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New space and computer technology and improved theory will lead a 
renaissance of meteorology in the next decade 

Until very recently, meteorologists 
pursuing science or involved in oper- 
ational weather prediction had every 
right to be discouraged. Their do- 
main-the Earth’s atmosphere-is so 
massive it contains nearly two-million 
tons of fluid for each person on Earth. 
It is so complex that only in rare in- 
stances can controlled laboratory ex- 
periments elucidate any of its work- 
ings Meteorologists have had to use 
the atmosphere itsel1 as the laboratory. 
In many instances they could not in- 
troduce satisfactory experimental con- 
trols, or could not make the observa- 
tions needed because of extraor- 
dinarily high cost or the lack of suit- 
able technology. 

Although physical equations had 
been developed, the millions of com- 
putations required even for a relatively 
simple problem prevented their soh- 
tion in any realistic form by hand. De- 
velopment of modern digital comput- 
ers shortly after WW I1 aroused new 
hope. Meteorologists were among the 
first to grasp the potential significance 
of this important development. A 
group at Princeton Univ. under the 
late John von Neumann developed nu- 
merical atmospheric models suitable 
for use on one of the earliest comput- 
ers, and used these models to study at- 
mospheric processes. 

Progress in this new approach to 
meteorology has been very rapid, with 
the development of more realistic 
mathematical models of the atmos- 
phere going hand in hand with the rap- 
id development in  computer tech- 
nology. The meteorologist looked for- 
ward to using the computer as his lab- 
oratory. A few milestone dates show 
the swift gains. The Princeton group 
began forming in 1946. Their first, 
very crude model to show some pre- 
dictive capability successfully went 
through a run in 1950. The Joint Nu- 
merical Weather Prediction Unit was 
established in Washington, D.C., in 

1954 to apply numerical prediction 
techniques to operational use. They 
began running their first numerical 
prediction model on a daily, oper- 
ational basis in 1955. 

Today’s operational models require 
more than 100 times the calculations 
of the first models per unit forecast 
time interval. Operational numerical 
predictions now extend up to 72 hr 
into the future and often cover the en- 
tire globe, compared to 24-hr pre- 
dictions for a portion of the Northern 
Hemisphere in 1955. 
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Computers still limit mathematical 
modeling of the atmosphere and oper- 
ational numerical weather prediction. 
It takes many simplifying assumptions 
to accommodate numerical prediction 
models to even the fastest of today’s 
computers. One of the most advanced 
models used in research requires 18 hr 
of computing time to make a 24-hr 
prediction. Of course, this is not prac- 
tical for operational use. The present 
Weather Bureau operational pre- 
diction model requires about two 
hours of computation time for a 72-hr 
forecast. However, computer capacity 
should grow enough to cease limiting 
numerical prediction in 5-10 years. 

Lack of observations already has 
become the main stumbling block. 
The numerical prediction model must 
be given the initial state of the atmos- 
phere in order to predict its future 
state. The development and veri- 
fication of new impraved theories and 
mathematical models can only be 
achieved by comparison with the real 
atmosphere. The basic (but not only) 
observations establishing the starting 
point for the ’prediction calculations 
are temperature, humidity, and wind 
as a function of pressure, from the 
Earth’s surface to approximately 30 
km in the stratosphere. These observa- 
tions are required over the entire globe 
at least once and preferably twice per 
day. 

Rawinsonde readings now cover a 
portion of the Earth. A balloon-borne 
instrument transmits pressure, tem- 
perature, and humidity data to a 
ground receiver, and a radio direction 
finder or tadar tracks the movement 
of the balloon as a function of height 
for wind calculations. This observing 
technique came into widespread use 
during WW 11 and served adequately 
in the early years of numerical pre- 
diction. 

