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ABSTRACT

A field program in March 1982 obtained rawinsonde data over a mesoscale network that had resolution
similar to that of the temperature and moisture data simultaneously obtained from VAS (Visible and infrared
spin-scan radiometer Atmospheric Sounder). This provides a unique opportunity to verify objective analysis
procedures used to combine standard rawinsonde and VAS soundings of temperature and moisture.

In this study, various combinations of VAS data, conventional rawinsonde data, and gridded data fro_m ghe
National Weather Service’s (NWS) global analysis, are used in successive-correction (SC) and variational objective
analysis procedures, The analyses are objectively and subjectively compared with the AVE/VAS special-network
rawinsonde data, where the major discernable mesoa-scale feature at this time was a cold-air pocket at 500 mb.

The objective three-dimensional verification statistics show that the use of VAS data to supplement the NWS
rawinsonde data significantly decreased the mixing-ratio error, but also significantly increased the temperature
error. The SC procedure used to analyze the VAS data reduced the mixing-ratio error more than did any of the
variational procedures. Compared to the error associated with the basic NWS global analysis that has not been
supplemented with rawinsonde or VAS data, the use of VAS temperature and mixing-ratio data had a positive
impact when combined with these global fields. The positive impact on the moisture field was considerably
greater however,

Subjective verification of the temperature fields at 500 mb produced additional insight. First, the VAS retrieval
data were able to modify the very smooth global analysis to produce a fairly realistic temperature minimum in
the verification-network region. Also, the variational procedures were able to successfully blend the rawinsonde
and VAS data so that the best subjective verification of the cold-pocket structure was produced when both data
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sources were employed.

1. Introduction

The conventional rawinsonde network is generally
inadequate for properly resolving mesoa-scale atmo-
spheric structures with sufficient fidelity for use in me-
soanalysis and numerical prediction applications.
Therefore it is important to make use of other data
sources, such as radiometric instruments aboard sat-
ellites, to supplement the rawinsonde data. Such an
instrument is the Visible/Infrared Spin-Scan Radi-
ometer (VISSR) Atmospheric Sounder (VAS) aboard
the Geostationary Operational Environmental Satel-
lites (GOES). VAS is capable of sensing the temperature
and moisture structure with a higher temporal and
horizontal resolution than can the rawinsonde network,
and thus has the potential to improve the quality of
mesoscale meteorological analyses. In spite of these
potential benefits, VAS data in particular and satellite
data in general, are often difficult to use in conventional
objective analysis procedures that are designed for use
when the data spacing is relatively uniform over the
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entire analysis domain. Because VAS observations are
restricted to cloud-free regions, the irregular density of
observations can produce unrealistic gradients and
generally make the objective-analysis problem more
difficult. Also, even though the temporal and horizontal
resolutions of VAS observations are an improvement
over those of the conventional rawinsonde network,
the vertical resolution is poor. A second accuracy-re-
lated problem of the VAS data is that a large-scale bias,
relative to rawinsonde data, may exist (Schlatter, 1981).
Thus, it is potentially important that an objective anal-
ysis procedure capitalize mainly on gradient infor-
mation from the VAS data. Because of these possible
problems associated with the blending of data with dis-
tinctly different characteristics into an objective anal-
ysis, conventional procedures are not likely to be very
successful, even though this has not yet been clearly
demonstrated. One reason for this lack of evidence is
that rawinsonde data have not been available on the
same scale as the VAS data, to allow the accuracy of
different objective analysis schemes to be quantitatively
determined. However, special high-density rawinsonde
data that are colocated with VAS data are available for
periods during the 1982 AVE/VAS Ground Truth Field
Experiment (Hill and Tumer, 1983). We use these data
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in this study, in which both variational and successive-
correction (SC) types of objective analysis procedures
are used to combine the VAS data and conventional
rawinsonde data for the production of three-dimen-
sional gridded fields that are verified using rawinsonde
data from the special mesoscale network.

