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FOREWORD

Some f1ve years ago W. K. W1dger set 0ut to demonstrate |
the answer to a questlon that was being debated in A1r Force \
R & D circles: How valuable would a meteorolog1cal satelhte be
and how would one go about using its observatlons‘? Smce then
this activity has grown from the part -time occupat1on of a« s1ng1e
man into a major program that is the sole respons1b111ty of one
of GRD's branches ‘

This Research Note is a collectlon of some of the results to date.
When it was conceived earlier this year, one hopeful purpose was
to encourage more w1despread professional 1nterest“ and participation
in satellite meteorology' (As usual the ploneer is;keenly dis-"
appomted by the seemmg indifference of his colleagues -at- large to the
marvelous vistas that he sees unfoldmg ) 1 dare say ‘that the |
subsequent magnificently successful performance of NASA's TIROS 1
has relieved this publ1cat10n of any burden of promotmn There
Stlll remains the normal goal of a scientific commumcatlon
perhaps more 8o here for but few papers on th1s subgect have appeared
in truly public print. ,

Dr. Widger's original question remains substantially unanswered.
Military interest was initially spurred by the obvious applicability
of the meteorological satellite to the silent-area problem which,
harrassing enough to the forecaster in peacetime, becomes a
particular plague in wartime. So now we know what clouds look
like when viewed from far above. But how much of the initial information
required in modern forecasting technology can be extracted from
such observations?

Suomi's experiment aboard Explorer VII has demonstrated the

feasibility of heat balance measurements. But what is the total
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information content, the ultimate implication of such measurements?

How about the potential of the more sophisticated probing
techniques--infrared, ultraviolet, radar--yet to be flown?

Does the unique world-view of the satellite promise information
in more than bit-size pieces? This is a truly provocative question.
Even the early samples‘--for example, the exciting by-product of the
Atlas test-firing in August 1959--suggest a gestalt message. Is this
illusory or are we on the brink of new concepts as to how the
atmosphere is organized? |

For my final comment I turn from technical factors to
economic. For some years ] have held the moderate opinion
that, as a forecaster, I should always prefer a radiosonde
network to a satellite and should be interested in the latter only
when the former is denied me. Recently, from some projections
of the declining cost of rocketry, I have been startled to learn
that before long even my own paycheck will suffice to buy a pound -
in orbit. That same paycheck will operate a weather ship for no time at
all. So now I am wondering--as a forecaster and a taxpayer should

I always clearly prefer the radiosonde ?

C. N. Touart
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ABSTRACT

To define some of the information requirements of the meteoro-
logical consumer, a literature survey of possible meteorological
Satellite applications is provided. An examination of some photographs
of the earth, taken from an Atlas nose cone, illustrates the problems
involved in transmitting such information to the designated consumer.
Preliminary results of studies of large-scale cloudiness and cloud
patterns and their relationship to cloud-producing processes and
standard synoptic features are discussed. Time lapse films of the
earth from high-flying ballistic missiles are analyzed to show the
first cloud patterns over an area corresponding to one-twentieth of the
earth's total surface. Comparisons of the rectified cloud positions
with the high and low-level synoptic charts show large-scale cloud
patterns directly associated with high-level vertices and trough
as well as patterns associated with a quasi-stationary front and
the intertropical convergence zone. Details suggesting low-level
vortices, frontal waves, and a squall line appear which cannot be
verified due to sparse surface observations. Other details, such as
the effects of large and small islands, coastlines, and rivers upon
the pattern of vertical motion are indicated by the clouds.

An attempt to devise methodsof measuring cloud velocity from
a satellite, including the mathematics involved in the application to
obtain the cloud velocity to a known degree of accuracy, is discussed.
It is shown that the accuracy of measurement required in using these
methods is much too stringent for practical application. Since this
is true, other methods which have been considered are mentioned.

A system is then described that will facilitate the meteorological
utilization of television-type pictures to be telemetered from a

satellite vehicle. Geographical location of features seen in the pictures



is facilitated by the use of a library-of‘ perspective grids. The
pictures are superposed on the appropriate perspective grid, while
a corresponding transfer grid is superposed on a map in the proper
pOSItlon and orientation There is then a one-to-one correspondence
between points on the two grids, hper‘r‘nitting ready transfer of | |
significant meteorological 1nformat10n from the plcture to its
map position. The grids serve the further purpose of aidlng the
eye in the appremation of perspective and the establishment
of the relative sizes of features in the pictures. To facilitate
- mapping, it is found desirable to prepare a special transverse
Mercator map, generated on a tangent cylinder 1nchned at the
orbital inclination to the equator A spe01a1 code is used to
describe significant features abstracted from the pictures in a
form which will permit ready reconstruction by the user. The
techmques de scribed depend on the knowledge of the pos1t10n
and attitude of the satellite camera at the time of picture taklng
If attitude information is 1ack1ng, it can be reconstructed by the
use of information contained in the picture and‘telemeteredkinformation
on the relative position of the sun. | | | | |

A technique is developed for estabhshing the camera axis
azimuth and time of photograph from‘ landmarks whenthe other
data cannot supply this information. ,' v

Two brief surveys of sqbroptic,scale radiation proce‘sses‘
are presented. The first tre}ats the relative importance of the
radiation budgets of the very high atmosphere, the ozonbsphere,
the lower stratosphere, and the troposphere. The ozonosphere and
troposphere are_fOund_to’be by far the more significant layers and
are discussed in some detail. The effe’cts of cloud distributions
and surface temperature are considered. The second survey dis-

cusses the problem of the variation of the effective emission level
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with change of nadir angle of observation and specifically considers

the variations for measurements in the eleven-micron window.

The view of the earth's atmosphere in an infrared water-absorption band
is examined and found to correspond to a picture of the temperature

of a constant dew-point surface, Some of these constant dew-point
surfaces are analyzed in connection with the corresponding con-
ventional surface and upper-air weather maps and indicate the existence
of interesting meteorological relationships which should be studied
further.

The infrared spectrum is then divided into convenient intervals
according to the location of the principal absorbing bands for atmospheric
gases. From available experimental data, transmissions from a given
pressure level to the top of the atmosphere are derived for different
angles of view of the satellite.

For 0000Z, 6 March 1959, maps of equivalent temperature in
the 6. 3-micron water-vapor band (using somewhat more sophisticated
techniques than those in the preceding study), the carbon dioxide
bands, and the infrared ozone band are derived and compared with
a "window' map. Interpretations are made of the patterns of infrared
radiation associated with the deep cyclonic system located over
Illinois.

A method for determining atmospheric ozone amounts by mea-
suring the scattered radiation at two different wave lengths in the
ultraviclet is investigated to determine the theoretical ratios of
radiation intensities to be expected.

The problem of the reduction and processing of the mass of
photographic and radiation data to be expected from meteorological
satellites is considered. A generalized, schematic, flow chart, illus-
trating the nature of the steps and processes that must be under-

taken, is presented, described, and discussed.
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CONTRIBUTIONS TO SATELLITE METEOROLOGY

CHAPTER I*

INTRODUCTION

1 BACKGROUND AND OBJECTIVES _

For several years the Satellite Meteorology Branch of the
Atmospheric Circulations Laboratory, Geophysics Research
Directorate has been conducting an increasingly active program
in the use of satellite observations for meteorological research
and for the improvement of weather analysis and forecasting. The
results of the earlier portions of this program, both in-house and
contractual, have been published in scientific journals or in con-
tractor's technical reports [1-6].

Early in 1959, support provided by the Advanced Research
Projects Agency through ARPA Order No. 26-59 permitted a very
significant expansion and acceleration of this program. At the
same time, data from primitive meteorological satellites, and
especially from high-altitude vehicles (particularly the cloud
photographs from ballistic missile nose-cone tests) which pro-
vided data closely simulating that to be expected from satellities,
made it pogsible to focus the program. Incentive was provided
by definitive plans for relatively sophisticated meteorological
satellites scheduled to be flown in the near future. ( The first
such vehicle is expected to be in orbit prior to the publication

of this report.)

* This Chapter was written by William K. Widger, Jr., of the
Geophysics Research Directorate, and A. H. Glaser and
G. Cooper of Allied Research Associates, Inc.

(Authors! Iﬁanuscripts approved for publication 2 May 1960.)
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The first technical results of this accelerated program are
now available and are being published here to acquaint the
meteorological community with a relatively recent view of the
opportunities satellite data will provide and the problems it will
present.: Also included are certain papers that were written in the
earlier stages of the work but, for-various reasons, were not
published at that time. Few, if any, of the papers presented
here should be considered as final results; nevertheless it is felt
that, as a collection representing somé measure of the present -
state-of-the-art, their combined value is such as to merit wider
‘distribution that the work has gotten to date. If they in some
degree interest and challenge those who are not now closely connected

with the field, a major objective will have been served.

2 A CONCEPT OF A METEOROLOGICAL SATELLITE SYSTEM |
A meteofological satellite system may be viewed as a connect-
ing link between the real atmosphere and an operational or research
user of meteorological information. It is primarily distinguished
from otherweather-observing systems by the use of the satellite
as a vehicle for carrying the meteorological sensors and by having
the sensing elements remote from the atmosphere. Other distinc-
tions between a meteoi‘ological satellite system and conventional
weather-observing systems are natural consequences of the vehicle
- properties.
Recognizing that a meteorological satellite systém is a
weather-observing system, its only purpose then is to abstract
and transfer information from the atmosphere to the consumer.
The information presented to the consumer is only useful inhsofar

as it serves a purpose. Ideally the meteorologist should always



have available the appropriate information to permit a definitive
answer to each decision that may be required. Any information
provided beyond this requirement is superfluous.

The function of the satellite meteorological system is thus
to abstract from the atmosphere those events which are of im-
portance to the activities of the consumer and to transmit to the
consumer information on those events in unambiguous fashion.

The most efficient and effective system will be the one that provides
this service and no more. Appropriate system design will thus
depend on detailed knowledge of the needs of the meteorological
consumer and knowledge of the observational material available
from the atmosphere to satisfy these needs. Actual design of the
system then becomes a matter of arranging the transfer of this
information in the most expeditious fashion.:

Accordingly an analysis of meteorological satellite systems
should be devoted to an examination of the various aspects of the
information transfer process. Starting at the consumer and working
back towards the information source in the atmosphere, the infor-
mation transfer process may be divided into the following broad

categories for study purposes:

a. Applications of Meteorological Satellites
b. Data Processing and Interpretation

Data Storage and Transmission

O

d. Orbital Sampling Characteristics

e. Sensors and Sensor Techniques

3. A PREVIEW _
It is not our intention to imply that this report adequately
covers each of the above broad categories, nor even that it

specifically treats each of them. To date, there just has



not been enough time or information to prepare the ''full-course
banquet'' for which the list in Section 2,  above, could be considered
an outline menu. Rather, this report provides a sample of and,
hopefully, a look towards things to come.

