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THE INFRARED INTERFEROMETER E'}XPERIMENT

ON NIMBUS 3

B. J. Conrath
R. A. Hanel
V. G. Kunde

C. Prabhakara
ABSTRACT

The Michelson interferometer experiment carried on the Nimbus 3 satellite
has successfully obtained thermal emission spectra of the earth and atmosphe—re
between 400 cm™ ! and 2000 cm™ * with a resolution e-quivalent to 5 e '. Com-
parison of a measured spectrum with a spectrum calculated theoretically from
near-simultaneous radiosonde measurements indicates generally good agreement
over most of the spectral range covereoi. A preliminary search for spectral
features due to minor atmospheric constituents other than CO,, H, 0, and O, has

§
resulted in a positive identification of only: CH, thus far. Comparisons of tem~
perature profile—s estimated from selected spectra with those obtained from radio-
sonde measurements on both an individual basis and in the form of maps for se-
lected locations and times indicate that meaningful atmospheric temperatures
can be obtained, even in the presence of clouds, Similar comparisons oi water

vapor estimates with radiosonde measurements demonstrate that good humidity

profiles can be obtained under essenfially cleaxr sky conditions, but when clouds
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are present within the field-of-view, the-estimates become unreliable. Total
ozone amounts in an atmospheric column obtained from the spectra are in gen-
erally good agreement with Dobson spectrometer measurements, and the esti-
mates are found to be insensitive to clouds within the field-of-view under most
circumstances. A global map of ozo'pe, constructed from- data taken over a
24-hour period, shows ani;icipa.ted correlations with a conventional 300 mb-pres-
sure height map in the.p’f orthern Hemisphe_re. The possibility of obtaining: in-
formation on surface composition is investigated, usiilg a spectrum obtained over
Egypt which shows a depression of as much as 107K in brightness temperature.
in portions of the atmespheric window., This effect can be attributed to rest-.

strahlen due to the presence of SiO, in the desert soil.
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THE INFRARED INTERFEROMETER EXPERIMENT

ON NIMBUS 3

I, INTRODUCTION

During the first decade of satellite meteorology the mapping of cloud patterns
and radiometric measurements in relatively.broad spectral intervals accounted
for nearly all the information gathered for research and operational purposes.
Cloud patterns have been observed, day and night, from low altitudes, as well as
from geostationary altitudes, and with a variety of spatial resolution elements.
The positions and motions of frontal systems and storms are now routinely de~
rived from cloud pictures. Several radiometers sensitive in the visible and many
with channels sensitive in the infrared have been used to infer the radiation bud-
get of local regions, surface and mean stratospheric temperatures, moisture
patterns and surface r.elated parameters. A recent survey is given, for example,

by Moller and Raschke, 1969.

With the launch of Nimbus 3 on April 14, 1969, a new chapter was begun on
the use of satellite-borane sensors for atmospheric research., The vex:tica.l sound-
ing of S(;:veral atmospheric parameters has now become a reality (‘Na:rk and
Hilleary, 1969; Hanel and Conrath, 1969), On a global basis, profiles of tempera-
ture, humidity, and ozone may now be derived by interpretation of the thermal
emission spectrum. The infrared interferomete;r flown on Nimbus 3 has provided

thermal emission spectra from 400 cm™1 to 2000 em™ ! (5=-25um) with apodized



resolution elements of 5 em™!. By spectroscopic standards this resolution is
still low, only the contours of the 667 ecm ™! (15, m) CO2 band are resolved, but
the spectral resolution is adequate for many purposes, and combined with the
good radiometric accuracy of the instrument, many new avenues of research have
now become possible.

The 667 em™ ! CO, band is available for estimating temperature profiles
and the 1042 em™ ! (9.6 »m) ozone band, as well as portions of the rotation, and )
1595 em” ! (6.3 £ m) water vapor bands may be analyzed to yield information on.
the vertical distribution and total amount of ozone and water vapor. The semi-
transparent window regions in the 800-1250 ecm ™! (8-12.5 1 m) spectral interval
permit studies relating to remote sensing of surface features, such as a search
for reststrahlen phenomena. The Spectra, combined with in situ radiosonde
measurements of temperature and water vapor, provide an opportunity of testing
gaseous transmittance theory under conditions of pressure and path length which
cannot be obtained in the laboratory.

In this paper, after a brief description of the instrument, comparisons of
measured and calculated spectra are given, and problem areas in the‘theory of
atmospheric transmittances are pointed out. After having gained confidence
in the measurements, temperature and water vapor estimation techniques are ap-
plied to selected spectra, and the results are compared with in situ measurements

obtained from radiosondes flown at approximately the same times and locations.



Estimates of ozone total amounts and vertical distributions are compared with
Dobson spectrometer measurements and in situ ozone sonde measurements, The
effect of clouds within the field-of-view and other limitations to the precision

of the derived quantities have bee'm investigated, and techniques designed to over-
come some of these limitations have béen applied to the data. The global capa-
bilities of such measurements are demonstrated by examples of maps showing
temperature fields and global distributions of total ozone. Finally, examples of
spectra are given which show reststrahlen phenomena and possible applications

of. such measurements are considered.

II. DESCRIPTION OF THE INSTRUMENT

The recording of a wide spectral range from approximately 400 to 2000 cm™!
at a relatively high spectral resolution corresponding to 5 ecm™! within a permitted
time interval of about ten seconds is a difficult task. At the beginning of this
project it seemed to be beyond the state-of-the-art to perform this measurement
from a satellite since, in addition to the requirements mentioned, a radiomeiric
precision of 1% and an accuracy approaching the same order of magnitude was
estimated to be necessary to achieve the scientific objectives of this experiment.
It was recognized then that the only method which could possibly reach this am-
bitious goal was Fourier spectroscopy using a Michelson interferometer. The
multiplex and the large '"solid-angle-times-area" (etendue) advantage of the

Michelson interferometer had to be exploited fully to obtain the required spectral



resolution and precision while covering a wide spectral range. At the same time
the required accuracy made on~board calibration of the instrument mandatory.

The advantages of the Michelson interferometer are not easily realized,

This fype of interferometer requires nearly perfect optical alignment, is known
to be rather sensitive to external vibration, and the data channel demands a large
dynamic, range. Furthermore, the required radiometric precision had never been
achieved before in a small instrument of this nature. Nevertheless, the TRIS-B
interferometer flown on Nimbus 3 came close to theoretical expectations and has
achieved set goals to a high degree. In orbit this instrument performed well,
although not flawlessly. The equilibrium temperature was about 5°K higher than
the desired 250°K, and some misalignment made the 1400-2000 cm™! (5-7 wm)
range w_nreliable after approximately 50 orbits.

A brief description of the interferometer and its use as a spectral analyzer
will be given here. A more detailed analysis of the instrument and a discussion
of its performance is published elsewhere (Hanel, et al., 1970). The main ele-
ments of the Michelson interferometer, as shown in Figure 1, are the beam-
splitter, the fixed mirror, and the moving mirror, often called the Michelsoﬁ
mirror. Figure 2 shows the external configuration of the instrument. The am-~
plitude of the incoming radiation is divided by the beamsplitter info two approxi-
mately equal components, After reflection on the fixed and moving mirrors
respectively, these components interfere with each other with a phase correspond-

ing to the difference in the optical path between the beams. The intensity, i, of



the recombined beams is recorded by the thermistior holometer as a function of
the optical path difference, 6., The signal, called the interferogram, is the auto-
correlation function of the incoming net radiation, and, neglecting constant terms,

can be expressed in the form
i(8) = fr(v) [I(») = I, ()] cos[2mvs — ¢(v)] av (1)

In this equation r(v) is the spectral responsivity, I(») and I, (v) are the radi-
ance of the scene and the instrument respectively, v is the wave number in cm™!
and ¢ (¥)is a phase angle. The goal of the data reduction is to Tecover the spec-
tral radiance of the scene in absolute radiometric units. The interferogram is
amplified, limited in bandwidth by an electrical filter, and quantized by an analog-
to-digital converter, The sample command for the analog-to-digital conversion
is derived from an auxiliary or fringe control interferometer which is coaxial
with the main interferometer and, iI:J. effect, measures the mirror displacement
very accurately, The fringe control interferometer provides a precise wave
number scale for the measured infrared spectrum. The 0,.5852 pm line of a neon
discharge source is used as the standard. The velocity of the Michelson mirror
is controlled by a feedback circuit which slaves the mirror motion to a stable
spacecraft clock frequency. The phase-locked-loop operation of the Michelson
mirror has contributed considerably to the quality of the spectra.

