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ABSTRACT

A method is developed to assess retrievability, namely the retrieval potential for atmospheric temper-
ature profiles, from satellite infrared measurements in clear-sky conditions. This technique is based upon
generalized linear inverse theory and empirical orthogonal function analysis. Utilizing the NCEP global
temperature reanalysis data in January and July from 1999 to 2003, the retrievabilities obtained with the
Atmospheric Infrared Sounder (AIRS) and the High Resolution Infrared Radiation Sounder/3 (HIRS/3)
sounding channel data are derived respectively for each standard pressure level on a global scale. As an
incidental result of this study, the optimum truncation number in the method of generalized linear inverse
is deduced too. The results show that the retrievabilities of temperature obtained with the two datasets
are similar in spatial distribution and seasonal change characteristics. As for the vertical distribution, the
retrievabilities are low in the upper and lower atmosphere, and high between 400 hPa and 850 hPa. For
the geographical distribution, the retrievabilities are low in the low-latitude oceanic regions and in some
regions in Antarctica, and relatively high in mid-high latitudes and continental regions. Compared with
the HIRS/3 data, the retrievability obtained with the AIRS data can be improved by an amount between
0.15 and 0.40.
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1. Introduction

Radiance measurements of satellite infrared ra-
diometers are widely used to retrieve atmospheric tem-
perature and moisture profiles. Because the radiances
arise from very thick layers of the atmosphere, the
vertical resolution of the derived profiles from cur-
rent operational satellite sounding instruments, for
example, the TTROS-N Operational Vertical Sounder
(TOVS), is poor. The poor vertical resolution is as-
cribed, in part, to the low spectral resolution. There-
fore, high-performance vertical detectors with more
observation channels have been increasingly incorpo-
rated into launched meteorological satellites during re-
cent years. For example, the Atmospheric Infrared
Sounder (AIRS) was launched into polar orbit on
board the National Aeronautics and Space Adminis-

*E-mail: huangjing03@st.lzu.edu.cn

tration’s (NASA) Aqua platform on 4 May 2002. AIRS
covers the spectrum range from 650 to 2700 cm™!
with 2378 spectral channels, the spectrum resolution
is higher than 1200, and the absolute precision of the
radiance measurements exceeds 0.2 K. This platform
can measure the upper spectrum and can attain a high
precision in infrared detection (Susskind et al., 1998;
Wu et al., 2003). Other detectors with higher resolu-
tion are also being developed. However, the problem
of atmospheric profile retrieval from satellite data is
well known to be ill-posed (Zeng, 1974; Huang, 1996).
The ill-posed nature of the problem may be more seri-
ous when more data channels are used in the retrieval.
So the precision of retrieved atmospheric profiles from
satellite data is limited in fact (Huang et al., 1992).
We can use the limits of retrievability, which was first
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proposed by Thompson et al. (1986), as a measure
of ultimate precision or potential for retrieval. It is
analogous with the limits of predictability in the nu-
merical weather prediction problem. The estimation
of retrievability for different satellite vertical detectors
can provide very helpful information for the design of
detectors and for the application of retrieval products
from satellites and assimilation (Lorenc et al., 2000)
of radiance data into numerical models. In theory, the
retrieval precision was restricted by two major factors:
(1) radiance observation error and (2) vertical resolu-
tion. Some theoretical analyses on the vertical reso-
lution and precision of the retrieved temperature and
humidity profiles have been performed since the 1970s
(Huang et al., 1992; Backus and Gilbert, 1970; Con-
rath, 1972; Li, 1995; Rodgers, 1988; Smith et al., 1991;
Thompson, 1982, 1991). Because of the ill-posed char-
acter of the retrieval problem, the retrieval solution is
very sensitive to the observation error. So the vertical
resolution that can be achieved in practice is less than
the theoretical, analytical values. Huang et al. (1992)
put forward the idea of effective resolution. Based
on this concept, the accuracy of atmospheric temper-
ature and humidity profiles retrieved from the High
Resolution Infrared Radiation Sounder/2 (HIRS/2),
the Geostationary Operational Environmental Satel-
lite (GOES) I/M and the High-Resolution Interferom-
eter Sounder (HIS) detector observations were com-
pared with each other and the averaged retrieval errors
were given at different heights. All of these were based
on some observation station’s sounding data and the
observation error in brightness temperature was gener-
ally assumed to be 0.25 K. The averaged retrievability
was represented in the above studies. However, the
retrievability varies with region and season. So a more
comprehensive and flexible method for global retriev-
ability analyses is needed.

