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ABSTRACT

The International Advanced Television and Infrared Observation Satellite Operational Vertical Sounder
(ATOVS) Processing Package (I APP) has been devel oped to retrieve the atmospheric temperature profile, moisture
profile, atmospheric total ozone, and other parameters in both clear and cloudy atmospheres from the ATOVS
measurements. The algorithm that retrieves these parameters contains four steps: 1) cloud detection and removal,
2) bias adjustment for ATOVS measurements, 3) regression retrieval processes, and 4) a nonlinear iterative
physical retrieval. Nine (3 X 3) adjacent High-Resolution Infrared Sounder (HIRS)/3 spot observations, together
with Advanced Microwave Sounding Unit-A observations remapped to the HIRS/3 resolution, are used to retrieve
the temperature profile, moisture profile, surface skin temperature, total atmospheric ozone and microwave surface
emissivity, and so on. ATOV S profile retrieval results are evaluated by root-mean-square differences with respect
to radiosonde observation profiles. The accuracy of the retrieval is about 2.0 K for the temperature at 1-km
vertical resolution and 3.0-6.0 K for the dewpoint temperature at 2-km vertical resolution in this study. The
IAPP is now available to users worldwide for processing the real-time ATOVS data.

1. Introduction

The Advanced Microwave Sounding Unit (AMSU)
on the NOAA-15 satellite, has atotal of 20 channelsin
the microwave; this represents a dramatic improvement
in microwave technology over the Microwave Sounding
Unit (MSU) from the Television and Infrared Obser-
vation Satellite (TIROS)-N Operational Vertical Sound-
er (TOVS) (Smith et al. 1979). The Advanced TOVS
(ATOVS) is composed of Advanced Microwave Sound-
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ing Unit (AMSU) and High-Resolution Infrared Sound-
er (HIRS)/3, and flies on the National Oceanic and At-
mospheric Administration (NOAA) polar-orbiting sat-
ellite (NOAA-15) launched on 13 May 1998. Two sep-
arate radiometers (AMSU-A and AMSU-B) compose
the AMSU platform. The AMSU-A is a cross-track,
stepped-line scanning total power radiometer. The in-
strument has an instantaneous field-of-view of 3.3° at
the half-power points providing a nominal spatial res-
olution at nadir of 48 km. The AMSU-B is a cross-
track, continuous line scanning, total power radiometer
with an instantaneous field-of-view of 1.1° (at the half-
power points). Spatial resolution at nadir is nominally
16 km. The antenna provides a cross-track scan, scan-
ning +48.95° from nadir with atotal of 90 earth fields-
of-view per scan line. The instrument completes one
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TABLE 1. AMSU-A channel characteristics.
Center
No. of frequency Temperature Calibration
Channel Center pass Bandwidth stability sensitivity accuracy
No. frequency bands (MHz) (MHz) (K) NEAT (K) Angle 6p
1 23 800 MHz 1 270 10 0.3 2.0 Vv
2 31 400 MHz 1 180 10 0.3 2.0 \Y
3 50 300 MHz 1 180 10 0.4 15 Vv
4 52 800 MHz 1 400 5 0.25 15 \%
5 53 596 = 115 MHz 2 170 5 0.25 15 H
6 54 400 MHz 1 400 5 0.25 15 H
7 54 940 MHz 1 400 5 0.25 15 Vv
8 55 500 MHz 1 330 10 0.25 15 H
9 57 290.344 MHz = f 4 1 330 0.5 0.25 15 H
10 f o =217 MHz 2 78 05 0.4 15 H
11 flo = 322.2 = 48 MHz 4 36 12 04 15 H
12 flo = 322.2 £ 22 MHz 4 16 12 0.6 15 H
13 flo = 322.2 = 10 MHz 4 8 0.5 0.80 15 H
14 fo = 322.2 + 45 MHz 4 3 0.5 1.20 15 H
15 89.0 GHz 1 6 000 50 0.5 2.0 \%

scan every 2.66 s. Tables 1 and 2 list the AMSU-A and
AMSU-B channel characteristics.

The primary function of the 15-channel AMSU-A
(channels 1-15) is to provide temperature sounding of
the atmosphere; three of the channels will also provide
information on tropospheric water vapor, precipitation
over ocean, sea-ice coverage, and other surface char-
acteristics. The five channels of the AMSU-B (channels
16-20) mainly measure water vapor and liquid precip-
itation over land and sea. For thefirst time with AMSU,
global profiling of atmospheric temperature and mois-
ture in all weather conditions is possible. In a clear
atmosphere, the major absorbing constituentsin AMSU
channels are oxygen and water vapor. Figure 1 shows
the AMSU-A sensitivity functions (dr/d Inp); it can be
seen that there are several channels (channels 9-14) that
have good sensitivity for stratospheric temperature in-
formation.

Another instrument of ATOVS is the HIRS/3. The
HIRS/3 is a 20 channel instrument that has an instan-
taneous field-of-view of 1.3° providing anominal spatial
resolution at nadir of 18.9 km. The antenna provides a
cross-track stepped scan, scanning +49.5° from nadir
with atotal of 56 fields-of-view per scan. Theinstrument
completes one scan line every 6.4 s. Table 3 lists the
HIRS/3 channel characteristics. Figure 2 shows the

HIRS/3 weighting functions; it can be seen that the in-
formation is concentrated in the troposphere for the in-
frared channels. Data from the HIRS/3 instrument is
used, in conjunction with the AMSU instruments, to
calculate the atmospheric vertical temperature profile
from the earth’s surface to about 40-km altitude.

The International ATOV S Processing Package (IAPP)
has been developed at the University of Wisconsin—
Madison and is now available to the users worldwide
for processing real-time ATOVS data. A simulation
study of the IAPP was carried out for the algorithm
development (Li et al. 1998b). In this paper, the algo-
rithm for ATOV S real data processing is presented. The
retrieval algorithm for ATOV 'S data processing is com-
posed of four steps. 1) HIRS/3 cloud detection and re-
moval of cloud effects; 2) bias correction for the HIRS/3
radiative transfer calculations; 3) regression solution for
parameters to be retrieved; and 4) nonlinear iterative
physical retrieval of the atmospheric temperature pro-
file, moisture profile, atmospheric total ozone, surface
skin temperature and microwave surface emissivity
through solving the radiative transfer equation (RTE).
In the IAPP agorithm, the AMSU-A measurements are
remapped to the HIRS/3 field-of-view (FOV) and the
retrieval processing is based on afield-of-regard (FOR)
containing 3 X 3 adjacent HIRS/3 FOV's; hereinafter a

TABLE 2. AMSU-B channel characteristics.

Bandwidth
Double-

Center sided Pass IF Stop

Channel frequency max band band band
No. (GHz) (MHz) (MHz) (MHz) (MHz)
16 89.0 6000 3000 =1000 +400
17 150.0 4000 2000 =1000 +400

18 183.31 = 1.0 1000 2 X 500 500 —

19 183.31 = 3.0 2000 2 X 1000 1000 —

20 18331 = 7.0 4000 2 X 2000 2000 —
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AMSU-A Channel Weighting Functions
(U.S. Standard Atmosphere)
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Fic. 1. AMSU-A sensitivity functions (dr/d Inp).

