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Abstract

With a tentative inclination. to copvtplexity, approximation and limitation aspects the process
of temperature profile determination in cloudless conditions, effect of ‘a priori® statistical constraint
in improving the vertical resolution, reduction of retrieval problem into Fredholm linear integral
equation of first kind and its solution using regressicn method, and comparison of retrieved profile
with radiosonde-rocketsonde data have been discussed. Effect of spatially correlated errors and
observation density towards limitations of satellite-based radiance measurements and the newly
reported technique of channel differencing towards increasing vertical resolution of temperature measure-
ments have been discussed. Methods of obtaining temperature profiles in the presence of clouds
using single field and multiple field of views have been presented. The practices of accounting for
geographical imposition of high terrain and the effect of hot terrain and a brief mention of effect
of aerosols have been covered. A very short account of microwave remote temperature measurements,
in order to attend to the efforts made in this direction, has also been included.

Key words: Infrared satellite temperature profile measurements, Clouds and remote temperature
profile measurements.

1. Introduction

Kaplan® first expressed the possibility of exploiting the 15 um CO, band for the passive

remote measurement of atmospheric temperature proﬁl.e. The_ uncertamtfes, approxi-
mations, and limitations of remote temperature estimation phySI{?S KDL Iger MOURCIYE
Value estimation which effect the profile retrievals have been discussed ﬁl'i\y the:‘ azilil:;
I Part §. In this part, the author will deal wifh the temqera;ufried?;o -.:,:1 t ZS ;:ysical
aspect. In retrieving profile information. the bas;c problgfnhlst : dzsirffi caramieter of
I:t‘tlati-::ﬁn*s.hip relating uniquely the measured rac':hances e 'eed by measurement of
'Blerest, f.e., a function f (x), say temperature. 1S tq be detz::;ll:e A e e
another function g (»), say radiance. while there exists no rgtrievine the atmospheric
Xand p. Since the basic methods which could be used md'anc - measurements have
mperature and composition information from remote radi

' o into the details
been recently reviewed by Rodgers?, the author does not wish to & -
) 9
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of that aspect of the problem again but will only deal with one of t
used method of temperature profile estimation in order to discuss the physical I:....
tations involved. To deal with thc realistic problem, retrieving of infogn:cil h@.
cloudy environment, the cffects of high terrain, hot terrain and aerosols h:vmn .
discussed. In the last the author has deviated from the main theme in submitet‘been
very short account of microwave remote temperature measurements just to an::kmg a
ledge the attempts made in this direction. el

2. Determination of temperature profile in cloudiess conditions

The radiative transfer equation for space-based passive remote sensing could be written
as

[(,0) =B[n Tl 7 (30,0 — [ By, T 220 0)

where I (v, 0) refers to observed radiance at an inclination 0 to the vertical in channel
corresponding to central frequency v, B[v, T (x,)] and 7 (v, x,, 8) refer to Planck black
body function and transmission function corresponding to lower boundary radiation
x is a single valued function of pressure and the integration from 0 to x, covers the
whole atmosphere from surface (x) to satellite level. T (x,) thus refers to surface
temperature. Within the integral sign the B [v, T (x)] and dr (v, x, 0)/dx are the Planck
black body function and weighting function respectively. The first and second terms
of eqn. (1) represent the radiation contributions from surface and intervening
atmosphere respectively. The various physical approximations and limitations involved
in arriving at the equation have been discussed by the author i Part I.

Radiance measurements are made in different channels of emission band. Different
workers choosing different infrared spectral regions and different measurement tech-
niques such as selective chopper radiometer (Houghton and Smith®; Barnett erai.f:
Ellis et al5) for lower levels and pressure modulator radiometer (Houghton® ; Curlis
et al”) for upper levels have contributed to the measurement of temperature w:tif
satellite.  In addition, the technique, of limb radiance measurements (Gille ef al®:
Gille®) and various microwave region measurement techniques are being used by
different workers. Based on limb scanning technique, the limb scanning pl"é'{ssufe
modulator radiometer (Rodgers'®) and the limb scanning radiometer (Russel™) will be
flown in Nimbus G scheduled for launch in 1978.

Besides being nonlinear, the retrieval problem is under constrained and 1t 1S dlfiﬁC”:
to find a unique solution profile from radiance measurements because of mm-r.uuf:]uto
ness in the observed radiance arising out of noise in physical lneasuremfents and du:;ue
ill-posed nature of the problem and for this reason the problem of extracting temr{ﬂ‘f:ﬁon
profile from satellite radiance measurements is normally tackled as an estuma:
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indirect constraints
Some arbitrary

blem by statistical and nonstatistical methods
pro rder to get a solution profile whose error
in Otraints* generally a minimization
T:’ Tmy be mentioned here that even j

by putting direct or
bounds are finite.

constraint, are used in nonstatistical methods.

f f.(", 0) is completely known as function of v
the integral eqn. (1) does not have an unique solution (Courant and Hilbert'2),

4 constraint is jyst to say'something ‘about the unknown profile and j
yalent to imposing a ve'rtlcal resolution on t!me solution comparable
weighting function and it could be done using - statistical
Twomey-Tikhonove method, linear representation

The author proposes to di§cuss here the .witflely used regression method, where climatc.-
logical or forecast profile is used 5}5 a priori constraint, f?r.temper:atuFe profile relrie\fal
from radiance measurements at dlscreFe levels. The statistics Whl‘Ch 1s based on radio-
sonde or rocketsonde data cpuld ’F:e either r+egarde€l as 4 constraint or an extra set of
observations of high resolution with a re’latwely hlgh noise. Whether the inclusion
of a priori statistics could improve the.vertlcal resolu_tlon of remote temperature n::asu.re-
ment has been discussed, on the bz!sm of a numerlcal.e'xperlment, by Rodgers using
Backus and Gilbert!* method. Th:s: metl}od_ was onginal'ly developed for ren'fote
sounding of solid earth structure using SeiSmic waves. It is a compromise tetween
resolution and noise and refers to the estuna}lon w1thput priori .1crllf]c:rm?uon: . .As
the statistical data used are available at discrete points the T th of wergf t::g
function corresponding to these are taken to be equal to tde (?:pacmg]e Ohei ht::
ints. Rodgers'® plotted trade-off diagrams between the spread (in sca ‘heig
PU% énd noise (in ° K unit) to see whether the linear combination of welghta.ng
;”ll?rictions derived using Backus-Gilbert method ca::-uh:lt ber i iziiewe?;;zﬁze;;n:t?;iz
in turn will improve the vertical resolution, as C'GmPMEd EODE ” measureTtl Y
- : f statistics. Assuming the ideal con{.htio‘ns or measu - ,
by the mc'lusu:)n 0 ere plotted for exclusive linear combination of ?’Elghlilng uncuonli,
;rade-of?' qlangs :n:;l t%r 2 combination of both usir{.g a]gel_)ra given u;. Con]ratih 1
or statistics only, lotted for two situations simulating climatologica
These trade-off diagrams were plo Thadiagrams depicts substantia improve-
statistics and the statistics of forecast error. a;-,f taatistics iustifying the use of “a priori
ment in decreasing the spread by the inclusion ol s

statistics as constraint.

S usually equi-
(o the width of

profile, forecast profile,
method and discretization method.