The required radiometric accuracy was achieved by an on-board calibration

technique. After recording 14 interferograms while viewing earth, the 15th and



16th interferograms are recorded while viewing two standard sources. One
standard source is a blackbody built into the instrument. The second standard
is the interstellar background with a temperature of a few degrees Kelvin, which
is taken as a perfect radiation sink. The temperature of the warm blackbody is
carefully monifored. In the calibration process the earth spectra are scaled to
the spectra from both radiation standards. It is important to note that the very
first optical surface, the flat mirror mounted at 45° to the entrance port of the-
interferometer, as shown in Figure 1, serves as a switch for feeding the radiation
standards and the source to be measured into the interferometer, Corrections
due to possible changing reflectivities of other surfaces are completely avoided.

The calibration standards are measured about twenty times per orbit, and
from these measurements the average orbital responsivity of the instrument is
calculated. From the standard deviation of the responsivity calculated from in-
dividual calibration pairs within one orbit, the noise equivalent radiance may be
determined. If can reasonably be assumed that the noise properties of the instru-
ment are the same while viewing earth and the calibration sources, and this pro-
vides a convenient and objective assessment of the probable error of the measure~
-ment, The details of the calibration technique have been described also in the
Nimbus 3 User's Guide.

The same flat mirror which permits in-flight calibration of the whole instru-
ment also provides image motion compensation. For that purpose this mirror

is rotated slowly at about 0.4 degrees per second. The 8 degree field~of-view of



the instrumer}t points about 2° ahead along the subsatellite track at the beginning
of an interferogram, At the end of the interferogram ten seconds later, the
field-of-view is directed about 2° behind the subsatellite point, Theréfore, the
radiation which gives rise to a single interferogram originates from a well-
defined circular area on earth 150 k;n in diameter, and smear caused by the mo-
tion of the satellite is eliminated. During the time the Michelson mirror moves
back to the start position ready to record the next interferogram, the image mo-
tion compensation mirror moves to the "2° ahead" position again ready for the
next measurement. The image motion compensation is inhibited during the re-
cording of calibration interferograms. Inthe absence of compensation, the be-
ginning of an interferogram may be generated by radiation originating in a cloud~

free area, while the end may represent a heavily clouded case,

III. DATA PROCESSING

In the data reduction procedure the output signal of the detector, after be;ng
quantized, stored in the spacecraft tape recorder, and transmitted to the ground,
is then processed in a digital computer, First, an apodization or weighting func-
tion is applied to the interferogram to reduce side lobes in the instrument func-
tion. Then the weighted interferogram is Fourier transformed to yield an ampli-
tude and a phase spectrum, The amplitudes are proportional to the net spectral
radiance between the instrument and the scene within the field-of-view. The
phase specirum is used to resolve the ambiguity in the amplitude spectrum which

is created by operating the instrument at the mid-range of expected brightness



temperature. With the power spectrum alone one cannot distinguish between
scenes warmer or colder than the instrument. The application of the phase
spectrum to the raw power spectrum has been illustrated in the instrument
paper (Hanel, et al,,1970). After the raw power spectrum has been phase cor-
rected, the calibration process takes -place.

Fach uncalibrated atmospheric spectrum is scaled to the spectra from the
known hot and cold calibration sources for each wave number interval. The
Fourier transformation and calibration process takes approximately 0.9 second
per spectrum on an IBM 360/91 computer. As mentioned before, the computation
prdcess also generates the orbital means of the responsivity of the instrument
derived from the calibration spectra and the noise equivalent radiance of the
instrument derived from the standard deviaﬁon of the individual blackbody spectra.
Samples of these quantities are shown in Figure 3. ‘ -

By the calibration process the desired quantitf; the radiance of the observed
scene, averqged over the field-of-view, is obtained in absolute radiometric units,
erg sec” ! cm™ ! ster™!, within the limitations of spectral vesolution and precision
of the instrument. The spectral resolution is verified by comparison of spectra
cz.a‘lculated with a resolution of 5 cm™ ! and the precision is estimated from the

repeatability of the calibration spectra.

IV. THE THERMAL EMISSION SPECTRUM
In the thermal infrarved the emergent radiance of a planetary atmosphere

depends on-atmospheric emission, absorption, and scatteringprocesses as well

-



as on the emission and reflection properties of the surface below. Neglecting
secattering, the spectral radiance as measured at the satellite, may be expressed

as

1) = €@ BT @) + [1- e @]F @) @)
(@)

1

+ ,[ B(v, T) dr(»)
T35 (¥)

The first term on the right hand side of equation (2) represents radiation emitted
by the surface at temperature T, having an emissivity €° (v). B(¥,T_)is the
Planck function at wave number v and temperature T_ and 7° (v) is the atmos-
pheric transmission at the surface. The second term represents the downward
atmospheric flux,Fl (v) , diffusely reflected by the surface; the reflectivity is
taken as one minus the emissivity and 2 Lambertian reflection law is assumed.
Most natural surfaces on earth have a high emissivity, close to that of.a black-
body so the second term can frequently be neglected. However, this is nc;t always
true when certain minerals are exposed, such as in desert areas., This term is
also siéﬁficwt in the microwave region of the spectrum where if must be taken
into consideration. The last term in equation (2), accounting for direct emission
by the atmosphere, is the most important one for vertical sounding,

The monochromatic transmittance between geometric levels s' and s" is given by

T(v) = exp|- I Z k (v,P, Typ;ds (3)



where -the total molecular line absorption coefficient of the it" constituent is
k.., and the gas density of the constituent is o

The theory of remote sensing is based on 2 measurement of selected values
of I(v). The field-of-view of IRIS (4° half angle) is narrow enough so the meas~
ured quantity may be regarded as the radiance in the vertical even though in
reality radiances up to 4° from the vertical .contribute to a spectrum. As men-
tioned above, the second term of equation (2) can often be neglected, [1- €s (v)]<<l,

allowing the transfer equation to be written as

1
Iy = e @By, 1) @) + j B(v, T) d7(v) o {4

T5¢v)

Surface phenomena may be determined from the emergent spectrum in atmos-
pheric "window" regions where the atmospheric emission term is small, If the
atmospheric transmittance at the surface can be estimated, it is then possible to
attempt t'o determine either the surface temperature or the surface emissivity

for surfaces where at least one of the two parameters can be reasonably approxi-
mated. Atmospheric temperatures and composition may be determined from
strongly absorbing spectral regions where the atmospheric term of equation (4)

is dominant. The temperatures expressed by the Planck function may be recovered
within certain limitations if the incremental atmospheric transmitiances are known,
as is the case for a gas of constant mixing ratio, such as CO,. Once the tempera-

tures are known, the incremental fransmittances of other gases may be determined
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in spectral regions where the gases dominate, allowing their concentrations to
be found, All these methods will be explored below, but before this can be done,
atmospheric transmittances have to be verified, and assumptions, such as the
neglect of scattering processes in the clear atmosphere, have to he shown to be
justified.