FOR is aways defined as the 3 X 3 adjacent HIRS/3
FOVs. The retrieval results are compared with radio-
sonde observation (raoh) profiles. Case studies for 15
and 16 November 1998 show that the ATOVS mea-
surements are capable of capturing the main structure
of the atmospheric profile. Retrieval results are evalu-
ated by the root mean square (rms) differences between
the retrieved ATOV'S and the collocated raob profiles.
Statistical rms errors of temperature and dewpoint tem-
perature show that the accuracy of the IAPP retrieval
is about 2.0 K for temperature at 1-km vertical reso-
lution and 3-6 K for dewpoint temperature at 2-km
vertical resolution. Currently, because of communica-
tion interference problems, the AMSU-B data are not
used in this study because the calibration correction
needs to be improved for retrieval processing. When an
accurate calibration is achieved, the water vapor retriev-
al is expected to be improved by using AMSU-B mea-
surements.

Section 2 describes the forward model and bias cor-
rection for the forward model, a cloud detection and
removal schemeisoutlined in section 3, and theretrieval

algorithm for ATOV'S processing is detailed in sections
4 and 5. Quality control for the retrievals is described
in section 6. Last, the validation of the retrieval analysis
is described in section 7.

2. Forward model and bias adjustment

To determine the retrieval accuracy, a precise knowl-
edge of the instrument performance and the accuracy
of the atmospheric transmittance functions for the var-
ious spectral channels are crucial. In the IAPR, a fast
and accurate transmittance model is generated for the
RTE calculation; it is called Pressure Layer Optical
Depth (PLOD) (Hannon et al. 1996) and uses 42 pres-
sure level vertical coordinates from 0.1 to 1050 hPa.
Uncertainty associated with the infrared surface emis-
sivity, surface skin temperature, and the transmittance
model can be evaluated with a matchup file, which con-
tains the time and space collocated satellite observations
and radiosonde profiles (Zhang et al. 1999). The criteria
for selecting ATOV S measurements with collocated ra-
diosonde data are based on the following.
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TABLE 3. HIRS/3 channel characteristics (for channel 20, A is albedo).
Channel Half-power Anticipated
Channel frequency Band bandwidth max scene Specified Design
No. (cm-1) (pm) (cm-1) temperature (°) sensitivity* goa
1 669 14.95 3 280 3.00 0.75
2 680 14.71 10 265 0.67 0.25
3 690 14.49 12 240 0.50 0.25
4 703 14.22 16 250 0.31 0.20
5 716 13.97 16 265 0.21 0.20
6 733 13.64 16 280 0.24 0.20
7 749 13.35 16 290 0.20 0.20
8 900 11.11 35 330 0.10 0.10
9 1030 9.71 25 270 0.15 0.15
10 802 12.47 16 300 0.15 0.10
11 1365 7.33 40 275 0.20 0.20
12 1533 6.52 55 255 0.20 0.07
13 2188 4.57 23 300 0.006 0.002
14 2210 4.52 23 290 0.003 0.002
15 2235 4.47 23 280 0.004 0.002
16 2245 4.45 23 270 0.004 0.002
17 2420 4.13 28 330 0.002 0.002
18 2515 4.00 35 340 0.002 0.002
19 2660 3.76 100 340 0.001 0.001
20 14 500 0.69 1 000 100%A 0.10% A —

*

NEAN (mW m~2 Sr cm1).

1) The collocation is based on the IAPP retrieval FOR
(3 X 3 FOVs) and the nearest collocated radiosonde
observations in both time and space.

2) The absolute distance between the position (latitude
and longitude) of the radiosonde and the ATOVS
retrieval FOR is less than 1.0° (the central FOV is
chosen to represent the position of the ATOVS re-
trieval FOR).

3) Thetime difference between radiosondeand ATOV S
measurements is less than 1.5 h.

4) The satellite zenith angle of the ATOVS measure-
ment is less than 25°.

5) The cloud check procedure described in section 3 is
applied to each FOR; only clear FORs are used in
comparisons.

6) Only FORs with minimal topography variation are
selected.

Based on these criteria, a global collocated dataset
has been generated with more than 1500 clear collocated
samples from 3 September 1998 to 9 March 1999. Em-
pirical correctionsfor discrepanciesare madewith abias
vector that can be added to the measured brightness
temperatures (Fleming et al. 1986; Hayden 1988). The
ATOVS measurements are compared with those from
the forward calculations using the radiosonde profiles
mentioned above. The surface skin temperature used in
the calculation is obtained through a regression from
the HIRS/3 longwave window channels (11.11 and
12.47 pwm) during nighttime conditions, while longwave
window channels plus shortwave window channel (4.00
um) are used for daytime conditions. If the surface tem-
perature observation is provided, the surface skin tem-
perature is determined from regression by using both

the HIRS/3 window channels and the surface temper-
ature observation. The ATOV S measurements of each
FOR are averaged to reduce the noise. If the calculations
are shown to have systematic bias from the ATOVS
measurements, then the bias correction can be applied
in retrieval processing.

Bias corrections are cal culated for most of the HIRS/3
and AMSU-A channels. Figure 3 shows the scattering
plot of observed and calculated brightness temperatures
for HIRS/3 channels 5, 6, 7, and 8. Clearly, channels
5, 6, and 7, which are the principle temperature sounding
channels, all have correlations in excess of 0.98. How-
ever, the correspondence between observed and cal cu-
lated brightness temperatures for window channel 8 is
not very good due to the fact that channel 8 is mainly
sensitive to the surface skin temperature. Figure 4 isthe
same as Fig. 3 but for AMSU-A channels 4, 5, 6, and
7. The correlation between observed and cal cul ated val -
uesfor channel 4 isalso not very good since this channel
is sensitive to the surface emissivity, while channels 5,
6, and 7, which are the microwave temperature sounding
channels, have good correlations. In general there is
good agreement between the calculations and obser-
vations; the systematic bias error between the calcula-
tions and measurements can be derived and adjusted in
the retrieval. The bias correction can be carried out by
either adjusting the ATOV S observation or the forward
model calculation. In the IAPP, the ATOVS measure-
ments are adjusted for use in the retrieval procedure;
the adjusted brightness temperature is expressed as:

Tg = alg + b, (1)
where the T% is the adjusted ATOV'S brightness tem-

Unauthenticated | Downloaded 09/22/22 05:44 PM UTC



1252

JOURNAL OF APPLIED METEOROLOGY

VoLuME 39

HIRS/3 Channel Weighting Functions
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Fic. 2. HIRS/3 sensitivity functions (dr/d Inp).

perature and T, is the original observed brightness tem-
perature for a given channel, a and b are the slope and
intercept coefficients, respectively, which are calculated
from the matchup file mentioned above. Table 4 lists
the slope and intercept coefficients for HIRS/3 and AM-
SU-A channels. The HIRS/3 channel-9 bias adjustment
is not applied because there are no ozone profilesin the
matchup file. Also the bias adjustment for AMSU-A
window channels 1-3 and 15 are not applied because
there are microwave surface emissivity uncertaintiesin
the calculations. Figure 5 shows the comparisons be-
tween observed AMSU-A channel-5 brightness tem-
peratures and calculated brightness temperatures from
collocated radiosonde profiles. The blue and red spots
in this figure are before and after bias adjustments re-
spectively; obviously the systematic bias is removed
after adjustment.

