by the meteorologists receiving the WEFAX image insofar as the 

fit  to  coast l i nes  and other landmarks is concerned. For many operational 

Purposes (and par t icular ly  for  synoptic weather purposes) , t h e  pre-gridded 

WEFAX data a re  cer ta inly adequate. T h i s  relieves the user of a b i t  a work 

that  is involved when one must g r i d  APT data from the near-polar orbi t ing 

Sa te l l i t es .  

automated product i f  t h e  appropriate equipment is  pu t  t o  use. 

obvious from Figure 3.1.4 t h e  high la t i tude  regions and of course t h e  polar 

regions cannot be viewed well from t h e  geostationary s a t e l l i t e  WEFAX pro- 

duct. 

If the o rb i t  of the 

For these reasons as well the WEFAX is  t r u l y  an operational or 

A s  is 

There is  a special  t y p e  of s a t e l l i t e  image dis t r ibut ion system which 

It is called the GOES-TAP to  i n d i -  is  i n  operation i n  the United States.  

cate that  i t  is a tap on a transmission l i n e  that is provided by the 

National Environmental S a t e l l i t e  and Data Information Service of NOAA. 

Users i n  weather s ta t ions  across t h e  en t i r e  United States  and other groups 

Can obtain GOES sectors  from t h i s  source. I t  is a land-line transmission 

system as  distinct from the satel l i te- t ransmit ted systems discussed e a r l i e r  

i n  t h i s  section. 

f u l l  resolution in to  the forecast o f f ices  of the National Weather Service 

and also to  many private groups, research groups and universit ies.  

display system that is  required a t  the end of the leased GOES-TAP l ine is  

discussed i n  Chapter 4. 

The GOES-TAP has brought the s a t e l l i t e  data a t  nearly 

The 

Since a typical user receives whatever is  placed onto the GOES-TAP 

c i r cu i t  by the NESDIS, i t  has limited f l ex ib i l i t y  as compared to  t h e  WEFAX 
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which allows users t o  select  from a wider geographic coverage i n  many 

cases. 

interested i n  regional  and synoptic scale weather. 

system that  the enhancements o f  the s a t e l l i t e  imagery came i n t o  greatest 

use. These enhancements or special transformations o f  the basic s a t e l l i t e  

imagery t o  b r i ng  out cer ta in  meteorological features are also discussed i n  

Chapter 4. 

Nevertheless, GOES-TAP has been put t o  very great use by those 

It was through t h i s  

3.2 High Resolution - Sun-Synchronous - and Geostationary Imaqery 

As we have noted i n  e a r l i e r  sections the present-day meteorologi- 

c a l  s a t e l l i t e  instrumentation often produce data o f  h igh ground resolut ion. 

Ground resolut ions o f  1 la are not uncommon from both geostationary and 

near-polar o r b i t i n g  sa te l l i t es .  

Radiometer (AVHRR) on the NOAA s a t e l l i t e s  and the VIS% on the GOES 

s a t e l l i t e s  are j u s t  two examples o f  v i s i b l e  and in f ra red  s a t e l l i t e  i ns t ru -  

mentation producing data o f  h igh ground resolut ion. 

points (p i xe l s )  which accompany such high ground resolut ion cause the high 

output data ra tes from these instruments. Thus, the bandwidth required t o  

transmit the data is increased and VHF frequencies are no longer capable of 

carry ing the high resolut ion data. However, the WF or  S-band frequencies 

are used i n  t h i s  case. 

capable of accommodating these higher frequency data transmissions are 

essent ia l ly  a l l  that  separates the type o f  s a t e l l i t e  receiv ing systems 

discussed i n  t h i s  section f rom the APT and WEFAX systems discussed i n  the 

previous section. 

foreground, of 5 meters i n  diameter, the other 10 meters i n  diameter that  

The Advanced Very High Resolution 

The number of data 

Larger antennas, receivers and telemetry systems 

Figure 3.2.1 shows two antenna systems, one i n  the 
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are used a t  Colorado State Univers i ty ’s  Department o f  Atmospheric Science 

receive the h igh data r a t e  transmissions of the fu l l - reso lu t i on  v i s i b l e  and 

in f ra red  imagery data from the GOES-EAST and -WEST s a t e l l i t e s .  

received on these systems i n  the 1690 M-lz range are approximately 1.7 

m i l l i o n  b i t s  per second f o r  the f u l l  reso lu t ion  v isua l  data wi th  a ground 

reso lu t ion  o f  1 lan and approximately 528,000 b i t s  per second with the 8 lan 

in f ra red  data. 

Data rates 

The European Space Agency has pioneered on-board sec tor iz ing  so tha t  

i t s  POUS s ta t ions  can receive according t o  a prearranged transmission 

Program the f u l l  reso lu t ion  data (e i t he r  v i s i b l e  or i n f r a r e d  or  water vapor 

Channel) from the METEOSAT over a spec ia l  reg ion o f  in te res t .  

nates the need f o r  one piece o f  equipment a t  the PDUS s t a t i o n  as compared 

t o  the GOES D i rec t  Readout S a t e l l i t e  Ground Sta t ion  (DRSGS). 

the data from these geostat ionary s a t e l l i t e s  are ret ransmi t ted from the 

Primary command and c o n t r o l  s t a t i o n  with the use of a data buffer on the 

ground such t h a t  they are passed back through the same s a t e l l i t e  (or 

another s a t e l l i t e  i f  necessary) and relayed t o  the PDUS or DRSGS i n  near 

real-time. The data are delayed only a few f ract ions o f  a second by the 

retransmission process. 

ca l i b ra t i on  and nav igat ion informat ion i n t o  the documentation records 

accompanying the imagery data so tha t  the high-resolut ion data receiv ing 

s i t e s  are very w e l l  prepared for t h e i r  own computer analysis of the v i s i b l e  

and in f ra red  (and sometimes water vapor) images. 

This e l im i -  

I n  both cases 

The retransmission does a l low the add i t ion  o f  

The counterpart o f  the h igh reso lu t ion  GOES and METEOSAT data 

transmission from the NOAA s a t e l l i t e s  i n  sun-synchronous o r b i t s  i s  c a l l e d  

the High Resolut ion P ic tu re  Transmission (HRPT). Again, LHF frequencies 



- 152 - 

are used t o  transmit data from the Advanced Very High Resolution Radiometer 

(AVHRR) described i n  Chapter 2. 

resolut ion i n  i t s  channels o f  approximately 1 lan, and thus ground stat ions 

equipped with the proper antennae and precis ion s a t e l l i t e  t racking systems 

can receive excel lent  high resolut ion images from the s a t e l l i t e  a t  l eas t  

two times each day. Figure 3.2.3 shows one o f  the high-resolut ion HRPT 

receiv ing stat ions. The equipment necessary t o  receive the  high-resolut ion 

data i s  avai lable f rom several vendors, and i t s  cost and complexity i s  con- 

siderably greater than that  necessary t o  receive the VHF transmissions i n  

the APT mode. 

b i t s  per second. 

This scanning radiometer has a ground 

The t y p i c a l  data ra te  transmitted on the HRPT i s  665,400 

3.3 Quant i ta t ive Atmospheric Soundinq - Data 

The sun-synchronous s a t e l l i t e  NIAA car r ies  the TIROS Operational 

Ver t i ca l  Sounder (TOVS). 

i n  Chapter 2, and the appl icat ion of data f rom the TOVS fo r  obtaining tem- 

perature soundings o f  the atmosphere w i l l  be discussed i n  Chapter 6. 

Insofar as receiv ing the data i s  concerned, r e l a t i v e l y  new developments 

have made the s a t e l l i t e  sounding data f rom t h i s  instrument avai lable t o  

users i n  the d i r e c t  readout mode. They are avai lable from two separate 

real-time data transmission l inks ,  the VHF beacon transmission l i n k  and the  

l i n k  which combines the TOVS data with the output from the AVHRR. 

i n  fact  the HRPT service mentioned above. Thus, i t  i s  possible for those 

with e i the r  VHF beacon reception capab i l i t i es  (data rates about 8,000 b i t s  

per second) or  those with the HRPT systems t o  receive these sounding data. 

These types o f  instruments were deszribed b r i e f l y  

This i s  

A l l  data from the TOVS are i n  d i g i t a l  form and su i tab le for computer 

processing t o  obtain the temperature and moisture soundings. I n  the ear ly  
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1980’s the use o f  the sounding data i s  increasing i n  the d i rec t  readout 

mode. Several groups are sponsoring meetings t o  discuss and foster the use 

of the d i rec t  readout sounding data. When coupled with the imagery o f  the 

clouds i n  the v i s i b l e  and window in f rared wavelengths, the upper-level 

temperature and moisture information obtained from the sounding experiments 

can be a special  a id  t o  weather forecasters. 
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Figure 3.0.1 APT Receiving System ( c i rca  1970) 



ALDEN UNIVERSAL SATELLITE GROUND RECEIVING STATION A PTS-36 WITH 0 PTlO NS 

VHF Telemetry Omni-Direc- 
tional Antenna with in- - tegrally ins?alled VHF Low 
Noise Preamplifier. ALDEN 
Model 9330-9-2A. 

Scanning Radiometer/Sat- 
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automatic recognition of 
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TIROS-N satellites. ALDEN 
Model 9310D 

Digital Chronometer Model 
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ted 24 hour time indication. 
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tape playback, of received 
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APTSIWeathe r  Char t  
Recorder for APTS WEFAX 
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Slide-out drawer with hing- 
ed steel writing surface - 
iwo provided one in each 
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5 :  

/ ALDEN Model  9273R 
APTS/Weathe r  Char t  
Pesorder electronics 1 * K O  

* 1  

Accessories/Parts Compart- 
ment wiih door provides 
convenient storage space 

UHF Parabolic Antenna 
with UHF/VHF Down Con- 
verter to convert 1691.0 
MHz or 1691.0/1694.5 
MHz (METEOSAT) to VHF. 

VHF Satellite Telemetry Re- 
ceiver - provides 4 VHF 
channels, 137.62. 137.50. 
137.15 and 137.30 MHz. 

* 

Operator's Control Center 
at desk height level for 
ease of selection of system 
modes of ooeration. 

FSK Converter Option for 
4- radiofacsimile weather 

chart reception. ALDEN 
CAT NO. 421C 

Blank panel. Provides 19 - in. RETMA rack space for 
customer's accessory use. 

APTS-38 Power Entrance. 
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115V/60 Hz or 230V/50 
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Fignre 3 .1 .1  Modern Receiving System for AFT, WEPAX 



TYPICAL UHF PARABOLIC ANTENNA INSTALLATIONS 

As shown, the 6 ft. diameter parabolic 
antenna is mounted on the universal 
stand in the high look angle 
configuration The radome is not 
shown so as to be able to 
depict antenna details. 

FEED GUY WIRES. (3) PARABOLIC REFLECTOR. 6 
Swing loaded ft. or 8 ft diameter. (Fabrt- 

cated in two pieces for easy 
, 

FEED. PLANE POLARIZED PARABOLIC REFLECTOR 
MOUNT. Provides vernier 
adjustment of 2 1 0  elevation. 
c 5  azimuth VERTEX 

PLATE. 

LEAD-IN CABLE. (LOW LOSS) 
From antenna feed to module 

ADJUSTABLE MOUNT 
PIVOT POINTS. MODULE A2 UHF MICRO- 

WAVE UHF/VHF DOWN 
CONVERTER. 

PIPE.41 in. 0.D 

UNIVERSAL STAND. Heavy 
steel tubing galvanized after ADJUSTMENT ROD. 

With lock nuts. 

HIGH LOOK ANGLE ADJUST- ADJUSTABLE GUY ROD AT- 
WENT ROD PAD. Provides 40" 
to 67" adjustment. (Installing 
this pad on a raised footing will 
provide adjustment to 90" over- 
head). 

TACHMENT BRACKET. For 8 
ft. parabolic reflector. 

LEAD-IN CABLE. 

MOUNTING PADS. 
With holes for 
518" dia. bolts. 

LOW LOOK ANGLE ADJUST- '"When 8 ft. diameter parabolic 
reflector IS provided. the vernier 
adjustment of this mount IS 25" 
elevation. 25" azimuth 