: ‘ icts the varia-
- shtine functions, Fig. 1 depic ,
: f peak of weighting . | centering at
' C{;T:ics/l:!ondlnﬁ t{; t:?;;;;lﬂf? xl:?th pressure in the window chanfe
tion of dr/dx, wher ’

- : -1,.701-0
, -1 734-0 cm™, 709-0 cm™, ‘
899-0 cm-! and seven channels, centered at 730 02‘01“5‘ um carbon dioxide band used in

eml, 6920 cm-?, 679-8 cm™ and 668:7 cm™, The technique of deriving

' . . |
_B) experimen . riving
SIRS-B (Satellite Infrared Spectrometer )' e, i yois e
file from measurements at discre
temperature profile fro

iscrete levels
: ured only at discrete
: - llite experiments 7(, 0) is meas nential a little error in the
o eqn. (1). Since In 53‘;3 :gndence on temperature is €xpo
and the Planck function dep

' f tempe-
' termined value o
lead to large errors i the d‘i s andbplf g
measurement of 7 (v, 0-) m?yn oF Lemperature orofile requi
fature, Thus the estumatio
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Fig. 1. Derivative of transmitiance with respect to x(p) o p*'" (after Smith eral. 19).

transmittance function, weighting function and surface temperature. Equation (1)
could be rewritten as

f B[y, T(x)] 41(35-’- Ve =1 (v, 0) — B[y, T(x)} 7 (v, X, 0). (2)
o

On the right hand side of eqn. (2), 7/ (v, 0) is the radiance measured by satellite and
the value for second term could be estimated from window channel measurements &
discussed in Part I under the head ‘ measurement of surface temperature’. The
integral on the left hand side of eqn. (2) has Planck function which is nonlinear both
in frequency and temperature, the degree of dependency on v (frequency or Wave
number as it will involve only the change in the values of constants C; and G of Planck
function) in a narrow spectral interval in the infrared region being less as compared
to that on the temperature ‘ 7°. To reduce the eqn. (2) in the Fredholm linear integrffl
equation of the first kind, the nonlinearity of B[v, T(x)] in 7 needs to be approXi-
mated. Taking advantage of the conservative nature of the atmosphere, the magnt

tude of the problem of determining temperature profile 7 (x) could be reduced 10

the problem of determining deviations from climatic profile 7 (x) (or from the
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corecast profile, if available) which becomes N

. e o necessary i
qanction nonhnearity in 7T in linear form 2Ty In order to approximate Planck

Defining

hi(x) =T(x)— T (x)
(3)

as the deviation of the actual profile fro _ |
m climatic profile, th
. the Planck function

B[, T(x)] could be approximated by expandin

s shown in eqn. (4) g it about a reference profile 7 (x)

4 terms of higher orders.
4)

Retainiing fm]y first two tern_m on the right hand side of eqn. (4) towards a linear
approximation of Planck function B[v, T (x)] and substituting this to eqn. (2), we get

Ty

dB % 7_" ; d‘l" AN
f [‘d—r' (X)) d7 (;: 9 I (x) dx

O

— T(n.0) — Bv. T(x)] = (v, Xg. 0) — f B[v. T(x)] "’(‘;}j B 5. )

The third term on the right hand side of eqn. (5) could also be estimated using climatic
temperature profile thus reducing the whole of the right hand side to a known quantity

r(r,0) = I(v,0) — B[v. T(xy)} 7 (¥, Xe, ()

— [ B T il D ax. (6)

The first two terms on the left hand side of eqn. (5) could be written as

T dr (v, x. 0) 2
TR ™

Thus under the notations mentioned

Where K (v, x) is known as the kernal function.

in eqns. (6) and (7) the eqn. (5) reduces 10
(8)

jnk [v, x] & (x) dx = r (v, 0).

first kind having r (v, 0)

ation of the ,
g tabular form. Ths equa-

tegral € ki
{ function 10

Equation (8) is a Fredholm linear in
the kerna

Yalues avajlable at discrete levels and
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tion is difficult to be solved by analytical methods and is thus solved b :
methods. The numerical solving of eqn. (8) using power polynomials is prifenumencal
the use of trignometric-, rational-, exponential-, hyperbolic-, rred over

_ AL and logarithmi :
for the reason that differentiation and integration of power polynomials wc Tuaetion

rise to different functions and will simply change the degree of the polynomial ang

value of the coefficients. According to Weierstrass’s theorem any arbitrar an thF
nuous function, irrespective of its pathology, in a finite interval could always be); cont!-
mated over the whole range of interval as closely as desired by a power polynogﬂ?x]}
sufficiently high degree. The integral is approximated using quadrature techp; u:
by dividing the integration interval into (N + 1) intervals which may or may no‘tlbz

equally spaced. Thus eqn. (8) using quadrature method (Fritz er al.’%) could be redyced
to

ill not gie

N
r, = 93 O)jk (Ve xj) ,f;ij (9)
j=1
where w; are the quadrature weights for particular values of function h (x,), briefly
h,, with abscissae x;, Here j=1,2,3,...,Nand i=1, 2, 3, ..., M, M being the
number of levels from which satellite receives the radiance. Putting a,; = w, k (v;, x;) Ax,
eqn. (9) reduces to

N
ri= 2, aijhi
i=1

or [r] = [4] [#] in matrix notation.

The nature of a;; is mainly determined from the weighting functions which occur in the
overlapping form resulting in the ill-conditioning of matrix [4] for inversion making
direct solution for [A#] impracticable. The near linear dependence of its adjacent rows
and columns results in the ill-conditioning of matrix [4] for inversion making direct
solution for [#] impracticable as the solution ‘ /#* does not depend continuously on the
data function ‘r’. Due to continuous nature of integral operator [4] which may
contain a cluster of small eigenvalues the attempt to solve the system directly may
lead to wildly oscillating solutions (Miller'?). It may be noted that in equation (8) only
those matching values of r (v, 0) which lie in the range of k (v, x) will be taken caré of
and also the kernal function k (v, x) smoothes out, the degree of which depends on
the kernals’ nature, the roughness and discontinuities of 4 (x). Mille:'? has overviewfr_d
the subject of Fredholm integral equations of first kind, a problem of much academic
interest and mathematical elegance which has been dealt with by Twomey™, Strand
and Westwater'® 20, Westwater and Strand?!, Wahba?2, Strand?*® and many other
workers of which a brief account also occurs in Colin®.

Regression method of analysis

. x . . . : To)t!
As discussed in Part I there are enough approximations invoived in the fc'm}ulatt;{jml
of weighting and transmittance functions besides the difficulties relating to callbfj 1
and measurement biases and under su¢h ¢ircumstances the regression metho
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extracting temperature profile from radiance measurements

' ; at dis
very useful as ch?ared Lo nverse matrix and direct methodscreﬁl level‘:‘: becomes
temperaturc pr_ohle rom measurements of radiance at discrete 1 1 i dgrwatlon of
on the following reasonings: evels 1s physically based

1) Pue ol ll}e sha;?e and overlapping of weighting functions the radi :
n .9: .partlcular mter_wa! will have radiance contribution fro ra }llance recewgd
addition to the main radiance contribution correspondin IT: {:L "-‘fl levels in
the particular weighting function has its peak. Thus thf:g ir(:forniatie;;l :‘131;;:

temperature of other levels is also present i i
; - n the radiance measured i :
cular interval. asured In a parti-

(ii) Si.nce any one level in the atmosphere is physically as well as radiatively linked
with other distant levels in the atmosphere there will also be reflection of tempe-
rature of other levels in the measurement of radiance in a particular interval

Due to above cited reasoning the temperature at a particular level could be statistically
related to radiances measured in all the spectral intervals (Fritz et al.’%). To utilize
this concept towards the formulation of a transfer matrix for generating profile of 4 (x)
out of measurements of radiance r, (i = 1,23, ... M) following information is to be
gathered.