Chapter II presents a survey of the applications that seem
possible, using data expected from meteorological satellites,
and suggestions as to possible means of using satellite observa-
tions to derive more common meteorological parameters. While
it is essentially solely a survey of material already in the literature
and, as such, contains nothing really new, it is of value as a general
consolidation of widely separated material and provides a handy index |
to the original references. ‘

Chapter III considers the visual observations of greatest probable
value, cloud systems and cloud patterns, Section 1 of Chapter III
treats largev-scale cloudiness while Section 2 considers more detailed
cloud patterns using photographic data provided from a recent nose-
cone test. Section 3 analyzes the problem of observing cloud motions
as indicators of the wind velocity, unfortunately with rather negative
results,

Chapter IV presents, in Section 1, a method for geographically
locating the pictures of the earth and clouds; this is a routine but
necessary preliminary to any useful analysis. The procedures are
described in the chapter, itself, ‘while their derivations are included
in the five appendices to this report. Section 2 discusses a technique
for locating the geographical position in those cases where recognizable
features are seen and the physical position of the satellite, but not the
orientation, is known.

In Chapter V we turn from visual observations to those in the

infrared and ultraviolet spectra, which are expected in due course



of time to be equally valuable. Sections 1 and 2 give two somewhat
different general views of synoptic-gcale radiative processes.
Presented in Section 3 is a preliminary investigation of how the
atmosphere would be expected to appear when viewed in the 6. 3~
micron water-vapor band; the approach is simplifed and heuristic.
Section 4 also considers the appearance at 6.3 microns but on a
more exact basis; it further investigates the patterns to be expected
in the 8 to 12-micron water-vapor window, the 15 and 4. 3- micron
carbon dioxide bands, and the 9. 6-micron ozone band. Section 5
suggests a possible method for determining ozone amount from a
satellite, using measurements in the vicinity of 0.3 microns.
Chapter VI discusses the various steps and processes that must
be considered in designing a system for the over-all reduction and

processing of satellite meteorological data.
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CHAPTER II

APPLICATIONS OF METEOROLOGICAL SATELLITES*

To establish the requirements of the consumer of meteoro-
logical satellite data, it is necessary to investigate the possible
applications of such data. Since there is an abundant literature
in this field, a survey provides a picture of at least some of the
consumer information requirements, This literature also pro-
vides some suggestions relating to the design of the satellite .

- meteorology system,
1. A SURVEY OF APPLICATIONS OF METEOROLOGICAL SATELLITES
1.1 Introduction

The following section is concerned with some phases of the
use of a meteorological satellite. Sclected material from a -
litereature search has been integrated with the applicable findings
and experience obtained from closely associated fields of study. An
attempt has been made to avoid extremely generalized and all-in-
clusive statements about the utilization of a satellite for meteoro-
logical investigations.

The discussion of meteorological parameters in Section 1.4
contains references to literature which makes gome specific sugges-
tions as to methodology and/or instrumentation. ;

Supplementary and/or complementary information concerning
applications for meteorological satellites will be available in the

future. It is anticipated that scheduled experiments will provide

* This work was sponsored under Contract No. AF19(604)-5582, under
ARPA Order No. 26-59. The Chapter was written by A. L. Goldshlak,
Allied Research Associates, Inc.



additional information concerning various aspects of satellite

meteorology.

1.2 Planetary Parameters
1.2.1 The Solar Constant

""The ultimate source of thermal energy for the earth's

atmosphere is the incident solar radiation, and we must know its
precise form outside the limits of the atmosphere.''[7] The pre-
sently accepted value of the solar constant is approximately 2 ly min—l.
The measurement error is of the order of 2 percent and is largely
attributable to uncertainties in the assumptions used to correct the
measurements for atmospheric effects.

An earth satellite orbiting above the atmosphere and
equipped with a bolometer pointing towards the sun could me asure the
solar constant ’directly. Daily measurements over a long period of
time could provide the research worker with answers to the
following questions: Is the solar constant a true constant? If
not, how much does it vary? Observers at the Smithsonian
Institute claim that the value of the solar constant actually varies by
1 or 2 percent. This claimed value is of the same order as the
present measurement error; therefore, it cannot be verified through
current measurement techniques.

1.2.2 The Planetary Albedo

The planetary albedo of the earth "...plays a critical
role in the radiation budget of our planet and thus in specifying the
manner in which the general circulation of the atmosphere must
operate to balance this budget.'[8]
| Various indirect methods have been used [9] in an

attempt to determine the planetary albedo. The best determination of



the planetary albedo would be accomplished by measuring it
directly through extraterrestrial means. Appropriate photocell
sensors mounted on a satellite can provide a direct total albedo
value. Godson [ 8] suggests the utilization of a television sensor
to determine the visual albedo of the earth. He also suggests an.
orbit of 4000 mi'lesb(period of about 4 hours) with a high resolution
system.,

1.2.3 General Circulation of the Earth

The general circulation of the earth is fundamentally
driven by the radiation balance between the earth and outer space.
Godson [ 8] suggests that this balance be measured continuously as
a function of space and time.

Differentiation between radiation in the various frequencies
is necessary for proper interpretation of the radiation balance. A
pair of parallel-plate radiometers with surface absorptions which vary
with wavelength is the satellite instrumentation suggested by- Godson.

The energy balance of the earth and atmosphere can be for-
mulated separately if synoptic cloud images are available and the
‘individual energy components of the radiation budget are known.

1.2.4 Global Cloud Climatology — Cloud Albedo

The cloud albedo provides the greatest contribution to
the planetary albedo. Different types of clouds and cloud combin-
ations contribute in varying amounts to the total cloud albedo,
depending on the optical properties of the clouds, cloud thickness,
and the zenith angle of the sun.

As a result of the importance of cloud albedo, it is strongly
urged that a global cloud climatology be assembled. [2, 10] To
facilitate associated avenues of future research, the cloud climatology

should be divided into continental and oceanic areas. Further sub-



division into diurnal and seasonal variations are also desirable.

A reconnaissance satellite equipped with relatively
simple instrumentation such as a television camera would be adequate
for initial studies. Inspection of the photographs taken from the
Atlas 11C (24 August 1959) nose cone reveals the feasibility of
determining cloud cover over large areas from high-altitude pictures.
Figure 1 is a photograph of the earth taken at an altitude of about
450 miles; Figs. 2 and 3 were taken from an altitude of about 750
miles over a different sector of the earth. The cloud cover is
'readily visible on these photographs. *

Reliable determination of cloud types would require
a high-resolution (at least 1000 lines per frame) television camera.
The desired cloud scale and cloud detail would dictate the resolution
required as a function of satellite altitude. Minimum orbital
heights would be appropriate for observations of cloud types. Cloud
cover information may also be obtained from higher orbits.

A report by Glaser [2] deals with the recognition of
cloud forms from a satellife. Of particular interest in that report is
the section on thé significance of large-scale reflectivity patterns. In
addition, Glaser has tabulated typicai reflectivity values for various
cloud cover combinations.

One of the great advantages of gtilizing a system of satel-
lites for cloud reconnaissance (as well as for other meteorological
parameters) will be the ability to obtain nearly simultaneous mea-

surements over large areas of the earth [11]. Since the life period

~* For a more detailed discussion of this case, see also Chapter III,
Section 2, of this report.
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Fig. 1l Cloud cover as viewed from an Atlas Missile

at a height of approximately 450 statute miles
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Fig. 2 Cloud cover as viewed from an Atlas Missile

at a height of approximately 750 statute miles
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Fig. 3 Cloud cover as viewed from an Atlas Missile

at a height of approximately 750 statute miles
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of clouds is relatively short and cloud transformations can occur
rapidly, the necessity of near instantaneous measurements is
desirable. Furthermore, it is extremely difficult, if not im—
possible, for a surface-stationed observer to obtain a valid image
of an entire cloud system, with the exception of very small-scale
or local phenomena. _ ,

The photographs shown in Figs. 1, 2, and 3 preéent an
entirely novel and most useful image to the meteorologist,
1.3 Nephanalysis

Clouds are visible evidence of physical and dynamical pro-
cesses occuring in the atmosphere., A complete understanding
of these processes would probably enable the meteorologist to
improve his forecasting techniques to a significant degree.

Ur'nfortunately, the subject of nephanalysis (cloud analysis)
has been neglected, resulting in limited use of a potentially fertile
research and synoptic tool. Recently, the interest in nephanalysis
has revived somewhat, as x&ted from the growing number of
articles appearing in the technical literature,

The photographs obtaiﬁed from the Atlas 11C missile, as
exemplified by Figs. 1, 2, and 3, reveal that the cloud patterns
are certainly not random. The orderly orientation of cléud patterns
in bands and streaks ( on many scales) indicate that large-scale
cloud formatidn is controlled by some physical or dynamical pro-
cesses,

A great quantity of useful data can be extracted from high-
altitude cloud images [ 2, 4, 5, 10, 12, 13] through the use of
relatively simple instrumentation, that is, television or photocells. -

Admittedly, the initial data reduction will most probably be of the
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semi-quantitative form. Improved data ''quality'' may be anticipated
with advanced technology. The utilization of cloud data obtained from a
satellite will be valued by both the synoptician and the researcher.

A report by Goldshlak, Boucher, and Glaser [10] was prepared
to organize the miscellaneous aspects of cloud-weather relation-
ships, The form of the report is such that it may be used as a
manual for extracting meteorological information from a cloud field.
. The report also contains a case study comparing the nephanalysis
with conventional synoptic analysis.

Another report by Glaser [2] illustrates some of the more
quantitative aspects of cloud analysis techniques from high-altitude
reconnaissance.

No attempt will be made here to repeat all the material available
in References 2, 10 and 12; instead, a tabular listing of the infor-
mation capable of being extracted from cloud images is presented.