MEN1 ROD PAD. Provides 12" 
to 40" adjustment. 

~~~ 

Radome instellatlon I Low Look Angle Installation 

1 

Fig. 7 Antenna Conl/guralr/ons 

Overhead Installation wlth Footing 

F i g u r e  3 .I .2 WEFAX Antenna 
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SECONDARY DATA USER STATION FOR 
QNARY SATELLITES , 

INDOOR EQUIPMENT OUTDOOR EQUIPMENT 

SKYCEIVER VI - SDUS - is a complete, inexpensive, professional WEFAX 
receiving system from geostationary satellites. 
It is the most compact equipment of its type on the market. 
Operation is fully automatic, reliable and inexpensive giving high quality 
meteorological pictures in the visible and infrared spectrum. 

F i g u r e  3 .I .3  Sccondary Data User S t a t i o n  



Assembled wefax sectors from geostationary meteorological satellite METEOSAT 
of the European Space Agency received by a SKYCEIVER VI - L Figure  3.1.4 



- 159 - 

Figure  3 . 2 . 1  CSU's Two Antenna System ( 5  and 10 meters)  
( S l i d e  S e t  #2) 
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I00 m 

Figure 3.2.2 Block Diagram of CSU IRSGS for GOES 
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eteorolog ical Pictures 
rom Space 

Figure 3 .2 .3  ERPT Receiving S t a t i o n  Antenna 
- 
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CHAPTER 4 

IMAGE AND DATA DISPLAY SYSTEMS 

The satel l i tes ,  ins t ruments  and rece iv ing  systems described i n  previous 

chapters take u s  only a po r t ion  of the way necessary for f u l l  app l i ca t ion  

of t h e  meteorological  data. 

mely  important to  the user  i n  the forecast or research area. 

chapter we w i l l  discuss the basic image producing and image d isp lay  

systems, such as the facsimile machines and the  movie loops used t o  

describe sequences of s a t e l l i t e  images. 

i n t e r a c t i v e  image and data d isp lay  systems many of which use new technology 

t o o l  called ” d i g i t a l  imaging”. 

clouds i n  var ious  spectral i n t e r v a l s  as dictated by the instrument  is pro- 

cessed i n  a computer and displayed on a video device under computer 

cont ro l .  

notebook with some special examples i n  Chapter 14. 

d isp lay  devices which produce color-enhanced photographs under computer 

con t ro l  are noted i n  a d iscuss ion  o f  the  app l i ca t ion  of sa te l l i t e  and radar 

data t o  several meteorological  problems. 

Good image and data d isp lay  devices are extre- 

I n  t h i s  

We w i l l  a l s o  i n v e s t i g a t e  the new 

T h i s  means that t h e  sa te l l i t e  view of the 

Examples of the new d i g i t a l  imaging are found throughout t h i s  

There, t h e  latest 

With the importance of  proper d isp lay  o f  the image t o  the meteorolo- 

g i s t ,  i t  is not  s u r p r i s i n g  t h a t  a vast a r r ay  of image producing devices 

have been used i n  the course of the h i s t o r y  of sa t e l l i t e  meteorology. 

ea r ly  photographic processes  have r e t a ined  some measure of use i n t o  the 

3980’s. They have been jo ined  by computer p l o t t e r  ou tpu t s  vhich were very  

Popular during t h e  1960’s and early l970’s, and by the paper facsimile and 

Very 
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improved laser  facsimi le systems. O f  course, the te lev is ion  [or video o r  

sometimes cathode ray tube (CRT)] devices now abound. 

e i ther  a video analog mode or  l i nked t o  a computer t o  produce the d i g i t a l  

images noted above. 

They can be used i n  

4.1 Facsimile Machines; Movie Loops 

Ear ly s a t e l l i t e  data from the APT s a t e l l i t e s  and from data that  had 

been tape recorded and readout a t  a cent ra l  receiv ing s i t e  were often pro- 

duced on a photofacsimile device o f  the k ind shown i n  Figure 3.0.1. 

paper facsimile systems ( f o r  example, Figure 3.1.3) have a very common 

technology with the systems used t o  transmit weather maps and i t  i s  not 

surpr is ing tha t  they were adapted t o  meteorological s a t e l l i t e  display pur- 

poses i n  the  f i r s t  10 years o f  the s a t e l l i t e  program. 

The 

Because o f  their r e l a t i v e l y  inexpensive operating costs and s imp l i c i t y  

The number of shades these paper facsimile systems are s t i l l  i n  use today. 

of gray that  can be obtained from some o f  these systems var ies from three 

or four t o  ten or  twelve i n  the high qua l i t y  laser  facsimi le systems. 

o f  the so-called laser-fax devices i s  shown i n  Figure 4.1.1. 

as t h i s  one can use various speeds t o  handle e i ther  the APT or the WEFAX 

scale o f  data. 

OOES-TAP network t o  b r ing  hard copy s a t e l l i t e  images i n t o  the National 

Weather Service Forcast Off ices i n  the United States. Other companies 

manufacture and market very s imi la r  systems so the user i s  encouraged t o  

compare systems offered by several vendors. 

One 

Devices such 

These are t yp i ca l  display systems that  are jo ined with the 

Some o f  the present-day facsimi le machines have e lect ron ic  modifica- 

t i ons  that  allow a user to  select  pa r t i cu la r  enhancement curves t o  display 
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the  data i n  order t o  emphasize special meteorological features. 

enhancement curves that  i s  used by the NOAA/NESDIS F i e l d  Services D iv is ion  

i s  shown i n  Figure 4.1.2. Here, the gray scale or d i g i t a l  count value i s  

modified i n  order t o  obta in  a displayed image of the type shown i n  Figure 

4.1.3. I n  t h i s  pa r t i cu la r  k ind o f  enhancement we are t r y i n g  t o  emphasize 

the thunderstorms and the very co ld cumulus cloud tops. 

the display device and thus i s  separate t o  a cer ta in  extent from the 

s a t e l l i t e  instrumentation and ca l i b ra t i on  curves discussed i n  e a r l i e r  chap- 

ters. 

Puter as par t  o f  the d i g i t a l  imaging system such enhancements can have 

great benef i ts  t o  the user. 

User be aware o f  the type o f  enhancement being used for the image he is 

analysing. 

enhancement curve that  i s  used. 

One o f  the 

This i s  done i n  

Whether attached t o  one o f  the facsimi le systems or  used i n  a com- 

However, i t  i s  extremely important that  the 

In te rp re ta t i on  var ies with the knowledge of the pa r t i cu la r  

Most meteorologists are we l l  aware that  the geostationary s a t e l l i t e  

images are rou t ine ly  obtained every 30 minutes. 

Prom geostationary s a t e l l i t e s  is very amenable to  use i n  a movie loop t o  

give a time lapse display o f  the developing weather s i tuat ions.  

m v i e  loops were f i r s t  made using standard photographic techniques with a 

movie camera and reg i s t ra t i on  table. Video cameras and techniques were 

used as well, and now the rap id  re f resh capab i l i t i es  o f  d i g i t a l  imaging 

systems allows one t o  make a movie loop of a sequence of weather s a t e l l i t e  

Pictures under computer control .  

Thus, a sequence of photos 

These 

These movie loops are excel lent  for  research ( fo r  example, i n  the 

tracking o f  clouds t o  i n f e r  winds from the cloud motion) and f o r  t ra in ing  

Purposes. Furthermore, when loops are made i n  near-real time they can help 
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short range forecasting by al lowing the meteorologist t o  i d e n t i f y  rap id ly  

developing and/or advecting regions of cloudiness and associated weather . 
Fina l l y ,  the movie loops are excel lent  f o r  providing a global v iew and 

perspective on atmospheric motions. 

f i lms tha t  are noted a t  the end o f  t h i s  chapter are h igh ly  recommended Tor 

use i n  basic meteorological classes. They serve as a reminder o f  the glo- 

b a l  nature o f  atmospheric f low and weather systems f o r  meteorologists a t  

a l l  l eve l s  i n  t h e i r  career. 

For t h i s  reason alone, some o f  the 

4.2 In te rac t i ve  Display Systems; D i q i t a l  Imaging 

.By the mid-1970's a number o f  groups had deve1opeU computer- 

l inked video display systems fo r  processing meteorological s a t e l l i t e  data.. 

These systems used the rap id ly  develo'ping new technology of rapid-refresh 

computer memories. 

these memories operate i n  the video rode and thus require refreshing a t  

rates greater than 1/3Oth o f  a second. 

memories were able t o  feed the video signals a t  such a ra te  as t o  produce 

f l icker- f ree displays. This opportunity t o  use the developing high tech- 

Televis ion monitors or  CRT's attached t o  the outgut of 

Under computer cont ro l  the n e w  

nology was recognized by a number o f  the groups, and thus the mini- 

corrputers and the video display systems were l i nked by these new memories. 

As a result,  the meteorological user or forecaster could now manipulate and 

display images under computer cont ro l  and make a p ic tu re  as an output o f  

the computer operations. The age o f  " d i g i t a l  imaging" was born. 

Figures 4.2.1 and 4.2.2 show examples o f  the mini-computers and video 

display systems used for research a t  the Department of Atmospheric Science 

a t  Colorado State University. This equipment allowed the development and 
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tes t  i n  c o l l a b o r a t i o n  w i t h  electrical eng inee r ing  c o l l e a g u e s  o f  the first 

8-plane or 8 -p ic tu re  loop  rapid-refresh d i g i t a l  imaging system us ing  t h e  

new memories. 

today throughout  t he  world d i g i t a l  imaging is con t inu ing  t o  develop from 

the research through t h e  a p p l i c a t i o n s  mode. 

sugges ted  for a d d i t i o n a l  r ead ing  a t  t h e  end of t h i s  chapter describe t h e  

h i s t o r y  o f  t h i s  development. 

Other groups r ap id ly  developed systems of  their own and 

A nurrber of t h e  r e f e r e n c e s  

One o f  t he  c a p a b i l i t i e s  o f  d i g i t a l  imaging that  is so va luab le  t o  the 

me teo ro log i s t  is t h e  rap id  zoom c a p a b i l i t y  under computer c o n t r o l .  

demonstrated i n  F i g u r e s  4.2.3 and 4.2.4 where a s t r o n g  win te r  s torm ove r  

the c e n t r a l  United States is shown i n  the synop t i c  scale and then a zoom t o  

a r eg ion  o f  t h e  Great Lakes is made us ing  d i g i t a l  imaging. 

T h i s  is 

The use  of t h e  computer-l inked systems is no t  l imi t ed  t o  pure imagery 

s i n c e  a l l  o f  t h e  g r a p h i c s  ( i n c l u d i n g  c o l o r  g r a p h i c s )  c a p a b i l i t y  o f  the new 

mini-computer systems can be combined with the sa t e l l i t e  data f o r  d i g i t a l  

imaging. 

Satel l i te  image ove r  t h e  State o f  Colorado i n  which t h e  major i n t e r s t a t e  

highways are shown superimposed over  the s a t e l l i t e  image. 

Satell i te image is t r u n c a t e d  a c r o s s  the western part of the s ta te  s i n c e  

this image has been remapped from a s e c t o r  of s a t e l l i t e  d a t a  taken  by the 

direct readout  s a t e l l i t e  ground s t a t i o n  described i n  Chapter 3 . )  The 

Arkansas River  is a l s o  shown on the photo along with some o f  the tem- 

peratures r e p o r t e d  early i n  t h e  morning hours  of  t h e  9 t h  o f  December 1978, 

a s i t u a t i o n  tha t  was cold  and clear over  the Rocky Mountain a r e a  and the 

High P l a i n s  t o  the east  of the mountains. 

F igu re  4.2.5 shows a p o r t i o n  o f  a GOES s a t e l l i t e  v i s i b l e  

(Note that  the 
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The addi t ional  capab i l i t i es  o f  the various systems avai lable a t  the 

present time and the  ease with which a meteorological user can take advan- 

tage of these systems var ies as can be expected from one unit t o  the next. 

I t  i s  important t o  remember that  each d i g i t a l  imaging system was developed 

t o  meet a pa r t i cu la r  research object ive o r  display need. 

recent years the National Weather Service i n  the United States has devel- 

oped both the Automation o f  F i e l d  Operations and Services (AFOS) and the 

Prototype Regional Operational Observation and Forecast System (PROFS). 

These systems are designed f o r  the weather forecaster and represent a corn- 

b inat ion of several aspects o f  the new technology. 

(Man-computer In te rac t ive  Data Analysis System) and the I R I S  ( In te rac t ive  

Research and Imaging System--formerly termed ADVISAR) were developed for 

research purposes. 

However, i n  

I n  contrast, the McIDAS 

Table 4.2.1 contrasts these four systems i n  terms of some common para- 

These include the number o f  overlays that  can be displayed on a meters. 

CRT, the t i m e  t o  load an image, the zoom capacity, the data types able t o  

processed by t h i s  system, the reproducabi l i ty  of the resu l t s  and the 

looping capacity i n  terms o f  number o f  frames that  can be formed i n t o  an 

image loop. 

communication). 

The data i n  the table are adapted f rom Ke l ly  (1982, personnal 
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Table 4.2.1: Intercomparison o f  " D i g i t a l  Imaging" Systems f o r  
Parameters L i s t e d  (adapted from Ke l ly ,  1982) 

PARAMETERS - AFOS McIOAS PROFS IRIS 

4k overlays/ CRT (3)l (714 (613 (512 

Time t o  load (3/20)1 (1/30)2 ( 1/30 12 ( 1/30 12 
image (sec) 

Data types able 1 4 3 2 
t o  process 

Reproduc ib i l i t y  1 2 3 4 
o f  r e s u l t s  

Looping Capab i l i t y  1 4 3 2 

The primary e n t r i e s  i n  the tab le  are a f igure  of mer i t  ranging from 1 which 

represents a f a i r  c a p a b i l i t y  t o  4 which represents outstanding capab i l i t y .  

Such "figures of meri t "  d i f f e r  considerably from the k ind  o f  technica l  

Parameters t h a t  are described i n  the sales brochures fo r  these devices. I n  

many respects, however, those described i n  Table 4.2.1 are more important 

t o  the meteorologist/user i n  tha t  they make an attempt t o  focus on the 

features o f  each o f  the d i g i t a l  imaging systems h i c h  add t o  i t s  success i n  

the display o f  meteorological s a t e l l i t e  and other data. 

There have already been tes ts  of both the ADVISAf? and PROFS systems i n  

Vonder Haar e t  a l .  (1982) described the real- t ime forecast ing environment. 

the successful t e s t  o f  an ADVISAR-type system i n s t a l l e d  i n  the Nat ional  

heather Service Forecast Of f i ce  i n  Denver, Colorado dur ing the spr ing and 

-- 

SUmner of 1980. The mini-computer based system received images from the 

s a t e l l i t e  ground s t a t i o n  100 lan away and presented d i g i t a l  images of the 
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regional  weather t o  the forecasters involved i n  synoptic forecasting as 

we l l  as forecasts o f  severe storms and floods i n  the mountain region. 

Beran and McDonald (1981) and Reynolds (1982) describe the more complex 

mOFS system which has undergone much more extensive tes t ing  and develop- 

ment. 

w i l l  f i n d  i n  the weather s ta t ions o f  the future. 

mobile display unit described by Vonder Haar -- e t  al .  (1982) i s  the 

forerunner o f  improved systems o f  t h i s  type which w i l l  be l inked t o  the 

main s a t e l l i t e  data processing and receiv ing s i t es  and which can be extre- 

mely usefu l  f o r  support o f  research f i e l d  programs as w e l l  as forecast 

un i t s  that  might be operating away from the main center. 

mini-computer l i n k - w  fo r  the mobile display u n i t  i s  shown i n  Figure 4.2.6. 

It w i l l  most l i k e l y  lead t o  the type o f  image display system that  we 

I n  a s imi la r  manner, the 

A display o f  the 

We can expect the rap id ly  expanding high technology area t o  give us 

continued improvements i n  d i g i t a l  imaging. 

research on the three-dimensional display o f  clouds (Brubaker, 1982) w i l l  

a l low meteorologists more ins igh ts  i n t o  the weather associated with the 

cloud images. 

display i t  i n  a two-dimensional form. 

Brubaker and h i s  colleagues shows an o r i g i n a l  in f ra red  GOES image which has 

been processed t o  obtain the three-dimensional representation of the clouds 

shown i n  two d i f f e r e n t  graphic,displays. 

improved d i g i t a l  imaging capab i l i t i es  w i l l  a l low meteorologists t o  study 

cloud-to-cloud in te rac t i on  and the evolut ion o f  ind iv idua l  clouds i n t o  

severe weather. 

For example, i n  the near fu ture 

In f ra red  imagery gives us height information yet we o f ten  

Figure 4.2.7 from the work of 

Such displays made with the 
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F ina l l y ,  for those readers interested i n  the more i n te rna l  de ta i l s  o f  

a t yp i ca l  d i g i t a l  imaging system, we provide Figure 4.2.8 which i s  a sche- 

matic depict ion of the A l l  D i g i t a l  Video Imaging System f o r  Atmospheric 

Research (ADVISAR) at Coloardo State University. 

Para l le l  data in te r face  from the computer t o  the ADVISAR and the ind iv idua l  

hage frames which are composed o f  the rap id refresh memories. 

This f igure displays the 

I t  also 

Shows the l inkage between the output from the computer memories t o  the 

digital-to-analog converters which are used t o  dr ive the video display 

mi tors. 

2ferences and Suggested Addi t ional  Reading - 

Foley, J. D. and A. VanDam, 1982: Fundamentals of In te rac t ive  Computer 
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664 pp. 

Addison-Wesley Publishing Companx Inc. , Menlo Park, CA, 

Scott, J.  E., 1982: In t roduct ion to  In te rac t ive  Computer Graphics. John 
Wiley and Sons, Inc., New Y o r G  NY, 225 pp. 

hi lyard,  J. (ed. ), 1977: In te rac t ive  video displays for atmospheric 
studies. 
Madison, 14-16 June. 

Proceedings o f  a workshop a t  the Universi ty o f  Wisconsin, 

Smith, E. A., 1975: The McIDAS System. IEEE Trans. Geosci. Elec., GE-13, 
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Schramm, W. G., P. Zeleny, R. E. Nagle and A. I. Weinstein, 1982: The 
Navy FADS, a Second Generation Environmental Display System. 
Prepr ints Ninth Conference on Weather Forecasting and Analysis, 28 
June - 1 July, American Meteorological Society, Seattle, WA, 72-75. 
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Reynolds, D. W . ,  1982: Prototype workstation f o r  mesoscale forecasting: 
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i n g  and Analysis, 28 June - 1 July, American Meteorological Society, 
Seattle, WA, 65-71. 

Prepr ints Ninth Conference on Weather Forecast- 

I R I S  (ADVISAR): 

Green, R. N, and M. Kruidenier, 1982: In te rac t ive  data processing f o r  
mesoscale forecasting applications. Prepr ints Ninth Conference 
on Weather Forecasting and Analysis, 28 June - 1 July, American 
Meteorological Society, Seatt le, WA, 60-64. 

Smith, E. A., T. H. Vonder Haar and T. A. Brubaker, 1977% A l l  D i g i t a l  
Video Imaging System for  Atmospheric Research (ADVISAR) Technical 
Report, Department of Atmospheric Science, Colorado State University, 
(Also i n  Proceedings o f  a Workshop on In te rac t ive  Video Displays for 
Atmospheric Studies, Universi ty o f  Wisconsin, Madison. ) 

OTHER : 

Brubaker, T., 1982: Three-dimensional representation o f  clouds from 
s a t e l l i t e  images. Naval Research Reviews, Vol. 34, 53-59, 

Vonder Haar, T., - et. al:, 1982: Realtime processing and transmission of 
d i g i t a l  s a t e l l i t e  imagery f o r  use a t  a remote forecasting f a c i l i t y .  
National Weather Digest, 7/2: 32-37. - 

LIST OF AVAILABLE FILMS (16 m): -- -7- 

WA6465 (Sound Film, 30 minutes), The Importance o f  Thunderstorm Outflow 
Boundaries i n  the Development o f  Deep Convection (GOES Imagery/Grouml 
Based Radar). Avai lable f r o m  the Walter A. Bohan Company, 2026 Oakton 
St., Park Rids ,  IL 60068, 

WAB409 (Sound Film, I9 minutes), The I n i t i a t i o n  o f  Convection 
(GOES-East/GOES-West) Avai lable from the Walter A. Bohan Conpany, 
2026 Oakton St., Park Ridge, I L  60068. 
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Photographic quality images. 

Laser beam recording on dry silver paper or film - no 
chemicals or darkroom required for image processing. 

Automatic APTWEFAX mode selection. 

Internal gray x a i e  generator. 

Operator adjustable marking power. 

Through an international distribution agreement, EMR sells 
and services the Harris Corp. Model 850 LASERFAX as the 
EMR Model 816 Laser Facsimile Recorder for weather applica- 
tions. The Model 816 is a dry process recorder which pro. 
duces photographic quality images from weather satellite 
data. The paper or film is exposed by a low.power laser and is 
developed by heating the exposed medium. The complete re. 
cording and developing process IS automatic and a finished 
Picture is available within 60 seconds after signal completion, 
dry and ready for use. The weather photographs offer a new 
dimension in satellite meteorology: high quality imagery 
Without the expense and inconvenience of wet chemicals. 

Simple operation - as easy as  using an office copier. 

Directly compatible with the EMR Scanning Radiometer 
Data Manipulators (SRDM's). 

Amplitude-modulated subcarrier input in WMO APT/ 
WEFAX format. 

Compatible with present and future weather satellites when 
used with the EMR SRDM's. 

The EMR Model 816 Recorder is directly compatible with 
standard WMO format weather data at 120 or 240 scans per 
minute, such as  GOE5TAP or WEFAX operation. Incorpora. 
tion of an EMR Model 812 SRDM provides dynamic image 
enhancement in these applications. The EMR Model 810 or 
811 SRDM includes the required scdn conversion for interface 
with the present NOAA satellites. Other unique SRDM 
features include gamma correction, temperature thresholding. 
isotherm annotation, "flat earth" imagery and  rnulti.satellite 
operation. The 816 Recorder may be utilized in most weather 
imagery applications with the proper interface. if required, 
available from EMR. 

Figure 4 . 1 . 1  Laser-Facsimile Recorder 



- 174 - 
ENHANCEMENT MB 

COUNT VALUE (INPUT) 

WHITE 

W 
-I a 
# 
> 
W 

BLACK 

000 I 
_--1 

204 

9 

8 
Y 
4 

6 

I 

4 7  

255 

204 

1'53 

102 

051 

wo 
134 88.4 42.5 3 . 4  -14.5 -165 OF 

330 305 219 253 214 I 6 4  OM 
56.8 31.3 5 .8  -19.7 -59.2 -109 OC 

TEMPERATURE 

r) 
0 
C 
5 
s 
E 

5 

m 
0 

0 
C 
-I 

A 

CI 

SEGMENT 'C TEMPERATURE COMMENTS 
NUMBER 

1 58.8 t o  29.3 L i t t l e  o r  no u s e f u l  Met Data (Blac 
2 28.8 t o  6.8 Low Level/Sea Sur face  D i f f e r e n c e  
3 6.3 t o  -31.2 Midd le  Level  - No Enhancement 
4 - 32.2 t o  -42.2 F i r s t  Level  Contour (Med Gra 

6 -54.2 t o  -59.2 Thunder s t  orm (Dark Gray) 
7 -60.2 t o  -63.2 Enhancement (B1 ack) 
8 -64.2 to -80.2 Overshoot ing Tops Enhancement 
9 -81.2 t o  -110.2 (White) 

5 - 43.2 t o  -53.2 ( L i g h t  GT!yl 

:k )  

Figure 4.1.2 Enhancement Curve used by NOAA/NESDIS for GOES 
Infrared Imagery (Clark, 1983) 
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k 

Figure  4 . 1 . 3  Example of a GOES Enhanced Infrared  
Image (Clark,  1983)  
( S l i d e  S e t  #309) 
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Figure  4 .2 .1  Minicomputers for Video Disp lay  System a t  CSU 
( S l i d e  S e t  #3)  

F igure  4.2.2 Terminals for Video Disp lay  System a t  CSU 
( S l i d e  S e t  #4) 
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Figure  4 . 2 . 3  Strong Winter Storm Over the  Central United  
S t a t e s  i n  GOES V i s i b l e  Image 
( S l i d e  S e t  #11) 

Figure  4 . 2 . 4  Zoom of F igure  4 . 2 . 3  
( S l i d e  S e t  #9) 
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Figure 4.2.5 GOES Vis ib le  Image over Colorado with In ters ta te  
Highways Superimposed 
( S l i d e  Set  #14) 
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0. 

Figure 4.2.6 Block Diagram of CSU Mobile Display Unit 

Figure 4 .2 .8  Schematio of the A l l  D i g i t a l  Video Imaging 
System for Atmospheric Researoh (ADVISAR) 
a t  CSU 
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Original infrared image. 

Three-dimensional cloudplcture with dimensions. 

Cloud repre.ten~utron usmx u crude polyjyin up- 
proximatron. 

Figure 4 .2 .7  Three-Dimensional Display of Clouds from a 
GOES Infrared  Image (Brubaker, 1982) 



CHAPTER 5 

FUNDAMENTALS OF RADIATIVE TRANSFER 
USED I N  EASUREENTS FROM SATELLITES 

The study o f  rad ia t i ve  t ransfer  i s  basic t o  the understanding o f  

This chapter contains a b r i e f  descr ipt ion o f  s a t e l l i t e  measurements. 

rad iat ive t ransfer  quant i t ies,  de f i n i t i ons  and some basic rad ia t ion  laws. 

The chapter concludes with a simple formulation of the rad ia t i ve  t ransfer  

equation for the v i s ib le ,  in f rared and microwave regions. The reader i s  

urged t o  pursue t h i s  subject by r e f e r r i n g  t o  the suggested reading l i s t .  
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5.1 Basic Radiometric Quant i t ies  

Symbo 1 - Unit Dimensions 

Radiant Energy E, (U) Joule M- 2T-2 

Radiant Power P Watt M- 2T-3 

Radiant I n t e n s i t y  J 

Radiant Ex i t tance W 

FL 2T' (sr- '] 1 
Watt sr- 

Watt m- MT- 
2 3 

I r rad iance H 

MT-'(s~-') 2 1 
Radiance N Watt m- sr- 

Wavelength A cm or pm L 

Wavenumber V cm- L- 

Spectral  Radiant EA Joule m- - M-T- 

1 1 

1 2 

Energy EV Joule m M- 3T-2 
2 

FLT- 
1 

Spectral  Radiant PA Watt m- 

Power PV 

Spectral  Radiance N A 

Watt m M- 3T-2 

Watt m-'sr-' FL-1T-3( sr- I )  

FLT- (sir-' 1 1 1  
N" Watt m- sr- 

emittance - E: - r a t i o  of emit ted rad iant  power t o  tha t  from an i d e a l  

b lack body a t  the same temperature 

absorptance - a - r a t i o  of absorbed rad ian t  power t o  i nc ident  

rad ian t  power 

re f lectance - p - r a t i o  of re f l ec ted  rad ian t  power t o  i nc iden t  

transmittance - T - r a t i o  of t ransmit ted rad ian t  power t o  inc ident  

5.2 De f in i t i ons  

So l i d  Angle: (See Figure 5.2.1) The s o l i d  angle subtended by any sur- 

face "A" a t  any po in t  "0" i s  equal t o  the area A '  o f  the po r t i on  of a sur- 
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face of a sphere o f  u n i t  radius, center a t  "On, h i c h  i s  cut  by a conical  

Surface with vertex a t  "On, passing through the perimeter o f  A. 

Notes : 

a) A sphere subtends a s o l i d  angle of 4r steradians (about po int  

'V). 

b) A hemisphere subtends a s o l i d  angle of 2.rr steradians (about 

po int  "ow).  

The reader i s  urged t o  compute the s o l i d  angle of a hemisphere by 

in tegrat ing the area element, dQ, h e r e  

% l i d  angle i s  defined a t  u n i t  radius, r=l. 

The Electromagnetic Spectrum: - 

We w i l l  use the fol lowing d iv is ions  o f  "Radiation": 

"Shortwave" 0.1 - 3.0 pm 

Tong w a ve 

"Micro wave " 0.1 mm - 20.0 m 

3.0 - 100.0 pm (0.1 mm) 

6 
(pm = 10- m) 

1 
wavenumber v = A- with X i n  cm 

1 
e.g., X = 10 pm; v = 1000 an- 
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Optical Mass - 
The optical mass o f  a radiatively active gas is defined as the 

mass o f  that particular gas contained i n  a vertical column of u n i t  cross- 

section between two arbitrary reference planes. 

Optical - Path (%e Figure 5.2.2) 

u* = u sece 

Notes sece = 2(at e = 600) "air mass" 
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Optical Depth 

Sometimes called thickness. 

K = mass extinction 

Generally, K = K ( v ) ,  so T = T ( V )  

rv = K v u *  

rV = KVu sece 

Note: T is sometimes used as a vertical coordinate; sometimes it  is 

“sed t o  imply geometric thickness (when K and p are constant) 

Note: Transmittance, t related t o  T by$ t = e-T 

5.3 Basic Radiation Laws - 7 

1) Kirchhoff’s Laws The spectral emittance of a substance i n  local 

thermodynamic equilibrium (L.T.E. ) is equal to  the spectral absorptance. 

From observation, Kirchhoff decided ”good 

absorbers were good emitters”. 

Notes: 

a )  L.T.E. exis ts  when the electrons, ions or molecules of a 

Substance undergo many collisions before they  recombine or have radiative 

t ransi t ion such that a condition exists that can be characterized by a 

Single local temperature (i.e.,  t h i s  implies that the s ta te  parameters p, T 

and P are homogeneous i n  the portion o f  the substance i n  question) 
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b) Ki rchhof f  also proposed the term BLACKBODY t o  apply t o  a 

substance tha t  absorbed a l l  inc ident  rad iant  energy (According t o  h i s  law, 

t h i s  would be the u l t imate  radiator.)  - i t  would be a standard o f  com- 

p a r i  son. 

I n  1879, Stefan (then Boltzmann i n  1884) used experiments to  conclude 

tha t  f o r  a BCACKBOOY 
7- 

4 
W = kT (5.4) 

Wien i n  1894 published the "Displacement Law" tha t  f i t  experimental 

data only a t  short  wavelengths and a t  low temperatures. 

Also, Rayleigh i n  1900 used c lass i ca l  physics to  der ive an equation t o  

f i t  experimental data a t  long wavelengths and h igh  temperatures (however, 

a t  short wavelengths the energy increased too much - the "U l t rav io le t  

Catastrophe". 

I n  view o f  a l l  the above, 

Planck: a )  f i r s t  derived a formula t o  in te rpo la te  between the 

above 

found i t  v e r i f i e d  by experiment 

then explained h i s  work t heo re t i ca l l y  using QUANTUM 

fJHY SICS 

b)  

c )  

2) Planck's (Most Basic) Radiat ion Law: A substance with q = 1.0 (a 

BLACKBODY) rad iates according t o  these formulae. 
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c, r5 
1 w i  = 

exp[c2X- 1 T -1 3 - 1 

3 
c3v w, = 

exp[C4vT-ll - 1 

8 -2 4 C1 = 2hc2 = 1.1911 x 10 W m pm 

1 4 C2 = chk‘ = 1.4388 x 10 pm K 

C3 = 2hc2 = 1.1911 x -2 -4 W m an 

= chk-l = 1.4388 an K c4 

where c = speed of l i g h t  3 x 10 8 m s-l 
-34 s-l h = Planck’s constant = 6.63 x 10 

k = Boltzmann’s constant = 1.281 x 10 -23 K-l 

Note: I f  we know spect ra l  emittance o f  a substance we can use 

Planck’s Law and value of t o  get Wx from the non-ELACKBODY. 
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3 )  Stefan-Boltzmann Law: In tegrate Planck’s Law 

dX W = ~ X W A d X = I P  c 1 A-5 

-1 -1 0 
exp[C2;\ T 1-1. 

(5.7) 

-8 -2 4 where CJ = 5.67 x 10 Wm K- 

4) Wien’s Displacement Law% 

D i f fe ren t i a t i ng  Plank’s Law (dWA/dX) and solv ing for  Xmax a t  

dWA/dA = 0 

= 2897 (um K) - T 

for  example, i f  T = 233 K 

then, Amx= 9.9 urn 
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5) Rayleigh-Jeans Approx. : (Large A )  Microwave a p p l i c a t i o n s  

W x  2 k T  A-4 

s ince  (ex - 1) + x as x + 0 

(5.9) 

5.4 The Equat ion o f  Rad ia t i ve  Transfer - - 

Deriva t ion :  Consider a volume as i n  F i g u r e  5.4.1. 

The s p e c t r a l  rad iance N, (P, ;) a t  P1 i n  the  d i r e c t i o n  i s :  

(5.10) 

where the  "source term" dNv . ds = A + B + C + D 

A = Absorpt ion of r a d i a n t  energy between Po and P1 

B = At tenuat ion  due t o  s c a t t e r i n g  "out o f  the  beam" 

C = Emission f rom within the  volume i n  the  r d i r e c t i o n  

D = Radiant energy sca t te red  from o the r  d i r e c t i o n ,  r ,  i n t o  the  r 

ds 

d i r e c t  i o n  

For any g iven r a d i a t i v e  t r a n s f e r  case one or a l l  "source" terms must 

be considered (e.g., f o r  d i r e c t  s o l a r  energy, on l y  A + B; f o r  thermal  

infrared, genera l l y  A + C). 
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So 1 a r "910 r t wa v e 

"A 1 b edo 
"A" = r(s) = I p ( b , B , $ )  sinf%oseded$ 

f o r  d i f f u s e  r e f l e c t i n g  surface p ( 6 , e , # )  = const. 

r (s)  = w(6,e,W 

bu t  f o r  a n i s o t r o p i c  surface, the  fac to r  

I R  and Microwave -- 
I R  source f u n c t i o n  i s  Planck func t ion ,  8. 

(5.11) 

(5.12) 

(5.13) 

(sur f  ace ) (atmosphere ) 

Planck f u n c t i o n  a t  l o n g  wavelengths (Rayleigh-Jeans Approx. : 

approx. ) a l lows measured microwave radiance t o  be expressed as "brightness" 

temper a t  u r e. 

= E T T + (1 -cS) Tsky?,, + Io H TA(h) . dh (5.14) (Tf3)A s s H 

c = surface emittance 
S 
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h 
T = atmos transmittance = e -sce  JKpdh 

Ts = surface temp, Tsky; TA 

0 

Typical es: 

Water = 0.41 (calm) 

I c e  = 0.97 

Wet s o i l  = 0.70 

Dry  s o i l  = 0.80 

T z 1.0 from 2 - 20 cm (window), but Hfl  a t  1.35 an; 02 a t  0.6 an. 
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Figure 5 . 2 . 1  S o l i d  Angle 

z1 

Figure  5 .2 .2  O p t i c a l  Path  

F igure  5 . 3 . 1  R a d i a t i v e  Transfer Volume 



SECTION I1 

PRACTICAL APPLICATIONS 

Twelve chapters comprise t h i s  section. They deal with applications o f  

measurements f rom meteorological s a t e l l i t e s  t o  obtain information about the 

basic s ta te parameters o f  the atmosphere, such as temperature, moisture and 

winds. They also discuss i n  Chapters 8, 9 10 and 11 the use and iden- 

t i f i c a t i o n  o f  clouds from s a t e l l i t e s  i n  order t o  obtain meteorological 

information about synoptic weather patterns, t rop i ca l  storms and weather 

Systems, and small-scale weather features. 

with severe mesoscale storms and r a i n f a l l  est imation techniques. Chapter 

15 covers several other atmospheric features viewed f rom weather s a t e l l i -  

tes. Chapters 16, 17 and 18 deal with s a t e l l i t e  appl icat ions re la ted t o  

weather modif icat ion and cloud physics programs, air-sea in te rac t ion  and 

climatology studies. 

in t roduct ion t o  the use o f  s a t e l l i t e s  by weather forecasters and those 

interested i n  research, i t  has been possible t o  cover most o f  the applica- 

t ions devoted t o  weather forecasting but cer ta in ly  not a l l  the ways i n  

which s a t e l l i t e s  are used t o  obtain information for research projects. 

Thus, the reader w i l l  note the absence of sections dealing with detection 

of upper atmospheric density f rom sa te l l i t es ,  the measurement of 