Various types of objective analysis schemes have
been used previously to combine satellite and rawin-
sonde data in other studies that were less-directly con-
cerned about the analysis process. There are several
examples of studies that have used an SC method to
combine radiometric and rawinsonde sounding data.
For example, O’Lenic (1986) used an SC method to
incorporate VAS soundings into the initial conditions
of the Limited-area Fine Mesh (LFM) model of the
National Weather Service (NWS). A positive impact
on the LFM forecast was found in four cases, however
no significant impact was found in two other cases.
Wolfson et al. (1985) also used an SC method to in-
corporate soundings available from two polar-orbiting
satellites into the numerical model of the Israel Me-
teorological Service. A positive impact was found if the
satellite data were introduced into meteorologically
active regions. These two studies used model forecast
accuracy as a gauge of the satellite data impact and did
not focus on alternative objective analysis procedures.
In another application of an SC method, Jedlovec
(1984) showed that objectively analyzed VAS data
compared well with subjective analyses of special ra-
winsonde data for several times on 6 and 7 March 1982
during the AVE/VAS Ground Truth Field Experiment.
In another SC analysis of satellite data, Tracton et al.
(1980) found that analyses created using only satellite
data show less spatial variance in the thermal structure
of the atmosphere than is obtained when using other
sources such as rawinsonde data.

An alternative to the SC procedure is the variational
technique first proposed by Sasaki (1958). It has been
applied in many different ways to objectively analyze
VAS sounding data. For example, Lewis et al. (1983)
used potential-vorticity constraints to adjust the stan-
dard rawinsonde-based geopotential analysis to the
VAS geopotential analysis for the 6 March 1982 case.
In this study, the final analyses were not verified against
the special-network observations. Gal-Chen et al.
(1986) developed a technique which utilizes the vari-
ational method to initialize a numerical model with
VAS temperature soundings. A dynamic initialization
procedure was used in which horizontal structure was
defined by the satellite data while the vertical structure
was generated and maintained by the model as the
satellite data were inserted. The poor vertical resolution
of the satellite data was compensated for by its higher
time resolution. Cram and Kaplan (1985) used hori-
zontal gradient constraints to variationally assimilate
VAS data into a mesoscale numerical forecast. Rec-
ognizing that gradient information from VAS is often
more reliable than absolute values (Hillger and Vonder
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Haar, 1977), they constrained the model first-guess
temperature and moisture fields to match the observed
gradients of the satellite data. Similar procedures have
also been employed by Lewis (1972), Sasaki and Goerss
(1982) and Cram (1985).

The purpose of this study is to use special mesoscale
rawinsonde data that are available from the 1982
AVE/VAS Ground Truth Field Experiment to evaluate
the relative accuracy of SC and variational analysis
procedures that utilize VAS data and conventional ra-
winsonde-network soundings of temperature and
moisture. Our intent is to 1) compare the skill of the
two methods, 2) consider the sensitivity of the perfor-
mance of each method to the choice of specific param-
eters or constraints, and 3) determine if the optimal
analysis method for this case is dependent on the vari-
able being analyzed. A brief summary of the VAS and
a description of the dataset from the 1982 AVE/VAS
Ground Truth Field Experiment are provided in sec-
tion 2. This is followed in section 3 by a description
of the objective-analysis procedures and in section 4
by a description of the experimental design. Section 5
contains a discussion of the analysis error, while section
6 includes a summary of the results.

2. Dataset description for 6 March 1982

The VAS was first launched into geostationary orbit
aboard GOES-4 in 1980 and is able to provide meso-
scale temperature and moisture soundings with high
temporal resolution. The VAS is a radiometer that
senses infrared radiances in 12 thermal-infrared chan-
nels, 7 of which are for sensing the temperature, 3 are
for measuring the water-vapor concentration, and 2
are for sensing the surface temperature of the earth and
the clouds. After the data are collected, careful selection
of the VAS profiles is required because of the influence
of low cloud, high terrain, and irregular surface emis-
sions. For more information about the VAS instru-
ment, refer to Smith (1983) and Chesters et al. (1982).

