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1. INTRODUCTION

As part of the "First International TOVS Study Conference", a descrip-
tion of a physical algorithm for retrieving temperature and moisture sound-
ings from TOVS radiance data was described (Smith et al., 1983). This
algorithm was incorporated into the "TOVS Export Package" made available by
CIMSS to direct readout users of TOVS data. The physical algorithm con-
sisted of the application of the Smith-Iterative Solution (Smith, 1970) for
temperature and moisture profiles. In that approach, (1) an initial profile
for temperature and water vapor is specified from climatology, statistical
regression, or from an NWP model, (2) radiances are calculated from the
initial profiles, (3) the temperature profile is adjusted in an iterative
manner until there is agreement between the observed and calculated radi-
ances in the cloud insensitive microwave O, channels, (4) the infrared
window channels are used to define either the surface skin temperature or
the temperature of cloud within the instrument's field of view and the cloud
level is defined using the microwave specified temperature profile, (5) the
guess moisture profile is adjusted to reflect the existence of cloud by
assuming 10027 relative humidity at the cloud level and then further adjusted
in an iterative manner in order to achieve convergence between observed and
calculated radiance for the water vapor channels, and (6) the temperature
profile is then further adjusted in an iterative manner in order to achieve
convergence between the radiances observed and calculated in the infrared
CO2 channels.

Since the first Igls conference, a new retrieval algorithm has been
developed which permits the simultaneous retrieval of surface-skin (or
cloud) temperature, and the temperature and moisture profiles. The
advantage of the "simultaneous solution" is two-fold: (1) the radiances
observed in all channels are used to solve for all parameters simultaneous-
ly, thus alleviating the problem of the interdependence of the radiance
observation upon the three parameters, and (2) since a direct analytical
solution is employed, the process is computationally efficient.

In this paper the new algorithm now incorporated in the "TOVS export
package" is described. As with the prior "iterative" algorithm, the
physical nature of the solution permits the influence of surface variables
(i.e., terrain elevation, emissivity, and temperature) and cloudiness to be
accounted for in the profile determinations. The cloud handling algorithm
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is modified to enable the infrared data to be utilized in partly cloudy as
well as cloud overcast sky conditions. The low sensitivity of the simultan-
eous solution to the initial guess profile and the improved performance of
the simultaneous retrieval method compared to the previously established
iterative technique (Smith et al., 1983; Susskind, 1984) are demonstrated
from TOVS orbits over Europe obtained during the ALPine EXperiment (ALPEX)
as selected by the International Radiation Commission's TOVS Working Group
for the intercomparison of retrieval methods. The physics for treating
surface emissivity, terrain elevation, and reflected sunlight are not
described here since these aspects have been provided in the previous report
(Smith et al., 1983).

2. DIRECT PHYSICAL SOLUTION

An important advance in the profile retrieval methodology is the simul-
taneous temperature and water vapor solution (Smith and Woolf, 1984). 1In
order to achieve the simultaneous solution, the integral form of the
radiative transfer equation is integrated by parts and treated in the
perturbation form:
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where T* is brightness temperature, U is precipitable water vapor, B is
Planck radiance, T is temperature, T is surface-skin temperature, t is
transmittance, and p is pressure. The perturbation, §, is with respect to
an a-priori estimated or mean condition. The pressure dependence of all
integrand variables is to be understood. In order to solve (1) for é&U, 6T,
and 6T from a set of spectrally independent radiance observatioms, the
perturgation profiles are represented in terms of arbitrary pressure func-
tions, ¢(p):

N
éq(p) = g L aiq (P)¢, (p) (2a)
i=
N
§T(p) = - I a.¢,(p) (2b)
i=N+1

where q(p) is the water vapor mixing ratio and g is gravity. The zero sub-
script indicates the a priori condition. Equation 2a implies from the gas
law and hydrostatic equation that

N P
§U(p) =L a Jfq (P)¢i(p)dp . (2¢)
i=1 410

Substituting representations (2b) and (2c) into (1) and letting a(=6T
yields for each spectral radiance observation, GTj , for a set of K spectral
channels:
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The ¢ j quantities are calculated from the a- priori estimated or mean
profiié conditions. Written in matrix form

t* = ¢a (5)