In this paper, a new method is developed to es-
timate the retrievability of atmospheric temperature
profiles based on empirical orthogonal function (EOF)
analysis and generalized linear inverse theory (GLIT).
The EOF technique is used to extract the vertical
structure of the atmosphere and GLIT is used to sepa-
rate the atmospheric modes that can be retrieved from
the satellite data. Utilizing the method, the change
of the atmospheric temperature structure can be ex-
pressed with the first several EOFs, and then the dis-
tribution characteristics of the retrieval error can be
directly estimated according to the radiative trans-
fer equation (RTE). Compared with other methods,
the computation requirements of this method are rel-
atively small and can avoid the inversion of the co-
variance matrix. The method is described in section 2
and is compared with other methods in section 3. The
method is applied to AIRS and HIRS/3 observations
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in section 4. Conclusions follow in section 5.
2. Method of estimating retrievability

When the linear approximation is applied and the
surface skin temperature is known, the atmospheric
temperature profile can be retrieved from satellite ob-
servations by solving the following integral equation:

" Ko(0)ST(p)dp | 1)

oI, =
0
where [, is the radiation amount reaching the satel-
lite inductor at frequency v, T(p) is the atmospheric
temperature at pressure p, ps is the surface pressure,
01, = I, — I, and 6T =T — T, where the subscript
0 denotes the reference value. K, (p) is the variation
kernel function and is given by the following formula
when the atmosphere reference values are known

N dT op

where B(T) is the Planck function at temperature T,
and T, is the atmospheric transmittance at frequency
v. For practical applications, when the number of
available observation channels is N and the number
of layers of the profile to be retrieved is set to M,
then N linear equations can be constructed by using
discrete Eq. (1), and this is expressed by

6T = KoT , (3)

where 81 is the observation vector of dimension N, 8T
is the temperature vector of dimension M, and K is a
matrix of dimension N x M.

As mentioned in the introduction, the temperature
retrieval problem is ill-posed. This means that the
temperature profile solution is not unique and is sen-
sitive to the observation errors. The properties of the
solution can be examined by generalized inverse the-
ory (Wiggins, 1972). This theory is based on singular
value decomposition (SVD). A brief explain will be
given as follows. In performing a singular value de-
composition of matrix K, K is decomposed into the
form

K,(p)

K=UAV", (4)

where U is a matrix of order N and V is a matrix
of order M. The superscript T denotes the matrix
transpose. The column vectors of U and V7T are
the singular vectors and satisfy the orthogonal rela-
tion ul-,ujT = 6ij,v¢UJT = §;;, where §;; is the Dirac
delta function. The eigenvectors u; and v; are also
called the left and right vectors, respectively. The ma-
trix A is an N x M matrix in which the nondiagonal
elements are zero and the diagonal elements are the
eigenvalues \; ordered from largest to smallest. Each
pair of eigenvectors (u;,v;) corresponds to an eigen-
value A\; in A. The ith eigenvalue )\;, left eigenvector
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u;, and right eigenvector v;, can be obtained by solv-
ing the following eigenvalue problems:

KK" = Xu,;, KTK = )\v,, (5)

Suppose the number of non-zero eigenvalues is h. It is
easy to prove that the left eigenvectors and right eigen-
vectors correspond to these non-zero eigenvalues and
that they are associated via the following equations:

Kv; = u;, K'u;=X\v;, i=12,...h. (6)

For zero-valued eigenvalues, i; and v; have the follow-
ing relations:

K, =0, i=h—1,h+2,...,N, (7
Kv;,=0, i=h+1, h+2,...,M. (8

These eigenvectors are mutually orthonormal: u]u; =
8;.j, vivj =d; ;. Let U denote the N-dimension vec-
tor space spanned by the N left eigenvectors and call
it a data space. The data space U can be partitioned
into two subspaces Uy, and Uy, where Uy, is spanned by
the h eigenvectors corresponding to non-zero eigenval-
ues and Uy is spanned by the N — h eigenvectors cor-
responding to the zero-valued eigenvalues. Similarly,
the M-dimension vector space V', called the param-
eter space, can be partitioned into V' and V. It
can be seen from Egs. (6)—(8) that only the projec-
tion of 6T in subspace V', is associated with that of
61 in the data subspace Uy, while the projection of
OT in subspace Vg is independent of the observation.
This implies that only the projection of T in V', has
a relationship with the observation data and can be
retrieved from observation. In other words, if the pro-
jection of 6I in subspace Vg, is not empty, retrieval
errors of the temperature are always existent even if
the observation and equation are perfect. This is the
so-called resolution error.

