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Forward

The Cooperative Institute for Meteorological Satellite Studies (CIMSS)
conducts research and development to advance the peaceful use of weather
satellite technology for the benefit of mankind. This work is performed by a
joint University, Federal, and visiting scientist research group through base
funding to the University of Wisconsin (UW) by the National Oceanic and
Atmospheric Administration (NOAA) and additional funding from contracts and
grants awarded by NOAA, the National Aeronautics and Space Administration
(NASA), and the National Science Foundation (NSF). The University scientists
associated with CIMSS are from the Space Science and Engineering Center (SSEC)
and the Department of Meteorology at the UW-Madison. The NOAA scientists are
employees of the National Environmental Satellite Data and Information Service
(NESDIS) and the National Weather Service (NWS). During 1984, visiting
scientists from Australia, New Zealand, the United Kingdom, and the Peoples
Republic of China were associated with CIMSS. Students at the UW also
participate in CIMSS scientific programs.

The broad charter of CIMSS encompasses research for improving our under-
standing of the earth's weather and climate through the development of
techniques for interpreting remote sensing data from advanced weather
satellites. Particular attention is concentrated on the transition of new
satellite data interpretation techniques into operational practice both at
NOAA within the United States as well as at other weather forecast centers
around the world.

During 1984, CIMSS research focused on five areas:
1. Retrieval Technique Development

Techniques are developed for achieving accurate determinations of
atmospheric temperature and moisture profiles, cloud and water vapor
motion "winds", land and sea surface temperature, atmospheric
stability, ozone, and cloud and radiation parameters as needed for
weather and climate research and operatioms. Particular emphasis has
been placed on the interpretation of radiometric data from the VISSR
Atmospheric Sounder (VAS) on the geostationary weather satellite GOES.
Research conducted by CIMSS under the NOAA VAS Assessment program
(NOVA) is oriented toward providing NOAA with applications software
that will enable the effective operational use of the data soon after
the VAS becomes fully operational during 1986. Methods have been
advanced for interpreting sounding data from the polar orbiting NOAA
satellites. These refinements have been used to improve a CIMSS
developed software package, which has been made available to the world
meteorological satellite direct readout user community.

2. Subjective Severe Weather Forecast Methods

Methods are developed for combining satellite and conventional data
products in order to improve severe weather forecasts, including
tornadic storms and hurricanes. The methods have been tested with
real-time satellite and conventional data and evaluated for their
operational utility at several NOAA forecast centers.



3. Numerical Data Assimulation and Forecasting

A numerical analysis and prediction facility is under development at
the CIMSS for assimilating the wide variety of satellite and conven-
tional meteorological data available on the UW McIDAS system. During
1984 the numerical prediction system has been used to assess the
forecast impact of new satellite data types and retrieval algorithms.

4, Advanced Satellite Instrument Development and Testing

A High spectral resolution Interferometer Spectrometer (HIS) is under
construction and associated data retrieval techniques are being
developed for observing soundings with high vertical resolution and
for monitoring surface and atmospheric constituents from high flying
aircraft and satellites. Preliminary verification of the HIS observa-
tion technique was achieved using high spectral resolution interfero-
meter data obtained during a University of Denver balloon flight
experiment.

5. Low-cost Satellite Data Work-station

Satellite data processing and product display software is being
developed for the IBM personal computer to enable this new, very low
cost, video-graphic interactive computer techmnology to be used for
meteorological satellite research and weather forecast operations. A
menu-driven software package is near completion for distribution to
the meteorological satellite data user community.

The scientific papers presented in this report provide the technical
details on the accomplishments achieved within the five program areas noted
above. The results illustrate the productivity of scientists associated with
CIMSS during 1984. In addition to their scientific research and developments,
the CIMSS associates have contributed greatly to the World Weather Watch
program through their unselfish training of visitors from all parts of the
world and through their participation in national and international workshops
and symposia.

William L. Smith
Director, CIMSS
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COMBINED ATMOSPHERIC SOUNDING/CLOUD IMAGERY--A NEW FORECASTING TOOL
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Abstract

A method for displaying sounding and cloud information in a composite
image is described. Examples are shown to illustrate how a forecaster can use
a time sequence of these images to monitor changes in atmospheric moisture and
stability antecedent to convectiQé weather and at the same time monitor the
cloud developments resulting from these atmospheric moisture and stability
tendencies. The image products are now being produced in real time at the
University of Wisconsin for an assessment of their operational utility as a
part of the NOAA Operational VAS Assessment (NOVA) program. Initial response
has been favorable such that it is likely that the sounding/cloud imagery
product will be available to all forecast centers in 1986 ;fter the VAS data

acquisition and processing system becomes fully operational.
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I Introduction

The VISSR Atmospheric Sounder (VAS) on the GOES series of satellites
provides atmospheric water vapor and temperature sounding information with
7 km spatial resolution. Because the VAS operates in the infrared, the
sounding information is compromised by cloudiness to a degree dependent upon
the cloud height and amount. Experience has shown that useful soundings can
be achieved in cloud free or low level cloud overcast conditionms.
Consequently, large gaps in the coverage of vertical soundings from VAS will
occur across areas of extended middle and high level cloudiness. These breaks
in sounding coverage cause errors in objectively produced contour displays of
the sounding data and consequently limit their utility for subjective weather
forecasting. Also since the cloudiness can undergo rapid evolution and
movement in convective or fast moving frontal situations, it is very difficult
to achieve time continuity of objective analyses of the one to three hourly
interval VAS sounding data.

For the numerical analysis/forecast application of VAS soundings, the
cloud gap problem can be alleviated through the use of ancillary data, for
example, cloud and water vapor motion tracer winds (Le Marshall et al., 1984)
and/or by imposing physical constraints on the space and time structure
permitted in the analysis (Lewis et al., 1983). Furthermore, a forecast field
can be used as a control of the analysis across data void regions. However,
for real time subjective use of the sounding information, for example, for
nowcasting convective weather, a high resolution image presentation is more
appropriate than a low resolution contour analysis. Chesters et al. (1983)
devised a technique for creating images of low level moisture from VAS window
and water vapor channel data. However, there were blanks in their images

where clouds existed. For general forecast use a presentation technique is
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required which: (1) preserves the full resolution of the data, (2) does not
display any artificial information as might arise from an objective analysis
across data sparse regions, and (3) provides a real time image display of the
data. To achieve this nowcasting product, a scheme was devised to:

(1) produce 7 km resolution sounding information as part of the current 80 km
resolution sounding production process, (2) put the sounding values in an
image (i.e., grey scale) format and combine it with the cloud image
information provided by the VAS infrared window (11 um) radiance observations,
and (3) enhance the combined sounding/cloud image in such a manner that the
cloud portion of the image can be easily distinguished from the atmospheric
sounding portion of the image. This note describes the technique and
illustrates two examples of the resulting product as produced on the
Man-computer Interactive Data Access System (McIDAS) at the University of

Wisconsin (Suomi et al., 1983).

2. Sounding Determination

It is beyond the scope of this paper to describe the VAS sounding
retrieval algorithm in detail (see Smith et al., 1984a and 1984b for such a
description). It suffices here to state that the method is a physical and
direct analytical solution of the radiative transfer equation. The retrieval
system is set up to produce soundings with a resolution and spacing of about
80 km. This is achieved by inspecting the radiances for an 11 x 1l array of
7 km fields of view, eliminating the cloud contaminated ones, and averaging
the remaining ones to achieve a cloud filtered spatially averaged set of

spectral radiances for each sounding area of 80 km linear resolution.
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The solutions for the temperature, T, and water vapor mixing ratio, q,
profiles can be written in the form
M
T(p) = T%(p) +i£1ai(p) [Tyv,). = Tgldv, )]
and (1)
M

q(p) = q%(p) + q°(pi_}l: B, (@) [Ty(v)) = T0(v )]
where p is pressure and M is the number of VAS spectral channels (12). The
ui(p) and Bi(p) retrieval coefficients are in this case solely dependent upon
the atmospheric transmittance, its dependence on water vapor, the Planck
radiance dependence on temperature, and the expected errors of the radiance
observations (Smith et al., 1984). The retrieval coefficients are solved for
by matrix inversion, where the transmittance and Planck radiance terms are
specified from initial profiles, T%(p) and q°(p).

For the purpose of the sounding image generation, the retrieval
coefficients, ey and Bi' are assumed to be representative of each individual
VAS field of view. Consequently, individual field of view soundings are
produced by applying the 80 km area average retrieval coefficients to the
individual cloud free field of view radiances. In this case TC(p), q°(p), and
TBo(vi) are specified as the area average retrieval values and the area
average brightness temperature observations. Since most of the computational
work is performed in achieving the retrieval coefficients, and not in their
application, the production of individual retrievals does not result in a

significant increase of computer time in the sounding retrieval process.
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3. Combined Sounding/Cloud Image Generation .

Once the soundings are produced for each individual cloud free field of
view any desired sounding product (e.g., total precipitable water) can be
combined with the 1l ym window radiance observed in the cloud contaminated
fields of view. The sounding vaihe is allocated to the first half of the
dynamic range of the grey scale used for the image presentation whereas the
11 ym cloud radiance is allocated to the second half of the greyv scale range.
The sounding portion of the grey scale is then color enhanced in order to
distinguish the clear atmosphere characteristics from the cloud features.

Figure 1 is presented as an illustration of the image generation. Shown
on the right side is an 11 uym (VAS band 8) infrared cloud image for 1400 GMT
on April 10, 1984 over east-central Texas. On the left is a plot of the 80 km
resolution total precipitable water vapor values corresponding to the
soundings derived from the 1l x 11 field of view radiance arrays. Total
precipitable water vapor values corresponding to the individual cloud free
fields of view are denoted by the colored resolution elements, with the color
scale given at the bottom of the image. The resolution elements corresponding
to cloud contaminated fields of view have been filled with the Il um radiance
values, and this portion of the grey scale has a black and white enhancement.
Although the individual field of view values appear noisy due to the fact that
the single field of view radiances are noisy relative to their area average
values, coherent small scale features can be seen, particularly in regions

where strong horizontal gradients exist.
4, Sample Results

Two of the sounding/cloud imagery products which have been found to be

useful for monitoring convective storm developments are the total precipitable
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water vapor and the total-totals stability index. The total precipitable
water vapor (U) is calculated using the relation
1 Py
U =—/"q(p)dp
g0
where g is the acceleration due to gravity and Py is the earth's surface

pressure. The total-totals index (TT) is given by

TT = Td(850) + T(850) - 2*T(500)
where 850 and 500 refer to the 850 mb and 500 mb pressure levels,
respectively. The dewpoint temperature at 850 mb is calculated from the
850 mb mixing ratio using Tietjens' formula.

Figures 2 and 3 show three hour interval images of total precipitable
water vapor/cloud images and total-totals/cloud images for April 10, 1984,
The contours displayed correspond to an objective analysis of the 80 km
resolution retrievals, using the Barnes scheme (Barmes, 1964), resident on the
McIDAS system. As can be seen, a large convective system located over
Nebraska, Oklahoma, and northern Texas associated with an upper level cut=-off
low is moving eastward during the day. The precipitable water/cloud imagery
shows a maximum water vapor concentration over eastern Texas, propagating
eastward with the convective system (Figure 2). Strong horizontal gradients
of moisture can be seen to the east and west of the storm complex. The area
extent of high moisture values over Texas diminishes somewhat as the system
moves eastward. At 1700 GMT the moisture imagery indicates that the largest
moisture values are over the Texas-Louisiana border. On the other hand, the
atmospheric stability imagery (Figure 3) shows destabilization occurring

during the day across eastern Texas and western Louisiana. Severe storm
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stability conditions (total-totals in excess of 60 degrees) exist in this
region at both 1700 and 2000 GMT. The destabilization is presumably due to
increases in the temperature lapse rate of the lower troposphere since the
water vapor is steady or decreasiﬁg in magnitude during this period as shown
in Figure 2. Both the stability trends and the location of the maxima
total-totals index values are in good correspondence to the afternmoon and
early evening (2000-0200 GMT) severe weather reports shown plotted in

Figure 3a.