A Identification of Synoptic Systems

1. Extra tropical cyclonés

Anticyclones
Hurricanes
Fronts
Easterly waves
The westerly trough
Intertropical convergence zone

Squall lines

W O -3 O ;o W N

Shear line
10. Thunderstorms
B Climatologies -- Annual, Seasonal, Diurnal
1. Global cloud atlas
2. Cloud types
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Cloud cover
Source regions of storms
Storm tracks

.. Snow cover

3 O O b W

Atmospheric pollutants
C. Dynamics

1. Waves

2. Convergent areas

3. Divergent areas

‘4, Wind fields -- wind shear -- jet stream
D Thermodynamics

1. Convective areas

2. Turbulence
3. Stability
4, Humidity

5. Advection
E Reséarch Requirements
1. -Cloud formation and dissipation
2, Cloud dynamics
3. Improved cloud-weather inferences
1.4 Some Specific Meteorological Parameters
1.4.1 Cloud Velocities |
Aiken and Widger report in Chapter III, Section 3, on

the possibility of measuring cloud velocities from cloud images ob-
tained from satellites. The authors show that the measurement
accuracy requiréd to determine cloud speeds to within + 10 mph
cannot be obtaihed in practice. The meteorological value of cloud

velocities in error by more than 10 mph is minimal.
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Other suggested methods for determining cloud velo-
cities are by the use of parallax or multiple sightings over small
time intervals. These require phenomenal accuracy of satellite
orientation.

1.4.2 Ozone

An interpretation of the vertical distribution of ozone
can be made from observations of scattered UV radiation at various
wavelengths since the ozone absorption coefficient (Hartley Band)
varies more rapidly with wavelength than does the coefficient of
molecular scattering.

Singer and Wentworth [ 14] discuss a method for
determining the vertical ozone distribution from a satellite, utilizing
the optical absorption properties of ozone near 2900 A°. A method
of measuring total ozone mass by a comparison of scattered UV radia-
tion at two wavelengths (3110 and 3290 A°) is discussed in Chapter V,
Section 5, of this report.

Below 30 km, ozone has a relatively long lifetime; there-
fore, ozone concentrations may be used as an indication of air-mass
motion,

1.4.3 Stability

Cloud street spacing may be used as an indication of
the depth of the overturning layer [15]. In temperate latitudes the
Presence of streets indicates a lapse rate which is near dry
adiabatic from the surface to the cloud level.

1.4.4 Temperature

Kaplan [ 16] outlines a method of determining a three-
dimensional distribution of atmospheric temperature by obtaining
spectral measurements of radiation in the 15¢ carbon dioxide band.

The carbon dioxide band is preferred to the water-vapor bands
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because the carbon dioxide in the atmosphere is uniformly dis-
tributed, whereas the distribution of water vapor is variable.

The radiation in the far wings of the carbon dioxide
spectrum emanates 1argel}y from cloud tops or from the ground.
Observations of this portion of the spectrum might be obtained with
a sensor mounted on a balloon or aircraft at 100 mb or above.
However, measurement at the dense center of the band would be
pointless at these altitudes since considerable a'.tmosﬁhere still
exists at greater heights. A satellite orbits at sufficient altitude
éo that it can receive the emission from the "effective' top of
the atmosphere. Then, the center of the 154 band could be
clearly interpreted as emission from the highest emitting layers
of the atmosphere.

After establishing the emission from the top and bottom
(ground) of the atmosphere, additional layers within the 'atmosphere
may be determined, since "...different fractions of the black-
body radiation are received from the various intervening air layers.''[16],

The suggested s.ensing'instrument is a multiple-slit -
or mult_iple-deteyc'tor grating spectrometer capable of resolving
10 cm-1 at 151, Rather complicated éalculations are required
to reduce these observations to actual temperature distfibutions.

1.4.5 Moisture Distribution |

Moisture measurements [16] could be made simul-
taneously and through the same optics as the temperature measure-
ments (see Section 1.4.4). The water-vapor emission may be
interpreted in terms of the moisture distribution once the tempera-
ture distribution is known.

Surface and cloud-top measurements measurements may be

obtained at 11p; stratospheric humidity from the 24p peak (with
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additional detail if measurements can reach 40#), Humidity at the
lower heights can be measured at shorter wavelengths.

Some quantitative aspects of humidity measurements are
discussed in Chapter V, Sections 3 and 4, of this report.

1.4.6 Visibility

Balloon techniques for determining visual range have been
extended for possible use on a satellite vehicle. Stakutis and Brennan[17]
discuss some methods for visual range measurements and required
satellite instrumentation. The Weston photronic barrier-layer cell
is proposed as the essential portion of the instrumentation. Provisions
for increased sensitivity of the sensor elements can be made for adapta-
tion to the higher altitude conditions necessitated by satellite carriers.

Visibility is an air-mass characteristic and may therefore
be used for air-mass identification purposes. Visibility may also
be used as an index of air pollution. A knowledge of visibility
conditions has further application in military decisions and trans-
portation,

1.4.7 Winds

The report by Goldshlak, Boucher, and Glaser [10]
presents a case study in which both low- and high-level winds were
inferred as a part of the synoptic analysis determined from a mosaic
of cloud images. Although no isolated cloud can, at present, provide
conclusive wind information, the meteorologist can make good wind-
direction inferences from a knowledge of the cloud field associated
with synoptic systems .

As an example of wind inferences from cloud patterns,
the presence of cumulus cloud streets are indicative of the wind
direction (parallel to the streets) at the cloud street levels. However,

the wind direction may be ambiguous by 180 degrees. The correct
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wind direction can usually be established from other significant
features.

Widger a.hd Touart [1] suggest that some estimates of
low-level wind speed and direction may be deduced from visible
atmospheric pollutants. Over large water bodies the state of the sea
surface may also provide surface wind information, _

Although some general methods appear to be available
for determining wind directions, the problem of determining wind
speeds with sufficient accuracy for meteorological application still
e;cists.

1.4.8 Jet Stream

Certain cloud patterns, that is, banded cirrus or cirrus
sheets with sharp edges, may be used as aids in 1bcating the jet
stream. ''Wide belts of cirrus with a clear space or zone of
cirrocumulus between indicate a jet to the north of the norther-
most cirrus belt and another just south of the break in thé cloud.
Pronounced bands of cirrus oriented from the southwest indicate
jets which are rapidly movipg eastward; 'streaky' cirrus suggests
double jets which are not migrating appreciably sidewise.''[15]

The above statements, extracted from a report by
Conover [15], may apply only to the séction of southern New
England where the observational sites for the ihvestigation were
located. Further investigations of a similar nature (throughout the
atmosphere) could be most efficiently accomplished by satellite
reconnaissance.

1.5 Useful Meteorological Orbits
Singer [11] considera a polar orbit as one of the most useful
for a meteorological satellite. Such an orbit would permit the

scanning of the entire earth's surface, thus obtaining global data.
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H. Wexler [18] suggests that an orbit 4000 miles above the
earth's surface would be satisfactory for a television satellite. Full
advantage of a high-resolution television camera may then be
obtained. It should be pointed out that orbits closer to the earth will
pProbably be necessary, depending on the required observational
detail, ‘

Other useful satellite orbits and area-of-coverage problems
are discussed by Dryden [3]. He states that the apparent longitudinal
displacements ( on the earth ) of an orbit fixed in space may be used
advantageously for tracking mid-latitude systems. The variable
orbital " ., ..displacements for intervals of time shorter than a
period do not seem to be important on a synoptic scale.'" Of
greater importance is the ", .. varying range of visual observations

and the changes in resolution resulting from the varying elevation,,."
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CHAPTER III

SECTION 1
STUDIES OF LARGE-SCALE CLOUDINESS
IN THE NORTHERN HEMISPHERE

Robert C. Curtis
Geophysics Research Directorate

1.1 Introduction

The work conducted during the recent past has consisted
of studies of the large-scale cloudiness in the Northern
Hemisphere and of small-scale cloud patterns as observed
in photographs made from aircraft and missile nose cones.
These later studies will be reported in the following section.

The nature and causes of the large-scale distribution of
cloudiness that will be observed by the satellite are being in-
vestigated to establish the knowledge needed for interpreting
and determining the utility of the satellite observations,

In addition, investigations have been started on the relation-
ships of the large-scale cloud patterns to the synoptic features
of the standard meteorological charts including the vertical
velocities computed by the JNWP Unit, Suitland, Maryland
and on the use of these cloud patterns in forecasting cloudiness.
1.2 Studies being Conducted

The following work has been completed:

The analyses of cloud cover and the occurrence of
Precipitation on the six-hourly Northern Hemisphere and the three-
hourly North American weather charts have been completed for

August through October 1959,
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These analyses, besides providing background information on
the large-scale cloudiness for use with studies of aircraft, rocket,
and satellite pictures, are being used for studies of the relation- |
ships between large-scale cloudiness and such synoptic features
of the atmosphere as cyclones, anticyclones, and upper troughs
and ridges. The cloud analyses are also being used to determine the
extent to which the large-scale features of the cloud distribution,
namely, the large areas of essentially clear skies and the large
areas of essentially overcast skies, can be used to make 24-hour
forecasts of total sky cover (m by simple extrapolatioh methods.
These studies will be continued until an evaluation is completed for bo’ch_
a winter and a summer period.

Figure 1 exemplifies the simple analysis or large-
scale cloudiness that is being used. This chart shows the North '
American area during the mid-day in summer when the large clear
éreas are at a minimum due to the cloud forming action of eddy-
convection and diffusion of water-vapor from the surface. The
analysis in the arctic regions is sketchy because of insufficient data.
In the middle latitudes, however, the analyses is representative of
all seasons and shows the large areas of essentially overcast skies
which represent areas of large-scale convergence that will be visible in
greater detail in satellite photographs. | '
-Frequency distributions of the total sky cover (N)

are being used as a basic tool for investigating the nature and causes
of the large-scale distribution of cloudiness because their shapes -
can be interpreted in terms of the interaction of large-scale vertical
motion and of eddy-cénvection and diffusion of water-vapor from the
surface. Frequency distributions of total sky cover at 1200Z for

12 regions comprising the entire Northern Hemisphere have been
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tabulated and graphed for January, April, July, and October 1957,
Studies of diurnal variation of the frequency distributions in various
regions of the Northern Hemisphere have been started. Frequency
distributions of total sky‘cover are also being used to investigate
the extenf to which the large-scale vertidal velocities computed by
the JNWP Unite, Suitland, Maryland indicate regions where cloudiness
is reduced by downward motion and increased by upward motion.
This has been done for the initial condition and 24-hour forecast
vertical velocities during a 12-day period in September 1959; and

it will be done for a winter and another summer period before

an evaluation is made.

Figure 2 shows some examples of frequency distributions
of (N) that are being used. The U-shaped frequency distributions 4
are considered to be the result of large-scale vertical motion predomin-
ating over eddy-convection and diffusion of water-vapox; from the
surface. The frequency distributions which lack the left-hand mode
show the production of pa:étial cloudiness by eddy-convection and
diffusion of water-vapor from the surface despite the cloud inhibiting
action of large-scale downward motioh.