*

wvhere t 1is a row vector of K radiance observations, @ is a row vector of
M+l coefficients, and ¢ is a matrix having dimensions (KxM+l). Assuming
that R2M+1, then the least squares solution of (5) is employed to give

T T *

a = (QTé)-l oTe* & (QTO + YI).1 't (6)
where ( )T indicates matrix transposition and ( )-1 indicates matrix
inverse. The Yl term, where Y (nominally 0.1) is a scalar and I is the
identity matrix, is incorporated to stabilize the matrix inverse. Once the
a.'s are determined, 6T , 8q, and 8T are specified from (2) and added to the
a-priori estimates to yield the final solutions for surface-skin temperature
and the water vapor mixing ratio and temperature profiles.

The choice of pressure basis functions ¢(p) is arbitrary. For example,
empirical orthogonal functions (i.e., eigenvectors of the water vapor and
temperature profile covariance matrices) can be used in order to include
statistical information in the solution. However, here for its application
to the TIROS Operational Vertical Sounder (TOVS) data, physical functioms,
the profile weighting functions (dt/dlnp) of the radiative transfer
equation, are used as the basis functionms.

Ancillary information such as surface observations can be easily

incorporated into the profile solutions. For example, for surface observa-
tions it follows from (2) that
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have the same form as (3) and therefore can be added to the set to yield K+2
equations to solve for M+l unknowns (a).

The main advantage of the "simultaneous" retrieval method is that it
enables the temperature and water vapor profiles and the surface skin
temperature to be determined simultaneously using all the radiance informa-
tion available. The simultaneity directly addresses the problems associated
with water vapor radiance dependence upon temperature and the dependence of
several of the carbon dioxide channel radiance observations used for
temperature profiling, on the water vapor concentration. The dependence of
the radiance observations on surface emissions is accounted for in the
simultaneous solution by the inclusion of surface temperature as an unknown.
Also, since only a single matrix inversion is required for the specification
of all parameters, the solution is more computationally efficient than the
iterative technique. Finally, but significantly, ancillary observations of
temperature and/or moisture from surface sensors or aircraft, for example,
can be readily incorporated in the solution.

Logistics

The processing of the TOVS data begins with the specification of an
initial profile including surface observatioms, if available. The initial
profile can be specified either from climatology or through the use of
regression coefficients, based either on synthetic radiances or on real
radiances matched to radiosonde observations. The climatological and
regression generated initial profile algorithms are internal to the Export
Package. A third option exists whereby an analysis or forecast generated
grid field of temperature and water vapor profiles can be used to create
initial profiles. In this case the grid fields are external to the Export
Package as are the surface data grid fields.

MSU and HIRS radiances are obtained for a 3 x 3 array (75 km
resolution) of HIRS FOV's, as described in the earlier report (Smith et al.,
1983); the MSU data having been interpolated to each HIRS FOV. These are
used in a two step procedure to generate an initial solution, to estimate
cloud contamination, and to produce final estimates of temperature and
moisture as follows:

Step 1: The stratospheric HIRS brightness -temperatures (channels 1-3),
the MSU brightness temperatures (MSU 1-4), and the middle and upper
tropospheric HIRS water vapor channels (HIRS 11 and 12) are used to derive a
first estimate of the temperature and moisture profile for the sounding
location. With this channel selection, the estimate should be relatively
free of error due to cloud attenuation. The weighting functions for HIRS-1
and MSU 2-4 are utilized as the basis functions for temperature and the HIRS
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7 and 12 weighting functions are used as the basis functions for water vapor
in the initial retrieval. Once the first estimate of the temperature and
water vapor profile is achieved, the height and amount of any cloud
affecting the infrared observations are determined by the method described
in the next section. After this is accomplished all channels (except HIRS
channels 13-19 in the cloudy case) are used to calculate the final surface
temperature and the temperature and water vapor profiles.

Step 2: For the achievement of the final profile estimates the
weighting functions for HIRS 1, 3, 7 and MSU 2-4 are used as the temperature
profile basis functions, and those for HIRS 7, 11, and 12 are used as the
water vapor profile basis functions. Since as many as nineteen different
spectral radiance observations are used for the surface temperature and
profile retrievals, the system of equations to be inverted is heavily
overdetermined, thereby stabilizing the solution. (It should be noted that
ozone and geopotential height are determined in the same manner as described
for the iterative solution Export Package.)