If the observation errors are considered, the retriev-
ability will decrease. From the above decomposition in
Egs. (4)—(6), K can be constructed by Uj, and V:

K =U,A V], (9)

and then the solution of Eq. (3) (called the generalized
linear inverse solution) can be written as

0T, = (UpALV3E) I = VA ' ULSI,  (10)

where Ay, is the h X h matrix containing h singular val-
ues along the diagonal, and 6T, is the retrieved tem-
perature vector. Assume that the observation errors
are independent and have variance 03. The observa-
tion error vector is defined as £q. In substituting g4
into Eq. (10), the retrieval error e,q caused by eq is

obtained as
ea=ViA,'Ujeq. (11)

Calculating the vector product of £,q and its expecta-
tion value (denoted with angular brackets), we get the
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matrix:

<€rd5;[(‘i> = JﬁVhA}:QVE . (12)
The variance of the retrieval error caused by the ob-
servation error is:

o ehea)  tr({eragy))
Ord = -

M M
2
= %tr(th,?VE) — Ro2, (13)

where tr(-) is the trace of a matrix,

tr(V, A2V
M

is the error amplification factor, and Ry is the one at
pressure level pi. So the retrieval error caused by the
observation at py, is o5y, = Rpoj. It can be seen from
Eq. (13) that R is mainly determined by the minimum
of eigenvalue \?. If A7 is very small, the retrieval re-
sult will be very sensitive to observation errors. Thus,
a truncation order A’ < h (Chou, 1986; Wunsch, 1978)
should be given to assure the stability of the retrieval.
In actual calculation A7 is set to zero if A7 is less than
a specified value. h in all of the above formulas should
be taken as h’. But in order to write expediently, we
will continue to write k' as h hereinafter.

The error variance 02, caused by observation is an
averaged value over all the layers. In fact, the error and
retrievability at each height can be estimated when the
atmospheric temperature profiles are given. A useful
method to represent the structure of the temperature
profiles in terms of a minimal number of functions is
the EOF technique, which is a common procedure in
the temperature retrieval problem (Zeng, 1974; Li and
Zeng, 1997). Consider a time series of temperature
profiles represented by an L x M matrix A, where L
is the length of the time series and M is the number
of vertical levels. Solving the eigenvalue problem

ATAqT = ¢y, (14)
we get M eigenvalues x; and M eigenvectors ¢;. Then
the temperature anomaly at time [, namely 67; can be

expanded according to the orthogonal primary func-
tion:

R =

M’
S Zcz‘l%‘ +eg, (15)

i=1
where M’ < M is the truncation number, and ef is
the truncation error. Real observation data analysis
suggests that the convergence of the EOF is very fast
so that we can obtain relatively accurate 671; by a very
low truncation order. Project the primary function g;
onto subspace V:

h
qi = Zaij'uj tei,

Jj=1

(16)
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h
where e; = ¢; — Y a;;v; is the projection of g; onto
j=1
subspace V. The resolution error of 7 at the ith
mode is:

h
€il = Cil€; = Cil | @i — E Qai;U; (17)
j=1
The error variance of resolution at level py is
2 2 22
Os,ik = <5i,l,k> = <Ci>ei,k ) (18)

where e; , is the value of e; at p;. The total resolution
error variance can be obtained by

M’

olp =) (el

i=1

(19)

where

\N(6TT 6T
<02> = ———
PR
=1

which can be directly calculated from sample data.
02, = (e} ,) is the truncation error of the EOF. When
the model error is not considered, the total retrieval
error is the square root of the variance sum containing
the resolution error, the error caused by the observa-
tion, and the truncation error of the EOF:

Ork = \/Usz,k tol et ol
Then the retrievability at level py can be approxima-
tively expressed based on the above analysis:

(20)

T = 1-— Ur,k/JT,k s (21)

where op g = /(0T,6T) is the mean square devia-
tion of temperature at level py.

