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ABSTRACT

Based on Zeng's theory (1974), a successive linearized form of radiative transfer equation (RTE) is derived for
simultaneous retrieval of atmospheric temperature and absorbing constituent profiles from satellite infrared observa-
tions. It contains the temperature component weighting function and absorbing constituent (H,0, O;, CH, etc.) com-
ponent weighting functions. All these weighting functions reach maximum at their own “optimum information levels”
. and make the remote seasing equations well-conditional. Then the atmospheric profiles are derived by Newton's
no-linear iteration method. Experiments of retrieval from both TIROS-N operational High Resolution Infrared
Soundet (HIRS) and the simulated Atmospheric InfRared Sounder (AIRS) show an significant improvement.
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1. INTRODUCTION

Satellite information will play an increasing role in Numerical Weather Prediction
{NWP) and other operational uses. The current used TIROS-N Operational Vertical Sound-
er (FOVS) has 19 HIRS channels {Smith et al.. 1979}, Though TOVS data have been widely
applied to NWP, weather analysis and climate change study, the accuracy of TOVS retrieval
is limited due to its low vertical resolution, Recently the high resolution infrared sounders
such as AIRS of the Uniied States, IMG (Interferometric Measurements of Greenhouse
gases) of Japan, IASI (Improved Atmospheric Sounding Interferometer) of France, MIPAS
(Michaelson Interferometer for Passive Atmospheric Sounding) of Germany eic. are devel-
oped for flying on future satellite or polar orbiting platform. Each kind of these instruments
has thousands of channels for single Field of View (FOV). It has been shown that the atmos-
pheric temperature and absorbing constituent profiles can be achieved with improved vettical
resolution and accuracy from these high resolution infrared sounders. However, a practical
application of the new instrument observations requires the efficient retrieval method which
leads to the optimal solution. The theory of remoie sensing and retrieval has been described
averall by Zeng (1974) and others, Some methods for the practical processing have also been
developed for retrieval from TOVS data (Smith et al., 1985, Chedin et al.,, 1985; Li et al,,
1993).

In this paper, a method based on Zeng's (1974) formulation for the simultaneous
retrieval of atmospheric temperature and absorbing constituent profiles from infrared sound-
er data is developed. Retrieval resulls from both operational TOVS and simulated high reso-
lution AIRS data show that this method has the potential application in the practical inver-
sion of [uture satellite sounding system.
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II. METHOD

In this section we develop a linearized form of the RTE which contains temperature and
absorbing constituent mixing ratio weighting functions. In the equations that foilow:

R=spectral radiance,

B="Planck radiance which is a function of temperature, i.e. an implicit function of pres-
sure level p,

1= the total transmittance of the atmosphere above the pressure level p,

&( }=the difference between the true quantity and the initial value denoted by a
superscript o,

>( ), =the summation of i quantities,

[1( ), = the product of i quantities,

p, = surface pressure,

1, = CO, component transmittance,

1; = i—th absorbing constituent component transmittance,

¢, =mixing ratio of ith absorbing constituent,

T(p)=the true atmospheric temperature profile,

Tz = the brightness temperature,

k, = absorbing coefficient of ith absorbing constituent,

T, = surface skin temperature,

T, = surface air temperature.

The true spectrum of radiance outgoing from the earth—atmosphere system is

P.l'
R=B,1, —_fo Bdz . (1)

Here and after we always omit the spectrum symbol v in the equation. The first order va-
riation of Eq.(1) yields

Ps Py
oR =081, + B8, — | 6Bas— [ Base . @)
[ )
Integrating the Jast term by part yields, we have
2 P:
sR=5B,1, | 8Bdi+ (BT}~ BT v, + | sudB . 3)
L] ]
Il we ignore the deviation of the natural broading of absorbing coefficient of ith ab-

sorbing constituent relative to that associated with the “ guess” atmospheric condition, we
have