3. Cloud detection and cloud removal procedure
for HIRS/3

An integral part of the retrieval algorithm is the de-
tection of cloud contamination with specia consider-

ation of HIRS/3 measurement characteristics. For each
HIRS/3 FOV, a cloud detection algorithm is applied to
get the clear/cloudy index. A number of cloud detection
schemes have been implemented for HIRS/2 data pro-
cessing (Smith et al. 1979; McMillin and Dean 1982).
These schemes are applied to the HIRS/3 data process-
ing. In addition, AMSU-A measurements are used for
HIRS/3 cloud detection. In the retrieval processing,
AMSU-A measurements for channels 4-14 are used to
predict HIRS/3 brightness temperatures. The differences
between observed and AMSU-A predicted HIRS/3
brightness temperatures are also used for cloud detec-
tion.

The HIRS/3 cloud detection algorithm is outlined in
Fig. 6. The input data include the brightness tempera-
tures of all HIRS/3 channelswhere each FOV undergoes
the following general tests:

1) Longwave window channel (11.11 um) brightness
temperature. The FOV isclassified cloudy if itswin-
dow channel brightness temperature is too cold
(<210 K).

2) Observed and AMSU-A predicted HIRS3 brightness

Unauthenticated | Downloaded 09/22/22 05:44 PM UTC



AucusT 2000

Calculated BTs based on Radiosondes (K)

Calculated BTs based on Radiosondes (K)

3)

4)

Scatterplot graph of Calculated vs. Measured BTs
HIRS/3 Channel 5

LI N A A S B s B LA A A e A s B

250

240 |-

230 —

\\\\\\\\\\

250
Measured Brightness Temperatures (K)

Scatterplot graph of Claculated vs. Measured BTs
HIRS/3 channel 7
280 ¢

270 F
260 |

250 |

240 |

Fo.7 a Corr. Coef=0.9820, Slope=0. 95826 InterC=10.: 5252 3
2 Biliariias | N [T SR G i

250 270
Measured Brightness Temperatures (K)

280

LI ET AL.

1253

Scatterplot graph of Calculated vs. Measured BTs
HIRS/3 Channel 6
270 T e

260 |
250 ©

240 -

& Corr. Coef=0.9923, Slope=0.9748, InterC=6.5969

230:'l“ww‘|s|\1|||rwwwwlrw»wwwww.l»sw\w
230 240 250 260

Measured Brightness Temperatures (K)

Calculated BTs based on Radiosondes (K)

270

Scatterplot graph of Calculated vs. Measured BTs
HIRS/3 channel 8
310 ¢

300
290
280
270

260

Calculated BTs based on Radiosondes (K)

50 :
250 260 270 280 290 300 31 o
Measured Brightness Temperatures (K)

Fic. 3. Scatterplot of observed and calculated brightness temperatures for HIRS/3 channels 5, 6, 7, and 8.

temperature difference. In clear-sky conditions, the
difference between observed and AMSU-A predict-
ed brightness temperatures should be small for most
HIRS/3 channels. However, if there is a significant
discrepancy between the observed HIRS/3 and AM-
SU-A predicted HIRS/3 brightness temperatures for
any cloud sensitive channel (4, 5, 6, 7, 13, 14, and
15), then this FOV is classified as cloudy.

The warmest adjacent FOV's longwave window
channel brightness temperature. The warmest FOV
is selected from its eight adjacent FOVSs, if the long-
wave window brightness temperature is 4 K cooler
than that of the warmest FOV, this FOV is classified
cloudy.

Multiwindow channels brightness temperature dif-
ference. The HIRS/3 has four window channels,
where three channels have a higher transparency. An
atmospheric correction is cal cul ated for each window
channel and the three estimates of surface temper-

ature are checked for consistency. If any of following
checks is satisfied, then the FOV is classified as
cloudy. In sunlight,

[TBO(18) — TBO(8)| > 10.0 K.
At night, the test becomes
TBO(18) — TBO(8) > 2.0 K,
TBO(8) — TBO(18) > 4.0 K,
TBO(19) — TBO(18) > 2.0 K, and
TBO(18) — TBO(19) > 4.0 K,

where TBO(i) is the brightness temperature for a
given HIRS/3 channel i.

If there is one or more clear FOV's within the FOR,

then the average of al clear FOV radiances are used
for this FOR and the AMSU-A brightness temperatures
are the average of al nine FOV's within this FOR. This
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Fic. 4. Scatterplot of observed and calculated brightness temperatures for AMSU-A channels 4, 5, 6, and 7.

averaging process reduces the random noise of the mea-
surements. However, if there is no clear HIRS/3 FOV
within the FOR after the cloud screening, then a cloud
removal procedure is applied to get the HIRS/3 clear
column radiance from the measurements of nine cloudy
FOVs. Cloud removal refers to the estimation of the
radiance in the absence of clouds. We use the adjacent
FOV s approach devel oped by Smith (1968) and Chahine
(1974, 1977), which is summarized as follows.

The HIRS/3 observed radiance in a partially cloudy
FOV consists of the radiance from the clear portion of
the scene and radiances from the portions covered by
different types of clouds. For a specific HIRS/3 channel,
the radiance for a partly cloudy FOV is given by

J J
R= (1 -> aj>R°” + > aR, 2
=1 j=1

where o is the fraction of cloud type j, R°" is the clear
column radiance for this footprint, R is the overcast

radiance of cloud typej, and Jis number of cloud types.
In the ATOVS processing, we assume that up to two
layers of clouds can exist. More than two adjacent
HIRS/3 FOVs are used in the cloud-removal approach
for each cloud type. It is assumed that al the adjacent
FOV's used in the cloud-removal procedure vary only
in the cloud fractions for each cloud type; that is, al
adjacent FOV's have the same R*" and R but different
;. The nine FOV's are sorted and grouped according to
the amount of cloud (Joiner and Rokke 1998). HIRS/3
channel-8 brightness temperatures of the nine adjacent
FOV's are reordered from the warmest to the coldest;
then the three FOV s with the warmest, the three FOV's
with the coldest, and the remaining three FOVs are av-
eraged. This averaging reduces the noise that may be
amplified in the cloud removal procedure. The cloud-
removed clear column radiance for the FOR can be re-
trieved using the following equation:

Rr =R, + n(R, — R,) + (R, — R,), (3)
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TABLE 4. The coefficients for HIRS/3 and AMSU-A bias adjustment.
HIRS/3 AMSU-A
channel Slope Intercept channel Slope Intercept
index (a) (b) index (a) (b)

1 0.8174493 43.99188 1* 1.000000 0.000000
2 0.8523166 33.75825 2* 1.000000 0.000000
3 0.8648131 30.56179 3* 1.000000 0.000000
4 1.0282290 —5.48383 4 1.020023 —7.771476
5 0.9877007 3.67346 5 1.021792 —6.488478
6 0.9748163 6.59699 6 1.007780 —1.506610
7 0.9582583 10.52518 7 1.039344 —8.765779
8 0.9191831 22.30155 8 0.938334 13.424830
9* 1.0000000 0.00000 9 0.941926 12.654100

10 0.9327897 18.65043 10 0.932548 14.924470

11 0.8976258 25.74048 11 0.918347 18.666970

12 0.9241955 18.96372 12 0.880986 28.549870

13 0.9596393 9.64674 13 0.754574 60.506610

14 0.9852950 3.13180 14 0.682403 81.671510

15 0.9839523 2.04826 15* 1.000000 0.000000

16 0.9921560 0.15154

17 0.9578910 11.42773

18 0.9329234 16.59371

19 0.9020007 24.08484

* Bias adjustment is not applicable for those channels.