3. Test of the method

In order to test the credibility of the proposed
method, a comparison between this method and other
methods, the statistical-physical (SP) method and
damped least-square (DLS) method, is given in the
section. The detailed computing techniques and re-
sults are as follows.

3.1 Brief introduction of the SP and DLS meth-
ods

Following the SP method (Huang et al., 1992;
Smith et al., 1991), a generalized statistical-physical
solution of Eq. (3) can be written as:

0T, = (K'"R'K +B ") 'K"R oI
=C0I =C(KT +e), (22)
where C' denotes the retrieval coefficient matrix; B

is the sample statistical covariance matrix; R is the
covariance of the brightness temperature error; e is
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assumed to be the brightness temperature measure-
ment error; and superscripts T and —1 denote the
transposition and inversion of a matrix, respectively.
Then the covariance of the retrieval temperature error
G,G = ((6T — 6T,)(6T — 6T,)") can be deduced:

G =(I-CK)STST (I - CK)" + Cee™C"

=(I-CK)B(I-CK)"+CRCT =V + M,
(23)

where V = (I - CK)B(I - CK)"; M = CRC"; T
is the identity matrix. Terms V and M can be de-
fined as the vertical resolution component error and
the measurement noise component error, respectively.
The total root-mean-square (rms) retrieval error o, j
is the square root of the diagonal elements of matrix
G, if interlevel correlations are ignored. If we substi-
tute oy into Eq. (21), then the retrievability can be
solved.

Another method (DLS) proposed by Smith et al.
(1972) solves Eq. (3) by minimizing the quadratic form

J(8T) = (K&T — 61)" (K 8T — 6I) + T oT
(24)
where 7 is the damping coefficient. Differentiation
with respect to the elements of 6T yields the normal
equation

(KTK +~+1)6T = K"6I ,

which has the unique solution
0T, = (K"K +~+I)'K"6I = C'(KJdT +e). (26)

A comparison of Egs. (22) and Eq. (26) indicates that
Eq. (22) is a more general solution than Eq. (26). How-
ever, Eq. (22) is impractical since the actual covariance
of the errors of particular guess profiles (the elements
of (8TST™)) is difficult to estimate. So Smith et al.
(1972) estimated the ~y as:

(25)

(27)

where scalars 03 and of are the error variances of the
observation and background, respectively. Once the
coefficient 7y is determined, the retrieved temperature
profiles can be given by Eq. (26). In fact, the DLS
method can be considered as a simplification of the SP
method on the assumption that the background errors
are random. But actually they are not random, so the
retrieval error cannot be estimated following Eq. (23).
We can only calculate the retrieval error for each at-
mosphere profile by comparing the retrieval with the
“true” profile directly. This can be implemented by
the following scheme: (1) take each sample profile as
the “true” profile; (2) the observations are calculated
by adding random noise to the simulated brightness
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Fig. 1. The retrievabilitis obtained with AIRS and HIRS/3 data by three methods at point A (a
and b) and B (c and d) (EOF: the method combining EOF and SVD; DLS: damped least-square

method; SP: statistical-physical method).

temperature which were obtained from the “true” pro-
files via RTE; (3) a set of retrieval temperature profiles
from these “observations” are used to calculate the
mean error variances. In our test, a total five years’
of profiles from the NCEP reanalysis dataset for each
point and a set of “observations” with 100 members
are used for each profile. This means that the retrieval
operations with 100 times the profile numbers are per-
formed for the calculation of the mean error variances
at each point. Therefore, this requires much calcula-
tion time.

The SP method is widely used in retrieval prob-
lems. A drawback is the required full knowledge of
the background error covariance and the inversion of

the error covariance. Assuming the background errors
are random, DLS simplifies SP to make it easier to
implement. But the estimation of the damping coeffi-
cient v in DLS is factitious to a certain extent and the
covariance of the retrieval error cannot be estimated
by Eq. (23) directly. So the calculation requirements
are relatively large through computing the mean re-
trievability. While using the method proposed in this
paper, the retrieval error can be estimated from RTE
directly. This avoids the randomness of estimating
~ and the large calculation requirements in the DLS
method; moreover, it avoids the calculation of invert-
ing the covariance matrix in the SP method.
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Fig. 2. The optimum truncation order h. (a) h obtained with AIRS data in January; (b) h obtained with AIRS
data in July; (c) h obtained with HIRS/3 data in January; (b) h obtained with HIRS/3 data in July.