N G @
L
=1, []3; . (5)
i=1
then
L L L
gt =161, [Ir, +1.6][r, =12 dlot, (6)
=1 =1

=1

for t, being a constant.
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—_ 1 .
8lnt, = fg k,6q,dp= jaq, dpa’p I&lnq dint, . @
Substituting Eq.(7) into Eq.{6), we obtain
Loap
st=13 | olng,dlnr, . (8)
-1t e

Substituting Eq.(8) into Eq.(3), we have
s Ny TR
SR=6B,1, — -‘o dBdr+ Y {_f [B(T.}— B(T ), élng  dln,
R

P P
+j“ T(jo ding , dint,)dB}

# Looro;
=881, —ju sdv+ X{f " bing, BT, )~ BT, ), dine,

LA P
+{" oing,1f " raBuloc,} . )
" £
: - _ B _2R
Using the first order variation d6B=-=d7,and JR 67, and denoting
T T,
_ B/@T :
Bip) AR T, then Eq.(6) can be written as

ST, = §,1,9T, —j' pEt *5Tdp+ }:_f 3lng, [(T, — T,)B,x,

Al
+ ﬁTapo}ﬂ—d

Loap,

=W, T, +j w,oTdp+ X[ w, sing,dp . (10}

i [} 1t 0 !

where :

Wy =81, s (112)

2
wo = — gt 1b
r e (11}

Ps dlm
ﬂr—“

W, =(T,—T)p

a

—ij W, (11}

Wi W, W, are the weighting lunctions for the surface skin temperature, almospheric

temperature, and ith absorbing constituent mixing ratio weighting functions respectively, and
can be easily calculated from the first guess profile condition.

Once the “guess” atmospheric profiles are known, Eq.(10) is a Linear form. This linear
form contains the temperature and absorbing constituent weighting functions as known func-
tions and 4T and élng; the functions to be solved. The weighting function has a maximum at
a specific pressure level which is “the optimum information level” (Zeng 1974, 1979). Let us
now consider the weighting function for the ith absorbing constituent mixing ratio, since
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|t| <1 and % < -ea% , it is obvious that
s Muxinum
]imW?:' =0 . (12a)
20
and
limW, " =0 . (12b)

Pp,

Thus, there exists 7'€(0,p,), and W (p')=maxW ,(p), P’ is so called “the optimum infor-
mation level” of ith absorbing constituent radiance emission. Fig. 1 is the weighting functions
of HIRS channels for water vapor component, where the numbers 10, 11 and 12 are for water
vapor channels, 6 and 7 for temperature and water vapor joint channels.

Let us consider now a vector X which contains N (levels of pressure) atmospheric tem-
peratures, N X L specific absorbing constituent mixing ratios (every absorbing constituent is
expressed as the logarithm of mixing ratio according to Eq.{10) and one surface skin tempera-
ture. X is a vector of dimension N{L+1H1. The ¥ vector containing k satellite brightness
temperatures s related o X through Eq.{l) or Eq(10). That is
X=le . %y, xN(L+l)+§)T =(T,. 7, . Ty.lng,,Ingyy,,Ing y, Ing; , Ingy,, ==,
Ingyy .=+, Ing,,,Ing,,. =, Ing,,, T,)". Then Eq.(10) can be written as

NIL + b+
dy= w.bx, | a3
29X
=1
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Fig. 1. NOAA-12 water vapor mixing ratio weighting function (see Eq.(10)).
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where superscript T denotes matrix transposition, and

wy =05W 7 (p, — p))

w; =0.5W (00, — ) when 1<j<N

Wy =05W oy (py =~ Py—y)

w; =0.5W  (p, — p) when j=Niti

w,=0.5F, - (P L — Py —1) when Ni+1 <j<N(@+1), j* =mod{j, N)
w, = U.SWQIN(pN —Py-1) when j= N(+1}

w, =W when j=N(L+1)+1

1i=1,2,»», L. For a set of k channels;
ML+11+1

dy; = Z w8 1=129% (14)