In many cases absorption coefficients of gases are determined in laboratory
tests with generally short path lengths and it is offen problematic to extrapolate
these measurements to afmospheric conditions of long path length, as well as
variable pressure and temperature. Nevertheless, it is instructive and necessary
to predict the radiance values for a particular case using the best presently
available transmittance parameters and radiosonde data for temperatures and

humidities applicable to the case.

V. COMPARISON OF MEASURED AND CALCULATED SPECTRA

The comparison of measured and theoretically predicted spectra aid in the
analysis of the data and also serve o validate the instrumental performance,
both in a spectral sense, and to a lesser degree, in a radiometiric sense. The
monochromatic spectrum of equation (4) is smoothed by the finite spectral resolu-
tion of the instrument. The observed spectrum I (»)is the convolution of the

true spectrum with the instrument funetion,

v+a vta )
I(v) = S f(|v’-v|,a)1(v')dv‘/§ _f(lv' -a,a)d' (5

v a ¥ - a
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whe;'e "a't represents the width of the instrument function at half maximum. For
radiance computations, the instrument function of IRIS can be satisfactorily rep-
resented by a triangular function with a = 5 em™ L.

The totg.} monochromatic absorption coefficient for the i*" species may be

L T Te g Tt

written as

: P
ki (v, P, T) = kdi (v, P, T) + kio (v, T) T:)-i (6)
- o

The above expression results from considering the monochromatic absorption
céefﬁcient for each line for distances less than a;nd greater than -a distance D
i:‘roﬁl‘thé line centér in terms of a direct and wing contribution respectively.
The derivation of the above expression has been discussed previously (Kunde,
19(.58:) 196é). The su]c;script "o indicates reference conditions. The effective

pressure, P_, is

P = P+(B-1)p (7)

e

with P being the total pressure, p the partial pressure of the absorbing gas and
'B the self—broademng coefficient. The technique of separating each line into a
direct and wing contribution has the advantage that one need consider only lines
in the interval v-D.{o »+D, rather than all lines, for computing kid (v,P,T), thus
insuring a considerable reduction in the amount of computer time required. A

second advantage is that k° (¢, T) may be easily adjusted for empirical fitting
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to observed spectra in spectral regions where the; theoretical treatment is not
adequate. An example of this will be discussed later for the rotati-(;nal:H,:d li:nes
in the 1000 cm™ ! "'window".

The solution of equations (4), (5) and (6) is accomplished énf;ireiy by numeri-
cal techniques which will be described elsewhere. The line data used in the ca.i—
culations were those of Benedict and Kaplan (1967) for the pure rotational lines
of water vapor, Benedict and Calfee (1967) for the 1595 cm™ ! band of water vapor,
Drayson and Young (1967) for the 667 cm™! band of carbon dioxide and Clough
and Kneizys (1965) for the 1042‘ and 1103 cm™ ! bands of ozc):;le. Thé line data for
the 961 and 1064 cm™ ! bands of CO, were computed using standard spectroscopic
formulation and the band strengths of Gray (1967). The published collisional
line half-widths were used for water vapor and constant line half~widths of 0.8
and 0.7 cm ! were assumed for carbon dioxide and ozone, respectively. Absorp-
tion by CH, and N, O in the 1250~1400 cm™ i region was represented by the e;n-
pirical fits to low spectral resolution (~10 em 1) laboratory data made by Green
and Griggs (1963). For N,O, with a fairly uniform line spacing of~0.84 em’ 1
(Plyer and Barker, 1931), the spectral envelope of the band is essentiall_y the same
for the 5 cm™ ! resolution of IRIS and the 10 em™! resolution of the laboratory
data. Thus, the empirical fit gives a fairly accurate Spec;tral representaifion of

1

the N,0 band, For CH,, with the lines grouped approximately 5 cm = apart

Kyle, 1968), the empirical representation is not as accurate although it still is

sufficient for a preliminary interpretation of the data.
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The most difficult spectral regions for determiningaccufé.te atmospheric
{ransmittances in a routine manner in a general algorithmic scheme are the
fairly transparent "window' regions. The transmittance difficulties in "window"
regions are associated with several distinet p_roblem areas:

1) The contribution of aerosols becomes more significant because the ab-
sorption by molecules is small far away from the band centers. However, the
aerosol coniribution igs variable depending on composition, size distribution and
vertical concentration, and as these characteristics are not routine-ly available,
along with radiosonde data, it is extremely difficult to correct for aerosol scat-
tering. The continuum absorption coefficients derived by Bolle (1965) vary by
factors up to 4 due to varying atmosﬁheric conditions.

(2) The molecular absorption contribution in "window' regions is due to the
wings of the lines in the strongly absorbing bands. The state-of-the-art in deter-
mining the wing contribution is extremely uncertain as it is not possible to rep-
resent the line shape or its strong dependence on temperature and type of broad-
ening gas in a general manner, Substantial deviations from the Lorentz line shape
in the line wings have been observed in numerous homogeneous and slant path
spectra for both CO, and H,0 (Bignell, Saiedy. and Sheppard, 1963; Bolle, 1965,
1967; Burch, Gryvnak, Patty and Bartky, 1968; Burch, 1970), and

3) The fransmission in "window" regions may partially be due to physical
mechanisms other-than aerosol scattering or molecular wing absorption. For

example, it has been suggested that absorption in the 600-1000 em™ ! region

14



results partially from hydrogen bonding between a pair of water vapor molecules
(Penner and Varanasi, 1967; Varanasi, Chou and Penner, 1968), This mechanism
is consistent with the strong observed temperature dependence o:f the absorption
coefficient, whereas none of the theoretical line-shapes is consistent. Theoreti-
cal work on the water vapor dimer has been done by Viktorova and Zhevakin
(1967) and possible experimental verification has been obtained by Harries,
Burroughs and Gebbie (1969) and Burroughs, Jones and Gebbie (1969) in the far
infrared region.

In this investigation, the method used to determine slant path transmitfances
in "window" regions is as follows: For CO,, O, and the 1595 cm ! band of H,O,
the theoretically determined values ofk S based on the Lorentz line shape (L),
were used. The values for the rotational lines were modified in the following
manner. The theoretical values of k ,°are shown in Figure 4 for various line
shapes where the modified Van Vleck-Weisskopi (M—VVW) type has been described
by Farmer (1967), and the 'remaining line shapes by Burch (1968). Continuum
absorption coefficients, corrected for nearby lines, derived from measurements
are also indicated in Figure 4.

A considerable fraction of the scatter in the empirical continuum coefficients
in Figure 4 results from the observed data not being reduced to identical reference
pressure conditions. The measurements of Bolle and of Saiedy were reduced in
terms of effective pressure. Bignell, Saiedy and Sheppard reduced their coeffi-

cients in terms of total pressure by attempting to correct for self-broadening

15



which depends on the H O partial pressure. The scatter in the derived coeffi~
cients thus partially reflects differences in the K, O partial pressure at the time
and location of the observations. This is consistent with the implication from the
Burch (1970) investigation that H ,0-H,0 broadening governs the H, O continuum
absorption. From Figure 4 it is evident that none of the line shapes haVehthe
proper relative shape to match the observed data. The parameter k,° has been

adjusted to yield
k> (@, T) = k° (¥, Dy vy ¥ < 400 em ! (8)

kP (@, T) = kO (v, Tyeyyy &xp [Ca(r-400)] v > 400 ecm™!  (9)

where a was determined by the condition
ke (v, T) = k°(v,T) v = 1000 cm ! (10)

From the scatter illustrated in Figure 4, this procedure is expected to give orily
general agreement in "window' regions and it is reasonable to agsume that k °
would have to be renormalized for each individual spectrum to obtain close agree-
ment, In view of the above discussion, it should be emphasized that the modified
k. istobe regarc.led as an empirical constant rather than justification for a modi-
fied line shape. The above treatment dt;es not adequately cope with the strong .
temperature dependence of the continuum.

