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ABSTRACT

While qualitative information from meteorological satellites has long been recognized as critical for monitoring
tropical cyclone activity, quantitative data are required to improve the objective analysis and numerical weather
prediction of these events. In this paper, results are presented that show that the inclusion of high-density,
multispectral, satellite-derived information into the analysis of tropical cyclone environmental wind fields can
effectively reduce the error of objective track forecasts. Two independent analysis and barotropic track-forecast
systems are utilized in order to examine the consistency of the results. Both systems yield a 10%-23% reduction
in middle- to long-range track-forecast errors with the inclusion of the satellite wind observations.

1. Introduction

Uncertainties in initial analyses due to poor obser-
vational density are often cited as a major source of
forecast error in numerical models. This is especially
true in hurricane track prediction, where lack of con-
ventional tropospheric observations over the oceanic
regions can lead to erroneous depictions of the envi-
ronmental flow that accounts for much of the storm
motion. Typical aircraft reconnaissance data are critical
for precise measurements of storm position, strength,
and structure, but are of limited value in describing
the larger-scale flow regimes. The National Oceanic
and Atmospheric Administration (NOAA )/Atlantic
Oceanographic and Meteorological Laboratory Hur-
ricane Research Division (AOML-HRD) dropwind-
sonde program (Burpee et al. 1984) was designed to
measure these scales and has produced statistically sig-
nificant reductions in objective track-forecast errors
(Franklin and DeMaria 1991). However, the drop-
windsonde data are not currently available on a regular
basis. Drone aircraft with dropwindsonde capabilities
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hold potential (Emanuel and Anderson 1991), but
their practical use toward this problem is still untested.

Operational meteorological satellites (particularly
geostationary ) have the ability to sample the large-scale
oceanic environment frequently, making them prime
tools for monitoring tropical cyclones. While imagery
is an essential and routinely utilized component for
qualitative applications, it is reliable, high-density,
quantitative observations that are necessary to improve
the objective analyses of the hurricane environment.
Such improvements can lead to a reduction in nu-
merical hurricane track forecasts that initialize on these
objective analyses.

At the University of Wisconsin Cooperative Institute
for Meteorological Satellite Studies (UW-CIMSS), an
effort is under way to develop and incorporate high-
density, high-quality, satellite-derived wind observa-
tions into analyses of tropical cyclone environmental
wind fields in hopes of reducing track-forecast errors.
This program is a cooperative effort with the NOAA
National Hurricane Center (NHC), the AOML-HRD,
the National Environmental Satellite Data and Infor-
mation Service (NESDIS), and the National Meteo-
rological Center (NMC).

The impact of high-density, quantitative information
derived from satellite data on barotropic-model hur-
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ricane track forecasts is examined here. Two different
analysis and forecast schemes are utilized in the overall
assessment in order to examine the consistency of the
impact. In addition, the specific contribution of various
types of satellite-derived winds on the reduction of
track-forecast errors is investigated.

2. Methodology

Efforts at UW-CIMSS have focused on improving
the depiction of the wind fields in the tropical cyclone
environment by enhancing the low-density, operation-
ally derived cloud-motion winds with high-density
vectors from several different sources of GOES satellite
data. These enhanced satellite wind sets include: 1)
high-density cloud-motion vectors produced by auto-
mated methods using sequences of high-resolution in-
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frared-window imagery; 2) automatically derived vec-
tors from animated imagery of two VAS (VISSR At-
mospheric Sounder) water vapor channels (6.7 and
7.3 um); and 3) gradient winds derived from multis-
pectral VAS-retrieved height fields. The complemen-
tary distribution of these wind vectors over oceanic
regions is illustrated in Fig. 1. Cloud-motion winds are
abundant in the cirrus outflow regions, in areas of ex-
posed midlevel cloudiness, and in low-level trade-wind
cumulus air masses surrounding the storm. The water
vapor-motion winds are commonly derived from clear-
air moisture structure in the 200-600-mb tropospheric
layer (Hayden and Stewart 1987). The gradient winds
are produced for all tropospheric mandatory levels, at
each location of a clear-air VAS vertical sounding sur-
rounding the tropical cyclone (Hayden 1985). The
winds are generated using the gradient wind approxi-

. W=

FIG. 1. Plot of oceanic satellite-derived wind vectors for Hurricane Gabrielle at 1200 UTC on 7 September 1989. Cloud-motion winds
in cloudy regions, and water vapor-motion and VAS gradient winds over cloud-free regions, are shown for (a) 100-300 mb, (b) 301-700
mb, and (c¢) 700-950 mb. The resulting deep layer-mean (850-200 mb) streamline analysis is shown in (d).
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mation on height fields derived from vertically inte-
grated VAS thermal information.

