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Earth ratellites provide meteorology with an obrerving platform commensurate 
with the global nature of weather. One of the most promising satellite observations 
t of cloud distribution and type. Several image-sensing system6 are being con- 
sidered. Cloud images, both day and night with a resolution of about 0.5 mile, 
are ultimately desired. Problems in sensing instrumentation, communications, 
proceriing and data presentation must be rolved before an operational tiyrtem 
becomer a reality, 

E V E N  WITH THE RAPID advances in 
meteorological observations during re- 
cent years, only a small percentage of the 
Earth’s Atmosphere is adequately probed 
by conventional meteorological observa- 
tions. Thus, large storms can reside 
undetected for days in many desert, polar 

Premnted on October 6, 1959, at the Society’a 
Canvention in New York City, by David S. 
Johnson, U. S. Weather Bureau, Waahington 25, 
D. C. Thin work has been aupported by the 
National Aeronautics and Space Administration. 
(Thiu paper received Brit on September 9, 
1959, and in final form on November 18, 1959.) 

14 

and oceanic areas of the world. Even in 
areas having dense meteorological net- 
works small storms are probably often 
not detected. 

Conditions in the atmosphere in one 
region of the Earth may influence the 
subsequent weather conditions in a dis- 
tant part of the Earth’s atmosphere. 
These atmospheric interactions, global in 
nature, require an observing system which 
is global in scope. The artificial Earth 
satellite offers the meteorologist an ob- 
serving platform which will permit every 
point on the Earth’s surface and in the 
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Earth’s atmosphere to be observed at 
frequent intervals. 

The Earth’s weather is determined 
primarily by conditions existing in the 
lowest 40 miles of the atmosphere, far be- 
low usual satellite altitudcsl. Therefore, 
meteorological satellite observations so 
far suggested depend on some type of 
radiation measurement such as solar 
radiation reflected, and infrared radia- 
tion emitted, by the Earth and at- 
mosphere, or electromagnetic radiation 
emitted from a satellite and reflected 
back by the Earth and atmosphere. 
Many of these measuments involve 
image sensing. Indeed, the application of 
image sensing to cloud and precipitation 
detection appears to offer the best possi- 
bility for the first operational use of mete- 
orological satellite observations.1 Thus, 
considerable emphasis is being placed on 
the development of techniques for obtain- 
ing cloud images from satellites at night 
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Fig. 1. Cloud mosaic obtained from a rocket flight boulhca5t of Florida on Aug. 24, 1959. I J I V  ( , I I I I C I < I  WJ) , i t  

nautical miles when these picturen were taken. (Mosaic prepared by Missiles and Space Div., General Electric Go., Philadelphia.) 
~ i l t i ( i i d ~  of  3110 t o  409 

as well as in daylight and on the use of 
radar to obtain images indicating areas 
of rain and  now.^^^ 
Image-Senring RequirementB 

To obtain global coverage at frequent 
intervals, Earth-oriented satellites in 

‘ quasi-polar orbits are required, equipped 
with sensors which can provide useful 
information both night and day. The 
image sensors must view an area deter- 
mined in one dimension by the distance 
on the Earth’s surface at the equator be- 
tween adjacent orbits. For example, for 
a satellite at an altitude of 800 nautical 
miles, this distance is about 1730 nautical 
miles and defines an included angle of 
view of about 87’. 

It is difficult to define the resolution re- 
quired in cloud imaging for meteoro- 
logical applications. This is due both to 
the problem of “seeing” for target 
identification and the variation in in- 
formation content required for different 
meteorological applications. 

Target or cloud recognition is a func- 
tion of the relative contrast between the 
target and its background as well as the 
resolution and available illumination. 
Clouds must be observed against a back- 
ground of the Earth’s surface. The reflect- 
ance or albedo in the visible part of the 
specrmm for the Earth’s surface varies 
from M low as 3% for water with solar 
elevation angle greater than about 30’ 
to over 80% for a fresh snow surface. 
Cloud albedo varies from leas than 10% 
to more than 80% depending on cloud 

type and thickness. Therefore, in many 
caes, the brightness contrast may be 
quite small and even zero in some 
canes. The effect of atmospheric scatter- 
ing on brightness contrast i s  discussed 
later. As the brightness contrast decreases, 
higher resolution in required for the eye 
to j u t  identify a specific target. 

