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ABSTRACT

Remote atmospheric probing in the infrared from satellites had
its inception in October 1959 with the launch of Explorer VIIcarrying
a simple wide field radiometer. Since that time much progress has
beenmade in developing radiometric instruments of increasing spa-
tial and spectral resolution. Thirteendifferent types of radiometric
instruments either have been flown in orbit or are scheduled to fly
on forthcoming satellites. A fourteenth type, a Very High Resolu-
tion Radiometer for Geosynchronous Altitude, is among several of
the others whose development has been stressed for the Global At-
mospheric Research Program (GARP) of the next decade. Hence,
even though it is not yet approved for flight, this instrument is in-
cluded in this survey of experimental approaches to remote atmos-
pheric probing in the infrared from satellites, developed during the
first decade of the space age.

Characteristics of each radiometric instrument and some appli-
cations of the different types of data are discussed.
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EXPERIMENTAL APPROACHES TO REMOTE ATMOSPHERIC
PROBING IN THE INFRARED FROM SATELLITES

William R. Bandeen

INTRODUCTION

The era of remote atmospheric probing in the infrared from satellites began
nearly ten years ago with the launch of Explorer VII carrying a rather simple
array of hemispheric, omnidirectional sensors to measure the radiation balance
of the earth, Since that time radiometric instruments of increasing spatial and
spectral resolution, and hence of increasing complexity, have been flown in orbit
on the TIROS and NIMBUS research satellites or scheduled for forthcoming
flights through the remainder of the decade. With the orbital flight of these in-
struments has come a concurrent research effort to analyze and interpret the
large amounts of radiation data acquired over the entire globe in terms of their
physical significance. In addition to the objective of increasing our knowledge
of atmospheric processes, a primary objective of these efforts is to develop in-
strumentation and techniques suitable for the national operational meteorological
satellite system. Only recently have flat plate, wide field radiometers been
added to the television instrumentation on the ESSA (Environmental Survey SAtel-
lite) operational satellites. The Goddard Space Flight Center/NASA will soon
transmit electrically to the National Environmental Satellite Center/ESSA the
High Resolution Infrared Radiometer (HRIR) data from NIMBUS III for prelimi-
nary operational use, and as an outgrowth of the research and development pro-
gram three different types of radiometers are now being developed expressly
for use on the second generation operational satellites.

The purpose of this paper is to survey the first ten years of remote atmos-
pheric probing in the infrared from satellites. It was deemed advisable to include
only those radiometric instruments—thirteen different types in all—which either
have flown in orbit or are approved and scheduled for forthcoming flights. One
exception was made. A fourteenth instrument, a Very High Resolution Radiome-
ter for Geosynchronous Altitude, was included even though it is not yet part of
an approved mission because of its importance to the concept of the Global At-
mospheric Research Program (GARP) in the 1970's and because of the advanced
technological developments involved in its design.

No attempt has been made to discuss each instrument and its results in de-
tail. Rather the author's objective has been to present a broad overview, giving
selected characteristics of each instrument which are of primary interest to the
meteorologist or atmospheric physicist, and giving examples of the many possible



applications of the data from the different instruments. An attempt has been
made to list a comprehensive bibliography wherein the reader may pursue a
deeper interest in the design of a particular instrument or system or particular
applications of the different types of data.

BASIS FOR REMOTE ATMOSPHERIC PROBING

The basis for remote atmospheric probing in the infrared lies in the molecu-
lar absorption bands of the various gaseous constituents. The principal infrared
absorber in the atmosphere is the variable gas H,0 with strong vibration-rotation
bands centered near 1.1 microns, 1,38 microns, 1,87 microns, 2.7 microns,
and 6.3 microns, and with a rotation band becoming effective, though weak, near
12 microns and intensifying increasingly out to about 65 microns. A second
gaseous absorber of importance is CO, with strong vibration-rotation bands
centered near 2.7 microns, 4.3 microns, and 15 microns., Of particular im-
portance to the concept of remotely sounding vertical profiles of temperature
(and, as a subsequent step, the remote sounding of vertical profiles of the vari-
able gases) is the observed constant (or nearly so) mixing ratio of CO, from the
surface to the vicinity of the mesopause. (This characteristic of the atmosphere
is of primary importance to the application of radiometric instruments numbered
6, 7, 9, 10, and 12 in Table 1, all of which are intended for vertical sounding of
the atmosphere.) Another important absorber is the variable gas O3 with a
strong vibration-rotation band centered near 9.6 microns. In addition to the
bands mentioned above, there are many other bands of H,O, CO,, and O3 and
of other gaseous constituents of the atmosphere, but they are not important for
purposes of this discussion,

Infrared absorption spectra for the terrestrial atmosphere out to 15 microns
are shown in Figure 1. The specific bands mentioned above are clearly identi-
fiable along with other lesser bands. Also, of importance to remote sounding
are the atmospheric "windows'" where gaseous absorption is minimal. Two win-
dows of consequence to the discussions of instruments that follow are one in
the interval 3.5-4.1 microns and another (except for the absorption due to Oy)
in the interval 8.0-12.5 microns (cf. Figure 1).

Also of importance to remote atmospheric probing in the infrared are the
absorption and scattering characteristics of liquid water droplets and ice crys-
tals making up clouds and of other particulates in the atmosphere (see, for ex-
ample, the discussion of the Filter Wedge Spectrometer below; No, 10 in Table
1).
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values for the highly variable gases Ho O and Og (After Howard, Burch, and Williams, 1955).



RAFIOMETRIC INSTRUMENTS FOR REMOTE ATMOSPHERIC PROBING IN
THE INFRARED FROM SATELLITES

The fourteen types of radiometric instruments mentioned above and some
examples of data from final satellite-borne or preliminary balloon-borne or
aircraft-borne versions of the instruments are discussed in this Section, As
previously pointed out, the discussion of a particular instrument and its data
in a survey of this type must necessarily be limited, and an attempt has been
made to include a sizable bibliography to which the reader can refer for addi-
tional information. It was not possible to conduct an exhaustive literature search
in compiling the bibliography. Rather it was assembled largely from sources
immediately available to the author, and hence it seems inevitable that many
excellent references have been inadvertently omitted. For these omissions the
author should like to express his sincere regrets.

The fourteen instruments and selected characteristics pertaining to them
are listed in Table 1, This table virtually forms an outline of the paper, and it
is intended that the reader refer to it often.

