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SATELLITE WEATEIR RECONNAISSANCK

S. M. Oroenfield and W. V. Kallogg

\

N ABSTRACT

Various aspects of wveather reconnaissance by satallites & including
limitations, capabilities relative to present methods, and grovth potential &

are discussed. )

INTRODUCTION

Meteorological factors mist Le considered ocarefully in planning many
civilien and military operations. The metearological informstion provided
for this purpose can be either in the furz of actual data concerning the
present weather picture, or in the form of & forecast as to future condi-
tions &t the time of ths operation. In either case, the informstion
provided ie only &e good as the weather data svailstble.

It i3 wvell known that there is in operation & worlid-wide veather data
collection network supported by rost of the civilized mations of the worlid.
Fur thermore, these data are freely dissemina.sd (o all mations participating
in this collection progrem. “hile this appears to be & great vealth of data,
it 1is aleo apparent that ther» are large areas of the world (e.g. the oceans
and the prlar regions) from vhich very limited data &re forthooming. The
only means presently available for filling the gaps in these data Are weather
reconnkigsance by aircraft, or the positioning of a smsll mmber of wesathar
observing ships. At best, even with such & great effort, this provides

spatially spotty informmtion, and Uy its very nature the system lacks tbe one
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quality of obgservation most nescessAry v sywoptic meteorology, that of
continuity in time and space-

A third possibility, howsver, has been suggested 1) (9)03) viae migne
indeed contain the gap—-filling abiliity called for. This is wveather
reconasissance by means of satellites. The QU <tions that one might ask
about such 2 system are:

1. What are the limitations of such a system?

2. Within these limitations, vhat weather information is
obtainable, and is it adequate to (o the job?

3. wWbat is the growth potential of a satellite
reconnsissance system?

4, Can this information be fitted into the present weather

system?

THE LIMITATIONS OF SATELLITE RECONRAISSANCE

The limitations of satellite weather reconnaissance are brought about
by the uniqueness of the types of observetions ibat can be made from such
a vehicle. Initially, useful weather ocbservation from a satellite wil) be
obtained mainly by optical meanc. That is, our initial observations will
consist of "looking down" at the visitle manifestations of weather. The
first attexpt to do thie is planned for the 1.G.Y. satellite proyram, and
¥illiam 8troud and his associntes at the Signal Enginearing lLaboratories
have already develoread a simple s~anning system for the Venguard satellita.

It is obvious that in simply observing the weathier through the

"aye" of a high-altitude robot almost all of the regular quantitative

measurements usuelly associated with synoptic metecrology tend to fall by

the waysids. It is impossible to mrke more than an intelligent guess at
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the valuss cf tempsreture, nressure, humidity, and the remtining counven~—
tiopal meteorological pearemsters.

Using this type of data as thz sole source on vhich t© base 2 westher
apalysis i3 almost completely foreign to the normal eperiences of the
synoptic metsorologist. The basic limitation to weather setellites, them,
is the degree to vhich metecroclogists ocan epply what will initially be
gqualitative informatica to the science of gynoptic weather sonalysie. Clowds,
being the objects most discernible from extreme altitudes, become the
important item of observation and must be utilized to the utmost in forming
& gmoptic picture. It 11 apparent that from clouds alone it wvill bde
impossible to tell everyuhiag about the curreant aynoptic situatioc.

Ccnsidered, however, wvith both theoretical knovliedge and that gained
through experience, an sccurate cloud analysis can prodrce surprieingly
good resulte in areis vhere no information is available. Rother, in areas
vhere gond synmoptic data are currently obtained from the surface, satellite
cioud observations give a contimuity or completeness that is not prassently

available.

WEATHER IMITRMATION OBTAINABLE FROM SATELLITES

Recognizing that cloud ovservations will initially be the major output
fron a sitellite weatlier reconncissance vehicle, it is logieal to ask two
basic questions. Pirst, 1s there any difficulty in seeing and/or identi-—
fying clouwds from tlhiese ultituades? GBecond, what synoptic data cun actvally
be obtained from these ot servations?