Writing in matrix form, Eq.(14) becomes:
3Y=K"«5X, (15)

K is the tangent model of the original model ¥ = X(X), which is a nonlinear one.
Let Z = (X.¥)7. Fora given first guess Z° = (x°,¥")7, we require

D(Z,Z"Y = minimum ,

where D is the distance between Z° and Z. Tt is found that the Mahalanobis Distance is a
suitable distance in satellite data application (Li et al., 1990). Define a cost (unction J(X) as
follows;

JX)=D*Z.2"
=Y =YV E (v—¥N+px¥-Xx)"B (x—x"),

where X0 is the first guess, ¥ the observed radiance, Y the radiance calculated from the first
guess by using Eq.(1), B the first guess error covariance matrix and E the satellite observation
error covariance matrix. F includes the measurement errors of satellite and the model
transmittance error. J(X) contains two terms, one is the satellite observation contribution to .
the retrieval, the other is the first guess contribution. y is a factor which balances the satellite
observation and [irst guess contributions to the cost function.

According to Newton’s nonfinear iteration method, we have

) g =Xn”_J”_l(Xn)'-F(X,,) (16a)
and

5P (X)=y8" e 8x—K'T E"! -8y (16b)

05 (X)=yB '+ KT -ET K, (16c)

where 68X, =X, —X°,8Y, =Y—K(X,).
By Matrix manipulation, we arrive at the form

6X, . =(KTE ' -K +yB ) ' ekT.ET . (8Y, + K, - 8X,) . an
n+l » L] n ] ”




- e

‘No.2 Li Jun, Zhou Fengxign and Zeng Qingcun 133

Since the effective information content of satellite observations is limited (Towmey, 1966;
Zeng, 1974), and there are correlations among atmospheric variables, only 2 limited number
of variables is needed to explain the vertical structurg variation of atmospheric profiles. The
number of independent variables can be obtained from a set of atmospheric profile samples,
where as the structure functions can be defined from Empirical Orthogonal Functions (EQFs)
analysis of the global TOVS Initial Guess Retrieval (TIGR) data sel. Then the number of at-
mospheric variables for retrieval is significantly reduced. Assume that

X =04 , (18)
where
A= (m,,az,'--,mﬁ)r
(a0 0 - D 0
0 D, R 0
0 a @ w0 0

0 0 0 - O 0

Iog,

| 0 0 0 - 0 O

®, is the matrix of the first N EOFs of temperature and, ®,, (i=12;- L) the matrix of

the First ﬁq‘ EOFs of the ith absorbing constituent. ©, =1, N=N,+% 1\7,“ + 1. Itis ob-

vious that
o o=1, (19)
then the cost function becomes:
JA)=8YTE '6Y+y4" B[4 {20
where B, ' =®" B~ 'd define £/ = K’ » @, Tollow Eq.(16), we get another iteration form
Apor =T E R 49D R ET Y, 4R 4D QD)
[¥. CHCICE OF EQFs

Suppose the eigenvalues of temperature covariance matrix C, arei; 2 1, 2 » 2 1y
20, then choice of the first ¥ EOFs of temperature should satisfy

»
Y A, SNATY (22)
j=Rp+1
where AT is the maximum temperature error permitted.

Taking AT = 1.5, the practical calulation shows that N r = 6. Similarly, N o =3 pro-
vides humidity profile representations with an accuracy of about 20%. Thus the first & tem-
perature and 3 water vapor EOFs can represent the atmospheric vertical structure variation
within reasonable accuracy limits achievable with TOVS. Fig. 2 shows the cumulative ex-
plained variance based on the TIGR data set.
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Fig. 2. Variance explained by temperature (T) and waler vapor (Inq) EOFs of TIGR.
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Fig. 3. A RMSD comparison of the temperature retrievals based on ITPP and new method on 20
December 1992 1338 GMT.