Wide Field Sensors

The first satellite-borne instrument to probe the atmosphere in the infrared
was the thermal radiation balance experiment carried by the Explorer VII Satel-
lite, launched on 13 October 1959 (Suomi, 1961; cf, Table 1, No, 1). This ex-
periment, originally part of the International Geophysical Year 1957-58 Earth
Satellite Program, was designed to measure the balance between long-wave
radiation lost to space and short-wave solar radiation absorbed by the earth and
atmosphere (Suomi, 1958). The resulting excesses and deficits in the radiation
balance, and their spatial and temporal variations, make available the potential
energy to drive the general circulation of the global atmospheric "heat engine, "
Hence, their study is of primary importance in acquiring a deeper understanding
of the thermal and dynamical characteristics of the atmosphere.

Explorer VI carried five hemispheric sensors in the form of hollow silver
hemispheres. The hemispheres were thermally isolated from but in close prox-
imity to special aluminized mirrors. The image of the hemisphere which ap-
peared in the mirror made the sensor look like a full sphere. The spin of Ex~
plorer VII made the mirror-backed-hemispheres act essentially as isolated
spheres in space. Two of the hemispheres were provided with a black coating
which made them respond about equally to solar and terrestrial radiation. One



hemisphere was coated white, making it more sensitive to terrestrial radiation
than to solar radiation. A fourth was gold-coated, making it more sensitive to
solar radiation than to terrestrial radiation. The fifth hemisphere was tabor-
surfaced and equipped with a shade to protect it from direct sunlight. In addition,
a black sphere was mounted on the axis of the satellite at the top. It was used
to determine any deterioration in the mirror surfaces by comparison with the
blackened hemispheres. All temperature sensing elements were thermistors.
The information telemetered to the earth was the sensor temperatures. The
long-wave and short-wave radiation values were obtained by using these temper-
atures in heat balance equations, Even though the Explorer VII sensors viewed
the entire earth's disc, the effective spatial resolution was considerably reduced
by geometrical considerations, i.e., about 50% of the energy received at the
nominal orbital height of 700 km originated within a radius of about 700 km from
the subsatellite point.

An analysis of the nocturnal long-wave radiation lost to space as measured
by the hemispheric sensors on Explorer VII is shown in Figure 2 (Weinstein and
Suomi, 1961).

A variation of the Explorer VII experiment has been flown on several of the
TIROS satellites which are also spin stabilized. In this variation a pair of hem-
ispheric shells made of aluminum sheeting and backed by mirrors was used, one
hemisphere with a black surface and the other with a white surface (House, 1965;
Suomi et al., 1966)., Another variation of the experiment is currently being
flown on the odd-numbered ESSA satellites of the operational meteorological
satellite system, (The ESSA satellites use the same basic spinning spacecraft
as did the TIROS II, III, IV, and VII satellites. But whereas the spin axes of
these TIROS satellites lay approximately within the orbital plane, the spin axes
of the ESSA satellites are perpendicular to the orbital plane, causing them to
be likened to a "cartwheel, rolling around the orbit.'") In this variation flat plate
sensors are used instead of hemispheres, Further, two versions of the flat
plate sensors have been developed: (1) the basic radiometer consisting of one
black and one white flat disc, and (2) the basic radiometer with cone optics added
to restrict the field of view (Nelson and Parent, 1965; Operational Satellites
Office, GSFC, 1968). Because of the cosine dependence of a flat surface and
because of the cone optics, the effective spatial resolution on the earth of the
flat plate radiometer is less than that of an omnidirectional hemisphere for which
the "Linear Resolution'' values in Table 1, No, 1 were calculated. However,
the principles applying to all variations are the same and the purpose of both the
hemispheric and the flat plate sensors is to obtain low resolution measurements
of the radiation balance of the earth-atmosphere system (Vonder Haar, 1968).
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Two Cone Low Resolution Radiometer

A low resolution unchopped radiometer was flown on the TIROS II, III, and
IV satellites (cf. Table 1, No. 2). The purpose of this radiometer was to meas-
ure the equivalent blackbody temperature and albedo of the earth within its 50°
field of view which was coaxial with the spin axis and with the optical axes of
the two television cameras on the satellite (Bandeen, Hanel, et al., 1961).

The two low resolution channels consisted of a black and white thermistor
detector each mounted in the apex of a highly reflective mylar cone. The black
detector was equally sensitive to long-wave terrestrial radiation and reflected
sunlight. The white detector was coated to be reflective in the visible and near
infrared. The differences in the spectral emissivities of the two detectors
yielded two independent energy balance equations from which the two unknowns,
the equivalent blackbody temperature and the albedo within the field of view,
could be solved (Hanel, 1961). The data analysis procedures and examples of
analyzed data have been discussed by Bartko, Kunde et al. (1964).

Medium Resolution Radiometer (TIROS)

In order to map radiometric data at considerably higher spatial resolutions
than are possible with the two previously discussed instruments, the instantane-
ous field of view must be made smaller and it must be caused to scan over the
earth beneath the satellite. The first radiometer of this type was the five-
channel, medium resolution scanning radiometer flown on the TIROS II satellite,
launched on 23 November 1960 (cf. Table 1, No. 3). The optical axes of the
five channels were parallel and inclined by 45 degrees to the spin axis of TIROS.
Viewing in both directions, they swept out two 45-degree half-angle cones around
the spin axis on the "top'" and "bottom" of the spacecraft as it spun at about 10
RPM. The intersection of these cones with the earth defined scan lines of varying
shapes (depending upon the instantaneous nadir angle of the spin axis), and the
progression of the satellite in orbit caused the advance of the individual scan
lines. On the ground, then, it was possible to reconstruct the data in the form
of maps of outgoing radiance in the direction of the satellite., The design of this
radiometer has been described by Bandeen, Hanel et al, (1961). The broad-
band spectral intervals of the five channels and the nature of the radiation sensed
are listed below:

6.5 microns; water vapor absorption
-12.0 microns; atmospheric window
6.0 microns; reflected solar radiation
30.0 microns; thermal radiation
5-0.75 microns; visible radiation (similar to the response of the
television cameras)

6.0~
8.0
0.2-
8.0~
0.5

(57 BEV-NIN VU N



The physical significance of these spectral regions has been discussed by Hanel
and Wark (1961).

The same type of radiometer was subsequently flown on the TIROS III,
TIROS IV, and TIROS VII satellites with several modifications. The most sig-
nificant of these was the substitution of a channel responding to radiation in
the interval 14, 8-15,5 microns in lieu of the 6.0-6.5 micron channel on TIROS
VII. The substitute channel sensed radiation within the 15 micron absorption
band of carbon dioxide (cf. Fig. 1). The physical significance of this region has
been reported by Hanel et al. (1963), Bandeen et al. (1963a), Nordberg et al.
(1965), and Warnecke (1966a). Detailed descriptions of the radiometers and
of the available data are given in appropriate Manuals and Catalogs for each
satellite (see, for example, Staff Members, 1964).