But the approximately 600 rawin- 
sonde observations received at the 
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Weather Bureau’s National Meteor- 
ological Center (NMC) during the 
12-hr data collection cycle are too few 
for either hemispheric or global mac- 
roscale prediction. During the same 
time cycle, about IO00 aircraft reports 
and 2000 surface observations come 
in. The aircraft reports come mostly 
from transoceanic planes flying on 
major air routes. The surface and air- 
craft observations provide information 
on only two levels of the atmosphere 
compared to the six or more consid- 
ered minimum. 

Most of these observations come 
from one-fourth of the globe, namely 
the Northern Hemisphere poleward of 
30 deg latitude. Indeed, fewer than 
100 upper air observations arrive each 
day from the entire Southern Hemi- 
sphere. Even i n  the Northern Hemi- 
sphere, the populated continental 
areas account for almost all rawin- 
sonde observations. 

T o  meet present estimated observa- 
tional needs would take a global net- 
work of stations reasonably uniformly 
spaced 400-500 km apart. This means 
establishing some 2000 more stations 
than exist today! Ships or remote sta- 
tions needing expensive logistics sup- 
port would make up the majority. The 
total estimated cost to get all the ob- 
servations for one year exceeds $2 bil- 
lion. 

Clearly, meteorology needed anoth- 
er technological innovation to  bring 
observational costs within reason. Sat- 
ellites with remote sensing promise to 
do so. 1h the late 1940s, a few far- 
sighted meteorologists began to con- 
template the kinds of meteorological 
observations which might some day be 
possible from satellites. However, lack 
of support for space technology stifled 
these early initiatives. Some hope re- 
vived when two meteorological ex- 
periments were included in the Van- 
guard satellite program for the lnter- 
national Geophysical Year. But the 
launch of Sputnik I in October 1957 
provided the needed catalyst. The dust 
was blown off of the earlier studies, 
which formed a sound beginning to a 
meteorological satellite development 
program. 

T h e  f i r s t  sa te l l i t e  devoted  ex-  
clusively to meteorology was launched 
successfully on April I ,  1960. This 
early success, along with promising 
feasibility studies of remote sensors 
for  measuring such parameters as 
temperature and water vapor, stimu- 
lated thinking about a major inter- 
national effort. 

I n  a speech in 1961 before the UN, 
the President of the United States pro- 
posed an international program foi 
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Opsratlonal numerical weather predlction 
for 500-mb level (about 20,000 ft) extends 
24 hr into the future. Based upon equations 
of afmospheric dynamics rather than sim- 
ple projections of past experience, nu- 
merical predictions are issued for up to 
72 hr from starting conditions. GARP aimn, 
among other things, at improving the pre- 
dictions. 

the peaceful uses of outer space, a 
major portion of which called for an 
internat ional  cooperat ive effort in 
meteorology. The U N  General As- 
sembly then adopted resolutions 1721 
(1961) and 1802 (1962) calling for all 
member states, the World Meteoro- 
logical Organization, and the Inter- 
national Council of Scientific Unions 
to undertake early and comprehensive 
studies, “in the light of developments 
in  outer space,” of measures to ad- 
vance the state of the science and to 
develop forecasting capabilities. As a 
result, the concepts of the World 
Weather Watch and the Global At- 
mospheric Research Program have de- 
veloped. 

I n  his review, “Threshold to the 
World Weather  W a t c h , ”  in t h e  
January 1967 A / A .  Morris Tepper 
outlined the early planning and dis- 
cussed possible applicable satellite 
technology. I shall only touch briefly 
on a few milestones reached since then 
in the evolution of the international 
program and in the development of 
some key meteorological satellite sen- 
sors. 

I n  response to the UN resolutions, 
plans for a World Weather Watch 
(WWW) were developed under the 
aegis of the World Meteorological Or- 
ganization (WMO), a specialized UN 
agency. The Watch would have three 
major components: the Global Ob- 
serving System, the Global  Tele- 
communication System, and the Glob- 
al Data Processing System including 
analysis and prediction. The WMO 
Congress approved plans for imple- 
menting the first phase (1968-71) in 
1967. The major thrust in this first 
phase was toward extending the exist- 
ing conventional observation network, 
beginning to integrate meteorological 
satellites into international operations, 
taking major steps i n  improving inter- 
national telecommunications for col- 
lecting and exchanging weather obser- 
vations and products, and detailed 
planning of the second phase (1972- 
75). The W M O  Congress meets again 
in 1971 to decide on the second-phase 
program. 