(i) Satellite radiance measurement r; for M levels, i.e., i = 1,2,3, ..., M,

(i) Radiosonde and rocketsonde measurements, coincident in space and time,
say for N levels. Here the encountered problems of geographical registration
and objective interpolation will be affecting the accuracy of the method.

Taking a large number of pairs of such data, say L, we can definea matrix for A (x) and
r(v,0) as

H=[hﬂc]rj= |‘2~3,___,N; k=1,2,3, i« ey

and
R=[r{k]5=l,2,3,...,M; ke 1.2 8 v i

rmation matrix such that H = CR. The matrix C is esti-

Let C = [¢,] be the transfo . |
minimizing the Euclidean distance

mated in the least square sense by

N, L M - (|0)
B(C)= 3 (ha— 2 Cula)™
k=1 =1
Equation (10) could also be written as
&(C) — Trace [(H — CR)(H — CR)T]-
Applying condition dé (C) _ ¢, one gets
ac (1)

C = HRT (RRT).
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The transformation matrix arrived in this way using data of a zone will be va:

that zone only and over the ocean for the reasons of paucity of convent; valid fo,
leaves scope for continuous editing with more and more data. For 0?;1 data jt
exist (RRT) should not be a singular matrix, i.e., the determinant of (RRT) shRT)ﬁl to
vanush which in turn requires that L should be much larger than M. Oice. 4 l‘:uld not
formation matrix for a particular place is determined the h (x) profile cap € trans.
lated using observed radiance measurements. € calcy.

Since
h(x)=T(x) — T (x)

T(x) = T(x) + h(x).

Thus knowing # (x) and adding it to already used climatic profile T (x) will give the
desired temperature profile. The use of forecast profile in place of climatic profile
will improve the estimate.

It is necessary to mention here that satellite temperature measurements are over
a wide area while radiosonde measurements are along specific trajectory and thus
it is natural to encounter random errors while comparing retrieved temperature profiles
with nearly coincident radiosonde profiles. However, trends are often found in these
random discrepancies which could be due to systematic errors in measurements, in
calibration, in retrieval procedure, in estimated atmospheric transmittance values, and
also due to inherent limitations in accounting for the effects of clouds (discussed
later). Jastrow and Halem2® and Wark? considering the cause for these trends in
the atmospheric transmittance estimation errors attempted the problem by empirically
adjusting the atmospheric transmittance values and have achieved limited success.
As the systematic errors could arise due to various reasons, Weinreb and Fleming®
attempted the problem by doing empirical adjustments to clear column radiances and
found that their method combined with the method of transmittance adjustments
could result in better improvement of temperature profile derived from Vertical Tempe-
rature Profile Radiometer (VTPR) measurements. They conclude that radfance
adjustments are more effective than transmittance adjustments in improving retrieved
profiles though radiance adjustments alone were not able to effect much improvemgnt-
The vertical resolution of retrieved temperature profile could be improved by decreasii
the width of the weighting function. Recently Fleming®® has discussed the reduction
of this width by the process of channel differencing. In the radiative transfer equation
the radiance received at satellite (I) after its scaling to a fixed reference wave number
could be written as

7, = B, [T (xg)] 7 (xo) — f B, [T ()] "”(}f‘) e
¢
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suffix i = 1,2, ..., N refer ; 261
where e S 10 spectral interyals, Integrati |
py parts one g¢ grating the above equation

= ), {{Br [T(*\‘)

Iy = 5,101 - f dv '_] 7 (x) dx

as 7, (0)=1. In this equation the lower boundary term has disa

for two channels /= 2j+ 1 and i = 2j, the difference of ppeared. Now say

scaled radiance will be

Toy1 — ;Ef = f [721:1 (X) — 75, (X)) qB’E!____T ()] dx
Y
¢

or
(1= K, (0 g (x) dx
where
A Ty =10 K () = [rggen (X) — 74 (%))
and

dB, [T (x)]
dx

g(x) =

.1, could be experimentally obtained by chopping between pairs of channels. The
channel differencing method reduces the weighting function width by 20%, does not
involve surface boundary term and removes the systematic errors by virtue of diffe-
rencing operation. The equation describing Al could be solved for g (x) and 1n turn
for Planck function profile by integration method from which temperature profile
could be derived. Fleming has also discussed the matrix method and has compared,
undertaking simulation studies, these two types of solutions involving -channcl ‘dtﬂ‘e-
rencing with the information derived without channel differencing by minimum infor-
mation solution. He has studied the RMS error of these method.s for !evels from
1000 mb to 10 mb. The RMS error of solutions involving channel’dtﬂ’erencmg method
Was consistently higher than that of minimum infomation solution. -Tlcmle caus;;.-::
such negative result could be traced in the decreased signal to noise ratio aue t‘; ' 2
rencing operation and further in the increase of R.M‘S value r?f randt;m no:rseth : t\“/m
factor in differenced radiance as compared to intzlwldual radlgnce.l ;n?:: bl
solutions for channel differencing the matrix solution was consistently b€

: - ; £ derivative solution f (x)
Mtegr . ter method integration O v
et mehod. heouns: in W6 PUS hich is assigned by a prior temperature at

= dB/dx needs fi tion W ;

constant of mmtegra LT, t the entire
One point in the atmosphere and the error 1n It will propaglr::te tlﬁ:ihiiise B
profije, Additionally the integration process will smoothen the ra
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tion profile and also the realistic fine structure in temperature profile,

tion, matrix for differencing case has been more ill-conditioned as Co
for non-differencing case. The differencing approach, though

better vertical resolution, 1s not able to contribute due to limita
tion and reduced signal to noise ratio.

in matrix Solu.
> Compared to fhy,
ermpally could give
tions involved ip Solu-

Prabhakara er al.*® have analysed the Nimbus 4 IRIS data for the period from
April 1970 to January 1971 and have discussed the stratospheric thermal structure,
Examining mean global distribution of satellite-derived stratospheric temperatures
for April, July, October and December 1970, they found that though large scale features
in temperature field alongwith their seasonal variations could be more or less repro-
duced, the sharp temperature minimum near 100 mb over tropical latitudes could not
be reproduced. They further found that both radiosonde and satellite measurements
have shown nearly isothermal structure between 100 and 30 mb levels over high lati-
tudes during winter and spring. An excess of estimation by 10° K over tropical lati-
tudes and lower values at 100 mb level and higher values at 10 mb level over high
latitudes (Northern Hemisphere) were observed when retrieved temperatures were
compared with radiosonde observations. Besides the errors arising out of objective
procedure for specifying the initial guess of temperature profile, the errors in the cali-
bration procedure could contribute to some extent for the observed systematic errors.
The northeast to southwest tilt in northern hemisphere and northwest to southeast
tiit in southern hemisphere in the ridges and troughs of the standing waves on constant
pressure surfaces, necessary for poleward transport of heat, were observed i satellite
temperature maps. They found that the position and tilt of standing waves and their
westward slope with height while going upward from 100 to 10 mb level had reasox_lable
agreement with climatology. They further observed that the diminishing_of ampl!tude
of large scale standing waves with height in between 100 and 10 mb levels in the r_mddle
and high latitudes was found to be more rapid than what could be suggested by chmat.o-
logy. Recently Horn et al.* have also intercompared the data derived fr'on} satellite
radiance measurements with rawinsonde observations and initialized Limited Area
Fine Mesh (LFM) model fields.

