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ABSTRACT

The ability to provide mesoscale temperature and moisture fields from operational satellite infrared sound-
ing radiances over the United States is explored. High-resolution sounding information for mesoscale analysis
and forecasting is shown to be obtainable in mostly clear areas. An iterative retrieval algorithm applied to
NOAA-VTPR radiances uses a mean radiosonde sounding as a best initial guess profile. Temperature sound-
ings are then retrieved at a horizontal resolution of ~70 km, as is an indication of the precipitable water
content of the vertical sounding columns. Derived temperature values may be biased in general by the initial
guess sounding, or in certain areas by the cloud correction technique, but the resulting relative temperature
changes across the field when not contaminated by clouds will be useful for mesoscale forecasting and models.
The derived moisture, however, since affected only by high clouds, proves to be reliable to within 0.5 cm
of precipitable water and contains valuable horizontal information. Present day applications from polar
orbiting satellites as well as possibilities from upcoming temperature and moisture sounders on geostationary

satellites are noted.

1. Introduction

High-horizontal-resolution temperature and moisture
sounding information has become increasingly neces-
sary for mesoscale research and applications. Both
mesoscale forecasting and computer models require a
large mass of input data on temperature and moisture.
Only recently has this data become available from
high resolution sounders such as the Vertical Tem-
perature Profile Radiometer (VIPR) on NOAA opera-
tional satellites. However, the calibrated radiances are
not used operationally to produce temperature profiles
over the land masses, but only over data-sparse regions
of the oceans where conventional soundings are not
available. The method outlined here shows how the
same VTPR radiances can be applied to mesoscale
weather situations such as those over the Great Plains
of the United States. Potentially, a sounding can be
available at every VITPR scan spot at ~70 km resolu-
tion, if clouds do not prohibit obtaining a sounding
to the earth’s surface. This is a great increase in
resolution from normal operational radiosonde sound-
ings which are spaced approximately every 400 km in
the western United States. In the operational retrieval
of soundings over the oceans many adjacent scan
spots of the VITPR are used in order to compensate
for cloud-contaminated fields of view and to provide
the best sounding without need for a ‘‘best” first

guess profile. However, a single-field-of-view tempera-.

ture retrieval algorithm, based on a best initial guess

profile, is used here to obtain soundings at much
higher resolution.

An important aspect is that a concurrent radiosonde
sounding is used for the first guess. This is possible,
in general, only over land, not over the oceans. Fritz
(1977) has independently approached this method,
which he terms the “adjustment method.” For an
excellent synopsis of the impact of satellite tempera-
ture soundings over oceans on large-scale weather
forecasts, the reader is referred to Phillips (1976).
A similar study of the impact of satellite data on
mesoscale forecasts over land is in order and follows
from the present study. At present, satellite soundings
are available at 6-12 h intervals from the sun-syn-
chronous NOAA and DMSP (Air Force) satellites.
However, in 1980, temperature and moisture sound-
ings of much higher frequency (i.e., 30 min to 3 h)
will be available over the United States from the
geostationary satellites (Suomi et al., 1971).

Recent work has shown that mesoscale temperatures
can be derived even in partly cloudy conditions
(Hillger and Vonder Haar, 1976a,b). A cloud-correc-
tion technique based on a single field of view is able
to provide suitable above-cloud soundings in some
completely and partly cloudy situations. The technique
proves to be too simple in complex cloud situations,
and temperatures derived in cloud areas may remain
cloud-contaminated. Cloud problem areas are pointed
out and should be used with caution. Even if clouds
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do significantly interfere with remote soundings, the
use of high-resolution radiances does increase the pos-
sibility of sensing between clouds to obtain clear
atmospheric temperatures. However, besides obtaining
temperatures, mesoscale precipitable water (PW) fields
are also realizable by eliminating temperature effects
on the VIPR H,0 sounding channel. An application
of these techniques is shown to provide mesoscale
temperature and total precipitable water fields for
24 April 1975, a case study day for NASA’s Atmo-
spheric Variability Experiment (AVE) No. IV. (Hill
and Turner, 1977).