atmospheric consti tuents other than water vapor and other important 

research areas. 

ters  lead the reader t o  discussion o f  these and other important research 

aspects of the s a t e l l i t e  programs. For those in terested i n  an overview and 

Chapters 12, 13 and 14 deal 

Because t h i s  set o f  lecture notes i s  designed as an 

Many of the documents referenced i n  the ind iv idua l  chap- 
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sumnary o f  some o f  t he  p r a c t i c a l  a p p l i c a t i o n s  o f  meteoro log ica l  s a t e l l i t e s  

a n t i c i p a t e d  i n  the  1980’s and beyond, you are r e f e r r e d  ahead t o  Chapter 20 

i n  the  nex t  sect ion.  



MAPTER 6 

ATMOSPHERIC TEWERATURE AND WISTURE 

SDUNDINGS FROM SATELLITES 

Since the ear ly l960's, s a t e l l i t e  instruments have been measuring 

spectral radiances i n  the in f ra red  ( I R )  regions. 

ments are obtained i n  both the "strong" and "weak" absorption regions o f  a 

gas such as a32 or  Hfl vhich has a known or assumed d is t r ibu t ion .  

m r e  recent ly have s imi la r  measurements been obtained i n  the microwave 02 

absorption band. These measurements can then be "inverted" h n  reference 

t o  inver t ing  the Radiat ive Transfer Equation (RTE)] t o  obtain estimates of  

atmospheric temperature and water vapor i n  the ver t i ca l .  

minology would be t o  "retr ieve" temperature and moisture p ro f i les ,  since 

Some o f  the methods used for t h i s  process do not d i r e c t l y  involve the RTE. 

These spectral  measure- 

Only 

A bet te r  t e r -  

I t  must be remembered that  s a t e l l i t e  soundings are inherently d i f -  

ferent than radiosonde (RAOB) measurements. 

Peratures and moisture over layers, not a t  levels. Measurements, 

therefore, are more l i k e  thicknesses. 

smoother, but the b i g  advantage i s  the be t te r  hor izonta l  resolut ion (down 

t o  15 km or less)  and be t te r  hor izonta l  gradient information. 

drawback t o  IR soundings has been the i n a b i l i t y  t o  sound below clouds. 

Thus, the use of  microwave measurements which are la rge ly  unaffected by 

cloud contamination. 

The s a t e l l i t e  measures tem- 

The estimated v e r t i c a l  p ro f i l es  are 

The main 

These trade-offs w i l l  be examined. 

Many s a t e l l i t e  instruments and methods have been devised fo r  the 

r e t r i e v a l  process. The discussion i n  t h i s  chapter w i l l  be l i m i t e d  mainly 
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t o  the use of infrared measurements taken i n  a downward-looking mode. 

retrieval of atmospheric temperatures and water vapor w i l l  be discussed. 

Results us ing  microwave measurements w i l l  be found i n  the references. 

The 

6.1 Fundamental Principles (Theory) 

Purpose : 

History: 

Status: 

To obtain remote measurements of t h e  vertical temperature 

profile (as well as water vapor and ozone) 

Basic approach and many methods pioneered by astronomers i n  

their  (remote) s t u d y  of s te l la r  atmospheres 

a )  First successful s a t e l l i t e  experiments flown on 

NIMIUS-I11 (launched 14 April 19691 

Best methods of data reduction not yet finalized 

Improved experiments planned for future sun-synchronous 

and geo-synchronous sa te l l i t es  

b )  

c)  

Physical Basis: 

a )  Intuitive 

1) the earth’s surface (or clouds) emits I R  radiation 

a t  a l l  wavelengths 

the gases i n  the atmosphere selectively absorb (and 

re-emit a t  their characteristic temperature) t h e  

radiation of preferred wavelengths 

i n  a strongly absorbing portion of the spectrum (11) 

the atmosphere is opaque h e n  viewed from space; 

conversely, i n  a wakly absorbing region (Xz) the 

radiation t o  space comes mostly from the surface (or 

cloud), i.e.,  the atmosphere is nearly transparent. 

2) 

3) 



- 197 - 

4)  i n  a mderate ly  absorbing par t  o f  the spectrum (A3) 

the upper pa r t  of the atmosphere i s  r e l a t i v e l y  

transparent, but the energy reaching space w i l l  not 

come from the surface, rather from molecules i n  the 

middle troposphere. These molecules have absorbed 

the energy emitted f rom the surface and re-emit a t  

t h e i r  character is t ic  temperature ( the temperature o f  

the middle troposphere) 

5 )  I f  we have a gas (i.e., a32) uniformly mixed through 

most o f  the atmosphere, measurements a t  A1, A2 and 

A3 give us information about the ambient temperature 

i n  the stratosphere, lower troposphere and middle 

troposphere, respectively. 

The problem i s  then t o  choose a set o f  AN, measure 

the IR radiance a t  these wavelengths, ninvert’’ the 

measurements t o  determine a v e r t i c a l  temperature p r o f i l e .  

6 )  

The theory ou t l ined  above can be applied t o  several absorption bands. 

4n an exarrple, the wavelengths (or wavenumbers) used by the NIMBUS-4 IRIS 

(InfraRed Interferometer Spectrometer) are shown i n  Figure 6.1.1. 

[neasUrements are taken on the longer wavelength side o f  the 15 vm CO2 

absorption band. 

POtational water vapor absorption. 

The 

The other side o f  the band i s  more h igh ly  influenced by 

As an a l ternat ive,  other absorption bands, such as the a32 band a t  4.3 

’‘9 can be used. a32 has a r e l a t i v e l y  constant mixing r a t i o  i n  the 

so changes i n  the measured radiances can be assumed to  be 

Caused by changes i n  the temperature o f  the absorber. The layer  over which 
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the measurements are obtained are dependent on the spectral  i n t e r v a l  that 

i s  being observed. 

obtained for sounding purposes are shown i n  Figure 6.1.2. 

t i o n  bands are used t o  estimate atmospheric water vapor content, and the 

window channel regions are used t o  avoid most atmospheric absorption i n  

order t o  measure the surface temperature. 

microwave around 1 cm are also shown. 

tages and disadvantage as shown i n  Figure 6.1.3. 

microwave measurements i s  the high cloud transmission. 

balanced by low r e l a t i v e  energy a t  these long wavelengths. 

Other regions i n  which spectral  measurements can be 

The H$ absorp- 

Equivalent regions i n  the 

These various regions have advan- 

The main advantage o f  

This, however, i s  

As a note, i t  must also be mentioned that  there i s  a trade-off i n  the 

use o f  spectral  bandwidth between energy and v e r t i c a l  resolut ion. As the 

spectral  band width i s  reduced, the v e r t i c a l  layer  over which the channel 

measures i n  the atmosphere i s  narrowed, but that  resu l ts  i n  lower  energy a t  

the detector. Thus, the trade-off.  I n  order t o  obtain suf f ic ient  energy 

above the noise l e v e l  o f  the detector, the bandwidth must be wide enough, 

w i t h  the r e s u l t  that  the v e r t i c a l  resolut ion o f  the measurement i s  l im i ted  

t o  a broad region o f  the atmosphere. Typical band widths of  10 t o  20 cm-l 

give a v e r t i c a l  resolut ion o f  about 300 mb i n  the ver t i ca l .  

6.2 Mathematical 

The Equation o f  Radiative Transfer ( f o r  a plane - - p a r a l l e l  atmosphere) 

is: 

where 1, = monochromatic radiance 
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Jv = the ,’source function” 

ccV = the op t i ca l  depth of the atmosphere 

~1 = cos e ;  e = angle between the rad ia t ion  stream and the 

surface (i.e., layer of the atmosphere) 

I n  a non-scattering atmosphere i n  l o c a l  thermodynamic equi l ibr ium: 

Equation 6.1 i s  a l i nea r  d i f f e r e n t i a l  equation of the 1st order, for  

example s 

The in teg ra l  so lu t ion  for Equation 6.1 i s :  

Notes on Equation 6.2: 

a) subscript ( s )  re fe rs  to  the surface boundary ( land or  cloud) 

b) E,, = spectral  emittance of the surface (assume E,, = 1.0) 

c) t = the f rac t i ona l  transmittance o f  the atmosphere from the l e v e l  

T t o  the top of the atmosphere t = e-T 

d )  var iable parameters i n  t h i s  equation are v and p (i.e., wavenumber 

and d i rec t i on  o f  measurement) 

T, and therefore t, i s  known from the knowledge of atmospheric 

physics 

1st term gives contr ibut ion t o  1, from the surface ( i t  i s  ZERO a t  

e) 

f )  
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an opaque wavelength ) 

2nd term represents the atmospheric contr ibut ion of energy t o  I,; 

i t  i s  the  average o f  the source funct ion over the "weighting 

factor " . 

g) 

Use of Equation 6.2 i n  the atmosphere: 

Since T,, = SwKvpdz 

with: Kv = mass absorption coe f f i c i en t  

p = density o f  absorbing gas 

z = height 

then : 

Viewing down from space ( e  = 00, p = 1) h e r e  T,, = 0, Equation 6.2 i s .  

For an opaque wavenuher, v, the f i r s t  term i s  zero and: 

which as the form o f  

where: R i s  a measured radiance f rom the s a t e l l i t e  depending on 

m, a parameter of measurement (e.g., wavelength - or 

viewing angle) 
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f i s  an atmospheric parameter Ltemperature o f  gas ( H f l  

or 03fl we want t o  determine 

K (m,p) i s  the  "weighting func t i on "  or KERNEL o f  t he  

i n t e g r a l ,  examples o f  h i c h  are shown i n  F igu re  6.2.1. 

Discuss ion o f  the  KERNEL: 

1) K (m,p) s p e c i f i e s  how much parameter f a t  p c o n t r i b u t e s  

t o  the  rad iance R f o r  a p a r t i c u l a r  value o f  m 

2) I n  t h e  e a r t h ' s  atmosphere, K (m,p) can be computed from 

atmospheric phys ics  

3)  I n  the  p l o t s  o f  t he  KERNELS shown, no te  tha t :  

a )  the c o n t r i b u t i o n  a t  a g iven  v can come from a broad 

l a y e r  o f  t h e  atmosphere (i.e., 10 loil t h i c k ) .  

Equat ion 6.5 with such ke rne ls  can g i v e  on ly  a coarse v e r t i c a l  reso lu -  

t i o n  o f  the  parameter, f. 

Thus, i n v e r s i o n  o f  

b) a g iven a l t i t u d e  w i l l  usua l l y  c o n t r i b u t e  radiance 

a t  more than one wavelength. 

a se t  o f  equat ions formed from measurements a t  a s e t  of wavelengths 

Th is  shows a n a t u r a l  redundancy between 

c )  no i n fo rma t ion  about the  parameter, f, can be 

obta ined ( f rom a formal  i n v e r s i o n )  a t  he igh ts  t h a t  do n o t  make a 

reasonable c o n t r i b u t i o n  t o  rad iance a t  any frequency. 

S o l u t i o n  ( i n v e r s i o n )  o f  Equat ion 6.5: 

The i n v e r s i o n  problem i s  e s s e n t i a l l y  t o  o b t a i n  an optimum 

amount o f  meteoro log ica l  i n f o r m a t i o n  from the  rad iomet r i c  

me as u r eme n t s . 
I n  p r a c t i c e ,  d i f f i c u l t i e s  a r i s e  because: 
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1) Equation 6.5 (and Equation 6.4) i s  a Fredholm in teg ra l  

equation of the 1st kind. I t  does not have a unique ana ly t i ca l  ---- 
solut ion . 

2) Error i n  the radiance measurements means that  we --- 
actual ly  measure h( m) + ~ ( m ) ]  , where E(m) is the measurement e r ro r  

3) We do not measure a continuous funct ion R(m), but a set 

o f  d iscrete values ( in  separate radiometer %hannels”), some of vhich 

contain redundant information. 

Twomey (1966) has discussed the nature o f  the KERNEL, the ef fect  

of errors, and methods o f  solut ion. 

Solutions may be categorized as: 

1) t r i a l  and er ro r  ( i t e r a t i v e )  

2) l inear  or non-linear ana ly t i ca l  

3) l i near  or non-linear s t a t i s t i c a l  
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6.3 Results 

Most r e t r i e v a l  resu l ts  have been compared t o  RAOBs, but as mentioned 

One i s  ear l ie r ,  these two sets o f  measurements are inherently d i f ferent .  

radiometric and the other i s  i n  s i tu .  As a resu l t  the two sets w i l l  never 

match per fec t l y  because the s a t e l l i t e  measures over a volume and the RAOB 

at  a ser ies o f  points. 

_.- 

I n  sp i te  o f  these dif ferences, most meteorologists/users would prefer 

a s a t e l l i t e  sounding t o  look l i k e  a RAOB as i n  Figure 6.2.1. This f igure 

shows some o f  the f i r s t  resu l t s  from SIRS ( S a t e l l i t e  InfraRed 

Spectrometer). 

which continue t o  be used today. 

large ly  unchanged throughout the h i s to ry  o f  s a t e l l i t e  soundings with rms 

differences o f  2 t o  30C compared t o  RAOB temperatures a t  various levels. 

The SIRS f i l t e r  wheel radiometer design i s  s im i la r  t o  those 

Results o f  comparison t o  RAOBs have been 

An a l te rna t ive  way o f  looking a t  the s a t e l l i t e  soundings i s  i n  terms 

of thicknesses, since the s a t e l l i t e  instrument senses over a r e l a t i v e l y  

large v e r t i c a l  depth o f  the atmosphere. 

derived products are given e i ther  as geopotential thickness or  i n  terms of 

integrated water vapor. 

As a resu l t  more o f  the s a t e l l i t e -  

To be more radical ,  the radiances themselves can be in terpreted i n  

terms of t h e i r  hor izonta l  var iat ions.  The high resolut ion o f  the s a t e l l i t e  

Sounder makes such gradient informat ion easy t o  obtain. 

h i l l g e r  and Vonder Haar (1979 ) used s t a t i s t i c a l  structure funct ion analysis 

of the s a t e l l i t e  radiances alone t o  i n te rp re t  the gradients i n  VTPR 

(Ver t ica l  Temperature P r o f i l e  Radiometer) measurements. 

For example, 
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Only recent ly have sounding instruments been placed i n  geosynchronous 

o r b i t  (Smith - e t  2, al 1981). 

microwave measurements a t  t h i s  time. 

geosynchronous o r b i t  i s  the a b i l i t y  t o  observe time changes i n  s a t e l l i t e -  

derived products. 

observed a t  high-horizontal resolutions. 

The distance (= 36,000 h) l i m i t s  the use of 

The advantage o f  the  v iew from 

These changes can be equal i n  magnitude t o  those 

6.4 Impact 

The impact of s a t e l l i t e  soundings has been f e l t  i n  two areas: 

mesoscale forecasting and numerical models. 

resolut ion o f  most s a t e l l i t e  soundings, the a b i l i t y  o f  the s a t e l l i t e  

measurements t o  observe de ta i l s  of a resolut ion below that o f  the RAOBs 

( 5  250 km) has been we l l  documented. 

moisture i s  especial ly important a t  the mesoscale. Hayden e t  al., (1981) 

give a good sumnary of methodology and resu l t s  from the HIRS-2 

(High-resolution InfraRed Sounder) on TIROS-N. 

Because o f  the high-horizontal 

The observation o f  atmospheric 

A second area of impact has been the r e s u l t  o f  the use of  s a t e l l i t e  

soundings i n  numerical weather predic t ion models. 

f u l l y  pos i t i ve  or  negative. 

possibly add l i t t l e  i n  an area where conventional (RAOB) measurements are 

common. The t rue advantage i s  again the r e s u l t  o f  the use o f  the s a t e l l i t e -  

derived values i n  data-sparse or data-void regions. 

The impact has not  been 

A conclusion i s  that  s a t e l l i t e  soundings 

6.5 Direct  Sounder Broadcast 

The TIROS-N/NOAA S a t e l l i t e  series contains a D i rec t  Sounder Broadcast 

(0%) output a t  VHF frequencies. This capabi l i ty  allows a r e l a t l v e l y  low 
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cost receiv ing s ta t i on  t o  acquire sounding data from these polar -orb i t ing 

sa te l l i t es .  Limited d e t a i l  can be found i n  Werbowetzki (1981) and Barnes 

and Smallwood (1982).  

analysis setup ( v i a  mini-computer) may be avai lable fo r  U.S. $10,000. 

It i s  estimated that  a complete data receiv ing and 
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CHAPTER 7 

WIND ESTIMATION FROM CLOUD MOTION 

One of t he  f i r s t  a p p l i c a t i o n s  o f  t he  increased t ime r e s o l u t i o n  o f  

s a t e l l i t e  images from geosynchronous o r b i t  was i n  the  es t ima t ion  o f  winds 

(Suomi - e t  .) a1 1969). 

using clouds as the  t racers .  

wind. 

Problems, however, e x i s t  with t h e  assumption t h a t  t he  clouds f o l l o w  the  

The h o r i z o n t a l  wind component i s  determined by 

The assumption i s  t h a t  the  clouds fo l l ow  the  

Both manual and automatic t r a c k i n g  methods have been developed. 

wind and i n  determin ing which l e v e l  i n  t h e  atmosphere i s  best  represented 

by t h e  est imated wind. Some more recent  methods have used i n f r a r e d  

sounding channels t o  g i ve  a v e r t i c a l  l e v e l  assignment and water vapor ima- 

ges have been used t o  t r a c k  mois tu re  fea tures  a t  h i g h  l e v e l s  (above 500 mb) 

w i thout  t h e  need f o r  clouds. 

7 - 1  Methods 

7.1.1 Manual Track ing 

I n  two or more successive images an operator  i d e n t i f i e s  a 

P a r t i c u l a r  c loud  feature which he fee ls  i s  moving with the  wind. The coor-  

d ina tes  of t h e  c loud  are  converted by a computer t o  d is tance and d i r e c t i o n .  

D i v i s i o n  by t h e  t ime i n t e r v a l  between p i c t u r e  y i e l d s  an est imate o f  t h e  

wind speed. One o f  t h e  " o r i g i n a l "  papers on manual c loud t r a c k i n g  was 

Published by Hubert and Whitney (1971). They used v i s i b l e  imagery from 

geosynchronous o r b i t  a t  1/2 hour r e s o l u t i o n  t o  est imate winds from c loud  
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motions. 

system. 

r equ i r e  an opera tor  t o  select clouds f o r  t racking.  

developed by the University o f  Wisconsin, NASA and o thers .  

Similar methods can employ slides, movie loops or  a video d isp lay  

The more complex manual systems are computer i n t ens ive  bu t  still 

Such systems have been 

7.1.2 Automatic Tracking 

These methods rely on c ross -co r re l a t ion  techniques (Leese 

- a l a ,  1971) and are highly computer in tens ive .  

i l l u s t r a t e d  by t h e  one-dimensional model i n  Figure 7.1.2.1. 

t h e  cloud br ightness  varies only i n  one dimension, L, i n  order  t o  s i m p l i f y  

t h e  explanation. 

The method can be 

I n  t h i s  case 

Mathematically, 

If t h e  cloud is not  changing i n  s i z e  or br ightness ,  then 

L n  L n  

L and 
corr = lo e ( t o )  B(tl]dx 

B( to l  = B o d  

Converting time i n t o  d is tance ,  

8(tl) = B(x + D )  

c o r r ( d )  = C-l 1, 8[x  + d )  B(X + ~ ) d x  
L 

(7.2) 

(7 .3)  

(7.4) 
and 

Therefore, c o n  = 1 h e n  t h e  exact l a g  is found. 
corr = 1 when d = 0 

In p r a c t i c e  one f i n d s  

maximum (non-unity) c o r r e l a t i o n  when t h e  appropr i a t e  lag is found. Th i s  is 
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true because the cloud seldom remains unchanged. 

method less  reliable. 

Such changes make the 

I n  two dimensions the method can be i l lustrated by the following 

explanation (See Figure 7.1.2.2): 

a )  Divide the first picture i n t o  reference windows (i.e.,  32 x 32 

Pixels). 

Pixels). 

The second picture is divided i n t o  search windows (i.e.,  64 x 64 

The 32 x 32 reference window can move 16 pixels i n  each direction i n  

the 64 x 64 search windows. 

calculated for each pos i t ion .  

as i n  Figure 7.1.2.3, with the maximum value showing the wind estimate for 

the area. 

Then a 2-dimensional cross-correlation is 

Contours of cross-correlation would appear 

A wind vector is  assigned t o  the center of the 32 x 32 pixel reference 

window (i.e., you get a wind vector about every 256 h f o r  8 h I R  

imagery). 

t l /2 pixel 

3000 32 x 32 search windows on a f u l l  d i s k  I R  picture. 

Wind speeds up to 71 m-s-1 can be measured this way. Error is 

(-+ 2.2 m a s - 1 )  j u s t  from coarseness o f  data. There are about 

If the amount of computation must be decreased t o  f i t  into operational 

schedule, the most recent analysis can be used as a f irst  guess to  t e l l  the 

computer where t o  s t a r t  searching. 

Winds can be tracked a t  any level there are clouds. Middle-level 

clouds are the rarest. 

level clouds are usually present. 

Low-level clouds are the most common, and high-  

Remember: No clouds; no wind estimate. 

7.2 Problems 

a )  The human operator cannot calculate the movement o f  a cloud (i.e. 

he cannot place the cursor) as accurately as a computer can f i n d  the peak 
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o f  the cross-correlation. 

and thus get more wind vectors than the computer. 

methods do not work, o f ten  a human operator can get cloud winds, l i k e  h e n  

there are two leve ls  o f  clouds. 

However, an operator can track ind iv idua l  clouds 

Also, Men the automatic 

b) Cross-correlation techniques sometimes produce: 

I) A l l  small corre la t ions and no important maxima - clouds 

&anged 

2) A l l  large corre la t ions and no important maxima - st ratus 

3)  More than one maxima - pat tern i n  reference window i s  s imi la r  

t o  more than one pat tern i n  search window. 

cumulus, f o r  example 1 

(Tradewind 

c) Clouds are not of the same shape and same brightness f o r  30 

minutes. Small cumuli grow and die. Also, the resolut ion o f  the I R  i s  not 

suf f ic ient  t o  t rack a s ing le cloud. 

clouds - 20 lan or  more across. 

Cloud winds r e a l l y  t rack "blobsn of 

d) To what l e v e l  do you assign the winds? Do clouds move with the 

Low clouds move f a i r l y  closely wind? Small clouds - yes; b i g  clouds - no. 

with the cloud-base wind. By using in f rared cloud top temperature, an 

i nd i ca t i on  of the cloud height may be determined. 

7.3 Solut ion 

Several var ia t ions of the above methods have been used t o  overcome the 

problems. 

mination. 

heights t o  the cloud images and, therefore, t o  the winds determined by 

O f  special  concern i s  the cloud height or wind height deter- 

By using stereo images (Hasler, 1981), i t  i s  possible t o  assign 
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Cloud tracking. 

able t o  assign a l t i t udes  to  cloud motion vectors. 

Using VAS sounding channels, Menzel e t  a l .  (1983) were -- 

Alternat ive ly ,  i f  there are no clouds to  track, then i t  may be 

Possible t o  fo l low moisture features, such as those i n  6.7 pm ETEOSAT water 

Vapor imagery (E igenv i l l i g  and Fischer, 1982). 

7.4 An Application - 

On important appl icat ion of cloud t rack ing i s  i n  severe weather stu- 

dies (Peslen, 1980). 

inf low i n t o  thunderstorms and the c i r r u s  outflow may be used t o  determine 

the amount o f  mass that  the cloud i s  processing. 

Small cumulus may be used as t racers t o  determine the 

It i s  then possible t o  

estimate v e r t i c a l  ve loc i t ies  i n  a cloud or cloud system. 

Figure 7.4.1 shows wind vectors determined fo r  a severe l o c a l  storm 

case study on 24 A p r i l  1979 (Negri and Vonder Haar, 1980). Figure 7.4.2 

shows the cloud imagery fo r  the same case. These cloud-tracked winds were 

combined with surface mixing r a t i o s  t o  derive hor izonta l  moisture con- 

vergence i n  the pre-storm environment. 
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Figure 7.1.2.1 One-dimensional cloud model for automatic cloud t racking 
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Figure 7.1.2.3 Cross -ax re l a t ion  output  
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33 t . I 

E.9 98 97 96 95 94 93 92 91 90 

Satellite derived wind field at 2105 GMT. Inset in 
upper left indicates vector scaling. Locations of available 
rawinsonde stations are also plotted. 

99 98 g7 96 95 94 93 92 91 90 

wind field at 2130 GMT 

Figure  7 . 4 . 1  S a t e l l i t e - d e r i v e d  Wind Vectors  for 2 4  A p r i l  1979 
a t  2105 and 2130 GMT. (Negri  and Vonder Haar, 1980)  
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Surface analysis at 0000 GMT 25 April 1975. Wind 
( k t ) .  temperature ("1-3. dewpoint ( O F )  and pressure (mb) arc 
conventionall) plotted. Dashed line represents 65°F isodroso- 
therm. A boundary separating warm. moist air from cooler. 
moist air is shown as a dissipating stationary front. 

SMS-2 visible image at 2058 GMT (2 km resolution). Horizontal 
dimensions of the m a  am - IO00 km. 

F i g u r e  7 . 4 . 2  Surface  A n a l y s i s  and SMS-1 V i s i b l e  Cloud Imagery fox 
Case i n  F igure  7 . 4 . 1  (Negri  and Vonder Haar, 1980)  
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CHAPTER 8 

CLOM IDENTIFICATION FROM SATELLITES 

Some definitions of basic cloud types w i l l  be given as well as the 

meteorology responsible for  those types of clouds. 

determination are many and varied. 

s a t e l l i t e  measurements of clouds and cause problems i n  the determination of 

cloud type, amount and height. 

The reasons for cloud 

Likewise, many parameters affect  the 

Methods for cloud determination range from subjective to  objective and 

from qualitative t o  quantitative. 

field-of-view (FOV) or  multiple FOVs. 

a bi-spectral method as well as multiple FOV techniques. 

Various schemes rely on either a single 

Some limited detail  w i l l  be given on 

8.1 Definition of Cloud Types -- 
8.1.1 High Clouds 

1) Cirrus - composed of ice  crystals. Occurs i n  the form of 

t h i n  f ibers or filaments which may appear straight,  irregularly curved or  

seemingly entangled i n  a capricious manner. 

2 )  Cirro-stratus - composed mainly of ice crystals. Occurs i n  

the form of a f i b r o u s  veil i n  which t h i n  s t r ia t ions can be observed or it 

my be resemble a nebulous veil.  

3) Cirro-cumulus - Almost exclusively ice crystals; some 

supercooled water may exist. 

sheets, consisting of very small elements i n  the form of grains, ripples, 

Generally occurs i n  more or less extensive 
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etc. 

occur i n  patches i n  t h e  shape of l e n s e s  o r  almonds o f t e n  very elongated and 

u s u a l l y  with well-defined o u t l i n e s .  

Those sheets o f t e n  show one or  two systems of undulations.  May a l s o  

8.1.2 Middle Clouds 

1) Altocumulus - almost inva r i ab ly  composed of water drople t s .  

Occurs most commonly A t  very low temperatures  ice crystals may be present .  

i n  the form of an ex tens ive  sheet composed of elements ( c l o u d l e t s )  which 

are f a i r l y  r egu la r ly  arranged. Sometimes the c l o u d l e t s  take the  form of 

e longated parallel rolls which may be separa ted  by d e f i n i t e  clear lanes .  

Can occur downwind of  mountain barriers as l e n s  or almond shaped patches 

(Len t i cu la r s ) .  

2) A l t o s t r a t u s  - is composed of water d r o p l e t s  and ice 

crystals; also can conta in  ra indrops  and snowflakes. A l t o s t r a t u s  is nearly 

always of great ho r i zon ta l  ex ten t  (up t o  hundreds of  k i lometers )  and of  

fa i r ly  cons iderable  v e r t i c a l  ex ten t  (up t o  thousands o f  meters). May be 

composed of two or  more superimposed layers of  s l i g h t l y  d i f f e r e n t  levels, 

sometimes partly merged. 

s i o n a l l y  i n  evidence. 

t inuous  type  p r e c i p i t a i t o n  i n  the form of  r a i n  or  snow. 

Undulations o r  broad parallel bands are occa- 

A l t o s t r a t u s  is a p r e c i p i t a t i n g  cloud, causing con- 

8.1.3 Low Clouds - 
1) Stratocumulus - composed of water d r o p l e t s ,  sometimes 

accompanied by ra indrops  or snow pellets and by snow crystals and snowfla- 

kes. 

c l o u d l e t s  similar t o  those of altocumulus, bu t  a t  a lower level. Often 

Stratocumulus most of ten  appears a s  a sheet or layer composed of 
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OCcurs i n  a pa t te rn  o f  p a r a l l e l  rolls with c lear channels i n  between. 

Stratocumulus of ten occur i n  two or more levels. Strato-cumulus i s  someti- 

mes accompanied by weak prec ip i ta t ion.  

2) Stratus - composed o f  small water droplets. A t  low tem- 

Peratures i t  may consist o f  small i c e  par t ic les.  

s t ra tus o f ten  contains d r i zz le  droplets and sometimes i c e  prisms or snow 

crystals.  

When dense or th ick ,  

3) Cumulus - composed mainly a t  water droplets unless the tem- 

Peratures are we l l  below OOC. 

development. 

sometimes arranged i n  rows nearly p a r a l l e l  t o  the wind d i rec t ion  (cloud 

streets).  

c i a l l y  i n  the t ropics,  where abundant r a i n f a l l  may f a l l  due t o  the warm 

r a i n  process. 

May occur i n  various stages of v e r t i c a l  

Cumulus clouds, usual ly o f  moderate v e r t i c a l  extent, are 

Cumulus of great v e r t i c a l  extent may produce p rec ip i t a t i on  espe- 

4) Cumulonimbus - water droplets i n  lower layers, i c e  c rys ta ls  

in upper layers. A t  l eas t  pa r t  o f  i t s  upper por t ion  i s  usually smooth or  

f ibrous or st r ia ted,  and nearly always f lat tened; t h i s  par t  o f ten spreads 

out i n  the shape o f  an a n v i l  or vast plume. 3 a r p  tu r re ts  may be present 

a t  the upper pa r t  o f  the cloud, penetrat ing the anv i l .  

v idual  clouds or  i n  l i n e s  or  clusters.  

May appear as i n d i -  

5) Orographic Clouds - formed by mountains or  t e r r a i n  

May d i f f e r  notably i n  shape t o  clouds already described. variat ions. 

Usually o f  the altocumulus, a l tos t ra tus  or cumulus type. 

very slowly as i t  i s  t i e d  t o  the t e r r e s t r i a l  r e l i e f ;  although wind a t  i t s  

l e v e l  may be moving very  rap id ly .  

wavelengths which may al low estimation of  wind speed. 

Usually moves 

May appear a t  spec i f i c  in te rva ls  or  
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8.2 Meteorology Associated - with Di f fe ren t  Cloud Types 

8.2.1 High Clouds - Cirrus 

1) Associated with large scale l i f t i n g  - i.e., warm advection 

i n  warm sector 

2) Associated with j e t  stream f low usually on cyclonic shear 

side of j e t  possibly 50 north o f  the actual  wind maximum 

3) Debris from e a r l i e r  thunderstorm a c t i v i t y  

4) Fronta l  bands 

8.2.2 Middle Clouds - Altocumulus and Al tost ra tus 

1) Also with large scale l i f t i n g  but i n  close proximity t o  

warm f ront  but out ahead o f  it. 

overrunning p rec ip i t a t i on  sh ie ld  

2) Cold f r o n t a l  bands - may be obscurred by c i r ro-s t ra tus 

3)  Mid-level out f low o f  thunderstorm a c t i v i t y  

Normally over the 

8.2.3 - Low Clouds - Stratus 

1) Radiation cool ing o f  lower boundary 

2) Condensing o f  lower layers by evaporation of r a i n f a l l  

from above 

3) Advection o f  warm moist a i r  over cold ground 

8.2.4 Cumulus 

1) Surface heating i n  unstable or  stably s t r a t i f i e d  lower 

layer  
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2) Advection o f  cold a i r  over warm surface 

3)  L i f t i n g  of airmass by f r o n t a l  surface or  surface conver- 

gence 

8.2.5 Cumulonimbus 

1) Surface heating 

2) L i f t i n g  of lower layers by f r o n t a l  surface on surface con- 

vergence 

3)  Enhanced by v e r t i c a l  wind shear 

8.3 Need For Accurate Cloud Type Information -- 

8.3.1 A i r c ra f t  

1) I n  route t r a f f i c  con t ro l  

a) F l i g h t  a l t i t udes  for smoothest f l i g h t  

b) Allow good VFR condit ions 

2) Terminal forecast 

a) Landing - takeoff  safety factors 

8.3.2 5hipping 

1) For st ratus areas 

2) Cloud patterns can i n f e r  wind speed and d i rec t ion  t o  help 

estimate sea s ta te  

3) Location of large storm c lusters  a f fec t ing  ship safety 
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8.3.3 Agr icu l ture 

1) I d e n t i f i c a t i o n  o f  cloudiness which can af fect  f r o s t  or 

freeze warnings 

2) Monitoring o f  convective clouds for est imat ion of avai lab le 

moisture 

8.3.4 Publ ic  Forecast ing 

1) I d e n t i f y i n g  hazardous weather 

a) Fog t o  tornadoes 

b) Tropica l  storms 

2) Poten t ia l  sunshine on a given day 

a) Solar energy requirements 

b) Psychological 

8.4 Parameters Affect ing S a t e l l i t e  Measurements o f  Clouds - 
Thickness (albedo - IR emittance) 

A l t i t ude  

Water droplet  concentration 

I c e  c r y s t a l  concentrat ion 

Horizontal width 

Shape 

Underlying surface - cloud, snow or ocean (See Figure 8.4.1) 

Sun angle 

S a t e l l i t e  viewing angle 

Water vapor and aerosols, ozone i n  atmospheric column 
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8.5 Problem Areas i n  Cloud Type I d e n t i f i c a t i o n  --- 

8.5.1 V is ib le  Data 

Equal brightness of d i f f e ren t  cloud types due t o  re f l ec t i on  

propert ies of  clouds. 

determination. 

Snow can appear as low clouds or fog. 

discriminated by t e r r a i n  features i n  the snow. 

Sun g l i n t  over oceans 

Spat ia l  resolut ion o f  sensor (sampling on edges o f  image) 

Transparency of t h i n  clouds, especial ly over b r i gh t  sur- 

faces 

Mul t ip le  layer  o f  clouds 

Does not allow good height 

Usually can be 

8.5.2 IR Data -- 

Emittance o f  clouds - surface underlying cloud can cause 

serious problems 

Mul t ip le  cloud leve ls  

Snow and fog can have same temperature and appearance, spa- 

t i a l  resolut ion may not allow te r ra in  feature t o  be seen 

Spat ia l  resolut ion does not al low some patterns t o  be 

recognized i n  v i s i b l e  data 

Absorption by water vapor can decrease radiance measured 

by the s a t e l l i t e  



- 226 - 

6) Temperature inversions may cause problems i n  estimating the 

a l t i t u d e  o f  clouds. This can occur both at  l o w  leve ls  and 

a t  the  tropopause level ,  such as i n  large thunderstorms. 

8.6 Single FOV Techniques - 

As an example o f  a s ingle FOV technique fo r  determining cloud height 

and amount, the bi-spectral  method o f  Reynolds and Vonder Haar (1977) w i l l  

be presented. 

measurement from the s a t e l l i t e  fo r  a given FOV. 

The v i s i b l e  radiance 

This technique r e l i e s  on both a v i s i b l e  and an in f ra red  

i s  composed o f  two components or  areas A with ref lectance p. 