In the basic procedure developed at UW-CIMSS,
these enhanced satellite winds (typical coverage: west-
ern North Atlantic, see Fig. 1) are combined with op-
erationally derived cloud-motion winds produced at
NESDIS (low-density coverage over western hemi-
sphere) and rawinsonde upper-air reports. The dataset
is quality controlled by both automated and manual
techniques, and then objectively analyzed at the man-
datory levels from 850 to 200 mb (Hayden and Velden
1991). The final step is the creation of a tropospheric
(850-200-mb), mass-weighted, deep layer-mean
(DLM) wind analysis from these fields (Fig. 1d). The
DLM analysis is a good approximation of the environ-
mental steering flow in most cases, and can be used
qualitatively by NHC, or by hurricane track forecast
models that are initialized with DLM fields. The fore-
going procedures were developed on the Man-com-
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puter Interactive Data Access System (McIDAS, Suomi
et al. 1983) at UW-CIMSS, and have been imple-
mented into operations on the VDUC ( VAS Data Uti-
lization Center) system at NESDIS in Washington,
D.C. The entire procedure, covering the western At-
lantic and eastern Pacific, can be accomplished in less
than two hours, making it viable for operational uti-
lization.

Over the years, the UW-CIMSS satellite winds pro-
gram has witnessed many procedural and data-deri-
vation upgrades. The VAS sounding algorithm, from
which the gradient winds are derived, has evolved con-
siderably from an iterative scheme to a simultaneous
physical retrieval (Smith 1983; Hayden 1988). The
water vapor-motion winds were originally derived by
manual tracking on McIDAS from 6.7-um imagery
only, but this routine was later automated and ex-
panded to include 7.3-um imagery. The heights as-
signed to the water vapor-motion vectors were origi-

FIG. 1. (Continued)
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nally based on radiance peaks in the respective weight-
ing functions, but were later assigned based on
statistical analysis with collocated rawinsondes ( Stewart
et al. 1985). The cloud-motion winds are also now
being processed by automated methods (Merrill 1989),
with the cirrus tracers being assigned heights based on
CO, slicing techniques (Menzel et al. 1983).
Through 1988, the analysis procedure leading to the
creation of a DLM involved grouping the satellite winds
(by assigned heights) into three selected tropospheric
layers. A horizontal analysis of each layer was per-
formed using an objective, two-dimensional Barnes
scheme (Barnes 1973). The DLM was then created
from these three analyses using regression equations
derived following Sanders et al. (1980). After 1988, a
fully three-dimensional, empirical linear interpolation
method has been employed (Hayden and Purser 1988).
The recursive filter method, as it is referred to, provides
capabilities for handling locally variable scaling dictated
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by observation quantity and quality. This feature is
especially attractive when dealing with patchy, single-
level satellite observations. The three-dimensional
analysis scheme, along with more accurate height as-
signments to the motion vectors mentioned above, al-
lows for increased vertical resolution when computing
the DLM analysis. Starting in 1989, mass-weighted
DLM wind fields were created from seven mandatory
level analyses from 850-200 mb.

Routine processing, from enhanced winds produc-
tion to DLM creation, has been conducted at the NES-
DIS Synoptic Analysis Branch in Washington, D.C.,
since 1988. Through a telecommunications link to
NHC, the winds and derived products, such as the
DLM, have been routinely transmitted during hurri-
cane season in a quasi-operational mode for evaluation
and use by NHC forecasters. An effort has been made
to automate this entire procedure, to make it easier for
operational compliance to deadlines, model data cut-

FIG. 1. (Continued)
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offs, etc. The wind generation is becoming fully auto-
mated, as is the DLM analysis routine. Attention is
now being focused on the quality control procedures,
which to this point have been quite labor-intensive,
given the abundance and diversity of the satellite wind
vectors in these specially enhanced datasets. An au-
tomated method that uses an adaptation of the three-
dimensional recursive filter analysis is currently under
evaluation at UW-CIMSS and NESDIS (Hayden and
Velden 1991).

3. Satellite data impact results

Previous studies have suggested that the inclusion
of specially produced, high-density multispectral sat-
ellite data into the environmental wind analyses of
tropical cyclones can lead to a reduction in numerical-
model track-forecast errors (Velden et al. 1984; Velden
and Goldenberg 1987). These studies, however, could
not explicitly conclude that the satellite data alone were

FIG. 1. (Continued)
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responsible for the reduced mean forecast errors
(MFE), since different methods of analyzing the data
were employed. In this section, cases from 1989 At-
lantic hurricanes Hugo, Gabrielle, and Jerry are used
to examine the specific impact of the quantitative sat-
ellite data on model MFE. Two independent analysis
and barotropic forecast schemes are utilized to deter-
mine the consistency of the impact. In addition, the
relative contributions of two satellite-data components
(cloud-motion and VAS gradient) to the reduction in
model MFE are examined.

a. UW-CIMSS analysis and forecast system

The enhanced satellite wind sets were produced in
an operational mode by NESDIS during North Atlantic
and east Pacific tropical cyclone events in 1989. During
these events, special wind-derivation programs were
activated that ensured high-density coverage over the
storm environment. Eighteen datasets (cases) that were
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produced during hurricanes Hugo and Gabrielle are
investigated for their impact on model track forecasts.
Examination of these cases produced by NESDIS al-
lows for an objective assessment of the enhanced sat-
ellite wind sets derived under operational constraints.