Graphical records of the daily values of total sky cover at
1200Z for the year 1956 have been completed for 29 stations at various
locations throughout the Northern Hemisphere. These are being |
used to study the‘<characteristics of the daily changes of total cloud
cover in various localities. Frequency distributions of (N) have
been tabulated and gré.phed for each of these stations for the
entire year and for the Winter, Spring, Summer, and Fall seasons.
These data are being used with other tabulations of freﬁuenéy dis-
tributions of (N) obtained from the National Weather Records Center,

Asheville, N, C, to study the characteristics of local, short-term
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(one year or less) and local, long-term (3 years or more) fre-
quency distributions 6f total sky cover.
1.3 Results

The results to date iﬁdicate that the observed large-scale
distribution of extensive and deep overcasts is primarily the
result of large-scale vertical motion. The cloud-producing actions
of eddy-convection and eddy-diffusion of water vapor from the
surface appear to be dominated by the large-scale vertical motion,
with upward motion producing regions of thick and essentially con-
tinuous cloudiness and downward motion producing regions of partial
and generally thin cloudiness. |

The principal conclusion of practical interest is that the
large-scale cloudiness as observed from a satellite will show the
patterns of large-scale convergence which will appear as patterns'
of marked brightness produced by reflection of sunlight from the
deep and continuous cloudiness occurring in these areas. These
areas contain all of the restricting weather conditions that are of
operational importance and they appear to have sufficient continuity
so that forecasts of cloudiness, precipitation, and generally re-
stricting weather cdnditions can be made for periods of 24 hours
or less simply by folldwing the motions and changes in these areas.
These forecasts will not be as acqurate or as specific as thoée that
can be made with conventional meteorological charts and forecasting
methods in regions where large amounts of data are ‘available. These
forecasts, however, will be very useful in regions were conventional
meteorological data are sparse or unobtainable. |

Besides showing the patterns of convergence, the cloudiness
will also indicate regions of large-scale divergence (subsidence).

These regions will appear as the least bright areas which either
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contain no clouds or only the partial and generally thin cloudiness
which is produced by eddy-convection, turbulence, gravity waves,
and other small-scale vertical motions. The regions of large-
scale divergence contain the least restricting weather conditions.
These regions also have sufficient continuity so that forecasts
of generally favorable operational conditions can be made by
extrapolation methods.

The ability to observe the large-scale patterns of conver-
gence and divergence in terms of the distribution of cloudiness will
provide meteorologists with a research tool that can be used to study
the vertical circulations of the atmosphere, especially in the tropics
which contain a large part of the atmosphere and where our knowledge
of the vertical circulations is most limited.

The photographs taken from the nose cone of the Atlas missile
on 24 August 1959 have provided some evidence for the validity
of these ideas*. The regions of continuous deep cloudiness, and there-
fore of large average brightness, are considered to show essentially the
patterns of large-scale convergence. These patterns are easily
observed because they are in contrast with the areas of lesser average
brightness that contain the partial and generally thin cloudiness
produced by small-scale vertical motions in the absence of large-scale
upward motion or in the presence of large-scale downward motion.

Figure 1 shows the large-scale cloudiness in extratropical
regions at the time of the Atlas nose-cone photographs. The large-
scale pattern of overcast skies shown on this chart over the Atlantic

Ocean and East Coast region of the U.S. is essentially the same as that

* TFor a more detailed discussion of this case, see Section 2 of
this Chapter.
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seen in the photographs. The photographs, of course, present a much
more complete and detailed view of these regions of extensive and deep
overcast produced by convergence.

1.4 Interrelationships .Between Studies of Large and Small Scale
Cloudiness

To utilize small-scale cloud data,re,ceived from satellites as
an aid in weather analysis and forecasting, one must not only be
familiar with known relationships between clouds and the associated
dynamic state of the atmosphere but must acquire additional know-
ledge of this relationship and apply it to the interpretation of very
high altitude photography. ‘ |

The proper identification of clouds and interpretation of cloud
patterns observed in high-altitude photographs were first attempted
on cloud data which had been obtained from high-flying aircraft over
the U.S. Later, ‘photographs from high-flying aircraft over Europe
became available for analysis. However excellent time-lapse films
have been obtained recently from missile nose cones at 200 - 800
miles above the earth and emphasis has shifted to the analysis

of these films.
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CHAPTER III (Continued)

SECTION 2

CLOUD PATTERNS AS SEEN FROM ALTITUDES OF 250-850 MILES-
PRELIMINARY RESULTS .

John H. Conover and Major James C. Sadler
Geophysics Research Directorate

2.1 Introduction
In the late Spring and Summer of 1959 the Missile and Space

Department of the General Electric Company succeeded in |
obtaining black-and-white 16mm time-lapse films of thé earth
from ballistic missiles flying down the Atlantic Missile Range.
These films were made to record the attitude of the noée cones
as various stabilization mechanisms operated.during the flights.
To meteorologists, especially those concerned with the intef‘f)re-
tation of cloud patterns which will be transmitted from satellites,
the clouds shown on the films were of great interest. In fact this
by-product of another experiment may be regarded as the first
step in a new direction of data collection and in the porti;ayal of
"'weather'' in the science of meteorology. Therefore it is
appropriate to show the results of the first work derived from the
photographs even though much remains to be done.
2.2 Photography

| The most striking of the four films which were obtained was
that of 24 August 1959. During this flight, which was launched
at about 1600Z, the nose cone containing the camera-bearing data
capsule was separated from an Atlas rocket at 234 miles (all

miles are statute) altitude and the photography began. The film
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continued at a variable rate of about 3 frames per second for

10. 1 minutes before ending as the nose cone approached apogee

at 856 miles altitude and over a point about 2200 miles ESE of
Cape Canaveral, Florida. During most of this portion of the

flight the camera axis was aimed downward at angles between

160 and 26o from the horizontal as it rotated clockwise 5 1/2
times. Since the lens was of 5. Tmm focal length the field of

view was wide, amounting to about 900 across the diagonal in the
specially-built camera. This combination of motion and wide field
permitted complete coverége of the earth's surface out to the
horizons in all directions as the camera traveled downrange. The
photography is congidered excellent*, but, unfortunately for thése )
who wanted to analyze the pictures, precise calibrations of the
focal length and distortion of the lens, principal points of’ each

frame, and the exact timing of frame ekposures are non-existent.

* Recordak fine grain panchromatic film having an ASA rating
of 6 was used. Also used was a Kinoptik lens with K3 filter
which cuts out at about 470 millimicrons. Exposure was
1/300 sec, at £f5.6. This exposes for an average of 3100 ft-
candles. Details of the photographic instrumentation during
flights before 24 August are contained in a paper presented
at the National Technical Symposium of the Society of
Photographic Instrumentation Engineers, Los Angeles,
4 August 1959, titled "Photographic Instrumentation from Cuter
Space,'' Lathrop, P.A. and Rush, D, H. Copies are available from
Mr. Lathrop, Missile and Space Vehicle Department, G. E. Co.,

3198 Chestnut Street, Philadelphia, Pennsylvania.
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2.3 Analysis

Preliminary analysis consists of the preparation of
extensive streamline charts and nephcharts from the synoptic
reports and a map showing the rectified positions of the clouds.

The principal effort in the large-scale synoptic anéylysis
has been concentrated on the 1200Z maps apprdximately four
hours before the time of the photographs. These analyses
included a surface pressure analysis and streamline analyses
of 2, 000, 10,000, and 35, 000 foot levels. The 2000 foot analysis,
including surface-ship winds, was chosen to represent the low-
level circulation pattern, Fig. 3 and the 35, 000 foot (250 mb)
analysis to représent the upper trc')posphere pattern, Fig. 4.
As background and continuity for these analyses, streamline
analyses were performed on the U. S, Weather Bureau Northern
‘Hemisphere 700, 500, and 250-mb series for 48 hours previous
and 12 hours subsequent to the above map time for an area
considerably larger than the area of the photographs. The notations
of Figs. 3 and 4 are common except for the cells marked "B"
near the Equator on Fig. 3. These are "buffer cells" between two
‘independently-driven currents, in this case, between the Southern
Hemisphere easterly trades and the westerly current of the continen-
tal monsoon and equatorial trough. These maps were prepared
prior to the cloud rectification and therefore show no bias toward
the cloud patterns, especially over sparse data areas.

2.3.1 Low-level

The pattern of Fig. 3 is rather typical for the season,

The Northern Hemisphere subtropical ridge extends from Georgia

eastward thence north-eastward into Europe. North of this ridge in
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the Western Atlantic is a quasi-stationary east-west frontal trough,
The charted position of this front is that pf 16Z based on the best
possible continuity of maps and inferpolation. South of the ridge
over the Caribbean and Central Atlantic, trade flow exists to
approximately 10°. The equatorial low-pressure trough between
5° and 10°N over South America extends eastward and then
northeastward entering Africa at about ZOON. At 2000 feet there
is a monsoonal circulation associated with this trough over West-Central
Africa that is further complicated over North-West Africa by a
reflection of the upper-level trough system. |
2.3.2 High-level |

In the pattern of Fig. 4 the Northern Hemisphere sub-
tropical ridge has a slightly northward slope with height. The
Sourthern Hemisphere subtropical ridge is oriented east-west at‘
approximately 10° South. What might appear to be a éomplicated
circulation pattern lies between these ridges; however, the
pattern is believed typical for this season. A sharp tropical cold
trough extends from the Southern United States southeastward
across the Caribbean, then eastward across the Atlantic, and
northeastward into the Mediterranean Sea. Throughout most of its
length, the bottom of this trough does not penetrate much below
the 500-mb level. Only over the Mediterranean does an inténse
cell penetrate into the véry low 1évels and actually reach the
surface. South of the trough is an associated tropical anticyclonic
belt.

' 2.3.3 Photographic

The rectification shown in Fig. 5 is the result of trans-
ferring by hand the positions of clouds in respect to a perspective

grid overlaying the photo to a corresponding grid which is seen
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through the base map. A base map in the form of an oblique
mercator with the coastlines added was used because it had already
be constructed to rectify pictures to be transmitted from satellites,
Due to the uncertainties‘ of frame number vs. time, errors in cloud
positions north and east of the center of the rectification are about
+ 1° of latitude; however the relative postions of the clouds |
are accurately portrayed. Elsewhere, landmarks within the
pictures assured a higher degree of positioning. The rectification
was performed assuming that the clouds were horizontal and without
vertical development. Toward the horizons this tends to increase the
cloudiness; therefore less care was taken in these areas and the |
impression of a nearly solid cloud cover is not necessarily correct.
The true horizon as seen by the camera was far beyond the limits
of rectification; nevertheless the area shown in Fig. 5 and its .
corresponding location in Figs. 3 and 4 represents about one-
twentieth of the earth's surface.