solar radiance reaching the surface on cloud top. 

Ls i s  the 

For the in f ra red  radiance 

where L c l r  and Lc ld  are the spectral  in f rared radiances ar is ing  from the 

cloud-free and cloudy areas, respectively. 

Assunptions required t o  apply t h i s  simple technique are: 

1) the infrared emittance o f  water clouds is known 

(assume = 0.9). 

2)  the var ia t ion  o f  cloud top within the FOV i s  4 2 500 m. b e - ,  

only a single cloud top exists.) 



- 227 - 

From the assurrption tha t  only two sub-areas e x i s t  i n  the FOV 

This equation can then be used t o  j o i n  Equations 8.1 and 8.2 t o  solve 

for the cloud amount. 

and the cloud radiance 

Lv - L c l r  
Lc ld  = + LcJx 

E Acid 
Provided tha t  c e r t a i n  quan t i t i es  are known or can be acquired from the 

actual  s a t e l l i t e  measurements. 

The required parameters are: 

1) P c l r  = the b i -d i rec t i ona l  re f lectance o f  the cloud-free 

area (i.e., = 0.032 f o r  ocean, = 0.064 f o r  land) 

2) Pc ld = the b i -d i rec t i ona l  re f lectance o f  the cloud (i.e.,O.l6) 

3)  LClr  = the i n f r a r e d  radiance f o r  the c loud f ree area (i.e., 

B(Ts)) 

The cloud radiance can then be converted i n t o  a c loud temperature, 

Tcld, and then i n t o  a c loud height  using a RAOB temperature p r o f i l e  for the 

height assignment. 

Results o f  t h i s  method appl ied t o  Scanning Radiometer (SR) data from 

mAA-2 are shown i n  Figures 8.6.1 

both cases are 0.2 i n  cloud amount and 0.5 km i n  cloud height.  

and 8.6.2. Rms er ro rs  averaged over 

A va r ia t i on  o f  the b i -spect ra l  method can be appl ied t o  two in f ra red  

window channels, such as a t  3.7 pm and 11 vm. Dozier (1980) used such a 
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technique t o  determine cloud amounts and heights by assuming that  the 

background or  surface temperature is known. 

8.7 Mul t ip le  - FOV Techniques 

Two methods w i l l  be shown which can be used t o  detect cloud con- 

tamination based on mul t ip le  Fields-of-View o f  s a t e l l i t e  measurements. 

8.7.1 Scatter Diaqrams 

By p l o t t i n g  the in f ra red  window channel radiance versus the 

v i s i b l e  albedo fo r  many fields-of-view, an ind ica t ion  o f  the cloud types 

may be obtained. 

higher or th icker  clouds. 

would be low. 

high and low infrared radiance lead t o  d i f fe ren t  in terpretat ions as i n  

Figure 8.7.1. 

The t yp i ca l  e f f e c t  i s  that  higher albedos correspond t o  

The in f ra red  radiance from these thicker clouds 

However, various combinations o f  high and low albedo, and 

The d i s t i nc t i on  between groupings i s  nei ther c lear nor separable; but 

a t  leas t  an ind ica t ion  of the cloud type may be obtained, or whether clouds 

even e x i s t  i n  the FOV. 

8.7.2 - Mean Versus Standard Deviation 

An al ternate method may be used t o  categorize s a t e l l i t e  

measurements by grouping them i n t o  small sets o f  adjacent measurements. 

comparing the standard deviat ion t o  the mean o f  the values i n  each subset, 

a diagram such as i n  Figure 8.7.2 can resul t .  

measurements can be used alone. 

By 

I n  t h i s  case, in f rared 

The grouping of low standard deviat ions a t  both high and low means i s  

s ign i f icant .  A low standard deviat ion represents uniform subareas. 



- 229 - 

Therefore, those areas with low mean values are most likely cloudy, and 

those areas w i t h  h i g h  mean values are most likely clear. Again, t h i s  is 

merely a cloud detection technique. To be more quantitative, the problem 

becomes more complex, especially considering a l l  t h e  parameters which can 

cause variations i n  the satellite-measured radiances. 

Seferences - and Suggested Reading 

Anderson, R. K. e t  a l . ,  1974; Application of  meteorological s a t e l l i t e  data 
i n  analysis and forecasting. 
NOAA/NESS, Washington, DC., 350 pp. 

ESSA Technical Report NESC-51. 

Bowen, R. A., 1982: The meteorological product: "Cloud-top height". ESA 
Bulletin *30, 16-20. 

Dozier, J., 1980: Satel l i te  identification o f  surface radiant temperature 
fields o f  subpixel resolution. WAA Technical Memorandum, NESS-113, 
11 PP* 

International Cloud Atlas ( 1956), World Meteorological Organization. 

Reynolds, D. W. and T. H.  Vonder Haar, 1977; 

senk ,  W. F., F. J. Hoebb and R. A. Neft, 1976: 

A bispectral method f o r  cloud 
parameter determination. -- Wn. Wea. Rev., 105, 446-457. 

A multispectral cloud type 
identification method developed for tropical ocean areas w i t h  NIMEIUS-3 
WIR measurements. Mon. Wea. Rev., 104, 284-29 1. 

7- 

Heather for Aircrews, 1974. Department of the Air Force, AF Manual 51-12. 



- 230 - 

This  diagram shows t h e  e f f e c t  of lower cloud on r a d i a t i o n  
emi t ted  by a uniform l a y e r  of t h i n  c i r r u s .  
p e r a t u r e  i n v e r s i o n  i s  p resen t .  
i c a l l y  t h e  source  of t h e  r a d i a t i o n  reaching  t h e  s a t e l l i t e  sensor .  
z o n t a l  dashed l i n e s  r ep resen t  t h e  h e i g h t  of t h e  c i r r u s  tops  computed on the  
b a s i s  of t h e  i n t e g r a t e d  temperature  rece ived  by t h e  SR. The h o r i z o n t a l  l i n e s  
are  of equa l  l eng th  and r e p r e s e n t  t h e  smallest d i s t a n c e  t h a t  t h e  I R  sensor  
can reso lve .  As t h e  clouds below t h e  c i r r u s  become less i n  amount and lowers 
t h e  c i r r u s  appears  p rogres s ive ly  g raye r  and warmer i n  an I R  d i sp l ay .  
h e i g h t s  and gray  shades shown h e r e  are f o r  i l l u s t r a t i o n  purposes only ,  bu t  
are considered r e p r e s e n t a t i v e  of changes t h a t  a c t u a l l y  can occur.  
appear  t o  be as low as 10,000 f e e t  i f  i t  i s  almost t r a n s p a r e n t ,  and occurs  
where t h e  s u r f a c e  below i s  s u f f i c i e n t l y  warm.  

It i s  assumed t h a t  no l a r g e  tem- 

The h o r i -  
The ver t ica l  wavy l i n e s  r e p r e s e n t  schemat- 

The 

C i r r u s  Can 

Figure 8.4 .1  Multiple Cloud Layers 
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Figure  8 . 6 . 1  R e s u l t s  of B i s p e c t r a l  Method Using SR Data 
from NOM-2 
(Reynolds and Vonder Haar, 1977) 
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CHAPTER 9 

MID-LATITUDE SYNOPTIC FEATURES AS SEEN FROM SATELLITES 

The use o f  s a t e l l i t e  photographs t o  locate and estimate the i n tens i t y  

of mid-lat i tude storms has been underway since 1960. 

locat ion of the gross features o f  the weather systems i n  mid-latitudes, the 

s a t e l l i t e  p ic tures are o f ten  used t o  i n te rp re t  the accompanying cloud 

s i tuat ions that  are important f o r  weather forecasting. 

learned about the in te rpre ta t ion  o f  the cloud features from s a t e l l i t e s  and 

t h i s  chapter w i l l  focus more on the understanding and tracking o f  major 

weather systems i n  mid-lat i tudes with the a i d  o f  the s a t e l l i t e  data. 

Today, a l l  over the world, weather forecasters, av ia t ion  br iefers,  and many 

others are using comnonly avai lable s a t e l l i t e  data on both te lev is ion  pre- 

sentations and a t  weather forecast centers t o  understand and in te rp re t  the 

large-scale storm systems i n  the atmosphere. This chapter w i l l  cover the 

basics of i d e n t i f i c a t i o n  o f  these storm systems and the in te rpre ta t ion  of 

the systems i n  terms o f  t h e i r  natura l  development or  l i fe t imes.  We f i r s t  

begin with a discussion o f  the storm systems, the ”lows”, the jetstreams, 

and re la ted  features and we conclude the chapter with a b r i e f  example or  

case study o f  a pa r t i cu la r  mid-lat i tude cyclogenesis s i t ua t i on  that  i s  

observed with the a i d  o f  s a t e l l i t e  photographs. 

I n  addi t ion t o  the 

I n  Chapter 8 we 

1 - Basic Weather Features: Fronts, “Lowsn, Jetstreams, Blocking Features 

Mid- la t i  tude weather systems were well-defined by the conventional 

weather data network before the advent o f  sa te l l i t es .  However, since 
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s a t e l l i t e  views have been avai lable t o  weather forecasters and researchers, 

the information and de ta i l s  that  have been provided have allowed an even 

more complete p ic tu re  o f  the complexity o f  the mid-lat i tude cyclones or 

storms tha t  represent one o f  the most challenging research and forecasting 

events i n  meteorology. As noted i n  the acknowledgements the mater ia l  i n  

t h i s  chapter i s  due i n  large pa r t  t o  the excel lent  summaries provided by 

Mr. Roger Weldon. 

the leading communications i n  t h i s  area i n  the United States. 

includes i l l u s t r a t i o n s  o f  s a t e l l i t e  cloud photographs that  al low us t o  

H is  notes and lectures are well-recognized as some of 

This section 

define the deformation zones, j e t  stream structures and v o r t i c i t y  regions. 

I t  continues with a b r i e f  discussion o f  the general re lat ionships between 

cloud patterns and j e t  stream axes. It looks a t  the baroc l in ic  zone c i r rus  

patterns and the j e t  stream and examines the re la t ionships between the 

upper a i r  wind f i e l d  and the so-called coma cloud patterns. The section 

concludes with a discussion o f  the baroc l in ic  "leaf" cloud systems. 

As an in t roduct ion t o  the synoptic scale systems, Figure 9.1.1 ho te :  

This is s l i d e  set  4&31 and Figure 9.1.2 h t e :  

show some t yp i ca l  storm systems over the western hemisphere. Both extra- 

t r o p i c a l  storms over land and ocean are shown as wel l  as several t rop i ca l  

storms i n  Figure 9.1.1. 

they are v i s i b l e  l i g h t  images. 

shows a mature mid-lat i tude cyclone over the cent ra l  por t ion  o f  the United 

States. 

shown as an inset.  

This i s  s l i de  set %41 

Both these images are from the GOES s a t e l l i t e s  and 

This i s  s l i de  set 4&61 Figure 9.1.3 h t e r  

The f igure shows a v i s i b l e  image with the companion i n f ra red  image 

Note the "Tn shape of the co ld cloud pat tern on the 

i n f ra red  picture. 

Canada and the State of Maine. 

The warm f ron ta l  clouds can be seen over southeastern 

The sharply defined cloud band on the 
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leading edge o f  the co ld f ron ta l  zone i s  seen t o  extend southward over 

Tennessee. 

and the surface cold f ron t  crosses the rear side o f  the cloud f ron ta l  zone. 

The next f igure, Figure 9.1.4 [Note: 

North o f  that  region high cold clouds cover the f ron ta l  zone 

This i s  s l i de  set W81 shows a 

baroc l in ic  l ea f "  cloud system formed over a f r o n t a l  zone on the front side 9, 

of a r e l a t i v e l y  high amplitude, mid- la t i  tude trough. An enlarged version 

of tha t  l e a f  pat tern shown i n  both the v isua l  and the in f ra red  i s  seen i n  

Figure 9.1.5 [Notes We w i l l  f i n d  that  t h i s  leaf  

Pattern i n  the co ld clouds i s  a b a r a c t e r i s t i c  feature of mid-lat i tude 

systems as was the "T" pat tern mentioned i n  the previous set o f  figures. 

This i s  s l i d e  set  *93. 

Figure 9.1.6 shows an excel lent  example o f  mid-lat i tude t rop i ca l  

in te rac t ion  as evidenced i n  t h i s  pa i r  or sequence o f  in f ra red  p ic tures 

taken 12 hours apart a t  approximately 2330 GMT on 9 September 1976 and 

1130 GMT on 10 September 1976. 

under the downstream trough [Note: 

h t e :  This i s  s l i d e  set -51 ind icates an extremely well-defined edge on 

the equatorward side o f  the c i r r u s  taken 0745 GMT 3 November 1975 i n  t h i s  

v i s ib le  l i g h t  image. 

south cent ra l  United States with a deformation zone on the northwest side 

and another well-defined c i r r u s  edge. 

The c i r r u s  extends from the upstream r idge 

This i s  s l i d e  set %d. Figure 9.1 

This p i c tu re  also shows a "cut-off" low over the 

I n  the next f igure,  Figure 9.1.8 h t e r  This i s  s l i de  set *sd, we 

Seen an example o f  the deformation zone c i r r u s  band a t  a coma "head" loca- 

tion taken on 1200 GMT 11 January 1979. This is s l i de  

st -1 shows a v i s i b l e  l i g h t  image a t  1945 GMT on 10 March 1976 with an 

infrared inser t .  

l o w  Clouds. 

Figure 9.1.9 h t e r  

This is an example o f  a deformation zone i n  both high and 
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The character is t ic  cloud system that  Weldon has ca l led the "barocl inic 

lea f "  i s  the cloud pat tern associated with the frontogenetic phase o f  

system development, whereas the "comma" pat tern indicates the cyclogenetic 

phase. 

associated with the ear ly  stage or  pre-comma cloud shape. 

also notes tha t  only about 75% o f  the baroc l in ic  l e a f  systems evolve i n t o  

comma systems. 

baroc l in ic  leaf .  

found over an o l d  f ron ta l  zone south o f  a closed low-pressure system. 

f igure  shows a pa i r  o f  v isual  and in f ra red  images taken about 2000 GMT 29 

March 1979. 

shows another baroc l in ic  leaf  i n  an old f r o n t a l  zone over the southeast 

Paci f ic  west o f  South America. Again, t h i s  i s  a VIS/IR pa i r  taken from 

GOES and shows a southern hemisphere manifestation o f  t h i s  k ind o f  a 

system. 

form as i s  shown i n  Figure 9.1.12 bo te :  This i s  s l i de  set #773. 

pa r t i cu la r  crescent form i s  found on the northeast side o f  a cut -of f  low 

which i s  j u s t  off  the Ca l i f o rn ia  coast. 

0615 GMT 22 August l976. 

A f i n a l  example of a baroc l in ic  l e a f  over the United States, one that  d i d  

not continue t o  develop i n t o  a comma cloud and d id  - not ind icate surface 

cyclogenesis i s  shown i n  Figure 9.1.13 h t e t  

This i s  a v i s i b l e  image with an i n f ra red  i nse t  taken a t  1900 GMT 11 

November 1976. 

Mountains . 

Weldon says tha t  the cloud system cal led the baroc l in ic  leaf  i s  

However, Weldon 

The next four f igures describe various examples of the 

Figure 9.1.10 h t e :  This i s  s l i de  set *7d i s  a "leaf" 

This 

The next f igure, Figure 9.1.11 h t e :  This i s  s l i d e  set #7d, 

We often f i n d  the baroc l in ic  l e a f  d is to r ted  i n t o  the "crescent" 

This 

The in f ra red  data was taken a t  

The cu t -o f f  low is moving toward 0600 i n  azimuth. 

This i s  s l i de  set #791. 

M t e  the low clouds between. the l e a f  system and the Rocky 
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9.2 Views o f  Cyclogenesis or Stages o f  Weather Development - -- - 

I n  a d d i t i o n  t o  seeing some examples of t he  var ious  c h a r a c t e r i s t i c  

Clouds, i t  i s  impor tan t  t o  r e l a t e  these t o  the concurrent  weather 

s i t u a t i o n s .  Thus, we have prepared an example which we c a l l  a 

cyc logenesis  case study" wherein the  s a t e l l i t e  p i c t u r e s  are used t o  t race  88 

t he  development o f  a m id - la t i t ude  cyclone from e a r l y  stages through 

matur i t y .  

du r ing  an approximately 42-hour p e r i o d  on 8 and 9 May 1979. 

t u res  are  used i n  t h i s  example. 

i s  s l i d e  s e t  #1461, shows a v i s i b l e  and i n f r a r e d  comparison du r ing  the  

ea r l y  stages o f  t h e  development h e r e  one o f  t he  c h a r a c t e r i s t i c  l e a f  pa t -  

t e rns  i s  present. The nex t  f i g u r e ,  F i g u r e  9.2.3 h o t e :  Th is  i s  s l i d e  se t  

+147], shows a v i s u a l  enlargement a t  2045 GMT 8 May 1979. Th is  f i g u r e  

should be cont ras ted  with the  v i s u a l  and i n f r a r e d  comparison near l y  24 

hours l a t e r  wherein a r a t h e r  mature and even occ lud ing  storm system i s  

shown i n  F igu re  9.2.4 h o t e :  

t h a t  mature s i t u a t i o n  i s  shown i n  F i g u r e  9.2.5 [Note: 

*1491. 

the c o l d  a i r  i s  wrapped near l y  completely around the  low pressure center  

and we are i n  the  beginning o f  t h e  d i s s i p a t i o n  stages of t h i s  mature 

cyclone. 

c loud s h i e l d  over the  major c i r c u l a t i o n  center ,  

behind the  c o l d  f r o n t  over the  ocean i s  a l s o  c l e a r l y  seen. 

F igu re  9.2.1 hater Th is  i s  s l i d e  s e t  W451 shows t h i s  sequence 

I n f r a r e d  p i c -  

The nex t  f i g u r e ,  F i g u r e  9.2.2 h o t e :  This  

Th is  i s  s l i d e  se t  W481. An enlargement o f  

Th is  i s  s l i d e  se t  

I n  t h i s  en larged view of t he  v i s i b l e  l i g h t  scene, we can note t h a t  

The s t rong  c o l d  f r o n t a l  band i s  ev ident  as w e l l  as the 8'comma" 

Suppressed convect ion 

There are  many o the r  examples o f  these cyc logenesis  sequences t o  be 

found i n  almost every s a t e l l i t e  da ta  s e t  taken du r ing  the  w in te r t ime over 
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mid-latitudes. The evolut ion o f  cyclones and their  ra te  o f  development i s  

an important forecast goal f o r  meteorologists. Use o f  s a t e l l i t e  photo 

graphs, pa r t i cu la r l y  over data-sparse regions such as oceans, give fore- 

casters i n  coastal regions a l o t  more information about the t iming and 

in tens i t y  o f  these mid-lat i tude storms reaching landfa l l .  For both fore- 

casting and research the reader i s  also refer red t o  the various time-lapse 

f i l m  loops which provide a dramatic representation by these evolving 

weather systems viewed from sa te l l i t es .  
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a 

Figure 9.1.1 ( S l i d e  S e t  #43) 

Figure  9 . 1 . 2  ( S l i d e  s e t  #44) 
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Figure  9 . 1 . 3  ( S l i d e  s e t  #46) 

Figure  9 . 1 . 4  ( S l i d e  s e t  #48)  
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Figure  9 . 1 . 5  ( S l i d e  s e t  #49) 

F i g u r e  9.1.6 ( S l i d e  s e t  #51) 
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Figure 9.1.7 ( S l i d e  s e t  #55) 

Figure 9.1.8 ( S l i d e  s e t  # 5 6 )  
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Figure  9 . 1 . 9  ( S l i d e  s e t  #58) 

Figure  9 .1 .10  ( S l i d e  s e t  #72) 
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Figure 9.1.11 ( S l i d e  s e t  ft76) 
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Figure 9.1.12 ( S l i d e  s e t  #77) 

Figure  9.1.13 ( S l i d e  s e t  #79) 



Figure  9 . 2 . 1  ( S l i d e  s e t  #145) 

I 

I 

Figure  9 . 2 . 2  ( S l i d e  s e t  #I461 
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Figure  9 . 2 . 3  ( S l i d e  s e t  #147) 

F i g u r e  9 . 2 . 4  ( S l i d e  s e t  #148) 
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Figure 9.2.5 ( S l i d e  s e t  #149) 



CHAPTER 10 

TROPICAL STORMS AND WEATHER SYSTEMS 

Meteorological s a t e l l i t e s  have been used to  observe the loca t ion  of  

t r o p i c a l  storms for many years. I n  fact ,  one o f  the most well-known uses 

Of s a t e l l i t e  data i s  f o r  the i d e n t i f i c a t i o n  and t rack ing o f  these t rop i ca l  

Storms, hurricanes and typhoons vhich cause so much destruct ion h e n  they 

reach is lands or  major coastl ines. Much remains t o  be done i n  t h i s  area of 

t rop i ca l  storm observation from s a t e l l i t e s  because the parameters necessary 

t o  forecast the t rack o f  the storms and the i n t e n s i f i c a t i o n  i n  the future 

are s t i l l  important goals. 

the most fundamental large-scale weather feature i n  the t r o p i c a l  be l t ,  the 

In terTropica l  Convergence Zone ( ITCZ)  . 
e a t h e r  systems i n  the t rop ics  which can be observed from s a t e l l i t e s  and we 

W i l l  conclude the chapter with a section on the observations o f  t rop i ca l  

storms, hurricanes and typhoons inc lud ing an in t roduct ion t o  the Dvorak 

technique for  estimating the i n tens i t y  o f  t rop i ca l  storms from s a t e l l i t e  

images 

This chapter w i l l  begin with a discussion of 

We w i l l  b r i e f l y  examine other 

A good por t ion  o f  the notes and photographs f o r  t h i s  chapter have been 

Provided by Mr. Roger Weldon o f  NESDIS. 

been developed by Mr. Vern Dvorak and we acknowledge the information he 

Provided on an up-to-date version o f  h i s  technique. 

O f  course, the Dvorak method has 

10.1 The In terTropica l  Convergence - Zone - 
Across the t rop i ca l  oceans and most o f  the t rop i ca l  land masses the 

Semi-persistent convergence zone marked by converging easter ly winds, a l o w  
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pressure b e l t  and rather  intensive p rec ip i t a t i on  and cloudiness has been 

studied by meteorologists fo r  many years. 

s a t e l l i t e  observations t h i s  I T C Z  came i n t o  special scrut iny and has been 

studied a great deal with the a i d  o f  s a t e l l i t e  data. 

weather i n  t r o p i c a l  countr ies that  are inf luenced by t h i s  zone involves 

careful  watching o f  the ITCZ, and s a t e l l i t e  p ic tures can be a great a i d  i n  

t h i s  matter. 

With the advent o f  rout ine 

Forecasting the 

We w i l l  consider the fol lowing stages o f  ITCZ: 

(a )  the basic undisturbed case, no deep convection; 

(b) the basic undisturbed case, deep convection; 

(c) the perturbed case, with low-level developments; 

(d) the perturbed case, with deep convection; 

(e) the flare-Lp case; 

( f )  the double I T C Z  case 

I n  t h i s  section, we w i l l  use s a t e l l i t e  p ic tures t o  display these various 

stages o f  the In terTropica l  Convergence Zone. Figure 10.1.1 h t e :  This 

i s  s l i de  set  *16d shows the basic undisturbed I T C Z  without deep convec- 

t ion.  

both v i s i b l e  and in f ra red  views displays no c i r cu la t i on  systems imbedded i n  

the zone. While there are a few cases o f  co ld  clouds, those i n  the western 

Pac i f i c  dissipated i n  24 hours. 

A view o f  t h i s  band across the cent ra l  and eastern Paci f ic  shown i n  

A l l - in -a l l ,  t h i s  i s  a good example of the 

undisturbed case without deep convection. However, Figure 10.1.2 h t e z  

This i s  s l i de  set *163] shows i n  contrast t o  the previous f igure a basic 

convergence zone that  i s  f u l l  o f  deep convection across most of the 

Paci f ic .  The in f ra red  view especial ly ( i n  the top por t ion  of the f igure) 

shows that  the clouds are qu i te  co ld and deep throughout a long east-west 

extent. 
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The next case or  stage i n  development o f  the I T C Z  i s  shown i n  

Figure 10.1.3 h o t e r  

examples of inverted ”P-waves or easter ly waves, although the features are 

generally confined t o  the lower leve ls  as evidenced by the fac t  that  most 

Of the cloudiness, pa r t i cu la r l y  i n  the region around 1400 West i s  of  the 

Warm var iety.  

h o t e :  

v i t y  with the absence o f  any very deep enhanced convection. 

The next view o f  the I T C Z  i n  Figure 10.1.5 ho te :  

This i s  s l i de  set W641. Here we see excel lent 

A close-up view o f  that  region i s  shown i n  Figure 10.1.4 

This i s  s l i de  set *165]. This f igure  shows an obvious wave a c t i -  

This i s  s l i de  set 

*166] shows tha t  the e n t i r e  I T C Z  i s  perturbed by three v e r t i c a l l y  deep c i r -  

cu la t ion systems. 

eastern one i s  o f  t r o p i c a l  storm in tens i ty .  

t rop i ca l  storm in tens i t y  and i s  weakening rapidly.  

example o f  a very perturbed condi t ion where the c i rcu la t ions  that  have 

formed along the convergence zone have taken on deep v e r t i c a l  structures. 

The western one i s  o f  hurricane in tens i t y  and the 

The middle one i s  less than 

This i s  an excel lent  

One o f  the most outstanding examples o f  s a t e l l i t e  observations of t ro -  

Pica1 mid-lat i tude in teract ions came with the discovery i n  the l a t e  1960’s 

of the frequent occurrence o f  f lare-ups from the disturbed In terTropica l  

Convergence Zone i n t o  the mid-latitudes. Figure 10.1.6 [Note: This i s  

s l ide set W671 shows what happens when a sudden surge o f  deep north- 

westerly f low occurs i n  the j e t  stream zone. 

c i r cu la t i on  systems i n  the sub-tropical l a t i t udes  become deformed i n  an 

Orientat ion transverse to  the surge. 

hal f  of the newly elongated trough and then move northeastward. 

Any pre-exist ing upper l e v e l  

Clouds form generally along the east 

When the 

9 )  
flare-up” is i n  l o w  enough la t i tudes ,  the I T C Z  clouds are affected. 

tha t  por t ion  o f  the I T C Z  band east o f   ere the flare-up zone 
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in tersects  i t  becomes act ive with deep convection and moves poleward from 

i t s  normal posi t ion.  This "flare-up" condi t ion i s  p r imar i l y  a winter season 

feature. Research i s  s t i l l  underway on these features and the r o l e  of t ro-  

p i c a l  a c t i v i t y  i n  t h e i r  o r i g i n  or  support i s  under study. 

"flare-up" systems are important for a i r l i n e  route forecasting. 

Meanwhile the 

During the months o f  March and A p r i l  i n  the eastern Pac i f i c  we often 

f ind the occurrence o f  a second or double ITCZ.  This double ITCZ was 

observed f i r s t  i n  the l a t e  1960's with the advent o f  geostationary experi- 

mental s a t e l l i t e s  viewing t h i s  area. 

often formed south o f  the equator along the gradient between the cool  

equator ia l  water and the warmer water further south a t  t h i s  time o f  year. 

When the double cloud bands are present the region between them i s  o f t e n  

very cloud-free. 

apparently re la ted  t o  changes i n  the southern hemisphere c i r cu la t i on  

features. 

This i s  s l i d e  set #1691. 

The second convective cloud band 

The presence or absence o f  the southern band i s  also 

An example of the double band i s  shown i n  Figure 10.1.7 h t e t  

10.2 Other Tropical Weather Systems 

Throughout the t rop ics  and subtropics other weather systems ex i s t  

somewhat d i s t i n c t  from the I T C Z  and f rom the more impressive and d e f i n i t e l y  

more destruct ive t r o p i c a l  storms. 

observed from s a t e l l i t e s  and Figure 10.2.1 ho te :  

shows a v o r t i c i t y  center i n  the eas er l ies .  

ture taken on 26 August 1976. 

motions south o f  the v o r t i c i t y  center a t  the time of the picture.  

v o r t i c i t y  centers are also found i n  the southern hemisphere as is shown i n  

hese t r o p i c a l  weather systems can be 

This i s  s l i de  set #1791 

This is a v i s i b l e  l i g h t  p i c -  

I n  t h i s  case there are westerly cloud 

These 



- 253 - 

Figure 10.2.2 [Note: We see these features j u s t  

north o f  200 South and the in f ra red  view a t  the bottom o f  the f igure shows 

that they are composed pr imar i l y  o f  low, warm but b r i gh t  clouds. 

data were taken i n  September 1979. 

This i s  s l i de  set .KlSd. 

These 

Figure 10.2.3 [Note, This i s  s l i de  set W3d shows a cut-off low 

System moving f rom east t o  west. 

shown. 

the west for several days. A l l  comma-shaped areas o f  deep convection have 

been ro ta t i ng  around the center o f  t h i s  cut -of f  low i n  the At lan t ic  Ocean. 

Both the v isual  and I R  p ic tures are 

The system has a very  deep closed c i r cu la t i on  and has moved towards 

Another weather feature that  i s  o f ten  observed and i s  important for 

forecasting i s  the deformation zone boundary or surge boundary that  accom- 

panies an easter ly wave. Pa r t i cu la r l y  when these systems approach a con- 

t i nen ta l  region they have the appearance as shown i n  Figure 10.2.4 h t e r  

This i s  s l i de  set +183] and Figure 10.2.5 h t e t  

These systems have a speed maximum i n  the low and middle l eve l  easter l ies 

and frequently have a d i s t i n c t  deformation boundary i n  advance of the surge 

in the easter l ies.  

v o r t i c i t y  center. 

rap id ly  i t  i s  moving and the condit ions o f  the environmental c i rcu la t ion .  

I n  the case shown here  on L9 July 1975, i n  a v i s i b l e  l i g h t  image, the deep 

cyclonic system i s  nearly stat ionary but the westerl ies are pushing west- 

ward north o f  the system causing an east-west elongation. 

M u a l l y  show as a c lear band, or as a warm band on in f ra red  images. 

character is t ics  vary great ly depending upon where the system i s  located. 

Over land, condit ions vary diurnal ly.  

band has a concentration o f  haze i n  the region t o  the west; the region t o  

This i s  s l i de  set  W841. 

This boundary i s  located on the northwest side o f  the 

I t s  shape depends upon whether the system i s  closed, how 

Such boundaries 

Other 

A t  1400 GMT i n  the f i r s t  f igure, the 
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the east i s  la rge ly  covered by stable low clouds and to  the west there are 

patches o f  fog and clear t o  hazy conditions. 

shows tha t  the region behind the boundary t o  the east side now contains 

l i n e s  o f  deep convection. 

the c lear  band. 

The second view 7 hours l a t e r  

The western most l i n e  formed on the east side of 

10.3 Tropical  Storms, Hurricanes - and Typhoons 

The t rop i ca l  storm problem has several d i s t i n c t  portions. I t  is 

important to :  

(b) estimate the i n tens i t y  of the storm; (c)  forecast i t s  fu ture t rack and 

(d) forecast i t s  growth or diss ipat ion as i t  moves along that  future track. 

Sa te l l i t es  have been used i n  research work i n  a l l  four o f  these areas. 

However, i t  i s  only i n  the f i r s t  two areas, the detection/tracking and the 

estimate o f  present in tens i ty ,  t ha t  operational techniques have evolved. 

I n  t h i s  section we give some examples o f  the t rop i ca l  storms and cyclones 

as observed f rom s a t e l l i t e s  and also make use o f  one o f  the modern-day 

techniques fo r  i n tens i t y  estimation. 

(a) detect and t rack the locat ion o f  the t r o p i c a l  storms; 

Figure 10.3.1 [Note: This i s  s l i d e  set W941 shows Hurricane 

Frederick i n  a high-resolution, v i s i b l e  l i g h t  view and a hemispheric view 

i n  the infrared. 

12 September 1979. 

of the United States and has a very well-developed c i r cu la t i on  system as 

we l l  as a large "eye". 

view of the same hurricane a few hours ear l ie r .  I n  t h i s  case the enhanced 

in f rared data (E IR)  is also used i n  contrast t o  the basic I R  and v isual  

l i g h t  p icture.  

These data were taken 30 minutes apart near 1800 GMT 

The hurricane a t  t h i s  po int  is s t r i k i n g  the Gulf Coast 

Figure 10.3.2 ho te :  This i s  s l i de  set  #E351 i s  a 

The enhanced I R  data al low special views o f  the top 
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features o f  the storm, pa r t i cu la r l y  the region of extremely deep convec- 

tion, i n  t h i s  case, along the southern and southwestern quadrants o f  the 

storm. 

I n  another 

shown i n  Figure 

pa r t  o f  the world we see a p ic tu re  o f  super Typhoon Bess, 

10.3.3 h o t e r  This i s  s l i d e  set W081. This was an espe- 

c i a l l y  strong typhoon and the p i c tu re  was taken as the  s a t e l l i t e  passed 

d i rec t l y  over the center o f  the storm. 

set 1112071 shows one image per day f o r  th ree  d i f f e ren t  hurricanes during 

Figure 10.3.4 [Notes This i s  s l i d e  

1976. 

through the use o f  enhanced in f ra red  (EIR). 

v a r i a b i l i t y  o f  the t r o p i c a l  storms as viewed from the s a t e l l i t e  i s  great, 

dust as many o f  t h e i r  other measurable parameters are known t o  vary great ly 

from storm t o  storm. 

The pre-storm, the t r o p i c a l  storm and the hurricane stages are shown 

It can be seen that  the 

The technique by Dvorak ( 1 9 7 5 )  i s  a method f o r  determining t rop i ca l  

cyclone i n t e n s i t i e s  from s a t e l l i t e  v i s i b l e  or  enhanced in f ra red  (EIR) ima- 

gery. 

features of a t r o p i c a l  disturbance can be used t o  determine i t s  i n tens i t y  

*en they are analyzed i n  the context o f  the past h i s to ry  o f  the d is tu r -  

bance. 

N e d  not be d i r e c t l y  re la ted  t o  the storm’s in tens i ty ,  but when a s i g n i f i -  

cant change i n  i n tens i t y  occurs i t  w i l l  be accompanied by cloud features 

that are re la ted t o  the new in tens i ty .  

Observed i n  the s a t e l l i t e  imagery that  re la te  t o  these in tens i t y  changes o f  

t rop i ca l  disturbance are those that def ine‘ the cloud system center and 

those that  describe the banding that  surrounds the center. 

infrared images provide d iscrete boundaries (temperature leve ls  ) for 

The basic premise on which the method i s  based i s  that  the cloud 

This means that  every s a t e l l i t e  p ic tu re  o f  a storm’s cloud features 

The cloud features that  are 

The enhanced 
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measuring the features as we l l  as an object ive estimate of their  v e r t i c a l  

depth. Because o f  th is ,  the EIR imagery adds considerable ob jec t i v i t y  t o  

the Dvorak analysis tha t  was not possible previously using only the v i s i b l e  

l i g h t  pictures. 

10.3.5 h t e :  

observed i n  s a t e l l i t e  p ic tures of developing t rop i ca l  storms. Viewing the 

patterns from l e f t  t o  r i g h t ,  note tha t  the band around the t rop i ca l  d is tu r -  

bance curves far ther  around the disturbance center as the storm develops. 

The dense clouds making up the "cold curved bands" have temperatures o f  

less  than -30% i n  the IR data. 

t h i s  type of cloud pat tern i s  re la ted t o  the dense por t ion o f  the band 