The Global Atmospheric Research Program (GARP3!) has laid down the + | f
and 500 km as the resolution requirements for temperature measqrements. Sater
lite-based temperature measurements are unable to provide the specnfned accuracy -‘i
+ 1°C and it is argued that the enormous coverage provided by Satelh‘te-t?ased temlpke
rature measurements will be able to compensate the accuracy Iimltatfon. Unlt
radiosonde observations where errors used to be random and mutually lndepegfcin‘
systematic errors due to the presence of large scale cloud Patternsicogld get reCh "
in the satellite-derived temperature soundings. Following Gandin® HPPfoars Sl
formulating equation for spatially correlated and unbiased measurement .er];O it
extending Alaka and Elvander3% 3 method to include the effects of F)ll‘a‘fltl‘.ally corre-
lated errors, Bergman and Bonner3 numerically studied the effects af .spatlf:l tylocated
lated errors and of observation density on the error of analysis for analysis poit




p (5) = exp (= K, S%)

where g, 1s the spatial correlation between the ith and jth points ;

by a distance “*STin k, and is equal to 1-56 x IO-Bkazpm;ts In space separated
assumed the validity of this functional relationship with the :s,a ergman and Bonner
spatial correlation of | 2-hour forecast temperature errors Comn;i.value‘ for k, for the
rature profile data obtained by statistical regression n';ethod PWi::gt:hmbus 5 tempe-
cross-sections based on radiosonde data representing three synoptic s;tee l.1and-drawn
man and Bonner arrived at the following analytical expression towafdsuztm‘}sal - Berg-
iations for Nimbus 5 satellite observational errors for temperature patial corre-

p; = exp (— 8k, S%).

Considering this observation they modelled the spatial correlation error p,; as

pi; = €xp (— kpS?)

where K, assumeﬁd values equal to k,, ‘Sk‘u and infinity.  Assuming k, = k, means same
spau‘al correlation value for satellite temperature €rror and forecast error (may be
applicable to the data retrieval case where forecast profile is used as a constraint).
Assuming k, = Sk# and k, = co mean the spatial correlation observed in Nimbus 5
data using rawinsonde analysis, no spatial correlation of observational errors respec-
tively. The eflect of observational density was studied by varying the spacings in
between the grid points for 100 to 1,600 km. Figs. 2, 3, and 4 depict the variation of
normalised analysis error (o,) as 2 function of ¢ ', the distance between the grid points
in km, with three model values of X, for the three cases corresponding to o, = 0-25,
0-5and 1-0, o, being the normalised observational errofr. In all these figures the curve
component of analysis error which arises due to the spatial interpolation of the obser-
vations to the grid point. Curves marked * B’ in these figures TFPI‘ES?H'-' the case 0?
random independent errors while the curves marked ¢ C* and D_ depict the cases O
' ked * A it could be inferred that analysis
spatially correlated errors. From curves marke .
; g - f observations I negligible for h < 400 km.
error resulting from spatial interpolation © obs
: i lysis error is more for k, = k, than for
The curves show that the magmtude of analysl P #

' spatial correlation. The analysis
A o 2 the Torme represer” gt ke pb rvation is less as compared
error for k, = oo representing spatially independent 0DSE

ial interpola-
to that for spatially correlated erfors- It could further be seznotl:lsz:tr :f::;il whils e
tion contribution to analysis €rrof is much for widely space

‘huti .« error is from the
Closely spaced observations the primar_y contribution 10 analysis
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FiG. 2. Normalized  standard deviation analysis error ¢, as a function of observational spacing
h for o, =0 and fer three cases where o, = 0-25. The curve kp = oo applies to uncorrelated

observational errors (after Bergman and Bonner?3).
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Fic. 3. Normalized standard deviation of analysis error o, as a function of r
h for g, = 0 and for the cases where 6, = 0:5. The curve kp = 00 applies to uncorrelated 0

¢rrors (after Bergman and Bonner?3),

observational sp?clﬂs
bservation
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Fig. 4. Normalized standard dcviation of analysis error ¢, as a function of observational spacing

hfor g, = 0 and for the cases where o, = 1-00. The curve for kp == oo applies to uncorrelated obser-
vational errors (after Bergman and Bonner3S).

observational errors. Bergman and Bonner conclude that increasing the density of
observations beyond a spacing of 400 km will not yield any substantial improvement
in the temperature analysis which uses satellite-based measurements. Gandin ef al.%
also carried out similar studies for geopotential height using a triangular observation
network having observations at its vertices and the analysis point at its centre. Referring
to Gandin er al., Bergman and Bonner3® also conclude, as Gandin et al. have con-
cluded, that in order to get information content comparable to that of rawinsonde the
observational errors for satellite-based measurements should be smaller.,

3. Methods of solution for profile determination in the presence of ciouds

(@) Genergl considerations

Presence of clouds in the field of view
Infrared radiations. The opaqueness of cloud
Particle distribution (if ice phase is present) an
"Side the clouds while the cloud contribution to
the cloug structure and top surface characterisngs W
“alurated water vapour as these will be responsible
Since: clouds beside being of different microphysical

because clouds absorb

depends upon the droplet spectium, ice
d saturated water vapour charactenistics
e observed radiance deper'lds on
hich involve water drops, ice and
for emission from the cloud top.
and dynamical Structures possess

creates complexity
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different vertical extent to horizontal extent ratios with tops emerging at dif
altitudes the problem of determining opacity of cloud to radiations emerging ;rent
atmosphere below cloud bottom including earth surface becomes a tedioys job Sfol.rl
larly the determination of emissivity of cloud top is also a difficult problem_ ll;clu;[.nl-
of all these characteristics n the analysis will mean involving more unknown alou
meters than the number of independent information available from presentpdr:-
measurements with satellite. Based on the experiinental study of the transfer 0{'
infrared radiation through stratus clouds, Kuhn e al® developed a simple mode] for
transfer of infrared radiations through clouds. Besides the lack of Proper under.
standing of infrared radiative transfer through clouds, the presence of different types of
clouds as discussed earlier forbids the use of physical inputs including modifications
and perturbations from clouds in the radiative transfer equation formulation. Two
basic techniques, viz., single field of view and multiple field of view for finding oyt
clear column radiance [/, (v, 0)] from radiance measurements [/ (v, 0)] by satellite in
the presence of clouds have been discussed by Smith ez al* and Fritz etal's Bo
the techniques are mainly based on the consideration that atmosphere used to consist
of broken clouds.

Using a high spatial resolution radiometer/spectrometer it is possible to get the
radiances either from cloud regions [/,4 (v, 0)] or clear regions [/, (v, 0)] and this is the
physical basis of single field of view approach. Here the most probable value of
I, (v, 0) is achieved treating the observed radiances as an ensemble of I, (v, 0) and
I.; (v, 0). If there are n number of cloudy columns and m number of clear columns

then

N......_
n m

will represent the relative amount of cloudiness and if I (v, 0) is the average radiance
received by satellite over (n 4 m) columns then

I(v,0) = ) Tll—m [z 1y (v, 0) + Z LW ) 0)] (12)

{=1

Defining by I, (v, 0) and I, (v, 0) by

= i .
Lam 0=, > L0

/

P |
i=1

and

- 1 _
I#Ir (v,0) = E Z ]r:tr (v, 0)



REMOTE TEMPERATURE MEASUREMENTS——-II

etively, substituting for the ter : 267
rc:.peutnely su ms on the ¢ |
he average SIgn. We get ght hand side of eqn. (12) and deleting
(v, 1) & Arlcd (v, ) + (I — N) Iclr (v, 0).
(13)

Knowing g (v 0) and N, I(v, 0) being known, J i (v, 0)

tion (13) could be Interpreted 1o represent the observed radiance in a | :

instrument where N 1s the effective fractional field of view coverez iy OT ?SO]U;IOH
clouds. Two

approaches, l.¢., assuming all the clouds distributed either jn single la .
double layer could be used in a simple manner, the latter one has been in usyer e
e.

could be estimated. Equa-

(b) Single ‘ayer approach

The radiance received at satellite in the presence of a single layer of cloud will ha
four components, viz., ve

(i) The radiance emitted from the cloud, ie.,

e (v, ) Blv, T(p)] (v, p,, 0), &,
being thc emissivity of cloud

(i1) the radiance emitted from the levels above the cloud level, ie.,

0
f e (v, 0) B[v, T(M & (‘;pp‘ A

e

(iii) the downward component of radiance having solar origin refiected by cloud
layer, i.e..
rc (1', 0) [d (1’, Pn 0) F (rﬂ pn 0)
r. and /, beiig the reflectivity of cloud and reflected radiation.