2. Retrieval algorithm for NOAA VTPR applied to
the mesoscale

The retrieval algorithm is based on a modified
iterative type solution developed by Duncan (1974).
To obtain the temperature profile of the atmosphere,
one must find a solution 7' (x) which satisfies the
radiative transfer equation

N ()= B[:,T (x0) J7 (vi,%0)

37 (vi,x)
x

+ / BT ()]

for each of the observed outgoing radiances N (v;)
sensed by the satellite. The observed radiances are
a product of the blackbody radiances B and the
atmospheric transmittances 7 (»;,x) integrated from the
surface, or cloud top, %o to the satellite along some
vertical coordinate x. The blackbody radiances B are
related directly to the temperature profile T(x) and
channel wavenumber »; by the Planck equation

C _11',-3
exp[Cavi/T(x)]—1

where C1 and C, are known constants. Chahine (1968,
1970) applied the relaxation equation

B[v:,T(x)]= (2)

s

N(v:)

N (Va')
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to the radiative transfer equation to obtain an iterative
solution for temperatures T'(x) at certain levels z,
where the number of levels was equal to the number V
of observed radiances. The observed radiances are
thus used to fit the blackbody radiances B for each
channel »; in successive iterations #, until the residuals
between observed and calculated radiances

DP=N(v;)—N™(»;) @

for each channel reach an acceptable limiting value,
usually the instrumental noise level.

This radiative transfer equation assumes a non-
scattering atmosphere in local thermodynamic equi-
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librium. The dependence of the transmittances on
changes in temperature is small compared to that of
the Planck function so that the transmittances are

“calculated once before the first iteration to account

for larger differences in initial guess temperature
profiles. ’

Smith (1970) applied a relaxation formula based on
radiance differences

B[y, T(x) =[N (v:) =N ™ (v,)]
+B@[p,T(x)] (5)

rather than radiance ratios. However instead of ob-
taining a solution at only specified levels x, inde-
pendent estimates of the temperature profile T'(x) can
be obtained for each channel »; through the Planck
blackbody equation. The weights

Wpiyx) =9r(viyx) for ax=wxo
W (viyx0) = 7(vi,20)

or derivatives of the transmittance are then used to
compute a weighted average temperature T (x) at each
level x, i.e.,

for x=uw

}6: T ()W (:,2)
T () - - - , (6)
Z w (yhx)

=1

In this case the six VTPR CO, channels are used to
derive the entire temperature profile T (x).

Smith et al. (1972) also used as his vertical co-
ordindte x=p*7 divided into 100 equal levels in x
from 0.01 mb to 1000 mb. This allows a temperature
profile to be obtained which is not restricted to six
atmospheric levels where the weighting functions are
maximum. This method does not increase the informa-
tion content of the radiances, but effectively allows
a temperature determination at any desired level.

Duncan applied Chahine’s relaxation formula (3)
to Smith’s.independent temperature determinations in
his retrieval algoritbm. This is basically the same
algorithm used in this study with modifications for
input of any temperature profile as an initial guess
sounding with an appropriate stratospheric profile
above where the radiosonde sounding ends.

The VIPR instrument contains a water vapor and
a window channel besides the six CO, channels as
shown in Table 1 [for information on calculations of
the transmittances see Weinreb and Neuendorfier
(1973) and McMillin and Fleming (1970) for the H,0
and CO, transmittances, respectively]. The CO trans-
mittances are temperature-corrected by the initial
guess profile using a second-degree polynomial repre-
sentation according to the difference between the
initial guess profile and a chosen standard atmosphere
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Taet 1. NOAA VTPR channels.
Approximate
peak level of
weighting
Channel Wavelength Wavenumber function
number (um) (cm™) (mb)

CO; channels: 15 um CO; absorption band

1 14.96 668.5 30
(Q branch)

2 14.77 677.5 50

3 14.38 695.0 120

4 14.12 708.0 400

5 13.79 725.0 600

6 13.38 747.0 surface
H.0 channel: rotational water vapor absorption band

7 18.69 535.0 600

Window channel: atmospheric window region

8 11.97 833.0 surface

profile. Typical transmittances and weighting func-
tions for the six CO, channels are shown in Figs. 1
and 2 for a U.S. standard atmosphere. The H,O
transmittances, however, are much more dependent
on the initial guess profile than the CO, transmittances
and are not shown here. Wark e? al. (1974) have done
some work with atmospheric water vapor which
utilized the water vapor, window and lowest CO,
channel. Other information on the VIPR instrument
and the data archive format from which the data
was obtained are explained in McMillin et al. (1973).

The retrieval of temperatures is a fairly straight-
forward process using the iterative method with up
to 25 iterations for each profile to obtain a convergence
noise level of less than 0.25 mW (m? sr cm™)! for
each of the six VTPR CO, channels. This convergence
value is considered to be a limitation due to instru-
mental noise, and the reason for the cutoff at 25
iterations is due to a decreasing improvement in the
radiance residuals with successive iterations at the
expense of computer time.