3.2 Comparison of the three methods

We utilize the three methods mentioned above to
compute the retrievability. Following Smith et al.
(1972) and Huang et al. (1992), an rms radiance error
equivalent to a brightness temperature measurement
error of 0.25 K is assumed. The AIRS observations
are from 324 channels accepted by the U. K. Met Of-
fice and the HIRS/3 observations are from 12 channels.
The atmosphere radiative transfer model is RTTOV7
employed by the European Center for Medium range
Weather Forecasting (ECMWF). The atmospheric rel-
ative humidity and temperature profiles are taken from
the NCEP reanalysis dataset in January from 1999 to
2003. The reference field is the mean temperature pro-
file.

Two points A (30°N, 120°E) and B (60°N, 120°E)
were chosen to perform the comparison because of the
large calculation requirements in DLS. In the method
proposed in this paper, the truncation order of the
EOF is 11 and the truncation order of the SVD is
the value corresponding to the minimum retrieval er-
ror (see section 2). The vertical distribution of the
retrievability calculated by the three methods at the

two points in January is shown in Fig. 1.

It is shown from Fig. 1 that the retrievabilities ob-
tained by the proposed method are similar to the re-
sults obtained by the DLS method, but they were a bit
smaller than those of SP. The reason is that the full
information about background errors, an additional
piece of information, was used in the SP method. The
comparison also shows that the difference among the
three methods is less with the AIRS data than with the
HIRS/3 data. This illuminates that the influence of
the background error covariance is less with the AIRS
data than with the HIRS/3 data, which occurs because
the spectral resolution is higher and more information
is contained in AIRS.

In the DLS method, the damping coefficient ~ is
estimated based on the “true” temperature profiles,
but it may not be so accurate in actual calculations,
while the compared results between DLS and the pro-
posed method are very similar and only a bit smaller
than those of the SP method. All of this indicates
that the method combining EOF and SVD is feasible
and can compute the global retrievability expediently.
So it can be used to compute the global retrievabil-
ity and be used as a practical retrieval method. In
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the next section, a globe retrievability image will be
given by the method that combines the SVD and EOF
techniques.

4. Result analyses

Utilizing the error estimate method in section 2,
the global retrievability distribution of atmospheric
temperature profiles can be calculated with AIRS and
HIRS/3 data. NCEP reanalysis data with 1° x 1° res-
olution in January and July from 1999 to 2003 are
used as the atmosphere parameter samples. The refer-
ence fields are produced by averaging the temperature
profiles over the full month (January or July) at each
spot. The temperature anomaly can be calculated,
which can then be decomposed with the EOF analysis.
The vertical structure of the temperature anomaly in
most regions can be represented by the first 11 trun-
cated EOF vectors with the average variance larger
than ninety-eight percent. So the truncation order of
11 is used in the following calculation.

4.1 Optimum truncation order in SVD

It was seen from the last section that resolution
errors decrease when the truncation order in SVD
increases, while the errors caused by observation in-
crease. A good truncation order should be selected by
considering both stability and resolution. There have
been many studies on this issue because the choice
of truncation order will greatly influence the preci-
sion of the retrieval solution (Thompson, 1991; Li et
al., 2001). When the observation error ¢% and atmo-
sphere parameter samples are given, the mean retrieval
error over all levels can be calculated with different
truncation orders by the method in the above section.
The optimum truncation order is the value that cor-
responds to the smallest error. Figure 2 is the dis-
tribution of optimum truncation order obtained with
AIRS and HIRS/3 data in January and July. Here