A very distinctive cloud system, at least 2000 miles
in length, is associated with the quasi-stationary frontal system
across the Atlantic. In general the clouds lie to the north of the
f ront. Along it the pattern suggests wave formations, especially
at longitude 66°W. At this point the cloud line south of the
main cloud system may represent a squall line in the Warmvsector.
However the synoptic reports which are rather sparse indicate no
wave at this point. Further west the eastern half of a circular
vortex centered near 32. OON, 74. 5°W is faintly discernible.
These features are shown in Fig. 6 which is an enlargement from
the film looking toward 3250, North of the vortex, cirrostratus

dims the land and sea surface. Elsewhere north of the frontal
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cloud bands the clouds show no organization. Along the southern
edge of the frontal band, bands spaced roughly 15 miles apart
appear to merge with the main cloud system as they slant eastward.

Two distinct cloud systems exist between 5° and 12°N
extending from near the coast of South America eastward. A
hasty interpretation might indicate a double intertropical convergence
zone; however, only the southernmost system is associated with
the low-level circulation of the intertropical convergence zone,
while the northernmost one is attributed to the high-level trough.
These two cloud systems are shown in Fig. 7 looking toward 151°,
The intertropical convergence-zone cloud system had developed
to the rain and thunderstorm producing stages as shown by the reporté.
The northern system exhibits a repetitive cellular structure with
concentrations of cloud about every 100 miles for a distance of 700
miles. The system curves northward to the west, and a series of
five north-south bands can be seen from longitude 58o to 67°W be-
tween latitude 150 and 20°N. Reports under this system east of the
West Indies are completely lacking, but a few stations within the
island chain observed middle and high clouds. It is suspected that
this system lies in the 20, 000 to 30, 000 foot altitude zone and that
it yielded rain in the developed areas. Stereo-views of these clouds
place them above the low-level trade cumulus. Their relation
to the 35, 000 foot wind field shown in Fig. 4 suggests that they are
moving from the north and west.

The circular vortex over the Gulf of Mexico is clearly
shown in Fig. 6. This system is precisely tied to the pattern

shown in Fig. 5. Surface reports show that it was composed of
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high, middle and low clouds, thunderstorms and squalls., No.
circulation exists in the levels below 500. mb,

The sharply-curved bands along the south coast of
Cuba at 19, 5N, 77.5W may also be a part of a similar high-level
circulation.

It is of interest to note that the major cloud systems
attributed to the upper cold trough are south of the trough line,
probably within the westerly current. This agrees well with
observations in the Central Pacific where such troughs are more
common and persistent.

Clouds of thunderstorm proportions in the Caribbean area
are shown in Fig. 5 as dark circles or ovals. Many of these
are verified by surface reports. The huge cloud system
centered over Jamaica, 18°N, 78°W was reported from the
ground as a few cumulonimbi embedded in anextensive layer
of altocumulus and altostratus.

Each small island is shown by a trailing cloud street,
sometimes 100 miles long. The interior of Puerto Rico is
cloud covered; and, streaming from its downwind corners
(NW and SW), are lérge vortices of clouds which are apparently
induced by the stronger winds over the sea. These vortices are
about 10 miles in diameter. Downwind and spreading laterally from
Puerto Rico and Hispaniola for distances equalling the length of
the island, clear areas are found over the sea. These apparently
correspond to areas of subsidence which complement the rising
motion over the islands. In this case, when the prevailing wind
at cloud levels was 15 - 20 kt, a ''pie-shaped' area of clear sky

was formed downwind. The apex of the area was near the windward
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end of the island, and the angle between the mean wind direction
and edge of the "'pie~shaped wedge'' was 20°., These areas extended
downwind about twice the length of the islands or, in the case of
Puerto Rico and Hispaniola, 90 and 360 miles, respectively.
Similar effects appear along the north shore of South America
where the easterlies have crossed northward:peninsulas of land.
These patterns were found in other nose-cone films; and in one
case there was convergence between the subsiding outflow, at the
edge of the pie-shaped area, and the general flow was sufficient to
cause a cloud band more intense than over the adjacent waters,
To the east of the high-level pattern (15o - 25°N,

55°W) disorganized patterns which thicken toward the east are
observed. These represent stratocumulus according to two air-
craft reports from that area. Near 60°N, 26.5°W a vortex was
plotted; this apparently corresponds to the low-level vortex which was
placed slightly further east on the chart in Fig. 3.

" A broken-to-continuous, slightly curved, narrow line
of cloud was observed between Trinidad and a point about 450
miles to the ENE. This is clearly shown in Fig. 5 between 10. 8°N,
60.0°W and 11.8°N, 55°W; the eastern end of the line also shows
on the extreme right-hand side of Fig. 7. This line is presumed
to have been initiated by one or more contrails which developed
a cloud of visible proportions, or one several miles wide in this
case,

Over some areas of the oceans, cloud patterns in the form

of crescents or scallops with clear areas inside were observed.
These were first observed by Dr. R. Cunningham, of GRD's

Cloud Physics Branch, from an airplane. They are about 20 miles
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in diameter and there are indications that the general wind is
in a direction from the center of the crescent toward its thickest
part. The cause of this pattern is unknown.,

Almost all of the visible portion of South Ame rica was
cloud covered. Cirrostratus clouds could be distinguished from
other clouds along the coast at 71°W.‘ Between the equator and
6°NAnear 34°W cumuliform bands were prominent. Heavy cloud -
bands of cumulus congestus proportions were observed along all
coastlines experiencing a general onshore flow, Over parts
of South America, bands parallel with the wind were prominent,
They appeared to be deep and probably were yielding rain, Although
the land is flat over the Amazon Basin the rivers are apparently large
enough to suppress convection, as shown by the pattern of clouds
over that area. Smudges in the photography at the mouth of the
Amazon apparently are caused by silt-laden water; while north-
westward along the coast the silt, shallow water, or their com-
bination shows as a smudge to a distance of about 30 miles from
the shoreline.

In regard to the identification of cloud forms, the con-
struction of a cloud Atlas is planned which will show cloud forms
under different conditions of solar altitude; light filtering, distance
away, and effective magnification. At this stage the following
forms have been identified from the nose-cone films:

a. Cumulonimbus

b. Cirrus or cirrostratus

c. Altocumulus (tentative)

d. Cumulus (tentative)

e. Cumulus congestus (tentative)
f. Stratocumulus (tentative)
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The use of stereo has been attempted to distinguish different
levels of clouds, Vertical separation of the clouds has been
aclijeved in areas where the slant distances are as large as

900 miles and altitudes as great as 500 miles. The ratio of
the basge line to distance was approximately 1:80.
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CHAPTER III ( Continued ) -
SECTION 3

ON THE POSSIBILITY OF MEASURING CLOUD
" 'VELOCITIES FROM A SATELLITE#*

J. J Aiken and W. K. Wldger, Jr

| Geophys1cs Research Directorate

3.1 Introduction

One of the primary uses of satellite observations that one would
like to make would be the detecticn and measurement of cloud move-
ments. In many cases this knowledge of cloud velocity would provide
Some measure of the wind at the cloud level and, if enough such ob-
Servations can be obtained over an area, a general picture of the
flow pattern. The importance of atmospheric flow patterns to an
analysis of present weather conditions and the forecasting of future
conditions cannot be stressed too heavily. [1]

A satellite 350 miles above the earth's surface would be travel-
ing at about 17,000 mph., From this satellite it is at least
theoretically possible to photograph cloud movements. By using
these photographs we would like to be able to determine the speed
of a cloud to an accuracy of + 10 mph,

Three cases are presented here for discussion, Cases I and
II, which use ground distance and angle measurement respectively

in determining cloud velocity, are special cases in that the cloud is

—

* Originally prepared as a Technical Memorandum to the
Director, GRD, GRD-TM-57-34, 16 September 1957,
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assumed to be moving in the gsame vertical plane as the satellite
orbit. Case III is the more general case which occurs when the
cloud is not moving in the plane of the satellite orbit,
3.2 Case I, Two Dimengional CAse

The cloud and the satellite are traveling in the same vertical
plane, Cloud velocity will be determined by measuring the ground
distance '"'b" between two distinguishable points on the earth's
surface Fig. 8%,

E PATH OF THE SATELLITE

— _..__.....—_.___—_._.__.._—.___)

GROUND

‘4—b—)|

Fig. 8 Measuring cloud velocity ''v'' by using ground distance

* In all of the figures scale accuracy is sacrificed for
clearer drawings.
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Given:

V = velocity of the satellite = 17, 000 mph

H = Height of the Satellite = 350 miles

t = time between two observations = 2 minutes
EB =Vt

AB = EB/2 = Vt/2 {(by construction)

_b = measurable ground distancé
v = velocity of the cloud

h = height of the cloud

3.2.1 Deriving a Formula for "v" by using Ground Distance

A AOB ~ ACOD (Fig. 9)

A, 8
iB A0
b ©ob
M

AB = Vt/2 by construction)

0
CZD yXe}

= H-h
OD= h
Fig. 9 Similar triangles Vt/2 _ H-h
TD h
used in deriving ''v" for Case I
—= _(h) (Vt/2)
CD ="H o
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AEGF ~AZGI (Fig. 10)’

. EF__ TG
ZI  GZ
E —F —_ = v
EF = EA - AF
ok
EA = " Vt/2 *(by construction)
& "AF = vt
zl—1 EF = Vt/2 - vt
Fig, 1v0 Similar triangles ZI = b -CD + AF
Vth
used in deriving ''v'' for Case I = (vt+b) - 2 (H-h)
FG = H-h, GZ =h
. . Vt - 2vt
EF _ FG _ 2 H-h
—_ I Vth h

Solving for "v' we find:

bh Vh
mtE

b
t

3.2.2 Error Analysis Computations

In the original statement of the .problem the probable error

in velocity ""dv'"" must lie in the range between + 10 mph and - 10 mph.
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8V

and the most probable value of the resultant error "dv"is

= Vav)? + (@av)? + @v)? + (@dvp? + (dvy)
where

_ov - _ v
dvp =3p- D dVp =3p b
d vy 'gv'dv

dv. =2 4

oy
t Bt d vy =3 dH

We have derived a formula for 'v' the velocity of the cloud where [19]

v=20,Vh_ b

tH H Tt

Taking partial derivatives of each of our variables with respect to

"v'" and assuming;

V = 17,000 mph

h = 2 miles, a typical middle cloud height ("'h" could range from the
surface to 40, 000 ft for all types.)
H = 350 miles
t = 2 minutes = -3—16 th of an hour (for a longer period the depression
angle would be too small and cloud
identification improbable.)
b = 2.25 miles ("b" will range from 1.25 miles when v = 60 mph to

3. 25 miles when v = 0 mph. The 2. 25 miles is an
average value and occurs when v = 30 mph.)
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We find:

ov b L. oo ov .l (u.b) Lg

3% fH Tt "8 5w tmE (V+?> =488 & _h 4 006
: . P o R e aV, H o

ov ___b h . ov - h ' ' _12 = -

If we let our error in ''v'' be equal to 10 mph(the maximum allowable
error), we will then be able to compute the maximum errors db, dt,
dh, dH, and dV that can be tolerated in each of our meésu‘re«d quantities

while maintaining the relationship that dv =10 mph.

g

J.letdv = 10= »\/(—29. 8 db)z + (2013.4dt)2,+,(48. 8dh)2 +(0. 30:11-1)2 +(.006dV)2

In solving for ''db" we let
dt =dh=dH =dV =0

In doing this we assume fhat we have pérfeCt measurements in our
variables t, h, H, and V. By making this highly idealized assumption,
we are able to compute the maximum allowable error in "b" while
maintaining the relationship expressed in Eq. (1).