R, (warmest), R,, and R, (coldest) are three averaged
radiances as mentioned above, R is the HIRS/3 clear
column radiance to beretrieved. The AMSU-A channels
6-14 are used to predict the HIRS/3 channels 4, 5, 6,
and 7 clear radiances that are used to solve n, and 7,
using Eq. (3). Then these n, and 7, are used in Eq. (3)
with the cloudy radiances for each HIRS/3 channel to
obtain the clear column radiances.

To illustrate the capability of the cloud removal pro-
cedure, 8834 global radiosonde profiles are used to sim-
ulate the HIRS/3 cloudy radiances and AM SU-A bright-
ness temperatures. The instrument noise listed in Table
1 plus the assumed 0.2 K forward model error is added
to the AMSU-A brightness temperatures. Figure 7
shows the root mean square error (rmse) for the AM-
SU-A predicted, and the cloud-removed 19 HIRS/3
channels’ brightness temperatures, along with the
HIRS/3 instrument noise. Theregression coefficientsare
generated using 90% of the 8344 profiles; this coeffi-
cient isthen applied to the remaining 10% of the profiles
to get the rmse. This is a one-layer cloudy simulation,
the average cloud amount in the simulation procedure
is 56%, and the cloud pressure varies from 150~850
millibars. From the results, it can be clearly seen that
the AMSU-A measurements can predict most of the
HIRS/3 channels with good accuracy. The accuracy for
AMSU-A predicted HIRS/3 channels 1-3 is even better
than the HIRS/3 instrument noise; thisis due to the fact
that AMSU-A has low instrument noise and has good
sensitivity for upper tropospheric and stratospheric tem-
perature. Although the instrument noise for HIRS/3
channels 1-3isrelatively large, the noise can be reduced
by averaging radiances within the 3 X 3 FOVs. There-
fore, these three HIRS/3 channels can be used together
with AMSU-A channels to infer the upper tropospheric

and stratospheric temperature information in both clear
and cloudy skies.

The rmse of the AMSU-A predicted HIRS/3 bright-
ness temperature is less than 2.0 K for channels 5-7
and 14-16 although the rmse is larger than the HIRS/3
instrument noise. These seven cloud sensitive channels
are used for cloud detection in the IAPPR, as described
above. The rmse of the remaining AMSU-A predicted
HIRS/3 channels (near surface or window channels) is
much larger than the HIRS/3 instrument noise; this is
due to the fact that the atmospheric information of AM-
SU-A measurementsis limited in the near surfacelevels
due to the radiation from the earth’s surface.

The cloud-removal procedure that usesall the HIRS/3
cloudy radiances within the FOR shows a substantial
improvement over the AMSU-A predicted HIRS/3
brightness temperatures, especially for those low-level
and window channels (e.g., channels 7-13 and 17-19).
However, the rmse of cloud-removed HIRS/3 brightness
temperatures for those low-level and window channels
is still about 1.0~1.5 K. This is so-called noise ampli-
fication in the cloud removal procedure. In rea data
processing, multiple layer/phase clouds can occur within
aHIRS/3 FOV, and it is not reliable to apply the cloud-
removal technique to HIRS/3 measurements under this
condition. Therefore, FOV's containing multiple layer/
phase clouds need to be identified before the retrieval
procedure.

4. First guess from linear regression retrieval

Because the retrieval problem isill-posed, additional
information is needed to constrain the solution. Often
this is accomplished by means of a first-guess profile
obtained from a climate mean, a regression technique,
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Diagram Comparisons (before and after bias adjustment)
(AMSU-A Channel 5, Measured vs Calculated brightness temperatures)

2700 [
g 265.0
o [
h 8
g 260.0 -
O
g— [
£ 255.0 -
I—
@ :
® 250.0 |
c L
4 W ar
: i 3
= - r
S 2450 ‘
o !
2
S 2400 - ¥
3 [ -
o I i
(41 L
O 2350 .
r *‘i"ﬁﬂ
2300 A
230.0 2350 2400 245.0

250.0 255.0 260.0 265.0

LA S B RN B B B S B B B

'f\é&

w R

» Before Bias Adjustment
« After Bias Adjustment

1
1
j|

270.0

Measured Brighthess Temperature (K)

Fic. 5. Comparisons between AMSU-A channel 5 observed and calculated (from collocated radiosondes) brightness temperatures. The
blue and red spots are before and after bias adjustment, respectively.

and/or numerical forecast products. The IAPP retrieval
involves two steps: 1) an initial temperature, water va-
por, ozone profile, and surface skin temperature is ob-
tained by statistical regression based on the NOAA/
NESDIS NOAA 88 global radiosonde dataset that has
8834 atmospheric profiles, and 2) an iterative physical
solution of the radiative transfer equation is conducted
using the results of step 1 as the initial profile to get
the final temperature profile, moisture profile, and total
atmospheric ozone. In the IAPP, a statistical regression
model is generated for the first-guess retrieval from
ATOV S measurements under both clear and cloudy sky
conditions; the regression result is calculated for the
HIRS/3 single FOV. The fast forward model calculation
of AMSU-A and HIRS/3 radiance is performed for each
radiosonde case of the NOAA 88 dataset to provide a
radiosonde-ATOV S radiance pair for the statistical re-
gression analysis. A regression equation is then gen-
erated based on these theoretical cal cul ations of radiance
and the matching radiosonde temperature, moisture, and

ozone profiles. This regression equation can be applied
to the real ATOVS radiances to generate an excellent
initial profile of the atmospheric state, as needed for the
physical solution of the RTE. In addition, the local sat-
ellite zenith angle of observation, the surface terrain
elevation, and the land/water index are also used as
predictors to allow the direct use of nonlimb adjusted
radiances. Another way to generate the regression equa-
tion is by using the matchup file that contains the time
and space collocated satellite radiance measurements
and radiosonde profiles (Goldberg 1999). The advantage
of the regression equation using the theoretical calcu-
lation over the real observation is that it avoids errors
due to time and space differences between the satellite
observation and radiosonde profile; however, using the
real matchup data will overcome the impact of bias
caused by the imperfection of forward model calcula-
tion.

Time and space collocated surface temperature and
moi sture observations can also be used as two additional
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Fic. 6. Anillustration of HIRS/3 cloud detection scheme. TBO represents the observed HIRS/3
brightness temperature, TBW represents the warmest adjacent FOV'’s longwave window channel
brightness temperature, and TBR represents AMSU-A predicted HIRS/3 brightness temperature.

predictors in the regression. For example, if the hourly
surface temperature and moisture observationsare avail-
able within the FOR, the surface observations provide
additional information to better constrain the statistical
retrieval at near surface levels. Because the |APP uses
the 3 X 3 HIRS/3 FOV's observations to obtain one
retrieval profile, the averaged HIRS/3 clear radiances
and averaged AMSU-A brightness temperatures within
the nine FOV's are applied to the regression equation.
Under clear sky conditions, the HIRS/3 measurements
plus the AM SU-A measurements are used to predict the
atmospheric temperature and moisture profiles, total
ozone, surface skin temperature, and microwave surface
emissivity. Under cloudy sky conditions, only the AM-
SU-A and HIRS/3 stratospheric channel measurements
are used to predict these atmospheric parameters. Be-
cause of the fact that the cloud-removal procedure am-
plifies measurement noise, we do not use the cloud-
removed clear column radiances of HIRS/3 channels to
retrieve the atmospheric temperature and moisture pro-
files under cloudy conditions, instead the AMSU-A and
HIRS/3 channels 1-3 are used.