The synoptic analysis of infrared data, including the mapping of cloud sys-
tems, the tracking of storms, and the inference of cloud top heights, both night
and day, has received the attention of many workers. A sampling of studies in
these areas includes papers by Fritz and Winston (1962), Nordberg et al. (1962),
Bandeen et al. (1963b), Rao and Winston (1963), Allison et al. (1964), Bandeen
et al, (1964), Hawkins (1964), Rasool (1964), Warnecke (1966b), Widger et al,
(1966), Allison and Thompson (1966), Allison and Warnecke (1966), and Allison
and Warnecke (1967). Winston (1965) questioned some of the results of Rasool's
(1964) analysis.

Allison and Warnecke (1967) interpreted synoptically the satellite-detected
global radiation patterns in terms of a conventional weather analysis. Figure 3,
taken from their paper, shows the equivalent blackbody temperature (Tgg, °K)
pattern of outgoing 8.0-12.0 micron radiation from the earth's surface and the
clouds above it measured by TIROS VII during the northern hemisphere winter
and southern hemisphere summer, The cold areas which lie poleward of the
35N and 40S parallels are related to extratropical cyclonic activity; those near
the equator indicate high cloud systems associated with the intertropical con-
vergence zone, The presence of tropical cyclone '""Danielle' under the high
cloud shield at 40S, 65E indicates the beginning of hurricane activity in the
southern hemisphere. The original figure, published by the authors in seven
colors, was more impressive and informative than the black-and-white repro-
duction shown here,

The inference of ground surface temperatures from TIROS 8, 0-12, 0 micron
measurements has been discussed by Wark, Yamamoto, and Lienesch (1962),
Fritz (1963), and Buettner and Kern (1963). A promising method of specifying
500-mb heights from TIROS 8.0-12.0 micron data has been reported by Jensen
et al, (1966), and correlations between TIROS 8.0-12, 0 micron data and some
diabatic properties of the atmosphere have been discussed by Davis (1965).

10
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A method for inferring the mean relative humidity of the upper troposphere
from coordinated measurements of the 6, 0-6.5 micron and 8,0-12,0 micron
channels was developed by Moller and Raschke (1964). An extension of this
method to infer the water vapor mass above the 500-mb level, using conventional
500-mb temperature data in addition to the satellite data, was discussed by Ban-
deen et al, (1965) and Bandeen (1966). Analyses of tropospheric moisture con-
tent utilizing this method have been published by Raschke (1967), Raschke and
Bandeen (1967a), and Raschke and Bandeen (1967b). Figure 4 shows a map of
the total water vapor mass above 500 mb in February 1962 determined by this
method (Raschke and Bandeen, 1967b). The patterns indicate that the highest
amounts of precipitable water vapor occur in the tropics and, particularly, in
three regions, viz., Southeast Asia, South America, and Central Africa. Fritz
and Rao (1967), using data from the comparable "water vapor' and "window"
channels of the NIMBUS II MRIR (cf. Table 1, No, 5) and conventional radiosonde
data, discussed on both observational and theoretical grounds the problems in-
volved in attempting to estimate atmospheric water vapor content above high
clouds, especially cirrus, from such satellite measurements., In their discus-
sion Fritz and Rao questioned some of the findings of Raschke and Bandeen
(1967D).

A method for converting the 8.0-30.0 micron or 8,0-12,0 micron radiance
measurements to total outgoing long-wave radiative flux was derived by Wark et
al, (1962). The original method, which employed a theoretically-determined
limb darkening function, has been improved by the application of a statistically-
derived limb darkening function using infrared radiance data from the TIROS II,
III, IV, and VII medium resolution scanning radiometers (Lienesch and Wark,
1967).

A number of analyses comparing the total outoing long-wave radiative flux
(deduced by the aforementioned method) with midtropospheric flow patterns,
zonal kinetic energy, and available potential energy have been presented by Win-
ston and Rao (1962), Winston and Rao (1963), Winston (1967a) and Winston
(1967b). Also, by combining the total outgoing long-wave flux, inferred from the
8.0-30.0 micron or 8,0-12,0 micron measurements, with the albedo, inferred
from the 0.2-6,0 micron or 0,55-0.75 micron measurements, analyses of the
large-scale radiation balance have been carried out by Bandeen et al. (1965),
Rasool and Prabhakara (1966), and Vonder Haar (1968).

The 14, 8-15,5 micron channel carried by the TIROS VII scanning radiometer
measures emission from carbon dioxide in the atmosphere (cf. Figure 1). Be-
cause of the strength of the 15 micron band and because carbon dioxide is uni-
formly mixed (at least below the mesopause) in the atmosphere, the weighting
function, d7/d log p (where 7 is the mean normal transmittance to space over

12



(92961 ‘usepueg pue a3yosey J1o14y) SIUBLBINSEILU D1IBWOIPER] UOJOIW o.NTo.w pue uoJolw G'9-0°9 Al SOHIL
PalRUIPIO0D WOLY PalIBjul Z96| Adenigad Buninp qui gogG aAoge ssew Jodea Jajem ayy o uonqLasip jeqojb-iseng  a4nbl4

- » - - ) - - - - - - - - = - -

[ Nl L
| 4_ ) 1| T96LA¥VN¥EH ¢ | | i
? P * SR N._s; ._“ ancw. INOUV SSVW dOdvA BIVM | | L

ettt

7T
S, 9 -
ﬂ' .-
0 .

L]

13



the effective spectral response and p is ambient pressure) of the 14, 8-15.5
micron channel peaks at about 20 km (which is slightly higher than the peak of
the weighting function for the spectrally broader 14.0-16.0 micron channel of
the NIMBUS II MRIR shown in Figure 11)., Thus, the 14, 8-15,5 micron meas-
urements can be interpreted in terms of mean temperatures of the lower strato-
sphere. Nordberg et al. (1965), Warnecke (1966a), and Shen et al. (1968) have
discussed these data and shown that such events as sudden stratospheric warm-
ings can be detected. Belmont et al, (1968) have shown that a high correlation
exists between the TIROS VII 15 micron data and 30 mb atmospheric tempera-
tures. Kennedy and Nordberg (1967) made an harmonic analysis of the circum-
polar temperature patterns and derived circulation features from the analysis.