Following the UN resolutions, plan- 
ning of‘ R&D to improve operational 
weather prediction and services pro- 
ceeded in a loosely coordinated fashion 
in various nations, the WMO, the ln- 
t e r n a t i o n a l  Counci l  of Sc ien t i f ic  
Union’s (ICSU) International Union 
of Geodesy and Geophysics, and the 
Committee on Space Research (COS- 
PAR) .  These activities culminated in a 
1967 international Study Conference 
on. the Global Atmospheric Research 
Program (GARP) in Sweden, and a 
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formal agreement between WMO and 
ICSU in October 1967 on the joint 
planning and development of CARP, 
in consort with member nations. A 
Joint Organizing Committee (JOC) 
and a Joint Planning Staff for CARP 
served as the focal point for the inter- 
national planning activities. 

The JOC has developed plans for 
key CARP tropical experiments. An 
intergovernmental conference i n  
March 1970 recommended proceeding 
wi th  a major portion of these ex- 
periments in the tropical Atlantic in 
1973 or 1974. Preliminary plans have 
been completed for the First CARP 
Global Experiment (FGGE) over a 
one-year period about 1976. Because 
of the crucial role of satellites in the 
global experiment, COSPAR Work- 
ing Group VI ,  chaired by Morris Tep- 
per, has worked closely with JOC. 

The broad outlines of my discussion 
of the FGGE observing system mostly 
agree with the international planning 
reports. Some of the details reflect my 
own views. 

The observing system will have low- 
altitude spacecraft in polar orbit, and 
geostationary spacecraft. One, and 
preferably two, spacecraft would oper- 
ate in polar, or sun-synchronous, or- 
bits at an altitude of about I500 km.  
Orbits for two satellites should inter- 
sect at right angles to provide cov- 
erage of each point on the Earth once 
every six hours. Four geostationary 
spacecraft, equally spaced along the 
equator, would provide nearly contin- 
uous imaging of the Earth's surface 
and atmosphere between aboul 50 deg 
north and south latitude, and would 
collect data from automatic, In-situ' 
sensors located throughout the world 
except at very high latitudes. 

The spacecraft in  polar orbit will 
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carry an infrared spectro-radiometer 
sounding instrument for determining 
surface temperature and vertical pro- 
files of air temperature and water va- 
por. The instrument takes measure- 
ments at a number of frequencies, 
with high spectral resolution (on the 
order of five wave numbers), and rela- 
tively high spatial resolution (10-50 
k m )  to minimize the effect of clouds 
on the observations. A series of meas- 
urements at different frequencies in 
the C02 absorption bands of the at- 
mosphere establishes the vertical tem- 
perature profile. The temperature pro- 
file and a set of measurements in the 
atmospherjc water-vapor absorption 
bands determine the vertical dis- 
tribution of water vapor. A measure- 
ment i n  an atmospheric absorption 
"window" at I l p  is used to infer sur- 
face temperatures in clear areas and to 
correct for the presence of clouds. To 
improve the accuracy of the correc- 
tions for partial cloud cover may re- 
quire a few additional channels. 

The successful test of a number of 
such instruments on the Nimbus 111 
and IV experimental satellites in 1969 
and 1970 reached a major milestone 
be verifying the basic techniques of re- 
mote sounding. Indeed, the output of 
one of the experiments, the Satellite 
Infrared Spectrometer (SIRS), has 
heen used almost daily for over a year 
in the Weather Bureau's operational 
numerical weather prediction model. 
The experiments clearly showed the 
need for a number of improvements, 
mainly in higher spatial resolution of 
the sensors, and continuous horizontal 
coverage across the satellite track to 
reduce the effect of clouds on the 
soundings and improve their geo- 
graphical distributim. But the fulure 
course now seems clear, and the neces- 
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sary developments well advanced. 
From the satellite soundings come 