(iv) The amount of upward component of the radiance at the cloud base trans-

mitted by the cloud. ‘e,
1 (v, 0) I (v, Pg» Per 0) 7 (¥, Pr 0)
t., being the transmissivity of cloud.

Since the reflectivity of cloud n [5um band 1s 2€r0, »
(4, 0) = 1 — & 0 0)
Thus
" - f B0, () G 2
g (v,0) = &, (v. 0) {B[u, r(pr e ‘



268 RAJENDRA KUMAR GUPTA
+ [l — &, (V: 0)] ]clr;(v: 0)

= g, (P, ) Ibe (V, 0) + [l = iyl 0)] [clr (v, 0) (15)

where

Iy (5, 0) = B[v, T(p)] = (v. p., 6) — f By, T(p)) L% 220y,

is the amount of radiance the cloud would have emitted had it been a black body.

Substituting for 7., (v, ) in eqn. (13), we get
[(v.0) =14, (v.0) —ally (v, 0) — L, (v, 0)] (16)

where a = Neg, (v, () is the effective cloud amount.

or
[(v,0) = BL¥, T(po)] 7 (v, po» 0) — f By, T(p)] 2L }——0—’ dp
—~ {B (v, T(pe)] = (v, po, 0) — Bv, T(p)] 7 (v, ey 0)
_ f By, T(p)) T5 2D g (17
dap
or
I, (v, 0) = 1(v,0) +a(v) Q (v, p,) (18)

where the first two terms on the right hand side of eqn. (17) correspond to fy (¥, 0)
while the term within the brackets correspond to Q (v, p,), i.e.,

Q (v, p) = B[v, T(po)l = (v, py, ) — By, T(p)] 7 (v, p,, U)

dr (v D, ())

- f Biv, T(p)]

Since p, represents the pressure at effective cloud level and a represents the Efrm;:i
cloud amount in a single layer while clouds in fact exist at several levels and furt er
& (v, 0) which appears in a itself varies with cloud nature, the eqn. (18) i nonllﬂfﬁc
equation in p, and @. Determination of I, (v, 0) using eqn. (18) will demand fm;mve
value of @ (v) and Q (v, p,). Using cloud picture information one may be able mbi N
an estimate of N but the estimate of ¢, (v, 0) towards determining a (v) will be a prove™
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: and p,. Though

levels Pe bPu A0 gh cloud top pressures using hi

data could be estimated, the estimation of 8 ligh resolution infrared wind
ow

. B . effectiv :
sl Taking radiance data from window € value of p, is a more difficult

;. : ha
carbon dioxide channels which are most Opaquen::lcgzzsc?—l) and five 15 yum band
say 669-3, 677-8, 6923

. -3 em? o -

699+ 3 ;md. 706- 3 cm )..‘ the initial estimate of temperat

method discussed earlier could be deduced. Here it ure profile using regression
: it may

these channels, although the information Input would b be mentioned that using
cloud level alnd above,.the :cemperature profile below clozdn;ostly from the levels at
the assumption that 1t will be statistically related to t evel may be estimated on
coud level. This first estimate 1s further improved by thf:mlfJf:raati.lrtzs at and above the
further 1mprovemenjc,. two frequencies (central freq"encie: IEFthEd of lteratio_n. For
which are most sensitive to clouds (say 714 cm™!, 750 cm-!) ar the spectral m%ervals)
Labelling these two frequencies by v, and v, eqn. (18) could ebeused. to determine p,.
follows : written for each as

[ffr (1‘1, 0) = 1 (1’1, 0) T a (vl) Q (1’1, Pa)
Ly, (va. 0) = 1(v3, 0) + a(vy) Q (va, p.)

here

a(v) = Ne, (v, ) and a(v,) = Ne, (v, 0)

assuming that g, is same for v, and v, (N is the same since the field of view is also the
same), above equations could be rewritten as [a(v) = a(v) = a(v)]

L, (v, 0) = 1(vy, 0) +a (1) @V, p.) (19)

I, (ve, 0) = 1(v, 0) + @ () Q (¥, Po)- (20)

ed by Q (v, po) and eqn. (19) is multi-

in order to eliminate a (v) eqn. (20) 1s multipl
(20) from eqn. (19) we get

plied bv Q (v,, p,) and then on subtracting eqn.
(I, (v1,0) — 1 (vy, 0} Q (v, Pe) — {Ir (v, 0) — I(vy, 0)} @ (v, P) = 0. (21)

Since /(v,, 0) and I (v,, 0) are known quantities, Ter (v;,'ﬂ) agd I,, (s, 6) could be esti-
mated using first estimate of temperature profile and since in @ (v1. p.) and € (ve, Pe)

all other parameters except p, are known the above equation could be solved for the

determination of p,. Once frs s S, rofie. for
mates of I,;. (v, 0) could be obtal y

; ion method second esti-
those five opaque and window ¢

Again by regress!
mate of temperature profile IS obtaine

Is. ,
— is repeated. This process of
' 1 ts reflected and
iteration is continued till the convergence, rather asymptotic nature, g€

these values of I, (v, () are consider

d to be the most probable values and finally the
: e i s for all the eight channels in
temperature profile 1s obtained using

the regression method.
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(¢) Two layer model

Here the distribution of clouds is assumed to exist at two levels and clouds af one |

are considered to be distributed at random with respect to clouds at the othere 1?%‘:l
meaning that breaks in the clouds in two layers are not correlated. Rearra .
eqn. (16) we get ' B

{I(v, N =ai{l,, (v, )} + (1 —a) Iy (v, 6) (22)

where subscript L to the braces refers to lower layer of the cloud. In case of uppe
layer of cloud {7 (v, 0)}, will serve as clear column radiance and if #is the eﬂecgyz
cloud amount for the upper layer then

I1(v,0) = B{L,, ", D}y + (1 = H{I (v, O} (23)

where subscript u to the braces refers to upper layer of cloud.