For the comparison of the theoretical and observed spectrum, a clear atmos-

phere case over the Gulf of Mexico at 1734 GMT on April 22, 1969, with supporting

16



radiosonde data from Brownsville, Texas at 1800 GMT, was chosen. The Gulf

of Mexico case was selected in order o reduce the effects of atmospheric aero-
sols, boundary discontinuities and surface emissivity. Approximately three min-
utes later in time, at 1737 GMT, the satellite passed over land near Brownsville,
Texas. From the IRIS spectrum at 1737 GMT, temperature, humidity and ozone
profiles were derived, and compared with the radiosonde (for temperature and
humidity only) Pgr Hanel and Conrath (1969). The Brownsville radiosonde tempera~
ture and humidity profiles and the derived ozone profile were used for this case.
The surface temperature of 298°K was obtained from an NMC North American
surface chart as measured by the Nomad buoy. The geographical location at
1734 GMT was approximately 26.3°N, 96,5°W. The observed spectrum was sepa-
rated about 26 minutes timewise and 100 km geographically from th.e radiosonde
data.

The mixing ratios for CO,, CH,, and N, O were taken as 314, 1.75, and 0.28
parts per million (ppm), respectively, and were assumed to be constant in altif_:u_ég:
The concentrations of CO, and especially CH,, and N,O are expected to depel‘:;d
somewhat on time of the day, geograpﬁic location and season. A summafy of
observed mixing ratios can be found in a report by Anding (1967). The Imxmg
ratios adopted for CH, and N,O may be considered to be representative values.

The atmospheric parameters concerning the gas concentrations used in the Browns-

ville case are summarized in Table 1.
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Table 1

Summary of Atmospheric Parameters

Gas ) Mixing Ratio (ppm) Optical Depth
Water Vapor Variable 1.58 pr-cm
Ozone Variable 0.36 cm-atm
Carbon Dioxide 314 253 cm-atm
Methane 1.75 1.4 cm-atm
Nitrous Oxide 0.28 0.22 cm-atm

The comparison of the predicted and observed spectrum is shown in Figure 5
with the observed spectrum representing a single observation reduced in the apo-
dized mode. The observed spectrum has been displaced 0.2 radiance units up-
ward for clarity in the presentation. The spectra are also shown in Figures 6
and 7 on an enlarged scale.

The observed spectral features are due to the rotationzl lines of H,O0, the
667 cmn” ! CO, band, the 1042 and 1103 em ' O, band, the 1306 cm™ ' CH, band
and the 1595 cm™! water vapor band., The 964 ¢m ™~ 1 CO, band is also faintly
evident in the spectrum. The speciral agreement across the entire region is
guite good. There are several features in the observed spectrum in the 1100 em™ ! -
region which are not indicated in the theoretical spectrum. These are considered

to be due to O, from identification by Migeotte, et al. (1957), The theoretical

molecular line parameters for O, used in this investigation were a first generation
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set. Recently these parameters have been revised considerably and updated
(Clough, 1970).

In addition to the molecular features discussed above, the following molecules
and their respective absorption bands occurring in the IRIS spectral region were
considered.

CH,

The v, fundamental at 1306 cm” ! is observed. The empirical fit used to
predict CH, absorption does not represent the Q branch adequately, evenin a
spectral sense. The weaker v, fundamental at 1534 eni ', normally forbidden,
is masked by H,O and occurs in a region where the signal is low.

The N,O bands ocecur at 589 em™* (v,), 1167 em ™ * (2v,) and 1285 cm™ Y, ).
The 589 cm™ ! band does not seem to be evident although an unidentified spectral
feature is present in the observed spectrum at approximately 592 em™ . The
observed feature may possibly be due to the rotational H,O line which occurs at
591.69 em™ !, The 1167 cm™ ! band does not show in the spectrum and the 1285 cm™?!
band region is heavily masked by H,0 and CH,.

&

The NO, bands are at 648 cm ™! (v,), 1320 cm™! (v,) and 1621 em™! (v >

These bands are all heavily masked by other molecular bands and not evident.

HNO,, 80,, H,S

A cursory search was also made for the following: 1) the NHO, bands at
879 emi ' (v) and 897 em™! (2y,); the SO, bands at 519 em™ ! (v,), 1151 em™* (v,),
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and 1361 cm™* (v,) (entirely masked by H,0, CH,, and N,0); and 3) the H,S
band at 1290 em™!. None of these features were evident in the observed spectrum.
The radiometric agreement across the spectrum is 10% or better for the

spectral regions below 1250 em™!

. TFor higher wave number regions somewhat
larger disagreement is found due generally to the lower instrumental signal-to-
noise ratio. Several spectral regions indicate that the atmospheric model, based
primarily on the radiosonde data, deviates from the real atmosphere producing
the observed spectrum. The systematically lower theoretical radiances in both
the P-branch and R-branch wings of the 667 cm™! CO, band indicate that the
tropospheric temperature profile of the atmospheric model is probably lower than
the real temperature profile. The other prime source of error is the CO, mo-
lecular parameters—especially the line shape or the variation of collisional hali-
width with rotational number—which would give the same effect. The rotational
line and 1595 cm™1 H,O band region also show a systematic radiance difference
which most likely is due to an incorrect tropospheric temperature profile or
water vapor mixing ratio. For comparison of high spectral resolution synthetié
and observed spectra, the time and spatial displacement of the radiosonde data
from the appropriate atmosphere producing the observed Specfrum limits the
degree of quantitative radiometric agreement.

The theorstical spectrum in the 1250-1350 em™ ! region of absorption by CH;;
has been computed for two cases: 1) H,O only, and 2) H,0 plus CH, plus N,O.
" Due to the low signal-to-noise and to the handling of the theoretical CH, a.bSC;I‘p—

tion, the comparison should be considered only semi-quantitative. However, the
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comparison is adequate enough to reflect the significant effect of the CH, and

N,0O absorption on the emergent spectrum. A more detailed analysis of this
spectral region will be made by including the N,0 and CH, molecular parameters
in the line-by-line computational scheme and by utilizing the Nimbus 4 IRIS

data which have a higher signal-to-noise ratio in this r_egiont This type of analysis
will determine the feasibility of obtaining the global variation of CH, from the

IRIS spectra.

For this particular comparison, the theoretical {reatment of the atmospheric
transmission in the 1000 em™* "window" region is adequate enough to allow in-
ferring the actual surface temperature from the IRIS data to an accuracy of bet-
ter than 1°K,

It is anticipated that the use of this "window" transmittance model will not
be as accurate for atmospheric cases where there is interference by aerosols
or Where- the atmosphere is very.humid. The accuracy to which the surface tem-~
perature can be inferred for varying meteorological conditions can only be deter-
mined from'.a.nalysis of more IRIS spectra. The inaccuracies in the 1000 cm™?
"window'! transmitttances are partially offset by the emergent radiance not being
highly sensitive to the value of atmospheric transmittance. Computations by
Saiedy and Hilleary (1967) indicate a 10% error in k;° would lead to an error of
1°K in the computed suzl.c-face temperature.