temperature and water vapor as a 
function of pressure. The hydrostatic 
equation then gives the vertical thick- 
ness of the atmosphere between differ- 
ent constant pressure surfaces. How- 
ever, to tie these data to sea level, the 
height of some pressure surface must 
be known. Traditionally, meteorolo- 
gists have observed the surface pressure 
at many stations over the Earth, cor- 
rected for the altitude of each station 
above mean sea level, and produced a 
map of atmospheric pressure at zero 
elevation. Outside of the tropics the 
number of surface observations in the 
Northern Hemisphere nearly suffices 
for providing a pressure-height refer- 
ence surface for the satellite sound- 
ings. However, it is totally inadequate 
in most of the Southern Hemisphere. 

The most promising alternative en- 
tails setting constant volume balloons 
equipped with simple radio-altimeters 
drifting with the wind around the hem- 
isphere on a constant density surface 
at an altitude of about 12 km. The sat- 
ellites in polar orbit would determine 
the horizontal position of the balloons 
on each over-flight by doppler tech- 
niques, and receive the balloons' tem- 
perature. pressure, and altitude data in 
order to establish the reference level 
for the satellite soundings. The sound- 
ing then can be integrated down to sea 
level to obtain the surface pressure. As 
a byproduct, a series of balloon posi- 
tions can provide wind mcasurcmcnts 
at balloon, altitude. Some IO00 bal- 
loons would be in flight at all times in 
the Southern Hemisphere extra-trop- 
ics. 

Suitable balloons and launching 
techniques give an average balloon 
lifetime of. several months. Limited 

- ____ -- - - 
Rawlnronds provides basic data wlth whlch a nurnerlcal predlcrion starts. A ballovn ctwrius the Instrument to 30 km altltude whlle It 
radios temperature, hurnldlty, and Indirectly, wlnd, as a functlon of pressure. Map of rawlnsonde reports received in a 10-hr prrlod on 
August 21 shows most such observatlons come from north of 30 dog N. In shaded areas, station8 are cloier than 600 km apart. To 
meef present needs would requlre antabtlshlng 2000 more statlone, and rpendlng $2-bllllon a year for rlb the obrrvatlons. Thus 
satellltes. 
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balloon and aircraft tests have demon- 
strated the principle of a small, in- 
expensive radioaltimeter. Preprototype 
units now are being assembled for bal- 
loon-system tests  in the  Southern 
Hemisphere beginning late this year. 
The Interrogation, Recording, and 
Location System (IRLS) performed 
successfully on Nimbus 111 and 1V. 
France has scheduled a similar ex- 
periment of its own, Eole, for launch 
in 1971. In this experiment, about 500 
balloons afloat in the Southern Hemi- 
sphere will provide both a full-system 
test and valuable research data on cir- 
culations there. 

Both the IRLS and Eole require a 
relatively complex and costly elec- 
tronics package on the balloon. De- 
signs are now being developed based 
on differential doppler measurements 
and non-addressable balloons. This 
approach should significantly reduce 
the cost of the balloon package with- 
out a serious sacrifice in location ac- 
curacy. A flight test of this approach 
may take place about 1973. 

Originally planners had hoped for 
constant volume balloons with life- 
times of several weeks or months in 
the troposphere, a t  least at altitudes 
above major mountain ranges. How- 
ever, no balloon system yet devised 
will survive in cloudy regions. Thus, 
for the FGGE, we cannot plan on the 
use of balloons as  tracers to obtain the 
winds required at  several levels in the 
troposphere. Outside of the tropics, 
this does not present a major problem. 
There, the potential accuracy of the 
sa te l l i t e  soundings  a p p e a r s  good 
enough for calculating the wind field 
from the horizontal pressure field de- 
rived from satellite data a t  a number 
of levels in the atmosphere. But in  the 
tropics, the wind relates much less 
strongly to  the horizontal pressure 
g r a d i e n t  a n d  m u s t  b e  m e a s u r e d  
directly. 