Substituting for {7 (v, g)} from eqn. (22) in eqn. (23) we get
T1(v,0) = B{l, (v, D}y + (1 — B) [a{ly (v, O)}y + (1 —a) 1 (v, 6)]

or
. Po d‘r - 0
[(v,0)= B[, T(p)] 7 (v, ppr 0) — f Bv, T (p)] dr (0 dﬁ )dp
—r ﬁ {B [V: T(PD)] T (Va Pos 0) — B [(V: T(p,u)] 7 (v, Pu, 0)
r dr (v, P> 0) . .
— f B [V, T (p)] ‘ dp dp} — a (l - ﬁ) {B [V: T(pg)] (V,Pu, 0)
pu
Po : | ;
—B v, T(p)] 7 (v, pr, 0) — f B[v, T(p)] . (';}; ) dp} (24)
PL
or )
[, 0) = Ly (v 0) — BX [v, pu» pro T(P)] —a* y [ prs T (P)] (25
where the first two terms on the right hand side of eqn. (24) correspond to L, (% 0) and
x [V, pu» P, T(P)] = {B v, T(pg)] 7 (v, pg, 0) — B [v, T(py)] r (v, pu, 0)
r dr (v, p, 0) (26)
~ [ Bl T) T2 ]

Pu
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yIvmpon T (D] = {B [v, T (pg)] (v, Po, 9) — Bv, T (p)] = (v P, 0)

YLy
- dr (v, p, 0)
— [ BT - dp
PL dp } (27)
and

ax=a(l — f). (28)

Here subscripts U and L refer to upper and lower clouds
. ! . In cas
level are not randomly distributed with respect to clouds at the otiet:l iei(;uglsea;bone
ove

equation will still hold good but the physical significance of quantit; :
different. Rearranging eqn. (25) we get quantities ¢ and § will be

I, (v, 0) = 1(v, 0) + Bx[v, py, pr, T(p)] + ay [v, p,, T (p)] (29)
oI

[, 0)=1(,0)+c(v0) (30)
where

¢ (v, 0) = Bx[v, py P, T(P)] +a* y[v, pr. T(p)] (31)

ic the correction that has to be added to the measured radiance to get I, (v, 8).

Now the problem is the estimation of most probable values of B, a*, py and p, to
estimate the correction c¢ (v, 0). Since the first estimate of temperature profile could be
obtained by six channel regression method discussed earlier, the estimation of 1,

(v, 0) say i,, (v, 0) could be deduced for channels most sensitive to clouds, viz., 714 cm™,
750 cm~ and 899 cm™!, using

= - dr (v, p, 0)
0 (,0) = B T(p] 70 p0 O — [ BT @N—5— @

for y = 714, 750 and 899 cmL.

imate of correc-
and as 7 (v, §) in these channels is known from measurements, first est)

tion ¢ (v, §) could be made using €q0- (30) in the form

e (32)
2, 0) = L., (v, 0) — 1 (v, 0) for v=T4T% and 899 cm™.
tions of standard pressure
300 mb, 400 mb, 500 mb, 700 mb.

00 mb
do not generally Cross 2
B using 714 cm! (v,) and

Now clouds are allowed to exist at any
levels below 150 mb level, viz., 200 M0,
850 mb and 1000 mb levels thinking that

level. Now taking different two-level com
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899 cmr? (vy) channels the eqn. (31), putting ¢ (v, 0) the estimate in

place
could be written as of ¢y, 0),

E(Vp 0) = px'[vi, pus Pr, T(p)] + a* ¥' [v1, pr, T (p)] for v, = 714 ! (33)

¢ (v, 0) = BxX" [vy, py, P, T(P)] + a* p" [va, py, T(p)) for v, = 899 o (34)
Since we have assumed different two-level combinations for clouds and first approxi-
mation of temperature profile is known, x’, x”, ¥’ and " could be calculated using eqns

(26) and (27). As c¢(vy,0) and ¢ (vq, 0) would be available from eqn. (32), eqns. (33)
and (34) containing only two unknowns f and a* could be solved for those. Thus we
get the values of f and a* for different sets of two-level combinations. Here it may
sometimes happen that values for these may turn out to be below zero or above unity
but these are limited to zero and unity for obvious physical reasons.

To find out the most probable values of cloud parameters, namely, py, p,, a* and B, the
value of ¢ (vy, 0) iIn 750 cm~* channel is determined using eqn. (31) for different sets
of values of B and a* corresponding to different p, and p, combinations (first esti-
mate of temperature profile required for such estimation is already available) while

another value of ¢ (v,0) for v = 750 cm™! channel is obtained using eqn. (32) and
the most probable values of cloud characteristics are those set values which satisfy the
criteria

| c (v, 8) — ¢ (v, 0) | = mmnimum for v = 750 cm™.

Now using these cloud characteristic parameters another estimates of I, (v, 0) are
determined using eqn. (30) for those six channels which were used to determine the first
estimate of temperature profile. These new determined values of I, (v, 8) for thf)se
six channels are again used to find out the second estimate of temperature profile using
regression method. Again the whole process is repeated and this is done€ till the
cloud correction [c (v, 0)] ceases to change. After this the value of I, (v, 0) 1s calculated
for all the eight channels and by using regression method most probable temperature
profile is obtained. Since the actual radiances received in the presence of clouds will
be less than what those would have been in the absence of clouds, the first estimae qf
temperature profile will be colder than the true profile and in each iteration step 1t
will improve. It is experienced that normally four iteration steps bring the
convergence in the cloud correction and consequently in the temperaturc profile.

(d) Multiple field of view approach

‘ jance
The clouds are nearly opaque to infrared region radiations and thus very little ra}dli::ry
arising below cloud levels will be allowed to pass through the clouds resulting 1t



to various combination of
hid solutions for tempera-
ln.multiple field of view approach
[ view approach is made. Multiple
scanning radiometer is based on

wre profile for a given set of radiances becomes wide
qn attempt o modily these limitations of single field o
feld of view approach using high spatial resolution

he reasoning that the sca?e of horizontal variability of temperature profile is h
larger than the scale of horizontal variability of clouds, ot

In other words if w i
_ " . e take conti-
guous measurements of radiance then it is possible to assume safely that cloud characte-

ristics such as transmissivity, emissivity, reflectivity and the atmospheric clear column
radiance do not vary much while cloud amount wili vary significantly. Thus this
approach is valid only when the variation in radiances arises due to the variation in
cloud amount which in turn demands higher spatial resolution. Using egn. (13)
and applying above cited approximations the radiance observed in a channel corres-
ponding to wavc number v for two nearly contiguous fields of view could be written as

[1 ('l'. ()) e -"V], ,cd (“’& 0) + (] — Nl) Iclr (‘!a 0) (35)

I, (v. 0) = Nyl.g (. 0) 4 (1 = Np) I, (1, 0) (36)

where I, (v.0) and 7, (v. 0) refer to the amount of radiance observed in the first apd second
felds of view respectively while N and N, correspond to the amount of clouds in the first
and second fields of view respectively. Multiplying eqn. (35) by N, and egn. (36) by N,
and subtracting (36) from (35) to eliminate I, (v, 8) we get

I, (v,0)(Ny — N) =L (O N — L (v, 0) N,

On dividing both the sides by N. and putting

N = if,——-;. we get
I,(v,0)— N*I, (. 0) (37)
Iﬂ'r(p! 0) 1 _ N*

alculated provided N* is known. Now

Equation (37) shows that [, (v, 0) cou!idﬁi Cchannel (v = ) data in both the fields of
evaluation of N* could be done using Wi
view for which case eqn. (37) Decomes

(38)

I:lr ((”: 0) = | — N*¥

. ; window channel from
ond to radiances if the M iven by
e fy e, 5 gt ? correspespeaively. I, (0, 0) W .

the first and second fields of view T
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I (w,0) = B[w, T(py)] 7 (@, py, )

Po
_ 47 (, p, 0)
;[ B0, T(p) =2 dp -
In the above equation which is for window channel the second term on the right hand
side could be considered zero as 1 the window channel there will be negligible atmgs.
pheric contribution to the observed radiance while the transmittance function 7 (@, py, 0)
could be considered equal to unity as there will be little absorption by the atmﬂ;pﬂ,ere
in the window channel. Thus the eqn. (39) reduces to

Iy, (@, 0) = Blw, T (py)]

where p, refers to surface pressure. Substituting for I, (0, 0) in eqn. (38) we get

_ L(@0,0) — Blo, T(py)]

N = @0 = Blo.T(0] (40)

Determination of N* needs the value of surface temperature which could be determined
using radiance data in two window channels ; (3-7 um) and w, (11 ym). Writing
expression for N* for window channels w, and w, we get [from eqn. (40)]