Resolution. Consider next the resolu- 
tions dictated by meteorological require- 
ments, assuming that all clouds can be 
distinguished from their backgrounds. At 
least three types of information are de- 
sired from cloud images obtained by 
satellites: first, the determination of the 
percentage of a given area covered by 
cloud; second, overall cloud patterns or 
orientations such as vorticea and lines 
of clouds or cloud “streets”; and third, 
the determination of cloud type by its 
shape, size, texture and distribution. Each 
of these, to some degree, places different 
requirements on resolution. A reasonable 
measure of cloud amount, averaged over 
an area of at least several hundred square 
miles, can probably be obtained with a 
resolution as poor as two or three miles. 
Cloud patterns or orientations can be 
determined with reasonable certainty, in 
many cases, with a resolution of about one 
to two miles. Better resolution may be re- 
quired where cloud elements are viewed 
at an oblique angle, Considerably better 
resolution will often be required to deter- 
mine cloud type. 

There is, a t  present, considerable con- 
jecture in arriving at  values of resolution 

required for meteorology. We are used to 
observing clouds by viewing them from 
below, It is only very recently that 
research meteorologiats have had a 
downward view of clouds over large 
areas by means of rocket photography and 
we have yet to obtain useful cloud images 
from satellites. Therefore, the meteor- 
ologist must gain new experience before 
arriving at any precise determination of 
the resolutions required in cloud imaging 
from satellites. 

Cloud photographs obtained from high- 
altitude rockets and missiles, such as the 
one shown in Fig. 1, are naw being 
studied to define more precisely the reso- 
lutions required. Preliminary results 
indicate that with a reasonably high 
contrast ratio, a resolution of about 
one mile is adequate for many meteoro- 
logical applications. With a resolution of 
only two miles, some details are lost, 
although much valuable meteorological 
information is usually retained. Resolu- 
tions better than one mile provide addi- 
tional cloud information although the 
maximum desirable resolution has not 
been precisely determined, At present, 
it ia believed that ultimately a resolution 
of at least one-half mile, not considering 
brightness contrast, is desirable. 

The geometry of the object field enters 
into the determination of the system 
resolution. The aatellite ie viewing the 
Earth’s curved surface. As mentioned 
earlier, an arc on the Earth’s surface 
about 1730 nautical miles long normal to 
the satellite’s orbital velocity vector must 
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be included in the field of view from a 
polar orbiting satellite 800 nautical miles 
above the equator to obtain full coverage 
of the globe. To obtain the desired resolu- 
tion of one-half mile at the edge of the 
object field, 865 miles from the satellite 
sub-point, an angular resolution of about 
0.012’ would be required. This angular 
resolution would give a linear resolution 
on the Earth’s surface at the satellite sub- 

range of image sensors is of considerable 
importance. The meteorological require- 
ment in this regard is simply stated: “We 
want to ‘see’ all the clouds all of the 
time.” However, it is quite difficult to 
convert this to meaningful engineering 
requirements. Several factors must be 
considered. For example, the type of 
image-sensing system is important, such 
as a system sensitive to reflected solar 
radiation as compared to one responding 
to self-radiation in the infrared. The 
range in contrast between target and 
background is important as is the albedo 
and radiational properties of both the 
target and background. Scattering and 
attenuation in the atmosphere between 
the object field and the satellite must also 
be considered. 

Utilizing radiation in the visible part 
of the spectrum, the meteorologist ulti- 
mately would desire a sensor which could 
detect clouds when illuminated by 
sunlight, moonlight, or even starlight. 
This represents a fantastic range in 
incident illumination. 

The radiation received by a unit area 
at the Earth’s surface decreases as the 
angle of incidence departs from normal 
due to the cosine law and the incident 
radiation having had a longer path 
through the atmosphere. For exam- 
ple, the direct solar radition received 
on a unit horizontal area at the Earth’s 
surface with a solar elevation angle or 
18’ is about two-tenths that which would 
be received by the same area with the sun 
directly overhead. 

While atmospheric scattering reduces 
the amount of energy received by the 
satellite from the target, it also reduces 
the relative contrast bctwecn the targut 
and its background. This is a particularly 
serious problem for targets located on 
the Earth’s surface where the light 
reflected by both the target and the back- 
ground are subjected to the same amount 
of scattering. In cloud identification the 
probled is not nearly as severe. The 
particulate scattering decreases quite 
rapidly with height above the earth’s sur- 
face. Most clouds have tops which are 
at least 5,000 ft above the Earth’s surface. 
Also, in many cases, the cloud tops arc 
associated with a temperature inversion 
which tends to limit the majority of the 
particulate matter to the atmosphere 
below the inversion, Therefom, in 
general, the radiation reflected by the 