The VAS-derived temperature and dewpoint-tem-
perature data, the corresponding VAS radiances, and
the ground-truth rawinsonde data for 6 March 1982
were supplied by the Goddard Laboratory for Atmo-
spheres of the Goddard Space Flight Center. The 2330
UTC retrievals used in this study were generated spe-
cifically to detect a cold-air pocket which was present
in the 400 to 600 mb layer. A subjective analysis of
the 500 mb NWS and special-network rawinsonde
temperatures is shown in Fig. 1, and illustrates this
mesoscale anomaly. Minor changes were made to the
regression retrieval technique to enhance the sensitivity
to midtropospheric temperature (D. Keyser, personal
communication). These involved improved statistical
training of radiances to reflect diurnal and regional
conditions in the afternoon, and modifications to the
conditioning factors applied to the 12 channel predic-



FIG. 1. Subjective analysis of 500-mb NWS and special-network
rawinsonde temperatures for 0000 UTC 7 March 1982.

tors. The 153 VAS temperature and moisture sound-
ings were spaced approximately 100 km apart (Fig. 2)
and defined data at fifteen pressure levels: 1000, 920,
850, 700, 600, 500, 400, 350, 300, 250, 200, 175, 150,
125 and 100 mb. The dataset also included estimates
of surface values of pressure, temperature, dewpoint
temperature, and surface elevation for these locations.
The standard 0000 UTC NWS rawinsonde data from
the 2315 UTC launch were used for the statistical
training in the VAS data retrieval.

F1G. 2. The VAS retrieval sites for 2330 UTC 6 March 1982.
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The special rawinsonde observations were made over
a mesoscale network in Texas, shown in Fig. 3. The
spacing of the mesoscale-network sites is approximately
125 km. The soundings consisted of geopotential
height, temperature, and dewpoint-temperature data
defined at 50 mb intervals from the surface to 200 mb.
For the time used in this study, nearly the entire special-
network area was covered with VAS soundings. The
rawinsonde releases occurred approximately 15 min
before the 2330 UTC VAS observation time.

3. The objective analysis procedures

All of the objective analyses were performed on iso-
baric surfaces spaced 50 mb apart between 950 and
200 mb, with a grid increment of 20 km.

a. Successive-correction objective analysis procedures

For the analysis of temperature and moisture, the
Penn State University/National Center for Atmo-
spheric Research (PSU/NCAR) modeling system was
used. The VAS-derived data and the conventional
NWS standard and significant-level rawinsonde data
for 0000 UTC 7 March 1982 were logarithmically in-
terpolated to the 16 analysis levels. The NMC global
analyses were also interpolated to these levels for use
as the first-guess fields.

The SC procedure uses three kinds of influence
functions: circular, elliptical, or curved-elliptical (Ben-
jamin and Seaman, 1985). Only the circular weighting
function is used to analyze temperature, since tem-

FiG. 3. The rawinsonde observation locations for 0000 UTC 7
March 1982. Special-network sites are asterisks and standard NWS
sites are circles, with the exception of Stephenville, Texas which is a
square.
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perature fields rarely exhibit a streaked pattern. For
moisture, a pressure-dependent critical wind speed is
defined for each analysis level and the elliptical and
curved-elliptical weighting functions are used when the
local wind speed exceeds this critical value.

b. Variational objective analysis procedures

Three different variational objective analysis pro-
cedures were developed in order to incorporate rawin-
sonde and VAS data in the same analysis. The first
procedure uses the VAS data in the form of temperature
and relative-humidity profiles. In the second procedure,
the VAS data are used in the form of the radiances
themselves. The third method was similar to the first,
except that precipitable-water values obtained from
VAS-derived data are used with rawinsonde precipi-
table-water values to produce the moisture analyses.

In the first variational procedure, a functional was
developed to objectively analyze VAS-derived and ra-
winsonde temperature and moisture data. The basic
functional, in Cartesian coordinates, is similar to that
used by Cram and Kaplan (1985) and Cram (1985):

J=LLI{A(V V)2+B(%L;—%—E)

vV _av\: (&Y &V PV FV\?
Cl——=) +D{== = +E ——-—
dy dy ax? 9x ay* dy
7\ 2
+F(é)V 14