We can now see that the total error in our resultanf"'dv" is due only

to the error in the me'aéu’z;ement, of ground distance, that is, "db'".

10= /(-29. 8db)?
10 o
s ee——— = 4
~db 39,8 ‘_,_0.3m11es
In the same manner as above we solve for dt, dh, dV and dH finding

dt =+17.8 sec, ~ * dh=+0.2 miles = +1082 ft
‘dH'=.i—_36 fniles, T gv= +1751 mph
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3.2.3 Conclusion |
The values computed above are the maximum probable

errors in each term of Eq. (1) which permits the cloud speed to be
determined to within + 10 mph. The accuracy required in determining
the cloud height '""h'"' appears to be too stringent for practical application,
Obviously the individual accuracy requirements must be even more
stringent if the total of their effect is not to exceed + 10 mph.
3.3 Casell, Two-Dimensional Case

Case II occurs when the cloud and the satellite are traveling
in the same vertical plane (the same as in Case I), only now cloud
velocity is determined by measuring the angles of depression from
the satellite to the cloud.

3.3.1 Deriving ''v'' by the Use of Angle Measurement (See Fig. 11)

tan 0= 2 - D tan ¢ = —2 =
ZI ZI CD CD
ZI =h/tan © CD =nh/tan ¢ = Vth/2(H-h) (2)
ZI = (vi+b) - _Vth_ (derived in Section 3.2.1) (3)
2 (H-h) e
= vt+b - CD

Equating Eqs. (2) and (3) and solving for ''b'" we find

b =h(cot @+ cot¢ ) - vt
substituting this expression for ''b" in the equation

bh Vh b .
W THE Tt (derived in Section 3. 2. 1)
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Fig. 11 Measuring cloud velocity by using angle measurement

we find:

v=V -(%:-}—1—) (cot © + cotg )

3.3.2 Error Analysis Computations

Requiring once again that "dv'', the error in cloud velocity,

be less than + 10 mph and assuming:

V = 17,000 miles “AB =V7t - (by .construction)
h = 2 miles

H = 350 miles

t

. 21
2 minutes = 30 hour
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H-h H-h

tan ¢ = —— = = 1.22824
AB  Vt/2
¢ = 50° 50" 55"
let v = 30 mph
H-h

1

distance GO = 1 mile, tan © = virz - 1-2326

e = 50° 56' 51"

We find:

-g% 1, . -(E’—;I—> (cot © + cotd’) = 509,094

Bt :
3R =t (cote+cord) =48.8, 2 =DM (csc’e) 17,312
e L (cot o+ cotd) =48.8,-g% =M (~csc? ) = 17,360

\/ 2 3 2 P 2 2

v v ov v ov ov

oo ) ) ) o) ) ()
" To solve for "dV", setdH=dh=de=d¢ =0.

We then have dv <10 mph < %{-, dvV , dV= +10 mph.

In a similar manner we solve for our remaining variables and find:

dH = +0.2miles =+1082ft; d = +01' 59" ;
dh = +0.2miles = +1082ft; d ¢=+01"' 59" ;
dt = +0.07 sec.
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3.3.3 Conclusion
Once again we see that the limits of tolerance in our measure-

ments are much too stringent for practical application.’

3.4 Case III, The General Case in Three Dimensibhé
Case III is the more general case and occurs when the -cloud is
moving in a plane not parallel to that of the satellite. (See Figs. 12 and
13)
3.4.1 Data Given
AB = path of satellite
DC = path of cloud |
¢ and © are measured angles of depressmn
a and B are horizontal angles between the path: Qf
the satellite and the cloud at the time t = 0andt =2
~ minutes respectively. '

time between two observations = 2 minutes

t =
V = 17,100 mph
3.4, 2 Der1v1ng "v'"" from the Given Data

CD = vt= \/<c0)2 + (oD) 2

where CO st' , OD = ut

n

CO = EF = (AG-EG) - (AB-BI + FI)

oD = DF- OF

————ny ——

GE = M, FI = M'

b
tana=—]_3—_11 , tan¢=% = —
AF AG M
tan 8 = __-C_Z__E_ , tan © % -
BE BI M!
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TOP VIEW

Fig. 12 Top view of cloud and satellite in Case III
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SIDE VIEW

Fig. 13 Side view of cloud and satellite in Case III
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o =taIx-11¢ i} ta};lld) - (Vt- tf_ne+ tage

OD =BF tan 8- AE tan a = (—ﬁ-M') tan B - (AG-M) tan a
CO = st =(H-h)(cot¢+cote)’—Vt

OD = ut = (H-h) (cot ©+ tan 8 - cot ¢ tanga )

Solving these equations individually for "'st" and ''ut" respectively,

we can then solve for ''v'' where,

'\/(s‘c)2 + (ut)2

t

3.4.3 Error Analysis Computations

Once again we have the requirement that ''dv'', the error in
measuring the velocity of the cloud, must be less than + 10 mph.

Assuming again:

V = 17,100 mph e =50° 41' 04"
H = 350 miles ¢ =50° 36" 13"
h =2 miles a = 20° 00' 00"
t = 2 minutes B =19° 541 47"
cot © =0.81895 csc© =1,29254
cot ¢ =0.82130 cscg =1,29405
tan @ = 0.36397 tan B = 0.36214
sec g = 2,92381 sec 3 = 2,93608

CO = st =(H=h) (cot ¢ + cot ©) ~ Vt

g = (Ii-h)
where "'s'" is a functionof H, h, ¢ , ©, V, and t.

(cotg + cot6) =V
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Taking partial derivatives with respect to ''s'' and

computing their numerical value with the above information we find:

g% = - %—(cote+cot‘;{>)=49»2 g% = —( Ptl—h)(cscze)=-17,44l.7
%E. = —%—(cote+cot¢) = - 49, 2 —gf’\—,= -1
_g_s_ = - (I{t'h>(cscz¢) =~17,482.5 g—ts- = -(—E{:%—l—> (cot @+ cotg ) =

t - 513,726. 3
OD =ut = (H-h) (cotetanp - cot ¢ tana)

H-h
t

u = (cot ©tanp - cot ¢ tan Q)

where '"u'" is a functionof H, h, t, € , a , ¢, and 8.

du

21 - -
3T T (cot ©tan B - cot ¢ tan a) = 0. 071

du
8h

(cot etan B - cot ¢ tana ) = 0. 071

o] -

)(cot otanfB -cot¢ tana ) = -739. 2

) (csc otan ) = -6316. 3

2
(2
(2

E

Izh )(cotesec B)= 70,598. 2

du -h =
55 - ( : (csc ¢ tan g) = 6363.1
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Bu . (H;h> (cot¢ secza) = =-73,299. 3

co - / o2 + oDy?
= A 602+ )

To find the maximum allowable errors possible in each measure-
ment while fulfilling the requirement that "'dv'' must be less than
+10 mph, we isolate each variable and assume that we have perfect
measurements in the remaining variables. Assuredly, this is a
very idealized condition but it provides us with the varest minimum
of limits which must be met in our measurements to satisfy the

relationship, ""dv"' =+10 mph,

Iet st =0, . v = u

dv = du = +10 mph
2 ) 2 2 2 2 2
= + + -+
du '\/(duH) + (du)” + (du)” + (dug)™ + (du,)” + (duy) (duﬁ)
To solve for duH , let the remaining terms be equal to zero. We then
du
. =< = =
have: 10 mph = du duH 30 dH

10 mph < .071 dH
dH =< 140 miles

In a similar manner we solve for the remaining variables and find:

dh = i 140 miles
dt = + 48. 7 sec
de = 00° 05' 25"
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da = 00° 00' 28"
dé = 00° 05' 23"
dB = 00° 00' 26"

If we set "ut" = 0, we then have the special Case II ( discussed
earlier) where the maximum allowable error possible in each
variable, while maintaining the requirement that dv =10 mph,

are as follows:

dH = 10/49.2 = + 0.2 miles

dh =+ 0.2 miles = + 1073 ft
&) "

d¢ =+ 00° 01' 57

de =+00°01' 58"

dV = + 10 mph

dt = + 0.07 sec

3.5 Concluding Remarks

We have shown that the degree of accuracy of measurement
necessary to measure the velocity of a cloud to within + 10 mph
is much too stringent for practical application; and, unless some
new methods of measurement can be devised, the outlook for measuring

cloud speeds by the exemplified methods will remain very bleak.
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The accuracy required with regard to the height of the' cloud,

in particular, is beyond that expected to be obtainable unless ‘'only
the zonal component of velocity is needed. If the satellite revolves
in a polar orbit the error in the height of the cloud turns oﬁt*tobe '
insignificant in computing the zonal component of the wind.