3. Initial guess profile

The retrieval program was modified to provide
mesoscale temperatures from calibrated radiances from
NOAA VTPR archive data tapes and a suitable initial
guess profile which has close proximity in space and
time to the desired soundings. By using radiosonde
soundings to create an initial guess we hoped to
obtain reasonable retrieved profiles, because an itera-
tive program, such as the one used, provides best
resultant temperatures with a ‘“best initial guess
profile.” A best initial guess profile should also aid
to the cloud correction used, which depends on a good
initial guess profile, as will be explained later.

The idea of a best initial guess profile is one that
will allow the retrieval of temperature profiles which
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Fic. 1. VTPR CO; transmittances for U.S. Standard Atmosphere
(Channels 1-6).

are most near the actual atmospheric temperature
structure at the time of observation by the satellite.
Even on this AVE experiment day there is a dis-
crepancy between the radiosonde launch times which
are used to compute initial guess profiles and the
satellite overpass time of at least 1 or 2 h. During
this time, since it is early morning, there usually is
a large change in surface conditions as the morning
surface inversion is broken or lifted. Also, the moisture
changes rapidly during this time as vertical mixing
takes place. Horizontal distances across the desired
field may also reveal different types of air masses
with differing lapse rates and moisture contents.
Because of physical limitations, temperature retrieval
methods lack the vertical resolution to change small
vertical features below the resolution of the weighting
functions. In spite of this an attempt is not made to
find the best initial guess for each air mass, but to
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Fi6. 2. As in Fig. 1 except for VTPR CO; weighting functions.
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Frc. 3. VTPR scan coverage and resolution. Left half of
several scan lines are shown (spots 12-23) for satellite pass
over the Great Plains on 24 April 1975 at 1615 GMT.

provide one initial guess profile which should be ap-
plicable across the whole horizontal field desired. This
may not be the best approach in many weather
situations where air masses are widely different. How-
ever, by averaging a number of radiosonde soundings,
features such as temperature inversions particular to
individual radiosonde profiles should be smoothed out
in the initial guess and features present across the
whole field should be retained. Then, the same initial
guess could be used to obtain the real or observed
profile features through the iterations on the observed
radiances without adding features particular to one
radiosonde used as initial guess. Actually, Chahine
(1968) proposed using an isothermal initial guess
profile. However, in that case the transmittances
would not be correctly initialized by the initial guess
profile in terms of temperature lapse rates and total
moisture content. A mean initial guess profile should
then provide a best initial guess for the wide range
of conditions on a certain day. Work is continuing on
using two or more widely different initial guess profiles
to try to optimize the desired effects of each profile.

The initial guess profiles used for 24 April 1975 -

were derived from special AVE radiosonde launches
which provided soundings approximately every 3 h
during the day. VTPR radiances were available at
approximately 1615 GMT over the Great Plains from
the morning or descending orbit of the NOAA 4 satel-
lite. We used a space-averaged sounding derived from
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the radiosonde profiles as an initial guess profile for
the area of the satellite pass shown in Fig. 3.

To obtain the space-averaged sounding required
taking a set of radiosondes and weighting each one
equally in an averaging program. All AVE radiosondes
were given in 25 mb increments, so they were easily
averaged. The main impact of this averaging was to
smooth out small temperature inversions particular
to specific areas and to make a mean mixing.ratio
profile which should be more moist than the driest
sounding and drier than the most moist soundings.
This average sounding is a rather smooth vertical
profile and will not reproduce small temperature in-
versions when used as an initial guess in the retrieval
algorithm. Also, since the mean moisture profile will
be too dry in the moist air mass it will cause tem-
peratures to be retrieved that are too cool in very
low levels. Moisture makes the observed radiances
low, therefore causing low retrieved temperatures near
the H,O weighting functions peak, usually at or below
700 mb. On the other hand, the mean profile will be
too moist in the dry region causing higher tempera-
tures than with a correct moisture profile. These
temperature differences are being studied as another
approach toward moisture determination using the
CO; channels alone.