High Resolution Infrared Radiometer (HRIR)

Nearly an order of magnitude increase in the linear resolution other pre-
vious satellite infrared radiometers was achieved with the launch of the first
HRIR aboard NIMBUS I on 28 August 1964 (cf. Table 1, No. 4). In contrast to
the TIROS medium resolution radiometer, the HRIR required a 45-degree rota-
ting primary mirror to effect the transverse scan from the earth-oriented,
three-axis stabilized NIMBUS spacecraft. The design of this instrument has
been described by Foshee et al. (1965). A description of the instrument is also
given in the applicable Users' Guides (see, for example, NIMBUS II Users'
Guide 1966). The physical significance of the HRIR equivalent blackbody temper-
ature measurements has been discussed by Kunde (1965), and investigations of
the mesoscale resolutions possible and of characteristics of the HRIR data per-
tinent to such analyses have been carried out by Fujita and Bandeen (1965).
Geophysical observations by the HRIR, such as cloud heights and sea surface
and soil temperatures, have been discussed by Nordberg (1965), and HRIR meas-
urements over the Antarctic ice pack and other polar features have been re-
ported by Popham and Samuelson (1965).

The meteorological interpretation of HRIR data has been discussed by such
authors as Nordberg and Press (1964), Widger et al. (1965), Widger (1966),
Nordberg et al. (1966), and Allison et al, (1966a). A photo facsimile depiction
of hurricane Gladys and a single analog trace drawn to the same west-to-east
scale are shown in Figure 5; hence, a given feature in the picture corresponds
to the same feature in the analog trace underneath, The observed radiation in-
tensities, expressed in °K, are measured along the left hand ordinate, The
blackbody temperatures were converted to height on the basis of an actual temper-
ature sounding. The corresponding heights are shown along the right hand ordi-
nate (Allison et al., 1966a).

14
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The capability of the HRIR to detect and track storms at night is illustrated
in Figure 6., Tropical storm Ruby was intially detected by the NIMBUS HRIR at
1500 UT, 31 August 1964, almost 21 hours before aerial reconnaissance located
the storm, On four subsequent occasions in the week that followed, the HRIR
tracked the course of Ruby across the Pacific until it passed full~-blown over
Hong Kong and dissipated over mainland China (Allison et al., 1966a).

Another application of high resolution radiation data is the observation of
sea surface temperatures and ocean currents. The importance of the temperature
of the sea surface boundary has been emphasized by the Global Atmospheric Re-
search Program (GARP) Report of the Study Conference held in Stockholm (1967).
Under clear sky conditions, sea surface temperatures can be determined with
an accuracy of £1 to 2°K (Warnecke et al,, 1967a). The remote detection of the
Gulf Stream boundary by the NIMBUS II HRIR is shown in Figure 7, in which
temperature gradients of 5° to 10 °K over 20 km along the north wall were meas-
ured (Warnecke, 1968),

In addition to the primary stored-data mode of operation, the HRIR experi-
ments on NIMBUS II and III were adapted to the Automatic-Picture Transmission
(APT) system whereby local reception of the data in real time was possible the
world over whenever the spacecraft came within line-of-sight range of a rela-
tively simple and inexpensive groundstation (Nordberg et al., 1966; Goldshlak,
1968).

Because of the intensity of the solar spectrum in the wavelength interval
3.5-4,1 microns, reflected solar radiation may be appreciable in daytime HRIR
measurements, adding to the emitted radiation and making interpretations of the
measurements in terms of surface temperatures ambiguous, Thus only night-
time measurements can be interpreted in terms of true surface temperatures.
In order to eliminate possible ambiguities in daytime measurements, the NIMBUS
IIIHRIR has a second passband, 0,7-1.3 microns, wherein reflected solar radi-
ation predominates over emission at normal atmospheric and surface tempera-
tures. However, at nighttime, the NIMBUS III HRIR makes measurements of
emission only in the interval 3,5-4.1 microns, just as its two predecessors did.
(For another view of NIMBUS HRIR data, see Figure 18).

Medium Resolution (Infrared) Radiometer (MRIR)

The NIMBUS MRIR was similar in many respects to the earlier TIROS medi-
um resolution scanning radiometer, but it represented an entirely new instru-
mental design, incorporating a 45-degree rotating primary mirror (similar to
that of the HRIR) to effect the transverse scan necessary from the earth-oriented,
three-axis-stabilized NIMBUS spacecraft, The first MRIR was launched aboard
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NIMBUS II on 15 May 1966 (cf. Table 1, No. 5). A description of the instrument
is given in the applicable Users' Guides (see, for example, NIMBUS II Users'
Guide 1966),

The application of the data is very similar to that of the earlier TIROS in-
strument. An advantage of the NIMBUS MRIR is that it views the entire globe,
while the TIROS radiometer did not view poleward of about latitude 63° because
of the lower inclination of the TIROS orbit. Global radiation balance studies
have been carried out by Moéller (1967), Raschke, Moller, and Bandeen (1967),
Raschke and Pasternak (1967), and Raschke (1968).

An example of the total outgoing long-wave radiation inferred from the
NIMBUS II 5.0-30.0 micron data by the method of Wark et al. (1962) is shown
in Figure 8 (Raschke and Pasternak, 1967). The other component of the radia-
tion balance, the absorbed solar radiation, follows from measurements of the
albedo and a knowledge of the solar constant.

The interpretation of the 156 micron channel measurements in terms of
mean temperatures of the lower stratosphere and of stratospheric circulation
patterns has been carried out, as it was previously for TIROS VII, The weighting
function d7 /d (log p) for the 14,0-16.0 micron channel of NIMBUS II is shown
by the dashed curve in Figure 11, (Because of the narrower spectral interval
covered by the NIMBUS III 15 micron channel, its weighting function peaks
about 2 km higher than the dashed curve of Figure 11.)

The capability of the NIMBUS II 15 micron data to map stratospheric tem-
peratures on a global scale is shown in Figure 9. The maximum temperature
of 240°K is centered over the summer North Pole and the isotherms in the
Northern Hemisphere are generally zonal in character with gentle meridional
gradients. In the Southern Hemisphere the isotherms are also zonal character
but with much stronger meridional gradients in the intense winter polar vortex
centered around the South Pole where the minimum temperature of 196 °K is
found (Warnecke and McCulloch, 1967b).