The special high-density satellite winds, along with

routine operational satellite winds and conventional
data, are analyzed into DLM fields using the recursive
filter method described earlier. For model impact
comparisons, a second set of DLM fields is created that
excludes the enhanced satellite winds. The analysis
horizontal grid spacing is 1.0°, and analyses from the
NMC Global Data Assimilation System (GDAS, Kan-
amitsu 1989) are used as background fields (the GDAS
analyses include routine operational satellite winds
produced by NESDIS, but not the specially enhanced
observations). As a final step, to accommodate the
forecast model used here, the storm circulation is re-
moved from the DLM analysis and replaced with flow
determined from the surrounding environment ( Vel-
den and Leslie 1991).
- The forecast procedure is both simple and econom-
ical, and has been employed in previous sensitivity /
impact studies (Velden et al. 1984; Velden and Leslie
1991). The model consists of two components: a non-
divergent barotropic forecast of the environmental flow
field, and a point (storm center) trajectory forecast
based on the barotropic forecast of the environmental
flow. The trajectory begins at the specified storm-center
location, and is calculated after each barotropic forecast
time step (30 min). For further details, see Velden and
Leslie (1991).

Seventy-two-hour forecasts from the 18 cases ini-
tialized with the satellite data—enhanced DLM fields
are compared with forecasts initialized with DLM fields
that do not include the enhanced satellite winds. The
results of the track forecasts are tabulated in Table 1.
A 9%-17% reduction in middle- to longer-range MFE
is found when the model is initialized with the en-
hanced satellite wind analyses. In the context of simple
barotropic model track forecasting, this represents a
notable improvement.

The differences in Table 1 were found to be signif-
icant (paired ¢ test, Walpole and Myers 1978) at the
95% confidence level at 36 and 48 h. The statistical
significance tests attempt to account for the serial cor-

TABLE 1. Mean track-forecast errors (km) from the UW-CIMSS
analysis and forecast system initialized on DLM analyses with
(SATWINDS) and without (NOSAT) satellite-enhanced winds, for
a sample of cases from 1989.

Forecast interval 12h  24h 36h 48h 60h 72h
NOSAT 53 95 160 250 375 510
SATWINDS 51 88 133 207 321 457
# of cases 14 14 14 13 12 11
% difference 2 7 16 17 14 9
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TABLE 2. Mean track-forecast errors (km) from the UW-CIMSS
analysis and forecast system, which includes a control containing all
enhanced satellite wind vectors (SATWINDS), control minus en-
hanced cloud-motion vectors (NOCLDMOT), and control minus
VAS gradient vectors (NOGRAD) for a sample of cases from 1989.

Forecastinterval 12h 24h 36h 48h 60h 72h
SATWINDS 51 88 133 207 321 457
NOCLDMOT 52 90 137 211 325 470
NOGRAD 55 100 156 246 373 530
# of cases 14 14 14 13 12 11

relations between the cases of a given storm, many of
which are only 12 h apart. The results of Neumann et
al. (1977) and Jarrell et al. (1978) suggest that inde-
pendence between cases may not be fully attained with
separations less than 30 h. An “effective sample size”
is estimated for each verification time using this 30-h
criterion. If the time interval between two forecasts (¢)
is less than 30 h, the second forecast is counted as a
fractional case (z/30). A forecast is counted fully if no
other forecast preceded it by less than 30 h. Following
Lauermann and Gates (1977), the effective sample size
is then used in the calculation of statistical significance.

Given the positive impact of the enhanced satellite
winds on the overall reduction of MFE, it is of interest
to examine the contributions by the individual wind
types. Seventy-two-hour track forecasts from the 18
cases were produced using recursive filter DLM anal-
yses containing the entire wind set, and with individual
types (cloud-motion and VAS gradient) extracted out
(the water vapor-motion winds are not evaluated sep-
arately, as discussed later). The results are shown in
Table 2.

The main component of the enhanced satellite da-
taset, in terms of quantity, are the cloud-motion vectors
produced from animated loops of infrared imagery (see
Fig. 1). These vectors, however, are located mainly
near 850 and 200 mb, levels not as well correlated with
storm motion as middle tropospheric levels. Therefore,
these vectors typically do not make a strong contri-
bution to the mass-weighted DLM flow (Pike 1987),

~and their effects on simple barotropic model forecasts,

which initialize on a deep layer-mean flow field, may
be minimized. Additionally, as described earlier, our
procedure eliminates the storm circulation from the
DLM wind analysis in order to allow the point trajec-
tory forecast to be governed purely by the environ-
mental flow. This, in effect, negates some of the detailed
information provided by the high-density cloud-motion
winds within about 500 km of the storm center. The
forecast results presented in Table 2 reflect these re-
strictions, with only a small increase in MFE when the
enhanced cloud-motion winds are left out of the initial
analysis. Sensitivity studies using more sophisticated
analysis and forecast techniques may yield a greater
impact, as will be shown in the next section.
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