The initial guess profile that was used was obtained
by averaging ten 1800 GMT radiosonde profiles from
the AVE radiosonde network shown in Fig. 4. Likewise
a 1500 GMT mean profile was also computed from
all 10 radiosondes, but the 1800 GMT profile was
chosen as an initial guess because of higher surface

F16. 4. Location of radiosonde launch sites for AVE IV experiment
on 24 April 1975.
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temperatures and lack of a surface temperature in-
version. The difference between the two mean profiles
was less than 1.0°C except below 850 mb where the
temperature was 2.5°C larger at the surface in the
1800 mean profile than the 1500 mean. The main
reason for choosing this profile was to aid the cloud
correction technique explained below.

Another mean profile was also calculated at 1300
GMT. Besides the one containing all ten stations,
a mean using only the six southern stations in Fig. 4
was also used as an initial guess in a small sample
of 27 soundings scattered from north to south. The
results of comparisons between temperature and mois-
ture values using each mean profile as an initial guess
are shown in Table 2. For case A with 10 and 6 pro-
files, respectively, in the mean, the main difference in
the initial guess profiles was generally warmer tem-
peratures by 2-3°C in the southern mean profile below
200 mb (tropopause) and cooler temperatures above
the tropopause. This is caused by a higher tropopause
in the southern mean. In spite of this difference, the
derived profiles give 500 mb temperatures which are
only 1.4°C warmer using the southern initial guess,
whereas the initial guess difference was 2.6°C at
500 mb. The retrieved temperature profiles are af-
fected by the initial guess, but a correlation of 0.95
between two samples of 500 mb temperatures for
27 profiles shows a high degree of reproducibility of
the field structure in spite of two different initial
guesses, even in cloudy cases included in the sample.

The difference in initial guess total precipitable
water for the two profiles was negligible and a cor-
relation of 0.99 between the two data samples results
in spite of the difference in temperature profiles for
the two initial guesses.

Case B is a similar comparison between the two
previously mentioned mean profiles created using all
10 profiles at 1500 and 1800 GMT, respectively. The
difference in the initial guess profiles was smaller here
and the correlation was higher for the two samples
of 500 mb temperatures. These comparisons show that
the obtained horizontal field structure is not highly
dependent on the initial guesses tested here. Other
initial guesses with different lapse rates and different
moisture profiles should exhibit larger differences in the
derived profiles.

4. Cloud correction technique

The cloud correction is a modification of a technique
used by Shaw et al. (1970). The technique is not
intended to be sophisticated, but to correct for cloudy
situations which are most easily identifiable, single
cloud layers. The cloud layer is assumed to be com-
pletely overcast, and if not overcast, a lower than
actual cloud level will result. Although this cloud
correction technique does not work well in many
situations with small cloud amounts or high or multi-
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- TaBLE 2. Results of using different mean profiles
as initial guess.

Case
A* B**

RMS difference between mean

profiles for 38 levels

(25 to 950 mb) 2.8°C 0.8°C
RMS difference between 500 mb

temperatures derived using

each initial guess profile for

27 sample profiles 14°C 0.7°C
Initial guess difference at 500 mb (2.6°C) (0.8°C)
Correlation coefficient for

500 mb temperatures from

two samples 0.95 .0.99
Total precipitable water (PW) (1) 1.88 cm 1.88 cm

in each initial guess 2) 1.96 cm 1.87 cm
Correlation coefficient for PW

values from two samples 0.99 0.99

* Case A. Comparison using mean profiles at 1500 GMT, one
containing all ten radiosondes (1) and the other only the six
southern radiosondes (2) in the mean.

** Case B. Comparison using mean profiles at 1500 GMT (1)
and 1800 GMT (2), each containing all ten radiosondes in the
mean.

level clouds, it does eliminate problems with some
cloudy fields of view, thereby producing more hori-
zontally homogeneous temperatures compared to
nearby non-cloudy columns at and slightly above the
calculated cloud level than with no correction.

Basically the idea relies on a best initial guess
profile and integrated radiances derived from it through
the radiative transfer equation (1). These integrated
radiances are then compared to observed radiances
for three VTPR CO; channels whose weighting func-
tions peak lowest in the atmosphere (channels 4, 5
and 6). If the rms residual between the observed and
calculated radiances is large, then the observed radi-
ances are probably cloud-contaminated and have low
values. The hypothesized cloud level is then raised
in increments and the radiances are again calculated
and compared until the rms radiance residual reaches
a minimum, meaning that the calculated radiances are
now smaller than the observed radiances, or that an
effective cloud-top level has been attained. Using the
1800 mean profile as an initial guess instead of the
1500 mean aided the cloud correction technique. The
higher lapse rate near the surface at 1800 GMT made
the determination of the effective cloud level easier.
If a temperature inversion were present the rms
radiance residual would reach a temporary minimum
value at that level, falsely underestimating the cloud-
caused minimum, which may be at a higher level.