Handling the Influence of Clouds

In the TOVS data processing, soundings are derived from a 3 x 3 matrix
of HIRS fields of view (FOV), the Microwave Sounding Unit (MSU) data being
spatially interpolated to the location of the HIRS spots. From the array,
the observations for the "clearest" FOV's, defined as those whose 1llum
radiance values are within 2°K of the local maximum, are averaged for the
sounding determination. The magnitude of the visible channel reflectance
and the 3.7um, 4.0um, and llum window channel brightness temperatures are
used in conjunction with surface temperature observations, if available, to
specify whether the "clearest" radiances are contaminated by clouds. If the
radiances are determined to be affected by clouds, their pressure height and
fractional coverage are specified on the basis of certain CO channel
infrared radiances and the microwave radiance specified température profile.
The cloud height is calculated using the CO, slicing technique (Smith and
Platt, 1977, Menzel et al., 1983) from the relation

Po 3B(V1,§)
I(v,) =1 (v.) P P
1 €o g e (9)
I(v,) -1 (v,) Po 9B(v,,T)
21 TASRET SRPRN I e eI,
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c

where IC(Z) is the clear-column.radiance calculated from the microwave
specifiéd temperature profile, T, and V and V., refer to HIRS channels 5 and
7 respectively. The cloud pressure P is obtained by trial and error. The
cloud fraction, N, is then obtained ffom the relation
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where ch(vl) is the radiance calculated for an opaque cloud overcast
condition.

Given P_ and N, the guess mixing ratio profile is adjusted by assuming
that the mixgng ratio at the cloud level is given by

Wp) = MU__ . [T(p)] + (1 - M)¥W(p,) (11)

where W is the saturation mixing ratio corresponding to the microwave
specifigattemperature at the cloud pressure P_ and W is the original guess
value of mixing ratio. Below the cloud a newcguess mixing profile is
achieved by interpolation using the original surface mixing ratio value.

Once the cloud parameters and the guess mixing ratio profile are
established the brightness temperature discrepancies from the guess
conditions, 6T*, can be calculated, including the effects of cloud within
the field of view of the HIRS instrument. For the infrared channels the
effects of cloud in the solution of (4) can be properly included by assuming
that

T=(1l~-N)1 orig

(12)
for pressures greater than the cloud pressure. This transmittance function
modification reduces the influence of the infrared observations on the
solution below the cloud in proportion to the cloud obscuration. After this
adjustment, the simultaneous solution proceeds exactly as in the clear sky
condition.

3.  RESULTS

Retrieval Analyses

In this section, objective analyses of the TOVS retrievals achieved
using two independent initial guess profile procedures: (a) statistical
regression using MSU brightness temperatures as predictors; and (b)
climatology based on the U.S. Standard Supplemental Atmospheres, are
compared for the March 4, 5 ALPEX data sets. The first guess profile
specification procedures have been described in the previous ITOVS-I
conference report. The analyses of the 75 Km resolution TOVS soundings
were produced using the BARNES method (Barmes, 1973). These analyses are
compared to each other and to the operational analyses of radiosonde data
for this area by the European Center for Medium Range Weather Forecasting
(ECMWF) .

Figures 1-4 show the temperature analysis comparisons for the mandatory
pressure levels from 850 mb to 300 mb, respectively. There is little
difference between the analyses achieved from the two different first guess-
based TOVS retrievals, indicating weak dependence of the simultaneous
retrieval method on the first guess profile. Both sets of retrievals
capture the rapid intensification of the trough over western Europe between
12 GMT of 4 March and 00 GMT of 5 March, 1982. The magnitude of the
differences from the ECMWF analyses are generally less than 3°C. Curiously,
the differences appear to be slightly smaller for the climatological first
guess retrievals, particularly at the 300 mb level. It is also noteworthy that
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the largest differences of the TOVS analyses from those of the ECMWF are
generally over radiosonde data-void areas (e.g.. the eastern North Atlantic
and the Mediterranean). The largest differences between the two TOVS
analyses are about 3°C at the 300 mb level over southeastern Europe.