5;—3;) ]dxdydp, (1)

where V is the adjusted, analyzed variable, V is the
rawinsonde-defined variable, V' is the VAS-defined
variable, and p is the pressure. Here A, B, C, D, E and
F are weight matrices. The first term in the functional

adjusts the analyzed field to the rawinsonde data, The

second through the fifth terms adjust the analyzed field
to the VAS-derived gradients and Laplacians in clear
areas, and to the rawinsonde-defined gradients and La-
placians elsewhere. The purpose of these four terms is
to incorporate mesoscale detail from the satellite data,
while not allowing systematic errors to have a negative
impact. The final term adjusts the first vertical deriv-
ative of the analyzed variable to that of the rawinsonde
field, where the purpose is to utilize the greater vertical
resolution of the rawinsonde data. Thus, the VAS-de-
rived satellite data are allowed to directly add mesoscale
information on horizontal structure, but do not directly
affect the vertical structure of the analyzed fields. The
weight matrices are set to zero around the border of
the analysis domain in order to eliminate the boundary
terms that result from taking the variation of (1). The
weights are set to their full constant value within the
VAS region and are decreased linearly outside the VAS
region until they reach a value of zero at the domain
boundary. Large gradients in the adjusted field occa-
sionally resulted near the edge of the VAS data region
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when this transition region was not used. The magni-
tude of a weight is estimated from the inverse of the
expected mean-square difference between the two
variables in the particular term in the functional (Lewis
and Grayson, 1972). For example, if it is desired that
the final adjusted temperatures depart from the rawin-
sonde-analysis temperatures by 3°C, then A would be
set to 372. Or, if the VAS-analysis temperature gradient
is to depart from the final adjusted temperature gra-
dient by about 10°C/1000 km, B would equal 107%.
Many different combinations of weights were tested
here. Our results confirm the statement by Cram and
Kaplan (1985), that a large change in the weight often
causes only a small change in the resulting analysis. In
several experiments, weight A was varied not only along
the margins of the VAS data region as described above,
but also within the VAS region as a function of distance
from the rawinsonde observations. Near the rawin-
sonde observations, the final adjusted analysis was
constrained very strongly to the rawinsonde analysis,
while farther away, the final analysis was given more
freedom to depart from the rawinsonde analysis.

The second variational procedure was developed to
combine conventional rawinsonde temperature fields
and VAS radiance data (J. McGinley, personal com-
munication). Because the radiance data are used, we
eliminate the inversion techniques which may remove
mesoscale structure. In this simple test, where only the
500-mb temperature analysis is verified, only VAS
channel-4 radiance data are used, after interpolation
to the analysis grid using an SC procedure.

The functional in two dimensions for a pressure-
level p is

dInT TalnR
2
J= f”A(lnT InT?) +B( PR ax)

dInT T9InR\?
( dy ¢ dy )] » @

where T is the analyzed adjusted temperature, T'is the
rawinsonde temperature, 7 is a representative temper-
ature in a layer, R is a clear-column radiance, c is a
channel-related constant and A, B and C are weight
matrices. This expression is based on differentiation of
Planck’s radiation function. The first term constrains
the final adjusted analysis to the rawinsonde analysis
while the second and third terms constrain the final
analysis to the gradients of the VAS radiance data. The
weight matrices were determined using the procedure
described previously.

The third variational procedure was developed to
analyze relative humidity using rawinsonde-deter-
mined precipitable-water values and VAS-derived
horizontal gradients of precipitable-water. This is mo-
tivated by the concept that the poor vertical resolution
of VAS is less likely to adversely affect the analysis of
an integrated quantity such as precipitable water. In
the first step, VAS and rawinsonde temperature and
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moisture data are used to calculate separate precipi-

. table-water analyses. These fields are then used in a
variational analysis, where the functional minimized
is

o[ [fpor-rmre(G-50)

W OW\?
+C(3}———£/) ]dxdy, 3)

where W is the final adjusted precipitable-water value,
W is the rawinsonde precipitable-water value, and W
is the VAS precipitable-water value. The A, B and C
are weight matrices, where a variable-weighting scheme,
similar to the one previously described, is used near
the perimeter of the VAS data region. The weights
within the VAS region are constant. In the second step,

the relative-humidity analyses based on the operational

rawinsonde data are adjusted to account for the new
precipitable-water values. At each grid point, a simple
procedure is used to modify the profiles defined at the
16 analysis levels from 950 to 200 mb, so as to repro-
duce the variationally analyzed precipitable-water
value. For example, if the variationally defined precip-
itable-water value is slightly greater at a certain grid
point than the analogous value based on the rawin-
sonde analysis, the entire sounding is moistened by the
same percent relative humidity at each level until the
new precipitable-water value is equivalent to the vari-
. ationally determined value. (