Improvements in interpreting the IRIS specira, using line-by-line procedures,

may be accomplished in several areas. -First, a second generation line-by-line
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numerical computational scheme, more fully optimized with respect to computing
time is required to allow similar comparisons between theoretical and observed
radiances to be made for a range of meteorological conditions. The molecilar
tape atlas also requires improved molecular parameters, ozone for example,

and an extension to include the lines of CH, and N,0. The forthcoming Nimbus 4
IRIS with 2.8 em™ ! apodized resolution affords a better chance for the observation
of trace gases and pollutants.

The comparison of a measured spectrum with a predicted one is generally
quite favorable. The major features and many minor features can be identified. -
Nevertheless, more work has to be done to make the theoretical models more
representative, and better observational data, including both spectra and in situ

measurements for comparison purposes are needed.

Vi, ATMOSPHERIC TEMPERATURES AND HUMIDITIES

The good agreement in most spectral regions between the theoretically cal-
culated and measured spectra discussed above helps to establish confidence in
both the measurements and their theoretical understanding, Once such a verifi-
cation is established, it is then possible to consider certain meteorological and
geophysical applications ofthe data.

One of the more significant applications of remote infrared spectral measure-
ments is the estimation of vertical profiles of atmosgpheric temperature and humid-
ity. Conventionally, these parameters are obtained from in situ radiogonde

measurements. The radiosonde networks are adequate for the short term
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operational weather forecasting requirements in the more densely populated areas,
such as the continental United States and Europe, but large parts of the earth,
particularly in the Southern Hemisphere, are not extensively covered. The remote
vertical sounding of the atmosphere by satellite-borne instrumentation can be
expected to fill the large gaps in the existing radiosonde networks and provide
a truly global coverage necessary for predictions beyond a few days. Recognizing
the importance of vertical temperature measurements for meteorology, but in-
directly also for aviation, agriculture and other fields, the design parameters of
IRIS were chosen to permit temperature sounding of the atmosphere in the 667 cm™!
band of CO,. -
For purposes of examining the problem of obtaining vertical temperature
profiles, it is convenient to rewrite equation (4) in the form
log P,

T(v) = B(v,T,)7* (v,B) + J B[, T (log P)] aTa(’fggl}),gP) d logP
. i

P
% s (11)

Here the logarithm of the atmospheric pressure has been taken as the independent
height related variable, and the. surface emissivity €* () has been set equal to
unity. The pressure level P_ is the effective ""top" of the atmosphere above which
the contribution to the outgoing radiation is negligible, and P_ is the surface pres-
sure. In the examples considered here, P, = 0.055 mb has heen employed.
Examination of equation (11) indicates that the atmospheric contribution to

the outgoing radiance at wave number v (given by the second term)can be regarded
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as the weighted mean of the Planck radiance B [’u, T (log P)] at each level where
the weighting function is d7(», logP)/d leg P). If one assumes that CO, is uniformly
mixed with a known mixing ratio, it is then possible to calculate the transmittances
7(v, log P) and, hence, the weighting functions for many spectral intervals within
the 667 cm™? ban:i, using the line-hy~line integration techniques described in the
previous section. An example of such a set of weighting functions is shown in
Figure 8.

An e::':a;:rﬂnatién of Figure 8 reveals that various portions of the atmosphere
are weighted di!ffe:rently in different spectral intervals.. Thus, by making a number
of 'méasurements of the spectral radiance, ranging from the strongly absorbing
band center to the weakly absorbing band wing, it is possible to recover informa-
tion on the vertical distribution of atmospheric temperatures. Because of the
considerable width of the weighting functions and their overlap, direct estimates
of temperatures obtained from the measurements tend to be highly unstable and
are sengitive to-random errors in the measurements.

Since it was first pointed out that- vertical temperature profiles could be ob~
tained from remote infrared measurements (King, 19583 Kaplarlt, 1959), much ef-
fort has been devoted to the development of techniques by which stable, physically
meaningful estimates of temperature profiles could be obtained from radiance
measurements containing random noise (Wark, 1961; King, 1964; Wark and

Fleming, 1966; Rodgers, 1966; Strand and Westwater, 1968; Conrath, 1968,

Chahine, 1968). These techniques can be divided into two general categories,
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estimation techniques whic£ employ only the radiances measured from the satel-
lite, and statistical estimation techniques which, in addition to the satellite meas-
urements, employ statistical information on the behavior of atmospheric tempera-
ture profiles.

Examples of applications of a statistical estimation technique to satellite
measurements have been given by Wark and Hillary (1969). In the examples
considered here, a nonstatistical method, based on an iterative computational
technique proposed by Chahine (1968) has been employed. In this method, the
temperature profile is represented by the temperatures T, (1 = 1, 2, ... M)
at M predetermined Manchor' levels in the atmosphere with a prescribed interpo-
lation between these levels. Each anchor level is paired with a given spectral
interval, and the temperature associated with that level is caleulated using the

algorithm

'f(vi)_— (Vi’ Ts) T (J¢.t, PS)_I
I“(vi) - B(Vi, TS) T(Vi, PS)J

B(vj’ Tin'l' 1) =

whereT " " !js the(n t1) st estimate of T;, and I" (v,) is the theofetical radi-
ance from equation (11), calculated using the nth estimate of the temperature

consisting of the T, 's interpolated between. the anchor levels with a ]_:;redeter-
mined interpolation scheme. The measured radiances used in equation (12) are
designated by 'f(ui) . In order to begin the iterative procedure, 2 ﬁrst guess at

a temperature profile is required, which, in the examples considered here, was
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taken as an isothermal atmosphere at 250°K. The procedure is iterated until the
rms difference between the caleulated and measured radiances is less than the.
estimated rms instrumental noise.

Onece the temperature profile has been calculated, it is then:possible.to use
measurements: in the water vapor absorption bands to estimate a.water. vapor
profile. Again, nonstatistical and statistical techniques have been.developed and
are described in detail elsewhere (Conrath, 1969). The nonstatistical method’
will be considered first, In this approach, a mathematical representation for
the relative humidity profile is assumed which contains N free paramters.
ay, ay, .+ . ay- When this expression is substituted into equation {11), a theoretical
expression for the radiancesI(v; ay, --. ay) in terms of the free parameters
results. Using Q measured radiances I(»,) in the water vapor absorption bands,

the free parameters are evaluated by requiring that

HEARR{AIE | (13)

be minimized. This is accomplished using a Newton-—-Rafjhson calculation. In
the examples considered here, the humidity profile was represented by a single
line segment specified by two parameters between the surface and.300 mb. A
climatological profile was employed to account.for the smalil contribution to the
radiance above 300 mb,

The surface temperature required in equation (12) and also in the humidity
estimation can be obtained in principle from the atmospheric "window' region
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near 900 cm”!. However, as noted in the previous section, there is some é,tmos—
pheric absorption in this region, primarily due to water vapor. There is also
some overlapping absorption due to water vapor in the 667 cm” 1 CQ, absorpﬁon
band, Hence, an overall iterative scheme is required for calculating the surface
temperature, the atmospheric temperature, and humidity profiles,

The method employed is shown schematically in Figure 9. A first guess is
made at temperature and humidity profiles, and an estimate is made of the ef-
fective surface temperature T, using the measurement at 900 cm™!. The effec-
tive surface temperature is defined as the temperature of a blackbody producing
the same spectral radiance as the actual surface. In general, the eifective tem-
perature of the surface can be different from the temperature of the air immedi-
ately above the 5?;-;urfa,ce, and must be treated as a separate parameter. Measure-
ments in the 66'::' cm ! CO, band are then used, along with the effective surface
temperature (assumed to be constant over the spectral re;gions employed) and
a first guess at the humidity profile, to obtain a temperature profile estimate.
This temperature profile and the effective surface temperature are then employed
along with measurements in the water vapor bands to obtain an estimate of the
water vapor profile. The procedure is iterated until the para;neters being esti~
mated change by less than a designated amount from one iteration to the ne-xt.