Another situation is shown in Figures 4 and 5 for May 14, 1984. 1In this
case at 1100 GMT there is a small total precipitable water maximum over
Arkansas along a cold front stretching across the south-eastern United States
in a northwest flow aloft situation. This area of high water vapor concentra-
tion extends eastward with time and increases in magnitude during the day with
isolated values in excess of 45 mm occurring along a narrow line stretching
from eastern Mississippi across central Alabama and Georgia and into southern
South Carolina. The stability of the atmosphere (Figure 5) decreases
dramatically over the southeastern states with severe weather stabilities
(total-totals in excess of 60 degrees) occurring over southern Alabama,
southern Georgia, and southern South Carolina at the 1400 and 1700 GMT VAS
sounding observation times. Once again areas of maximum instability and the
trends in both moisture and stability provide good indication of the potential
for and the locations of afternmoon and early evening severe weather as shown

in Figure 5a.
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Se Summary

A method has been developed for displaying geostationary satellite
sounding information in an image format. Clear air water vapor and stability
are combined with cloud radiance to provide to a weather forecaster, in real
time, a comprehensive image of the state of the atmosphere. A time sequence
of these images allows the forecaster to monitor water vapor convergence and
atmospheric stability changes usually antecedent to intense convective weather
developments. At the same time the forecaster can monitor the cloud develop-
ments associated with these atmospheric water vapor and stability tendencies.

The utility of the sounding/cloud imagery product is currently being
evaluated on a routine basis by forecasters at the National Severe Storms
Forecast Center in Kansas City, Missouri. The initial response has been very
favorable. As a result, this image product will most likely be available to
all forecast centers, beginning in 1986, when the VAS data acquisition and

processing system becomes fully operational.
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Figure 1 Side-by-side display of VAS total precipitable water vapor/cloud
imagery (left) and VAS llum imagery (right) at 1400 GMT on
April 10, 1984 over east central Texas. Plot of total precipitable
water vapor values from VAS retrievals obtained by cloud filtering
and spatially averaging 11 x 11 fields of view (sample boxes

shown) .

Figure 2 Time sequence of VAS total precipitable water vapor/cloud imagery
and contours of total precipitable water vapor from the 11 x 11
field of view average VAS retrievals over the central U.S. on

April 10, 1984 at 1100, 1400, 1700, and 2000 GMT.

Figure 3 Time sequence of VAS total-totals/cloud imagery and contours of
total-totals index from the 11 x 11 field of view average VAS
retrievals over the central U.S. on April 10, 1984 at 1400, 1700,
and 2000 GMT. Severe weather reports (T = tornado, H = hail) from

2000 to 0200 GMT are plotted in the upper left panel.

Figure 4 Time sequence of VAS total-precipitable water vapor/cloud imagery
and contours of total-precipitable water vapor from the 11 x 11
field of view average VAS retrievals over the southeastern U.S. on

May 14, 1984 at 1100, 1300, 1400, and 1700 GMT.

Figure 5 Time sequence of VAS total-totals/cloud imagery and contours of
total-totals index from the 11 x 11 field of view average VAS
retrievals over the southeastern U.S. on May 14, 1984 at 1300,
1400, and 1700 GMT. Severe weather reports (H = hail, W = damaging
wind) from 1900 to 0100 GMT are plotted in the upper left panel.
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Abstract

Initial results are presented on research designed to evaluate the
usefulness of Visible Infrared Spin Scan Radiometer Atmospheric Sounder (VAS)
data in tropical cyclone applications. It is part of the National Aeronautics
and Space Administration funded VAS demonséfation. and the National Oceanic and
Atmospheric Administration (NOAA) Qyérational VAS Assessment (NOVA) program.
The University of Wisconsin (UW) Space Science and Engineering Center (SSEC)
and the National Environmental Satellite, Data, and Information Service
(NESDIS) Development Laboratory at the SSEC have been working with the National
Hurricane Center (NHC), and the NOAA/Environmental Research Laboratories
Atlantic Oceanographic and Meteorological Laboratory-Hurricane Research
Division (HRD) to explore the different uses of geostationary satellite VAS
data in tropical cyclone analysis and forecasting. Because of the cloud
penetrating capability of the microwave component of the TIROS Operational
Vertical Sounder (TOVS), polar orbiting satellite TOVS soundings in cloudy
regions are used in some cases to enhance the VAS products along with cloud
drift and water vapor motion winds derived from VAS imagery. This report
describes some of the VAS/TOVS products being generated and evaluated on the
Mzn-computer Interactive Data Access System (McIDAS) at the UW-SSEC and the

NHC.



1. Introduction

The 1982 and 1983 hurricane seasons served as a "test ground" for McIDAS
software (Suomi et al., 1983), display programs, subjective analysis, and
editing at the UW-SSEC of VAS data over the North Atlantic Ocean area for use
by the NHC in tropical cyclone applications. Initially, several problems were
encountered in the processing and displaying phase of the operation. However,
by the end of the 1983 season considerable progress had been made toward
providing timely (quasi-real time, within 2-5 hours of data reception) high
quality analyses and displays of mass, motion, and moisture patterns for NHC
evaluation.

The VAS radiometer contains eight visible channel detectors and six
thermal detectors that sense infrared radiation in 12 spectral bands.
Retrieval of accurate temperature and moisture profiles from these radiances
can be accomplished using the radiative transfer equation and solutions which
rely on the physical properties of the measurements (Smith, 1983). Associated
thicknesses can then be derived from these profiles, height fields can be built
from the thickness fields and a lower (1000 mb) reference field discussed in
the next section, and winds derived from these height fields (also discussed in
the next section). More complete descriptions of the VAS and TOVS instruments,
their retrieval algorithms, and operating modes are given by Smith (1983) and
Smith et al. (1979).

Routine daily VAS coverage for NHC evaluation began in June of 1982.
Normally, one data set at approximately 1300 GMT was provided to the NHC in
near real time. Coverage normally included most of the Geostatiomary
Operational Environmental Satellite (GOES)-East viewing area between 17-55°N
and 30-110°W. To fit in with VISSR operational imaging commitments, the data

were obtained in two ten minute swaths separated by approximately 30 minutes.
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(Details of the VAS measurement characteristics and mode of operations are
summarized by Smith et al., 1981.) On specifically designed hurricane research
days, coverage was considerably expanded. Three ten minute swaths, each about
a half hour apart, are combined to cover the tropical disturbance. An example
of data coverage on a hurricane rééearch day for tropical storm Beryl of 1982
is shown in Fig. 1. The figure shows 6.7 um (mid tropospheric) water vapor
imagery with plotted radiosonde identification numbers (there are a few more
stations not shown in the Caribbean Sea area); note the lack of conventional
upper air data in this region. Data sets of smaller areal extent (Figure 2)
centered on a significant tropical disturbance were processed up to three times
a day in quasi-real time to provide the NHC with analyses of the storm
environment. The imagery shown in Fig. 2 is constructed from a combination of
the VAS 6.7 um mid tropospheric H;0 emission observations and 11 um atmospheric
window cloud and surface emission observations. Clouds are delineated by white
areas, high water vapor concentrations by blue and green areas, and dry, cloud
free regions by dark brown and black areas. Figure 2 shows a plot of upper
level (approximately 200 mb) winds (in knots) around hurricane Debby for
0000 GMT on September 16, 1982 from a combined wind data set which will be
described in section 4.

A display program on McIDAS was developed to facilitate a quick look by
NHC at selected fields derived from the VAS data. As improvements in
retrieval, analysis, and display procedures were developed together with a
better understanding of the VAS measurements qualities, including its
limitations, the NHC personnel were better able to evaluate the capabilities of
the VAS over oceanic areas for its tropical storm analysis and forecasting

operation. Evaluation efforts to determine optimum use of these data are
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expected to continue on a near real time basis through the 1984 hurricane

seasom.

2. Comparisons with radiosondes

Comparisons of the VAS temper#ture and moisture profile retrievals with
selected tropical radiosondes (Bermuda, San Juan, and West Palm Beach) were
made by the NHC during the 1983 hurricane season (for details of VAS sounding
retrieval methods, see Smith, 1983). Temperatures, dewpoints, thicknesses,
heights, and winds were evaluated; the results for a combination of all
comparisons are summarized in Table 1. Most comparisons were made at 1200 GMT,
and wherever the radiosonde and VAS soundings were sufficiently close in time
and space (within approximately 2 hour and approximately 100 km, respectively).
Winds which accompany the VAS temperature retrievals are derived from
geopotential heights analyzed at constant pressure levels. The height data
used to construct the analyses are provided from the VAS temperatures and
mixing ratios, and a lower reference level which is a surface height estimated
from a topography file and a surface pressure field produced from objective
analyses of mean sea level temperature and 1000 mb heights (Hayden, 1983,
personal communication; Montgomery, 1984). The latter are based omn
conventional surface observations and a global forecast field. The curvature
term is included in these gradient winds. The VAS gradient winds had a mean
directional difference of about 30 degrees (not shown). Several factors may
contribute to these differences such as deficient lower reference 1000 mb
height fields due to inadeqﬁate conventional surface reports across some
oceanic regions. Confidence in the gradient wind accuracy 1is higher in clear
areas where sounding precision and density are the greatest. However, these

results suggest that gradient winds computed in this manner are generally less
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useful than cloud motion winds (when both are available) in the NHC tropical
analyses. The VAS temperature observations, however, were considered good.

The standard deviations of the difference between the VAS and radiosonde values
were on the order of 1 to 1.5 degrees. Associated thicknesses derived from the
temperature profiles were excellent:wheu compared with the radiosonde
observations. The NHC expressed confidence in the temperature and thickness
parameters. As expected, the differences are larger for moisture because the
VAS lower vertical resolution moisture profiles cannot capture highly

structured vertical features as well as the radiosonde.

3. Comparisons with dropsondes

A comprehensive meteorological data set, including VAS data, is being
constructed from observations of hurricane Debby from September 13-17, 1982.
NOAA Office of Aircraft Operations aircraft flew prescribed tracks throughout
the environment of hurricane Debby on two missions (September 14/15, and
September 15/16, 1982). During this time a dropwindsonde experiment was
performed by the HRD providing an opportunity to compare the VAS soundings
produced in real time with Omega dropwindsonde (ODW) observatioms. Figure 3a
shows an example comparison of the 500 mb temperatures at 0000 GMT on September
16, 1982 observed by the dropsondes and the VAS (dropsondes circled).
Figure 3b shows a comparison of objective analyses of the VAS and dropwindsonde
700 mb temperature values for 0000 GMT on September 15, 1983. As may be seen
the thermal patterns indicated by the independent observations are in close
agreement. Figure 4 illustrates a specific VAS retrieval/dropwindsonde
comparison on a skew-t/log-p diagram. Except for the height of the moist
layer, the comparison is quite good. Numerical comparisons, similar to the

previously noted radiosonde comparisons, were made by the NHC and are shown in
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Table 2. Comparisons were made wherever the ODW and the VAS soundings were
sufficiently close in time and space. The results of the comparisons were
quite similar to the radiosonde comparisons, with the temperatures and
thicknesses having the smallest differences. (No VAS gradient winds were
generated in real time for Septembér 14/15 so that the comparisons shown are

for the September 15/16 case only).