The measurement of cloud velocity in the three-diménsional case -
by using ground distance has been investigated and no gain was
realized in the limits of our required accuracies, and thé method’
was more complex in its application than by angle measurement. *

Two other methods have been suggested for measuring cloud speed from
a satellite vehicle but at the time of this writing they need further”
investigation before any comment can be made on their full worth.,

The two methods are (a) by use of parallax and (b} by taking three

or more sightings over a small increment of time, ,. | |

It is the authors' opinion that the problems which arige in
regards to the stringent requirements of measurement may be
intrinsic to the basic problem of trying to measure cloud velomty
from a satellite vehicle traveling at a speed approx1mate1y
570 times that of the cloud and some 348 miles above it. ’

Any criticism of the work presented in this paper or suggestlons

as to new methods of attack are welcomed.
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CHAPTER IV

SECTION 1
A SYSTEM FOR THE METEOROLOGICAL USE OF
SATELLITE TELEVISION OBSERVATIONS

Arnold H. Glaser

Allied Research Associates, Inc. *

1.1 Introduction
1,1,1 General

Plans exist for the orbiting of meteorological satellites
of moderate sophistication. The principal observational sensor
on such satellites will be a television camera of near-convertional
design. Early satellites will be spinstabilized, so that the axis of
rotation will remain fixed in inertial space over at least moderate
intervals of time.

In one set of plans the axis of the principal camera will
be directed along the spin axis, The camera is outfitted with
a wide-angle lens of 105° coverage. Continuous pictures are not
taken; instead, snapshot pictures are to be taken by a shutter
mechanism. at regular, programmable intervals. The photo-
sensitive surface of the image tube is of long persistence, so
that the snapshot image is retained on the screen as an electro-

static charge. The image is ''read" off the screen by a scanning

* This work was sponsored under Contract No. AF19(604)-5581,
under ARPA Order No. 26-59,

63



beam at a relatively low scan rate. The corresponding signals
are stored in a small tape recorder,

When the satellite passes over the data acquisition stations,
and interrogating signal is ‘sent from the ground station to the
satellite. This causes the contents of the tape recording to be
telemetered to thé ground station, Where the signals are ;'e-
corded both on magnetic tape and in reconstructed picture form
by photography of a video monitor. At the termination of the
satellite tape readout, the satellite may be instructed to directly
telemeter pictures of the environs of the data acquisition station |
and may receive instructions for the picture-taking prdgrarrf‘ of
the next orbit or orbits.

‘The camera will have a 500-line noninterlaced format. "

Then looking straight down from the intended orbital altitude |

of 380 miles, this will give a resolution somewhat poorer than

one mile. Lens distortion introduced to avoid‘eXposu"re”c'lvifﬁ&u'l"— =
ties caused by the falling-off of illumination at the picture corners *
will result in a deterioration of this resolution toward the picture
boundaries. C

In addition to the television system the satellite will contdin
the usual beacons for tracking plirposes.' To help establish
orientatidn, a set of infrared horizon sensors is provided. |
Also, a set of slit photocells is provided which, when the
picture is exposed, records the relative azimuth of the sun in
the picture plane. This quantity can be used to establish the
rotary orientation of the picture around the spin axis. |

Satellite position and horizon sensor data will be channeled into

the computation center. There, short-term forecasts of satellite
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position and axis orientation with respect to terrestrial coordinates
will be issued. These will serve to permit programming of future
picture-taking activities and also to establish locations of recently
taken pictures. Under optimum conditions this information will be
available at the data acquisition stations at least 24 hours in advance
of the actual picture taking.

According to the most recent advices the intended orbital
parameters of the satellite are a height of 380 miles, and orbital
inclination of 47, 70, and an initial spin axis orientation such that
the camera will be pointing vertically in the region of 20°N
latitude, 43°E longitude.

Pictorial material from the meteorological satellite will be
ma de available on film and will contain information of value for
meteorological analysis and forecasting. The experiment will
explore techniques of recognition of pictorial features, ab-
straction of pertinent meteorological information, data trans-
mssion, and data utilization,

The experiment is visualized as being performed as follows.
After each telemetering of pictorial data to the data acquisition station,
a filmed reconstruction of each picture will be delivered to the mete-
orological group. Aided by additional information on the satellite
orbit and attitudes, the meteorological group will establish the
locations of the pictures and of features contained therein, Signi-
ficant meteorological features will be transferred to maps and
interpretations of the significance of the features will be made.

The attempt to derive results from this experimental satellite
8ystem will considerably accelerate the realization of a practical

Operational meteorological satellite system for world-wide use.
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' 1.1.2 Objectives of the Program

The objectives of the program are to provide a fund
of knowledge on the design and operation of future satellite
meteorological systems. In a negative sense, the misadventures
experienced during this first experiment will prevent their |
repetition in later, more extensive, operations.

Techniques will be generated for the effective handling
of the pictorial material contained in the telemetered pictures.
These will provide a measure of initial guidance to the scie‘ntists‘
who will late study the same picture in a more leisurely fashion.

Techniques will also be developed for the effective utilization
of the type of information that can be expected from a meteorological
satellite. It is anticipated that the forecaster will experience some
initial difficulties in the integration of the satellite material into
his normal forecasting procedures. For example, the satellite
material will not be synchronous with convenient observations.

In addition, various parts of the satellite field of coverage will be
acquired at different times,

Perhaps one of the largest gains to be expected from the
program is a ratidnal evaluation for the scientific and meteoro-
logical community, as well as for the public at large, of the
potentialities of the meteorological satellite as a tool for increas-
ing the scope of observation and for improving forecasting. Any
contributions that satellites may make toward forecasting in any
part of the globe will mark a significant step forward in meteorology.

1.1.3 Scope of the Program

The program involves the setting up of methods and
systems for processing the information received from the tele-

vision cameras of the satellite that will enable meteorologists to
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make use of the pictures., Methods are to be developed for the
extraction of meteorological information from these pictures.
Also included is the design of a system or systems for deter-
mination of orientation of the satellite in cases where other in-
formation may not be available.

1.1.4 General View of Frocedures

As an aid in understanding the various procedures to
be described in detail, the following quick resume of the chain
of events at the data acquisition station is presented.

The satellite, programmed from ground commands,
takes a series of snapshot pictures along a part of one orbit.
These are stored in the internal memory of the satellite until
the satellite passes within appropriate telemetering distance of
one of the readout stations. Here, the signals are recorded
both on film and on video tape. A secondary film copy is pre-
pared from a playback of the video tape; this copy is processed,
then delivered to the meteorological group. There the film is
pPlaced in a special enlarger and projected onto a perspective
grid. The perspective grid will have been chosen from a
library of such grids precalculated to give an approximate
representation of the perspective and lens distortion of the
Picture. Each quadrilateral of the perspective grid matches
an equivalent square of a rectified grid which can be super-
imposed on an appropriate map to permit relatively facile
mapping of the material contained in the pictures. Pertinent detail
is marked on the expendable perspective grids and then trans-
ferred to the map. Mosaics are not prepared except in the map
form. A certain amount of calculation may be required to

utilize the satellite position and orientation data to permit the
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selection of the appropriate perspective grid and to -enable
appropriate orientation of the rectified grid with respect to.the
map.

Log books and other records will be maintained to
permit future evaluations of both the operations and of the
pictorial material,

1.2 Perspective Rectification

1.2.1 The Problem

The meteorological information to be obtained from
satellite pictures can be put to use only if the locations of the
observed phenomena can be established reasonably well. The
required accuracy of location depends upon the use to which the
meteorological information is to be put. Such an application as
very short range terminal forecasting would require accuracy of
location to within single miles. But since a single satellite will
scan the same area in daylight at best once each 24 hours, a more
probable application of such satellite information will be for the
analysis of large-scale meteorological systems for purposes of
forecasts of the order of 24 hours. Here the requirements for
accuracy of location can be considerably relaxed. Assuming that
a meteorological system moves at speed of 20 knots and that its
progress can be predicted to an accuracy of 10 per cent (perhaps an
optimistic estimate), then the error of estimated position will be
of the order of 50 nautical miles for a 24-hour forecast. This then
is an estimate of the maximum magnitude of location error that can
be tolerated without materially adding to the uncertainties of
forecasting.

Establishing locations within the satellite pictures to

even this degree of accuracy is not completely simple. A spin--
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stabilized satellite, orbiting about the earth, represents a
dynamic system of six degrees of freedom. The six co-
ordinates necessary to establish location and orientation of the
satellite will be listed for our purposes as: (1) the latitude and
(2) longitude of the satellite subpoint, (3) the height of the
satellite above the geoid, (4) the nadir angle measured between
the axis of rotation and the vertical through the satellite, (5) the
azimuth of the projection of the axis of rotation onto the earth's
surface, and (6) the rotary angle between some fiducial direction
in the picture and the direction of the image of a line on the earth.
For convenience the latter line will be taken as the projection of
the axis of rotation. The six coordinate parameters define a co-
ordinate transformation from the two-dimensional representation
of the picture tube image to the two-dimensional location on the
earth. If it is further desired to map the image, the elements

of the map projection used will also enter.

Essentially, then, the problem becomes one of finding
corresponding points in the pictures and on a map. The correspondence
should be presented in a fashion that makes the location of features
in the picture readily obvious.

1.2.2 Facilities for Picture Location

As outlined earlier, the satellite internal system plus
external tracking and computing facilities provide information
that will aid in the location of pictures. The successful function-
ing of the system will provide the following information:
Latitude and longitude of the satellite subpoint
Latitude and longitude of the principal point ( the
principal point is defined as the intersection of the

camera axis with the earth)
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c. The nadir angle

d. Satellite height

e. Azimuth of the line joining subpoint and principal point
f. The angle between the projection of the sun line on

the satellite image plane and the intersection of that
plane with a vertical plane containing the camera axis
g. Time of picture taking
All of these quantities must be made available as functions
of time, It will be seen that sufficient, even redundant, information
is given to permit the transformation of location in the picture to
map location. The technique used to perform this transformation is
described below.

1.2.3 Perspective Grids

1.2.3.1 General Description

The method established to locate features in the pictures

is based upon the "Canadian Grid" system of photogrammetry. The

perspective grid is a network of lines constructed for an oblique

photograph, the lines representing corresponding lines of an imaginary

rectangular grid on the ground. The perspective grid is superimposed

on the picture while the corresponding rectangular grid is super-

imposed in the proper location and orientation on the map. A one-

to-one correspondence then exists between lines and intersections

of lines in the picture and on the map. A typical perspective grid is shown

in Fig., 1, and a corresponding rectangular grid is shown in Fig. 2,
The starting point for the gridding system is taken as

the principal point of the picture. The principal point of the picture

is defined as the intersection of the camera axis with the imagé plane,

A correspondipg principal point in the object space exists at the

intersection of the camera axis with the earth's surface. This point
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corresponds more or less exactly with the intersection of the spin
axis of the satellite with the surface of the earth. If prediction of
satellite attitude is successful, the predicted position of the
principal point on the earth's surface should be reasonably accurate.
For the sake of further argument, the position of thig point will be
taken as accurately determined. '

If a perspective grid is inaccurately drawn, it will be
seen that the errors in position resulting from a scale error in the
grid will increase with distance from the center of the picture
( see Appendix B ). But since the location error at the principal
point is by definition zero, tolerable errors may occur even though
the grid was computed for a somewhat different set of satellite par-
ameters than those actually prevailing. This leads to the concept
of the pre-computation of a library of perspective grids. In the
mathematical development in Appendix A, it is shown that the
only parameters controlling the form of the perspective grid, once
the camera geometry has been established, are the nadir angle and
the height of the satellite. It thus becomes feasible to establish a
relatively restricted library of perspective grids for various com-
binations of these two parameters. Further transformations, such
as those for the position of the subpoint and the azimuth of the
principal line, are handled by the placing of the rectilinear grid on the
map.