The use of a best initial guess profile will also aid
this method by producing calculated radiances nearly
like those of the desired profile in a clear atmosphere.
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A similar technique was used by Hodges (1976) in a
cloud model in an attempt to also obtain cloud amount
informarion. The technique used here will be valid
only for overcast situations unless a fractional cloud
cover is assumed. In this case, since 10097 cloud
cover is assumed, the cloud level will be at a minimum
or lower height in order to make the rms radiance
residual a minimum. Temperature soundings are then
obtained above this effective cloud level through the
iterative process previously outlined.

5. Integrated moisture values

To obtain precipitable water values a slightly more
involved method was required. The idea was to com-
pare observed H;O channel (channel 7) radiances with
radiances calculated using the radiative transfer equa-
tion con the derived temperature profiles with a known
initial guess precipitable water amoynt. The com-
parison was done after the iterative process was used
to obtain the temperature profiles in order to try to
compensate for horizontal temperature changes in
each scan spot across the derived field.

The H;O channel radiance is strongly dependent
on both total atmospheric moisture and temperature,
but by reducing or eliminating the temperature effect
on the H,0O radiance, the result should be correlated
with conventional precipitable water values obtained
at the standard radiosonde sites. The H,O radiance
residual, as it is called here, is a difference between
the observed H,O channel radiance and the calculated
H.0 channel radiance using the iterated or derived
temperature profile

HzO Residual=Nobs(Ta,PWa) —Ncalc(ThPWO)
- [H,0 channel]

where:

T. actual temperature profile

PW, actual précipitable water amount

T; iterated temperature profile

PW, initial guess precipitable water amount (~2 cm

for 24 April 1975 18 GMT mean initial
guess sounding).

The initial guess precipitable water amount is a
constant value which is not changed in the iterative
process. Now, if the iterated temperaturé profile ap-
proximates the actual profile, i.e., T;=T,, then the
difference between the. calculated and observed radi-
ances will be a function only of the difference between
actual and initial guess precipitable water amounts:

H.0 Residual « PW,—PW,
o« PW,.

This radiance residual is; however, just proportional
to the actual precipitable water amount PW, since
the initial guess moisture content PW, was constant
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throughout the iteration process for all derived profiles.
The H,O channel radiance is used solely for the de-
termination of precipitable water amounts. A least-
squares linear regression-between this H,O radiance
residual and the precipitable. water values at the
radiosonde sites gives a high correlation, as will be
shown.

Looking back at Table 2, we see in case A that
the derived 500 mb temperatures using each initial
guess profile had an rms difference of 1.4°C. Values
for other lower levels tended to be larger where the
initial guess profiles were most different. However,
the derived precipitable water values were still highly
correlated at 0.99. At least for the mean initial guess
profiles used here, there appears to be little effect of
the initial guess on the structure of the obtained
total precipitable water values. Larger rms differences
in initial guess profiles should again display cor-
respondingly larger rms differences in the resultant
derived temperature profiles, but only initial guess
profiles with different vertical temperature structure
should display a lower correlation in derived total
moisture values. Again, work is expanding into the
testing of different initial guess profiles to optimize
the resultant horizontal structure of the moisture
fields. A better feeling for errors in the moisture con-
tent can be seen by looking at the linear least-squares
line fit shown with the precipitable water results.

6. 24 April 1975 results

The AVE experiment day, 24 April 1975, proved
to be quite interesting and also provide radiosonde '
soundings at time periods near the satellite overpass
at 1615 GMT. The surface weather observations for
1600 are plotted using the standard station model in
Fig. 5 for the most interesting area centered in Okla-
homa. The surface dry tongue extending through the
panhandle of Texas into Oklahoma presents a strong
moisture gradient along the dry line to its south.
The most important features in this figure are the
observed cloud cover shown in the stippled regions
and the isopleths of surface dew point temperature.
These isodrosotherms will later be shown to be re-
produced quite well by the integrated moisture values
obtained from the VTPR H.0 channel.

Fig. 6 shows the Synchronous Meteorological Satel-
lite (SMS) visible image for this case study day at
1600 GMT. Northern Texas and most of Oklahoma
are clear. Cloud cover is extensive in Kansas, and
partly cloudy conditions in southern Texas will be
shown below to affect the derived temperatures there.