4, Circulation from the VAS cloud drift, water vapor motion, and gradient

wind observationms

Studies have indicated that the deep layer mean wind field around a
tropical cyclone is one of the best indicators of the storm's steering current
(Chan and Gray, 1982). One of the main goals of the cooperative program is to
provide the NHC with an analysis of the satellite derived deep layer mean wind
"steering current” for forecasting hurricane movement. For tropical cyclone
Debby, three VAS data sets were processed each day (0000, 1200, and 1800 GMT on
September 13-17, 1982) covering a large area centered on the hurricanme. To
further enhance the VAS derived data sets, selected NOAA-6 and NOAA-7 polar
orbiting satellite passes over Debby were processed to take advantage of the
TOVS microwave profile retrievals and derived gradient winds in the cloudy
regions of the hurricane not achievable from the VAS infrared data. These
microwave soundings were combined with the VAS soundings ihto a single data set
and manually edited for consistency using the McIDAS. To enhance further the
atmospheric circulation information, high and low level cloud drift (Mosher,
1979) and mid level water vapor motion (Mosher and Stewart, 1981) winds were
derived from the VAS imagery and added to the gradient wind data set, with
further manual editing of the winds for consistency. The water vapor motion

winds were derived from a 3 hour loop of the 6.7 um water vapor imagery which
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has peak radiance contributions originating from about 400 mb. Radiosondes
were used for quality control in the editing process where available. The
final wind set consisting of VAS gradient, TOVS gradient (in some cases), cloud
drift, and water vapor motion winds for three levels (approximately 850 mb,
400 mb, and 200 mb (Fig. 2)) was ugéd to derive a deep layer (850-200 mb) mean
(dlm) wind analysis. These three levels actually represent layers, since the
cloud drift and water vapor motion data are not all exactly at the indicated
heights (50 mb and +100 mb, respectively). The small number of TOVS gradient
winds shown in Fig. 2 is due to the fact that these winds are used only in
areas void of cloud drift and VAS gradient winds. These areas usually
correspond to the storm center and adjacent featureless heavy cloud areas where
cloud drift winds are difficult. The cloud penetrating capabilities of the
microwave radiances (after careful editing of precipitation attenuation) make
soundings and derived gradient winds possible in these areas. However, due to
the relatively poor resolution of the microwave radiances (5 km vertical and
110 km spatial), the TOVS gradient winds are subject to larger errors than the
VAS gradient winds and should be used with discretion. Regression equations
were derived by Sanders et al. (1980) based on tropical radiosonde data for
estimating the tropospherically averaged flow from information at three levels
(850, 500, and 250 mb), and a similar set of equations derived for the three
levels in this study (850, 400, and 200 mb) were used to produce the dlm
analysis (Goldenberg, 1984, personal communication). The entire process from
data ingest to the completion of the dlm analysis for an area the size of
Fig. 2 can be accomplished on the McIDAS in 2 to 2% hours.

Combined wind vectors for the three levels over hurricane Debby's
environment for 0000 GMT on September 16, 1982 are shown in Fig. 5a to 5¢. The

cyclonic circulation of Debby is present at all three levels with the strongest
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winds at low levels as would be expected. The circulation quickly becomes
anticyclonic away from the center at upper levels with a large ridge providing
an outflow channel to the east of Debby. The amplitude of this ridge was
under-forecast by the global analysis, with the result that many models
forecast the storm to move on a more northeasterly path rather than more
northerly path that the storm followed before turning to the northeast once
over the ridge. Debby can be seen embedded in a mid-latitude trough with a
closed center at mid and upper levels to the north of the storm.

The combination of high demsity cloud drift winds in cloudy areas, high
density gradient winds derived from VAS retrievals in clear areas, water vapor
motion winds at mid levels, and gradient winds derived from TOVS microwave
retrievals (when available) provide a much better than normally available
description of the wind fields surrounding tropical cyclones in a typically
data sparse reéion. A Barnes objective map analysis scheme (Barmes, 1973) is
used to derive the three individual level streamline analyses from the raw
data. The deep layer mean wind analysis is then derived from the three
individual level analyses using the regression equations on a 1.0 degree mesh
grid. A final step is to remove the tropical cyclone vortex, if one is
present, and define the mean wind steering current over the storm. This is
first done by determining the position of the storm and its radius of
influence. The radius of influence, as determined by the NHC, is the average
distance from the storm center to the outermost analyzed closed isobar around
the storm. This is compared to the outermost closed streamline in the dlm
analysis. Whichever is greater is used, however, they usually are very close.
The grid values within this radius of influence are then zeroed out. The
current storm direction and speed, as determined by the NHC, are inserted into

the grid at the storm position. The grid points within the radius of influence
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are then given values using bi-linear interpolation between the surrounding
data and the storm position value. While it is recognized that the
determination of current storm direction and speed can be fairly subjective,
especially in storms with non-descript centers and no recomnaissance support,
this technique was used and will be evaluated in the next section. An example
of the final dlm streamline and speed analyses with the vortex removed for
Debby on September 16, 1982 is shown in Fig. 6.

Deep layer mean wind analyses are being provided to the AOML-HRD for all
the time p;riods processed around Debby, and also for all 1983 Atlantic
tropical cyclones, for comparisons with conventional atmospheric analyses of
the North Atlantic Ocean area to assess the forecast utility of greatly
enhanced wind observations over this area which is virtually void of
conventional observations. Testing and numerical comparisons will be done with
a modified version (Goldenbefg, 1983, personal communication) of the SANBAR
(SANders BARotropic) model (Sanders et al., 1975). In the meantime, a simpler

procedure has been tested at the UW-SSEC as described in the following section.

5. Prediction of tropical cyclone motion

As may be seen in Fig. 6 from the locations of hurricane Debby at 12 hour
intervals beginning at 0000 GMT on 16 September 1982, the tropical cyclone
follows the satellite derived deep layer mean wind analysis streamlines (from
0000 GMT on 16 September 1982 data) fairly closely out to 72 hours. Greater
deviations from the streamline pattern obviously can be expected at longer
durations from the analysis time since steady state is assumed and the
streamline fields in reality are constantly changing and evolving with time.
This streamline field however serves as a good approximation of the steering

current and subsequent short range storm track forecast. With assumptions that
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the deep layer mean wind steering current theory holds, and also that the
abundance of wind data in a normally data sparse region would improve the dlm
analysis, a simple trajectory model was developed at the UW-SSEC to test on the
hurricane Debby data. While it is recognized that trajectory forecasting of
tropical cyclone movement is not a ﬁev concept, the method was employed using
the satellite derived deep layer mean wind analyses to assess the accuracy of
the streamline field as an approximate steering current, and as an initial
analysis for more sophisticated forecast models (Le Marshall et al., 1984).
The purpose of this exercise is not so much as to devise a hurricane forecast
model but to evaluate the impact of the VAS data in combination with the TOVS
and cloud drift data in the simplest way possible.

The streamlines are given by the solution to the following equatioms

dx/dt = u(x,y)

dy/dt = v(x,y)

These equations are solved numerically by using the Adams method (Hildebrand,
1962). This method assumes that u(x,y) and v(x,y) vary linearly between mesh

points on the grid analysis and results in the following formula for the path:

h

U ;(Uk = Uy

h

+ hV. + —(Vk -

Yee1 = Yk k5 )

Vi1

where (xk,yk) and (xk-l’yk-l) are the previous positions of the source point
with corresponding velocities (Uk’vk) and (uk-l'vkol)’ and h is the time step.
The velocity components at an arbitrary point in the grid analysis field are

found using bi-linear interpolation. A typical model run takes only a few
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seconds on the McIDAS. An example forecast for hurricane Alicia landfall is
shown in Fig. 7.

Comparisons of mean forecast errors (MFE) for several different
operational models used by the NHC, the official forecasts, and the VASTRA (VAS
TRAjectory) model for selected homégeneous cases when satellite derived deep
layer mean wind data were available from Debby of 1982, and Alicia, Barry and
Chantal of 1983, are shown in Table 3. Initial positioning error (Neumann and
Pelissier, 1981) was removed from the MFE in all cases. Performance of
specified models relative to the CLIPER model is shown in Fig. 8. From Table 3
and Fig. 8 it can be seen that the VASTRA forecasts compare favorably with the
official forecasts and the other operational models. While it is recognized
that these data represent a relatively small statistical set, it is believed
that the good quality and much improved density of wind data over the oceanic
regions are at least in part responsible for the encouraging results. Several
VASTRA forecasts (Debby cases) included in these results were not run in real
time. However, more importantly, the data were collected, edited and analyzed
for the most part in quasi-real time. VASTRA forecasts from 1983 storms were
acutally made in real time in a quasi-operational testing mode, and made
available to the NHC. It is the intent of the authors to show what is possible
but not yet what is currently achieved in an operational mode. Further testing
is being conducted by the NHC in the 1984 Atlantic hurricane season.

The model was also run on the same cases without inserting current storm
motion (not shown) and using simple bi-linear interpolation of the surrounding
data within the radius of influence with slightly poorer (5 to 10Z) results.
However, these case study storms had fairly good reconnaissance flight
coverage, and steady storm tracks, so that initialized storm motion estimates

provided by the NHC on the average were good. It is suggested that the current
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storm motion be used when there is a high confidence in it by NHC, either by a
clearly defined center and steady motion, or by continuous reconnaissance
flight reports. It should not be used when confidence in the estimate is low

due to a heavy overcast over the center, lack of reconnaissance data, etc.

6. Intensity from TOVS soundings

Atlantic tropical cyclone intensities were also monitored at the UW-SSEC
utilizing the NOAA polar orbiting satellite microwave measurements to provide
an estimate of the strength of the upper tropospheric warm core, which is
statistically correlated to the surface central pressure and maximum winds
(Kidder et al., 1978; Grody and Shen, 1983; Velden and Smith, 1983). Figure 9
is an example of the agreement between the surface pressure and maximum
sustained wind speed estimates from the TOVS microwave technique, with the NHC
official best track data for tropical cyclone Barry. Scatter diagrams relating
AT350 with central pressure and maximum winds (as estimated by NHC) are shown
in Fig. 10a and b. Included in the statistics shown in Fig. 10, which are an
update from previous findings, are comparisons from the 1982 and 1983 hurricane
seasons. Experimental use of the TOVS microwave intensity estimates by the NHC
to augment existing methods was continued in the 1984 Atlantic hurricane

seasomn.

7. Concluding remarks and future work

Future cooperative research using the VAS and TOVS data with the NHC and
the AOML-HRD is planned through the 1984 hurricane season. Daily VAS and TOVS
data sets were again processed and sent to the NHC in near real time for their

evaluation.
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An effort is currently underway to use trajectory analyses from
consecutive deep layer mean wind analyses in a numerical model. In order to
help generate the initial wind analysis for the barotropic model (SANBAR), the
sequence of previous wind analyses will be used to augment the field at the
initial time (t=0), in effect, an éxtrapolation of the analyses to t=0 in order
to fill in the satellite data void areas. These ideas have been used
successfully on the VAS geopotential data in conjunction with quasi-geostrophic
models (Lewis, et al., 1983). In the context of hurricane tracking, the
barotropic constraint of absolute vorticity conservation will be used to couple
the wind fields in time.