1.2.3.2 The Grid System--Use of Transfer Grid

A "quadrilateral" grid is constructed, in principle, on the
surface of the earth. A great circle is passed through the principal
point (the intersection of the camera axis with the surface) oriented

80 that it crosses the horizon seen from the satellite perpendicularly.
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This will be called the principal line. Another great circle is passed
through the principal point perpendicular to the principal line. Small
circles are drawn parallel to the two great circles, forming'a grid
of near-squares.

This quadrilateral grid is mathematically projected onto
the image plane of the satellite for several satellite heights and in-
clinations of the camera axis from the vertical. The number of such
projections required will depend on the range of heights and angles
anticipated and on the accuracy to which points are to be located.

A limit to this accuracy occurs in the nonlinearities, noise, and
jitter occurring in the reconstituted vertical and horizontal scans
presented at the data acquisition stations.

The horizon will appear in the picture at most angles of
view. It can be used to establish both the inclination of the camera
axis, the height being known, and the rotation of the camera about
its axis. It is not believed that sufficient accuracy can be achieved
in the measurement of the apparent radius of the horizon circle to
permit establishing the height of the satellite. The horizon is to be
projected onto the image plane along with the grid. ' '

The image of the grid and horizon gives the perspective
view of the grid as it would be seen at the satellite. The following
procedure is envisaged for the use of these perspective grids: the
proper grid is selected from information provided on satellite
height and inclination; a check is provided by horizon position (if
present). The perspective grid is superposed on the pictﬁre with the
principal point of the grid at the center of the picture. The grid is
rotated about this point until the horizon is in its-proper position,

If the horizon is not available, the proper rotation can be established

by reference to solar position data to be supplied with the pictures.
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Simultaneously, a corresponding quadrilateral transfer
grid of the appropriate scale is placed on a map which is used as a
location guide and transfer medium. The principal point of the trans-
fer grid is placed on the map at its correct geographical location
as determined from the satellite subpoint and axis orientation. The
principal line of the transfer grid is oriented along the azimuth from
the principal point toward the satellite subpoint. Then the transfer
grid corresponds, point by point, with the perspective grid on the
satellite picture. It is a relatively easy operation to transfer signi-
ficant points on the picture to their corresponding points on the map.

It is recognized that a transfer grid, constructed as
described, will not "fit" properly on any real plane map of the earth's
sphere. The errors incurred in the use of such a grid with various map
projections has been evaluated. It is found that the minimal errors will
occur with the use of a Mercator chart in low latitudes, or an
appropriate transverse Mercator at higher latitudes.

1.2.4 Procedures for Perspective Rectification

The actual procedures to be used in the location of in-
formation in the satellite pictures are keyed to the characteristics
of the particular system. Assume pictorial information will be ob-
tained in the form of developed, positive 35 mm film strips. Each
double frame will contain one picture and the images of signal
lights indicating the picture number and the angle between the sun and
the fiducial direction in the image plane. The film is placed in a
special projector. The image is focused on a special focusing sheet
which permits the adjustment of the enlarged image to the appropriate
size. Provision exists for the partial compensation of any distor-
tion that may have occurred between the original television camera

lens and the projector. To enhance the psychological perception of
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perspective, the picture is rotated so that the observer will be looking
in a direction essentially perpendicular to the horizon, right-side up.
For near-vertical pictures, it may be convenient to place North at

the top.

The focusing sheet is replaced by the appropriate per
spective grid, chosen to correspond as closely as possible with:the: -
reported height and nadir angle of the satellite. The center mark of
the perspective grid is made to coincide with the center iark of the -
picture. Where a horizon is present, the perspective grid is rotated
until the picture horizon and the grid horizon are parallel; - In:general,
they will not quite coincide. The lack of coincidence is caused by
inexact nadir angle. Where radical discrepanciées are fourd, ‘error
is indicated. - |

If no horizon is present, it will be necessary to-use the sun
angle information to orient the perspective grid.. The sun angle ig "
read from the signal lights recorded on the film and énteréd.inithe -
appropriate space on the perspective grid sheet., Also’'énteréd'is the
angle betweén the picture vertical and the sun line. Thése are added
(or subtracted) and the result is used to orient the fiducial direction -
of the picture with respect to the principal line of the perspective grid;
a large protractor will be provided for this purpose. -

The projected picture is now ready for -analysis.” The =
transfer grid, drawn to the scale of the map to'be used,is'the plane '
counterpart of the perspective grid. For convenience the:transfer
grid is permanently mounted on a small, flat light table. -'The map
to be used is moved about over the light table until the center point of -
the grid coincides with the principal point geographically located on the
map, and the azimuth line drawn on the map coincides with the principal

line of the transfer grid.
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It will now be possible to sketch on the map features ob-
served in the projected picture.
1.3 Mapping
1.3.1 Map Selection

The cloud images seen in the telemetered pictures must
be represented on a map to permit the integration of images seen in
several pictures and to permit the ready definition of the location of
meteorological features. The grid system that has been adopted
for perspective rectification places certain requirements on the map
to be used.

The ''rectilinear" transfer grid is fundamentally a grid of
mutually perpendicular families of small circles inscribed on the surface
of the earth, the central circles being great circles. The rectilinear
transfer grid as actually used on a plane surface is then a mapping
of this system of circles onto a plane tangent to the earth at the
principal point. It is desirable that this mapping coincide with the
projection of the final map even though the transfer grid may be
oriented at any azimuth and may be centered upon almost any parallel.

The qualities required of the map are macroscopic con-
formality and constancy of scale. Patently, no global map can have
these features. It was originally believed that a suitable compromise
could be reached by the use of maps having the appropriate character-
istics over certain parts of the earth's surface. Thus, a polar
stereographic chart might be suitable for high latitudes, a Lambert
conformal projection suitable for middle latitudes, and a Mercator
chart would be suitable for lower latitudes. More detailed investiga-
tion of this concept revealed that the use of a multiplicity of pro-
jections would be, at best, confusing. Even worse, it was found
difficult to provide for overlap between areas to be covered by the

various projections. The Lambert conformal chart, while preserving
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microscopic conformality, was found to perform rather poorly over
the substantial areas to be covered by a single picture.” The best
representation seemed to be provided by the Mercator map in the
equatorial regions. These virtues vanished abruptly at latitudes
greater than about 220. A complete development of the mapping
problem is contained in Appendix C.

- These considerations led to the investigation of the
transverse Mercator chart which is similar in principle to the con-
ventional Mercator. However, the cylinder upon which the map is
developed is skewed with respect to the poles. The chart is defined
by the inclination of the great circle of contact between the cylinder
and the earth's sphere.

The use of the transverse Mercator is attractive because
the satellite orbit approximates a great circle, at least in irrerfial_
space. The rotation of the earth under the satellite orbit Ipakes the
actual path of the satellite about the earth somewhat differént from
the great circle. However, for the purposes of mapping,the deviation for
a rapidly orbiting satellite is not sufficiently great to invalidate the
concept.

While the complete transverse Mercator completely en-
circles the globe, it was found convenient to split the chart into three
sections. Because of symmetries, these actually represent about
1/6 of a great circle each, By simple inversion, the same section can
be used for the maximum northern and southern excursions of the
satellite 6rbit. Similarly, the same section that is used to map the
southbound leg of the orbit from the middle latitudes to the equator can be
used to continue the southbound leg below the equator by inversion.
The three sectional charts, then, correspond to the maximum ex-

cursions, the northbound and the southbound legs respectively.
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Longitude is arbitrary on these charts, A set of
longitudes is chosen which will satisfactorily map an appropriate
section of the satellite orbit. Space is provided on the charts for
the designation of these longitudes. Except for north and south
ambivalence, latitudes are fixed.

As a result of this generalization to but three charts, con-
tinental geography cannot be shown. It is recognized that, under some
conditions, this may be somewhat of a handicap. However this short-
coming can be minimized by having conventional maps for reference.

Fig. 3 shows a greatly reduced example of one of the
transverse Mercator charts to be used. The original scale is 1:7,500,000,
This scale was chosen as a compromise between a minimum number |
of charts and the ability to transfer the information on a convenient
scale,

1.3.2 Mapping Procedures

The method of use of the transverse Mercator charts is
dictated in great measure by the details of the satellite system. At
some time in advance of the actual receipt of the photographs, pre-
dictions will be available of the geographic position of the successive
principal points on the earth's surface and of the azimuth of the
satellite from those points. Accordingly, the chart section may be
selected and the appropriate range of longitudes assigned. The placing
of the principal points on the map will depend somewhat on expected
coverage of the pictures. Also, it will be determined to a certain extent
by the number of parallel orbits to be recorded on the same chart; a
practical limit is three orbits.

The use of the quadrilateral transfer grid with the map has

been described earlier.
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The transfer of information from the photograph to the map
will be done in a conventionalized symbolism, some of which will
foliow standard meteorological practice. Other parts will probably be more
pictorial in nature. An attempt will be made to maintain as great
simplicity as possible and to develop standarization.

The mapped information is then ready for the users of
meteorological information.

1.4 Equipment
1.4.1 Projectors

A number of Simmon Omega DM-3 microfilm projectors
have been acquired and modified for use as projectors of the film
transparencies obtained from the satellite readout system.

Basically the projector is a 35 mm autofocus enlarger,
modified to accept a point light source as opposed to the diffused light
source typical in enlarging. Conventional enlargers were not useable
for the present purposes because of inadequate light output. The
modified Omega DM -3 combines the advantages of horizontal display,
automatic focusing and a rotatable film holder with approximately
60 times the light output of the conventional condenser enlarger.

Its use is shown in Fig. 4.

The nominal lamp rating is five amperes at 20 volts. The
intensity of illumination is controlled by a variable transformer
permitting overloading of the lamp by some ten per cent. With the
lamp thus overloaded the light intensity is ample, even with fairly
dense film projected at 15 times enlargement and with fairly high
ambient illumination.

The DM-3 lamphouse was apparently not designed for
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