. Il (0)1, 9) — B [wls T(pﬁ)J
N* Iy (wy, 0) — By, T (py)] )

and

N* — 1, (w,, 6) — B [w,, T (po)l

4
[2 (0)25 0) — B [C’)g, T(pg)] ( 2)

Eliminating N* from eqns. (41) and (42) we get
{h (@1, 0) 1, (s, 0) — 1 (ws, 0) I, (w1, 0);
+ B [w,, T (py)] {1; (w1, 0) — I; (w4, 6)}
— B wy, T (po)] {1z (@, 0) — I (w,, &)} = 0. 43

Now the surface temperature could be obtained from eqn. (43) as only 7 (pg) iS the
unknown quantity in this equation. Once T (p,) is determined N* could be deter-
mined using eqn. (40) and on knowing N*, I,,, (v, 0) could be made known by usins

eqn. (37). After finding out I, (v, 0) for all the eight channels by this method the
temperature profile could be estimated using regression method.

cting

Chahine*' has developed analytical method, for a single cloud layer, for constru o

the clear column temperature profile from the apparent temperature prof_ile d::ans-
without accounting the effects of clouds in the measured radiances. Analytfcal tempé-
formation formulae developed, under single field of view approach, for getting
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ature profiles below-cloud top level and
temperature information at the cloyd top
cloud amournt and p, value. The evaluatio
wo sounding levels. In the two fields of

formula does not involve p, explicitly. These analytical methods have been backed

by numerical methods. Nr:)w the question is when {c apply correction for lhac ed only
of clouds in the field of view. When the brightness temperature derived fro;; P;f;‘:‘“
channel radiance measun:ements is less then 5°K of more from the prespecified erf: -
temperature (could be climatic value) it is understood that clouds are present in the ﬁe::;
of view and then one of the above discussed methods is used to find out 7 (v, 8) and ulti-
mately the temperature profile using regression ' ide

‘ : : method. This criteria of identifying the
cloudy regions from infrared radiance data could be useful in cases of generally broken

or overcast middle or high cloudiness but in cases of widely scattere¢ small clouds, very
thin cirrus, very low cloud layers or fog, this criteria may not be able to detect cloud
presence as the IR radiance will only be slightly lowered. Due to much reflectivity of
visible light from low clouds and fogs as compared to that for sea surface, use of coinci-
dent visible data will be able to tell about the presence of clouds. However the detection
of thin cirrus and widely scatterec small clouds is a very difficult problem,

the knowledge of
n it lies in between
ped transformation

4. Corrections due to high terrain and hot terrain

Corrections due to high terrain, :i.e., terrain at 400 meters and above mean sea level which
causes significant radiative departures from mean sea l;ve] cc?nditions could be estimated
considering terrain as the lower cloud level and clouds in a single cloud l:aycr as second
level in two-level cloud model. Tt may sometimes happen that ground is much warmer
than the air layer just above it due to bad thermal cond.uctivity of theair. In] sm;ch_ cases
when the ground temperature (7,)derived from the brightness temperature c? culations in
window channel exceeds the conventional surface temperature (T,) by 3 Ko}: ;nolre,
correction due to hot terrain has to be applied, i.e., —_ ofhawc;lg gm::risaso;;inwz
boundary in the observed radiance we have to have the lower bou:l': ?'giai - thi ] fﬁve
temperature 7,,. So we have to subtract from the ob;ferve 1;: B it frca. ot
contribution from the ground boundary and to Add, the e 13111::. the correction due to
layer corresponding to temperature T,,. Thus WhireRprESIeR

hot terrain for each channel will be

k(v,0) = {B(v, T,) — BO, TN 7 (%P 0)

adiance to account for the error that arises due

and this has to be added to the observed T °F these appears in Smith et al.®

ication
to hot terrain. A detailed account of applicall

. band
S. Effect of absorption by water yapour In 15 pm

: ession method wou
Though the temperature retrieval by ;"%"02 band yet it is disc

by water vapour absorption In thelSu

1d not be seriously aﬂ'ccftefi
ussed to bring out the limi-
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tation aspect of 15 gm band in estimating temperature below 700 mb level
free environment case the regression method in the presence of clouds .
field of view approach, involves physical quantities such as gas transn;i
fore it is worth to discuss the water vapour absorption effect in I35 um band., Wi

has simulated the effect of overlapping water vapour continuum and Spec't | ~——l
the weighting functions corresponding to 725 ¢m™! and 747 cm-! channelqraf 1\1;1 o
Temperature Profile Radiometer (McMillan et al.*3, Wark et al.#*) and studied ih:: t?n{ca]
in temperature profile, retrieved through minimum information method (Fle,-r:'ammm11
Smith**) with changes in water vapour mixing ratio. The increase in water ——
raises the weighting function in the atmosphere. Minimum information mf:th.;m;mp‘:-mr
forecast profile as initial value is expected to have 1-3°C rms error chiefly due to fundausmg
tal difficulties in solving the encountered Fredholm equation (Philips®). Considerin mf}?‘
retrizved profile valid till rms error of retrieved temperatures does rot exceedg rn:3
the error of initial forecast temperatures, Weinreb*2? has shown that over 0-20° N latitudes
retrieved profile below 700 mb will be much affected once p (rms per cent error in mixin
ratio introduced during simulation) > 209 while in case of 50-60° N latitude this wiﬁ
happen when p > 35%. Obviously rms error of retrieved temperature increases with
the increase in pand in 0-20° N latitude the altitude up to which this error effects consi-
derably shifts downward with increasing p and is confined to below 850 mb forp > 60%.

Unlike cloud.
especially i Single
ttances and there.

6. Effect of aerosols

There are basic difficulties while dealing with aerosols contribution to the observed
radiances due to

(1) Lack of understanding of the heat exchange mechanism between the particle
and its surroundings and in the absence of such knowledge one has only to
assume the prevalence of local thermodynamic equilibrium,

(2) Lack of understanding about the shape, scattering, and absorption characte-
ristics of aerosols. The aerosols scatter radiations in an asymmetric fashion
and a complete description of radiation field interaction with atmospheric Igyer
containing aerosols will demand for the degree and direction of polarization,
ellipticity of radiation and phase functions of aerosols. Under the circumstances
the assumption of spherical shape of aerosols coated with a thick water ]?yer
is made, to use Mie scattering theory which could lead to 2 highly po]aerEd
thermal emission under hazy conditions. But in the case of terrestrial unpolarized
infrared radiations the contribution due to scattering will be small enough 10

render the effect of polarization unimportant.
1 : b il v " . i . " ilit
(3) High variability of aerosol size distribution. concentrations, and the variabthity

in the optical nature of aerosols.