Figures 10 and 11 show the results of applications of the computational
scheme. outlined above to selected spectra. The central frequencies and banci;

widths of the spectral intervals employed are indicated in Table 2. The intervals

"
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Table 2

Spectral Intervals Employed in Temperature and Humidity Estimates

A Absor];mg Gas Central Frequency (cm™ 1) Bandwidth (em™ 1)

C ) 668 5

675 5

680 5

685 5

690 S

'H'c-('j.z, HZC; ) ' 695 5

700 5

T05 5

710 3

760 3

Atmospheric ]

Window . 900 40
H,0, CO,

480 40

H,0 1240 40

’ | 1360 40

employed in the temperature estimation are 5 ecm ™! wide apodized spectral resol-

ution elements. The line-by-line caleulations described above were employed

to obtain CO, transmittances in the 667 ¢m™! band, However, it was found
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necessary to introduce small modifications into the calculated tra:‘nsrr%itta_nces

at ;700 em }, 705 em™ !, and 710 em™! to bring the calculai;ed radiax;:;sés"iﬁta bét-
ter agreement with the measured radiances. This was a.ccompiished by ‘r‘i'g'{dlfr
translating the curves of 7(v, In P} versus InP along the ln P axis by appropriate
amounts. The modifications in each case resulied in an increase in atmospheric
transmittance above each atmospherie level.

The need to recalculate the water vapor transmittances frequently made the
line-by-line technique impractical for the window regions and H,O absorption
bands. Therefore, the water vapor transmittances given by Moller and Raschke
(1964) which are good for only relatively broad spectral intervals were employed,
and the IRIS measurements were integrated over corresponding intervals,

The statistical estimation technique for obtaining humidity profiles has also

been applied to selected IRIS spectra. In this approach, the relation
r = {r) + SP* (PSP* +N) ! ['f -1 (;(r))} (14)

is employed. Here r is the vecioriwhose components consist of the estimated
relative humidities at various atmospheric levels, S is the covariance matrix

for the relative humidity profile

Si; % <(1'i '(ri)) (rj B (ri>)> 15)
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The matrix P is given by

P, = — (16)

and N is the ingtrumental noise covarianee matrix. The angular brackets denote
ensemblfa ;.veraging and an asterisk denotes matrix transposition. Tis the vector
of measured radiances, and I (( r)) is the vector of radiances calculated using
the ense?mble mean bumidity profile. A detailed discussion of equation (14) is
given by Conr,ath (1969).

An example of an application of the statistical estimation technique is shown
in Figure 12. A set of selected tropical humidity profiles based on radiosonde
data taken at Guam Island was employed in calculating the covariance matrix S
and the mean relative humidities {r}. Toillustrate the usefulness of this method,
even in situations which mas.z be considered atypical with reference to the ensemble
from which the statistical parameters were derived, Figure 12 shows humidity
profiles obtained during a pass of the satellite from south to north across the
Inter-Tropical Convergence-(ITC). These data were taken off the northern coast
of Sou‘th America during the Barbados Oceanographic and Meteorological Experi-
ment (BOMEZX} in July 196 9.‘ The dry upper troposphere observed on the north
side of the ITC is confirmed by a radicsonde released by a ship in the area. Al-
th;n‘lgh the very low humidity is the upper troposphere could not be distinguished
from the complete absence of water vapor, the qualitative behavior of the change
in tile humidity px:ofile in crossing the ITC is well established.
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Thus far, only situations have been considered in which the:fiéld-of=vView of
the instrument was essentially cloud.free. However, to obtain truly global cover-
age, it is necessary to be.able fo treat the situation.in which the instrument
field~of-view is partially cloud.filled:since this will be the case most frequently
encounfered. The technique considered here for handling the cloudsj is similar
to-that suggested by.Smith (1969). In this approach, a cloud model is employed
which.assumes some fraction N of the field-of-view to be :filled"with clouds rep-
resented as-a blackbody boundary at pressure levelP_, i'adiating at‘thehloc.al at-
mospheric/temperature. Thus, it is assumed that the measured radiances can

be represented in the form
Te) = (1 -N)Lw) + NI (v,P,) (17

where I (v)is the radiance that-would be obtained in the absence of clouds, and
I.(v, P, )is the radiance that-would be obtained with.a blaci:bods}" boundary:at
levelP . It is.further assumed that the surface temperature is known.a priori
either from conventional measurements or from determinations made using-a
high spatial resolution radiometer carried on the satellite. A first estimate of
the temperature profile is made using-only the more opague spectral.intervals

in the range 668 cm {0 695 cm™! which are not as severely influenced by clouds.
This.allows estimation of.a profile down to about 150 mb, and the interpolation

is ;nade‘between'the 150 :mb level and the independently specified surface tem-

perature. This first estimate forthe.femperature profile along with thé surface
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temperature is then employed in equation (17) to obtain estimates of N and P,
using measurements in spectral intervals centered at 735 e ! and 900 cm™ L.
These cloud parameters are then used to correct the radiances in the interval
between 668 cm™ ! and 710 em™ ? to obtain an estimate of the values they would

have if the clouds were not present, i.e.,
I(v) = () + pI{v. N, P_) _ (18)
where the correction term is given by
“o1{v, N, P,) = .N[I(V) - I (v, N, Pc):l (19)

The corrected radiances are then used to obtain a new estimate of the tempera-
ture profile. This temperature profile is i:hen employed to obtain revised values
for N and P_. The procedure is iterated until N and P, change by less than
specified amounts.

Figures 13 and 14 illustrate the application of the procedure outlined above
to IRIS data.. The figures show estimates of temperature profiles from two
successive spectra taken in the vicinity of Dodge City, Kansas. Both estimates
are compared with measurements obtained from a radiosonde reieased at Dodge
City about one half hour later. In Figure 13 the sounding was obtained with an
inference of nearly clear conditions; the inference of 4% cloud cover at a very
high level could possibly have been due to the presence of thin cirrus. The esti-

mate in Figure 14 {rom the second spectrum indicated 43% cloud cover at 420 mb,
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The overall agreement of the estimate with the radiosonde data is about the same
in the two cases, The problem of estimating atmospheric temperatures in the
presence of clouds will be considered further in the discussion of atmospheric
soundings on a global basis given below. .
Unfortunately, an application of this technique to the water vapor egtimation
does not appear to give satisfactory results in most cases. The reason is that
the spectral intervals which contain information on the lower layers containing
most of the water vapor, are very sensitive to clouds, requiring large.corrections

OL(N, P_) and these corrections cannot be specified with sufficient accuracy at

the present time.

V. ATMOSPHERIC OZONE

Under most conditions, the 1042 em™! vibration-rotation band of ozone is a
conspicuous feature in the IRIS spectra (see Figure 5) a:nd can be utilized tq ob-
tain information on ozone. The problem of extracting information on ;)zone from
such spectra has been examined by Prabhakara (15)69). In that study a formulation
was developed similar fo the nonstatistical water vapor estimation fechnique des- -
cribed above. In the present study the temperature profile needed to compute the
ozone distribution is obtained from the 667 cm™ ! CO, band. A répresent;.tic;n
containing free parameters is assumed for the vertical distribution of ozone, and
the free parameters are evaluated by making a least squares fit of the theoreti-
cally ecalculated radiances to the measured radian;:es in the ozona;, band, using

the Newton-Raphson method.
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The vertical ozone distribution was represented in terms of empirical ortho-
gonal functions or characteristic patterns (Obukov, 1960; I:Idlmstr’o'm, 1963;
Mateer, 1965). The empirical orthogonal functions are calculated from ensembles
of historical ozone profiles obtained with ozone sondes. They are the eigenvectors
of the two level covariance matrix for the vertical ozone distribution. From the
resolution and noise equivalent radiance obtained in the IRIS experiment in the
region of the 1042 cm ! band, it was found that essentially only one piece of in-
formation could be derived on ozone., The single parameter derived was the ex-
pansion coefficient of-the first empirical orthogonal function. While such a rep-
resentation provides only relatively crude information on the vertical distribution
of ozone, it.does, however, permit a meaningful estimate of the total ozone.