60N

30N

EQ

30S

60S
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the assumption that the rms error of the brightness
temperature is 0.25 K is applied. It is shown in Figs.
2a and 2b that the truncation order with the AIRS
data in most regions from 60°N to 60°S in January is
between 11 and 13. But the truncation order near the
Tibetan Plateau is lower than in other regions, thus
h can be set to 9 (in July) or 10 (in January). The
truncation order reaches 13 in the equatorial regions.
Also, h at high latitudes in the Northern Hemisphere
in January and the Southern Hemisphere in July is
relatively large (>13). Similar to the AIRS analysis
result, in Fig. 2c¢ and 2d, h is also low near the Ti-
betan Plateau when the HIRS/3 data are used. And
h in low latitude regions and some regions of Antarc-
tica has a smaller value than in middle-high latitude
regions. In January, h is 2 at some equatorial regions
of the Indian Ocean. In July, the regions correspond-
ing to small h are extended. Generally, the regions
corresponding to small h spread northwards. In July,
in most regions of middle-low latitudes of the Northern
Hemisphere, h is smaller than or equal to 4, while h
in the Southern Hemisphere is similar to that in Jan-
uary. Different from the results using AIRS data, the
values of h with the HIRS/3 data have a more distinct
banding distribution characteristic, the values in the
equatorial area are the smallest, and all values from
the HIRS/3 data are far less than those from the AIRS
data. The magnitude of h represents the information
of the atmospheric temperature anomaly retained in
the satellite data. The larger the h, the more infor-
mation can be retrieved from the satellite data. Of
course, the AIRS data contains more information on
the atmospheric temperature. However, if the effec-
tive information ratio is denoted by h/N, the effective
information ratio of AIRS data is less than that of the
HIRS/3 data. This indicates that the independence of
each channel of the AIRS data is lower than that of
the HIRS/3 data.

60N
30NF
oy
308

60S

q
60W 0

180 120w

Fig. 3. The mean square deviation (K) of temperature over all levels in January (a) and July (b).
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Fig. 4. The retrievability of temperature obtained with AIRS (a, ¢, e) and HIRS/3 (b, d, f) data in January.

In fact, the distribution of optimum truncation or-
der is dependent on the distribution of the mean square
deviation of temperature when we calculated it at each
grid point. This feature is obvious in the HIRS/3 data.
Figure 3 is the distribution of averaged mean square
deviation of temperature over all levels. It shows that
the values in low latitude regions are the minimum and
that they are larger in winter (NH: January, SH: July)
than in summer in mid-high latitude regions. This
explains that a high (low) mean square deviation of
temperature corresponds to high (low) optimum trun-

cation order.
4.2 Retrievability analyses

Using the proposed method, the retrievability can
be calculated according to the optimum truncation or-
der at each isobaric surface. Figure 4 is the global re-
trievability at 200 hPa, 500 hPa, and 850 hPa in Jan-
uary. For the three pressure levels, the retrievabilities
are all relatively low in the low latitude areas near
the equator. At 200 hPa, for the AIRS data, there
are two distinct small-value (<0.2) regions, which lie
over the West Pacific Ocean at the equator and the
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Atlantic Ocean east of South America, while a high
retrievability of 0.6-0.8 is located in the mid-high lati-
tudes. For the HIRS/3 data, the retrievabilities in the
30°N-30°S regions are smaller than 0.2 in most re-
gions. The value in other regions is about 0.4. At
500 hPa, the distribution of retrievability is similar
to that at 200 hPa in many regions. But its magni-
tude is about 0.2 higher than that at 200 hPa and the
difference of retrievability between low latitudes and
mid-high latitudes becomes small. The retrievability
at this level is higher than that at 200 hPa and 850
hPa in some regions, especially in low latitude areas.
At 850 hPa, the retrievabilities are obviously tied to
landform. And the values are smaller than those at
500 hPa in most low-latitude regions. But the differ-
ence of retrievability between 850 hPa and 500 hPa in
mid-high latitude regions is not large. In general, the
distribution characteristics of retrievabilities obtained
with the two datasets are similar, but the values from
AIRS data are about 0.15-0.4 higher than those from
HIRS/3 data in the same latitude regions. This indi-
cates that ATIRS data contains more information of the
atmospheric temperature profile. The distribution of
retrievability in July is similar to January. There ex-
ists little difference in most regions and so the figures
are omitted here.