. ’ y ’ . n the
Stowe'” 48 has carried out investigation for the effect of particulate matter o .
50 vert[cal d]St l

radiance of terrestrial infrared radiations using Rossen?® and Elterman
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profile, and Diermendjian® compu-
o COmputed the change in the terrestrial
action of clear atmospheric radiance

ratio of radiance dye i

: to scatterin

due (0 non-turbid clear atmosphere (5), and the change in the total radiance %boi:de:nh' ?
1S-

. and scattering) due to aerosols as a fracti .
;:?naeneral he has found that E«< 0, S « | Eu|0n }?Lngn;ﬁ;b;:ed: ar at[l.]mp he{e .(R)'
z ’ errestrial radiations
o the 15 4m band do not get altered by more than 1% due to the pre c
sols, Due to large atmospheric attenuation of radiatio;s emitted in pIOZEeI;CT ot 1
-«ion in the centre of an absorption band ari ' - gl L
emissio _ arises mainly from higher levels where the
ofiect of aerosols is generally less because of low aerosol concentration and short
optical path traversed. In the case of emission in the wings of an absorption band
which arises from lower levels, the contribution of aerosols to the observed radianc;
will be comparatively more due to increased optical path traversed and high con-
centration of aerosols in the lower atmospheric regions. Aerosols in addition to
effecting the radiance received at satellite will also modify the transmittance and
weighting functions. Stowe?” believes that combination of all these effects will resuit
in significantly modifying the temperature profile derived from satellite radiance
measurements and the effect of aerosols will obviously be much reflected in those
atmospheric regions where aerosol concentrations are high. It may be worth to add
here that recently Toon and Pollack®? have designed a model of size distribution,
chemical composition and optical thickaess of stratospheric and tropospheric aero-
sols for the purpose of global average radiative transfer calculations.

wution of acros'ols z}nd. corresponding temperature
ations on the $12€ dl%lTEbUtlon of aerosols. He has
adiation due to emission from aerosols as
(E). contribution of scattering by taking

7. Microwave technique

Though the microwave technique exploiting microwave spin rotational band of oxygen

isi v, A iti single transition mnear
arising due to magnetic dipole transitions near 60 GHz and sing

118 GHz are not still in operational use. yet it becomes obligatory 10 deal with 1t as

lete
this provides an opportunity to determine the temperature [:Iotij; el:'I;?::e ;?:;fure-
overcast conditions which has not been possible UsE mf]rlart: e r:ture profile from
ments. Using microwave techniques it is possible o get the e-crlz)wave temperature
altitude 20 to 130 km. Water e/ al 5% % have d:scussedls 1ﬁ:;];x:ttering at 22-235 and
measurements in two weak water vapour RS Channehannels centering at 53+ 65,
314 GHz (1 ¢m spectral window band) and three OXYBIE (s:in Nimbus E microwave
54-9 and 58-8 GHz (5 mm Strong Q, resonance band) using

: imarily for atmos-
Spectrometer (NEMS) observations. The 5-mm band channels are primarily

g e q
indicate land emissivily an
pheric temperature profile while the 1

In micro-

; nd It _ N

temperature and are sensitive to water vaFé’;:t;s surface) contribution has to be multi
Wave measurements the lower boundary

ary is consi-
re lower bound Al
L YT e in infrared measurements whe e for radiative
Plied by emissivity unlike 1m 11T  considered nearly opag

ered as black body while the atmosphe;;:d The weighting functions for OXygen
tnergy components received 10 OXYEED '
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channels at 53:65, 54-9 and 58-8 GHz which peak nearly at 4, 1] and 1§

tudes are considered to be weakly dependent on temperature profile atm alt{.
water content and surface-reflectivity. The half width of weighting f“I;ctions OSpheric
8 to 12 km. Waters et al®% % compared NEMS derived temperature proﬁlles fn?m
NMC (National Meteorological Center, U.S.A.). Northern Hemispheric Anal sﬁs“’ll‘h
data which were arrived at using radiosonde data, commercial aircraft ﬂig}];tl gr -
and Vertical Temperature Profile Radiometer (NOAA 2) data (for coverage ata
ocean areas). They found that features of warm lower stratosphere and extrer?:?r
cold lower troposphere for January 18, 1973 (1941 GMT) Poker Flats (Alaska) ﬂi;hyl
and very cold tropopause and warm lower troposphere for June 27, 1975 (1615 GMT
Ft. Sherman (Panama) flight were not reproduced by NEMS measurements These):
two flights were chosen as they contained extremes of surface temperatures out of the
82 coincident flights examined by them. They have further illustrated that features
of small vertical extent, e.g., narrow cold features, sharp inversions could not be
reproduced by NEMS measurements. Out of the three temperature profile producing
oxygen channels, the 5365 GHz channel 1s the deep penetrating channel and is consi-
derably affected by clouds as the very thick clouds at great altitudes will have consi-
derable affect on 53-75 GHz channel measurements because the clouds will normally
be colder than the brightness temperature (equivalent black body temperature which
could radiate power equal to the observed microwave signal intensity) corresponding
to the radiations incident on cloud from below. Since the channels 54:9 and 53-8
GHz have their weighting functions peaking at 11 and 18 km respectively these are less
affected by the presence of heavy clouds. Presence of cirrus clouds cause negligible
effect because they are thin and have very low microwave absorption characteristics,
Staelin® has discussed the effect of clouds on NEMS temperature soundings. As the
microwave absorption for the oxygen band in case of cloud of non-precipitative charac-

teristics (drop diameter < 100 gum) is given by
3-55 x 10-3-782) M)-2 (cm 1)
where
M stands for liquid water density of cloud in g/m?,
A stands for wavelength in cm, and

T for cloud temperature in Kelvin,

; . . ; : era-
the clouds with water content < -01 gm/cm? will not be seriously aﬁ'ectm% the tem:)a .
ture profile. However heavy clouds with water content say 0-1 gm/em® may
sufficient errors in temperature measurements.

w near

Staelin et al. have found that presence of attenuating portions of clouds belo ould

about 4 km altitude or their distribution in small isolated cells over wide Te::hjle y
cause an error of 1°K in temperature measurements in 5365 GHz channe being 18
gases of extension of large attenuating portions aboyve 4 km altitude or their
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tightly packed crclls clustering over an areq ¢ 279
meter (200 km in NEMS) the error could b
ihe averaged radiance over the field of view
if the error producing heavy clouds are pres

grea. The 31-4 GHz (9 mm) channel as

Omparable to the field

e ;
e ;g OSkto '1 0:"" K. .As the instrument gets
m 1t 1s obvious to have more error

ent in tightly packed cells over an extended
Compared to 22-235 GH7 (13 mm) channel

ater vapour while jt i :

X : . i € 1t is two times sensiti

cloud which results in accurate estimation of clouds and water vapous with a;ltwe to
uracies

of 0-04 gm/em® and O-1 gm/em? respectively enabling separate estimat; f
yapour and clouds using both the channels. Errors In this estin'lati«:nrrl1 e ?d o
from much sea foam and reflection of sunlight near the equator at noon C%U_ relfult
two channels surface temperature over land could be estimated for I:egio;;ng\:hz:
surface emissivity 1s known either by comparison of microwave and direct measure-
ments or by its estimation based on known surface temperature.

of view of spectro-

The variation in brightness temperature could arise due to variations in atmospheric
temperatures, surface temperatures and due to the presence of heavy clouds. Staelin
et al. studied the sensitivity of 53-65 GHz channel over the near equatorial traverses
at equator crossing longitudes of 13-5°W, 126:2°E, 72:5° E, 94-1° W, 153-0°E
and 40-5° W on December 23, 1972, choice for equatorial traverses was based on the
consideration of minimum atmospheric temperature variations. They observed abrupt
increase of ~ 1-5° K in brightness temperature during passes from ocean to Mexican
coast near Acapulco, from ocean to the coast of Australia, and near the equator over
the tip of Brazil. Such an abrupt increase in brightness temperature during transi-
tions from ocean to land occurs due to increase in emissivity from 0-5in ocean to 0-8-
1-0 over land. This effect could be compensated using surface emissivity mformation
available in radiances observed in 22-235 and 31-4 GHz channels.‘ _They observed
that brightness temperatures derived in the absence of sea-land- transitions and }}eavy
clouds were stable and unperturbed even in the presence of a wide variety of ordinary
clouds. They have further concluded that in the absence of clouds small temperature
gradients could be observed with an accuracy of few tenths of a degree Kelvin over

distances of hundreds to thousands of kilometers.
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