Continued research into hurricane track forecasting using the satellite
derived deep layer mean wind analyses in the SANBAR model and the complete
VAS/TOVS sounding and wind data sets in primitive equation forecast models is

planned as part of the NOAA Operational VAS Assessment (NOVA) program.
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TABLE 1

FOR BERMUDA, SAN JUAN, AND WEST PALM BEACH

(1 AUGUST-30 NOVEMBER 1983)

Number

Mean Standard of
Parameter (VAS-RAOB) Deviation Range Cases
T850 (°c) 1.4 1.2 -1.6 to 4.7 70
T700 0.2 1.3 -2.3 to 3.4 70
T500 0.4 1.2 -2.4 to 2.7 69
T400 1.2 1.5 -3.0 to 4.0 66
T300 0.9 1.7 -3.6 to 4.3 66
T200 0.0 1.6 -5.5 to 3.4 63
TD850 (°C) 2.7 4.5 -5.8 to 21.8 70
TD700 4.6 8.3 -8.1 to 29.7 70
TD500 0.9 9.9 -9.0 to 21.9 69
TD40O 2.8 7.8 -9.8 to 23.8 66
TD300 4.1 8.1 -18.2 to 24.1 66
2850 (m) 7 10 -23.0 to 31.0 68
Z700 13 13 -21.0 to 36.0 67
2500 18 19 -26.0 to 38.0 67
Z400 22 20 -37.0 to 66.0 65
2300 30 27 -52.0 to 71.0 63
2200 32 37 -63.0 to 110.0 62
2500-850 (m) 12 15 -31.0 to 63.0 69
Z2400-850 16 18 -42.0 to 50.0 67
Z2300-850 23 26 -63.0 to 71.0 65
2500-700 6 12 -28.0 to 52.0 68
2400-700 10 16 -39.0 to 35.0 66
Z2200-400 9 28 -78.0 to 60.0 63
2200-850 24 41 -114.0 to 106.0 63
Magnitude of vector_
wind difference (ms !)
850 4 2 0.0 to 14.0 64
700 4 3 0.0 to 11.0 64
500 4 2 1.0 to 13.0 61
400 5 3 1.0 to 19.0 62
300 7 5 1.0 to 27.0 59
200 10 7 2.0 to 40.0 54
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TABLE 2

14/15 AND 15/16 SEPTEMBER 1982

Number

Mean Standard of
Parameter (VAS-0DW) Deviation Range Cases
T850 (°C) 1.4 1.3 -l.4 to 4.9 42
T700 -0.3 1.2 =2.7 to 2.6 42
T500 -0.1 1.3 -2.4 to 2.3 35
T400 0.2 1.4 -3.1 to 3.3 24
TD850 (°C) 1.6 3.2 -5.0 to 9.8 42
TD700 3.6 5.2 -8.9 to 14.9 42
TD500 -12.5 7.0 -36.4 to 6.0 35
TD400 -8.9 7.6 -25.3 to 7.5 24
Z850 (m) -6 23 -68 to 26 42
2700 0 22 -58 to 41 42
Z500 1 24 =56 to 44 35
2400 2 27 =54 to 47 24
2400-850 (m) 11 17 -16 to 45 24
2500-850 6 14 -18 to 43 35
2400-700 4 14 =16 to 34 24
location (nm) 29 15 6 to 54 42
time (min) 38 29 2 to 108 42
Magnitude of vector
wind difference (ms !)
850 7 4 1 to 14 23
700 7 4 1 to 16 23
500 5 3 1 to 12 22
400 7 4 3 to 16 13
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TABLE 3

DURING HURRICANE DEBBY OF 1982 AND
HURRICANES ALICIA, BARRY, AND CHANTAL OF 1983
(OFFICIAL AND MFM FORECASTS ARE NOT ISSUED FOR 36 AND 72 h, RESPECTIVELY)

FORECAST INTERVALS (h)

(# of (# of (# of (# of (# of
Model 12 cases) 24 cases) 36 cases) 48 cases) 72 cases)
Official
Forecasts 54 (20) 126 (17) —-— == 289 (12) 305 (9)
VASTRA 53 (20) 111 (17) - - 232 (12) 311 (9)
NHC 67 52 (18) 110 (15) 195 (12) 269 (10) 393 (8)
NHC 72 50 (18) 114 (15) 178 (12) 224 (10) 530 (8)
CLIPER 59 (18) 137 (15) 251 (12) 318 (10) 430 (8)
VASTRA 51 (18) 104 (15) 146 (12) 201 (10) 375 (8)
HURRAN 72 (16) 171 (12) 287 (10) 358 (9) 356 (8)
VASTRA 56 (16) 115 (12) 151 (10) 208 (9) 297 (8)
NHC 73 57 (15) 125 (13) 155 (9) 206 (8) 528 (7)
VASTRA 52 (15) 112 (13) 164 (9) 194 (8) 362 (7)
SANBAR 66 (16) 141 (14) 269 (10) 373 (9) 570 (7)
VASTRA 56 (16) 107  (14) 167 (10) 231 (9) 362 (7)
MFM 54 (9) 95 (7) 123 (5) 191 (5) - -
VASTRA 45 (9) 85 (7) 134 (5) 187 (5) —-— -
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Figure legends

Fig. 1: Example of data coverage on a hurricane research day for tropical
storm Beryl of 1982. Plotted in yellow are radiosonde identification
numbers over 6.7 um water vapor (mid tropospheric) imagery.

Fig. 2: Final edited combined wind set (upper level, approximately 200 mb)
consisting of VAS gradient (blue), TOVS gradient (red), and cloud
motion (yellow) vectors (kts) for hurricane Debby September 16, 1982
at 0000 GMT.

Fig. 3: (a) Comparison of the 500 mb temperatures (°C) observed by the
dropwindsondes (circled numbers) and VAS near hurricane Debby for
0000 GMT on September 16, 1982.
(b) Comparison of objective analyses of VAS (solid) and dropwindsonde
(dashed) 700 mb temperature (°C) values for hurricane Debby on
September 15, 1982 at 0000 GMT.

Fig. 4: Example skew t/log p VAS retrieval/dropwindsonde comparison.

Fig. 5: (a) Upper tropospheric (approximately 200 mb) edited combined wind
vectors (kts) around hurricane Debby for 0000 GMT on September 16,
1982.
(b) Same as (a) except for mid tropospheric (approximately 400 mb).
(c) Same as (a) except for lower tropospheric (approximately 850 mb).
The + indicates calm to east of Debby.

Fig. 6: Final 850-200 mb satellite derived deep layer mean wind streamline
(solid) and speed (dashed in m/sec) analysis for hurricane Debby at
0000 GMT on September 16, 1982. Sélid squares indicate Debby's storm

track every 12 hours.
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Fig. 7: Final 850-200 mb satellite derived deep layer mean wind streamline
analysis for hurricane Alicia at 1200 GMT on August 16, 1983. Solid
squares indicate Alicia's storm track every 12 hours. Open squares
indicate the VASTRA forecast out to 48 hours.

Fig. 8: Performance of specified models relative to the performance of the
CLIPER model for 1982 and 1983 cases studied. The sample is
homogeneous, with the numbers in parentheses giving sample size.
Forecasts are unavailable for any model at 60 hours and for official
forecasts at 36 hours.

Fig. 9: Comparison of the National Hurricane Center "best track" versus the
satellite microwave estimates of (a) central pressure (b) maximum
winds for Barry.

Fig. 10: Comparison of AT,5; versus National Hurricane Center estimated
(a) central surface pressure, (b) maximum winds. PE is average
environmental surface pressure surrounding the storm at a 6° radius,
n is number of cases in the sample, r is correlation coefficient, and

0 is standard deviation.
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Abstract

Results are presented that show sounding with the small detectors on
the VAS produces more temperature profile retrievals of good quality in
partly cloudy conditions than was possible with the large detectors. The
increased ability to find clear fields of view outweighs the disadvantage
of greater detector noise.
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1. Introduction

With the launch of three VISSR Atmospheric Sounders (VAS) since late
1980, the era of time continuous sounding from a geostationary platform has
begun. The results of the last three years have been well documented in
the literature (Smith et al., 1981; Menzel et al., 1981; Chesters et al.,
1982; Smith et al., 1982, Smith, 1983; Chesters et al., 1983; Petersen
et al., 1983). All of the sounding data from this time period exclusively
employed the large detectors on VAS (horizontal resolution of 13.8 km at
subsatellite point); this study explores the advantages of sounding with
the small detectors (horizontal resolution of 6.9 km at subsatellite
point). While the small detector noise is roughly double that of the large
detector, the doubled horizontal resolution compensates so that soundings
representing equivalent areas have the same radiometric noise (4 small
samples are equivalent to one large sample). However, the small detector
has a great advantage in partly cloudy areas, as it is capable of finding
clear fields of view in and around the clouds and thus can provide more
soundings.

2. VAS data characteristics

The VAS instruments, on board the GOES=4 (now defunct), GOES-5, and
GOES-6 satellites, are radiometers with eight visible detectors and six
thermal detectors that sense infrared radiation in 12 spectral bands. The
spectral bands cover the range of 678.7 em ! (1%.73 um) through 2535 cm !
(3.94 um) and are presented in Table 1. A filter wheel in front of the
detector package enables spectral selection. The horizontal resolution at
subsatellite point is .9 kilometers in the visible and 6.9 and 13.8
kilometers in the infrared depending om which detectors are used. Figure 1
shows the VAS Detector Package Array. Although there are six VAS infrared
detectors, only two are in use during any satellite spin period. The
selected mode of operation will dictate which detector pair is used--the
small HgCdTe channels, the large HgCdTe channels, or the InSb channels.

In the sounding mode, up to twelve spectral bands on the filter wheel
can be positioned into the optical path while the scan mirror is dwelling
on a single earth swath (scan line). The filter wheel can be programmed so
that each spectral band is sampled on the same earth swath from 0 to 255
spacecraft spins. For seven of the spectral bands either the high
resolution (6.9 km) or low resolution (13.8 km) detectors can be selected.
The remaining five spectral bands are limited to the low resolution
detectors (see Table 1).

Table 2 shows the single sample noise observed for the VAS channels.
A single sample is the voltage accumulated on the detector every 8 usec,
which is then calibrated to a radiance value (Menzel et al., 1981; Menzel
et al., 1983). The noise was estimated by taking the standard deviation of
200 successive samples from outer space. The GOES-5 and GOES-6 noise
characteristics are very similar and have been averaged to produce Table 2.
The noise equivalent radiance of the small detectors is roughly twice that
of the large detectors for a single sample.

Temporal averaging of the VAS radiances, i.e., multiple sampling of
the same earth swath in the same spectral band, is necessary to enhance the
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ratio of the radiance signal to detector noise. Further enhancement of
radiance signal to noise can be accomplished by spatial averaging of the
radiances from several adjacent satellite fields of view, but thus reducing
the horizontal resolution of the sounding radiances. This trade-off
between signal to noise and horizontal resolution is the primary issue of
small detector sounding. Table 3 indicates a nominal spin budget, the
number of satellite spins allocated to the 12 spectral bands to reduce the
radiometric noise to a level suitable for temperature sounding.

Appendix A describes several scan patterns used to achieve contiguous
and non-contiguous dwell sounding data. Obviously the latitude coverage
accomplished with the small detectors is half that accomplished with the
large detectors in the same time period using the same spin budget.
Comparable extent of latitude coverage can be achieved only if the small
detectors are sampled with the venetian blind scan pattern (described in
the Appendix).

Temperature profile retrievals from multi-spectral infrared radiance
measurements are based on the assumption that the instrument field of view
is cloud free. Infrared measurements are highly susceptible to cloud
attenuation, thus special efforts need to be made to avoid or correct for
cloud contamination. Higher horizontal resolution increases the
probability of finding clear fields of view in and around clouds. The
principle question that is addressed by this report is whether the
advantage of the smaller detectors, higher horizontal resolution, and thus
more clear fields of view, outweighs the disadvantages, higher single
sample noise and decreased latitude coverage.

3. Clear column radiance determination

Techniques for clear column radiance determination are discussed at
length in the literature (Smith, 1968; McMillin, 1978; Hayden, 1984). A
brief summary follows.

Clear fields of view are screened bv comparing each measurement with
the warmest measurement in an area of interest, accepting that the warmest
measurement is indeed clear, Since this assumption is incorrect under some
circumstances, it remains for the retrieval program or the post retrieval
editing programs to catch the error. However, accepting that the warmest
is clear, samples are collected for cloud sensitive spectral bands as shown
in Table 4. In the area of interest, a minimum sample of five is required
for a successful clear column radiance determination. Otherwise the
adjacent field view technique is employed.