4. Experimental design

" Table 1 summarizes the experiments in terms of the
objective analysis scheme, data type, number of scans
for the SC experiments, and constraints applied for the
variational experiments. The first letter of the experi-
ment code refers to the objective analysis scheme used,
while the next letter(s) indicates the data used. When
more than one experiment was performed using the
same analysis method and data, an experlment number
was added to the end of the code.

a. Successzve—correctton experiments

Two SC analyses were performed using only rawin-
sonde data, where the first-guess field for these exper-
iments was the global NMC analysis. One analysis, Sr,
used the conventional rawinsonde dataset without the
Stephenville, Texas site, which was located near the
center of the special-network (Fig. 3) and near the cen-
ter of the cold-air pocket at 500 mb. This analysis was
performed without this critical observation in order to
examine the hypothetical situation where the cold-air
pocket was positioned between rawinsonde observa-
tions. A second analysis, Sr, used the entire conven-
tional rawinsonde dataset, including the Stephenville
site. The next SC analysis listed in Table 1, Sv, used
only VAS-derived data. The first-guess field was the
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TABLE 1. Description of experiments.
Number of

Experiment Objective analysis scans/
code number type Data constraints

Sr Suc. Cor. r 4

Sre Suc. Cor. | 4

Sv Suc. Cor. v 4

Srv Suc. Cor I, V 4

Vgv Var. g,V g, Gy

Vvl Var. r,v r, Gy

Vv2 Var. r,v r, Gy, Ly

Vrv3 Var. T,V 1, Gy, G,

Vrvd Var.. v r, Gy, Ly, Gy

Vrvs Var. v r, Gy

Vrvl Var. Ty, V 15, Gy

Vr,v2 Var. I, V 1y, Gy, G

Vi3 Var, T, V 15, Gy

Vrv4* Var. Iy, V 15, Gn

Vrev, 1 Var. I, Vr 15, Gy

Vr,v,2* Var. Iy, Vi 1, Gy

* yariable-weighting scheme within the VAS data region: S—suc-
cessive correction, V—variational, r—rawinsonde (without Stephen-
ville site), v—VAS, r,—rawinsonde (with Stephenville site), v,—VAS
radiance, g—NMC Global Analysis, G,—horizontal gradient, L,—
horizontal Laplacian, G,—vertical gradient.

rawinsonde SC analysis from Sr;. The final SC exper-
iment, Sr,v, used VAS-retrieval and rawinsonde data,
including the Stephenville site, where individual ob-
servations from the two data sources were equally
weighted. Sensitivity studies showed that the use of the
conventional PSU/NCAR modeling-system influence
functions produced the best analyses when VAS data
were incorporated. Smaller influence functions caused
the resulting fields to be noisy.

b. Variational objective analysis experiments

A number of variational experiments were per-
formed in which the data input, the constraints, and
the weights differed. The input fields were obtained by
analyzing rawinsonde and VAS data to the grid using
the SC procedures. In experiment Vgv, the final ad-
justed analysis was constrained to the NMC global
analysis and to the VAS-derived horizontal gradients.
Essentially the only synoptic-scale or mesoscale data
used here were the VAS-derived data, because the NMC
analysis is quite smooth. The next four experiments,
Vrvl, Vrv2, Vrv3 and Vrv4, used VAS-derived data
and rawinsonde data without the Stephenville site. The
purpose was to determine the impact of each varia-
tional constraint upon the final analysis, where we
eliminate the Stephenville sounding to determine if
the VAS data can define the structure in the data void.
In Vrvl, the final analysis was constrained by the ra-
winsonde analysis and by the VAS-derived horizontal
gradients. For Vrv2, the final analysis was additionally
constrained by the VAS-derived horizontal Laplacians.
Vrv3 used the rawinsonde analysis, the VAS-derived