The Visibility of Clouds from Satellites

A past report Ly RAND‘l) consldered this problem. Utilizing Heveon's

vork(b)(’) on diffuse rellection coefficients for clouds of various
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thicknesses and the following definiticn of contrast, ths results presented

in Fig. 1 wvere obtained for 4aylight conditions.

-f
Contrest, C = -p-b-——g-

Py

vhare
p, = brightness (albedo) of the brightest thing viewed
(either object or Lackground)
py = brightuess of darkest object viewed (a1bedn)
C = coatrust betwewen the two

From & knovledge of background albedos (lees than .4 for most eurfaces)
it is possible to shov that, except in the oass of nev or old snov and for
lov solar elsvations over a water surface, the contrast between clouds and
background would be greater then LO per ceat.

A contrest grester than 40 per cent appears useble from the standpoint
of most television or photographic equipment visualized for satellite. It
is interesting to note that the majority of observations vill be medse under
the influence of an oblique sun. Due to this fact, even in the case of hign
albedo backgrounds over land, the clouds will be cesn imaged agninst thelr
own shadowve, which will once agnin provide a usable contrast.

The usefulness of & given attainable contrast is intimately tied up
vith the desired ground resolution. In the case of cloud photography 1t
ie¢ fowd that useful information cun be obtalned with quite pocr resolutiem.
Por example, gross cloud cover oan certainly be cbtained wvith the ability
to resolve ground d‘mensions of the order of one mile or yreater. To have
the ubility to identify cloud types, it has been found by studying cloud
pictures such es Pig. 2 taken from roc.kotl,(l) that it is necessary to

resolve ground dimensions of the order of 500 to 1000 ft. gych rusalution
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(Ctticicl US John Mupkins (APL) photograph}

Fig. 2— V-2 No. 40, July 26, 1948. Maximum altitudc 60.3 i
View iooking WSW towards Mexico and Gulf of California
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is certainly attainable vith present TV and optical systems and would not
require an exorbitant bandwidth in the redic link to the ground.

On the vasis of the above stataments, it is felt that the prodleam of
recognition and identification of clouds is not & limitation on satellite
veather reconnaiseance.

what Can Be Obtained from Satellite Weather Observations

Cloud observations frem & satellite oculd allov the synoptic meteor-
ologist to viev the entire weither pattern in a way that he can hardly
achieve by present indirect methods. That is to say, the synoptic meteor-
ologist today plots the instantaneous weather information from many points
on world or hemisphere maps and then proceeds to analyze it in a form tiat
will provide a complete picture of the veather over large areas. It is
obvious that, s'ace specific cloud familiss ars associated vith particular
meteorological phencmens, a cloud picture of & large urea of the world will
provide s knovledgeable person with & crude but comp .etie weather map.

Even if this ware ths only information forthooming from s satellite,
1t might by itself b. worthvhile, since in aress vhere good obvservations
vere available it would provide a completensss of weather pictures that is
Just not possivtle from point observations alone. Further, in large uninha-
bited of inacocessibls areas it would provide & continuity that, with the halp
of peripherul weather information, would allov the aesteorologist to fill in
the blank areas on his weather map with more curtainty.

In uddition to this gross picture, however, there is a great deal more
{nformaticn that can be extracted from cloud photographs.(l) wind directico
muy be sstimated in several ways. First, from the presant msteorological

nodele it 1s established that certuin definite weather situntions will




P-1402
6-12-56
8

produce certain sequences of clouds preceding or following them. This will
tend to orient the situation with respect to the ground. Once this orien—
tation has been estadblished, the wind direction may be approximeted through
e knovledge of ihe theoretical circulation associated vith a given synoptic
veather situaticn. Second, since cumulonimbus clouds extend from as low
88 1600 £t uwp to 40,000 ft, their slope becomes & guwod indication of wind
shesrs. Third, there is the formation of cumilus clouds on the lee side
of mountains. JFourth, the direction of movement of atmospheric pollutants
such as infustrial gases, etc., vill indica‘e the direction of winds at low
altitudes.