The adjacent field of view technique for correcting for broken cloud
is an extrapolation method, where two measurements of cloud contaminated
radiances for a given spectral band are adjusted to give a single estimate
of the clear value. This extrapolation is performed for all pairs of
fields of view in the area of interest. The degree of extrapolationm is
controlled by the value assigned to the clear window spectral band. This
is a critical choice. One can use any a priori estimate of the surface
skin temperature to assign it. In our applications, in order to be
consistent with the choice of clear fields of view, we have chosen to use
the warmest measurement, rather than a manipulation of the surface air
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temperature analysis. An analysis of surface air temperature is used as a
filter, and the correction is not attempted unless the clearest 11 micron

brightness temperature measurement is within 3° of the value expected from
the surface temperature analysis.

4. Clear Field of View Statistics

For the small detector sounding to be feasible, one must have a
sufficiently greater number of .clear small detector fields of view than
large detector fields of view to compensate for the increased noise of the
small detectors. Using VAS data over the United States from 16 September
1982, the small detector 1l micron image at 1731 GMT was compared to the
large detector 1l micron image at 1749 GMT. For different cloud types and
altitudes, clear fields of view for 12 areas of 100 x 100 km were
investigated. Figures 2 and 3 show the images and the areas selected.
Table 5 shows the comparison. There are roughly six times more small
detector clear fields of view than large detector clear fields of view; 1if
the scene had been totally clear there would have been four times as many.
Thus the signal improvement from using small detectors is (6-4)/4 or 50%.
In addition clear soundings are calculable in all twelve areas with the
small detectors, whereas clear soundings are calculable in only four areas
with the large detectors (at least five adjacent fields of view must be
clear).

For spatial averaging to overcome the greater small detector noise,
four times as many fields of view must be usable. We showed six times as
many are available in this case study. Clearly the small detector sounding
is an attractive option. In the next section we compare small detector and
large detector retrieval results.

5. Retrievals

A comparison of the VAS large and small detector generated retrievals
was performed utilizing radiance data from 9 December 1983. The large
detector radiance measurements (using scan pattern A.l in the Appendix)
over the eastern Pacific (EPAC) region are from adjacent ten minute dwell
soundings at 1333 and 1403 GMT, while the small detector measurements
(using scan pattern A.3 in the Appendix) are from 1633 and 1703 GMT. Two
synoptic scale cyclones are located within the EPAC region where retrievals
were generated (see Figure 4). Since there are areas of considerable
cloudiness associated with these cyclones, it is possible to conduct a test
of the small detector capability to produce retrievals within a partly
cloud region.

To initialize the retrieval algorithm (see Smith, 1983), the first
guess field utilized the 12 hour LFM model forecast valid at 1200 GMT
9 December 1983 for all sounding periods. Thus, any differences in
retrieval quantity are due either to atmospheric variability or instrument
measurement differences. Retrievals were attempted over a region bordered
by 50°N,150°W in the northwest an 25°N,120°W in the southeast. The
algorithm used a 5 x 5 field of view box for the large detectors (25 fields
of view) and a 9 x 9 box for the small detectors (81 fields of view of
which 36 have no data due to the venetian blind coverage) to determine the
clear column radiance, from which the retrieval algorithm is implemented.



The 1333-1403 GMT large detector VAS radiance measurements yielded 116
retrievals over the EPAC region, while the 1633-1703 GMT small detector
radiance yielded 143 retrievals as shown in Table 6. The greater number of
retrievals from the small detector radiance measurements represents a 232
increase in retrievals over the large detector set. Furthermore, in the
northern dwell sound locations (1333, 1633 GMT), where most of the clouds
are located, the small detector produced 342 more retrievals. Visual
inspection of the 500 mb retrieval temperatures (Figures 5 and 6) indicate
the small detector was able to resolve sufficiently clear fields of view in
the cellular convection near 40°N,150°W to produce soundings, whereas the
large detector sample produced fewer retrievals in this region. Also, the
small detector sample produced a number of partly cloudy (N*) retrievals in
the vicinity of the frontal boundary near 35°N,140°W and off the west coast
of the United States. Over the large area of mostly clear skies to the
south of the cyclones the data sets produced an equal number of retrievals.
It is evident that in regions of cloudiness the higher spatial resolution
of the small detector instrument provides the capability of generating a
significant increase in the number of retrievals.

The 500 mb temperature fields analyzed for each data set are shown in
Figure 7. Examination of the fields indicates very close correspondence
between large and small detector 500 mb retrieval temperatures. The
gridpoint difference between the two fields is contoured in Figure 8, with
an edited plot of large detector 500 mb temperatures which indicate the
data coverage. All retrieval temperatures lie within the 1°C contour,
indicating the close correspondence between the two 500 mb retrieval
fields. It should be pointed out that the retrieval temperature
differences from large and small detector radiances shown in this case are
not always this close.

In summary, the small detector radiance measurement data set from
1633-1703 GMT 9 December 1983 produced 23Z more retrievals than the
1333-1403 GMT large detector data set. Most of the additional retrievals
were produced in areas of partial cloud cover. The higher resolution of
the VAS small detector instrument is able to provide a considerable
increase in the number of soundings in partly cloudy regions. A comparison
of 500 mb temperatures indicates a very close correspondence in the quality
of the soundings, indicating the small detector is as capable of providing
the same quality retrievals as the large detector.

6. Conclusions

Based on the results reported here, and several other studies, it has
become obvious that sounding with small detectors of higher horizontal
resolution enables more temperature profile retrievals of good quality in
partly cloudy conditions. As of January 1984 daily VAS operations have
scheduled the CO, absorption spectral bands (3, 4, and 5) and the split
window bands (7 and 8) to be sensed with the small detectors during dwell
sounding (using scan pattern A.3 of the Appendix).
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TABLE 1

CHARACTERISTICS OF THE VAS SPECTRAL BANDS

VAS Spectral Bands Purpose Main
Channel Center Width | for Absorbing
Number | um cm ! | em™! | Sounding Gas

1 14.7 678 10 temp CO2

2 14.5 691 16 temp COo2

3* 14.3 699 16 temp Co,

4* 14.0 713 20 temp Co,

5% 13.3 750 20 temp (o{o P

6 4.5 2209 45 temp+cloud | N20

7% 12.7 787 20 moisture H20
8* 11.2 892 140 surface -

9* 7.3 1370 40 moisture H20
10* 6.8 1467 150 moisture H20
11 4.4 2254 40 temp+cloud | CO2
12 3.9 2540 140 surface

* Available at 6.9 km as well as 13.8 km reso

lution

TABLE 2

SINGLE SAMPLE RADIANCE NOISE OBSERVED IN THE
VAS SPECTRAL BANDS

Band Large Detector Small Detector
1 2.8 n.a.
2 1.6 n.a.
3 1.2 2.5
4 1.0 2.0
5 0.8 1.6
6 0.022 n.a.
7 0.8 1.4
8 0.2 0.3
9 0.6 1.3

10 0.2 0.3
11 0.025 n.a.
12 0.008 n.a.
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TABLE 3

SPIN BUDGET USED ON VAS

Large Detector
Large Detector and
Band Only Small Detectors
1 1 1
2 4 4
3 5 58S
4 3 4 S
5 2 4 S
6 4  §
7 2 4 S
8 1 1S
9 3 1
10 1 1
11 0 0
12 1 1
TABLE 4

"CLEAR" TOLERANCES FOR VAS SPECTRAL BANDS MEASURED AGAINST THE
WARMEST SAMPLE OF THE POPULATION. ANY VALUE COLDER THAN TOLERANCE
ELIMINATES ALL CHANNELS LISTED. LEVEL 2 IS TESTED ONLY IF LEVEL 1 FAILS.

Spectral Band
Level Level Frequency Tolerance Bands

1 2 cm K Eliminated
6 2214 1.0 6,12
9 1380 Band 6 T 9,10
minus 20
8 890 2.0 5,6,7,8,12
5 751 1.5 4,9
4 715 1.0 3,10
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TABLE 5

CLEAR FIELD OF VIEW STATISTICS

5 Number of b Number of

Area Cloud Altitude Small Cloud  Large Clouds Ratio
1 Clear 100 25 4.0
2 Middle 15 4 3.7
3 Low 41 10 4.1
4 Middle/High 5 2 2.5
5 High 9 1 9.0
6 Middle 14 2 7.0
7 Low 14 3 4.7
8 Low/Middle 21 1 21.0
9 Low/Middle 14 1 14.0
10 Middle/High 15 4 3.7
11 High 7 0 7/0
12 Low 47 6 7.8

Total 202 34 5.9

aSounding area includes 10 x 10 small detector fields of view and 5 x 5

large detector fields of view.

bClear threshold was chosen to be the maximum brightness temperature of the

100 small detector fields of view less 2°K.

TABLE 6

NUMBER OF RETRIEVALS
SMALL VERSUS LARGE DETECTOR

Number of boxes Number of Retrieval
Time (GMT) Detector (100 x 100 km?) Retrievals Piece
1333-1403 Large 101 70 N
56 46 S
157 116 TOTAL
1633-1703 Small 106 94 N
52 49 S
158 143 TOTAL
9 Paper 3
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Appendix A

The dwell sounding mode has three submodes. The are submode 1,
submode 2, and submode 3. They occur in the cyclic order Ly 2, 3; 2, 1, 2,
3, 2, etc., throughout the frame. A brief explanation of the submodes
follows.

Submode 1

One satellite spin occurs per scan mirror step. After each mirror
step, data is transmitted from the two small (6.9 km) band 8 (11 micron)
channels. This mode is programmable to have one to eight scan mirror
steps.

Submode 2

This is the dwell mode. The scan mirror does not step during this
mode. During this mode each of the 12 spectral filters may be put into the
optical train and held there for from 0 to 255 satellite spins. The number
of spins for each spectral band is programmable.

Submode 3

This is the same as submode 1, except the number of scan mirror steps
may be different than submode 1.

If S,(S,) is the number of scan mirror steps in submode 1 (3) and S
is the numbeT of dwell spins in submode 2, then the time required for each
(1, 2, 3, 2) sounding cycle is

T = (S1 + 282 + S3)t (A.1)

where t is the nominal spin period of the satellite (.01 minutes). The
north-south spatial coverage of each scan mirror step at the subsatellite
point is 6.9 km, so the north-south extent of a latitude swath covered
during one sounding cycle is

xNS = (S1 + 53) 6.9 km . (A.2)
The sounding rate is the ratio

S = 6.9(S1 + 53)/(51 + 25, + S3)/t km/min . (A.3)

2

Figures A.l1 through A.3 illustrate three scan patterns that enable
dwell sounding using the spin budget presented in section 2. Scan pattern
A.l provides contiguous dwell sounding coverage from the large detectors;
the sounding rate is 89 km/min. Scan pattern A.2 provides contiguous dwell
sounding coverage from the small detectors; the sounding rate is 47 km/min.
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Scan pattern A.3 provides venetian blind dwell sounding coverage from the
small detectors; the sounding rate is 44 km/min covering the latitude
extent at 89 km/min (half the latitude extent is not covered in a sounding

mode).
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1. INTRODUCTION

The VISSR Atmospheric Sounder (VAS) has been
operating on the geostationary satellites,
GOES 4-6 since September 1980. This instrument
has the capability of measuring radiance in 12
infrared spectral channels which permits vercical
temperature and moisture profile definition.
Since the infrared measurements are highlyv
susceptible to cloud attenuacion, special care
must be taken to avoid or correct for cloud
interference. Techniques used in this process
are essentially an extension of methods used with
the polar orbiter instruments except that the
abserce of microwave measurements place a higher
premium on a predetermined surface skin
temperature. Partially offsetting this
deficiency 1is the improved horizontal resolution
of the VAS, which permits a greater probability
of finding holes in the clouds.