cloud tops will be subjected to consider- 
ably less scattering than that reflected 
by the Earth’s surface. The effect of 
molecular, or Rayleigh scattering, can 
be minimized by filtering out the blue 
part of the spectrum. Aa a result, in 
most cases the relative contrast be- 
tween the clouds and their backgrounds 
should not be seriously reduced by 
Scattering. However, particulate scat- 
tering will increase the effective albedo 
of the background. In the case of 
sensors depending upon solar radiation, 
the relative contrast can be increased by 
limiting the spectral response of the 
sensors. Some experimental evidence‘ 
suggests that a 0.2-c~ interval centered at 
a wavelength of about 0.65~ would 
provide the optimum relative contrast, 
considering the wide variety of back- 
grounds, including oceans and vegetative 
matter, which will occur. Of course, 
limiting the spectral interval will require 
greater system sensitivity. 

Infrared. The previous discussion has 
been concerned with image sensors 
responding to radiation in the visible 
portion of the spectrum. Somewhat 
similar problems must be considered 
in the case of infrared image sensors. 
In this case, imaging depends upon 
differentiating the radiation emitted 
by clouds from that emitted by the 
background. The relative contrast is 
diminished by the radiation also emitted 
from the atmosphere. 

The amount of energy emitted by an 
object is a function of its emissivity 
and temperature. As an approximation, 
many clouds and the Earth’s surface 
can be considered blackbodies (emis- 
sivity of one). The difference between 
cloud top and Earth temperatures will 
largely control the contrast between the 
desired image and its background. In 
polar areas, low clouds are often warmer 
than the surface beneath while in tropical 
and temperate zones, clouds are generally 
colder than the Earth’s surface. On some 
occasions, there may be no difference 
bctwecn the cloud top tcmpcraturc and 
the Earth’s surface temperature. 

The atmosphere, particularly water 
vapor, carbon dioxide and oaonc, also 
emits radiation in the 5. to 30-p region. 
This radiadon reduces the relative 
contrast between the cloud top and the 
underlying Earth’s surface. 

The problems of infrared image 
sensing are covered in more detail in 
a paper by Hanel and Stroud,’ 

Cloud Imaga-Sanring Tachnlquer 

Objuct Scanning. The simplest form of 
image sensing utiliser mechanical or 
object scanning induced by the motion 
of a spinning satellite. Such a oystem 
was used in the Vanguard XI cloud 
cover wpcriment devilred by Stroud and 
his associates while at the U.S. Army 

Si 
oratories.4’ 

In this first attempt at image sensing 
from an Earth satellite an optics-sensor 
system was utilized having an included 
angle of view of one degree and sensitive 
to radiation between about 0.6- and 
0.8y wavelength. Two sensors were 
utilized pointing in opposite directions 
with their optical axes 45’ from the 
satellite spin axis. As the spinning 
satellite moved in its orbit one of the 
two sensors would scan the Earth’s 
surface. With the proper spin rate and 
altitude the individual scan strips would 
be contiguous. The output of the 
sensors was amplified and the infor- 
mation stored on a magnetic tape re- 
corder for relay to the Earth when the 
satellite was interrogated by a ground 
station. 

For optimum results this system 
requires a nearly circular orbit, stable 
spin axis, and a spin rate determined by 
the angular resolution of the optica and 
the altitude of the satellite, In the 
case of the Vanguard I1 experiment the 
orbit was quite elliptical, the spin axis 
had large perturbations and the spin 
rate was considerably less than the 
design value. Therefore, even though 
the instruments worked perfectly, it 
has so far not been possible to reconstmct 
the data in the form of cloud photo- 
graphs, 

The basic simplicity of this system has 
considerable merit. I t  deserves further 
consideration when gatellitt motions 
can be precisely controlled, Alternatively, 
the system could be used by providing 
mechanical scanning on an Earth- 
oriented satellite where the satellite 
axis is normal to the Earth’s surface and 
there is no rotation of the satellite about 
this axis. However, considerably better 
resolution i s  desired than that used in 
the Vanguard I1 experiment. With 
the development of instruments with 
high sensitivity in the infrared region of 
the spectrum, this type of system offers 
promise for cloud imaging at  night an 
considered by Hand and Stroud.8 

While a mechanical-scanning system 
simplifies the instrumentation in the 
Satellite, i t  adds to the complexity on 
the ground. The scan information must 
bc properly reconstructed in picture 
form and locatcd with mspcct to the 
Earth’s surface. The data, to bc of 
operational value in mctcorology, muat 
bc rapidly converted to anable form 
after receipt on the ground. Particularly 
in the case of a spinning ratellite, all 
of the orbital parameters would have to 
be known precisely ahead of time in 
order to meet this time requirement. 