Texperetures may be estimnted by starting vith the statictical normal
for that time of year. This first estimation may then Le modified Yty the
various affecting conditions. Cloud systems, wind direction, and even
forms of general cover {muow, etc.) will aid the analyst in deciding vhether
the area under obserwtion 1s being affected by relatively cold or warm air.
Upper air temperatures may be estimited in the sane manner, clouds indicating
the boundary between air masses (frunts). The slopes of vertically developed
clowd fooms will also aid in detera’ning the temperature grudient of the
surrounding area.

It 48 epporent that no quantituative viiluss of pressure 'wre forthcoming
from an enAlysis of observations of these types. Purthermore it is virtually
impoesible zven to make a quantitative estimate, otlicr than to state vhethior

tha area is under the iuflue.ce of u high— or 3 low—pressure gystem.

COVERAGR AND CONTINUITY

In previous sect.ons of this puiper, it vas stated that, given the

ability to recorc asad identity clouds, it appeared possible to make a fair
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estimte of the occwrring wather situation. An important question that
still must be answered is the question of continuity. That is to eey,
veather being a dynamic phencaencn, the ability to forecast its develop—-
ment depends upon the ability to observe its behavior repeatedly. For
most weather phenomena, the maximm allowable cycling time is of the
ordar of 24 hours. The question then is: oan 2i-hour continuity be
established vith satell!- = cbservations?

To answer this question let us assume that the locstion and movement
of low-pressure gvstems coustitute the most valuable piece of wesather
information. Let us further recogr’ e that low-pressure systems are chareo-
terized by their associated cloud aystams. On this basis it should be
possitle to examine the nrobability of dstecting this type of weather
situation as & function of time.

To do this ve shall make several simplifying assumptions. Pirst, it
vill Le assunmed that the clouds associated with a cyclonic mystem cover an
area at least 400 mi across and can be represented by a squars configuretion.
Jecond, we shall asoune that a gystem oan be detected if even a msall part
of its cloud gyctem cones within viewing range of the satellite. Although
this last asmumption appears to be somevhat questicnatis, it becomes more
rousonable if wve remember that there vill be some nefsure cf day-to-day
synoptic continuity sstablished.

When tha cloud square just touches .he edge of the vieving path, the
systex oan 0o louger be seen. JFigure 3 illustrates this (Storm A). It
vill be noted that the width of the viewing path chosen in this exmmple
is also 40O mi, and the satellite wltitude is 300 mi. VWe oan ssy, then,

that in this cuse a storm can ¢ seen vhean the center of its associated
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Viewing paths

Storms Band C are
seen by satellite

Storms A,D,and E are
not seen by satellite ' /

Fig.3— Schematic illustrating relation between
storm location and satellite path. Sateilite

inclingtion is 83°.
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clowd system lies vithin 40O mi of the centerline of any one path. Dus to
the relatively slov movement of & storm, vhen ocimpared vith the progression
rats of successive passes of the satellite, the movement of & storm
between successive passes (1 1/2 hours apart) can be neglected.

Keeping in mind the fuct that the successive pasees are evenly spaced
in longituds, ve can nov write down an expression for the probability
that a stomm vill be seen at least once a day:

P¢ _ l(! + Hc)

mnummormnm.umn’mmaam

; num,inmuumormwummm,w,uuu
: Mthoftbaﬂcﬁncplth,mwcilmmuthowm. Using
mmaoruc-booumvp-hoon,r’mbmmuu
presented in Fig. 4. As can be seen, the probebility of detecting & h0O-mi-
vide storm anywhere in the U.8. is greater than about 60 per cent, the
probability incressing tovard the latitude of tangsncy (in this case 83°N).
For the sake of comparison, & curve representing a storm vidth of 100 mi
has been plotted on the same figure. In this case, the minimm probability
decrenses to approximately 35 per cent. However, the averege cycloanic storm
systen is at least 400 mi across, and some are as large as 1000 =i,
Although these probabilities are fairly good, it is understandably
more desirable to achieve 100 per cent coverege if possible. Figure 4 alie shows
& plot of the probability of Aetection vith a path width equal to 1200 milns.
It is interesting to note that this 1200 mile strip vidth can be achieved

vith the came satellite vieving system as used for ths 300-mile-altitide,
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LOO-nlle-strip-+idth vehicle. This is accomplished by inereasing the
altituds of the satellits by a factor of 5 (to approximately 1000 miles).
This, hovever, results in a degredation of resclution by this same factor
of 3. It is seon, then, that it is possible to achieve 100 per cent
coverage Of a given area vith a somsvhat poorer resclution.

On the basis of this analysis, it appesrs fessible to conduct
veather recounaismance fiom & setellite, at least from the standpoint

of contrast, resolutica, area coverage, azd continuity.

THE POTENTIAL OF FUTURE WAATHIR SATELLITES

As mtellites — and our ability to oontrol and keep track of them -

improve, it appears certain that we can expect an equivalent improvement in

the expected veather data. The improvement vill probably be in the direction

of more quantitative informstion on the atmosphere. Jor example, if we
can accuretely determing the height, position, and velocity of a satellite
as & function of time, then it appears feasible to detearmine the height of
clouds vieved, vhich would be of some use to the meteorologist. This mizht
be done as follovs:

At a time t, & vertical picture is taken of the mwrface. (It 1s
asmmed to be possible to determine the vertical direction in the satellite.)
By reference to this known vertical, & cloud diractly belov the satellite
is chosen. At & time t, a second vertical pioture is taken vhich includes
the chosen clowd. The angle off the vartical to this clowd in the second
picture is measured. Thie configuretion is illustruted in Fig. 3, which

identifies the various angles and distances. It can be seen that, by
the lav of sines,
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R+ 4h R+h B+h
sind " Tslma * #lny cosp + ocosy sinp
and
R + An R+nh

siny cotf + coey

8hu7iamnlw;§,mv 1s the velocity of the sataliite

and At is equal to (tz-tl),

sh = height of the cloud = R xr = -1
sm(;z)w+w‘(v'§j

b

sin (g%) cotyd + eoo(%

Sirce R, b, ¥, Ot, and 8 are known, Ah is coqpletely determined.

+

Widger and Tmn.rt(?) and the Technical Panel for tlie Bxrth Satellite

: (0)

have suzgousted other quentitative information, in addition to
cloud cover, that might te obtained from a more sophisticated satellits.
Theye are:

1. Total wolsture content. By messuring the intensity of the

reflected radiatica at two adjacent wuvelengths in the near
infrured, one of wt.ich is not ebsorbed by water vepar and the
oWwar of which {s partislly abeorbed, the total amount of
vater vapor in 3 column of the atmosphere in vhich there are
no clowds can be datsrained.

<. Total osons content. Utilizing somevhat different wavelengths

wn those for moisture, the total ozone content can be

determined.
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3. Temparstures at or near the tropopeuse. By observing the
rediation in the 6-micron absorptio. band in the vertical, it

would be possible to measure the radiation emitted by the top
of the tropopeuss, and hance to map the effective teuperature

of that regiom.

L. Temperatures °t or near the top of the ozone layer. Similarly,

neamxring the emission at 9.0 microns would give the effective
texpereture in the top of the ©zone layer, and would allovw
mgtenrologicts to map the temperature in a part of the atmos-
phere uswally insccessible to balloons.

5. Total redistion. The total infrared and solar redistion flux

being absorbed, reflected, and emitted by each part of the
eartl is of great theoretical importance, sincs it 1s the
balance between these inputs and outputs vhich determines
thas heat budget of the atmosphere - nov only roughly
estioated. This type of observation is relatively easy to
do, and has already been developed for the 1.0.Y. satellite
pregraa by Verner Suomi of the Uhiversity of Wisconsin.