Figure 10 (top) shows a composite of the cloud picture observed by the 11
micron channel in the belt 30 N - 308 at local noon on 5 June 1966 except for
the two passes near 140 E and 170 E which were obtained at local midnight
(Nordberg et al., 1966). Although activity was relatively weak on this day the
course of the ITCZ can be followed around the entire globe. The 6.4-6.9 mi-
cron water vapor channel observations shown in Figure 10 (bottom) were made
simultaneously over the ITCZ, The dark regions on both sides of the cloud
zone indicate strong subsidence. Near 140 W the northern band is quite narrow
near 30 N over the Pacific and North America and is possibly indicative of the
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Figure 9. Global stratospheric temperature distribution (°K) from Nimbus I 15 micron
measurements on 1 July 1966 {(After Warnecke and McCulloch, 1967b).
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subtropical jet stream. Further east the northern zone of subsidence becomes
considerably wider as is the entire southern zone. These wide, dry regions are
indicative of the subtropical anticyclones. The warmest (driest) region observed
in this channel is in the southern zone near 40 W over eastern Brazil where very
strong downward motion can be inferred.

The NIMBUS III MRIR carries a channel sensing in the weakly absorbing
20.0-23.0 micron interval of the rotation band of water (cf. Table 1, No, 5).
Radiation sensed by this channel emanates from the lower tropospheric layers,
in contrast to the radiation emanating from upper tropospheric layers (i.e.,
approximately 600 mb to 200 mb) detected by the 6.4-6.9 micron channel, whose
spectral interval is centered in a strongly absorbing part of the 6.3 micron band
(cf. Figure 1), Although the satellite data are not yet available, it is expected
that data from the two water vapor channels will yield additional information on
the stratification of vertical motions and moist and dry layers.

General Discussion of Remote Vertical Sounding

The radiometric instruments discussed heretofore have all sensed radiation
in relatively broad spectral intervals and have yielded data having a predominant-
ly two dimensional character, e.g., maps of outgoing radiation originating either
at cloud, ground, or water surfaces or within thick regions of the atmosphere.
Examples of the latter are maps of mean stratospheric temperatures from the
14.0-16. 0 micron channel of the NIMBUS II MRIR, The weighting function for
this channel in the 1962 ARDC model atmosphere is shown by the dashed curve
in Figure 11. At the half-amplitude points, this curve is more than 20 km thick,
When the width of the spectral interval is reduced the shape of the weighting
function becomes considerably more peaked and its thickness in the vertical
smaller. This sharpening of the weighting function results from the lesser vari-
ability of the absorption coefficient over the narrower spectral interval as com-
pared to the broader interval. (Note, however, that in the theoretical limit—
for monochromatic radiation—the corresponding width of the weighting function
is still about one scale height; cf. Figure 16.)

Five weighting functions for 5cm™ intervals centered at the indicated wave
numbers within the 15 micron carbon dioxide absorption band are shown by the
solid curves in Figure 11. The weighting functions located high in the atmosphere
correspond to strong absorption whereas those peaking at lower altitudes corre-
spond to weaker absorption.

Although King (1956) originally suggested the possibility of inferring the
vertical temperature profile from a nadir scan at one frequency, Kaplan (1959)
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first suggested the inference of the vertical temperature profile from a frequency
scan in the nadir within the 15 micron carbon dioxide band at a spectral resolution
of about 5cm~! ., Subsequently a number of authors discussed the problem of
remotely inferring vertical atmospheric structure, among them Wark (1961),

King (1964), Wark and Fleming (1966), Twomey (1966), Conrath (1967), and Con-
rath (1968).

The need for remotely sensed vertical profiles of temperature and other
meteorological parameters for use in numerical models of the atmosphere during
the World Weather Program of the 1970's, including the Global Atmospheric
Research Program (GARP), was set forth in the GARP Report of the Stockholm
Study Conference (1967). Five different instruments in Table 1 (No.'s 6, 7, 9,
10, and 12) have as a primary purpose the measurement of infrared radiances
for inferring such vertical profiles. These will be discussed in turn below.

Infrared Interferometer Spectrometer (IRIS)

The IRIS is a Michelson interferometer employing a beamsplitter which
divides the incoming radiation into two approximately equal components, one
directed toward a fixed mirror and the other toward a moving mirror, After
reflection from the mirrors, the two beams interfere with each other with a
phase proportional to the optical path difference between both beams. The re-
combined components are then focused onto the detector where the intensity is
recorded as a function of the path difference. For a continuous spectrum, the
superposition of many amplitudes of various frequencies takes place. The re-
sultant combined signal is called the interferogram. The spectrum is recon-
structed from the interferogram by applying an inverse Fourier transform,

The IRIS views in the nadir direction from the earth-oriented NIMBUS
spacecraft, The first IRIS was launched aboard NIMBUS III in May 1968 (cf.
Table 1, No. 6a). The design of the instrument has been described by Hanel
and Chaney (1966). A description of the instrument is also given in the NIMBUS
III Users' Guide (1968).

Although at this writing satellite data are not yet available, data have been
acquired from a breadboard version of the IRIS flown on a high altitude balloon
from Palestine, Texas, on 8 May 1966, The balloon flight and some results
from it have been discussed by Chaney, Drayson, and Young (1967). Conrath
(1967) also has analyzed the balloon data in terms of inferred temperature and
water vapor profiles.

A spectrum obtained with the breadboard version of the IRIS flown at the 7mb
level by the High Altitude Engineering Laboratory of the University of Michigan
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for the Goddard Space Flight Center is shown in Figure 12, Included within the
spectral interval of this instrument, 500 cm-! (20 microns) to 2000 cm™ (5 mi-
crons) are the water vapor absorption band centered at 6.3 microns, the 9.6
micron ozone band, and the 15 micron carbon dioxide band, Hence, information
on atmospheric water vapor and ozone should be available from these data, as
well as vertical temperature structure from the 15 micron band (Conrath, 1967).

A temperature inversion for the troposphere obtained from IRIS Palestine
balloon flight data (such as those of Figure 12) is shown in Figure 13. For com-
parison data from the 1200 Z and 1800 Z flights of the nearest radiosonde station
(Shreveport, Louisiana) are also plotted in Figure 13. At this point it is well to
recall that there is some overlapping water vapor absorption in the 15 micron
CO; band (cf. Figure 1) which should be taken info account if accurate tempera-
ture inversions are to be obtained in the lower troposphere. Thus, the water
vapor and temperature inversions are essentially coupled. In practice, one can
take advantage of the relatively weak dependence of the temperature inversion
on water vapor and use a first guess at the humidity profile to obtain a tempera-
ture inversion. The resulting temperature profile can be used to do a water
vapor inversion in the 6.3 micron band. This procedure can be iterated as many
times as necessary (Conrath, 1967),

A two-parameter water vapor mixing ratio inversion of IRIS data from the
Palestine balloon flight is shown in Figure 14. Radiosonde data taken the same
day at Shreveport are included in the figure (Conrath, 1967). In this trial water
vapor inversion, the average temperatures from the two radiosonde runs fur-
nished the necessary knowledge of the temperature profile. In actual operations
using satellite data, this knowledge would be obtained from an inversion of 15
micron data, such as that performed to yield the profile of Figure 13.