Atmospheric ozone is also retrieved in cloudy sky
where the cloud-removed HIRS/3 clear column radi-
ances are used. However, the accuracy islimited because
of the noise amplification in the cloud-removal proce-
dure. A first guess of the microwave surface emissivity

is obtained from the AM SU-A 50.3-GHz window chan-
nel brightness temperature (Huang and Li 1998), and
the emissivity of the other AMSU-A channelsis deter-
mined by model calculation based on the frequency.

5. Physical iterative retrieval algorithm

Once the first guess is generated from the regression
technique described above, a nonlinear iterative pro-
cedure is applied to the radiative transfer equation to
further improve the first guess. This procedure is de-
scribed here.

If we neglect scattering by the atmosphere, the true
clear spectrum of infrared radiance exiting the earth—
atmosphere system is approximated by

Ps
R = &B, — J B d7(0, p)
0

+(1—8)Jp55d7*+R’, )

where 7* = 72/7; R is the spectral radiance in the in-
frared region or brightness temperature in the micro-
wave region; B is the Planck radiance in the infrared
region or temperature in the microwave region, which
is a function of pressure p; 7 is the atmospheric trans-
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Cloud Removed HIRS/3 Brightness Temperature RMSE (K)
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FiG. 7. Rmse of AMSU-A predicted and cloud-removed HIRS/3
brightness temperatures, plus the HIRS/3 instrument noise.

mittance function; subscript s denotes surface; R’ rep-
resents the contribution of reflected solar radiation in
the infrared region; and ¢ is the surface emissivity (as-
sumed to be equal to 0.99 for infrared window channel).
If the satellite-observed radiance or brightness temper-
ature R of each channel is known, then R can be con-
sidered a nonlinear function of the atmospheric tem-
perature profile, water vapor mixing ratio profile, sur-
face skin temperature, microwave surface emissivity,
etc. That is, R= R(T,q, T, &,...), or in general

Y = F(X), ©)

where the vector X contains L (levels of atmosphere)
atmospheric temperatures, L atmospheric water vapor
mixing ratios (the water vapor is expressed as the log-
arithm of the mixing ratio in practical applications), one
surface skin temperature, one microwave surface emis-
sivity, etc.,, and Y contains N satellite observed radi-
ances or brightness temperatures. The linear form of Eq.
(5) is

8Y = F'oX, (6)

where F' is the linear or tangent model of the forward
model F. Here, F' is aso the so-called weighting func-
tion matrix and these weighting functions can be cal-
culated by adifferential scheme or perturbation method,
especialy for the water vapor mixing ratio and ozone
mixing ratio components. However, an accurate and ef-
ficient way to calculate the weighting functions is nec-
essary for real-time data retrieval processing. Here the
linear model F' uses an efficient analytical form (Li
1994); see the appendix for the derivation of the line-
arization form of the RTE. A genera form of the min-
imum variance solution is to minimize the following
penalty function (Rodgers 1976)
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JOX) = [Ym = YOI'E Y™ = Y(X)]

+ (X = X )TH(X — X). @)
By using the following Newtonian iteration
KXo = Xy + J(X) - J(X,), )

the following quasi-nonlinear iterative form (Eyre 1989)
is obtained

8X oy = (FT-E*-F, + H) -F/T.E
X (8Y, + F. - 8X,), 9)

where 6X,, = X, — X,, 8Y, = Y™ — Y(X,), X is the
atmospheric profile to be retrieved, X, isthe initial state
of the atmospheric profile or the first guess, Y™ is the
vector of the observed radiances or brightness temper-
atures used in the retrieval process, E is the observation
error covariance matrix that includes instrument noise
and forward model error, H is the a priori matrix that
constrains the solution, and superscript T denotes the
transpose. Here, H can be the inverse of the apriori first-
guess error covariance matrix or another type of matrix.
If the statistics of both the measurement and apriori error
covariance matrix are Gaussian, then the maximum like-
lihood solution is obtained. However, if the apriori error
covariance matrix is not known or is estimated incor-
rectly, the solution will be suboptimal (Chahine et al.
1996). Usually H = vyl is applied in Eq. (9), where y is
the smoothing factor. Equation (9) becomes

X = (FT-E71-F + ) -FyT-E1
X (8Y, + F/ - 8X,). (10)

While the smoothing factor vy is extremely important in
the solution, but it is very difficult to determine. The
value vy is dependent upon the observations, the obser-
vation error, and the first guess of the atmospheric pro-
file; oftenitischosen empirically (Susskind 1984; Smith
et al. 1985; Hayden 1988). The smoothing factor plays
acritical role in the solution; if y istoo large, then the
solution is overconstrained and large biases could be
created in the retrieval, while if y is too small, the
solution isless constrained and possibly unstable. In the
IAPP retrieval procedure, the discrepancy principlefol-
lowing Li and Huang (1999), is applied to determine
the smoothing factor y. Thus

[FIX(v)] — Y™z = o2, (11)

where 02 = 3} | €2, e isthe square root of the diagonal
of E or the observation error of channel k, which includes
instrument error and forward model error (that is €2 =
n¢ + f2, where n, is the instrument noise of channel k
while f, istheforward model error for the same channel).
Usually o2 can be estimated from the instrument noise
and the validation of the atmospheric transmittance model
used in the retrieval. Because Eq. (11) has a unique so-
lution for y (Li and Huang 1999), with Eqg. (10) and Eq.
(11), the atmospheric parameters and the smoothing fac-
tor can be determined together. In the IAPP, a simple
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numerical approach is adopted for solving Eq. (11), yis a. Convergence check

changed in each iteration according to

Vo1 = GnVao (12)

g is a factor for y increasing or decreasing. Based on
Eq. (11), g is obtained in each iteration by the following
conditions:

G = 1 if[F(X,) = YT} < o?
if [F(X,) — Y™[2 = o2
if IF(X,) — YM[2> o2 thenq, = 0.8.

The g factor has been found from empirical experi-
ence to ensure that the solution is stable from one it-
eration to the next. Then, y will keep changing until
the iteration stops.

Because there are correlations among atmospheric
variables, only alimited number of variables are needed
to explain the vertical structure variations of an atmo-
spheric profile (Smith 1976). The number of indepen-
dent structure functions can be obtained from a set of
global atmospheric profile samples. Assume

thenqg, = 1.5
then stop iteration;

X = X, = PA, (13)
where A = (a4, a,, ..., a), and
@ 0 0 O
o @ 0o o0 o0 D
®=00 0 & O
Do 0 0 @ o D
0 0 0 0 &

@ isthe matrix of the first Ny EOFs of the temperature

profile, ®, is the matrix of the first N, EOFs of the

water vapor mixing ratio profiles, ®, is the matrix of

the N ,.0zone mixing ratio profiles, <I> =¢ =1, and

M = N + N + N, + 1+ 10t |sobV|ousthat<I>T(I>
=1. Defmmg Fr = F’(I) Eg. (10) becomes

A, = (FITEF, + y)FITE-3(8Y, + FIA,), (14)

where A, = 0. Equations (14) and (11) are applied to
derive the solution from ATOV S observations.

Again, time and space collocated surface observa-
tions can also be used in the physical retrieval proce-
dure. The surface temperature and moisture observa-
tions are treated as two additional ‘‘channels’ of in-
formation to assist the lower atmospheric structure de-
termination. Thus, two additional equations are added
in the linearized radiative transfer equations for inver-
sion solution (see the appendix for the details on using
the ancillary surface observations).