enc i rc l ing  the center of the cloud system. When a storm having this type 

of pat te rn  evolves t o  hurr icane strength, the band i s  observed t o  comple- 

t e l y  enc i rc le  the storm center forming one o f  the "eye" patterns shown i n  

step 4, or one of the "imbedded center" patterns i n  step 5. 

i n t e n s i f i c a t i o n  a f te r  hurricane or  typhoon strength has been at ta ined is 

ind icated by the clouds enc i rc l ing  the "eye" becoming colder, or by the 

"eyen becoming warmer, smaller or  more c i rcu la r .  The narrat ive above 

describes only a f rac t ion  of the Dvorak technique which i s  has ref ined i n  

great de ta i l .  

Dvorak for the f u l l  de ta i l s  of the up-to-date method. 

Thus, Dvorak has revised h i s  paper noted above and Figure 

This i s  s l i de  set WOd shows the pa t te rn  most o f ten 

The in tens i t y  o f  a disturbance displaying 

Continued 

The reader is referred t o  reports issued regular ly  by Mr. 

A t  the t ime  of  the preparation of these notes, same exc i t ing  new 

opportuni t ies re la ted t o  hurr icane t rack forecasting and hurricane inten- 

s i f i c a t i o n  have been produced by the research community, 

use the s a t e l l i t e  temperature and moisture soundings and pa r t i cu la r l y  the 

s a t e l l i t e  microwave sounding data t o  estimate not only the i n tens i t y  o f  the 

These new methods 
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warm core o f  the t r o p i c a l  cyclones, but also t o  sample the environmental 

mass and wind f i e l d  around the periphery of the  storm h i c h  plays a role i n  

i t s  fu tu re  track. These new resu l t s  are not yet avai lable f o r  operational 

use but should be adopted by some of the major t r o p i c a l  storm forecast ten- 

te rs  within the next few years and should be i n  the hands o f  smaller fore- 

cast u n i t s  a few years af ter  that .  
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Figure 10 .1 .1  (S l ide  s e t  #162) 

Figure 10 .1 .2  (S l ide  s e t  #163) 
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Figure  1 0 . 1 . 3  ( S l i d e  s e t  #164) 

F igure  1 0 . 1 . 4  ( S l i d e  s e t  #165) 
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Figure 10.1.5 ( S l i d e  s e t  #166) 
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Figure  10.1.6 ( S l i d e  s e t  #167) 
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Figure 10.1.7 ( S l i d e  s e t  #lag) 



- 262 - 

Figure  10.2.1 ( S l i d e  set #179) 

Figure  1 0 . 2 . 2  ( S l i d e  s e t  #180) 
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Figure  10 .2 .3  ( S l i d e  s e t  #181) 

Figure  10 .2 .4  ( S l i d e  s e t  #183) 
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Figure 10.2.5 (S l ide  set  #184) 
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Figure  10.3.1 ( S l i d e  s e t  #194) 

Figure  10 .3 .2  ( S l i d e  s e t  Jy195) 
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I ,SUPER TYPHOON BESS 21 Sep71 2310 GMT AWS-DAPP 

Figure  1 0 . 3 . 3  ( S l i d e  set #208)  

F i g u r e  1 0 . 3 . 4  ( S l i d e  s e t  #207) 
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io i i r r  1 .  P a t t e r n s  t o  be analyzed i n  s teps of  f low d ia l  

Figure  10.3.5 ( S l i d e  S e t  # 2 0 2 )  
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CHAPTER 11 

SMALL-SCALE WEATHER FEATURES 

Several types of small-scale features  a re  important t o  weather fore- 

casting. 

space and time. 

the s a t e l l i t e .  

give good examples of fog and s t r a tus  as viewed from space. 

t o  orography are  also discussed br ief ly .  

S a t e l l i t e s  have the ab i l i t y  to  observe such features i n  both 

T h i s  chapter w i l l  emphasize examples of fog as  viewed from 

A large number of s l i des  i n  the available slide s e t  also 

Clouds related 

11.1 Fog 

The formation of fog depends on the r i g h t  combination of elements. I n  

the case of radiative fog, suf f ic ien t  radiat ive cooling must take place. 

b S t  fogs form d u r i n g  t h e  n i g h t ,  so c lear  skies  must ex i s t  prior to  fog 

formation. 

Parmenter (1976) showed that  infrared imagery from s a t e l l i t e s  could be used 

t o  detect low-level moist areas. 

opment. 

l i k e l y  t o  form w i l l  appear darker than s u r r o u n d i n g  areas (Gurka, 1976). 

Such dark areas are  normally found downwind from a moisture source. 

Sufficient moisture must also ex i s t  to  allow condensation. 

Such areas are prone to  l a t e r  fog devel- 

I n  the infrared imagery the areas where fog and s t r a tus  are  most 

The reason for the dark appearance is not en t i re ly  s t ra ight  forward. 

I f  the only difference between a potent ia l  fog area and the surroundings 

due to  water vapor then one would expect the moist area to  appear 

l ighter  (colder)  due to  absorption and emission of infrared radiation a t  
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higher (or  colder)  levels. However, the fact that  s u f f i c i e n t  cool ing has 

t o  take place i s  probably the reason for the dark appearance. I f  a tem- 

perature inversion (temperature increase with height ) were predominant over 

an area, as frequently occurs a t  n ight,  then a moist area would appear 

darker due t o  the absorption and emission from higher (or warmer) levels. 

Such keys may be used as aids i n  fog forecasting. The s a t e l l i t e  view 

might be more important than surface observations. 

temporal measurements from the s a t e l l i t e  are of ten times helpfu l .  

The higher spa t ia l  and 

Several views of fog are given by Sl ides 211 through 246. 

The d iss ipat ion of fog once i t  has formed i s  another forecast problem. 

Gurka (1978) used enhanced v i s i b l e  s a t e l l i t e  imagery for t h i s  purpose. 

There ex is ts  a pos i t i ve  cor re la t ion  between satel l i te-v iewed fog brightness 

and fog persistence. The s ize o f  the fog area i s  an addi t ional  factor  t o  

be considered, since extensive areas o f  fog generally pers is t  longer than 

smaller areas with comparable brightness. 

Fog d iss ipa t ion  was found to  occur from the outside edges o f  the 

cloudy region inward, due to  d i f f e r e n t i a l  heating along the cloud boundary 

and the resu l tan t  mixing (Purdom, 1982). 

tween fog and s t ra tus  may be apparent i n  s a t e l l i t e  imagery. 

appears t o  fo l low val leys and t o  take the shape of l o c a l  ter ra in ,  then 

there i s  a be t te r  chance that  i t  i s  low-level fog rather  than stratus. 

Many times the d i s t i n c t i o n  be 

I f  the cloud 

11.2 Orographic (Wave) Clouds 

Mountain ba r r i e rs  have strong e f fec ts .on  cloud formation. S a t e l l i t e  

p ic tures frequently reveal  the occurrence o f  remarkably regular cloud bands 
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i n  the lee  o f  mountain ranges. The cloud bands are nearly always perpen- 

d icu lar  t o  the wind d i rect ion.  The width and downwind extent o f  the area 

covered by cloud bands can be several hundred kilometers. These cloud 

bands are ind ica t ive  o f  two-dimensional wave motion. Wavelengths are 

usually 10 t o  30 km (Gjevik, 1980). An example o f  lee  waves i s  given i n  

Figure 11.2.1. 

Lee-wave clouds occur frequently, especial ly i n  winter when the 

atmosphere i s  more stable. The cloud bands generally consist  o f  stratocu- 

muli (base 1 t o  1.5 km, top 4 km) topped by altocumuli  ( 6  t o  7 la). A 

Continuous cloud layer  i s  usual ly d is to r ted  by wave motion t o  form the 

Cloud bands. Wind speeds usual ly increase with height and waves w i l l  not 

form unless the wind speed exceeds a threshold value which depends on the 

mountain height and width. There i s  a pos i t i ve  cor re la t ion  between wave- 

length and mean wind speed i n  the troposphere, but a negative cor re la t ion  

between hor izon ta l  extent and the thickness o f  the stable layer  i n  which 

the waves form. Wind speeds o f  a t  20 m-s-1 seem t o  be required a t  the base 

of the stable layer  with increasing wind a t  higher levels. 

layer of 0.5 t o  4 km thickness i s  surrounded (both above and below) by less 

The stable 

stable layers. 
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Waves over Iceland 19 November 1976, about 1130 CMT, photographed 
by NOM-5. The picture shows lee-waves originated by different 
mountain peaks. The picture is unrectified. (See Figure 2.) 
(Photographed by courtesy of TromsS satellitt-telemetristas jon, 
NTNF, TromsS) 

Figure  11.2.1 Orographic Wave Clouds over  I c e l a n d  
(Gj e v i k ,  1980) 
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CHAPTER 12 

SEVERE MESOSCALE STORMS 

12.1 Analysis - and In te rpre ta t ion  - of Thunderstorm Images 

Many in te res t i ng  cases have documented possible re la t ionships between 

thunderstorms and t h e i r  mesoscale environment . 
tionship include a tendency f o r  afternoon storms t o  form i n  regions clear 

during the morning or  t o  form around the fr inges o f  regions cloudy or  foggy 

during the morning and a tendency f o r  intense storms t o  occur where and 

when cloud l i n e s  in te rsec t  (Deta i l s  and addi t ional  examples may be found i n  

hrdom, 3976 and Anderson e t  al., 1974). Speci f ic  cases demonstrating the 

use o f  s a t e l l i t e  imagery i n  thunderstorm detection, monitoring and fore- 

casting are presented i n  the fo l lowing sections. 

kddox and Vonder Haar (1982) for more deta i ls .  

Examples of such re la-  

The reader i s  referred t o  

12.1.1 Monitoring Movement - and In tens i t y  - o f  Thunderstorm - Gust Fronts 

The importance o f  gust f ron ts  as a hazard t o  av ia t ion  has been empha- 

sized by crashes tha t  apparently resul ted when a i r c r a f t  penetrated gust 

fronts shor t ly  before touch down or  a f t e r  l i f t o f f .  F u j i t a  (3978) feels 

that  the shape of i nd i v idua l  storms, as monitored i n  s a t e l l i t e  and radar 

data, may ind ica te  that  strong outflows are present. 

%Ned resu l t s  o f  a more general study i n  which he correlated s a t e l l i t e -  

Observed character is t ics  o f  thunderstorm cloud arcs with concurrent surface 

Mind observations. 

Gurka (1976) has pre- 

Figures 12.1.1.1 and 12.1.1.2 show the southward 
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progression of a cloud arc  across the Baltimore/Washington, D.C. 

21 t o  22 GMT on 3 Ju ly  1975. 

superimposed on the images. 

area from 

Selected surface wind observations have been 

Gurka l i s t s  the fo l low ing  charac ter is t i cs  of thunderstorm gust f ron ts  

tha t  can be i d e n t i f i e d  using s a t e l l i t e  imagery: 

1. 

2. 

3. 

4. 

5. 

Wind gusts and wind shear occur very near t o  or at  the leading 

edge o f  the c loud arc. 

Strongest winds occur beneath the po r t i on  o f  the arc  nearest t o  

the most vigorous convection. 

The regions of vigorous convection 'are pinpointed by the c loud 

edge brightness gradients on enhanced IR imagery. 

Cloud arcs bounding mesohighs associated with a cloudy areas and 

ac t ive  convection are characterized by stronger gusts than are 

narrow cloud arcs tha t  are t r a i l e d  by c lear  skies. 

Rapidly moving cloud arcs are general ly associated with strong 

low-level  winds . 
12.1.2 Severe Thunderstorm/Jetstream Relat ionship 

Many researchers have presented both observational and theo re t i ca l  

studies which re la ted  pos i t ions  o f  jetstreams, or  bands o f  maximum wind 

speeds, with the development, l oca t i on  and o r ien ta t i on  o f  severe thun- 

derstorms. Whitney (l977), studying severe storm occurrences on 16 ac t ive  

days, found tha t  severe a c t i v i t y  r a r e l y  developed southward past the loca- 

t i o n  of the sub-tropical  jetstream. 

were determined using both s a t e l l i t e  photographs and conventional upper-air 

sounding data. 

The pos i t ions  o f  jetstream features 



- 277 - 

Figures 12.1.2.1 shows Whitney’s analysis of the 30 A p r i l  1975 Severe 

thunderstorm si tuat ion.  

Southern boundary o f  the large area of severe storm occurrences. 

The subtropical  jetstream sharply delineates the 

He found 

that severe thunderstorms usual ly develop f i r s t  along the surface f ron t  

very near t o  the polar jetstream (note that  a double polar j e t  structure 

was analyzed i n  Figure 12.1.2.1). A c t i v i t y  then moves eastward ahead o f  

the surface f r o n t  while developing southward across the zone between the 

diverging jetstreams. M i l l e r  and McGinley (1978) have developed a tech- 

nique for forecasting severe thunderstorms that  integrates conventional 

upper-air data, surface analyses and s a t e l l i t e  imagery t o  i d e n t i f y  zones or 

areas having storm potent ia l .  

Jetstreams and jetstream branches ( u t i l i z i n g  both s a t e l l i t e  imagery and 

The detect ion and tracking o f  various 

upper-air repor ts)  plays a c r u c i a l  r o l e  i n  t h i s  innovative forecast scheme 

and the in terested reader should r e f e r  t o  t h e i r  extensive report  for speci- 

f ics. 

12.1.3 Thunderstorm Boundaries - and Intersect ion 

Making use o f  s a t e l l i t e  imagery, Purdom (1976) shows that  the leading 

boundary o f  a thunderstorm-associated msohigh o f ten  appears as an arc- 

Shaped l i n e  of convective clouds. He also shows (Purdom, 1973 and 1974) 

that the in te rsec t ion  o f  such an arc cloud with another boundary marks a 

loca l  region with a high po ten t i a l  for intense convective development and 

Severe storm occurrence. These f indings provide ’photographic” ver i f i ca-  

t ion o f  wel l  known severe storm character is t ics  presented e a r l i e r  by Magor 

(1959) and M i l l e r  (1972). 

Such a convective development i s  presented i n  Figures 12.1*3.1, 

12.1.3.2 and 12.1.3.3 which show the 2100 GMT GOES-1 photograph on 26 May 
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1975, a corresponding mesoscale surface analysis and a subsequent pho- 

tograph f o r  2230 GMT. 

cent ra l  Oklahoma occurred i n  the favored arc line/boundary in te rsec t ion  

zone a t  Point A. 

The impressive convective development i n  south 

The a b i l i t y  t o  locate such boundaries precisely i n  GOES imagery and t o  

observe t h e i r  in te rac t ion  with other boundaries provides the forecaster 

with informat ion vhich can be o f  use i n  the short range predic t ion o f  

intense convective development. 

dies o f  both the climatology of such boundary e f fec ts  and the dynamical 

reasons f o r  t h e i r  occurrences. 

Likewise, such data are valuable for stu- 

12.1.4 Cloud Top Tornadic Signatures 

F u j i t a  and h i s  colleagues have t r i e d  t o  re la te  cloud top features with 

severe weather occurrences a t  the surface (see, f o r  examples: Fu j i t a ,  1973 

and Shenk, 1974). F u j i t a  has proposed that  the decay of overshooting cloud 

top a c t i v i t y  may be re la ted  t o  tornado development. Figure 12.1.4.1 (from 

F u j i t a  - e t  2) a1 1976) presents a cor re la t ion  of overshooting cloud top ac t i -  

v i t y  with the occurrence of several intense tornadoes i n  I l l i n o i s  and 

Indiana on the afternoon of 20 March 1976. 

overshooting top a c t i v i t y  p r i o r  t o  and a f te r  the tornado occurrences. 

Figure 12.1.4.2 presents concurrent radar scope and s a t e l l i t e  photographs 

a t  the time when the large Sadorus tornado was known t o  be on the ground a t  

Point A where the s a t e l l i t e  photograph shows a s w i r l  i n  the r e l a t i v e l y  f l a t  

The storm was characterized by 

a n v i l  top. 

required i f  such features are t o  be closely monitored and many more case 

studies are needed before r e l i a b l e  forecast techniques can be developed. 

Temporal and spa t ia l  s a t e l l i t e  data o f  very high resolut ion are 
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12.2 Thunderstorm Research Techniques 

The recent development o f  i n te rac t i ve  man/machine computer systems, 

spec i f i ca l l y  designed f o r  processing and analyzing s a t e l l i t e  data, has 

encouraged the undertaking o f  more quant i ta t ive thunderstorm research. 

Use o f  d i g i t a l  data transmitted from the s a t e l l i t e  and stored on magnetic 

tape i s  possible i n  these systems. A var ie ty  o f  appl icat ions, ranging f rom 

Sequential looping and cloud tracking t o  produce a wind f ie ld ,  t o  color 

enhancements of spec i f i c  features, t o  superimposed displays o f  d i f f e r i n g  

data types, are avai lable. 

features) accuracy t o  within a s ing le data element (p i xe l )  i s  possible on 

these systems. 

Navigation (earth coordinate locat ion of 

12.2.1 - Cloud Top Temperature F ie lds  

Sikdar -- et  a l .  (1970) showed tha t  convective mass f luxes could be es t i -  

mated using s a t e l l i t e  data. Adler and Fenn (l977) used in f rared data and 

an in te rac t ive  system t o  compute co ld cloud top areas as a function of  time 

for a large number o f  cloud systems that  included several s ign i f i can t  

Severe thunderstorms. 

area t o  estimate a n v i l  divergence. 

top area with time for a tornadic cloud system over South Dakota on 6 May 

They also used the ra te  of increase of cloud top 

Figure 12.2.1.1 shows a p l o t  o f  co ld  

1975. 

Adler and Fenn found that  the f i r s t  report  o f  tornadic a c t i v i t y  took 

Place during, or  j u s t  a f te r ,  the rap id  expansion o f  cold cloud area, i nd i -  

cating rap id ascent and growth o f  thunderstorm tops on the scale observed 

the s a t e l l i t e .  These f indings are d i f f e r e n t  than the resu l ts  presented 
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i n  Figure 12.1.4.1. This discrepancy may be due t o  the di f ference i n  

resolut ion o f  the I R  and v i s i b l e  sensors (overshooting tops must be qu i te  

large t o  be detected i n  the I R ) ,  and the need fo r  further studies o f  cloud 

top a c t i v i t y  as a signature of storm sever i ty i s  apparent. I t  i s  possible 

tha t  such studies may not only lead t o  improved detection and warning o f  

tornadic storms, but also t o  be t te r  understanding o f  the dynamics and ther- 

modynamics o f  tornado development. 

More recent resu l t s  of using advanced analysis systems include Hasler 

and Adler (1980) and Reynolds ( 1980). Maddox (1980) used enhanced, 

in f rared s a t e l l i t e  imagery as a basis f o r  h i s  d e f i n i t i o n  o f  mesoscale con- 

vect ive complexes (McC’s). Several examples o f  MCC’s as viewed i n  enhanced 

in f ra red  s a t e l l i t e  imagery are given i n  Figure 12.2.1.2. 
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Figure 12.1.1.1 

Figure 12.1.1.2 $MS-1 v i s i b l e  1-km data showing surface wind observations for 
2130 GMT, 3 July  1975 (above); 2200 GMT, 3 July 1975 (bel.>w) (Gurka, 
1976). 
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Pi8ma 12.1.2.1 SMS infrared p ic ture  a t  0000 CST, 30 April  1975 showing con- 

Bold dashed l i n e s  are  t h e  axes of the je ts treams.  
current severe storms and the synopt ic  features  o f  je ts treams and surface  
f r o n t s .  Heavy x ' s  are  
p o s i t i o n s  of wind maxima. 
Thin, candy-striped l i n e s  are  surface f r o n t s .  Dotted l i n e s  are  geograph- 
i c a l  and p o l i t i c a l  g r i d  over lay  (Whitney, 1977) .  

Subtropical windspeed maximum i s  >lo0  knots .  
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a 

Figure 12.1.3.1 

b 

Figure 12.1.3.2 

'C 

Figure 12.1.3.3 (a) GOES-1 1-km v i s i b l e  imagery f o r  2100 CMT, 26 May 1975.  
cloud a r c ,  produced by the storms over Arkansas, stretches from A t o  B 
to C .  A second arc l i n e  i s  indicated a t  F. (b)  Surface ana lys i s  f o r  
2100 GMT, 26 May 1975,  showing s e l e c t e d  clouds and cloud boundaries. 
( c )  GOES-1 l-km v i s i b l e  imagery for  2230 GMT, 26 May 1975 (Purdom, 
1976).  

A 
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'i8-e 12.1.4.1 Change in overshooting scale (5 indicates intense overshooting 
top activity; 1 indicates very flat anvils) in relation to the intensity 
o f  tornadoes spawned by a supercell thunderstorm (Fujita et al., 1976). 

*i&pre 12.1.4.2 Concurrent radar PPI scope and satellite photographs of the 
tornadic thunderstorm (Fujita et al., 1976). 
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gure 12.2.1.1 Thunderstorm growth r a t e  diagram f o r  a tornado over South 
Dakota on 6 May 1975. 
c o l d  r a d i a t i v e  temperatures i s  shown a s  a funct ion of time. 
c a t e  time of toriiadoes (Adler and Fenn, 1 9 7 7 ) .  

The number o f  p i x e l s  ( i . e . ,  area)  having spec i f  
T ' s  indi' 
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Figure  1 2 . 2 . 1 . 2  Several  example of MCC's as seen in enhanced 
infrared s a t e l l i t e  imagery. (Maddox, 1980) 
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CHAPTER 13 

RAINFALL ESTIMATION TECHNIQUES 

Techniques f o r  est imating r a i n f a l l  from s a t e l l i t e s  have t yp i ca l l y  used 

two types o f  measurements. The use o f  v i s i b l e  and in f rared measurements i s  

based on empir ical  re la t ionships between cloud parameters and the resul tant  

prec ip i ta t ion.  Such cloud parameters include size, growth rates and cloud 

top temperatures. 

been based on theore t ica l  re la t ionships between r a i n  ra tes and the 

satellite-measured values. The basis for the microwave method i s  somewhat 

s imi lar  t o  tha t  behind ground-based radar ref lectance measurements and 

r a i n f a l l ,  but using passive radiometers. 

On the other hand,. the use o f  microwave measurements has 

This chapter w i l l  only b r i e f l y  cover these techniques. New mul t i -  

Spectral techniques (combining v i s ib le ,  I R ,  and microwave) are presently 

under development. 

combined sat e l l i  te/radar analyses . 
Many references w i l l  be given. Also see Chapter 14 on 

13.1 Visible-IR Approach 

Most schemes are var iants o f  the basic idea that  since i t  ra ins  under 

Clouds, i f  one knows where the clouds are, one knows where i t  i s  raining. 

Such p rec ip i t a t i on  informat ion is extremely useful f o r  crop and f lood fore- 

casting as we l l  as f o r  energy balance considerations i n  c l imato log ica l  

Studies. 

Ear ly r a i n f a l l  est imation techniques are out l ines i n  Bar re t t  (l974) 

and Mart in and Scherer (1973). Refinements on the system can be based on 
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knowledge of the fractional cloud cover, cloud type, visible brightness, If! 

temperature and area o r  areal growth rates of clouds. The accuracy of such 

techniques improves with increasing averaging time and with increasing 

averaging area. 

A s t a t i s t i ca l  relationship between rainfall  volume and cloud proper- 

t i e s  can be established. 

(13.1) 

where 

Rv Rainfall volume over specified domain (x,y,z) 

A i  Areal coverage of cloud type i - 
dAi 
dt 
C l , i  Empirical coefficients 

Growth or  decay rate of cloud type i 

Generally, Co,i = 0. 

allowed m 1 1. 

Only Barrett (1973) and Follansbee (1973) have 

Few have s e t  C2, i  + 0; t h i s  term is generally small. 

A notable scheme includes Scofield and Oliver (1977) i n  vhich estima- 

tes of po in t  convective precipitation rates are based on visible and 

enhanced infrared GOES imagery. 

scheme "underestimates" the rainfal l  up t o  30% i n  extreme rainfal l  

situation (2 50 mm-h-l) and overestimates ra infal l  up t o  30% for l i g h t  t o  

heavy rainfalls  ( 5  50 mmeh- ). 

A decision tree process is used. The 

1 

G r i f f i t h  -- e t  a l .  (1976,1978) designed a system t o  measure precipitation 

over fa i r ly  large areas by considering the ' ra infal l  from each cloud us ing  

QIES visible or infrared data a t  1/2 hour resolution. 

two-step correlation between the area of the cloud and the expected area of  

The scheme uses a 
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the radar echo underneath the cloud. 

t o  the volumetric r a i n  ra te  

The area of the cloud i s  then re la ted 

Rv = I AE (13.2) 

where 

AE = area of radar echo (km2) 

Rv = volumetric r a i n  ra te  (m3.s-1) 

I = in tens i t y  = 4.33 (echo area increasing) 

= 3.27 (echo area constant) 

= 2.20 (echo area decreasing) 

Table 13.1.1 l i s t s  many studies h i c h  have usea v i s i o i e  ana in r ra rea  

lmagery t o  estimace precipiLacion rrom sa te i i i t es .  

Prooiems. A basic prooiem is tne l a m  or a so i i a  pnysicai re la t ionsnip 

between r a i n r a i i  ana cioua parameters. 

Sucn tecnniques nave 

uneng ana Rooennuis (B i7 )  conciuaea tnat  "tnresnnoia tecnniques may 

De usea witn only i i m i t e a  success i n  aetermining tne i n tens i t y  or prec ip i -  

tat ion.  if t n i s  is correct, tne success or quant i ta t ive prec ip icat ion 

estimates oy remote sensing reportea oy otner aumors is aue more to tne 

t ime-integration or a reasonaoie r a i n r a i i  r a te  ratner man successruiiy 

estimating intense r a i n r a i i  rates." 
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Table 13.1.1. c i a s s i r i c a t i o n  (ana associatea autnors j  or v i s i o i e  
ana in r ra rea  oasea s a t e l l i t e  p r e c i p i t a t i o n  est imat ion 
metnoas. 
- 

Metnoa 

I. Di rec t  co r re la t i on  

2. Nepnanaiysis 

3. Kaaar Anaiog 

a. Empir ical  

D. Par ameteri zat ion 

Aut no r s 

Letnoriage (I3671 
Gerriscn c B70 J 
KiionsKy ana namage 119761 
cneng ana Kodennuis 
( W I7a, 19 7 7 b ~  
Si l va  Oias e t  &I. (19771 -- 

S e r e r  ana nuaiow ( 1 9 7 1 ~  
xrman 1 19 72)  

t ruoer  119 73 j 

4. Mass iransport/naaar Analog t i r i r r i tn  ana wooaiey (sequence 
or repor ts  ana puoi icat ions 
from J ~ 7 1  t o  1979) 
Martin, SiKaar ana  tout 
(sequence OT repor ts  ana puo i i -  
cat ions rrom 1975 t o  1974 j 

5. nyaro iog ica i  Inrerence 

6. Oecision Tree 

Kainoira I B69 J 
timscn ana weinman (19731 

S c o i f i e l d  ana Ol iver  (19771 
Haler ana kenn 11976,B77,D78~ 
Keynoias ana m t n  i W 9 ~  
x n u i t z  ana Kiatt i W 8 0 )  
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13.2 Microwave Estimates 

~ \ t  microwave rrequencies cioua aropiets are too small t o  i n te rac t  

strongly witn tne raaiat ion.  Kainarops, nowever, i n te rac t  we l l  witn 

mcrowaves. water surraces nave a very LOW emittance I< u.>J, so over m e  

ocean m e  satellite-measurea origntness is  low ana i n  winaow regions m e  

atmospnere aoes not contr ioute mucn t o  tne upwell ing raoiance. t-or 

example, a t  1y.33 wz tne transmttance or a non-raining atmospnere is 

2 tnx, tnrougn ciouas (see t igure 13.z.l  J . Kainarops, nowever, cause tne 

atmospnere t o  oe more opaque, tnus aaaing t o  tne upwelling raa ia t ion  over 

tne cola oacKgrouna. Figure 13.2.2 snows tna t  me orignrness temperature, 

1~ increases witn r a i n r a i l  r a te  unci1 DacKscattering causes I, ,  t o  

=crease. Saturation occurs a t  23 mn*n-- a t  u . 3 3  wz ana a t  lower  

r a i n r a i l  ra tes ror  nigner rrequencies. 

calculate oceanic p rec ip i t a t i on  rrequencies (Kiaaer ana vonoer naar, J Y I I J  

as snown i n  bigure 13.z.3. m s t  tecnniques nave oeen oasea on measurements 

rrom Nimus-3 urn (u.33 W Z J  ana N I ~ U S - 6  tsm (31.u W Z J .  

i n i s  tecnnique nas oeen usea t o  

For a r ieia-or-view it-uvj composea or a clear ana a cioua r rac t i on  

Hc, tne mcrowave origntness temperature i M  is a l i n e a r  comoinarion or tne 

DacKgrouna ana cioua components. 

no = I - H~ Let K i a j  I ror a i l  a 

T Y 

ionC HC 

iM = L i,(ajaa + L i c ia jaa  
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H S S U ~  unirorm r a i n  ra te  witnin FUV 

(15.4) 

or 

ine average cioua origntness temperature Tc can Enen oe re la tea t o  a ra in-  

r a i l  r a te  oy using tne appropriace re ia t ionsn ip  i n  Figure 15.z.z oasea on 

m e  mown rreezing leve l .  Hesuits or comparing s a t e i i i c e  ana raaar esrima- 

tes can oe rouna i n  Figure u.z.4. iaoie 13.2 lists many scuoies using 

mcrowave s a t e l l i t e  measuremencs. 

iaoie 13.z.i. u iass i r i cac ion  (ana associatea autnorsj  or mcrowave- 
oasea sace i i i ce  prec ip i tac ion estimacion metnoas. 

mcro  wave 

naalomerrlc 

tbm-3 tbm-6 

Al l i son  e t  a l .  ( W / 4 J  
wi ine i r  e t  a. L D I I J  
Kiaaer lIY7XJ!3 77 J 
R a o  e t  al.  (1976) 
Smi t6-mTKidder ( 19 78 
Lovejoy and Austin ( 1979 ) 

-- savage ana weinman ( W I U J  
savage ( D I ~ J  
Weinman and Guetter (1977) 
Weinman and Davies (1978) 
Durkee (1980) 

Errp i r i c a l  

Wi lhe i t  e t  a l .  (1976) 
Adler a n r R z g r s  (1977) 
Rodgers and Adler (1980) 

Rodgers -- et al .  (1970 

19.35/37 Wz Theoretical - Study SCAMS-6 

Jung (1980) Viezee ( 1979 ) 
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13.3 Towards - a Mult i -spect ra l  Sate l l i temeasured R a i n f a l l  Technique 

J u s t i f i c a t i o n  

1) Need for  g l o b a l  measurements 

2) Lack of physics i n  the VIS- IR techniques 

3) Problems with s ing le  channel passive microwave techniques 

This technique developed by Smith and Vonder Haar (1982) uses 

rad ia t i ve  t rans fer  models f o r  microwave, v i s i b l e  and i n f r a r e d  as well as 

cloud microphysics f o r  various types o f  clouds. The technique can be 

applied t o  data from the M A A  operat ional  sounders, since measurements i n  

a l l  the requi red spec t ra l  bands are avai lable.  
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CHAPTER 14 

COMBINED SATELLITEBADAR ANALYSES 

Because o f  the remote nature o f  both s a t e l l i t e  and radar measurements, 

several studies have used combined s a t e l l i t e  and radar data. Most notable 

among the studies are those applied t o  convective storms, but the technique 

can be applied t o  t rop i ca l  weather systems and hurricanes. I n  addit ion, 

combined sate l l i te / radar  data may be used t o  develop r a i n f a l l  est imation 

techniques from s a t e l l i t e  data. 

14.1 Simple Satellite/Radar Comparisons 

The s a t e l l i t e  provides a good view o f  the cloud structure o f  a system 

and the radar ref lectance provides an ind ica t ion  o f  the p rec ip i t a t i on  

regions. The two systems, therefore, are complimentary. 

Early techniques combining s a t e l l i t e  and radar data t o  analyze a 

weather s i t ua t i on  merely used both views t o  t e l l  which regions o f  the cloud 

are prec ip i ta t ing.  However, since each measurement system views the 

atmosphere from a d i f f e r e n t  perspective, the researcher/forecaster must be 

care fu l  when combining such data. A preferred technique would be t o  remap 

one set o f  measurements i n to  the coordinate system o f  the other set 

(Reynolds, 1978). 

gery. 

tops i s  also af fected by the viewing angle, with increasing discrepancies 

a t  larger  viewing angles. 

This requires accurate navigation o f  the s a t e l l i t e  ima- 

Care must also be taken t o  consider that  the s a t e l l i t e  view o f  cloud 

F u j i t a  (1978) using enhanced I R  imagery from GOES noted a 21 km shift 

i n  the r e l a t i v e  pos i t ion  o f  h igh a l t i t u d e  clouds i n  northern Wisconsin. He 
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then shifted h i s  g r i d  surface to compensate. 

of enhanced I R  data combined with radar echoes. 

Figure 14.1.1 shows examples 

From Fujita and Caracena 

(1977) i t  appears that the radar data has been remapped i n t o  the sa t e l l i t e  

coordinate before combining i n  Figure 14.1.2. 

that only  a relatively small region underneath a large anvil cloud may 

actually be active. The stretching of the anvil i n  the downwind direction 

is especially apparent on days with s t rong upper-level winds. As a result  

the most active areas i n  such storms are on the upwind side. 

This combined image shows 

14.2 Satel l i te  Rainfall Techniques Using Radar/Satellite Compositing 

Because the principles of radar detection of precipitation are basi- 

cally known and radar can generally cover a much larger area than 

raingauges, i t  makes an attractive measurement t o  combine radar wi th  

s a t e l l i t e  data i n  order that one might better understand the relationship 

between variations i n  s a t e l l i t e  brightness,  cloud top  temperatures and 

rainfall .  

F i r s t ,  it must be understood that radar has a diff icul t  time deter- 

mining quantitative precipitation due t o  varying drop size d i s t r i b u t i o n s ,  

presence of melting hydrometeors etc. 

relative sense t o  locate areas of precipitation and areas of varying inten- 

s i t y  unless a proven I - R  (reflectance-rainfall) relationship is derived. 

Thus, i t  can o n l y  be used i n  a 

I n  a recent paper Reynolds and Smith (1979) carried out case studies 

to  determine the feasibil i ty and impact o f  such combinations of sa te l l i t e -  

ra infal l  techniques. Through case studies they i l lus t ra te  the  benefits of 

combining radar and sa t e l l i t e  data for development of a s a t e l l i t e  ra infal l  

algorithm. 
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C u r v e  30 enhancement with 

Combined Radar and Enh; 
circles are downburst loca t ions .  
Figure 14 .1 .1  

radar echoes on July 4, 1977. Open 

mced IR Data (after Fujita, 1978) 
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A speaihratl rrlia of 6 M a y  1!)75. Radar cclio a i  17L" CI)?' (haft) ,  SMS/(;OES piciurr at 
1722 CDI' (rcnter), aiicl thcir conibinatioll (riglit). 

P i p r e  14.1.2 Remapped Radar Before Combining with 
GOES Imagery ( a f t e r  Fnjfta. 1977) 
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CHAPTER 15 

OTHER FEATLRES VIEWED FROM WEATHER SATELLITES 