Conrath (1967) also briefly discussed the problems attending the inversion
of spectra in the 9,6 micron band to infer the vertical distribution of ozone, He
points out that the atmosphere is not optically thick even in the strongest part of
the 9.6 micron band and that the bulk of the ozone in a typical distribution is
located at heights where the pressure broadening of individual lines is low.
Weighting functions calculated by Bolle (1967) show widths greater than the
characteristic heights over which the ozone concentration varies. Conrath
(1967) concludes that it will be difficult to extract information on the vertical
ozone distribution in any detail with IRIS data.

The second IRIS is scheduled to fly on NIMBUS D (cf. Table 1, No. 6b), It
will be a somewhat modified version of the first instrument, e.g., the spectral
coverage will be shifted to longer wavelengths to include the rotation band of

water vapor, and both the spectral and spatial resolutions will be increased
(Hanel, 1968).
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Satellite Infrared Spectrometer (SIRS)

The SIRS is a modified Fastie-Ebert grating spectrometer. The radiant
energy is detected behind each exit slit by a wedge-immersed thermistor bolome-
ter. Design considerations leading to the satellite version have been discussed
by Dreyfus and Hilleary (1962) and Hilleary et al. (1966).

The SIRS views in the nadir direction from the NIMBUS spacecraft, The
first SIRS was launched aboard NIMBUS III in May 1968 (cf. Table 1, No. 7a).
A description of the flight instrument and a discussion of the experiment are
given in the NIMBUS III Users' Guide (1968). The mid-points of the 5 em™ wide
spectral intervals sensed over the 15 micron carbon dioxide band are the follow-
ing: 669.0cm-l, 677.5cm™, 692.0cm, 699.0cm™, 706 cm™, 714.0cm™, and
750.0 cm™, The eighth channel senses radiation in the atmospheric window,

centered at 899.0cm™,

Although at this writing satellite data are not yet available, analyses of
data from ground-based instruments similar to SIRS have been carried out by
James (1967) and Wolk and Van Cleef (1967), and results from balloon-borne
versions of SIRS have been reported by Hilleary et al. (1965) and Wark et al.
(1967). Figure 15 shows a temperature profile in clear skies deduced from data
from a spectrometer flown on a balloon from Palestine, Texas, on 11 September
1964,

The second SIRS is scheduled to fly on NIMBUS D (cf. Table 1, No. 7b).
It will be an augmented version of the first instrument, viz,, in addition to the
eight channels of the first SIRS, the second will have six channels sensing in
5cm-1 wide spectral intervals over the rotation band of water vapor., The mid-
points of these intervals are the following: 280.0cm-!, 302.5cm-l, 290.5cm™l,
424.5cm™, 488,0cm™, and 531.5cm™. The purpose of adding the six additional
channels is to acquire data for deducing water vapor (as well as temperature)
profiles. Another significant modification in the NIMBUS D SIRS is a step-
scanning feature by which the optical axis of the spectrometer will view at a
nadir angle of 25°-t0-39° to the left for one minute, followed by viewing in the
nadir direction for a second minute, followed by viewing at a nadir angle of 25°~
to-39° to the right for a third minute. This cycle will be repeated continuously,
and the side-viewing nadir angles will be programmed to vary from 39° (at the
equator) to 25° at high latitudes in order to effect an optimum grid spacing for
computer input data for numerical modelling (Wark, 1968),

ITOS High Resolution Radiometer

A High Resolution Radiometer is being developed for the second generation
operational meteorological satellite system, also called the Improved TIROS
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Figure 15. Deduced temperature profile in clear skies from data in the 15 micron carbon
dioxide band acquired at 7:57 a.m. CST by a balloon-borne version of SIRS (solid line).
The balloon was launched to an altitude of 100,000 ft. on 11 September 1964 from
Palestine, Texas. The dashed line is.the noon CST profile from the Fort Worth radiosonde
(After Wark et al., 1967).
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Operational Satellite System—ITOS (Operational Satellites Office, 1968), Selec-
ted characteristics of this radiometer are given in Table 1, No, 8. This instru-
ment will be mounted on the earth-oriented, three-axis-stabilized platform of
the gyro-controlled ITOS vehicle and, therefore, will have a primary mirror
scanning transverse to the spacecraft motion much like the NIMBUS HRIR and
MRIR. The ITOS High Resolution-Radiometer, although essentially duplicating
spectrally two of the channels of the TIROS and NIMBUS Medium Resolution-
Radiometers, will have the advantage of a much higher spatial resolution (even
somewhat higher than that of the NIMBUS HRIR). Hence, the quality of the photo-
images should approach that of television cameras. Also, the probability in
areas of partial cloud cover of either cloud elements or land or water surfaces
completely filling the instantaneous field of view of the instrument will be vastly
increased, Obviously under these conditions the interpretation of the data in
terms of cloud top and land and sea surface temperatures will be more meaning-
ful. Although the ITOS Radiometer is improved only slightly over the NIMBUS
HRIR in spatial resolution, it will be a decided improvement over the latter by
being able to measure surface temperatures in the 10, 5-12,5 micron interval
equally well both day and night, and by being able to determine whether an area
is cloud-free in the daytime by means of the coordinated visible channel meas-
urements. Thus satellite measurements of land and sea surface temperatures
and temperature gradients will be of increased accuracy and, consequently, in-
creased usefulness in such applications as meteorology, oceanography,
geomorphology, etc,

In addition to the stored-data mode of operation, the 10,5-12.5 micron
channel of the ITOS High Resolution Radiometer will be adapted to the Auto-
matic Picture Transmission (APT) system, constituting a Direct Readout of
Infrared (DRIR) system. The DRIR system will operate throughout the entire
orbit, reading out infrared imagery to APT stations all over the world in the
daytime (when the infrared data will be interleaved with the standard APT
pictures) as well as in the nightime (Operational Satellites Office, (1968).