The four geostationary satellites will 
play a key role in obtaining wind ob- 
servations in the tropics. The ATS I 
and 111 geostationary satellites both 
carr ied the  spin-scan camera  ex- 
periment devised by Professor Suomi 
and his colleagues at  the Univ. of Wis- 
consin. The camera takes pictures of 
the full Earth’s disk in solar illumina- 
tion beneath the satellite every 20 or 
30 min with a resolution at  the sub- 
point of about 3 km and high geomet- 
ric stability. A sequence of pictures re- 
veals cloud motions and other atmos- 
pheric dynamics. By selecting individ- 
ual clouds which experience shows 
move with the wind, an analyst can in- 
fer wind speed and direction at  cloud 
level by carefully measuring cloud dis- 
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Constant volume Daiioons wouia arift wit 
the wind at about 12 km altitude in the 
Southern Hemisphere to provide a pres- 
sure-height reference surface for GARP by 
radioing data to satellites. Experiments 
now underway use the QHOST constant 
volume balloon shown here. 

placements. Observations made over a 
two-hour period within 55 deg of great 
circle arc from the satellite subpoint 
have yielded an average vector error in 
cloud velocity of less than five knots. 
I n  general, this technique gives winds 
a t  only two levels in the atmosphere. 
Smell cumulus clouds provide infor- 
mation at  an altitude of about 1-2 km, 
and cirrus clouds, 8-12 km. 

Poor estimates of the altitude of 
high clouds in pictures taken by visible 
light often significantly reduce the ac- 
curaqy of upper wind velocities. Judg- 
ing cloud altitude by the temperatures 
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,o Satellite data gathered 
by Infrared 
rpeclromeler, solid 
line, compares well 
with that from 
ground-launched 
rawinsonde. 
Experiments on 

O Nimbus Ill and IV 
verified the 
techniques of remote 
sounding. in GARP 
set-up, one, ar maybe 
two satellites in polar 
orbit would carry 
this instrument. 

of their tops could improve the esti- 
mates. Reasonable temperatures for 
the tops of opaque clouds result from 
measuring infrared radiance through 
an atmospheric “window.” For dense 
cirrus or cirrus blown off cumulo-nim- 
bus, temperature vs. height observa- 
tions from the sounder on the polar’ 
orbiter then convert cloud-top tem- 
perature to altitude. 

NASA is now developing the Syn- 
chronous Meteorological Satel l i te  
(SMS) for launch in 1972. This new 
spacecraft will have a telescope with 
an aperture of 40 cm operating in the 
same manner as the spin-scan camera 
on ATS. The large aperture and detec- 
tor cooled by radiation to space will 
provide infrared images obtained in 
the I I1 “window” with a resolution of 
about 8 km at the satellite subpoint. A 
channel in  the visible will have a reso- 
lution of about I km. In addition to 
enabling 24-hr-a-day observing, the in- 
frared camera should greatly improve 
the estimates of cloud height, as de- 
scribed above, 

Unfortunately, winds are required 
at a minimum of two more levels in 
the middle troposphere in the tfiopics. 
No reasonably certain technique has 
yet emerged to f i l l  this void at reason- 
able cost. Surface-based rawinsondes 
appcar too expensive, even i f  restricted 
to the tropics. Vincent Lally of the Na- 
tional Center for Atmospheric Re- 
search has suggested dropping “na- 
vaidsondes” through the atmosphere 
from constant valume “mother-hal- 
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loons” drifting horizontally in the up- 
per stratosphere. Each mother-balloon 
would carry about 100 sondes which it 
would drop on command from the ap- 
propriate geostationary satellite. The 
mother-balloon and geostationary sat- 
ellite would relay signals from the 
sondes to a processing and analysis 
center. 