A wide var ie ty  of other land, ocean and atmospheric features have been 

special papers have seen, sometimes occasionally, t'rom weatner sa te l l i t es .  

been written about the t rack ing and estimation o f  sea ice,  f o r  example. 

Summaries of the use of s a t e l l i t e s  f o r  hydrological  purposes nave aiscussea 

tne estimate or snow cover extent rrom sa te l l i t es .  special studies have 

been made of the use of s a t e l l i t e  data t o  understand and predic t  the migra- 

t i o n  of locusts. Certain experimental s a t e l l i t e  systems nave aetectea 

i i g n u u n g  aiscnarges ana upper atmospneric reatures sucn as m e  aurora. 

t n t i r e  s a t e l l i t e  experiments have been designed t o  detect trace gases i n  

the upper atmosphere and the important var ia t ions i n  ozone concentration. 

Since tnis set or notes is rocusea on p rac t i ca l  appl icat ions w i t h  a 

strong emphasis on forecasting the present chapter w i l l  covert 

l a )  tropospneric aust outbreaks of natura l  o r i g i n  

lb) natura l  maritime haze layers 

(c)  air p o l l u t i o n  detect ion 

and (d) observation o f  forest  f i r e s  

The rirst  two or tnese reatures are sometimes use0 oy meteorologists as 

ina icators  or current weatner. Ine second two reatures noted above are also 

re la ted t o  current weather conditions. F i res  and p o l l u t i o n  are sometimes 

oojects OT aetect ion or  "remote sensing" as special  targers. 
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15.1 Tropospheric - Dust 

Dust storms whicn are large enougn t o  oe aeteccaoie oy meceoroiogicai 

sace i i i t es  are p r imar i l y  Torcea PY meteorological conalt lons on the synop- 

t i c  scale. 

outbreaks by t h e i r  source regions: mid-lat i tude p la ins  ana suocropicsu 

oeserts. ine mia-iat i tuae storm occurs i n  l a t e  winter an0 ear ly  sprlng, 

wnlle tne desert outbreak i s  p r imar i l y  a summertime phenomenon. 

examples witn wicn we w i i i  i i i u s r r a t e  eacn type are 11) for the sub- 

t r o p i c a l  desert case, a Saharan dust outbreak, and (21 for the mid-lat i tude 

case, a Great Plains dust storm. 

We can general ly d is t inguish between two types of dust 

T n e  

13.1.1 Saharan bust Outbreak (Ris inq - Dust) 

Intense heating of the desert surface during sumner and ear ly  

f a l l  leads t o  a meteorological condi t ion where dry convection and mixing 

form a deep layer  o f  dust-laden heated a i r  over the Sahara. 

extend upward t o  5-6 h, or nearly 500 mb. 

o f  the low-level pressure gradient and surface winds as easterly waves 

progress across the Afr ican continent w i l l  help t o  ra ise  m r e  dust from the 

surface than convection alone. The dust raised by surface winds i s  evi- 

denced by the s a t e l l i t e  images which show the dust r i s i n g  from a surface 

source and advected by the winds. Dust emerges from the continent behind 

t h e  trough followed by a large ant icyclonic eddy a t  middle levels,  600-700 

mb. The heated Saharan a i r  may be 5-6oC warmer than the surrounding 

background t r o p i c a l  a i r  as i t  mves out over the At lan t ic  Ocean. 

emerges above the moist trade wind layer  below, an inversion i s  formed a t  

This layer  may 

I n  addit ion, the strengthening 

Since i t  
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the  boundary between the  two a i r  masses, and the  dusty area i s  r e l a t i v e l y  

cloud-free. Saharan dust i s  observed t o  c ross  the  A t l a n t i c  on occasion 

with a westward speed o f  about 7 m s- , r e q u i r i n g  5-6 days f o r  the crossing. 

F a l l o u t  o f  dus t  i n t o  the  lower  mo is t  l a y e r  can cause v i s i b i l i t y  problems as 

f a r  west as the  Caribbean and F l o r i d a  due t o  haze formation. 

1 

I d e n t i f i c a t i o n  o f  Saharan dus t  outbreaks from a s a t e l l i t e  requ i res  

e i t h e r  an i n f r a r e d  or  v i s i b l e  image depending on *ether  the  under l y ing  

sur face i s  l a n d  or  water. Saharan dus t  over l a n d  i s  n o t  e a s i l y  seen i n  

v i s i b l e  imagery because the  a l ready h i g h  albedo o f  the  deser t  sur face 

matches t h e  albedo o f  t he  a i rbo rne  dust  and the re fo re  the re  i s  no c o n t r a s t  

between t h e  two on an image. 

fea tures  which would normal ly  be seen on a v i s i b l e  image, and comparison o f  

a dus t - f ree  image with an image where Saharan sur face  fea tures  are  obscured 

would a l l ow  t h e  l o c a t i o n  of t h e  dus t  c loud t o  be determined. 

over the  Sahara i s  most e a s i l y  i d e n t i f i e d  i n  I R  images (See 

F igu re  15.1.1.1) [Note: Th is  i s  s l i d e  s e t  X3671. I nc reas ing  l a n d  sur face  

temperatures due t o  daytime s o l a r  hea t ing  leads  t o  a darkening o f  t he  l a n d  

areas on an I R  image except h e r e  r i s i n g  dus t  decreases the  surface hea t ing  

and t o  a l e s s e r  ex ten t ,  t he  ou tgo ing  longwave r a d i a t i o n .  

dust appears as a l i g h t e r  area on afternoon I R  images when sur face hea t ing  

and dust  genera t ion  are a t  a maximum. 

c loud on the  I R  image, t h e  area o f  dus t  i d e n t i f i e d  on the  I R  image i s  

c loud- f ree i n  a corresponding v i s i b l e  image, which e l im ina tes  ambiguity. An 

area o f  r i s i n g  dus t  i s  seen t o  expand r a p i d l y  i n  s i z e  i n  the  downwind 

d i r e c t i o n  du r ing  the  t ime when dust  i s  r i s i n g .  

However, the  dust  may mask c e r t a i n  sur face 

R i s i n g  dus t  

Therefore, the  

To d i s t i n g u i s h  between dust  and 

A Saharan dus t  outbreak moving over  the  ocean i s  most e a s i l y  seen i n  

v i s i b l e  imagery where i t  appears as a widespread, m i l k y  o r  hazy area, 
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most ly  free of c o n v e c t i o n  and l i g h t e r  t h a n  the ocean  background (See F i g u r e  

15.1.1.2) h t e :  I t  is  g e n e r a l l y  preceded  i n  i t s  

westward t r a v e l  by the c u r v i n g  c l o u d  band of  t h e  l o w - l a t i t u d e  t rough a s s o -  

ciated w i t h  the o u t b r e a k .  

the west A f r i c a n  c o a s t  where i t  is still f a i r l y  d e n s e ,  a l though low s t r a t u s  

which o f t e n  o c c u r s  i n  t he  same area has  a very  similar appearance o f  t h i c k  

d u s t  c l o u d s  and t h e  two may be readily confused.  

T h i s  is  slide set  #3751. 

Dust may be s e e n  o c c a s i o n a l l y  i n  I R  images o f f  

15.1.2 Middle-Lat i tude Dust Storms 

Dust s t o r m s  i n  m i d - l a t i t u d e s  most commonly o c c u r  i n  l a t e  w i n t e r  

or e a r l y  s p r i n g  i n  a r id  r e g i o n s  o r  under  d r o u g h t  c o n d i t i o n s .  

Great P l a i n s  of t h e  Uni ted  States, d u s t  storms can  o c c u r  f o l l o w i n g  a pro- 

longed  w i n t e r  drought  when t h e  s o i l  is  d r y ,  v e g e t a t i o n  cover  is  s p a r s e  and 

h i g h  winds are l i k e l y .  Blowing d u s t  is  caused  by the s t r o n g  s u r f a c e  winds 

associated w i t h  an i n t e n s e ,  deepening c y c l o n e  and u s u a l l y  b e g i n s  f o l l o w i n g  

t h e  cold f r o n t a l  passage. Great P l a i n s  d u s t  s t o r m s  are most common i n  t h e  

r e g i o n  immediately east of the Rocky Mountains i n  primarily a g r i c u l t u r a l  

areas where base s o i l  is  p r e s e n t .  

Over the 

Satel l i te  i d e n t i f i c a t i o n  o f  a m i d - l a t i t u d e  d u s t  s t o r m  is p o s s i b l e  

u s i n g  either v i s i b l e  o r  i n f r a r e d  imagery. 

as a l i g h t e r ,  milky d i f f u s e  r e g i o n  most l i k e l y  i n  the cold s e c t o r  o f  t h e  

storm. 

The l a n d  s u r f a c e  i n  m i d - l a t i t u d e s  is  g e n e r a l l y  dark enough t o  make the d u s t  

s t a n d  o u t  clearly a g a i n s t  the background. , T h u s ,  i n  the v i s i b l e ,  d u s t  may 

be d i s t i n g u i s h e d  from c l o u d s  by i ts  lower a l b e d o  (darker t h a n  c l o u d s )  and 

by i t s  smooth, homogeneous appearance .  

Dust appears i n  v i s i b l e  imagery 

See, for  example,  F i g u r e  15.1.2.1 [Notes Th i s  is s l ide  set x3951. 

The area covered  by the d u s t  
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expands w i t h  time i n  a downwind direction and the stationary upwind edge of 

the cloud reveals the surface source of the d u s t .  

I n  the I R  images, the d u s t  cloud appears as a cooler area which i s  

eas ies t  t o  see i n  afternoon images when the land surface is warmest 

(darkest) .  

account for the Colder appearance to  the d u s t  cloud. 

imagery, the area covered by the d u s t  expands rapidly downwind a f t e r  the 

blowing d u s t  is i n i t i a t e d  a t  the surface. 

Decreased surface solar  heating and outgoing longwave radiation 

As i n  t h e  vis ible  

15 .2 Haze Layers Over the Ocean --- 

Ocean forecasters and meteorologists i n  coastal  regions observe not 

only t h e  fogs discussed i n  Chapter 11 but  also intense maritime hazes. 

Fett and Isaacs (1979)  analyzed very h i g h  resolution variations of b r i g h t -  

ness over the ocean which they a t t r ibu ted  to  haze. 

and Hindman -- e t  a l .  (1982) discuss the detection of maritime haze i n  further 

de ta i l .  

coast. Research continues on the re la t ion  of these features to marine 

boundary layer conditions and to  the subsequent  development of fogs and 

s t ra tus .  

Durkee -- et a l .  (1982) 

Figure 15.2.1 shows typical  haze patches seen off  the California 

15.3 - Air-Pollution Observations b~- Weather S a t e l l i t e  

The types of a i r  pollution detectable on meteorological s a t e l l i t e  ima- 

gery are  primarily i n  t h e  form of aerosols,  a suspension of l i q u i d  or  sol id  

Par t ic les  i n  a i r .  

and ash from fores t  or brush fires and volcanoes. 

includes indus t r ia l  e f f luent ,  automobile exhaust, f o s s i l  fuel  combustion 

Naturally-occurring air .pOllut ion can consist o f  smoke 

Man-made pollution 
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and agricul tural  burning and d u s t  production. 

volcanoes, the concentration of pol lutants  is  generally h i g h  enough that  

s a t e l l i t e  detection is independent of meteorological conditions (dispersion 

and mixing)  unless large-scale cloudiness covers the polluted area. 

Meteorological conditions can be responsible for natural  pollution events 

i n  t ha t  l ightning from dry thunderstorms may i n i t i a t e  forest  or brush 

fires. 

s i tuat ion.  

I n  the case of f i r e s  or 

The s a t e l l i t e  can be a detection too l  for  fires i n  t h i s  type of 

Pollution from man-made sources becomes vis ible  on t h e  s a t e l l i t e  ima- 

gery under  par t icular  meteorological conditions, where Mat  is called a 

npollution event” occurs. 

allow pollutant concentrations to  increase t o  a level  where v i s i b i l i t y  is 

affected. 

speeds are  low and r idg ing  h e l p s  t o  s t ab i l i ze  the atmosphere. 

forms from the pollutant aerosols when suf f ic ien t  moisture is available,  

reducing v i s i b i l i t y  even fur ther  and making the pollution easier  t o  see i n  

imagery from t h e  s a t e l l i t e .  These conditions are comnon i n  t h e  summer 

where subtropical high pressure i n t r u d e s  inland, f o r  example, over the 

eastern half  of t h e  United States  i n  l a t e  sumner. 

A stable  atmosphere combined w i t h  l i g h t  winds 

Such conditions occur near the center of anticyclones where wind 

A dense haze 

Ident i f icat ion of a i r  pollution from s a t e l l i t e  is best done from 

v i s i b l e  imagery. 

appearance (similar t o  d u s t  clouds) &id7 obscures surface features and 

landmarks and reduces the contrast  between these features. 

forward scat ter ing maximum of t h e  aerosols.of which the pollution is com- 

posed, pollution shows up best on imagery where the sun-earth-satellite 

Pollution appears as  large areas of  hazy o r  m i l k y  

Because of the 
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angle i s  g rea tes t .  For geosynchronous s a t e l l i t e s ,  t h i s  means t h a t  p o l l u -  

t i o n  i s  most l i k e l y  t o  be detected on an e a r l y  morning or  l a t e  af ternoon 

image, us ing  a s a t e l l i t e  whose subpoint i s  f a r t h e s t  from the area of 

i n t e r e s t  on the  ear th .  

pass where the  area o f  p o l l u t i o n  i s  as f a r  from the  s a t e l l i t e  subpoint as 

p r a c t i c a l  and i s  a l so  i n  the  d i r e c t i o n  of t he  sun. 

west i s  des i rab le  fo r  morning s a t e l l i t e s ,  and t o  the  eas t  o f  the  area f o r  

an a f te rnoon s a t e l l i t e .  

depth o f  t he  p o l l u t i o n  are  maximized. 

For p o l a r  s a t e l l i t e s  i t  means us ing  an image from a 

An o r b i t a l  t r a c k  t o  the  

I n  t h i s  way the  forward s c a t t e r i n g  and o p t i c a l  

Convection within the  p o l l u t e d  r e g i o n  i s  o f t e n  suppressed due t o  the 

decreased s o l a r  h e a t i n g  o f  t he  under l y ing  surface and the  r e s u l t i n g  tem- 

pera ture  c o n t r a c t  and sea-breeze type o f  c i r c u l a t i o n  may lead t o  enhanced 

convect ive a c t i v i t y  a long the  boundary o f  the  p o l l u t e d  region. 

f o r e s t  f i r e  s i t u a t i o n ,  t h e  source o f  t he  p o l l u t i o n  may be ev ident  on the  

images as i n  the  case o f  a dus t  storm. 

a l s o  a f a i r l y  good i n d i c a t o r  o f  l ow- leve l  wind f low. 

Of ten  i n  a 

bbvement o f  areas of p o l l u t i o n  i s  

Unless the  p o l l u t i o n  i s  dense enough, i t  w i l l  no t  be detected on I R  

imagery. 

haze is formed with m i s t  cond i t ions .  

area hav ing  d i f f u s e  edges on i n f r a r e d  images. 

P o l l u t i o n  i s  most l i k e l y  t o  appear i n  the  IR images i f  a l a y e r  o f  

Haze appears as a coo le r  ( l i g h t e r )  

15.4 Observations - o f  Fores t  - F i r e s  

Observations o f  t he  heat  from fo res t  f i r e s  has been used by groups 

i n t e r e s t e d  i n  t h e  remote sensing of the  f i r e s  and t h e i r  ' a rea l  extent .  

weather s a t e l l i t e s  c a r r y  h i g h  r e s o l u t i o n  v i s i b l e  and i n f r a r e d  sensors 

which, i n  the  absence o f  i n t e r v e n i n g  c loud  cover, can be used t o  a i d  the  

The 
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de tec t i on  of such w i l d f i res .  

of Alaskan f i r e s  i n  seen i n  F igure 15.4.1. 

An example o f  a h igh  r e s o l u t i o n  i n f ra red  view 

Using v i s i b l e  channels Chorowski (1980) has shown i n  Figure 15.4.2 a 

plume of smoke from an intense Colorado f i r e .  Figure 15.4.3 h t e :  This 

i s  s l i d e  se t  x3651 , also a GOES v i s i b l e  image, shows accumulated smoke over 

a l a r g e  area r e s u l t i n g  form several  f i r e s  i n  SE Canada. The 850 mb winds 

p l o t t e d  on the s a t e l l i t e  image show t h a t  t h i s  smoke has been caught up i n  

the synopt ic scale wind patterns.  
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Figure  1 5 . 1 . 2 . 1  ( S l i d e  S e t  #395) 

Figure  1 5 . 4 . 3  ( S l i d e  Set #365) 
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Figure 15.2.1 Haze patches o f f  the Ca l i forn ia  c o a s t  
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Figure 15 .4 .1  High-resolution infrared view of Alaskan f o r e s t  f i r e s  
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Figure  15.4.2 Plume of smoke from F l a t t o p  Wilderness  F o r e s t  F i r e  i n  
Color ado 



CHAPTER 16 

SATELLITE SUPPORT TO WEATHER MIDIFICATION PROGRAMS 

S a t e l l i t e s ,  j u s t  as many o the r  observ ing p la t fo rms,  have been used t o  

gather  data f o r  c loud  phys ics  and weather m o d i f i c a t i o n  research. 

chapter we d iscuss two o f  t he  major uses i n  t h i s  area: 

orographic  c loud  s tud ies  and t h e  sumnertime (or warm, r a i n y  season) convec- 

t i v e  c loud case. 

Chapter 11. 

I n  t h i s  

the  w in te r  

For a d iscuss ion  o f  s a t e l l i t e  observa t ion  o f  fog, see 

16.1 S a t e l l i t e  Support - t o  Winter Orographic Weather M o d i f i c a t i o n  

V i s i b l e  and i n f r a r e d  s a t e l l i t e  da ta  are an impor tan t  i n f o r m a t i o n  

source f o r  bo th  t h e  design and opera t i on  o f  w in te r  weather m o d i f i c a t i o n  

programs. 

obta ined inc lude,  but a re  no t  l i m i t e d  t o  (1) c loud top  temperature (CTT)  o f  

clouds a f f e c t i n g  the  study area, (2) observat ions o f  mesoscale and synopt ic  

c loud fea tures  o f  storms i n  t h e  study area t o  a i d  i n  post-storm eva lua t i on  

and t o  de f i ne  storm c l a s s i f i c a t i o n s ,  and (3 )  r e l a t i o n s h i p s  between the  

s a t e l l i t e  observat ions and ground-based mic rophys ica l  and p r e c i p i t a t i o n  

measurements. 

t i o n  programs t o  which these observat ions are  app l i ed  i s  t o  inc rease the  

p r e c i p i t a t i o n  o f  clouds over mountain b a r r i e r s  du r ing  w in te r  storms i n  

order  t o  augment the  snowpack i n  the  mountains and increase the  water 

supply i n  t h e  me l t i ng  season. 

Sate l l i te -observab le  parameters which are des i rab le  t o  be 

The pr imary goa l  o f  the  w in te r  orographic  weather mod i f i ca-  

The i n t e r e s t  i n  observ ing c loud  top temperature with the  s a t e l l i t e  I R  

c a p a b i l i t y  stems from t h e  repo r ted  r e l a t i o n s h i p  between the s e e d a b i l i t y  o f  
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a c o l d  orographic  c loud and t h e  temperature of the  top c loud  (Grant and 

E l l i o t t ,  1974). Resu l ts  from severa l  experiments on seeding o f  c o l d  (below 

f reez ing )  orographic  clouds have shown increases i n  p r e c i p i t a t i o n  when 

clouds hav ing  t o p  temperatures between -10 and -25OC are seeded. 

pera ture  range has been c a l l e d  the  ”seeding window” i n  which clouds may be 

d e f i c i e n t  o f  enough i c e  nuc le i ,  such t h a t  seeding these clouds makes them 

m r e  e f f i c i e n t  a t  p r e c i p i t a t i o n  production. 

i n  orographic  c louds a t  vary ing  l o c a t i o n s  and s i t u a t i o n s  can a f f e c t  t he  

v a l i d i t y  o f  t h i s  seeding window c r i t e r i o n ,  such t h a t  a CTT i n  the  seeding 

window range i s  by i t s e l f  n o t  a s u f f i c i e n t  i n d i c a t o r  o f  seedab i l i t y ,  

a l though i t  i s  impor tan t  t o  consider  along with o the r  factors. 

Th is  tem- 

D i f f e r e n t  mechanisms opera t i ng  

Advantages o f  us ing  the  s a t e l l i t e ,  p a r t i c u l a r l y  the  geosynchronous 

types, t o  observe CTT over the  me’thod of radiosonde-derived CTT a re  t h a t  

measurements can be made a t  shor t ,  half-hour i n t e r v a l s ,  and the  CTT from 

s a t e l l i t e  g ives  an area-average which may be more rep resen ta t i ve  than the  

s ing le -po in t  value from a sounding. 

convect ion e x i s t s  i n  the  orographic  cloud. 

Th is  i s  e s p e c i a l l y  t r u e  where imbedded 

The I R  and v i s i b l e  imagery i s  a l so  used f o r  i d e n t i f i c a t i o n  o f  synopt ic  

and mesoscale fea tu res  t h a t  a f f e c t  the  tage t  area. 

i n c l u d e  f r o n t s ,  upper- leve l  troughs, v o r t i c i t y  centers, wind maxima, con- 

v e c t i v e  c e l l s  and banks, etc. These a re  e a s i l y  i d e n t i f i e d  i n  the  imagery 

and can h e l p  c l a s s i f y  the  storm as a c e r t a i n  type, whose s e e d a b i l i t y  

c h a r a c t e r i s t i c s  have been defined. A d d i t i o n a l l y ,  a c l imato logy  of storm 

types can be produced from s a t e l l i t e  imagery be fore  a seeding p r o j e c t  i s  

undertaken t o  determine the  s u i t a b i l i t y  o f  an area for  seeding or a i d  i n  

s e l e c t i n g  a s i t e  fo r  the  program. 

Items o f  i n t e r e s t  
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Examples of the use of s a t e l l i t e  data i n  w in te r  orographic  weather 

m o d i f i c a t i o n  are  shown i n  the  fo l l ow ing  f igures.  A color-enhanced I R  image 

produced on the  CSU ADVISAR (F igure  16.1.1) shows how CTT can be determined 

within t h e  t a r g e t  area o u t l i n e d  on the  image. 

i l l u s t r a t e  a major problem i n  us ing  s a t e l l i t e  data alone t o  determine CTT. 

An ex tens ive  l a y e r  of c i r r u s  unattached t o  the  lower p r e c i p t a t i n g  clouds i s  

observed from an a i r c r a f t  between the  two c loud l a y e r s  (F igure 16.1.2). 

v i s i b l e  s a t e l l i t e  image from t h e  same t ime (F igure 16.1.3) shows the  ex ten t  

and border of t h e  c i r r u s  cover, where the  a i r c r a f t  was west of the  t a r g e t  

area on the  image. 

a fo recas ter  cou ld  be mis led  by the  s a t e l l i t e  CTT data. 

F igures  16.1.2 and 16.1.3 

I 

A 

Without corresponding a i r c r a f t  or  sounding in fo rmat ion ,  

An example o f  t he  CTT i n f o r m a t i o n  which the  geosynchronous s a t e l l i t e  

can prov ide  i s  shown i n  the  CTT vs. t ime graph i n  F i g u r e  16.1.4. The 

average and standard d e v i a t i o n  o f  CTT i n  the  t a r g e t  area i s  p l o t t e d  f o r  24 

hours o f  a S i e r r a  Nevada w in te r  storm, showing t h a t  on l y  clouds i n  the 

l a t e r  stages o f  t h e  storm are  seedable accord ing t o  the  CTT c r i t e r i o n .  

F igu re  16.1.5 shows ha l f -hou r l y  p r e c i p i t a t i o n  t o t a l s  f o r  two s t a t i o n s  

within the  t a r g e t  area of  t he  preceding s l i d e ,  and i s  u s e f u l  t o  i l l u s t r a t e  

the r e l a t i o n s h i p  between c o l d  CTT and heav ie r  p r e c i p i t a t i o n  and g rea te r  

p r e c i p i t a t i o n  e f f i c i e n c y  when compared t o  the former s l i d e  f o r  the  same 

t ime period. 
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Figure 16.1.1 ( S l i d e  S e t  #380) 
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Figure  1 6 . 1 . 2  ( S l i d e  Se t  #382) 

F igure  16 .1 .3  ( S l i d e  S e t  #381) 
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CHAPTER 17 

SATELLITE OBSERVATION RELATED TO AIR-SEA INTERACTION 

Attempts t o  study the  ocean sur face have r e l i e d  on the  o f  channels i n  

the  atmospheric window reg ions  (See F igu re  6.1.2). The l i m i t e d  absorp t ion  

i n  these reg ions  i s  mainly due t o  atmospheric water vapor, bu t  o the r  

atmospheric p a r t i c l e s  and aeroso ls  can cause a t tenuat ion .  I f  c louds are 

n o t  present, t h e  under l y ing  sur face o f  t he  e a r t h  or oceans can be r e a d i l y  

sensed. 

var ious  i n f r a r e d  channels. 

sense the  sea s t a t e  (i.e., winds and cu r ren ts ) .  

Many s tud ies  have focused on sea-surface temperatures by us ing  

However, v i s i b l e  channels can a lso  be used t o  

17.1 Sea-Surface Temperature Measurements From S a t e l l i t e s  

The ocean reg ions  represent  a l a r g e  f r a c t i o n  o f  t he  ear th ’s  surface. 

However, measurements ob ta ined over the  oceans a re  l i m i t e d  i n  both space 

and time. Most, i f  no t  a l l ,  convent iona l  ( n o n - s a t e l l i t e )  measurements o f  

t he  ocean sur face have come from sh ip  repor ts .  

t i o n s  o f  t h e  ocean are  more f requen t l y  and densely measured, and o the r  por -  

t i o n s  may rece ive  few i f  any measurements. U n t i l  the  advent o f  s a t e l l i t e  

measurements the re  was l i t t l e  knowledge o f  t h e  g l o b a l  ocean sur face  tem- 

pera tures  or t h e i r  v a r i a b i l i t y  i n  space and time. 

For t h i s  reason, some por-  

Rao -- e t  al. (1972)  der i ved  g l o b a l  sea-surface temperatures with an rms 

d i f f e r e n c e  o f  2-3 K compared t o  convent iona l  observations. The 10-5-12.5 pm 

channel o f  t h e  High Reso lu t ion  I n f r a r e d  Radiometer (HRIR) on board ITOS 1 

was used. L ikewise,  Smi th  -- e t  a l .  (1970) used the  3.8 pm channel o f  t he  
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H R I R  on N I M B U S - 2  and -3 t o  determine sea-surface temperatures. 

consideration must be given t o  atmospheric attenuation, especial ly a t  

larger  zeni th angles where the ”limb darkening” i s  greater. 

shows tha t  the amount o f  attenuation can be several degrees Celsius. 

Brandl i  (1977) gives an average di f ference between ”bucket” sea-surface 

temperatures and emission temperatures o f  approximately 90C (colder) for a 

region o f f  the east coast o f  Florida. The rather  humid atmsphere amounts 

for the large differences. 

Special 

Figure 17.1.1 

The p o s s i b i l i t y  o f  re f lec ted  rad ia t ion  contamination i s  high a t  these 

shorter wavelengths. Over land or  clouds the 3.8 pm channel would contain 

s ign i f i can t  amounts o f  re f lected solar radiat ion.  

albedo i s  lower and the problem i s  reduced; a t  n ight,  the problem i s  non- 

existent.  

t h e i r  study. 

Over the oceans the 

As a resu l t ,  Rao -- e t  al-. (1972) used only night-time values i n  

Prabhakara -- et  al .  (1974) used spectral  data i n  the 11 t o  13 pm window 

Instead o f  using cl imatolo- region t o  determine sea-surface temperatures. 

g i c a l  data t o  determine the water vapor attenuation correction, the d i f -  

f e r e n t i a l  absorption propert ies of water vapor i n  the spectral  region 

775-960 cm- were used. 

achieved. 

extrapolate the value obtained a t  zero attenuation, such as i n  Figure 

17.1.2. 

1 
This allows an accuracy o f  about loC t o  be 

Simple graphs o f  the three channel temperatures are used t o  

Although 3 channels are used, the use of 2 banne ls  i s  suf f ic ient .  

The problem of cloud contamination was overcome by Smith e t  al.  (1970) 

As by using a histogram of values t o  i d e n t i f y - t h e  cloud-free measurements. 

shown i n  Figure 17.1.3 the po in t  o f  maximum slope on the high temperature 
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wing o f  the histogram can be used as a reference point .  The assumed sea- 

surface temperature i s  that  value minus the standard er ro r  o f  measurement. 

Al ternately,  v i s i b l e  or albedo values may be used t o  i d e n t i f y  and el iminate 

cloud-contaminated values. 

Many features i n  the sea-surface temperature structure have been 

For example, Legeckis (1982) reports on a sea-surface tem- observed. 

perature f ron t  i n  the equator ia l  Paci f ic .  

i den t i f y i ng  and t rack ing of  equator ia l  long waves i n  the ocean. Examples 

of sea-surface temperature eddies are shown i n  Figures 17.1.4 and 17.1.5. 

These eddies are re la ted t o  surface currents and v e r t i c a l  motions i n  the 

ocean. 

Such features are usefu l  i n  

On occasions an outbreak o f  polar cont inental  a i r  w i l l  extend i n t o  

adjacent ocean areas. 

mized. 

associated atmospheric f ron t  extending across southern Flor ida.  

A t  those times the atmospheric attenuation i s  mini- 

Figure 17.1.6 (Huh - e t  2, a1 1982) shows such a cold outbreak and i t s  

17.2 Other Oceanographic Parameters 

Many other ocean-related parameters can be measured from sa te l l i t es ,  

such as surface winds, waves, v i s i b i l i t y ,  ice,  currents, and a l t i t ude  o f  

the sea-surface. Each type of measurement requires special remote sensing 

techniques and frequencies. 

WM3-548, and should be consulted f o r  the various s a t e l l i t e s  and ins t ru -  

ments which can be used fo r  such purposes. 

The requirements and users are l i s t e d  i n  

Dismachek (1980) gives a descr ipt ion of oceanographic products pro- 

duced by NOAA. These products include sea-surface temperatures (SST), i c e  

charts and ocean current analyses. An example o f  an automated SST analysis 



i s  given i n  Figure 17.2.1 as derived f rom NOAA po lar -orb i t ing s a t e l l i t e  

i n f ra red  measurements. Figure 17.2.2 shows an i c e  chart  generated manually 

from a combination o f  s a t e l l i t e  and conventional data. The s a t e l l i t e  

measurements include those i n  the v i s ib le ,  i n f ra red  and microwave regions. 

Likewise, ocean current analyses are generated manually but almost exclusi-  

vely from s a t e l l i t e  v i s i b l e  and in f ra red  imagery. 

17.3 Non-oceanographic Products 

Many other land-surface parameters can be obtained from s a t e l l i t e  

meausrements. These include land-surface temperatures, s o i l  moisture, snow 

cover and vegetation indices. 

To obtain land-surface temperatures using i n f ra red  measurements i s  a 

s imi la r  process t o  tha t  used t o  obtain sea-surface temperatures. However, 

two addi t ional  d i f f i c u l t i e s  arise. One problem i s  the non-uni t y  emittance 

o f  the surface. 

emittances i n  the i n f ra red  are t yp i ca l l y  near 1.0, the dif ference can cause 

an underestimation o f  the actual surface temperature. 

i s  the increased ref lectance o f  land surfaces compared t o  sea-surfaces. 

The use of a v i s i b l e  channel t o  obtain the surface albedo (ref lectance) is 

necessary when using i n f ra red  measurements which are susceptible t o  

re f lec ted  solar contamination (Shaw, 1970) . 

(e.g., the surface i s  a grey-body). Although surface 

The second problem 

The determination o f  s o i l  moisture r e l i e s  on emittance variatons 

detected by microwave sensors. 

emittance var ia t ions which are useful  as a . re la t i ve  measure o f  surface wet- 

ness. 

1.0) t o  water surfaces (approximately 0.5). Channel combinations from the 

Grody (1983) gives examples o f  surface 

Emittances usual ly l i e  between those for dry land (approximately 
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Microwave Sounding Unit (MSU) are used t o  e l i m i n a t e  the  e f f e c t  o f  a i r  tem- 

pera ture  v a r i a t i o n s .  The Scanning Mul t i -channel  Microwave Radiometer 

(SMMI) experiment on NIMBUS-7 i s  a l s o  designed t o  measure s o i l  wetness 

us ing  emittance v a r i a t i o n s .  

Measurements of snow cover t y p i c a l l y  r e l y  on the  r e f l e c t i v e  p r o p e r t i e s  

o f  snow. However, t he  thermal  p r o p e r t i e s  o f  snow cause i t  t o  appear co lder  

than surrounding surfaces. Therefore, both v i s i b l e  and i n f r a r e d  channels 

can be used, and determinat ions are n o t  l i m i t e d  t o  daytime measurements. For 

more in fo rmai ton ,  see Wiesnet (1974) and McGinnis e t  a l .  (1975). -- 
F i n a l l y ,  t he  ERTS (Ear th  Resources Technology S a t e l l i t e  )LANDSAT 

se r ies  o f  s a t e l l i t e  has been s p e c i f i c a l l y  designed t o  measure sur face  and 

vegeta t ion  p r o p e r t i e s  us ing  m u l t i - s p e c t r a l  imaging. Sensors mainly i n  the  

v i s i b l e  and m a r - i n f r a r e d  a re  used t o  measure r e f l e c t e d  and thermal  

r a d i a t i o n .  

t i o n  index for var ious  crops o r  n a t u r a l  surfaces. 

sensing c a p a b i l i t i e s  i s  beyond the  scope o f  t h i s  se t  o f  l e c t u r e  notes. 

o b t a i n  LANDSAT data  one should contac t  t he  Ear th  Resources Observation 

Systems (EROS) da ta  center  i n  Sioux F a l l s ,  South Dakota 57198. 

LANDSAT s a t e l l i t e s  have been launched so f a r  with a sensor ground reso lu -  

t i o n  as good as 30 meters. 

t he  the  s p e c i a l  LANDSAT references a t  t h e  end of t he  chapter. 

Var ious channel combinations can be used t o  develop a vegeta- 

Coverage o f  these ear th -  

To 

Four 

For an overview o f  LANDSAT c a p a b i l i t i e s ,  see 
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Figure 17.1.1 Atmospherio Attenuation of Sea-Surfaoe Temperature 
a t  3.8 cup (Smith 9 u . ,  1970) 

Figure 17.1.3 
H i  stogramr of Sat e l  l i t e  #earns ement s to  Ident i fY 
Cloud-Free, Sea-Sur f ace Temperature 
(Smith 9t a l . ,  1970) 

R E 1  ABS COEF tcmz# ') 

Figure 17.1.2 
Extrapolation of Brightness Temperature t o  Zero 
Attenuation (Prabhakrra e t  a., 1974) 
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Figure  17 .1 .4  Sea-Surface Temperature Eddies  a s  s e e n  i n  i n f r a r e d  
imagery from NOAA-6. 
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Figate  17.1.5 Sea-Surface Temperature Eddies i n  the Gulf of 
Mexico a s  seen i n  a VHRR infrared image from 
NOM-3. 



- 339 - 

Figure 17.1.6 Polar Continentia1 Air Outbreak Giving Minimum 
Atmospheric Attenuation. Note the Atmospheric 
Front Across Southern Florida. (Huh et al., 1982) 
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Figure 17.2.1 NOM Operational Sea-surface Temperature Analysts 
for 13 November 1979 f o r  Carribean Region. 
(Dismachek 9t  ah., 1980) 



Figure 17.2.2 N O M  Operational I c e  Chart for 17 October 1979 
for Alaska-north slope region.  
(Dismachek e t  a l . ,  1980) 
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CHAPTER 18 

ASPECTS OF CLIMATOLOGY STUDIES 

FROM SATELLITE DATA 

18.1 Rad ia t i on  Budgets 

The earth's r a d i a t i o n  balance has been a sub jec t  o f  a number o f  s tu -  

d i e s  f o r  many years. C r u c i a l  t o  the  ques t ion  o f  c l ima te  research i s  t he  

knowledge o f  t he  s o l a r  r a d i a t i o n  i n p u t  and the  longwave r a d i a t i o n  ou tpu t  a t  

t he  top  of the  atmosphere and t h e  exchange o f  heat, momentum and m a t e r i a l  

(espec ia l l y  water vapor) a t  t he  bottom. 