Whereas the clouds are an impediment to the
depiction of the atmosphere's temperature
structure they are of benefit in determining the
motion field. Cloud motion vectnrs have been
determined from the geostationary satellites
since the earliest ATS series (Hubert and
Whitney, 1971) and are reputed to be very useful
to numerical forecasting. Height assignment for
these vectors has always been a problem
(Bengtsson et al., 1982), but the multispectral
capability of the VAS can reduce the uncertainty
(Menzel et al., 1983).

In the following we shall describe the
current techniques and resulcts for both avoiding
the cloud for temperature sounding and measuring
the cloud height for wind derivation. A case
study taken from a recent episode in the north
Pacific is used to demonstrate and discuss method
sensitivity and error sources.

2. CLEAR COLUMN RADIANCE DETERMINATION

It has been the policy of National
Environmental Satellite, Data, and Information
Service (NESDIS) operations and the Cooperative
Inscitute for Meteorological fatellite Studics
(CIMSS) to separate the task of determining clear
column radiance values from the temperature
rectrieval problem. Our motivation is largelv one
of computer limitations: but there are also
advantages in the production of clear radiance
fields for editing and even for possible use in
defining cloud heights as will be discussed in

the next sectinn., In obtaining clear column
radiances there are two options: avoid the
clouds or correct for them. Our approach has
been to emphasize the former, and to employ the
adjacent field of view (McMillin, 1978) technique
for the latter. 1In all cases the problem is
approached with a sample of measurements coming
from 3 x 3 up to 1] x 1] fields of views (25 up
to 90 km on a side) according to the desired
final resolution of the temperature retrievals.

It should be emphasized that both our
approaches are extremely dependent on ancillarv
knowledge of the surface skin temperature, since
corparison of the window charnel with this
"a priori" information ultimately detcrmines the
cloud contaminaction. In the following we shall
briefly discuas the methods and examine the
effectiveness of the second option in enhancing
the representation of the meteorology.

For an estimate of the surface skin
temperaturc we relv on an objective amalysis of
the surface air temperature. This is not an
ideal technique since the data coverage is
frequently inadequate (especially over the ncean)
and since the surface air is frequentcly ncor
represencative of the surface skin. It would be
considerably better for an operator to make a
subjective determination of "clear," using images
of high resolution visible and infrared with a
capability of looping several images in time.
However, such a manpower intensive operation is
not practical. The basric criterion used in
comparing the VAS measurement with the surface
analysis ies:

- Reject any sample whose warmest 1!
micrometer value is more than 10°C colder
than the surface air temperature.

If the sample passes the initial test it will
follow a "probably clear" filter path unless
either of two additional tests send it to the
adjacent field of view filter. These tests are:

- The variance of the 1l micrometer cample
must be less than 9°C.

- The warmest value must be ~rrompanied bv
measurements in all the channels.

/pa_per Y4



2.1 Probably Clear Filter

The philosophy behind this filter is to
collect the largest sample for each measurement
accepting that the warmest measurement is indeed
clear. Since the assumptions is certainly
incorrect under some circumstances, it remains
for the retrieval program or the post retrieval
editing programs to catch the error. Their
success in this area will be treated lacer.
However, accepting that the warmesc is "clear,"
samples are collected for cloud sensitive
channels as shown i{n Table I. A minimum sample
of five is required for retention, otherwise the
program reroutes to the partly cloudy, adjacent
field of view option.

TABLE I
"CLEAR" TOLERANCES FOR VAS CHANNELS MFASURFD
AGAINST THE WARMEST SAMPLE OF THE POPULATION.
ANY VALUE COLDER THAN TOLERANCE ELIMINATES ALL
CHANNELS LISTED. LEVEL 2 IS TESTED ONLY IF
LEVEL 1 FAILS.

Channel Frciaincy Tolerance Channels
Level Level cm ! K Eliminated
1 2
6 2214 1.0 6,12
9 1380 (Temp. Chan 9,10
6-20.0)
8 890 2.0 5,6,7,8,12
5 751 1.5 4,9
4 715 1.0 3,10

2.2 Partly Cloudv Filter

The adjacent field of view technique for
correcting for broken cloud is an extraponlacion
method as shown in Figure | where the line
joining two cloud contaminated radiances is

VAS PARTLY CLOUDY RADIANCE CORRECTION

70km r :; -

} /Qv e

- | A AN
o OO —~—t—_JMv)}

70km
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Ie H
? to<.3 N E
h A =1,
(v) / %2 % N:
he %10 = | ;
—25 == MODE '
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)
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LINE S 10
w) le{w) letw)

Figure l: The adjacent field of view (MSTAR)
filter. See text for details.

extended to give an estimate of the clear value.
The degree of extrapolation i{s centenlled by the
value assigned to the clear window. This {s a
critical choice. One can nse any "a priori”

estimate of the surface skin temperature to
assign it. In our applications, in order to be
consistent with the "probably clear” filter, we
have chosen to use the wvarmest measurement,
rather than a msnipulation of the surface air
temperature analysis. The surface air
temperature analysis is used as a filter, and the
NSTAR correction is not attespted unless the
clearest |l micrometer measurement is within 3
degrees of the value expected from the surface
temperature analysis.

The partly cloudy algorithm is not as
complicacted am a quick glance at Figure | would
suggest. Note firsc that all fields of view are
compared to each other (not just adjacent pairs)
ylelding a sample of Nx(N-1)/2 partly cloudy
pairs where N is the number of observations. The
suitability of each pair is tested in a number of
vays:

= The varmest |1 micrometer value of a pair
must be within 10 degrees of the warmest
sample (to limit extrapolationm).

- The colder of the pair must he at least 5
degrees colder than the warmer (to achieve a
reasonable "slope"” estimate).

- The slope formed by a pair must be within
0.3 of the modal slope (checked for two of
the more transparent 15 micrometer
channels). For al! pairs thst neet these
restrictions a single slope is calculated by
least squares, and a final clear sample (s
derived bv extrapolacting all the warmest
values.

2.3 Example of Filters

Figure ] gives an example of a) the
radiances obtained from the "mostly clear” path,
b) the "partly cloudy” path, and c) the residual

Flpure 2: |l micrometer window image of eastern
Pacific, 18 Fchruary 1984,

remiinire after retrieval and editing. 1In terms

of avuntlty, the "partly cloudy” ctypically adds
about UL to the total radiance sample, bur these
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are somewhat noisier and more susceptible to
later elimination. A net increase of 10Z% in the
number of final retrievals is a rough average.
Comparison with the 11 micrometer picture of the
clouds (Figure 2) shows that the samnple increase
does indeed occur in the partly cloudy areas.
Generally, however, the additional soundings
occur around the edges of the large cloud
systems.

Figure 3 shows that the rather forgiving
"probably clear” criterion let through a
considerable number of radiances which are later
rejected during the temperature retrieval (based
on channel to channel consistency). For this
example about 172 of the mwostly clear were
subsequently filtered. Of the partly cloudy
selections, almost 452 vere eliminated.

The most important consideratiom in
evaluating the cloud filters is whether the
results capture the meteorology of the situation.
There is no question that large cloud masses
continue to be a problem. The partly cloudy
filtering helps, but not dramatically. The
greatest improvement we have observed with the
VAS has come from processing with the small
(8 km) as opposed to large (16 km) field of view,
simply because of the incressed probability of
finding cloud free fields of view. Even with
this "small detector,” however, occasions of
obtaining soundings within large cloud masses are
infrequent, and the case shown in Figure 2 1s
typical.

3.  MULTISPECTRAL CLOUD HEIGHT ASS1GNMENT

The assessment of cloud height and amount by
infrared sounder retrieval methods has been
considered by Chahine (1975), Smith and Plact
(1978), Weilicki and Coakley (1981), and Menzel
et al., (1983). There are two basic techniques,
a "direct” method and a "ratio" method. In the
"direct” method a candidate group of assumed
effective cloud amounts and cloud pressures is
used to calculate outgoing radiances in two or
more channels from a presumed temperature
moisture structure. These radiances are comparecd
to observations in the same channels and by some
minimization criteria the most probable cloud
pressure and amount are selected. The "ratio"
method is a form of the direct method for 2
channels. Its advantage is that by ratioing the
channels the effective cloud amount can be
separated from the solution for cloud pressure.
Thus the cloud pressure can be found efficiencly.
For application in determining wind tracer
pressure altitude, the ratio method is an obvious
choice since cloud amount is of no significance.

The mathematical expression for the ratio
technique is given by

P dB(v,,T(p))
Ey Ict(u,.p) dp
1(uy) - ICL(ul) P’ dp
I(uy) - ICL(Uz) P dB(uz,T(p))

E2 /t(vy,p) =———— dp
P

& P

where v| and v; are spectral frequencies, t the
respective transmittance functions, and E the
effective cloud amounts (assumed equal when the
frequencies are chosen close together). 1
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Figure 3: Top--radiance observations obtained as
"mostly clear."
Middle--radiance observations obtained
as "partly cloudy."
Bottom=—final sample of clear colummn
radiances.

repre<culs the measured radiance whereas I is

the radiance which would be observed in the
absence of cloud. In other words, both numerator
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and denominator equate the observed cloud
attenuation (on the left) with candidate
calculated cloud attenuations obtained by varying
the cloud pressure P_ in the integral limits (on
the right). The lowér limit, P is the pressure
at the surface. As described b; Weilicki and
Coakley (loc. cit.) the ratio method is somewhat
limited by the inherent lack of vertical
resoluction in the measuremcnts. ' An example is
shown in Figure 4 where the equation is recast in
the form

A
R=-,
B
or
RB = A

and each side is calculated for a single
(midlatitude) atmosphere for the cloud pressures
shown on the ordinate. The observed radiance is
in this case simulated for a cloud ac 320 mb, and
the two channels correspond to an 1l micrometer
vindow (RB) and a semitransparent 15 micrometer
channel (A). As the cloud is (erromeously)
assumed at higher or lover pressures, the two
functions spread, but at a rather gentle rate.
The shaded area is an approximation of the
uncertainty associated with actual measurement
and it is of the order of 30-40 mb.

With che VAS, ] CO; channels are used to
atcempc 2 ratio estimates of cloud pressure. For
boch, the residuals (I-I_ ) must exceed
instrumental noise or the ratio is rejected. If
both are rejected, the cloud height determination
reverts to the "direct"” method where an overcast
is assumed and the l1.2 micrometer window is
matched with the guess brightness temperature
profile (Menzel et al., loc. cit.).

Since proof of concept has been established,
recent application of the cloud height algorithm
has been concerned with integrating the scheme

300}
a
2
w
@
@ 350F A
n
— RB
Q
P . " ] 3 i .
3.0 3.6 4.2

AR (MILLIWATTS)

Figure 4: Sensitivity of the racio meched for
determining cloud pressure. This
example involves measurements at 750
and 890 wavenumber.

into routine VAS processing. To do this within
the limitations of the Man-computer Interactive
Data Access System (McIDAS), it has been
necessary to dissociate the cloud height
algorithm from the wind derivation procedure.
This is accomplished by preparing a data set of
cloud heights which can be plotted over the
infrared (visible) images used to derive wind
vectors. An example is shown as Figure 5. The
operator asaigns the pressure altitude of the
vind vector from his interpretation of the
plotted values. The figure separates the cloud
assignments according to the choice made by the
algorithm. The top shows results defaulting to
the direct method. It is apparent that the ratio
method is more successful in thicker, higher
cloud vhere the attenuation is well in excess of
probable measurement noise. Note further,
however, that there is reasonably good
correspondence between cloud pressures achieved
by the different methods where both occur. There
does appear to be a slight bias in that the
direct estimates are systematically lower (higher
pressure) than the ratio estimates. A true cloud
emissivity of less than one would lead to this
result.