Selective Chopper Radiometer (SCR)

A Selective Chopper Radiometer (SCR) is being developed to fly on NIMBUS
D for the purpose of atmospheric temperature sounding (cf, Table 1, No. 9).
The SCR will view in the nadir direction from the NIMBUS spacecraft. The basic
optical system consists of a movable mirror, simple flapping choppers arranged
in opposed pairs, germanium lens optical systems, interference filters, and a
light pipe to condense radiation onto a thermistor bolometer detector. A descrip-
tion of the radiometer and a discussion of the experiment have been given by
Peckham et al. (1966) and by the Oxford-Reading Group (1966).

32



A distinctive feature of the SCR is the use of very narrow band interference
filters combined with CO, selective chopping and absorption cells to lessen the
effective variation of the absorption coefficient over the spectral interval and,
hence, to improve the height resolution of the weighting function and to make
possible the measuring of the vertical temperature structure from the ground
(or highest cloud top) to 50 km,

In connection with the channels associated with the two weighting functions
peaking at the higher altitudes, a technique of selective chopping by CO, is used.
The incoming radiation beam is switched between a cell containing CO, and a
nearly-empty cell containing only a small amount of CO, at very low pressure,
This technique has the effect of sensing only the radiation near the strongly-
absorbing line centers (except the very centers of the lines, which are eliminated
by the nearly-empty cell, thus further sharpening the weighting functions).

For the channels associated with the four weighting functions peaking at the
lower altitudes, a single absorption cell is used to absorb out the line centers,
This technique has the effect of sensing only the radiation toward the weakly-
absorbing wings of the lines. A weighting function applying to a single absorption
cell (C) is compared in Figure 16 with weighting functions applying to monochro-
matic radiation (M) and to a spectrometer (such as IRIS and SIRS) sensing over
a spectral interval including many individual lines (S). An Elsasser band model
was used in carrying out the calculations for Figure 16, It is seen that the ab-
sorbing cell weighting function differs very little from the monochromatic
weighting function and is considerably sharper than the spectrometer weighting
function, One of the six channels of the SCR is switchable to 11 microns to pro-
vide surface temperature data for use in the inversion analysis,

A successful balloon flight of the SCR was made at 0300 hours on 9 June
1966, The balloon reached a height of 35 km over the southern counties of Eng-
land. Satisfactory signals were received and indicated proper operation of the
radiometer. The results of this flight and a complete discussion of the experi-
ment and the instrument will soon be published in a series of papers in the open
literature (Williamson, 1968).

Filter Wedge Spectrometer (FWS)

A Filter Wedge Spectrometer (FWS) is being developed to fly on NIMBUS D.
Selected characteristics of the FWS are given in Table 1, No. 10, The FWS will
view in the nadir direction from the NIMBUS spacecraft. The heart of the in-
strument is an interference filter wedge, consisting of a pair of halves of two
filters—one covering the range 1,2-2.4 microns, and the other the range 3. 2~
6.4 microns. The assembly of two halves is necessary since present technology
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THE USE OF SELECTIVE ABSORPTION TO IMPROVED HEIGHT
RESOLUTION (Elsasser Model)

40
M-monochromatic
S - spectrometer

C - singe absorbing cell

O 1 i i i
o 0.1 0.2 0.3 04

NORMALISED WEIGHTING FUNCTION

Figure 16. A comparison of weighting functions applying to mono-
chromatic radiation (M), a spectrometer (S), and the single absorbing
cell {C) of the Selective Chopper Radiometer (After Oxford-Reading
Group, 1966).
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allows only one octave of spectrum to be covered on one disc, the same octave
being covered twice in one 360° rotation (Hovis, Kley, and Strange, 1967). The
instrument will utilize a lead selenide detector, radiatively cooled to 160 °K.

The FWS will obtain continuous spectra at a resolution of A /AN =100 of
reflected solar and emitted thermal radiation from the earth and atmosphere in
the two spectral intervals stated above. Three specific applications are
identified. The first is to test the feasibility of determining whether a cloud is
composed of ice crystals (cirrus) or water droplets, Blau et al. (1966) reported
among other features a characteristic minimum at 2,0 microns, observed in
spectra of ice clouds taken from a high altitude aircraft. This minimum is ab-
sent in spectra of liquid-water clouds. In a series of flights of the NASA Con-
vair-990 research aircraft in the spring' of 1966, reflection and emission spectra
were obtained by an aircraft version of the FWS over many types of clouds and
other natural surfaces. The characteristic minimum at 2.0 microns was ob-
served over cirrus clouds while over water clouds it was absent. This feature
is evident in the three sequential spectra over cirrus clouds shown in Figure 17,

The second application is to infer the vertical temperature profile from
spectral measurements in the 4,3 micron band of carbon dioxide in much the
same manner as the temperature profile is inferred from measurements in the
15 micron band, A temperature profile of the atmosphere, determined from an
analysis of measurements in the region of the 4.3 micron CO, band made by a
balloon-borne grating spectrometer, and the techniques used and some of the
problems encountered have been discussed by Shaw, McClatchey, and Schaper
(1967).

The third application is to infer the water vapor profile from measurements
in the region of the 6.3 micron band, having already determined the temperature
profile. As mentioned in the discussion of the IRIS instrument, Conrath (1967)
has investigated the problem of remotely inferring water vapor profiles.

Temperature Humidity Infrared Radiometer (THIR)

A Temperature Humidity Infrared Radiometer (THIR) is being developed to
fly on NIMBUS D. Selected characteristics of the THIR are given in Table 1,
No. 11. The scanner design uses an elliptically shaped plane scan mirror set
at an angle of 45° (similar to that of the NIMBUS HRIR and MRIR and of the ITOS
High Resolution Radiometer) and primary optics which are common to both
channels. The two channels are separated by means of a dichroic beam splitter
(McCulloch, 1968),

A 10.5-12.5 micron channel having a linear resolution at the subsatellite
point of 7-to-8 km will be flown on TIROS M (cf. Table 1, No. 8); hence a test
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of the feasibility of a day-night operational cloud mapping instrument with high
spatial resolution will have been accomplished prior to NIMBUS D. Therefore
the purpose of this channel will largely be to provide supporting data for all
scwntlflc experiments on the spacecraft,

The new and distinctive feature of the THIR is the 6.5-7.0 micron water
vapor channel having better than twice the linear resolution of the comparable:
channel of the NIMBUS II and Il MRIR. The inclusion of a water vapor channel
will permit further studies at improved spatial resolution of the synoptic signi-
ficance of the moisture patterns first detected in the 6,4-6.9 micron data of
NIMBUS II as typified by Figure 10, Of particular interest will be the possibility
of using the 6,5-7.0u data to trace air mass boundaries, vertical motions, and
possibly the course of jet streams.