In order to reflect the character of the vertical dis-
tribution, the global retrievability at each height is av-
eraged in January and July, respectively. The globe
mean retrievability profiles are calculated and shown
in Fig. 5. It can be seen that the vertical variation of
the retrievabilities obtained with AIRS and HIRS/3
data are similar to each other regardless of whether in
January or in July. The maximums of the profiles ap-
pear near 500 hPa and the magnitudes in the upper air
and near the ground are relatively low. The retriev-
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abilities from AIRS data are over 0.5 at most heights
and much higher than those from HIRS/3 data. The
differences in the retrievabilities obtained with the two
datasets are relatively large above 400 hPa. This indi-
cates that large improvements in the retrieval can be
gained in the mid-upper atmosphere. Figure 6 is the
averaged retrievability by latitude in January and July
with the two kinds of data. It is shown that the im-
provements in retrievability from the AIRS data are
the highest in the low latitude areas. In January in
particular, the improvement in the retrievability ex-
ceeds 0.3. For the two kinds of data, the retrievabil-
ities in the Northern Hemisphere in January are bet-
ter than in July, while the situation in the Southern
Hemisphere is the reverse. Another characteristic is
that the retrievabilities of temperature exhibit a mini-
mum in the low latitude regions and they increase with
increasing latitude. But in the regions south of 50°S,
the retrievability decreases with increasing (absolute)
latitude.

In conclusion, the distribution characteristics of re-
trievability by latitude are related to the temporal
variability of temperature. The lesser temporal vari-
ability in the low latitude and oceanic regions indicates
that the deviation between actual atmospheric profiles
and the background are relatively small, and that less
effective information can be obtained from observa-
tions. So the significance of the retrieval is not corre-
spondingly large and the retrievabilities are relatively
small. The distribution characteristic of retrievability
by height is that the values in the middle atmosphere
are somewhat large. The reason is that the weight
function in many channels covers the middle atmo-
sphere and the information of satellite observations is
reflected more in the middle atmosphere.
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Fig. 5. Average retrievability at each height in (a) January and (b) July.
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5. Summary and discussion

The retrievability of temperature from satellite re-
mote sensing data can be comprehended as the ulti-
mate precision of retrieval. A method for estimating
the retrievability of the clear-sky temperature profiles
is developed based on GLIT and EOF analysis in this
paper. Utilizing the proposed method, the retrievabil-
ity at each height can be calculated easily when the
observation error is given. The main modes of the at-
mospheric vertical structure can be obtained by EOF
analysis. Using five years’ of NCEP temperature re-
analysis data as the samples, the global distribution
of the retrievabilities of atmospheric temperature are
calculated with the infrared detector data of AIRS and
HIRS/3. The optimum truncation order in GLIT is es-
timated too. The basic characteristics are as follows:

(1) The optimum truncation order decides the ef-
fective information offered by the satellite measure-
ments. The results show that the optimum truncation
order is small in low latitude regions and high in mid-
high latitude regions. This characteristic is related to
the temporal variability of the atmospheric tempera-
ture. Using the AIRS data, the optimum truncation
order in most areas is between 10 and 14. It is large,
relatively, in high latitude areas of the Northern Hemi-
sphere in January and in the Southern Hemisphere in
July. The optimum truncation order is between 3 and
7 when using the HIRS/3 data. Thus, the AIRS data
can provide more information for the temperature re-
trieval, but it also contains more invalid information.

(2) The retrievability of temperature is low in the
upper and lower atmosphere, and high between 400
hPa and 850 hPa. In geographical distribution, the
retrievabilities are low in the low latitude marine re-
gions and in some regions in Antarctica, and relatively

high in mid-high latitude regions and continental re-
gions. This is consistent with the distribution of the
optimum truncation order and partly represents the
relationship between retrievability and the variability
of temperature.

(3) In comparing the retrievabilities obtained with
the AIRS and HIRS/3 data, the former are 0.15-0.4
higher than the latter and the retrievabilities obtained
with the AIRS data are improved more evidently in the
low latitude regions. This implies that using the AIRS
data can improve the temperature retrieval in theory.
In particular in using the AIRS data, the retrievabil-
ity at 500 hPa in some mid-high latitude regions can
reach 0.8. But the actual retrieval precision is still
lower than this value. This indicates that existing re-
trieval methods (including radiance models) and the
data procedures can be further improved.

It should be pointed out that the calculations in
this paper were completed under clear-sky conditions
and that a hypothetical observation error was used.
Thus, the results may not fully represent the actual
precision of a real temperature retrieval. But the dis-
tribution characteristics of retrievability in three di-
mensions can still provide useful information in the
application of satellite data. In addition, the optimum
truncation order obtained in this paper has some ac-
tual application merit in the retrieval process.
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