The change in horizontal position of 
the sonde during its fall through the 
atmosphere on a special parachute re- 
veals the winds. The sonde would re- 
ceive and relay a single channel of sip- 
nals emitted by the global Omega nav- 
igat ion sys tem for  t racking .  T o  
achieve the required wind accuracy, 
the Omega signals must be integrated 
over several minutes for each atmos- 
pheric layer. A total fall-time of 
nearly an hour results, ruling out high- 
altitude jet aircraft as an economical 
launch platform.  Preliminary esti- 
mates indicate the balloon portion of 
the system would cost on the order of 
$20 million for the FGGE. 

In addition to the observations de- 
scribed above, FGGE will need data 
from isolated weather stations and 
automatic stations on unpopulated 
land masses and ocean buoys, partic- 
ularly in the tropics. Both geostation- 
ary and polar-orbit satellites will collect 
and relay this data. The latter may 
also track small, drifting buoys. 

One might ask if such a complex 
observing system will really come to 
pass in just six years, even for the lim- 
ited period of time of the FGGE. I 
think the answer is yes. Except for 
some of the wind observations re- 
quired in the tropics, the technology 
required is at hand and a\  reasonable 
cost. Also, operational satellite sys- 
tems will play a major role. This is not 
surprising, since operational weather 
predictions are based on mathematical 
models similar to those used in re- 
search and having similar data  re- 
quirements. 

I n  the United States, the second- 
generation operational weather satel- 
lite in Sun-synchronous orbit, the Im- 
proved T l R O S  Optrational Satellite 
(ITOS), went into service this year. 
Operational sounding capability will 
be added to the system in 1972. The 
third-generation operational satellite is 
planded for launch i n  1975. Design 
studies now underway reflect the 
G A R P  and WWW data requirements. 
The Synchronous Meteoralogical Sat- 
ellite scheduled for launch ip 1972 will 
serve as  the operational prototype of 
the Geostationary Operational Envi- 
ronmental Satellite, which will com- 
plement ITOS. At first, the U.S. will 
keep one geostationary spacecraft in  
32 
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woud movemenla revom uppor winuv, m u  
rhow rrpld progrerr of a North Atlantic 
storm in this six-hour sequence of plc- 
lures taken by ATS-Ill. Slmilar sequences 
taken by ATS-1 have furnished data for 
charts of velocities of winds at 1-2 km 
over the Pacific. Estimates of height, how- 
ever, are often poor. Cloud-top tempera- 
tures from infrared plctures may yield 
more accurate Indications of altitude. 

operation at  all times, but i t  is hoped a 
second will join it before the FGGE. 
Although NASA has not yet made 
known firm plans for experimental 
meteorological satellites at the time of 
the FGGE. it is reasonable to assume 
the agency will play an important role. 

Both France and Japan have the de- 
velopment of synchronous satellites 
for the FGGE under consideration. 
ESRO and the United Kingdom may 
each build polar-orbit meteorological 
satcllites for launch about the time of 
the FGGE. In. addition, the USSR 
now operates meteorological satellites 
in  quasi-polar orbit and is developing 
sounding instruments. 

Thus it appears that a space-based 
observing system will furnish a major 
portion of the data for the FGGE. By 
the time of the experiment, the U.S. 

operational meteorological satellite 
system will approach the coverage 
needed, except for the four synchro- 
nous satellites. Promising signs of sig- 
nificant contributions toward these 
come from other countries. 

I have had to omit many important 
aspects of GARP from this brief re- 
view, such as the study of the bound- 
ary layer at the Earth’s surface and 
the energetics of  the tropics. The 
mathematical ’models must account 
for these processes, so we must learn 
about them to properly formulate 
them in the models and determine the 
needed observations. Nevertheless, 
this simplified account of G A R P  illus- 
trates the convergence of technology 
and improved theories which has lifted 
the meteorologists’ discouragement, 
and given them new hope they can 
solve scientific problems and sig- 
nificantly improve weather services. 
The Global Atmospheric Research 
Program and the World Weather  
Watch will play central roles in the 
renaissance of meteorology in the 
next decade. 
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