Apart from the fundamental uncertainty of
measurement accuracy as shown in Figure 4, there
are ocher sources of error in practical
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Figure 5: Cloud pressures derived for 18 February
1984. Top: cloud pressures uchieved
by the ratio technique. Bocttom: cloud
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mechod. NMC global temperacure
fuorecast used for calculating

« radiances.
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application of the cloud height ratio algorithm.
A major one is the determination of clear column
radiance (I_. ). We have investigated two options
for the.eltgkltion of this quantity: calculate
the value by the radiative transfer equation from
a temperature/moisture profile estimate; select
the value from a gridpoint analysis of nbserved
clear values. The error associasted with the
first choice is the accuracy of the temperature
estimate at high levels, and the accuracy of the
transmittance properties for each channel. The
errors in the transmittance are potentially more
serious, but in practice one maintaina a running
account of the bias error associated with each
measurement and minimizes its effect. The
accuracy of the tcmperature profile will vary
wvith location and synoptic situation, but its
effect 1is smoothed by the averaging properties of
the radiative transfer integral. Also, since lCL
appears in both numerator and demominator of the
ratio there is a tendency for the temperature
profile error to compensate. The error involved
in the second option of choosing I 1is directly
related to the accuracy of cloud fE&:erin; as
discussed in the previous section. The major
source of uncertainty is in large regions of
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Figure 6: Clear T. estimates for the VAS 750
wvavenumber channel as obtained from an
integracion of the NMC global forecast
(top) and from cloud tiltering of
observations.

dense cloud where sampling is difficult. Figure
6 is an example of the clear brightness
temperatures obtained from the NMC global
forecast valid at 1200 GMT for 18 February 1984
and from VAS observations made at approximately
the same time. Note that there is a considerable
discrepancy in the amount of detail portrayed.
Some of the finer scale given by the measurements
seems reasonable where there are supporting
observations, but the trough ridge pattern in the
heavy cloud is an invention of the analysis
algorithm. The discrepancies in the analyses are
carried over to the detcrmination of cloud
pressures as shown by comparing Figures 5 and 6,
and a comparison of analyzed fields of cloud
pressures from the two sources shows an rms
difference of approximately 100 mb. The
stactistic is somevhat misleading inasmuch as the
operator using the plotted values will
subjectively smooth the discontinuities.

Hovever, the choice of a source for 1 remains a
significant source of uncertainty. Ighis perhaps
vorth noting that use of clear radiance fields
approximately doubles the CPU effort to produce
the cloud heights.

GASIRYLD ILL

Figure 7: Cloud pressures derived from the ratio
technique using analyses of observed
clear column brightness temperatures.

4. SUMMARY

The foregoing has described the current
status in dealing with the clouds seen by the
VAS. We are reasonabhly satisfied with the
methods for avoiding cloud contamination in the
radiances used temperaturc retrieval. The higher
horizontal resolution of the small detector array
is especially valuable. We are somewhat less
satisfied with the mcthod of cloud pressure
assignment, but the technique is limited by the
vertical resolution of a radiometric measurement.
1t does not appear that much more can be done to
avoid the cloud. Onc suggestion has been to
sample frequently over a short interval so that
the clouds will "move out of the way." However,
for large cloud masses which cause most of the
problem, the cloud stays in about the same place
relative to the meteorological situation. Future
work will concentrate on better amalgamation of
the wind and temperature derivations since they
are truly complementary, and there scems lictle
further progress to be made in avoiding or

correcting for the clouds.
Pager 4
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Abstract

For purposes of rapid application of satellite data to the short term
forecast problem it is useful to have access to both wind and mass informa-
tion. This study examines the feasibility of deriving "pseudo" wind
vectors to accompany VAS temperature profiles by using simple dynamic laws
relating wind to geopotenfial. The reliablity of the "pseudo" winds is
determined by comparison with high density rawinsondes, cloud-drift
measurements and winds generated by a forecas; model. It is demonstrated
that winds derived using the gradient approximation are slightly better at
upper levels than either the geostrophic or ageostrophic estimates and
competitive with all other estimates. At low levels the "pseudo" winds by

all methods are only marginally useful.

1. Introduction

The high spatial and temporal resolution of the VISSR Atmospheric
Sounder (VAS) has generated a quiet interest in using temperature gradient
information to estimate the wind field, and to present VAS observations as
a temperature profile with an associated profile of wind vectors. This
interest springs from the concept that a primary user of the VAS data is
the field forecaster who requires a data base including both mass and wind
information. A distinction is drawn here between the "real-time" user and
the center who applies the data as input to a numerical forecast model.
For the latter, it is more appropriate that the model assimilate the
temperature profiles in the course of initializing the distributions of
mass and motion. The model should implicitly determine the motion field
without resorting to "pseudo" winds which may have been provided with the

VAS data. In fact, it is quite conceivable that the VAS winds could be
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detrimental to the initialization process since their generation might
involve statistical or dynamical relationships not in concert with the
model dynamics. But, as noted, not all users of VAS data are numerical
modelers, and for timely application to small scale and short-lived events,
a "pseudo" wind is highly desirable. Given the growing application of
graphical display terminals in central and regional forecast offices it is
easy to give examples: delineation of the jet stream (Petersen and Horm,
1977); application of simple trajectory models for short term forecasting
(Reller,1984). This study presents three simple techniques which have been
investigated to provide "pseudo" winds at the Cooperative Institute for
Meteorological Satellite Studies (CIMSS) at the University of Wiscomsin.
The winds are evaluated against rawindsondes, cloud-drift measurements, and

finally winds generated by a primitive equation forecast model.

2 Data sets

Two data sets from the 1982 ﬁASA AVE VAS assessment program (Hill and
Turner, 1983) have been used in this study. These are from 6 March and
24 April, 1982. On these days rawinsondes were released every 3 hours
beginning at 1100 GMT to coincide with scheduled VAS sounding. The regular
radiosonde network over the midwest was enhanced with high demsity sites
over central Texas (Hill and Turmer, 1983). In this study the first four
time periods from each case were used.

Special network rawinsonde data were provided to CIMSS by the Marshall
-Space Flight Center. These data have been adjusted to a common release
time (10 minutes after the beginning of satellite coverage) corresponding
to 1100, 1445, 1745, and 2045 GMT. The method for adjustment is described

in Fuelberg and Jedlovec (1982). The satellite soundings were processed
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using a physical, iterative algorithm described by Smith (1984). The
retrieval begins with a first guess temperature/moisture profile which in
this case wasAtime interpolated from the LFM 1200 GMT analysis and the
12-hour forecast from that analysis. The regular network of surface hourly
observations was used to provide boundary conditions of temperature,

moisture, and pressure.

3. Synoptic Conditionms

On 6 March 1982, a well-defined cold front moved through central Texas
during the AVE experiment. Thermal gradients over the region of special
observations were approximately 15 degrees centigrade at the surface. A
large amplitude trough at 500 mb with strong thermal gradient rotated
rapidly through the network between 1200 GMT on 6 March and 0000 GMT on
7 March. A well-defined jet was positioned at the base of the trough.
Clouds associated with the system initially covered a part of the special
observing network but moved out during the day. Cloudy conditioms
persisted throughout the period over southeastern Texas, Arkansas and
Louisiana, and satellite temperature retrievals in this areas were severly
restricted.

The situation of 24 April 1982 was much less dymamic than that of
6 March. A weak warm front over the Gulf of Mexico combined with a high
pressure system over the east maintained eaSt to northeast surface flow
over eastern Texas. In eastern Colorado a lee-side trough gave more
southerly flow to western Texas. At upper levels a weak trough over the
Rockies moved very slowly, but not into the special observation network.
This case is characterized by a great deal of cloudiness which caused large

gaps in the VAS sounding coverage.
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4. Procedure

In this experiment the rawinsonde measured winds are compared to 3
wind estimates derived from gridpoint fields of geopotential; a geostréphic
estimate, a gradient estimate, and a quasi-geostrophic estimate. These

were calculated according to the formulae:

— 1 -

Vg = - E-V¢ Xk (geostrophic) (1)
- = 2 = 1/2

vV = 2fV f+ (£ + 4|V |K i

» g 1E+ ( [V 10707 (gradient)  (2)
_ _ 1~ 3V

A = Vgr +-E k X SE& (ageostrophic) (3)

where ¢ is the geopotential, K is the curvature of the trajectory (approxi-
mated by the geostrophic streamline), and f is the Coriolis parameter.
Since the.wind estimates of (1)-(3) are sensitive to the numerical
procedures invoked in deriving them, some of the details must be mentioned
here. A more complete account can be found in Montgomery et al. (1984).
The first step involves derivation of a gridpoint field of geopotential.
This was accomplished on a 0.8° latitude/longitude grid using a standard
2-pass Barnes (Koch et al., 1984) analysis where the first pass results
were replaced by a space and time-interpolated LFM product. Input data
were the 3-hourly radiosonde or satellite-derived geopotentials. The
choice of grid mesh size is a compromise between the desire for accuracy in

the finite differencing, data densities problems (outside of the special
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observing network), and the choice of horizontal smoothing chosen as an
analysis parameter. After considerable experimenting, the gridlength of
0.8 degrees latitude with light smoothing was selected. Winds were derived
at the locations of the observations using gradients represented by the
analyses. Derivatives implicit in the calculations of (1)-(3) were
determined from a least squares polynomial fit to 5x5 gridpoints centered
nearest each observation.

Geopotentials to accompany the satellite temperature profiles were
derived using a surface elevation and pressure as a reference level.
Because this is a rather critical part of the eventual wind derivation, the
details of the procedure need to be considered. The surface pressure is
obtained from an objective (Barnes) analysis of the 1000 mb geopotential
and the mean sea level temperature which are in turn derived from data
reported by the surface network. In the derivation, reported station
temperatures are reduced to sea level using the reported elevation and a
constant lapse rate of 6.5 C/km. From the reported altimeter setting, the

sea level pressure is estimated using:

5.256
MSLP = Ps(l. - .000022625) (4)

where P is the altimeter setting and subscript s refers to the surface.

The 1000 mb geopotential is estimated from:

. 7 B2
z10 = zS p 1n(1013/PS) (5)

where the mean temperature T is given by the average of the sea level and

surface temperatures. The reference level pressure for each retrieval is
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obtained from the 1000 mb geopotential analysis using (4) and (5) in
reverse. The elevation required by (4) is obtained by interpolation in a
topography file with 10 minute latitude/longitude resolution.

There is some error associated with assigning the reference level
depending on the density of surface observations and the roughess of the
topography. In the case studies presented here the error is not large from
either source. RMS differences between independent radiosonde measurements
of surface pressure and the satellite estimates are in the neighborhood of
8 mb. The degree to which this translates into an error in reference
height, caused by the difference between assumed and actual lapse rates, is
tolerably small.

Time derivatives for estimating the isallobaric component of the wind
were formed by simple differencing between geopotential analyses of the
three hourly observations periods. An attempt was made to introduce
dynamic consistency between the analyses by applying an adjoint adjustment
(Lewis and Derber, 1984). The adjoint model constrains the geopotential
analyses at 850 and 300 mb by enforcing conservation of potential vorticity
over several time periods. This procedure builds in continuity as
portrayed in Fig. 1. The example is for 3 time periods on 6 March showing
300 mb geopotential and potential vorticity (dashed), before and after the
adjustment. It is apparent that the adjoint procedure acts as a gentle,
dynamic smoother, especially in the southern part of the area. The
magnitudé of the adjustments at 300 mb is typically of the order of 15

(RMS) mps.
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5. Rawinsonde-"pseudo" wind comparisons
The observed 300 mb winds for 1800 GMT for 6 March and 24 April are

shown in fig. 2. Both cases have good curvature, but the former is clearly
the more dynamic with a sharp gradient in both speed and direction over
central Texas and a strong jet extending from Texas to the northeast. The
rapid movement of the upper level trough shown in Fig. 1 suggest that 6
March case is highly appropriate for testing the ageostrophic correction.
The weaker synoptic conditions of 24 April should prove more challenging.