know t h e  s i z e  and scale o f  i n te rannua l  v a r i a t i o n s  i n  the  components o f  t h e  

energy budget. I t  i s  p a r t i c u l a r l y  impor tan t  t o  assess the r o l e  o f  oceans 

i n  c l i m a t i c  v a r i a t i o n s  and the  ex ten t  and v a r i a b i l i t y  o f  the  p a r t i t i o n i n g  

o f  t h e  heat t r a n s p o r t  between the  atmosphere and the  oceans. 

t h a t  accurate and ex tens ive  measurements o f  the  ear th ’s  r a d i a t i o n  budget 

are requ i red  p a r t i c u l a r l y  over a p e r i o d  o f  severa l  years t o  p rov ide  i n s i g h t  

as t o  the  ex ten t  o f  t he  i n te rannua l  v a r i a b i l i t i e s .  S a t e l l i t e  measurements 

p resen t l y  p rov ide  the  bes t  est imate o f  t he  e a r t h  r a d i a t i o n  budget with suf- 

f i c i e n t  temporal and s p a t i a l  r e s o l u t i o n  over the  e n t i r e  globe. 

from a combination o f  such da ta  with convent ional  measurements o f  

atmospheric and oceanic va r iab les ,  t h e  heat  t ranspor t s  within t h e  ocean and 

atmosphere can be deduced (e.g., Oor t  and Vonder Haar, 1976). 

Furthermore, i t  i s  necessary t o  

I t  is ev ident  

Fur ther ,  

A number of s tud ies  have been presented over the  l a s t  10-15 years 

regard ing  the  mean steady s t a t e  magnitudes o f  the energy exchange between 

e a r t h  and space. For example, Vonder Haar and Suomi (1971) presented 
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r e s u l t s  f o r  the mean annual  and seasona l  cases based on measurements du r ing  

5 years (1962-1966). 

Eandeen (1970) d i scussed  s h o r t  spans  o f  data (weeks and seasons ) .  

-- e t  a l .  (1973) r epor t ed  on budget r e s u l t s  from measurements ob ta ined  from an 

experiment on the NIMBUS-3 satel l i te .  

a tmospheric  r a d i a t i o n  budgets are p resen ted  f o r  a composite o f  48 months 

Others, i n c l u d i n g  Winston (1967) and Raschke and 

Raschke 

I n  Stephens -- et a l .  (1981) the earth 

over  an i n t e r m i t t e n t  pe r iod  spanning 14 years (1964-1977) i nc lud ing  24 

months o f  t h e  more r e c e n t  NIMBUS-6 data ob ta ined  from the con t inu ing  earth 

r a d i a t i o n  budget (ERE) experiment.  The r epor t ed  data are a r e s u l t  of a 

cont inuing  compi la t ion  o f  r a d i a t i o n  budget measurements t h a t  were first 

repor t ed  by E l l i s  and Vonder Haar (1976) (29 months o f  selected r a d i a t i o n  

budget measurements). 

The de termina t ion  o f  the radiative ba lance  a t  the earth’s s u r f a c e  is 

a l s o  e s s e n t i a l  t o  a tmospheric  modeling, and, i n  p a r t i c u l a r ,  s u r f a c e  

r a d i a t i o n  budgets  may provide i n s i g h t  i n t o  t h e  p o s s i b l e  a tmospheric  and 

ocean ic  p a r t i t i o n i n g  o f  t h e  heat t r a n s p o r t .  

of t h e  components o f  t h e  r a d i a t i o n  budget c u r r e n t l y  s e r v e  as one of t h e  

impor tan t  tests o f  r a d i a t i o n  modeling v a l i d i t y .  

Satellite-based obse rva t ions  

18. I. 1 Satellite - Data Sources  

There is an i n c r e a s i n g  amount o f  in format ion  on the p l a n e t a r y  

r a d i a t i o n  budget being provided by satel l i te  measurements. 

p o s s i b i l i t y  arises f o r  misunderstnading t h e  d i f f e r e n t  measurements as  a 

Thus, the 

source  o f  data f o r  energy budget s t u d i e s .  

who use the data t o  understand t h e  n a t u r e  o f  t h e  measured or estimated 

I t  is impor tan t  f o r  s c i e n t i s t s  

q u a n t i t i e s  b e f o r e  t he  data can be i n t e r p r e t e d  f o r  energy budget and 
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climate-related studies. Ideally,  radiation budget studies require measure- 

ments a t  the "top of the atmosphere" o f  the t o t a l  upwelling radiant energy 

from the earth atmosphere system, that  is ,  the t o t a l  radiant energy i n  both 

the solar  and I R  spectra integrated over a l l  directions. No s a t e l l i t e  

measurement system yet developed can completely accommodate these rather 

fundamental requirements, but  some provide be t te r  approximations than 

others. Furthermore, quantitative estimates of the uncertainties asso- 

ciated w i t h  the different  systems vary i n  de t a i l .  

There a re  basically two fundamentally different  sensors employed to  

measure the upwelling solar and I R  radiation leaving the earth atmosphere 

system: radiometers that  employ f l a t  plate  sensors and scanning 

radiometers. The measured quant i t ies  derived from these ins t rumen t s  are  as 

fundamentally different  as the instruments themselves. T h i s  point i s  evi- 

dent from Figure 18.1.1, which schematically depicts the nature of the 

measurement and of the region sampled by the instrument. 

The f l a t  p la te  sensor measures the upwelling radiant f l u x  density 

(exi t tance)  reaching the p la te  and includes the earth atmosphere signal 

from a well-defined cone (SAB). 

a t  the s a t e l l i t e  a l t i t ude  (S) t o  an equivalent f l u x  measurement a t  height H 

( the top o f  the atmosphere). 

of radiation from w i t h i n  cone SAB, originates  largely w i t h i n  the smaller 

cone SCD, 

instrument weighting radiation received about the subsa te l l i t e  point (SS) 

mre heavily that  radiation received from those regions toward t h e  limb. 

T h i s  feature i s  one of the determinants of the pract ical  ins t rument  resolu- 

t ion (- 100 ground coverage area for the f l a t  plate  sensors i n  o rb i t s  of 

height - 600 km). 

The object i s  to convert t h i s  measurement 

The upwelling radiation a t  S, bile composed 

T h i s  more confined sampling region i s  a consequence o f  t h e  
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The satel l i te-based detector a t  S measures not only the radiant energy 

through the ”equivalent detector” a t  S’ but also rad ia t ion  received from 

the surrounding regions o f  the atmosphere. Thus, some correct ion i s  

s t r i c t l y  required t o  el iminate t h i s  rad ia t ion  so that  the exit tance 

measured a t  S represents the exi t tance a t  S’. However, since the rad ia t ion  

through S’ accounts fo r  a large amount o f  the t o t a l  upwelling radiant 

energy detected a t  the s a t e l l i t e ,  t h i s  correct ion i s  l i k e l y  t o  be small. 

F ina l l y ,  since spa t ia l  gradients or  time rates o f  change o f  the rad ia t ion  

budget are often the important parameters under consideration and the spa- 

t i a l  and temporal dif ferences o f  measurements o f  the rad ia t ion  through S 

are very  s im i la r  t o  those through S ’ ,  the data a t  s a t e l l i t e  a l t i t u d e  are 

of ten employed without adjustment. 

The scanning radiometer, on’the other hand, measures the radiant 

energy (analogous t o  radiance) confined t o  a par t i cu la r  d i rec t ion  and t o  a 

small but f i n i t e  s o l i d  angle (Figure 18.1.2b). 

terpretat ion o f  t h i s  measurement a t  5’ i s  t r i v i a l ,  such a measurement does 

not represent the t o t a l  upwelling radiant energy, but i s  rather the energy 

sampled i n  a confined but small set o f  s o l i d  angles. 

Thus, wh i l e  the re in-  

I t  i s  obvious f rom t h e  comparisons shown i n  Figures 18.1.la and 

18.1.lb that  the f l a t  p la te  sensor, while encompassing a major i ty o f  the 

t o t a l  upwelling radiat ion,  does so a t  the expense of ground resolut ion. 

The f u l l  field-of-view i s  - 60° but the e f fec t i ve  resolut ion i s  o f  the 

order of lo0 (or  - 1000 iun) resu l t ing  i n  a smoothing of the data. Scanning 

radiometers, by contrast, have fa r  be t te r  resolut ion (often s 20 with 

averaging) but a t  the expense o f  los ing representation of the t o t a l  rad iant  

exit tance from the earth-atmosphere. 
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The angular v a r i a t i o n  of the  r a d i a t i o n  f i e l d  measured with a scanner 

i s  most severe when app l ied  t o  the de terminat ion  o f  p lanetary  albedo. 

While the problem s t i l l  e x i s t s  fo r  I R  measurements, i t  i s  genera l l y  assumed 

t h a t  t he  emi t ted  r a d i a t i o n  has approximate b lack  body c h a r a c t e r i s t i c s  and 

i s  there fore  more near ly  i s o t r o p i c .  

The perfoFmance, i n  terms of a p p l i c a b i l i t y  t o  r a d i a t i o n  budget e s t i -  

mates, of the  var ious  s a t e l l i t e  measuring systems i s  summarized i n  Table 

18.1.1. F i v e  major systems are  reviewed, the sun-synchronous p o l a r  o r b i t e r  

l i k e  NIMBUS-6 and -7 and NOAA s a t e l l i t e s ,  geosynchronous s a t e l l i t e s  (e.g., 

GOES, SMS), and the  proposed ERBE program (l984), which i s  t o  implement 

th ree  p o l a r  o r b i t i n g  s a t e l l i t e s .  

shown i n  parentheses i n  the  s e c t i o n  l abe led  d i u r n a l  v a r i a t i o n .  

The l o c a l  t imes o f  sampling are a l so  

The f l a t  p l a t e  sensors associated with the  NIIUIBUS-6 and -7 s a t e l l i t e s  

have s i g n i f i c a n t  advantages i n  t h a t  measurements a re  broad band (i.e., they 

measure the  upwe l l i ng  s o l a r  r a d i a t i o n  i n  the  s p e c t r a l  reg ion  form 0.2 t o  

3.8 pm and the  I R  emi t ted  f l u x  f o r  t he  s p e c t r a l  reg ion  3.8 t o  1 50 um) and 

a l so  measure r a d i a n t  energy i n t e g r a t e d  over a broad v a r i a t i o n  o f  angles. 

Unfor tunate ly ,  t h e  s a t e l l i t e  sun-synchronous o r b i t s  do no t  pass d i r e c t l y  

over the  p o l a r  reg ions,  and the  ear th ’s  r a d i a t i o n  viewed from those reg ions  

by f l a t  p l a t e  sensors is  a t  some ob l ique angle. Therefore, the  de ter -  

mina t ion  of p lane ta ry  albedo i n  the  p o l a r  reg ion  (poleward of  about 700 

l a t i t u d e )  i s  sub jec t  t o  some u n c e r t a i n t y  s ince i t  requ i res  l a r g e  angular 

co r rec t i on ,  t he  v a l i d i t y  o f  which remains uncer ta in .  The c h i e f  disadvan- 

tages o f  these measurements a re  t h e i r  i nhe ren t  coarse r e s o l u t i o n  and the  

p o s s i b i l i t y  o f  d i u r n a l  b ias.  Poss ib le  d i u r n a l  b iases i n  re f lec tance by 

vary ing  so la r  e l e v a t i o n  can be corrected.  However, i t  must be recognized 
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that t h i s  data processing cannot remove possible diurnal effects that arise 

from variations i n  the s ta te  of the atmosphere (such as cloud cover). 

particular, the tropics that constitute roughly half o f  the surface area o f  

the earth and account f o r  more than half of the radiative interaction w i t h  

space, exhibit some fairly regular variations i n  temperature and cloudiness 

over the diurnal cycle (Riehl and Miller, 1978; Short and Wallace, 1980). 

I n  

The scanning radiometers (SR) employed on the NOAA and geosynchronous 

sa t e l l i t e s  measure the upwelling radiation i n  narrow spectral regions 

(0.5-0.7 i n  t h e  visible and 10.5-12.5 pm i n  t h e  I R ) .  

of such measurements is the need t o  correct empirically these narrow 

spectral band values t o  broad band total  shortwave and longwave radiant 

energies. 

the NOAA scanning radiometer (Gruher and Winston, 1978), which provides 

representative values o f  emitted f l u x .  

the shortwave measurements, but  it i s  not  performed for the current 

scanning radiometer "albedo" estimates. 

is the need t o  correct the measurements for  angular variation of the 

radiance f ie lds .  

available scanning radiometer data. 

The disadvantage 

A regression approach is  employed to  the I R  measurements from 

A similar correction is needed for  

Another significant disadvantage 

Again, t h i s  correction is not employed to  the currently 

The advantages associated wi th  the scanning radiometer data reside i n  

the h igh  resolution o f  the data that are available over a longer 

"continuous" period than are t h e  f l a t  plate measurements. 

NOAA SFI data w i l l  be available a t  0730, 1500, 1930, and 0300 (local time), 

which may eliminate diurnal biases. 

i n  the radiation budget data, however, are best suited to  geosynchronous 

sa t e l l i t e  data, and such studies are required to  tes t  the extent of 

Futu re  TIROS and 

Studies of any diurnal cycle evident 
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possible diurnal biases that  may occur i n  the sun-synchronous polar 

orbi t ing s a t e l l i t e s .  Unfortunately, the measurements from geosynchronous 

s a t e l l i t e s  are  not global i n  extent ,  and the data also require t h e  d i f -  

f i c u l t  angular and spectral  corrections described above for the SR. 

I n  addition to  the f l a t  p la te  sensors, the NIIVIBUS-7 s a t e l l i t e  has a 

multi-axis broad band scanning radiometer tha t  not o n l y  measures the 

upwel l ing  radiance f i e ld  across the en t i re  spectrum b u t  also scans for a 

number of different  angles. T h i s  data may of fer  s ignif icant  advances to  

our present qual i ta t ive understanding of the bi-directional reflectance 

function. 

be employed to  s tudy  t h i s  function but  for a more res t r ic ted  variation of 

Data from the exis t ing single axis scanning radiometers can also 

t h e  dependent angles. The proposed ERBE program w i l l  employ two near 

polar-orbiting sun-synchronous s a t e l l i t e s  and another w i t h  o rb i t a l  inclina- 

t ion of 480 as an attempt to overcome the possible diurnal biases asso- 

ciated w i t h  the current measurements. The program w i l l  continue i ts  use of 

the f l a t  p la te  sensors as  well a s  employing a broad band single axis 

scanning radiometer. I t  is hoped by the time o f  those measurements that  the 

current scanning radiometer data from NIMBUS-7 as well as the  current 

single axis scanner measurements w i l l  lead to  a workable understanding of 

the bi-directional reflectance function. Such a reflectance model may then 

be coupled to  the scanning radiometer data to  provide h i g h  resolution 

radiation budget estimates. 

18.1.2 Radiation Budget Measurements 

The planetary net radiation budget is  composed of incoming 

solar f l u x ,  reflected solar f l u x  to  space, and the emitted t e r r e s t r i a l  
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f l u x .  

budget is de f ined  as 

A t  the t o p  of the earth atmosphere boundary, the n e t  r a d i a t i o n  

N = (1 - a)Q - I (18.1) 

where a is  t h e  p l a n e t a r y  a lbedo ,  Q is the incoming s o l a r  f l u x  based on the 

s o l a r  c o n s t a n t  of 1376 W o m -  (Hickey _. et 2, a1 1980) and c o r r e c t e d  f o r  

v a r i a t i o n s  i n  sun earth d i s t a n c e ,  day l e n g t h ,  and s o l a r  d e c l i n a t i o n  and I 

is the emitted f l u x  ( I R )  by the earth atmosphere system. 

2 

The l a t i t u d i n a l  d i s t r i b u t i o n  o f  the annual  and seasona l  n e t  radiative 

energy i n p u t  i n t o  the earth atmospheric  system, the p l a n e t a r y  a lbedo ,  and 

t h e  outgoing  (emitted) longwave r a d i a t i o n  are shown i n  F igu re  18.1.2.1 f o r  

t h e  48-month composite data set  as a func t ion  o f  la t i tude.  

scale is  non-l inear  w i t h  r e s p e c t  t o  l a t i t u d e  but  l i n e a r  with respect t o  

area.) I n  the annual  p r o f i l e s ,  approximate symmetry i n  N, a, and I pre-  

vai ls  between t h e  no r the rn  and sou the rn  hemispheres. 

emitted f l u x  near  the equa to r  (50N) is  a result of the high topped c louds  

a s s o c i a t e d  w i t h  t h e  ITCZ.  

t h i s  minimum migra t e s  about  t h e  equator .  

250N are i n d i c a t i v e  o f  t h e  s u b t r o p i c a l  dry zones (bo th  over  l and  and ove r  

ocean) .  The annual  p r o f i l e  of p l a n e t a r y  albedo, on the other hand, 

d i s p l a y s  a maximum a t  5 O N  i n  conce r t  with t h e  minimum i n  the emitted f lux .  

I n  t he  t r o p i c a l  r eg ion ,  t h e  p l a n e t a r y  a lbedo  v a r i a t i o n  i s  in f luenced  more 

by weather d i s t u r b a n c e s  and their a t t e n d a n t  c loud  d i s t r i b u t i o n s .  

polar r e g i o n s ,  t h e  major ice sheets are r e g i o n s  o f  l a r g e  nega t ive  n e t  

r a d i a t i o n  due t o  t h e  h igh  albedo of snow and ice. The gene ra l  i n c r e a s e  o f  

a lbedo poleward o f  t h e  s u b t r o p i c s  i s  a l s o  p a r t i c u l a r l y  a t t r i b u t a b l e  t o  t h e  

dec reas ing  mean s o l a r  e l e v a t i o n  angle  with l a t i t u d e .  

(The abscissa 

The minimum i n  

I t  is  apparent  from the seasona l  p r o f i l e s  how 

The h igh  emission around 25% and 

I n  the 

, 



There i s  a s i g n i f i c a n t  amount o f  month-to-month v a r i a t i o n  i n  the  

r a d i a t i o n  budget q u a n t i t i e s .  Th is  i s  exemp l i f i ed  i n  F igu re  18.1.2.2 which 

shows the  annual v a r i a t i o n  o f  t he  mean values o f  em i t ted  f l u x ,  p lanetary  

albedo, and n e t  f l u x .  

Global  i n t e g r a t i o n s  were no t  performed i n  t h i s  case because some data were 

miss ing poleward o f  700N and S f o r  i n d i v i d u a l  months. The annual cyc le  i n  

t h e  g l o b a l l y  i n t e g r a t e d  n e t  f l u x ,  p rev ious l y  repo r ted  by E l l i s  -- e t  a l .  

(1978) has an ampli tude (peak-to-peak) o f  about 26 W*m- . The c r e d i b i l i t y  

o f  such a c y c l e  can be q u a l i t a t i v e l y  assessed from the  heat budget s tud ies  

o f  E l l i s  -- e t  a l .  who showed t h a t  t he  change o f  heat content  (s torage)  of t he  

e a r t h  possessed s i m i l a r  ampli tudes and phases t o  the  p lanetary  ne t  f lux .  

The i r  g l o b a l  heat  storage est imates were computed by independent -- in s i t u  

measurements o f  temperature. 

These values are  area means from 700N t o  8OoS. 

2 

Shown on F igu re  18.1.2.2 as a dashed curve i s  the  annual cyc le  i n  the  

g lobal ly -averaged i n t e g r a t e d  s o l a r  f l u x  t h a t  has a peak-to-peak ampli tude 
2 

o f  about 22 W*m- . Th is  v a r i a t i o n  i s  a r e s u l t  on l y  o f  e x t e r n a l  f o r c i n g s  

associated with v a r i a t i o n s  i n  the  e a r t h  sun geometry. I t  i s  l i k e l y  t h a t  

the observed annual v a r i a t i o n  o f  the  global ly-averaged ne t  f lux  a t  t he  top 

o f  the  atmosphere ( s o l i d  curve i n  F igu re  18.1.2.2) i s  l a r g e l y  a r e s u l t  of 

t h i s  e x t e r n a l  f o rc ing .  The r e s i d u a l  o f  the  cyc le  i s  l i k e l y  t o  be a r e s u l t  

o f  the hemispheric d i f f e rences  i n  land-ocean ex ten t ,  b u t  c loud cover d i f -  

ferences between t h e  hemispheres cannot be r u l e d  out .  S p e c i f i c a l l y ,  the  

annual cyc le  o f  p lanetary  albedo i s  a l so  l i k e l y  t o  be determined by the  

hemispheric d i f f e r e n c e s  o f  snow i c e  ex ten t  t h a t  p rov ides  l a r g e  albedos 

( p a r t i c u l a r l y  i n  the  p o l a r  reg ions) .  Fur ther ,  the  annual v a r i a t i o n  i n  the  

longwave emission t o  space occurs i n  p a r t  because o f  unequal temperature 



responses between the land and the water surfaces and the  assymetrical 

d i s t r i b u t i o n  o f  these between the northern and the southern hemisphere. 

Figure 18.1.2.3 presents the  interannual var ia t ions o f  the hemispheri- 

ca l l y  averaged net f lux  tha t  are presented f o r  the seasonal in te rva ls  spe- 

c i f i e d  above. 

from one season t o  another occur f o r  the t rans i t i on  from so ls t i ce  t o  

equinox. 

f lux  discussed below. 

For both hemisphere, the largest  changes i n  the net f l u x  

This marked var ia t ion  i s  also evident i n  the global  maps o f  net 

Figure 18.1.2.4 shows the global  d is t r ibu t ions  o f  emitted f lux,  plane- 

tary  albedo and net f lux averaged f o r  the mean annual period. 

albedo maps reveal  a d i s t i n c t  ocean-continent contrast equatorward o f  300N 

and 30% and the high reaching convective clouds associated with the Asian 

monsoon are p a r t i c u l a r l y  apparent especial ly when re la ted t o  the low 

emission ( less than 230 

Generally, a net rad ia t ion  gain prevai ls  over ocean regions that  may be 

d i r e c t l y  a t t r i bu ted  t o  the lower albedo over oceans compared t o  the zonal 

average. 

some s l i g h t  cont inental  inf luence (e.g., over Nor th  America) i n  the 

northern hemisphere. 

The annual 

evident i n  Figure 18.1.2.4 f o r  that  region. 

Poleward o f  300N and S, the albedo is zonally uniform except for 

A d i s t i n c t  feature o f  the net f lux d i s t r i b u t i o n  is  the r e l a t i v e l y  h igh 

input  o f  net rad ia t i ve  energy i n  the southeast Asian region and regions o f  

r e l a t i v e  low energy input  pa r t i cu la r l y  west o f  South America and southern 

Af r i ca  (associated with the presence o f  low persistent s t ra tus clouds) and 

a minimum over the desert regions. 

The maps presented i n  Figure 18.1.2.4 are f o r  the mean annual case, 

and thus a l l  da i l y  and even seasonal anomalies are smoothed. Even so, a t  
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lower la t i tudes  i n  par t icular ,  regions of  re la t ive  gain and loss of energy 

are evident w i t h i n  a given zone. For example, d i s t i nc t  variations are evi- 

dent i n  the net fluxes i n  the t ropical  zones where the deserts of Africa 

and Arabia appear as negative o r  small positive anomalies and the convec- 

t ive  regions near Asia are large posit ive anomalies i n  net f l u x .  

numerical simulations of the atmospheric or  oceanic circulation cannot 

include forcing functions only as a function of l a t i tude  ( i .e . ,  of solar 

declination).  

zonal variations i n  the radiative forcing cannot be simulated w i t h o u t  zonal 

Thus, 

Stephens and Webster (1979), for  example, indicated that 

variations i n  cloud cover. 

The albedos are generally negatively correlated w i t h  the emitted f l u x  

except over the desert regions discussed above. 

emitted f l u x  and albedo i s  a direct  resul t  of the effect  of cloud on these 

components. Simply,  the increased loss of energy t o  space by reflection 

from the cloud i s  of fse t  by the decreased emission from the (colder) cloud 

tops.  

net f l u x  d i s t r i b u t i o n s  that  are more zonal i n  s t ructure  than e i ther  the 

maps of the two components a or  I.  

T h i s  reciprocity between 

T h i s  reciprocity is  evident i n  each of the seasonal maps producing 

18.2 Clouds 

Very l i t t l e  i s  known about the global coverage and d i s t r i b u t i o n  o f  

clouds. However , with the ava i lab i l i ty  of s a t e l l i t e  measurements which 

cover almost the en t i re  earth and which can make frequent measurements, t h e  

capability t o  determine global cloud cover is t o  be attempted. 

Using 3-hourly measurements from 5 geosynchronous and the NOAA polar- 

o r b i t i n g  s a t e l l i t e s ,  f o r  t h e  polar regions (see Figure 18.2.1), a 5-year 
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c loud da ta  s e t  (or g l o b a l  c loud  c l imato logy) ,  w i l l  be c o l l e c t e d  s t a r t i n g  i n  

1983 f o r  t he  I n t e r n a t i o n a l  S a t e l l i t e  Cloud Climatology P r o j e c t  (ISCCP) . 
Th is  ambi t ious p r o j e c t  w i l l  r e q u i r e  the  p a r t i c i p a t i o n  o f  many i n t e r n a t i o n a l  

agencies as w e l l  as government and academic research i n s t i t u t i o n s  

throughout t h e  world. These i n s t i t u t i o n s  w i l l  c o l l e c t ,  process and analyze 

t h e  s a t e l l i t e  data. 

Much new i n f o r m a t i o n  should be forthcoming as the  ISCCP progresses. 

A goa l  w i l l  be the  study of c loud - rad ia t i on  processes. 

18.3 Other Parameters 

18.3.1 Estimates - o f  I n t e g r a t e d  L i q u i d  Water, -- Cloud Water Cancentra- 

t i o n s  and I n t e g r a t e d  Water Vapor -- i n  the  Atmosphere -- Over the 

Oceans 

V a r i a t i o n s  i n  the  hyd ro log i c  cyc le ,  espec ia l l y  through the  

-- 

storage, t r a n s p o r t  and re lease o f  energy by water vapor / l i qu id  water, are 

exceedingly impor tan t  t o  i n te rannua l  v a r i a t i o n s  o f  weather and c l imate.  

Rawinsondes and radars  over l a n d  networks, and s a t e l l i t e s  on a g l o b a l  

scale, c o n t r i b u t e  t o  t h e  understanding o f  the  H$ var iab les .  

s a t e l l i t e  experiments, VAS on GOES and WV on METEOSAT, can now t r a c e  

(New 

atmospheric water vapor p a t t e r n s  over  l a n d  and ocean on an exper imenta l  

basis). There d e f i n i t e l y  i s  a need t o  b e t t e r  map the Hf l  vapor and l i q u i d  

v a r i a t i o n s  over  t h e  oceans. 

I t  i s  impor tan t  t o  note t h a t  mapping of i n t e g r a t e d  atmospheric water 

vapor and l i q u i d  would be very impor tan t  c l ima te  measurements. 

or buoy data would be aggregated i n t o  monthly and seasonal data sets.) I n  

add i t i on ,  i f  the c loud tops are  est imated (e.g., by concurrent  I R  measure- 

(Ocean sh ip  
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ments from GOES or  o the r  s a t e l l i t e s )  then a c t u a l  c loud l i q u i d  water - con- 

c e n t r a t i o n s  can be estimated us ing  t h i s  new data. 

18.3.2 Estimates o f  P r e c i p i t a t i o n  Over the  Ocean - --- 

For many years the  weather observat ions from ships ( t h e  synop- 

t i c  code da ta)  have been used t o  est imate the  c l i m a t o l o g i c a l  d i s t r i b u t i o n  

o f  p r e c i p i t a t i o n  over  t h e  oceans. Th is  i s  a very impor tan t  c l ima te  data 

s e t  because o f  what i t  t e l l s  us about the  t ime and space v a r i a t i o n  o f  

l a t e n t  heat  re lease i n  the  atmosphere. A l l  major n a t i o n a l  and i n t e r -  

n a t i o n a l  c l i m a t e  study groups have recommended t h a t  s p e c i a l  e f f o r t  be 

p laced upon improvement o f  t h e  knowledge o f  oceanic p r e c i p i t a t i o n .  

Despi te  the  fac t  t h a t  t h e  sh ip  (and i s l a n d )  da ta  are l i m i t e d  i n  a rea l  

d i s t r i b u t i o n ,  Reed and E l l i o t t  (1979) o p t i m i s t i c a l l y  s t a t e  t h a t  random 

error i n  m i d l a t i t u d e s  i s  on l y  t 10% for mean annual and seasonal est imates 

with a g rea te r  u n c e r t a i n t y  i n  the  t rop i cs .  

t i c  b i a s  i n  the  p r e c i p i t a t i o n  est imates has been e l im ina ted .  

They a l so  b e l i e v e  t h a t  systema- 

Frequency o f  

p r e c i p i t a t i o n  can be est imated by s a t e l l i t e s  based on severa l  methods 

a l ready t e s t e d  (e.g., K idder  and Vonder Haar, 1977). 

microwave methods have been descr ibed i n  Chapter 13. 

Both i n f r a r e d  and 
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Figure 18.1.1 Schematic of (a) Flat Plate and (b) Scanning 
Detector Views (Stephens, et al., 1981) 
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Figure 18 .1.2 .l Zonally-Averaged and Annually-Averaged Emitted 
Flux, Net Flux, and Planetary Albedo 
(Stephens, et aL.,  1981) 
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Table 18.1.1 Satellite Systems for Radiation 
Budget Estimates 
(Stephens, et at., 1981) 
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Figure  18.1.2.2 
Annual Variation in Qlobal Radiation Balance 
(Stephens, e t  aa., 1981) 
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Figure 18.1.2.3 
Mean Seasonal Hemisphere Net Fluxes 
(Stephens, et a?., 1981) 
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ANNUAL EMITTED 

ANNUAL ALBEDO 

ANNUAL NET 

Mean annual map of outgoing infrared radiation in W tu-', planetary albedo (%). and net radution (W m-3) for 
the 48-month period. 

Figure 18.1.2.4 Global Distribution of Radiation Budget for 
48 Months (Stephens, et al., 1981) 
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SECTION I11 

FUTURE DEVELOPMENTS 

The preceding sec t ions  i n  t h i s  s e t  o f  l e c t u r e  notes have discussed the  

bas i c  ope ra t i ng  p r i n c i p l e s  and many p r a c t i c a l  a p p l i c a t i o n s  o f  the  present-  

day meteoro log ica l  s a t e l l i t e s .  

we expect through the  l980’s, t he  development of c a p a b i l i t i e s  i n  the  

meteoro log ica l  s a t e l l i t e  and da ta  process ing areas w i l l  p rov ide  an even 

g rea te r  spectrum o f  uses f o r  weather s a t e l l i t e  data. With an eye toward 

the  f u t u r e ,  t h i s  sec t i on  i s  in tended t o  remind the  reader o f  some o f  the  

most recen t  developments t h a t  have n o t  y e t  reached the  f u l l  a p p l i c a t i o n  

stage. 

pe r iod  t o  the  improved s a t e l l i t e  systems t h a t  the  readers o f  t h i s  se t  of  

notes w i l l  undoubtedly encounter. 

Throughout the  l a s t  20 years and cont inu ing  

I t  i s  a l so  in tended t o  l ook  ahead du r ing  a t  l e a s t  the  next  t en  year 
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CHAPTER 19 

FUTLJRE DEVELOPMENTS I N  METEOROLOGICAL SATELLITES 

AND DATA-PROCESSING SYSTEMS 

19.1 Future  S a t e l l i t e  C a p a b i l i t i e s  

I t  appears t h a t  improvements i n  s a t e l l i t e  technology w i l l  l e a d  t o  new 

inst ruments,  as w e l l  as improvements i n  both space and t ime sampling o f  

e x i s t i n g  sensors. 

geosynchronous s a t e l l i t e  system inc lude:  

Some goals  f o r  improvement and add i t i ons  t o  the  

a)  Increased s p a t i a l  r e s o l u t i o n  (0.5 km v i s i b l e  and 1-2 km i n f r a r e d )  

and decreased f u l l  d i s k  imaging t ime (15 minutes or l e s s  f o r  l i m i t e d  

sec tors )  as w e l l  as an increased number of  m u l t i s p e c t r a l  images 

Increased v e r t i c a l  r e s o l u t i o n  (1-5 km) and h o r i z o n t a l  r e s o l u t i o n  b) 

( t o  10 km) f o r  atmospheric sounding products  

c )  Improved Data C o l l e c t i o n  Systems (DCS) M i l e  ma in ta in ing  e x i s t i n g  

p l a t  forms 

d )  A d d i t i o n a l  a b i l i t y  t o  moni tor  s o l a r  x-rays, e l e c t r o n  f l u x  dens i ty  

and low energy plasma 

e )  Simultaneous imaging and WEFAX func t i ons  (no t  p resen t l y  poss ib le )  

19.2 - New Inst ruments 

Among the  new inst ruments t h a t  w i l l  be a v a i l a b l e  i n  p o l a r  o r b i t  are: 

a)  AMSU (Advanced Microwave Sounding Un i t )  with up t o  20 microwave 

channels t o  p rov ide  " a l l  weather" atmospheric temperature and mois ture 

soundings 
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b )  LIDAR doppler sounder for  wind de terminat ion  by doppler measure- 

ments o f  aerosols  

c )  LAMMR (Large Antenna Mul t i - f requency Microwave Radiometer) t o  

determine sea-surface temperatures, wind speed and i c e  cover 

d) SCAT (Scat terometer)  t o  determine wind speed and d i r e c t i o n  a t  the  

sea sur face  by measuring radar  backscat te r  

The "GOES-Next" systems w i l l  have as a goal  t he  a b i l i t y  t o  p rov ide  

bo th  images and soundings simultaneously. Other sensors inc lude:  

a )  H igher - reso lu t ion  VIS/IR imager/sounder 

b) Microwave sounder 

c)  L i g h t n i n g  mapper 

d )  Solar  x-ray imager 

These new systems a re  dependent upon both f e a s i b l e  technology and 

favorab le  budgetary considerat ions.  

Space Transpor ta t ion  System (STS) w i l l  be employed t o  launch fu tu re  

meteoro log ica l  s a t e l l i t e s .  

changes but may a l s o  a l l ow  new c a p a b i l i t i e s  no t  be fore  poss ib le .  

s h u t t l e  has a l ready been used t o  c a r r y  exper imenta l  ins t ruments  such as the 

SIR-A ( S h u t t l e  Imaging Radar-A), an a c t i v e  microwave dev ice used t o  gather 

i n f o r m a t i o n  about the  e a r t h ' s  sur face  p r o p e r t i e s  (E lach i ,  1982) 

a c t i v e  microwave system can o b t a i n  images day or  n i g h t  and through clouds, 

t o  measure ocean cur ren ts ,  i c e  f lows,  and vegeta t ion  pa t te rns .  S o i l  water 

conten t  a l so  a f f e c t s  the  backscat tered s igna l .  Swamps and wetlands appear 

as very b r i g h t  features as i n  F igu re  19.2.1. 

The reusable space s h u t t l e  of NASA 

This ,  however, may r e q u i r e  system design 

The 

Th is  
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19.3 Data-processing Systems - and Communications 

To keep up w i t h  the increased amount of data that  w i l l  be provided, 

new or  updated ground s ta t ion  and data analysis sytems w i l l  be required. 

The key w i l l  be the ab i l i t y  to  quickly analyze the data and to  provide i t  

to the user i n  an acceptable format. The ab i l i t y  to  combine various data 

s e t s  ( s a t e l l i t e  p l u s  s a t e l l i t e ,  or s a t e l l i t e  p l u s  ground-based) w i l l  a lso 

be required. 

systems scattered around the U.S. However, the v i t a l  l i n k  t o  the user is  

not as well developed and has only seen limited use, such as i n  the 

Prototype Regional Observing and Forecast System (PROFS). T h i s  system is  

a t e s t i n g  ground for b r i n g i n g  t h e  quantitative data to  t h e  users and to  

determine the value of various products (Reynolds, 1983). 

T h i s  is now becoming a r ea l i t y  w i t h  experimental analysis 
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Chapter 20 

SPECIAL DISCUSSION OF PRACTICAL APPLICATIONS 

FOR METEOROLOGICAL SATELLITES I N  THE 1980’s 

Meteoro log ica l  s a t e l l i t e s ,  m r e  commonly c a l l e d  weather s a t e l l i t e s ,  