V. RETRIEVAL EXPERIMENTS
1. Reirievais fom O perational TOV S Data

The TOVS data for our retrieval experiments consist of two NOAA-12 satellite passes
over mid—U.S., and the first guess fields for the retrievals are based on the NWP with interpo-
lation to the times of satellite passes. The new scheme and the current operational Interna-
tional TOVS Processing Package (ITPP)} (Smith et al., 1985) are then run for each satellite
pass using the same TOVS observations and first guesses as input. The y is set to 0.1 and two

e
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iterations are applied in the new retrieval procedure in correspondence with ITPP. Fig. 3
shows the Root Mean Square Deviation (RMSD) comparison between retrievals and
radiosonde data for temperature on 20 December 1992 1338GMT, where dashed ling is ITPP
retrievals and solid ling is new retricvals. Fig. 4 is the same but {or the dewpoint temperature.
Figs. 5 and 6 are the same as Figs. 3 and 4 but on 1% February 1993 0116 GMT. As can be
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Fig. 4. A RMSD comparison of the dewpoint temperature retrievals based on ITPP and new
method on 20 December 1992 1388 GMT.
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Fig. 5. A RMSD comparison of the temperature retricvals based on [TPP and pew method on 19
February 1993 0116 GMT.




136 Advances in Atmospheric Sciences Vol.l1

NOAA-12 19 February 1993

43 oomparisons
400.0 | 1
A
L]
5
Dashed : ITPP ratlovals N,
7 ' hS
o . L)
L sopo | Soikd : New method \ 4
e rotrlevals S,
= LY
7 \
g Y
T !
[ 1]
[
800.0 | ! 1
’
d"
"'
1000.0 : -1 . : L
0.0 20 4.0 6.0 8.0 100 12,0

RMSP (1}
Fig. 6. A RMSD comparison of dewpoint temperature retrievals based on ITPP and new method

on 19 February 1993 0116 GMT.
Retrievals from simulated AIRS F4C data
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Fig. 7. ARMSE comparison of temperature retrievals and first guesses from F4C simulated AIRS data.

seen that, the accuracy of retrievals of both temperature and water vapor profiles are im-

proved by using the new method.
2. Retrievals fom Simulated AIRS Data

" In these experiments, we use statistical regression results as first guess, and the procedure
described above is performed to AIRS simulated data sets F4C and F4D. The y now is set to
0.01 because less first guess contribution is needed in the cost function due io the high resolu-
tion of AIRS data, and maximum 5 iterations are applied in the retrieval procedure. Figs. 7
and 8 are the Root Mean Square Error (RMSE) of retrievals and first guesses for temperature

= i
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and water vapor mixing ratio from F4C data sets, where dashed line is RMSE of the first
guesses and solid line is RMSE of retrievals. Figs. 9 and 10 are the same as Figs. 7 and 8 but
from F4D. Results show that the accuracy of temperature retrieval is better than 1 degree, al-
s0 the water vapor retrieval error approachcs only 10%.

¥I. CONCLUSION

We have developed a new retrieval method for satellite infrared sounding data based cn
RTE successive linearization and Newionian iteration based on Zeng's theory {1974). The
scheme described has been applied successfully Lo operational TOVS data. The improvement
to the current retrieval method used in the ITPP is obvious. Retrievals from simulated high
resolution AIRS data also show that the accuracy of temperature retrieval is better than 1 de-
gree and water vapor retrieval accuracy is better than 10%.

Ratrievals Irom simulated AIRS F4C data Retrigvals from simulated AIRS F40 data
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Fig. 8. A RMSE comparison of water vapor mixing ra- Fig. 9. A RMSE comparison of temperature retrievals

tio retrievals and first guesses from FAC simulated and first guesses from FAD simulated AIRS data.

AIRS data.
Retrievals from simulated AIRS F4D data
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Fig. 10. A RMSE comparison of water vapor mixing ratio retriovals and first guesses from F4D
simulated AIRS data.
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