Applications of the above technique to IRIS data has been made by Prabhakara,
et al, (1970a). In a study involving twenty-five cases for which supporting Dobson
spectrometer data existed, they found that the rms error in the total ozone amount, -
relative to the Dobson measurements, was less than 6%. It was also found that
in most cases the effects of clouds on the ozone estimation could be easily
eliminated, primarily due to the fact that th_e bulk of the ozone exists above the
atmospheric Ievels at which clouds occur, For further details on this point and
on the empirical deviation of atmospheric transmittances for the 1042 cm ™! band,
the reader is referred to Prabhakara, et al. (1970a).

Figure 15 (a) shows estimated total ozone in an atmospheric column as a

function of latitude, using data from approximately one half .of one orbit on
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April 22, 1969, The equator crossing for this pass was at 63° West Longitude.
In Figure 15 (b), temperatures estimated for the 50 mb level arxe plotted along
with the brightness temperatures derived from the window region. The large
‘spike in the total ozone amount near 40°N is obviously correlated with the mini-
mum in window brighiness temperature which.in turn is indicative of the presence
of high cold clouds. In a case such as this, the background temperature due to
the presence of the clouds is very nearly the same as the atmospheric fempera-
ture averaged over the ozone distribution so a significant absorption feature no
longer exists in the 1042 em™! region of the spectrum, and the estimate of total
ozone becomes inaccurate.

At all other latitudes there appears to be no significant correlation between
the ozone amount and the window brightness temperature with the possible exception
of the region near 80°S. There appears to be a correlation in the general trends
between the 50 mb temperatures and total ozone amount for all latitudes noxrth
of 50°S with the exception of the spurious region near 40°N already discussed.
However, no obvious correlation exists between 50°S and 80°S. The estimation
of ozone on a global scale will be considered further in the following section,
Vill. GLOBAL DISTRIBUTIONS OF TEMPERATURE AND OZONE

Although no effort was made at large scale, real time reduction of IRIS data,
global data sets have been generated for selected periods of time to agsess the
value of the techniques fo;‘ estimating atmospheric parameters on a global basis.

Figure 16 (a) shows t-he estimated temperature distribution.at the 50 mb

level for April 22, 1969, with data taken over a 24 hour period included in the
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analysis, It should be emphasize‘d that the temperature obtained for a given level
is dependent on the representation chosen for the temperature profile. In this
case the representation consisted of fixed anchor points with a linear interpolation
as described in Section VI. However, it is found tﬁat the estimated temperatures
in the Northern HenliSpilere are in good general agreement with an analysis based
on‘conventiona,l radiosonde data as shown in Figure 16 (b). Because of the scarcity
of conventional data, it was not possible to obtain meaningful comparisons over
most of the Southern Hemisphere. In addition to applications to stratospheric
studies, the remote sensing of temperature in this portion of the atmosphere is
(;f interest because of its relevance to the supersonic transport. |

The global distribution of total ozone obtained from IRIS measurements, also
for April 22, 1969, is shown in Figure 17, Again, data taken over a 24 hour peli—
iod were included in fhe analysis. Two sets of empirical orthogonal functions
were incorporated in the analysis, one from a '"low latitude" ensemble for the
region hetween 30°N and 30°S and a "high latitude” ensemble for the regions
north of 30°N and south of 30°S. There appears to be some correlation between
the 50 mb temperatur:es and the total ozone in terms of certain large scale
features. Tor example, ozone ridges over the North American continent and over
the North Atlantic Ocean correspond to ridges of higher 50 mb temperatures over
the same location, Comparisons of the ozone map with the conventional 300 mb
Northern Hemisphere chart indicate a general correlation of areas of higher
ozone amount with lo;v preésure regions and regions of lower total ozone with

/.
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pressure highs; this aspect has been examined in greater detail by Prabhakara,

et al. (1970b). It must be emphasized that the smaller scale features in the
inferred ozone distribution must be regarded with caution. For example, the
ozone spike occurring in Figure 15 (a) is located near the center of the high oZone
feature seen in Figure 17 near 40°N, and 75°W, and it is probable that the high
clouds in this region are causing some overestimation of the total ozone.

Figure 18 (a) shows temper_ature's at the 500 mb level obtained from tempera-
fure profile estimates from IRIS data in the Northern Hemisphere for July 11,
1969. Surface temperatures employed in the analysis were obtained by spatial
and temporal interpolations of the Nt;rthern Hemisphere gridded data. The inter-
polation was necessary fo obtain surface temperatures at times and locations
coincident with the satellite measurements. A linear, two dimensional spatial
interpolation was employed along with a sinusoidal time interpolation having a
two hour phase lag with respect to local noon.

In the anglysis, spectra were sampled at approximately 5° intervals in latitude
along each'satellite pass. This resulted in 171 soundings spread over a 24 hour
period centered on 1200 GMT. In performing each sounding, a decision was made
first on whether or not the instrumental field-of-view contained ¢louds. This
was done by comparing the brightness temperature at 900 ecm™ ! with the surface
temperature interpolated from the gridded data. If the brightness temperature
was colder than the surface temperature by more than 5°K, it was assumed that

the spectral measurements were cloud contaminated, and the sounding was
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performed using the two parameter cloud model described in Section VI. Other-
wise, the sounding was performed under the assumption that the entire field-
of-view was clear. In the sample considered here, 49 cases were judged-clear.

An analysis of the 500 mb temperature field based on 1200 GMT radiosonde
data is shown in Figure 18 (b). Despite the fact that part of the satelliie derived
soundings were as much as 12 hours away from the radiosonde data in time, the
major features of the two analyses appear to be in general agreement.

For 55 of the soundings, comparisons were made with the clogest individual
radiosonde. These comparisons indicate a mean error of the 500 mb tempera-
ture estimates with respect to the radiosonde values of -1.3°K and an rms exrror
of 2.4°K. These results are admittedly crude, considering the fact that many of
the comparisons are poorly correlated. in space and time. However, they are

indicative of an upper limit on the errors involved.

IX., SURFACE EMISSIVITY EFFECTS

The possiblity of using the characteristics of the spectral emissivity of the
surface for remote identification of surface composition is of considerable interest
for earth resources applications. For this purpose, it is necessary to use at-
mospheric 'windows' which exist, for exampale, in the 800 to 1200 cm™ ! region.
Some minerals exhibit the phenomenon of reststrahlen in this spectral interval

(Aronson, et al. 1967; Hovis,1966; Hovis, et al. 1968; Hunt and Vincent, 1968;

Lyon, 1965). Laboratory measurements show a correlation of the location of
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the reststrahlen peaks in the spectral reflectance curves of various silicate bear-
ing minerals with their 8iO, content. The peak varies from 900 to 1180 cm” 1 with
those samples having the most $i0, peaking at higher wave numbers.

To ascertain if the IRIS data show surface emisgivity effects, the 800 to
1200 ¢m” ! region of selected spectra are examined. It was necessary to select
cases for which the instrumental field-of-view was cloud free and filled by a
reasonably homogeneous surface.