r i v a l  communications s a t e l l i t e s  f o r  rank ing  as the most u s e f u l  and p r a c t i c a l  

a p p l i c a t i o n s  o f  our  space program. 

o f  telephone conversations, business communications and even t e l e v i s i o n  

s i g n a l s  by communication s a t e l l i t e s ,  the  meteoro log ica l  s a t e l l i t e s ,  which 

began even e a r l i e r  i n  our  space program, are no t  as w e l l  known t o  the  

genera l  pub l i c .  However, i n  recent  years the  acce le ra t i ng  use o f  weather 

s a t e l l i t e  data i n  the  t r a n s p o r t a t i o n  i n d u s t r i e s ,  i n  agri-business and i n  

many o the r  face ts  o f  our economy has demonstrated the  con t inu ing  economic 

value o f  observat ions o f  the  e a r t h ’ s  weather from a space platform. 

While many are  f a m i l i a r  with the  r e l a y  

Based on more than 20 years o f  a c t u a l  experience, the  weather s a t e l l i -  

t e s  have now been honed i n t o  e f f i c i e n t  t o o l s  f o r  both observing and com- 

municat ing weather data i n  a t i m e l y  fashion. An e n t i r e  f l e e t  o f  weather 

s a t e l l i t e s  f l y  above us every day, F igu re  20.0.1 shows an example o f  t h i s  

f l e e t  and i t  can be s a i d  t h a t  every p o r t i o n  o f  t he  ea r th ’ s  surface and the  

weather above t h a t  sur face are  now observed by weather s a t e l l i t e s  a t  l e a s t  

every hour and many t imes with a frequency o f  on l y  a few minutes. 

t he  Un i ted  States has taken t h e  lead, i t  i s  an i n t e r n a t i o n a l  program with 

weather s a t e l l i t e s  now operated by coun t r i es  forming the  European Space 

Agency, I nd ia ,  Japan and the  Sov ie t  Union as w e l l  as the Un i ted  States. 

The Un i ted  Kingdom, Canada and France a l so  c o n t r i b u t e  major components t o  

While 
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the U.S. weather s a t e l l i t e  program much i n  the way that  Canada i s  co l la -  

borat ing i n  the space shut t le  ac t i v i t y .  

experience, operational weather s a t e l l i t e s  are a necessary and in teg ra l  

par t  of the weather services o f  the nations o f  the world. For t h i s  reason, 

they are s o l i d l y  b u i l t  i n t o  the future plans and can be depended upon t o  be 

observing platforms o f  the future. 

t h e i r  "operational nature", tha t  makes the weather s a t e l l i t e s  a t t rac t i ve  t o  

those i n  the business community. 

s a t e l l i t e s  and the data from them j u s t  as they can depend upon business 

information compiled rou t ine ly  by the Department o f  Commerce. 

Based on these 20 years o f  

I t  i s  t h i s  dependabil ity, o f ten  ca l led  

Business can now depend upon weather 

So, you may ask, mw that  the spaceborne weather s a t e l l i t e s  have 

become a usefu l  t o o l  t o  the specia l is ts  and can be depended upon t o  be 

launched regular ly  through the 1980's and 1990'~~ how can those i n  the 

business community take advantage o f  t h i s  new a c t i v i t y ?  Well, f i r s t  of 

a l l ,  we are we l l  aware o f  the r i s i n g  industry o f  data communications. 

Weather data or information extracted f rom the weather data i s  perishable 

and must be del ivered i n  a t i m e l y  fashion. Thus, the f i r s t  aspect o f  the 

p rac t i ca l  use o f  weather s a t e l l i t e  data i s  coupling i t s  a v a i l a b i l i t y  with 

the new mass communications systems that  are avai lable throughout the busi- 

ness community. 

large computers, data f low and relay by s a t e l l i t e  are a l l  par t  o f  the 

1980's business world. 

then another stream that  allows one t o  obta in  the information needed t o  

make business decisions i n  e i the r  a short-term or long-term basis. New 

weather data al low a business manager t o  be a b i t  more f r e e  than i n  the 

past f rom uncertaint ies and vagaries surrounding the weather impact on 

Computers ta l k ing  to  computers , terminals connected t o  

Weather data, inc lud ing that  from sa te l l i t es ,  i s  



- 371 - 

various industries.  

We sha l l  see that  t h e  meteorological s a t e l l i t e  platforms are  not only 

excellent observation platforms from which to  view t h e  weather, b u t  many of 

them are  i n  the same o rb i t s  as  communication s a t e l l i t e s  and t h u s  can relay 

weather data from point to  point and give us  a major s t a r t  towards the com- 

munications problem as well. 

Thus,  as i n  many other areas,  communication is  a key. 

Secondly, improved use of weather s a t e l l i t e  data involves collabora- 

t ion wi th  the s a t e l l i t e  data researchers and producers t o  insure that  prac- 

t i c a l  information is  extracted from the data. During the remainder of t h i s  

section we w i l l  demonstrate some pract ical  examples o f  weather s a t e l l i t e  

use today. These examples w i l l  be drawn from the ( a )  agri-business com- 

m u n i t y ,  ( b )  the transportation i n d u s t r y  including both land and ocean 

transportation, ( c )  the construction i n d u s t r y ,  ( d )  the r e t a i l  marketing 

industr ies  and ( e )  the commercial f i s h i n g  indus t ry .  

dwell upon those aspects of t h e  meteorological s a t e l l i t e  systems that have 

advanced beyond the experimental stage and into the realm of pract ical  use- 

fulness. 

mode. 

s a t e l l i t e  technology and applications of i t s  use i n  i n d u s t r y .  

i t  is the in ten t  of t h i s  short paper and discussion to focus upon those 

aspects o f  sc ien t i f ic / indus t r ia l  cooperation which could move the present 

application even fur ther  into the economically useful categories. 

i n  the chapter on future a c t i v i t i e s  i n  ou r  space program, especially the 

weather s a t e l l i t e  program, we noted the promise of even more expanded 

application of the weather s a t e l l i t e  information to pract ical  problems here 

on Earth. 

I n  each case we w i l l  

We w i l l  not discuss those new applications s t i l l  i n  a research 

Our approach is  to  prepare spec i f ic  examples of both t h e  new 

Furthermore, 

Finally,  



20.1 Examples - of Practical  Applications 

20.1.1 -- Use of S a t e l l i t e  -- Data i n  Agri-Business. 

During t h e  l a s t  15 years the use of s a t e l l i t e  data by 

selected segments of t h e  agr icul tural  i n d u s t r y  has rapidly increased. 

Major consortia of agricultural  i n t e re s t s ,  such as t h e  Canadian Wheat 

Board, as  well a s  individual groups such as companies interested i n  the 

cocoa market, have employed s t a f f s  o r  individual consultants i n  t h e  

meteorological data area. 

cas t s  of  crop o u t p u t  over not only your own production areas b u t  the pro- 

duc t ion  areas of your competitors have been t h e  ultimate goal of t h i s  use 

of new weather data. 

i n t o  t h e  following categories: 

t ion ,  (c)  cloud cover (which influences solar insolation) and ( d )  indica- 

t i o n s  of extensive drought (namely, a drought index which combines the lack 

of precipitation wi th  the amount of solar energy). 

T i m e l y  information about the crops and t h e  fore- 

Sa te l l i t e  data of i n t e re s t  t o  agri-business f a l l s  

(.a) frost/freeze s i tua t ions ,  ( b )  precipita- 

The s a t e l l i t e  information on an experimental basis has also been 

gathered by NASA and NOAA as part  of a program ent i t led  AGRISTARS. 

experimental program has been superseded, i n  many cases, by individual cor- 

porate applications. The meteorological s a t e l l i t e  data can easi ly  provide 

inferences regarding t h e  cloud cover. 

and also is  an important variable i n  the estimate of local precipitation. 

T h i s  

Cloud cover heavily influences f ros t  

Groups such as  the Canadian Wheat Board headquartered i n  Winnipeg, 

Canada, bring together data from around the world and attempt to  provide 

more timely estimates than their competitors of the crop s i tuat ions i n  

wheat and other commodities on an international basis. The s a t e l l i t e  data 
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on c loud  cover  and p r e c i p i t a t i o n  estimates are augmented by the use o f  

i n f r a r e d  measurements from t h e  satel l i tes  t h a t  estimate the  surface tem- 

p e r a t u r e .  From such estimates, one can deduce the d i u r n a l  range of  tem- 

p e r a t u r e ,  and t h u s ,  t h e  p o s s i b i l i t y  o f  damaging f r o s t  a t  the low end o f  the 

tempera ture  scale or excess ive  heat a t  the o t h e r  extreme. 

much heat i n h i b i t s  development o f  cash c rops  and may be i n t e r p r e t e d  by 

a g r i c u l t u r a l  market a n a l y s t s  i n  terms of  commodity futures. Weather 

satel l i tes  a l s o  provide informat ion  about  mois ture  c o n d i t i o n s  that are 

impor tan t  f o r  c rop  growth and t h e  amount o f  s o l a r  energy reaching  t h e  su r -  

face. O f  cou r se ,  sunshine  is  a very impor tan t  v a r i a b l e  for  c rop  growth and 

it is one o f  the f a c t o r s  t h a t  is  e n t e r e d  i n t o  the c rop  models that are 

popular  w i t h  t h e  ag r i -bus iness  community. 

A f r o s t  or too  

I n  a related area, sa te l l i t e  tempera ture  and c loud  informat ion  is  com- 

bined w i t h  s u r f a c e  weather d a t a  t o  estimate the Evapo t ransp i r a t ion  Index 

( E T )  t ha t  is impor tan t  f o r  t h e  de te rmina t ion  o f  t h e  need t o  i r r igate  c rops  

i n  the western p a r t  o f  the United States and i n  many o t h e r  par ts  of t h e  

world. 

wind speed which can be estimated from t r a c k i n g  c loud  motion from geos ta -  

t i o n a r y  satell i tes.  I t  i s  very impor tan t  to the  l o c a l  a g r i c u l t u r a l  

economies. 

Th i s  Evapo t ransp i r a t ion  Index is  a l s o  dependent upon the low-level  

The va lue  of water r e sources  should be noted a t  t h i s  p o i n t  because one 

of the aspects of s a t e l l i t e  suppor t  t o  the a g r i c u l t u r a l  community arises 

w i t h  respect t o  tmni t o r i n g  the water supply.  

have been used t o  estimate no t  only the amount of  p r e c i p i t a t i o n  i n  the form 

o f  r a i n f a l l  bu t  a l s o  i n  terms of snowfa l l .  

snow ep i sode ,  t h e  e x t e n t  and the approximate t h i c k n e s s  o f  snow cover can be 

Meteorological  satellites 

After skies clear fo l lowing  a 
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monitored from s a t e l l i t e s  t o  p rov ide  a va luable i n p u t  measure t o  water shed 

managers. The amount o f  such water a v a i l a b l e  fo r  p o t e n t i a l  i r r i g a t i o n  i n  

t h e  upcoming growing season i s  an impor tan t  f a c t o r  i n  deducing the  poten- 

t i a l  of t h e  l o c a l  crop production. 

20.1.2 The - Transpor ta t ion  Indus t ry .  

Both l and  and ocean-going t r a n s p o r t a t i o n  systems are  h e a v i l y  

dependent upon weather. 

enroute and, i n  fact ,  t h e  damage t o  and loss o f  sh ips  each year i s  g rea te r  

than commonly assumed. Over land, massive snowstorms and b l i z z a r d s  can 

immobi l i ze  t r a n s p o r t a t i o n  both by t r u c k  and r a i l .  

c a r r i e d  by r i v e r - g o i n g  barges the  e a r l y  f r e e z i n g  o f  the  r i v e r s  can have 

severe economic consequences. Thus, f o r  many years, s a t e l l i t e s  have been 

used t o  observe the  weather r e l a t e d  t o  t h e  r o u t i n g  o f  t ranspor ta t i on .  

Hur r icane and t r o p i c a l  storm t r a c k i n g  are  noteworthy examples. Long-haul 

t r a n s p o r t a t i o n  serv ices  are dependent upon a weather warning t h a t  reaches 

o u t  days i n  advance. 

t a t i o n  (such as those b r i n g i n g  c i t r u s  f ru i t s  from C a l i f o r n i a  t o  eastern 

s t a t e s )  and long-range t r u c k i n g  opera t ions  r e q u i r e  t i m e l y  i n f o r m a t i o n  about 

t h e  weather as w e l l  as forecasts. 

developed storms t h a t  may have escaped the  normal fo recas t ing  network. 

Ships and t rucks ,  p a r t i c u l a r l y ,  a re  amenable t o  r o u t i n g  around these storms 

which may a l l o w  them t o  reach t h e i r  d e s t i n a t i o n  much m r e  e f f i c i e n t l y  

Thus, i n  the  area o f  t r a n s p o r t a t i o n  i t  i s  no t  s u r p r i s i n g  t h a t  meteorologi- 

c a l  s a t e l l i t e  da ta  have been used f o r  severa l  years i n  t h i s  area and t h a t  a 

good number o f  smal l  spec ia l i zed  c o n s u l t i n g  companies have a r i s e n  t o  pro- 

v ide  such i n f o r m a t i o n  t o  the  t r a n s p o r t a t i o n  i n d u s t r i e s .  

Ocean ships can encounter tremendous storms 

I n  terms o f  heavy cargo 

Tankers, cargo ships, long-haul r a i l r o a d  t ranspor-  

Weather s a t e l l i t e s  can observe newly 
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O f  course, the aviation i n d u s t r y  has always been a heavy user o f  

weather data. Now, as competition has increased, special  s a t e l l i t e  data 

a re  being used t o  dispatch and plan t h e  "flow" of equipment i n t o  economi- 

cally important metropolitan areas. As always, safety issues involving 

weather are of equal concern. 

require enroute winds and temperatures. 

both these parameters. 

be relayed via s a t e l l i t e  as was noted i n  Section 2.3. 

Trans-oceanic routes to  conserve fuel 

S a t e l l i t e  sensors can estimate 

I n  addition, enroute data obtained by a i r c ra f t  can 

The routing o f  e lec t r i ca l  power is a less well-recognized use of 

transportation. 

b i l i t y  of routing around adverse weather. 

aspect of t h e  operations o f  e l e c t r i c  power companies t o  understand the 

rapidly developing severe weather tha t  can cause damage and d i s r u p t i o n  t o  

their power transportation. The dislocation of lines and the subsequent 

labor intensive repairs  o f  a damaged transportation system is an area of 

special  concern. For the same reason as noted above, several small com- 

panies are now i n  the business o f  providing these special  forecasts needed 

by the e l e c t r i c  power i n d u s t r y .  

data to  t e l l  them of the severe weather tha t  is moving across particular 

areas and use their meteorological knowledge t o  in te rpre t  s a t e l l i t e  images 

i n  terms of the severe weather that  w i l l  d i s r u p t  power si tuations.  

The power grid system i n  t h e  United States has t h e  flexi- 

I t  has become an important 

They depend heavily on weather s a t e l l i t e  
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20.1.3 The Construction Industry -- i n  the United States - i s  Extremely 

Weather Sensitive 

- 

We know tha t  the planning and implementation of  the construc- 

t i o n  o f  major highway systems as w e l l  as the special a c t i v i t i e s  associated 

with the ra i s ing  o f  major bui ld ings and even small homes are dependent upon 

the wind and adverse weather. Cold weather and freezing temperatures w i l l  

damage and sometimes make unacceptable extensive a c t i v i t i e s  i n  the highway 

construction industry. I n  the same manner, the severe weather that  might 

accompany a major storm can delay and even damage construction i f  proper 

precautions are not made. 

O f  special  concern t o  those construction indust r ies i n  our eastern- 

southeastern seaboard and Gulf States are the advent o f  hurricanes and t r o -  

p i c a l  storms. Weather s a t e l l i t e s  fo r  many years have allowed extensive 

monitoring o f  the progress o f  these storms which appear through the 

August-October time frame. Thanks t o  the s a t e l l i t e  observations, the pre- 

d i c t i o n  o f  the time and occurrence o f  the l a n d f a l l  o f  these storms can be 

estimated with great precision. 

s a t e l l i t e s  have provided extensive information that  has already had great 

I n  t h i s  area alone, meteorological 

economic impact . 
20.1.4 - The F ish ing  Industry 

Commercial f i sh ing  i n  the United States, both i n  the Great 

Lakes and o f f  each coast, i s  heavi ly dependent upon weather information. 

Weather s a t e l l i t e s  not only al low a forecast of the occurrence o f  major 

storms tha t  can d isrupt  the f ish ing industry and the f ish ing f l e e t  but also 
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provide special  information about the temperature of the ocean. 

perature sensors from the weather s a t e l l i t e s  use the principle of infrared 

radiation emission. 

which can be interpreted by f i s h i n g  spec ia l i s t s  i n  terms of t h e  potential  

of these areas for  a par t icular  catch. 

The tem- 

They allow us to  map temperature patterns i n  the ocean 

20.1.5 - The Retail  Sales I n d u s t r y  

Numerous s t u d i e s  have shown tha t  t h e  i r regular  portion of 

r e t a i l  sa les  i s  heavily influenced by weather. 

as response by the general p u b l i c  to  cer ta in  k i n d s  of advertising a re  defi- 

nitely weather related.  

r e t a i l  sales  organization t o  monitor approaching weather patterns,  such as 

extensive cloudy regions or  conversely, periods of exceedingly good 

weather, and ta rge t  advertising i n  the very short  term to those particular 

k i n d s  o f  products to  which the p u b l i c  w i l l  respond be t te r  i n  view of the  

weather. 

industries. 

related advisories but  a lso the transportation related advisories that  have 

such an influence on inventories o f  part icular  seasonal items. 

example, i t  is  wise t o  have a good supply of snow t i r e s  i n  stock when the  

f i r s t  major snowstorm of the season h i t s  a major metropolitan area. 

use of weather observations from s a t e l l i t e s  can allow a par t icular  r e t a i l  

group to  be be t te r  prepared than i ts  competition i f  such a snowstorm or 

other event approaches a t  an abnormally early time of t h e  year. 

sopping  patterns as  well 

Meteorological s a t e l l i t e s  allow a par t icular  

A number of private consulting agencies serve the r e t a i l  

They combine not only the advertising-marketing weather 

For 

The 

I n  addition to  t h e  f ac t s  noted above regarding r e t a i l  sa les ,  t h e  vaca- 

t ion industr ies  such as the s k i  i n d u s t r y ,  the sumer resort  indus t ry ,  and 
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cer ta in  vacation complexes which depend heavi ly on weather favorable f o r  

hunting or f i sh ing  are other examples o f  r e t a i l  sales operations that  are 

heavi ly inf luenced by the weather. 

cloud patterns, snowstorms, or  periods o f  pa r t i cu la r l y  balmy weather from 

s a t e l l i t e s  w i l l  be o f  prime in te res t  t o  the operators o f  t h i s  por t ion  of 

the r e t a i l i n g  industry. Extensive periods o f  inclement weather on one par- 

t i c u l a r  coast or i n  one area may provide information t o  owners o f  competing 

resor t  regions t o  prepare f o r  an i n f l u x  o f  v is i to rs .  

Many times the t imely observation of  

20.2 Examples - o f  Scient i f ic / Industry Cooperation 

One o f  the most obvious opportuni t ies i n  t h i s  area o f  weather 

s a t e l l i t e s  f o r  sc ien t i f i c / i ndus t r i a l  col laborat ion i s  i n  the aerospace 

industry and re la ted  research. 

weather s a t e l l i t e  experience behind us there i s  a s o l i d  foundation f o r  

research i n t o  improvements i n  both spacecraft and the instrumentation flown 

on them. 

p rac t i ca l  and directed applications t o  economic problems i s  timely. 

the example of the communication s a t e l l i t e s  again before us, i t  seems most 

reasonable tha t  a j o i n t  universi ty- industry co l laborat ion i n  the area o f  

appl icat ions of weather s a t e l l i t e s  and indeed even the launch o f  spec i f i -  

c a l l y  or iented s a t e l l i t e s  i s  a v iable option f o r  the l a t e  80's and ear ly 

90's. 

Obviously, with mre than 20 years o f  

The opportuni t ies t o  j o i n t l y  develop t h i s  f e r t i l e  area f o r  more 

With 

I n  the in t roduct ion of t h i s  section, the a r i s ing  data and information 

industry was mentioned. 

weather data represent new a c t i v i t i e s  f o r  many companies. 

Control Data Corporation has developed a special product l i n e  that  provides 

Weather data and informat ion extracted from 

For example, 
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specialized information extracted from weather and other data sets .  

is  an opportunity before u s  for the communications, data processing and 

data packaging industries t o  collaborate w i t h  t h e  information processors, 

t h e  remote sensing community and the meteorological s c i en t i s t s  i n  the u n i -  

ve r s i t i e s  to  provide new and bet ter  products  extracted from the weather 

s a t e l l i t e  data. T h i s  information must also be communicated i n  a timely 

fashion. 

weather s a t e l l i t e  data relay systems t o  communicate t h e  resu l t s  of data 

taken by the remote data collection platforms scattered i n  various areas. 

Combining these data together with the imagery from the s a t e l l i t e s  w i l l  be 

a packaging and information d i s t r i b u t i o n  problem that  is just beginning to  

be attacked. 

There 

I n  t h i s  regard, there w i l l  be a very great upsurge i n  t h e  use of 

As mentioned i n  e a r l i e r  sections,  the specif ic  use of weather 

s a t e l l i t e  data i n  the agri-business, the transportation, the fishing and 

r e t a i l  industries, and other areas of economic act ivi ty  have already begun, 

based on the s o l i d  foundation o f  weather s a t e l l i t e  data du r ing  the l a s t  20 

years. 

j o i n t  scientific-industry collaboration i n  developing these products 

further.  

These a c t i v i t i e s  have by no means peaked and there is  much room f o r  

Finally,  the microelectronics industries which provide the foundation 

for much of the spacecraft and instrument technology are  playing 

increasingly large roles i n  the data processing and communications tech- 

nologies. There is  an o p p o r t u n i t y  for a joint-university cooperation on 

special  forms o f  microelectronic devices which w i l l  enhance and greatly 

reduce the price of the use of weather s a t e l l i t e  data once it  reaches the 

ground. I n  t h i s  regard, special "chips" can be developed which combine the 
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ta len ts  o f  the s c i e n t i f i c  meteorologist fami l iar  with weather s a t e l l i t e  

information and the microelectronic special ists.  

produce a ta i l o red  "chip" that  extracts information f rom the weather 

Such col laborat ion would 

s a t e l l i t e  data stream (presently more than f i v e  m i l l i o n  b i t s  o f  data per 

second reaching the ground!) and speeds i t  t o  the user i n  the economic 

sector. 

References and Further Reading - 
Maunder, W .  J. , 1970: The Value o f  the Weather, Methuen, London, 388 pp. ---- 
Suchman, D., B. Auvine and B. Hinton, 1981: Determining economic benef i ts 

of s a t e l l i t e  data i n  short-range forecasting. Bul l .  Amer. Meteor. -- -', SOC - 62, 1458-1465. 
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from a p o l a r - o r b i  t i n g  s a t e l l i t e  and f rom a geos ta t ionary  
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L IST  OF ABBREVIATED TITLES OF SLIDES 

ON SOME APPLICATIONS OF METEOROLOGICAL SATELLITE DATA 

Title -- Slide Number 

INTRODUCTION AND BACKGROUND 

Course Introduction; Present - State-of-Art 

21 
22 
23 
24 
25 
26 
27 
28 
29 

30-32 
33 
34 
35 
36 
37 
38 
39 
40 

GOES Groundstation Antennae 
ADVISAR Equi pment 
ADVISAR Displays 
Digital Zoom Sequence 
Remapped GOES Images 
Digital METEOSAT Images 

Satellites and .Instruments 

TIROS-N AVHRR 
TIROS-N Layout 
TIROS-N Spacecraft 
SMS-1 VISSR Cutaway 
SMS-GOES Spacecraft 
Scanning Radiometer Cutaway 
ITOS Spacecraft 
NIMBUS-4 ESMR 
TIROS-1 Vidicon Camera 

Data Collection Platform Svstems 

Data Collection Platforms 
DCP Electronics 
DCP Solar Cells 
DCP Batteries 
GOES Ground Station Antennae 
Downlink Receiver 
DCP Demodulator 
DCP Minicomputer and Disks 
DCP Printout 

SYNOPTIC SCALE SYSTEMS 

General ExamDle 

41 
42 
43 

GOES-W Full Disk VIS, IR 
GOES-E Full Disk VIS, IR 
General Example Cyclone Systems 
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44 
45 
46 
47 
48 
49 
50 

51 
52 
53 
54 
55 

56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 

70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 

Winter Storm 
Winter Storm 
Winter Storm Over Land 
Same Image, Darker 
Barocl inic Zone 
Enlargement of 48 
Tropical Systems 

Jet Streams 

Jet Stream Cirrus 
Advection Type Jet Cirrus 
Baroclinic Zone Cirrus 
Baroclinic Zone Cirrus 
Well-defined Cirrus Edge 

Deformation Zones 

Comma Head Deformation Zone 
Deformation Zones 
Hi gh/Low Cloud Deformation Zones 
Same Slide, Darker 
Cbtoff Low Deformation Zones 
VIS & IR of same 
Same Slide, Darker 
Fountain Type Deformation 
Same Slide, Darker 
Low Level Deformation Zones 
Connecting Band Deformation Zone 
Connecting Band in Tropics 
Same Slide, Lighter 
Clear Area Deformation Zone 

Y.,eafsv Type Cloud Systems 

VIS & IR Baroclinic Leaf 
VIS 8 IR Baroclinic Leaf 
Old Frontal Zone Leaf 
VIS, IR, EIR Leaf 
Same Slide, Lighter 
Leaf on Trailing Front 
Leaf over Pacific 
Crescent Leaf 
Arch Baroclinic Leaf 
Non-developing Leaf 
Low Cloud Leaf 
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EXtratrODiCal Cloud Svstems 

81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 

Mature Storm System 
Same S l i d e ,  Lighter 
Rap id ly  Deepening Storm, VIS 
Same Image, I R  
Southern Hemisphere Mature Storm 
Same S l i d e ,  Lighter 
Cutoff Low Sequence 
'lPopcornll Type Cold Low 
Cold Low Blocking Pattern 
Winter Storm with J e t  Stream 
Tau-shaped Pa t te rn  
Tau Pa t te rn  Over U.S. 
Mature U.S. Winter Storm 
At lan t ic  Cutoff Low 
Mature Storm with Smaller System 
Same S l i d e ,  Darker 
ltT" Perturbation i n  Mature Storm, VIS 
I R  of above 
Short Wave i n  Ridge 
Mature Storm with Perturbat ions 
Cold Low over Land, I R  
VIS of Same Low 
Cutoff Low, VIS, I R ,  E I R  
VIS Enlargement of Same 
I R  E I R  Enlargement of Same 

Jet  Stream C i r r u s  E X a m D l e S  

106 
107 
108 
109 
110 
111 
112 
113 

Jet C i r r u s  Over Lower Perturbat ions,  I R  & VIS 
Close-up VIS of Same 
Same S l i d e ,  Lighter 
Extended area VIS of Same ' 

Cirrus-Low Cloud In te r face  
Enlargement of Same 
1-km VIS of Same 
"Wire" Convection Under J e t  

114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 

Frontal  Systems 

Rap id ly  Deepening Storm 
Same S l i d e ,  Darker 
Differing Frontal  Zones 
Cutoff Low with Front 
F ron ta l  Zone-Upper Flow Relation 
I R  Image of Same 
Same S l i d e ,  Darker 
J e t  Axis-Cellular Convection Relation 
Similar Example 
Subsidence Surge w i t h  J e t  
Frontal  Clouds - J e t  Stream Effect  
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125 
126 
127 
128 
129-1 34 
135 
136-1 39 
140 
141 
142 
143 
144 

145 
5 46 
147 
148 
t 49 
150 
151 
152 

153 
154 
155 
156 
157 
T58 
159 
160 
161 
162 
163 
164 
165 
t 66 
167 
168 
169 
t 70 
171 
172-1 75 
176 
177 
178 
179 
180 
181 

Similar S i t u a t i o n  
Fronta l  Zone - Upper Air Rela t ions  
Warm Fronta l  Zone 
Fronta l  Breakdown Sequence 
Enlargements of Same 
Warm Front Formation 
Comma Development from Leaf 
S h i f t i n g  P r e c i p i t a t i o n  P a t t e r n s  
Heavy F ron ta l  Convection 
Vertically Deep Storm 
9 h s a r i n g  Out" of Same Storm 
Shear-Out Sequence 

Cyclogenesis 

Type 1 Cyclogenesis Sequence 
V I S - I R  Comparison, E a r l y  Stages 
VIS Enlargement 
V I S - I R  Comparison, Later Stages 
VIS Enlargement 
Cyclogenesis - Base Cutoff Sequence 
Enlargements, E a r l y  Stages 
Enlarg,ements, E a r l y  S tages  

Tropical  Cloud Systems 

Winter Storm, Tropica l  
Composite of 155, 156, 157, 158 
Tropical  Cyclone 
Comma Pa t t e rn  Winter Storm 
Hybrid Starm P a t t e r n  
Cold Low 
General Example VIS 
General Example VIS 
General Example VIS & I R  
Undisturbed ITCZ 
ITCZ wi th  Deep Convection 
ITCZ Perturbed Low Level 
VIS Enlargement 
I T C Z ,  Deeply P e r t u r b e d  
I T C Z  Flare-up 
ITCZ FLare-up 
Dual ITCZ Bands 
In t e r rup ted  ITCZ 
Common ITCZ Clouds 
b d a y  I T C Z  Sequence 
VIS Enlargement, Day 3 
VIS Enlargement, Day 4 
Low Level i n  E a s t e r l i e s  
V o r t i c i t y  Center i n  E a s t e r l i e s  
Vor t i c i ty  i n  Southern Hemisphere E a s t e r l i e s  
Westward Moving Cutoff Low 
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182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
195 
196-200 

20 1 
202 
203 
204 
205 
206 
207 
208 
209 
21 0 

Deformation Zone Boundary 
Same Slide, Darker 
Convection in Surge Boundary 
VIS & IR Intermediate View 
Warm Zone/Surge Boundary 
Same Slide, Lighter 
Tropical Trough-Ridge Couple 
Development of Trough-Ridge 
Tropical Cyclones, IR 
Smaller Tropical Cyclone, IR 
Tropical Cyclone, VIS & IR 
Tropical Cyclone Asymmetry 
Hurricane Frederick VIS & IR 
"Freder ic k1I VIS-IR-E1 R Comparison 
(Not missing slides, just a mistake in 
numbering) 

SPECIAL CLOUD SYSTEMS 

Hurricane Intensity Techni.que 

*BBff IR Hurricane Enhancement 
Dvorak Technique Patterns for EIR 
Enhance IR Banding Features 
Dvorak Technique Flow Chart 
Eye Distinctness Adjustments for EIR 
Hurricane llBellell Development 
3 Hurricane Life Cycles (1 imagelday) 
Super Typhoon llBessfl 
VIS-IR Color Overlay 
Hurricane Interaction 

FOR and Stratus 

21 1 
21 2 
21 3 
21 4 
21 5 
21 6 
21 7 
21 8 
21 9 
220 
221 
222 
223 
224 
225-231 
232-237 
238 
239 

Fog Over Pennsylvania 
Sacramento Valley Fog - VIS 
Sacramento Valley Fog - IR 
Fog Terrain Influences 
River Valley Fog 
Gulf Coast Fog - VIS 
Gulf Coast Fog - IR 
Satellite & Surface Observations, Fog 
Fog and Stratus, Satellite & Surface 
Sacramento Valley Fog, Satellite & Surface 
Fog and Stratus 
Fog and Stratus 
Snow Cover & Surface Observations 
North Atlantic Fog 
Visible Enhancement for Fog 
Fog Dissipation Examples 
Fog VIS Enlargement Curve 
Sunrise VIS Image 
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240 
24 1 
242 
243 
244 
245 
246 
247 
248 
249 
250 

25 1 
252 
25 3 
254 
25 5 
256-264 
265 
266 
267-269 

270-272 
273 
274 
27 5-27 6 
277 
278 
279 

28 0 
281 -282 
28 3 
284 
285 
286 
28 7 
288 
289 
29 0 
29 1 
292 
29 3-294 
29 5 
29 6 

Enhanced VIS Image 
Dissipation Time vs. Brightness 
Dissipation Time vs. Adjusted Brightness 
IR Fog Image 
Corresponding Ceilings & Visibilities 
Corresponding Temperatures & Dewpoints 
Corresponding VIS Image 
Blowing Dust 
Farest Fire Smoke 
Agricultural Burning Smoke 
Sun Glint 

Thunderstorm Gust Fronts 

Arc Speed vs. TRW Max Gust 
TRW Gusts - VIS & Surface Winds 
corresponding Enhanced IR 
TRW Gust - VIS & Surface 
Corresponding Enhanced IR 
Arc Cloud & Surface Winds 
TRW Enhanced IR 
TRW Line - VIS & Surface Winds 
Enhanced IR Continuation 

Sea Breeze and Lake Effects 

Great Lake Effects - Cloud Plumes 
Lake Breeze Effect 
Sea Breeze 
Sea Breeze Peninsular Effect 
Cumulus Over Pavement 
Enhanced Sea Breeze 
Island Effects 

Thunderstorm Analvsis 

Schematic TRW Gust 
Gust Front Thermodynamics 
Gemini Photo - Intersecting Outflows 
Surface Data 
Surface-Satellite Overlay of TRW's 
Satellite with Analyzed Dewpoints 
Satellite with Analyzed Dewpoints 
Satellite with Analyzed Streamlines 
Satellite with Meso-Analyzed Pressures 
Arc-Initiated TRW 
TRW Arc VIS Image 
Corresponding Surface Analysis 
Subsequent VIS Images 
Corresponding Surface Analysis 
Initiated TRW's 
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297 
29 8 
299 
300-305 
306 

307 
308 
309 
31 0 
31 1 
31 2 
31 3 
31 4 
31 5 
31 6 
31 7 
318 
31 9 
320 
321 -322 
323 
324 
325-326 
327 
328-329 
330 
331 
332-333 
334 
335 
336-337 
338 
339 
340-343 

344 
345 
346 
347 
348 
349 
350 
35 1 
352 

Corresponding Surface Analysis 
Line Intersection Initiation 
Meso-Analysis with Satellite (Fujita) 
Orographic TRW Initiation Sequence 
Blank 

Thunderstorm Rainfall 

IR Image of TRW 
Mb Enhancement Curve 
Corresponding Enhanced IR Image 
Aircraft-viewed Overshooting Top 
EIR of TRW 
Corresponding RADAR Display 
Aircraft-viewed Overshooting Top 
EIR of TRW 
EIR-D/RADEX Overlay 
VIS of TRW Overshoots 
Corresponding RADAR Display 
Subsequent EIR 
Corresponding VIS 
Radar Analysis 
TRW Anvil Growth 
Corresponding 300 mb Analysis 
Schematic Anvil Expansion 
TRW Anvil Growth 
Kansas City Radar Analysis 
Corresponding EIR Images 
Corresponding Satellite-Isohyet Analysis 
Radar from Big Thompson Flood 
Corresponding EIR Images 
Subsequent Radar Dl splay 
VIS of TRW 
EIR of Growing TRW 
Radar of Frontal TRW 
Corresponding EIR Image 
Thunderstorm Growth Cycles 

SPECIAL TOPICS 

Satellite/Synoptic Comparisons 

Radar of Winter Storm 
Corresponding VIS 
Corresponding IR 
VIS + Surface of Cyclone 
VIS + Radar for Cyclone 
EIR + Radar for Cyclone 
EIR + 850mb for Cyclone 
EIR + 500mb for Cyclone 
Blank 
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35 3 
354 
355 
356 
357 
358-360 
361 
36 2 

363-3611 

365 

366-379 

385-395 

Radar-Satellite Combination 

VIS-IR APT Image 
GOES Raw VIS Image 
Radar-remap VIS 
Radar-remap IR 
Radar Image 
VIS-IR Radar Overlays 
Digital VIS of Tornadic Storm 
Corresponding Color IR 

Air Pollution 

Air Pollution from Forest Fires 
in Southeast Canada 
VIS of Smoke with 850 mb Winds 

Saharan Dust Outbreak 

Saharan Dust Outbreak Sequence 

Wintertime Weather Modification 

Color IR Winter Orographic Cloud 
VIS of Winter Storm 
Corresponding Aircraft View 
Cloud Top Temperature vs. Time 
Precipitation vs. Time 

Cyclogenesis/Mid-Latitude Dust Storm 

Cyclogenesis - Dust Storm Development 