6. Quality control for the retrieval processing

Several checks are made for the retrieval quality con-
trol.

The following quantity is computed to check the con-
vergence

Xi = X = X, (15)

if xi.1 > x; within two iterations (which means the
iteration diverges), then the iteration is stopped, and the
retrieval is set to thefirst guess; otherwise keep iterating
until y < 0.25, or amaximum of 10 iterationsisreached.
Usually, more than 95% of solutions obtain conver-
gence.

b. Saturation check

At each iteration, each level of the water vapor profile
is checked for supersaturation. If a level is supersatu-
rated, 100% relatively humidity is assumed.

c. AMSU-A cloud check

The AMSU-A scattering index and discriminate func-
tions (Grody 1999) are used to obtain the surface char-
acteristics such as sea ice concentration, precipitation
identification, and snow cover. The derived scattering
index and rainfall index can be used to reject the re-
trievals. The scattering index is defined as

H—113.2 + (241 — 0.0049T23)T23
O + 0454731 — T89 Water
or23 — T89 Land,

Sl = (16)

where T23, T31, and T89 are the brightnesstemperatures
for AMSU-A channels 1, 2, and 15, respectively. If the
scattering index is greater than 35, then the FOR is
rejected for retrieval processing.

d. Water—and boundary retrieval processing

If the FOR contains FOV's both over water and land,
then the FOVs are organized into groups in order: clear
water FOV's, clear land FOV's, and cloudy water FOVs.
Only FOVs from the highest-order category are used in
water—land boundary retrieval processing. For example,
if there are clear water FOV's within the FOR, only the
clear water FOVs are used in retrieval. If there is no
clear water FOV's, then the clear land FOV's are used.
If thereisneither clear water FOV snor clear land FOV's,
then cloudy water FOV's are used.

7. Retrieval results: Validation and analysis
a. Vertical profiles

The algorithm has been tested with ATOVS mea-
surements; NOAA-15 ATOV S data from 15-16 Novem-
ber 1998 were used in a detailed comparison between
radiosonde profiles and ATOVS sounding profiles.
HIRS/3 channels and AMSU-A channels are used in
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RAOB, GUESS and RETRIEVAL

(00UTC 16 Movember 1998; Lat=45.68, Lon=126.62)
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FiG. 8. Clear sky physical retrieval compared with the regression
first guess and raob profile. Solid lines are for temperature and dashed
lines are for dewpoint temperature. HIRS/3 and AMSU-A channels
are used in the retrieval.

both regression and physical retrieval procedures in
clear sky conditions while only HIRS/3 stratosphere
channels 1-3 and AMSU-A channels are used in cloudy
sky conditions. Only ATOVS data within 2 h of the
radiosonde and 1.0° latitude/l ongitude (except in the po-
lar region) are used in retrieval validation. The space
distance between the ATOVS and raob measurements
must be within 1.0° latitude-ongitude, except in the
polar region.
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Several ATOV'S soundings were chosen to compare
with the radiosonde profiles. Those profilesinclude clear
retrieval, cloudy retrieval, land retrieval, and ocean re-
trieval. Figure 8 shows a clear (HIRS/3 + AMSU-A)
physical retrieval compared with the regression first
guess and the raob profile. Both the regression and the
physical retrieval are close to the radiosonde observa-
tion, and the physical retrieval does improve the first
guess from 200 mb to 500 mb for temperature and also
for some low-level water vapor. However, thereis only
a slight change from the first guess to the physical re-
trieval for temperatures below 500 mb. This means the
regression retrieval has provided most of the tempera-
tureinformation from ATOV Slow-level channelsinthis
case. Figure 9 shows the associated HIRS/3 and AM-
SU-A brightness temperature residual for the same case.
It can be seen that the HIRS/3 residuals for some chan-
nels are reduced significantly in iterating from the first
guess to the second iteration, suggesting that the HIRS/3
measurements can influence the physical retrieval pro-
file. There is much less significant change for AMSU-A
residuals; this is due to the fact that the regression pro-
cedure can fit the temperature-sensitive AM SU-A chan-
nels well, since microwave radiances are linear func-
tions of temperature. Figure 10 shows another clear re-
trieval over land. The raob exhibits fine temperature
changes in the low-level atmosphere (low-level inver-
sion near 900 mb); although the ATOV S did not resolve
this fine structure, it remains close to the raob profile
in the mean.

Figure 11 shows two adjacent FORs HIRS/3 (upper

HIRS/3 and AMSU-A Brightness Temperature Residuals
(00UTC November 16, 1998; Lat=45.68, Lon=126.62)

5.0 T T f

LR B T T
4.0 - O---©Guess

3.0 - V--VFirst lteration Residual
20 | & —kSecond iteration Residual

2.0 ‘\ /
-30 f N/

-4.0 )
-5.0 ! S i L

Degree (K)

1.0 - 2SN
R e

5.0

4.0
3.0
20
1.0 -
0.0
-1.0 +
-2.0 -
-3.0 -
-4.0 -

Degree (K)

,,,,,, gj “5&‘4:4’{:%‘:%‘ i*,—l- =

L.

-5.0 I 1 1 I
0

1 2 3 4 5 6 7 8

AMSU-A

S T S O RO R RSP S | e

9 10 11 12 13 14 15 16 17 18 19 20

CHANNEL INDEX

Fic. 9. HIRS/3 and AMSU-A brightness temperature residuals associated with the retrieval in
Fig. 8.
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RAOB vs ATOVS Sounding RAOB vs ATOVS Sounding
(002, Nov.16, 1998; Lat=35.22, Lon=-97.47) (00Z, Nov. 16, 1998; Lat=27.77, Lon=-87.51)
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FiG. 10. Comparison of ATOV'S sounding and raob profile for a Fic. 12. Comparison of radiosonde and retrievals from the two
clear land retrieval. HIRS/3 and AMSU-A channels are used. FORs. The solid lines are for temperature profiles; the dashed lines
are for dewpoint temperature profiles.
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Fic. 11. HIRS/3 and AMSU-A brightness temperatures over the ocean for two adjacent FORs (one clear, the other somewhat cloudy).
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ATOVS Derived Temperature RMSE
{Nov.15 and 16, 1998; 587 Comparisons)
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Fic. 13. One-km layer global temperature rmse of the regression
and physical retrieval from 15 and 16 Nov 1998 for al clear and
cloudy, land and ocean cases.

panel) and AMSU-A (lower panel) channel brightness
temperatures over the ocean. The HIRS/3 window chan-
nel 8 of FOR 1 is 4.5 K warmer than that of FOR 2,
the shortwave window for FOR 1 is also warmer than
that of FOR 2. FOR 1 is categorized as a clear FOR
while FOR 2 is categorized as acloudy FOR after cloud

ATOVS Derived dewpoint Temperature RMSE
(Nov.15 and 16, 1998; 587 Comparisons)
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FiG. 14. Two-km layer dewpoint temperature rmse of the regression
and physical retrieval from 15 and 16 Nov 1998 for all clear and
cloudy, land and ocean cases.
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Water vapor mixing ratio component weighting functions
(HIRS/3 channels 11 and 12, AMSU-B channels 1-5, U.S. standard atmosphere)
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Fic. 15. The water vapor mixing ratio component weighting func-
tions for HIRS/3 water vapor channels 11 and 12, and AMSU-B
channels 1-5. The solid lines are for AMSU-B channels; the dashed
lines are for HIRS/3 channels.