Figure 19 shows spectra obtained for two cases of this type on the same or-
hit. In order to more easily show surface emissivity effects in the window region,
the spectra have been plotted in terms of brightness temperature which is defined
as the temperature required of a blackbody to produce the observed radiance at
a given location in the spectrum.

Spectrum (a) was taken over southern Egypt, while (b) was taken over the
Mediterranean Sea. The much warmer surface temperature over the land is
responsible for the higher general level of the brightness temperatures in the
window region in the spectrum taken over Egypt, compared to that taken over
water. The differences observed in the various atmospheric absorption bands
can be accounted for by differences in the atmospheric tempexrature, water vapor,
and ozone profiles, as well as-the surface temperature differences.

Of significance for the problem of surface emissivity is the relative behavior
of the brightness temperatures in the window regions on either side of the 1042 cm™1

ozone band. In the spectrum taken over water, the envelopes of brightness
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temperature on each side of the ozone band are about the same-level. The spec-
trum taken over Egypt, however, shows a different behavior with the envelope of
brightness temperatures on the high wave number side of the ozone band being
about 10°K lower than that on the low wave number side. This is consgistent with
a surface emissivity varying with wave number, having relatively low values on .
the high wave number side of the ozone band. To explicitly obtain the spectral
emissivity of the surface, it would be necessary to remove the atmospheric ef-
fects. In general, this is difficult to do with sufficient precigion, and a more ac-
curate specification of atmospheric parameters than was available in the case
considered here is required. However, it is possible fo note the general trend
of the emissivity curve which indicates the minimum emissivity occurs at wave
numbers smaller than 1100 em™ !, possibly being masked by the ozone band. This
would indicate an intermediate SiO, content.

This example indicates that, at least under conditions of sufficient homogeneity
within the field-of-view, surface spectral emissivity effects can be detected.
These effects, while potentially useful _for surface studies, can cause problems
in the estimation of atmospheric structure. This is due to the fact that the effec~
tive brightness temperature for the surface inferred in a window region can lead
to erroneous estimates when used in estimating atmospheric temperatures, water
vapor or ozone in other spectral regions. However, this problem will probably
be restricted to limited geographic locations, such as deserts, and will not be

significant over water and vegetated land.
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X. SUMMARY

The Nimbus 3 IRIS experiment has demonstrated the feasibility of obtaining
high quality infrared spectra from a satellite on a global basis, covering a broad
spectral range with a resolution equivalent to & cm™ !. Both the radiometric pre-~
cision and accuracy of the measurements are sufficiently good to permit their
use in the analysis and testing of atmospheric radiative transfer models and
remote sensing techniques.

The comparison of an observed spectrum with a spectrum syn’shesi:/:.ed,I using
near simultaneous radiosonde data and line-by-line integration tec}'miques, indi-
cates that the thermal emission spectrum of 'the earth and atmosphere can be
well represented theoretically over large portions of the spectrum between 400
and 1500 cm™1, In additiop to the numerous épectral features due to CO,, H,0,
and O,, the 1306 em ! band of CH 4 has been observed, but no features due to
other minor atmospheric constituents have yet been positively identified. A
limiting factor in comparisons of this type is the need to specify with a high de-
gree of precision the atmospheric temperaturss and the vertical distributions of
optically active gases within the field-of-view at the time the spectrum is taken.
It is necessary to have in situ measurements which are nearly simultaneous in
space and time in a region which is homogeneous over an area the size of the
instrumental field-of-view. Such coﬁditions are difficult fo obtain, particularly
with respect to water vapor, which is highly variable spatially and temporally.

The usefulness of the data from the IRIS experiment for obtaining remote

soundings of atmospheric temperature, water vapor, and ozone was demonstrated
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by applications of radiometric inversion techniques to selected data samples. A
nonstatistical tecfmique wag employed for estimating temperature profiles along
with both statistical and nonstatistical methods for obtaining humidity profiles.
Comparisons with.individual radiosondes:indicate useful temperature profiles
can be obtained under both clear and cloudy conditions. The most -severe limita-
tion of the temperature estimation-technigue is the necessity for an independent
specification of the surface temperature in order to obtain results under cloudy
conditions. The techniques employed here were found fo give good water vapor
estimates in the lower troposphere only under essentially cloud free conditions.

It has been found that while measurements in the 1042 em™ ! band yields
only crude information on the vertical distribution of ozone, the inferred total
ozone in an atmospheric column is in good agreement with Dobson spectrophotom-
eter meagurements. The influence of clouds on the total ozone determination ap-
pears to be slight except under special circumstances when the cloud temperature
is nearly the same as the atmospheric temperature averaged over the ozone
distribution. The ozone, as well as the water-vapor determination, also becomes
inaccurate when the atmosphere is nearly isothermal as sometimes occurs in the
winter polar regions.

While no operational application was intended for IRIS data, temperature pro-
files and total ozone amounts have been obtained on a global basis for selected
days. An analysis of temperatures for 500 mb in the Northern Hemisphere,

based on IRIS data, compares-favorably with a similar analysis using conventional
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radiosondes within the limits imposed by the time smearing of the satellite data.
The total ozone amount could not be compared directly with conventional ozone
data because of the sparce coverage of the latter. However, éomparison with a ~
conventional 300 mb height map indicates correlations with pressure height
features. |

The space and time distribution of the obtained temperature and humidity
profiles should make this body of data useful for tests of numerical circulation
models as well as for the planning of future programs of atmospheric research,
such as GARP, for example.

Examination of spectra from selected geographic locations has revealed
suriace emissivity effects in the atmospheric window region. Spectra taken over
southern Egypt show that the brightness temperature on the high wave number’
gide of the 1042 cm™! O, band decreases by as much as 10°K relative to the; bright-
ness temperature on the low wave number side. While it is not possible to re-
move the atmospheric effects and derive the surface emissivity explicity, in the
example considered, it is possible to infer the qualitative behavior of the depend-
ence of emissivity on wave number. While the observed emissivity effects may
be of value for surface studies, they can cause problems in remote atmospheric
sounding over land areas devoid of vegetation, such as deserts.

The analyses of IRIS Nimbus 8 data presented here are by no means exhaustive.
However, they do represent an attempt to apply these data to some of the funda-
mental problems of remote sensing and to illustrate potential uses of data of

this type.
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The 50 mb temperatures were obtained from temperature profile estimates, using measure-
ments in the 667 cm™1 C02 band.
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Figure 16a.

1969,

The map is based on data aquired over a 24-hour period on April 22,
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Figure 16b. + Northern Hemisphere distribution of 50 mb temperatures based on conventional
radiosonde data taken at 1200 GMT on April 22, 1969.
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Figure 17. Global map of total ozone in an atmospheric column derived from measurements in thée 1042 em ™! band,
The map is based on data acquired during a 24-hour period on April 22, 1969. Theunits employedare 10 3em NTP.
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Figure 18. (a) Distribution of temperature in the Northern.Hemisphere for the 500 mb level obtained from satellite data
over a 24-hour period on July 11,1969, (b) Distribution of temperature in the Nothern Hemisphere for the 500 mb level
based on radiosonde data acquired at 1200 GMT on July 11, 1969.
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Figure 19, Spectra illustrating the effects of the reststrahlen phenomenon acquired (a) over southern Egypt and (b) over
the Mediterranean Sea. The spectra are expressed in terms of brightness temperature. Spectrum (a) shows lower bright-
ness temperatures in the window region on the high wave number side of the 1042 cm™! ozone band compared with the
window region on the low wave number side while spectrum (b) shows essentially the same brightness temperatures on
either side of the ozone band.