7. Derived 500 mb temperatures on the mesoscale

Temperatures obtained through iterations on the
mean initial guess profile were plotted according to
their calculated horizontal positions for certain pressure
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F16. 5. Surface observations plotted according to standard station model. Isopleths
of dew point temperature are analyzed and stippled regions indicate clouds.

levels and analyzed. An earth location algorithm in-
volving spherical geometry was used to calculate
individual scan spot positions from satellite orbit
parameters. The 500 mb temperatures are charac-
teristic of the mesoscale temperature fields which
satellite sounders are capable of producing. Higher
tropospheric levels contain less temperature variation,
and lower levels are plagued both by clouds and the
unchanging initial guess moisture profile used. Since
temperature profiles were derived only above the cal-
culated cloud level, the 700 mb temperatures, for
example, were unobtainable in many cloudy columns.
The 700 mb temperatures were also too high in the
dry tongue area due to the effect of the dry atmo-
sphere on the VITPR CO, channels with lowest weight-
ing function peaks. The dryness, as explained earlier,
causes observed radiances to be high and therefore
causes temperatures derived from these observed ra-
diances to be high when the moisture content is kept
constant in the iteration process.

Fig. 7 shows the derived 500 mb temperatures at
1615 GMT. The contours were analyzed from about
200 temperature soundings obtained at almost every
scan spot of the VIPR instrument over this region.
The initial guess 500 mb temperature was about
—15°C, corresponding to a mean temperature on the
Kansas-Oklahoma border at this level. The indi-
vidually derived temperature values at 500 mb are
shown to indicate data coverage and resolution and to
give a feel for the random noise in the temperatures.

The 500 mb temperature analyses obtained from
the radiosonde soundings alone are shown in Figs. 8
and 9. The first figure contains the 500 mb tempera-
tures from AVE radiosonde launches at a time period
before the satellite pass at 1500 GMT and the second
contains the radiosonde launches for the period 3 h
later (1800 GMT) after the satellite pass. Both figures
are fairly consistent with only a slight warming in
the 1800 GMT 500 mb temperatures and a slight shift
of the cold trough axis to the east.

When compared to the radiosonde analyses, the

Fic. 6. SMS visible image for 24 April 1975 at 1600 GMT.
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Fic. 7. Satellite-derived 500 mb temperature field obtained
using an iterative retrieval algorithm with a mean radiosonde
sounding as initial guess profile. Numbers at scan spot positions
indicate data coverage and resolution.

satellite-cerived temperatures in Fig. 7 appear in
general to be biased too low by about 1-2°C. This is
probably due to the vertical structure or magnitude
of the mean initial guess temperature profile used, or
to the transmittances which are corrected for tem-
perature and moisture by the initial guess profile. The
initial guess temperature profile has a strong com-
pounding influence since it is used both as an initial
guess and to calibrate the transmittances. (Associating
the bias to the initial guess profiles also assumes that
the observed radiances are calibrated correctly.) Using
the mean profile created from the six southern sta-
tions at 1500 or 1800 GMT instead of for all ten sta-
tions should have raised the derived temperatures at
500 mb and reduced the bias in the analyzed field.
However, the absolute values are not as important
as the relative temperature changes, especially the
horizontal temperature structure at the mesoscale.
Absolute temperature values are not needed to de-
termine significant horizontal changes across the tem-
perature field. The cold trough axis does appear in
central Oklahoma about where it is also shown in
the radiosonde analyses. Any difference in the actual
axis location between the two data sets is probably due
to the difference in horizontal resolution capabilities of
the two data sets. Since the satellite-derived tempera-
tures are more densely spaced by a factor of about 36,
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the trough axis is probably more correctly placed by
this much denser satellite data network.

Two main problem areas caused by clouds exist
in this particular 500 mb analysis. The low tempera-
ture regions of —14°C in southern Texas are caused
by cloud contamination which was not sufficiently
dealt with by the simple cloud corrections technique.
These scan spots contain small cloud amounts which
are handled least effectively by the cloud correction
technique when complete cloud cover is assumed. The
effective cloud level was placed at too low a level,
causing derived temperature to be low by 3-4°C
above the assumed cloud level. However, by knowing
that these cases are biased too low by clouds they
can hopefully be eliminated. Also in Kansas where
clouds do become thicker, the ability to obtain sound-
ings does decrease. The horizontal resolution capability
is reduced by clouds extending upto and above 500 mb.
Here again, where the 500 mb temperatures are ob-
tained in cases with small cloud amounts, they are
biased too low because of the assumed 1009, cloud
amount in only slightly cloudy columns. The position
of the effective cloud level is critical to the cloud
correction technique used here, and the effect of clouds

500 mb

24 APRIL 1975
1415-1500 GMT

Fic. 8. Radiosonde 500 mb temperatures at ~1500 GMT.
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24 APRIL 1975
1715 - 1800 GMT

Fi6. 9. Radiosonde 500 mb temperatures at ~1800 GMT.

can be summed up as mainly increasing the variability
of temperatures derived under cloudy situations.