check procedure. There are no significant AMSU-A
brightness temperature differences between the two
FORs, indicating that AMSU-A is not sensitive to this
cloud. For the clear FOR 1, HIRS/3 and AMSU-A mea-
surements are used in the retrieval, while for the cloudy
FOR 2, only HIRS/3 stratospheric channels and AM-
SU-A channelsareused intheretrieval. Figure 12 shows
the radiosonde profile and the retrieval s from two FORSs.
Low-level cloud is also observed by radiosonde at 850
mb. The clear retrieval is closer in temperature to the
radiosonde profile than the cloudy retrieval at the low
levels and the upper troposphere. However, the clear

Scatter plot of TOMS and ATOVS ozone values

(Global coverage, November 15 1998)
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Fic. 16. Scatterplots of TOMS ozone and HIRS/3 total ozone re-
trievals on 15 Nov 1998.
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NOAA—15 Temperature Retrieval 850 hPg
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Fic. 17. Globa 850-mb temperature retrievals from morning ATOV'S coverage on 15 Nov 1998.

and cloudy retrievals are almost identical for the strato-
spheric temperature; this is due to the fact that the
HIRS/3 provides aimost no additional information be-
yond AMSU-A in the stratospheric region. For the water
vapor retrieval, the AMSU-A only cloudy retrieval ob-
tains awetter structure at low levels, in close agreement
with the radiosonde, whilethe HIRS/3 + AM SU-A clear
retrieval is drier as one would expect for a clear FOR.
Although, AMSU-A is for temperature remote sensing,
channels 3-5 contain good information for boundary
layer water vapor over ocean due to the low microwave
surface emissivity and large contrast between the sur-
face radiation and water vapor radiation for those chan-
nels (Zhang et al. 1999). Therefore water vapor can be
retrieved over the ocean with AMSU-A only measure-
ments.

The comparisons above show that the mean structure
of atmospheric temperature and moisture profiles can
be achieved from ATOV S measurements. However, be-
cause of some uncertainties, such as the failure of low-
level cloud check, surface type uncertainty, emissivity
error, and so on, the retrieval may be subject to a large
error especially in the low atmospheric levels. In order
to improve the low-level retrieval, more investigations
are needed that focus on the cloud check, surface skin
temperature, and the surface emissivity.

b. Satistical rms difference between ATOVS
soundings and radiosonde observations

A total of 587 ATOVS retrievals and collocated ra-
diosonde observations were compared from 0000 UTC
and 1200 UTC on 15 and 16 November 1998. The rmse
of ATOVS retrievals is defined as

15
rmse = W 2 (Xraoe = Xatovs)?s

s i—1

17

where Xgaop and X,;ovs are the radiosonde observation
and ATOVS retrieved parameters respectively, and N
is the total number of comparisons. Figure 13 shows
the 1 km layer global temperature rmse of the regression
and physical retrieval for al clear and cloudy, land and
ocean cases. Results show the substantial improvement
of the physical retrieval over the regression first guess
especially from 100 to 500 mb. However, there is less
change from the first guess for temperature below 600
mb. This is due either to the relatively large forward
model error for low-level and window channels, or the
failure for low-level cloud check. Usually the estimated
bias for low-level and window channels from matchup
data is not very good because of the error of surface
skin temperature determination and the uncertainty of
surface emissivity in the forward model calculation. A
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NCAA—15 Water Vapor Retrieval 850 hPag
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Fic. 18. Global 850-mb water vapor mixing ratio retrievals from morning ATOV'S coverage on 15 Nov 1998.

relatively large forward model error still exists after bias
adjustment for the low-level and window channels. This
error is transferred to the low-level temperature regres-
sion retrievals. Because of the error of forward calcu-
lation in those channels, both regression and physical
retrieval procedures are unable to yield all the low-level
atmospheric information contained in these channels
radiance measurements. However, it should be stressed
that because the iterative physical retrieval procedureis
an efficient algorithm it generally improves the regres-
sion first guess, and sometimes gives substantial im-
provement. This physical iterative procedure is impor-
tant for ATOV'S data processing. The average rmse of
temperature retrieval here is less than 2 K.

Figure 14 showsthe 2 km layer dewpoint temperature
rmse. The rmse for dewpoint temperature is less than 4
K for most layers (only 700 mb is almost 5 K). There
is also improvement of the physical retrieval over the
guess. With the use of AMSU-B measurements in the
future, the improvement for water vapor retrieval should
be more substantial. In order to demonstrate the water
vapor information in AM SU-B measurements, the water
vapor mixing ratio component weighting functions of
HIRS/3 and AMSU-B channels are calculated based on
Eg. (A.10c) in the appendix. Figure 15 shows the water
vapor weighting functionsfor HIRS/3 water vapor chan-
nels 11 and 12, and AMSU-B channels 1-5. Because
of the large instrument noise, the water vapor infor-

mation is limited for HIRS/3 channel 12. AMSU-B
channels 2-5 provide adequate water vapor sensitivity
between 300 and 850 mb. Because of the low instrument
noise, AM SU-B is expected to provide much morewater
vapor information than HIRS/3.

c. Atmospheric ozone retrievals

Atmospheric total ozone is retrieved using HIRS/3
channel 9. The agorithm is very similar to the ozone
processing used for the Geostationary Operational En-
vironmental Satellite (GOES) sounder ozone retrieval
(Li et al. 1998a). In clear sky conditions, HIRS/3 chan-
nel-9 radiance is affected by both atmospheric ozone
absorption and surface skin temperature. Channel 9 is
used together with other channels to obtain the total
ozone retrieval. In cloudy skies, the cloud-cleared
HIRS/3 clear column radiances are used for total ozone
retrieval. The primary instrument used for estimating
global ozone is the Total Ozone Mapping Spectrometer
(TOMS) instrument (McPeters et al. 1996). TOMS is
relatively insensitive to the ozone profile shape and pro-
vides high accuracy of total column ozone. However,
the TOM S, which measuresthe backscattered ultraviol et
(UV) solar radiation, cannot provide measurements in
polar regions during the polar night. Ozone retrievals
based on IR radiance measurements, because they do
not depend on solar energy, maintain a distinct advan-
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NOAA—15 Microwave Emissivity
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Fic. 19. Global 50.3-GHz microwave surface emissivity retrievals from morning ATOV S coverage on 15 Nov 1998.

tage over UV measurementsin regions of darkness. Fig-
ure 16 shows the scattering plots of global TOM S ozone
and global HIRS/3 total ozone retrievals for 15 Novem-
ber 1998. Only TOM S measurements from 85°N to 85°S
and with solar zenith angle less than 82° are selected.
The TOMS-HIRS/3 distance must be less than 0.2° lat-
itude-longitude. Figure 16 indicates that there is good
agreement between TOMS and HIRS/3 ozone mea-
surements with an rms difference of 20 Dobson units
(DU) and a correlation of 0.92.

d. Global images of retrievals

With the ““all weather” sounding capability of AM-
SU-A, improved global coverage in soundings can be
obtained from NOAA-15. Figure 17 shows the 850 mil-
libar temperatures inferred from morning ATOV S data
on 15 November 1998. Scan angle corrections in re-
trieval have mitigated any limb darkening. Figure 18
shows the 850 mb water vapor mixing ratio retrievals.
Figure 19 shows the microwave surface emissivity re-
trievals from AMSU-A channel at 50.3 GHz. The land
and water are clearly separated in the microwave surface
emissivity retrievals.