Figures 3 and 4 show wind barbs corresponding to "pseudo" winds derived
from the objective analyses of radiosonde geopotentials for the two days at
1800 GMT. The first panel of each figure gives the geostrophic wind.
The other panels of each figure show vector discrepancies between
observation and each of the 3 types of derived wind. Figures 5 and 6 are
similar to 3 and 4 except that the satellite "pseudo" winds replace those
derived from the radiosonde. Conclusions which can be drawn visually are
similar for the two sets. The derived winds compare quite well with the
measured winds (Fig. 2), with respect to the location of wind maximum and
horizontal shear in both speed and direction. Clearly the geostrophic
wind is an overestimate of the speed in the trough, an error which is
alleviated by the gradient correction (Fig. 7). However, the gradient
estimate also shows systematic error over the special network in the 6
March case. Specifically, the estimate is too slow in the southern regions
of higher wind speed and too fast in the northern regions of lesser speed.
The derived horizontal shear is too smooth. To some extent this result is
an artifact of the choices for grid mesh, smoothing, and finite

differencing described earlier. Experiment showed that the shear in this
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small area could be improved by increasing the grid resolution. However,
areas poorly represented by observations suffered accordingly.

The isallobaric correction implied by comparing the gradient and ageo-
strophic discrepéncies is clearly not successful. In the 6 March case the
correction reinforced the gradient error whereas in the weaker 24 April
case it had almost no effect. This is somewhat surprising in the 6 March
case where the isallobaric component is significant, exceeding 10 mps in
one instance. However, this component is shown in Fig. 7 and it is obvious
to the eye that there is little correspondence with the gradient wind error
shown in Fig. 3.

Statistical estimates of vector error comparing the observed and
"pseudo" winds are given in Tables 1 and 2 for the radiosonde and satellite
derivations respectively. In these comparisons the observgd wind served as
the standard to which any "pseudo” wind within a gridlength was compared.
For the winds derived from radiosonde geopotentials the matching was
obviously 1:1. For the satellite comparisons, occasionally two winds were
compared to the same rawinsonde. Also, for a number of rawinsondes no
satellite "pseudo” wind was available as cloud contamination precluded a
temperature retrieval. The locations of the compared values for the 1800
GMT periods are shown in Fig. 3 and 4. These distributions are typical of
the other time periods as well. Because the samples for the two types of
"pseudo”" winds are not identical, some care must be taken in comparing
their relative accuracy in the tables.

The numbers of Tables 1 and 2 show that the 300 mb "pseudo" winds are
a good represetation of the measured winds. At 850 mb, however, the
"pseudo" winds seem only marginally useful. The degredation at lower

levels might have been anticipated since the wind "laws" are known to be
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less well obeyed, and satellite temperature retrievals are known to be less
accurate at lower levels of the atmosphere.

The statistical results with respect to comparing the 3 wind laws
support comments made earlier from Fig. 3-6. At the 300 mb level there is
evidence that the gradient approximation improves over the geostrophic,
particularly with respect to the bias error. There is no evidence that the
ageostrophic or isallobaric correction make any additional improvement. At
850 mb it clearly does not matter which of the laws is used. There may be
a hint of an advantage to using the geostophic approximation, but all
estimates are significantly and almost equally different from the rawin
observations.

Tables 1 and 2 permit an evaluation of the radiosonde and satellite
"pseudo" winds relative to each other although, as cautioned earlier, some
attention must be paid to the difference in samples. In particular, the
extraordinary result obtained in correlating the satellite "pseudo" winds
at 850 mb on 6 March requires a further look. The correlation of zero
suggests that there is precisely no information in the satellite
derivation, but the reader is invited to consider Fig. 8 and draw his own
conclusion. The correlation results from a directional bias of nearly 90
degreés in areas where the data sets are compared. Visually a conclusion
of "no information" over the whole field does not seem justified. In
addition to the poor correlation, there is a significant bias error of 8
mps. This represents an inability of the retrieval algorythm to correct a
rather poor first guess approximation as can be explained from Table 3. It
shows that the bias error implicit in the guess at 850 mb on 6 March is 16

mps.
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Table 3 can be used to evaluate the sample differences since
statistics for the first guess are given for both radiosonde and satellite
observation sites. From this comparison is appears that some of the
deficiency of the 850 mb satellite "pseudo” winds in terms of correlation
on 6 March is attributable to the lack of coverage over the eastern portion
of the area, which reduces the total sample variance. On the other hand,
an apparent slight RMS improvement in the satellite over the radiosonde
representation at 300 mb on 6 March (Table 2) is also a reflection of less
variance in the sample. Most importantly, Table 3 shows that the
retrievals provide information over what is available from the first
guess, especially with respect to bias error.

6. Rawinsonde-cloud drift wind comparison-

Another and more widely recognized method of obtaining winds from
satellite measurements is the tracking of tracers in images of visible,
infrared, and 6.7 micron radiation (Mosher, 1979, 1981). For 1800 GMT on
6 March, images were collected to provide cloud-drift winds to compare with
the true and pseudo wind estimates. Cloud tracking is known to yield
reliable results under controlled conditions and has been used previously
to evaluate VAS "pseudo" winds at upper levels (Lord et al., 1984). Figure
9 shows both high and low level vectors, nominally at 200 and 970 mb
respectively. Table 4 compares these winds with the rawin measurements and
the two types of "pseudo" winds. At 850 mb the samples are too small to be
meaningful, but there is the suggestion that the cloud-drift compare better
to the radiosonde than do the "pseudo" winds. At 300 mb the cloud-drift
winds have a standard deviation and correlation which are similar to the

"pseudo" winds (Table 1), although they seem to underestimate, rather than
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overestimate the observed velocity. Note by comparison with Fig. 4 that
the cloud-drift winds complement, spatially, the satellite gradient winds
which are necessarily in relatively cloud-free areas. While desirable in
terms of forming a complete data set, this feature makes comparison
difficult. Most comparisons are the trailing edge of the clouds where the
wind shear is very strong; the very large error shown in column ¢ of Table
4 is probably not representative, and is considerably poorer than results

reported by Lord et al. (loc. cit.).

7. Rawinsonde-SSM comparison

The final comparison offered here is between the rawinsonde
measurements and the winds generated by a primitive equation forecast
model. The model used is the Subsynoptic Model (SSM) which has been
implemented on the McIDAS at CIMSS. It is a version of the Australian
Meteorological Research Center limited area model with 10 levels in the
vertical and a horizontal resolution of 67 km (McGregor et al., 1978; Le
Marshall et al., 1984). The SSM was initiated with the rawinsonde data at
1200 GMT, and the forecasts were post-processed at 1500, 1800, and 2100 to
provide winds for comparison. Although significantly more complicated
dynamics are implicit in the SSM winds as compared to the simple "pseudo"
winds, the advantage is not obvious with respect to the measured winds.
This can be seen by comparing Tables 5 and 1. Here the statistical samples
are identical, so the comparison is not ambiguous. Note that the SSM
product is only slightly better than the gradient wind estimated at 850 mb
and barely equivalent at 300 mb. Apparently the error of the forecast is
commensurate with the error of the gradient approximation, or,

equivalently, the advantage of later data equalizes the advantage of the
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better dynamics. The significant bias in the SSM winds at upper levels is
disturbing inasmuch as it seems to indicate excessive smoothing in areas of
high gradient. The wind "errors" for the SSM are shown in Figure 10 for

both levels, and the bias error at upper levels is obvious.

8. Summary

The aim of this study has been to describe and evaluate winds which
can be quickly'generated to accompany VAS temperature retrievals. This has
been accomplished by considering three levels of complexity in
approximating the wind from geopotential, and matching these "pseudo" winds
to rawinsonde measurements, cloud-drift winds and finally the output winds
of the SSM forecast model. Several conclusions stand out. First, at high
levels, any of the "pseudo" winds generated with the VAS data appear to be
competitive with the other available estimates and perhaps even with the
rawinsonde. This conclusion corroborates the finding of Lord et al.
(1984). At low levels the "pseudo" winds are not competitive, apparently
because of poorer relative accuracy in the geopotential. No estimate is
comparable to the rawinsonde. The attempts made here to improve the VAS
"pseudo” winds by adding a gradient and ageostrophic correction showed
varying sucess. At high levels, some advantage is gained by the gradient
correction, especially for the 6 March case. No such advantage is seen at
low levels. In no instance was the ageostrophic correction noticeably
favorable although it generally didn't dq any harm either. This result is
somewhat disappointing, but it must be recognized that even in the 6 March
situation the isallobaric correction is close to the expected error of the
rawinsonde (Lenhardt, 1973). It is concluded that the VAS winds have

applications, but they are limited. The upper level winds are certainly
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adequate for the determination of steering currents. For example, they
should be useful in short term forecasts of vorticity advection or cloud
movement. They are capable of delineating the position and strength of the
upper level jet and jet streaks. However, the "pseudo" winds should be
used with caution in applicatiens at low levels. They should not be
expected to produce accurate estimates of low level advection; for example
to forecast low level stability. They will certainly .not delineate a low
level jet, at least not until they can be generated in convert with more

sophisticated models, perhaps a model like the SSM.
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Table 1. Comparison of observed winds with "pseudo" winds derived from
objective analyses of geopotential. "Pseudo" winds are created
from a) radiosonde measurements and, b) satellite estimates of
geopotential obtained from temperature/moisture retrievals.
Sample is for 1500, 1800, and 2100 GMT 6 March 1982. Mean vector
difference (ms), standard deviation of the difference, and vector
correlation coefficient are presented for 3 estimates of "pseudo”

wind.
a. Radiosonde b. Satellite
GEOS GRAD AGEO GEOS GRAD AGEO
mean -3.0 =2.9 =3.4 -7.6 =7.6 =8.1
850 mb sigma 4.5 4.6 4.7 5.1 5.1 5.2
cc 68 66 64 -01 =01 00
sample 76 64
mean -12.7 =3.6 =6.2 -9.6 -1.0 -3.8
300 mb sigma 14.9 10.7 11.8 9.9 9.4 9.0
cc 88 90 89 91 91 91
sample 86 77

Table 2. Same as Table 1 but for case of 24 April 1982

a. Radiosonde b. Satellite
GEOS GRAD AGEO GEOS GRAD AGEO
mean -1.5 -0.8 -1.1 -1.8 -0.6 -1.8
850 mb sigma 4.2 4.3 4.3 4.7 4.7 4.6
cc 69 67 67 58 54 56
sample 91 ' 68
mean -3.5 1.6 0.3 -5.0 0.2 -=2.9
300 mb sigma 7.9 7.6 7.6 8.5 8.6 8.4
cc 91 89 89 88 87 87
sample 105 97
16
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Table 3.

Table

Comparison of observed winds with gradient "pseudo" winds

generated from retrieval "first guess" information at (a)
radiosonde sites and (b) satellite retrieval sites.

are as in Table 1.

850 mb

300 mb

mean
sigma
cc

sample

mean
sigma
cc

sample

a. Radiosonde sites

6 Mar
-12.2
6.0
37

76

86

ch

-1.3

4.5

64

91

2.7

8.8

85

105

24 April

Comparisons

b. Satellite sites

6 March

-14.1
5.4
08

64

11.6
84

77

24 April
0.9
4,2
56
68

3.4
8.7
86
86

4. Comparison of cloud drift winds with rawinsondes and satellite

derived gradient winds for 1800 GMT on 6 March.

Table 1.

850 mb

300 mb

mean
sigma
ce

sample

mean
sigma
cc

sample

a. Rawinsonde

-5.6
3.6
87

4

8.2
11.4
86

12

17

b.

Raob grad.

-1.5
6.5
43

4

16.2
13.0
81

12

Units as in

c. Satellite
-1.5
8.2
69
S

16.3
17.5
77
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Table 5.

Comparison of SSM with observed rawinsondes.
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