An example of the effect of small cloud amounts is
the region in southeastern Colorado and western
Kansas where the isotherms are bent towards lower
temperatures. This feature does not show up in the
radiosonde analyses alone and is associated with the
small cloud amounts there. Other temperature features
which occur in clear areas are associated with the
observed radiances and not the cloud correction
technique. Also, multi-level and high-cloud situations,
such as in central Nebraska and Kansas, lead to
temperatures which are too warm. The simple cloud
correction should not be expected to work in such
complex cloud situations.

These two problem areas show the need for an
assumed cloud amount parameter in this simple cloud-
corrections -technique, especially small cloud amount
cases. In cases with small cloud amounts, the effective
cloud level is much lower than the actual partial
cloud level. This causes temperatures above this
effective cloud level to be biased too low due to an
isothermal temperature tendency of the derived pro-
files below the cloud level when no cloud is assumed
(Chahine, 1970). The derived temperatures below the
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actual cloud level tend toward the cloud top tem-
perature when the observed radiances originate from
a completely overcast column.

The idea behind using this cloud correction tech-
nique was to try to obtain more horizontal tempera-
ture resolution in cases where the vertical column was
not completely clear. Over half of the derived tempera-
tures were obtained from completely clear columns, but
a certain amount of horizontal resolution would have
been lost by throwing out all cloudy columns. Rather,
the cloud correction was applied and its effects on
derived temperatures are pointed out to show that
it is least effective in cases with small but detectable
cloud amounts and in high or multi-level cloud situ-
ations. So, unless the cloud situation is known, this
simple cloud correction technique provides little extra
value to the clear soundings alone. For this reason, an
independent visible or infrared channel, from which
cloud amount information can be extracted, should be
available along with the satellite sounding radiances.
Such information will be available from the new genera-
tion of sounding instruments to be launched on the
operational NOAA satellites in the 1980’s.

8. Precipitable water field on the mesoscale

Perhaps the most interesting and useful analysis
obtained is the precipitable water (PW) analysis in

Fic. 10. Satellite-derived precipitable water field obtained
using a least-squares linear regression of radiosonde total pre-
cipitable water values against H,O radiance residuals. Numbers
indicate data coverage and resolution.
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Fic. 11. H:O channel radiances plotted against time-interpolated
precipitable water values at radiosonde sites in the study area.

Fig. 10. The procedure explained earlier was used to
try to eliminate the temperature effect on the VIPR
H,0 channel by using the derived temperature profiles
to obtain calculated radiances. If the derived tem-
peratures are reasonably accurate then differences
between observed and calculated radiances would be
due to moisture effects only. This is shown graphically
in Figs. 11 and 12, where H;0 channel radiances and
H:0 channel radiance residuals are plotted against
time-interpolated PW values at the AVE radiosonde
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Fi6. 12. As in Fig. 11 except for HyO radiance residuals.

JOURNAL OF APPLIED METEOROLOGY

VOLUME 16

sites. In order to obtain a larger set of data points
for comparison, the field of derived satellite soundings
was extended up into the northern Great Plains.
PW values at approximately 1500 and 1800 GMT
were used to obtain time-interpolated PW values at
1615 GMT which were then plotted against the radi-
ance values from the H,O channel and the H,0O
radiance residuals.

When plotted against the H,O channel radiances,
the PW values produced only a —0.49 correlation.
Large radiances are correlated with low PW amounts,
but are also strongly dependent on temperature. This
is seen in the general arrangement of the radiosonde
stations with highest temperatures also having the
largest H,;O channel radiances. The southern, or
warmer, stations in Fig. 11 are in the top of the graph
and the least-squares line fit shows a steep slope which
is only weakly dependent on the PW amount.