Iiiwtronic Imogc Scanning. Some of the 
problem of the mechanical scanning 
system can be overcome by the UIIC of 
dactronie image scanning. An instantag 
ncous view of an area on the Earth’s 
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Fig. 2. Simulatiop of type of picture which might be obtained with image scanning, based on rocket photos taken at about 80 nautical 
milea above White Sands, N.M. (Originkt1 photo by U. 8. Naval Research Labs., airnulation by Astro-Electronic Products Div., Radio Carp. 

\ af-1 

surface can be imaged on the photo- 
sensitive surface of a photoconverter 
tube such a vidicon or image orthicon 
and an electron gun UBed to 8 ~ a n  this 
image plme. 

edge of the motions of 
of the imaging system 

io sttill required to locate the resulting 
cloud picture with respect to the Earth’s 
surface, thir need be done only o m  
for each picture. In addition, info- 
tion in the pictures themaelves will 
mist in thb location process. This 
imagescanning system has the further 
advantage that the pictures can be 

of photographs taken at an 

linea in the center foreground is equiv- 
alent to about one mile on the ground. 
The distance between line pain increases 
aa one approaches the horizon, probably 
averaging more than ten miles in the 
upper part of the picture. Even with 
thirr resolution, many of the major cloud 
features are retained, 

While Fig. 2 approximates the re- 
solution which may be obtained from 
early meteorological satellites, improve= 
menta in sensm, data storage and cow 
munications should eventually permit the 
optimum coverage and resolution desired 
by meteorologists. 

With present electronic scanning sys- 
tclna we are limited to daylight oper- 
ation. However, recent laboratory results 
hold considerable promise for the ap- 
plication of high sensitivity, image- 
orthicon or image-converter tubes for 
nighttime use, at least with moonlight. 
The pouibility of high=resolution night 
time cloud observations warranta their 
seriowr consideration for meteorological 

Electro$tat& Imaging and &cording. A 
serioua problem in cloud imaging from 
satellites is the storage of the vidto 
data for subsequent playback when 

sateiiitea. 

the satellite is within contact of a readout 
station. Magnetic-tape recorders are 
presently used on many satellites; how- 
ever, it is doubtful that this storage 
medium is practical for a system which 
would meet the ultimate meteorological 
requirement of worldwide coverage and 
a resolution of about + mile, Current 
laboratory work utilizing electrostatic 
tape aa a storage medium indicates a 
promising solution to this problem, 
Also the electrostatic tape can serve aa 
the photosensitive surface. 

It appears that this electroatatic 
system, combined with a suitable optical 
system, can come close to meeting the 
ultimate In meteorological requirements, 
at least for daytime operation. The 
work of one laboratory in this area is 
reported by Huttcr, Inslee and Moore? 
Data Storage, Tranrmbrbn and 
Processing 

While the primary subject of thir 
paper is image sensing, the problems of 
storage, transmission and processing of 
the sensed information must be ret- 
ognized aa they are of comparable 
magnitude to the problem involved in 
theimage sensing itself. 
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viewing a strip on the Earth’s surface automatic system for processing and 
1750 miles wide, with an angular resolu- 
tion of 0.012’ both day and night, Unfortunately, the readout stations 
would result in approximately loo usually are not located where it is 
bits of data being collected during one desired to use the meteorological satel- 
orbit. Since it is not Rractical to read lite data. Therefore, it is necessary to 
out these data more frequently than transmit this information to various 
once per orbit, all these data must be points on the Earth where it is required. 
stored for subsequent playback. A For example, the Weather Bureau’s 
storage medium of high packing density National Meteorological Center is lo- 
is required for compatibility with the cated in Washington, D.C. For full 
size and weight limitations of satellites operational utilization of the cloud 
which will be available in the near image data it will be necessary to 
future. A maximum of about 10 min transmit the information from the 
would probably be available for the readout stations to this center. 
readout of these stored data, requiring a Initially, it probably will be necessary 
bandwidth ofabout 1.7 mc. to have meteorological groups at  each 

After signals are received on the of the readout stations perform a pre- 
ground they must be processed rapidly liminary analysis of the cloud pictures 
and the cloud information located with obtained. The results of these analyses 
respect to an Earth coordinate system could then be transmitted to various 
so that the meteorologists can utilize meteorological centers by either fac- 
the data. This is difficult to accomplish simile or teletype, Ultimately, com- 
at present with the use of spin stabilized munication satellites may provide a 
satellites generally in elliptical orbits. means of transmitting the picture in- 
The use ,@ stabilized Earth-oriented formation directly to meteorological 
satellites in circular orbits would simplify centers for analysis. 

locating the cloud image data. 
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