Figure 5-8 show analyses of the TOVS dewpoint temperatures for the
mandatory levels from 850 to 300 mb levels, respectively. Superimposed are
the radiosonde values shown for verification. As with the temperature
analyses, the analyses of the dewpoint temperatures reveal very close
agreement between the "regression" and "climatology" first guess based
retrievals. There is also very good qualitative agreement between the
volume-sampled satellite dewpoints and the point sampled radiosonde
observations. Most striking is the qualitative agreement between the highly
structured 500 mb dewpoint temperatures and the radiosonde observations
(Fig. 7). It is interesting to note that the gradiants in the TOVS
retrievals are as large, if not larger, than the values displayed by the
radiosondes. Also, the radiosonde data appear somewhat "noisy" relative to
the coherent analyses of the TOVS retrievals. Because of the gaps in the
radiosonde, particularly over the Mediterranean region, it would be
impossible to achieve analyses with the same degree of horizontal and
temporal consistency as displayed in the TOVS analyses. The horizontal
sampling limitation of the radiosonde data is even more striking at the 300
mb level where many of the latter are missing due to "motorboating."

Finally, Figure 9 shows a comparison of 500 mb dewpoint analyses
achieved using the prior iterative retrieval method ("Export II"). The
significant improvement achieved with the simultaneous method is striking.
Similar improvements are obtained at the other pressure levels (not shown).
We have found, in general, that the largest improvements gained by the
simultaneous retrieval system ("Export III") over those achieved by the
iterative retrieval method ("Export II") are in the moisture results.

Statistics

Statistical comparisons between the TOVS retrievals and the ECMWF
analyses are restricted here to the root mean square deviation (RMSD) after
the mean difference has been removed. Curves of the mean difference are not
given because they are generally less than 2°C and very similar for the
"regression" and "climatology" cases, except for the 300 mb level where
there exists a 2°C mean difference between the two retrieval types.

For all the TOVS statistics, the ECMWF analyses serve as a standard of
"truth" although this is an approximation as shown in Figure 10 where the
RMSD of radiosonde data and the ECMWF analyses is shown. It is noted that
the RMSD values range between 1.2 and 3.0°C which puts bounds on the
validity of the "truth." As shown in Figures 10-14, the RMSD values for the
TOVS retrievals are not significantly larger than the RMSD values for the
radiosonde. Since radiosonde data believed to have an accuracy better than
0.5°C, the explanation for their large RMSD values can be attributed to the
synoptic scale smoothing displayed by the ECMWF analyses and the volume
sampled TOVS soundings.
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Figure 11 compares RMSD values achieved from the simultaneous retrieval
algorithm "Export III" with those achieved with the prior iterative
retrieval method "Export II1." As may be seen, there is consistent
improvement of the "Export III" soundings over those achieved with "Export
I1I1," being as large as 0.5°C at individual levels. In fact, the RMSD values
shown for the simultaneous retrieval method are not significantly larger
than the radiosonde RMSD values (compare Figs. 10 and 11).

Figure 12 shows a comparison between the RMSD values for "Export III"
for the "regression" and "climatology" first guess conditions. The
differences are insignificant, except in the upper troposphere where the
regression statistics apparently aid in the initialization of the tropopause
structure. Because of the limited vertical resolution of the TOVS radiance
observations, the initial guess tropopause structure is reflected in the
retrieval.

Figure 13 shows the impact that surface data has on the TOVS
simultaneous retrievals. As expected, the influence is largely confined to
the atmosphere below the 700 mb level. As may be seen, however, it is
important to use surface analyses in the retrieval process; otherwise the
expected error in the results will almost double near the earth's surface.

4, CONCLUSIONS

A new and improved retrieval algorithm has been developed and included
in the "Export III" software system for TOVS temperature and moisture
sounding retrieval. Small, but significant improvements are shown for
temperature profiling with very large improvements demonstrated in the
moisture sounding capabilities of the TOVS. As with the prior "Export"
software packages, Export III is available to interested users who should
contact the CIMSS of the University of Wisconsin.
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Figure 1: Analyses of TOVS retrievals (solid contours) and differences
between the operational analyses of the ECMWF and the TOVS
analyses (dashed contours).
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analyses (dashed contours).
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Figure 5: Analyses of TOVS retrievals (solid contours).
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