However, in Fig. 12, by trying to eliminate the
temperature effect on the H,O channel radiance, the
stations are not arranged preferentially according to
temperature, but arranged in terms of PW amounts.
The slope of the least squares line fit shows much
more variation explained by PW changes than in
Fig. 11. The rather high correlation of —0.88 excludes
the station FSI (Fort Sill, Okla.) which did not have
a sounding launch at 1500 GMT. This point was not
used because it could not be treated as the others to
obtain an interpolated PW value at 1615 GMT.

Because of the high correlation, a least-squares
linear regression was used to calculate coefficients to
convert H,O radiance residuals directly into the PW
values plotted in Fig. 10. The scatter of time-inter-
polated PW values about the regression line, except
for FSI, is less than 0.5 cm of H,O which can be
considered a maximum error level for this data set.
Dashed lines at +0.5 cm from the line fit encompass
all values except for FSI.

The only high-resolution data set to compare with
these PW values are the surface observations in Fig. 5.
The surface dry tongue through Texas into Oklahoma
is shown in the satellite derived field by a large change
in PW values from less than 0.5 cm in western Texas
to over 2.5 cm of H;O in eastern Texas. The surface
dry line oriented southwest to northeast is designated
by a strong PW gradient of about 1 cm of H;O per
70 km, the linear distance between scan spot centers.

The moist areas in eastern Texas and western
Kansas in the surface observations contain over 2.5 cm
of PW. However, the dry region in central Kansas
of less than 1.5 cm of PW is caused by cloud con-
tamination up to and above the 500 mb level. In this
case the radiances are integrated from vertical columns
truncated by the high cloud levels. As expected, this
causes the radiance residuals to be low because of the
decreased difference between observed and calculated
radiances which arises mainly from H,O differences
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in the low levels. Clouds do, therefore, cause some
contamination of these data but the PW values seem
to be mostly unaffected unless cloud levels are high.
In southern Texas where lower clouds caused 500 mb
temperatures to be low, the PW values seem to be
unaffected compared to neighboring scan spots. High
PW values here agree with small dew point depression
values in the surface observations.

These two data sets (Figs. 5 and 10) should not
be correlated exactly since one is for surface values
and the other for integrated moisture. However, since
moisture in the atmosphere is concentrated near the
surface, there should be some indication of PW
amounts in the surface dew point temperatures (Smith,
1966). Differences in the two moisture analyses should
yield an indication of vertical mixing of moisture
provided the data sets were obtained at the same
time. High surface dew point temperatures and low
PW values would indicate little vertical mixing,
whereas higher PW values with the same surface
moisture would indicate more vertical mixing.

Moisture features such as the indicated dry line
feature or moisture gradient in the derived PW values
are extremely important to forecasting convective
storm development. The horizontal position of the dry
line usually determines a line along which the most
severe storms occur. The dry line feature and vertical
moisture mixing information together could help pin-
point subsequent convective development later in
the day.

9. Conclusions

High-resolution temperature and moisture informa-
tion is necessary for mesoscale weather analysis and
forecasting. The ability to provide such mesoscale
information is shown to be feasible now, from existing
operational satellite sounding radiances over the United
States. Even though the derived temperature values
are biased by cloud contamination in certain areas,
they do show significant relative horizontal changes
in non-cloudy areas, which for example can better
locate cold trough positions.

Precipitable water information is probably the most
needed information on the mesoscale. Moisture varies
more rapidly in space and time than temperature at
smaller scales. Precipitable water values derived from
the NOAA VTPR H,O channel, when corrected for
temperature effects, provide a reliable source of hori-
zontal moisture information. Cloud contamination
which lowers temperature values does not significantly
affect the derived integrated moisture amounts beyond
the maximum noise level of 0.5 cm of H,O except in
high cloud cases.

An important aspect of the present study, in con-
trast to earlier large-scale temperature soundings from
satellites over the oceans, is the use of concurrent
satellite and radiosonde data in a joint analysis. The
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more widely spaced radiosondes, with their good
vertical resolution, may be considered the trunks of
the data set; the higher horizontal resolution satellite
data (the branches) are coupled to and dependent
upon the trunks. No attempt has yet been made of
optimum analysis and assimilation of the data sets.
That study, as well as preparation to add the fourth
dimension (time) from upcoming high-frequency geo-
stationary satellite sounders will be the subject of
considerable future research. If information on tem-
perature and moisture does become routinely available
from satellite soundings for mesoscale analysis and
forecasting, it will provide a valuable additional tool
to conventional radiosonde sounding information alone.
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