6. Nadar measurements. Radars opereting at wavelengths uf the

order of 3 - 10 ca oould possibly give informstion an
precipitation areas.

It should be noted that measurements (1) and (2) might also be
acoogpliahed by placing strong knovn sources of rediation at the surface
and obsarving these from satellites at wavelengths of known water vapar
and orone absorption.

In addition to the above measuremente it should also e possible to
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mav.sure the variation in solar rediation reaching the earth's atmosphare,
particularly the radiatior. in the ultreviclet and X-ray region, vhich
cannot be otaserved from the ground. As in ths oase of msny of the
suggested "advanced satellits" neisurements, the measurement of solar
radiation would be ¢f more interest initially as a research experiment
than as a day-to-day esaistance in wveather foreocasting. It is not too
bard to visualize, hovever, that in the future the knovledge of our
atmosptiere and hov it is influsnced by energy input veriations will be
greatly improved. When this time occurs, such measurements &s the
variation of sclar X-radiation, the variation of heat lnput to the

atmosphere (hoat balance), etc., will indeed serve as forecasting tools.

ISSBOTATION CF SATRLLITZ WEBATHER DATA

It is otvious that Just Laving 6 satellite tlat provides useful
wveather information does not gusrantee the usability of these data vy
the vurious meteorologioul services. Weuther data, after ull, @e a
perishatle item. That is to say, the usefulness of & particular item
of weather information decreases very repidly with time after it is first
ovtained. Por this reuson it is important to provide & mechaniem for
putting the satellite data, in a usavle form, into the data dissemination
netwvork as rapidly as possible.

For mximm useiility, sn appropriate saximm time delay from the
time of yatherliny the data tc actunl dissamination would probably be of
the order of one hour. Thie sort of time delay suggests & rether elaborete
plck—1p and relny system. One might visualire a "sutellite veather duta
center” vhere several specific tasks ure accomplished. First, incoming data

are subjected to the necessary special &mudl( 1) that vill extrect from
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them the maximiz smount of usable metecrvlogical information and
disseminutn it immediataly. S8econd, pilcture mosuics are constructed to
ghov the over-all cloud coverage. These mosaic: are also Aissamivate’
as rapidly as possidble. What is apparent is that, for o s&tallite to
have mximm usability for wveather purposes, at least &s much thaught amd
effort will have to be put into the analysis and dissanination pmwblenm

48 vill be put irtc the design of the actual vehicle.

CONCLUNIONS

This paper has attempted to shovw the applicsbility of satellites to
seteorology. In summary, it appears practicul for satellites to make use-

ful sdditions to the weather data nov being collected . the worMvide

meteorological network. Initially, satellite duta would be mainly quali-
tative and be concerned primarily with cloud types snd patterns, but
advenced satellites may be visualized which will provide quantitative data.
In addition to providing assistance in the foreousting of daily veat.er,
future satellit s should alsc aid in research leading towards Lmprovenent
of the operstional assistancs provided by the weather services.

Most of the ideas suggestod iu this paper have not been completely
proved; some theoretical work in this direction 15 presently being oarried
out by the Air Purce and The RAND Corporation, and the current I.G.Y. prog.am
will also provide & preliminary test of some of the ideas through the
B8ignal Engineering Labes' cloud cover experiment and the University of
Wisconsin's radiation balance experiment. Enou: work has been done,
Lovever, to cleurly indicate the desirubility of the enmployment of satellites

for weGtlier reconnbissance. The firgt wveather sctellites to be flowm will

be exploretory, and ns mors axperience is gained in the interpretation of the
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radically nev kinds of observations which they can gither their usefulness
will grov. It is not iuccuceivuble that in the not—-so-distant futamre

wtellites may actually supplant a parl of our present wveather uetwork.
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