ITOS Vertical Temperature Profile Radiometer (VT PR)

A Vertical Temperature Profile Radiometer (VTPR) is being developed for
the Improved TIROS Operational Satellite System-ITOS (Operational Satellite's
Office, 1968). Selected characteristics of this radiometer are given in Table 1,
No. 12. The VTPR will view in the nadir direction from the earth-oriented
platform of the ITOS vehicle. A final determination of the wave numbers at
the mid-points of the eight channels has not been made, but there will probably
be six channels ranging from about 669,0cm™ to 750.0cm™! in the 15 micron
CO, band, one channel sensing at about 532 cm™ in the rotation band of water
vapor, and one channel sensing in the atmospheric window at 899 cm™l. The
spectral resolution for all channels will be about 5 cm™. This 1nstrument is
intended solely for the probing of the temperature profile from operational satel-
lites, and it takes advantage of the latest advances in technology. For example,
it utilizes one set of optics and one thermistor bolometer with a cone optic behind
a filter wheel. The weight and power requirements of the instrument are notably
small (about 10 pounds and 2 watts) compared to those of earlier instruments
designed for vertical temperature probing (e.g., SIRS: 92 pounds and 20 watts,
or IRIS: 28 pounds and 12 watts).

ITOS Very High Resolution Radiometer (VHRR)

A Very High Resolution Radiometer (VHRR) is being developed for the Im-
proved TIROS Operational Satellite System-ITOS (Operational Satellites Office,
1968). Selected characteristics of this radiometer are given in Table 1, No. 13.
The linear resolution on the ground of this instrument represents an order-of-
magnitude improvement over that of the NIMBUS HRIR and ITOS High Resolution
Radiometer and a nearly two-orders-of-magnitude improvement over that of the
TIROS and NIMBUS Medium Resolution Radiometers (cf. Table 1). As such,
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the resolution of the VHRR is comparable to that of television systems currently
flown on meteorological satellites. To achieve this resolution a mercury-
cadmium-telluride detector, radiativety-cooled in two stages to 80 °K will be
used. But with the capability of the 10, 5~12, 5 micron channel to make measure-
ments day and night, while the short-wave channel is also making measurements
in the daytime, the bit rate of the instrument far exceeds the capacity of any
presently available tape recorder system. Therefore, the present plans are to
read out the data directly (possibly via a relay geosynchronous satellite). Other
possibilities include recording the VHRR data over only a portion of the orbit

(a portion determined to be of high interest from other instruments) or recording
a degraded form of the data over the entire orbit,

The applications of the data will be similar to those of the other scanning
radiometers sensing in similar spectral intervals except that the much higher
resolution will permit the study of smaller-scale phenomena such as the three-
dimensional structure of cloud patterns and frontal systems and the possible
distribution of multiple ""hot tower'" cumulus cells in hurricanes and typhoons.

Very High Resolution Radiometer for Geosynchronous Altitude

All of the radiometric instruments discussed to this point have been de-
signed for single-satellite systems which permit observations of a given location
on earth approximately once every twelve hours. However, there are many
meteorological phenomena which have characteristic time periods much shorter
than twelve hours, e.g., the development of hurricanes, typhoons, and other
types of storms (most notably tornadoes whose whole life cycle can extend over
only tens of minutes); the change in the motion of storm systems; and the change
in identifiable cloud features which over a shorter period of time might serve
as atmospheric tracers to determine winds and other kinematic properties of the
atmosphere, The spin scan cloud cameras recently flown on the ATS-1 and
ATS-3 satellites in geosynchronous orbits have indicated that a wealth of new
information exists both because of the planetary view from the geosynchronous
distance of 35,800 km and because of the time-lapse characteristic of the ATS
pictures taken every twenty minutes. The possibility of determining flow pat-
terns and wind velocities, and of studying the buildup and decay of short-lived
systems and the interactions between hemispheres across the equator have been
indicated (McQuain, 1967; Warnecke and Sunderlin, 1968),

A Very High Resolution Radiometer for Geosynchronous Altitude has been
proposed for future flight. Selected characteristics of this radiometer are given
in Table 1, No, 14, The design of the proposed radiometer and other charac-
teristics of the experiment have been discussed by Goldberg (1968). The radiome-
ter has several important advantages over a camera that senses visible radiation,
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First the familiar "full earth' pictures made with the ATS cameras can be taken
only during a small fraction of the day, while other pictures taken during the 24
hour period show varying smaller portions of the earth, depending on the location
of the terminator. However the radiometer system will take "full earth' pic-
tures on every frame, independent of the position of the terminator.

Figure 18 attempts to illustrate how a radiometer ''picture’ of the earth at
night (or in the daytime) might look. The model of the earth shown in Figure 18
was constructed by pasting orbital strips of NIMBUS II nighttime HRIR data in
correct geographic sequence on a 10-inch-diameter globe (Warnecke, 1968).
The coldest areas are shaded white and the warmest are black with intermediate
shades in between. Clearly identifiable are high white (cold) cloud patterns and
dark (warm) ocean areas through clear skies. The Australian continent stands
out in light shading (colder than the surrounding ocean at night) in the lower left
part of the picture. There are marked distortions at the edges of the orbital
strips because of the relatively low height of the NIMBUS satellite, but these
do not seriously impair the general impression of a high resolution view of the
earth in the spectral interval 10.5-12.5 microns from a geosynchronous satellite,

Another advantage of the radiometer over a camera is the capability of
temperature measurement, Cloud top altitudes can be inferred from cloud top
temperatures, and sea surface temperature variations such as those due to the
Gulf Stream can be observed in cloud free regions. Also winds inferred from
time-lapse movements of cloud patterns can be located approximately in height
because of the temperature measuring capability of the radiometer. The im-
portance of this type of experiment was set forth in the GARP Report of the
Stockholm Study Conference (1967).

SUMMARY

Fourteen different radiometric instruments for remote atmospheric probing
in the infrared from satellites and some of the applications of their data have
been discussed. The treatment of individual areas has necessarily been brief,
and the interested reader is urged to consult the reference listings for additional
information,

Much progress has been made in the first decade of remote probing of the
atmosphere from satellites. With the added incentives of the World Weather
Watch and the Global Atmospheric Research Program, we may look forward to
even greater progress in the second decade.
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Figure 18. An impression of a high resolution view of the earth at night (or in the day-
time) in the spectral interval 10.5-12.5 microns from a geosynchronous satellite. In this
model Nimbus 11 HRIR orbital strips were pasted on a globe {After Warnecke, 1968).
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