e. Comparison with TOVS performance

To illustrate the improved performance of ATOVS
over the TOVS system, four AMSU-A channels (3, 5,

7, and 9) that are close to the four Microwave Sounder
Unit (MSU) (Smith et al. 1979) of TOVS are used to
produce TOVS-ike retrievals. The performance of
HIRS/3 and the four selected AMSU-A channels
(TOVS-like channels) should be similar to the TOVS
performance (HIRS/2 + MSU). The TOVS-like mea-
surements are used to generate the TOVS-like atmo-
spheric sounding product. Figure 20 shows the weight-
ing functions of the four MSU channels and AMSU-A
channels 3, 5, 7, and 9, indicating that the four AMSU-A
channels are close to the MSU. Figure 21 shows the
1-km vertical resolution temperature retrieval rmsefrom
ATOVS and TOVS-like measurements on 15 and 16
November 1998. There is substantial improvement
(greater than 0.2 K) of ATOVS over the TOVS-like
performance above 400 hPa and below 700 hPa.

8. Conclusions

The IAPP agorithm designed for real-time ATOVS
data processing is described in this paper; thisincludes
the ATOVS forward model, bias correction, cloud de-
tection and cloud-remova procedures, regression, and
physical retrieval procedures. Retrieval results from the
ATOVS measurements show that the algorithm is re-
liable under both HIRS/3 clear and cloudy conditions.
Using AMSU-A measurements, the atmospheric param-
eters can be derived in all weather conditions with good
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AMSU-A 3,5,7,9 and MSU 1-4 Weighting Functions
US Standard Atmosphere
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FiG. 20. Weighting functions of MSU channels and AM SU-A chan-
nels 3, 5, 7, and 9. The solid lines are for AMSU-A channels, the
dashed lines are for MSU channels. “A3" means AMSU-A channel
3; “M1” means MSU channel 1.

accuracy, which is the ATOV'S advantage over the pre-
vious TOVS. The retrieval validation shows that the
ATOVS measurements have the accuracy of 2 K for
atmospheric temperature profiles at 1-km vertical res-
olution and 3-6 K for dewpoint temperature profiles at
2-km vertical resolution. It is anticipated that the |APP
could be improved by including the AMSU-B mea-
surements for water vapor profiling in the near future.
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APPENDIX
Linearization of Radiative Transfer Equation

In this appendix the analytical linear form of RTE is
derived. In the equations that follow:

R = spectral radiance,

B = Planck radiance which is a function of pressure

level p,

the total transmittance of the atmosphere above

pressure level p,

6() = the difference between the true quantity and ini-
tial value denoted by a subscript O,

w = Water vapor component transmittance,

mixing ratio of water vapor,

temperature of atmosphere at pressure level p,

the brightness temperature,

surface skin temperature,

surface air temperature, and

= infrared or microwave surface emissivity.

The RTE presented in EqQ. (4) is rewritten as

Ps
R = &B. — f B dr(0, p)
o)

‘]
Il

2]
Il

o

e B
I

Ps
+ (1 - s)J Bdr + R, (A1)
0
where * = 72/7. Hereinafter we always omit the spec-
trum symbol v or channel index, and we also ignore
the solar contamination for most HIRS/3 channels. Fol-
lowing Li (1994), the first-order variation of Eqg. (Al)
yields

O0R = &1,6B, + ¢B67, — j

0

Ps Ps
6B dr — j B dér
0

Ps Ps
+ (1—8)J 6B dr* +(1_8)f B dor*
0 0

Ps
+ (BS’TS - f B d'r*)és. (A2)
0
Because
Ps Ps
f B dér = B,61s — f ordB,and (A3)
0 0
Ps Ps
f B dét* = B,o7, — f 5t dB, (A4)
0 0
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substituting Egs. (A3) and (A4) into Eg. (A2) we have P
0 Eas (A3) (A9 % A2 67=7J 6 Ing d Int,, (A6)
0

Ps
O6R = e1,6B; — f 6B [dT — (1 — &)d7*]
0 ot* = (27,67, — T O7)IT

+ &(B, — B,)d7,

Ps Ps
+J 8TdB—(1—s)J ot dB
0 0

Ps
+ <BSTS - J B dT*)Ss. (A5)
° substituting Eq. (A6) and Eq. (A7) into Eq. (A5), we
Following Li (1994), have

Ps
= Zr*f 6 Ing dInt,
0

p
- T*J 6 Ing d Int,, (A7)
0

Ps
O0R = e1,6B; — f 6B [dT — (1 — &)d7*]

0

Ps
+f 6 Ing
0

Ps
+ (BSTS - J B d7*>5£ (A8)
0

Using the first-order variation 6B = (aB/oT) 8T, and that B(p) = (0B/aT)/(0R/OR;) EQ. (A8) can be written
assuming that 6R = (dR/0T;)6T,, and denoting as

dInt,

e(B. — B)7. — 2(1 — &) Jps ™ dB + fps [+ (1— &)r*] dB

P lor aT*
5Ty = BetdT, — f Bl— — (1 — &)—|6T dp
° o 9P p
P AT f”s oT  |aln
+ 81Ingy (T, — T)BeTs — 2(1 — & ™—dp + 7+ BA —- &)r*]—dpp——d
JO q{( )B ( )Lﬁapp p[B B( )]app}alo p
Ps a,r* Ps Ps
+ (BSTSTS - f BT% dp) 8 = W, 8T, + f W, 8T dp + J W, Inq dp + W, 8¢ (A9)
[0] 0 [0]
where P o1
WTS — :858751 (AlOa) Ws - BsTsTs - JO BTa—p dpv (AlOd)
oT oT*
W= =B B — ¢) o’ (A20D) W, W,, W,, and W, are called weighting functions of

surface skin temperature, atmospheric temperature pro-

file, atmospheric moisture profile, and microwave sur-

ap face emissivity, respectively. The weighting function of

Pe 9TV 9 Inr the atmospheric ozone profile is simi I_ar to that of mois-

+ {f Blr+ (1 — &)7*] %} " ¥ (A10c) ture. For IR channels, W, = O; for microwave channels
p

Ps
(Ts - Ta)sTsBs_z(l - 8) f BT* ir m\l
0 ap

W. =

q

J B = 1. The weighting functions are easy to calculate
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for an atmospheric state. The microwave emissivity is
retrieved from 50.3-GHz measurements and the emis-
sivity of other microwave channels is derived by ex-
trapolating based on the microwave freguency.

If ancillary surface temperature and moisture obser-
vations are available, two additional equations can be
added as the following forms

Toos — TO(Ps) = WosOT, + W8T
+ W5 Ing + Wesds,  (A11)
and
Inqobs - Inqo(ps) = W'(I]:bsaTs + W'Iqubsa-l— (A12)

+ W Ing + Woesde,

where T, and g, are surface temperature and water
vapor mixing ratio observations, respectively,

WTobs = 1 =
Wiots = Wo= = W= =0 and T P=hs
: Wi==0  p#p,
W%bs = 1 =
W_Igobs = W_Igobs = Wgobs = O and a p pS
s WqQObs =0 p # P..

These two equations can be used along with Eq. (A9)
in the solution. The error assumed in matrix E of Eq.
(10) or Eq. (14) is 1.0 K for surface temperature ob-
servation and 10% for moisture surface observation.
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