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ABSTRACT
In this paper the impact of Seasat scatterometer winds in numerical weather prediction (NWP) is discussed

with the help of the results of some cases studied.

The development of the Queen Elizabeth II (QE II) storm from 1200 UTC 9 September to 0000 UTC 11
September 1978 is analyzed and forecast with a high-resolution (60-km) limited-grea model (LAM). Parallel
assimilation and forecasts are performed; in the SCAT run, Seasat scatterometer winds were used, but from the

parallel NOSCAT run these winds were omitted.

The NOSCAT analyses catch the development of the QE II storm better than any other operational numerical
weather prediction model did, to our knowledge. When Seasat surface winds were included, the wind and sea
level pressure were analyzed even better. Also, the forecasts improved substantially.

We expect that the impact of these winds in NWP models can be enhanced not only by further research on
and development of assimilation methods, but also by an improved representation of the upper-air structure.

1. Introduction

The improvement of forecast skill close to and over
the oceans is most probably hampered by the lack of
adequate observational data. In these regions surface
data are limited to the conventional observations from
buoys and ships; a few upper-air observations are
available from islands, automated soundings on trade
ships, and ocean weather ships. The observational,
temporal, and spatial density may be insufficient to
determine the initial state for high-resolution limited-
area models (LAMs). Remote sensing (RS) satellite
observations might be able to fill this data gap.

This study is concerned with the use of sea surface
winds from the Seasat-A Scatterometer System
(SASS), which flew from July to October 1978. The
instrument emitted a centimeter-wavelength radar
beam and measured the backscattered power from
capillary ocean waves; these waves are correlated with
wind speed and direction. Indirectly, the normalized
backscattered power is related to the wind vector ( Pier-
son 1983).

To measure the impact of SASS data on numerical
weather prediction (NWP), parallel assimilation stud-
ies were carried out. In these studies experiments that
include scatterometer winds (SCAT) are compared
with experiments that exclude these winds (NOSCAT).
In global impact studies using coarse-resolution (grid
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distances > 140 km) NWP models, substantial effects
were observed in the Southern Hemisphere and tropics
when SASS data were included. On the other hand in
the Northermm Hemisphere the impact was small (An-
derson et al. 1987; Yu and McPherson 1984; Duffy et
al. 1984; and Baker et al. 1984).

The distance between neighboring SASS observa-
tions is 100 km within the swath; these scales cannot
be resolved by the analysis systems in global models
(resolution > 200 km). Only a high-resolution LAM
analysis might be able to resolve these scales. Also,
geostrophic-adjustment theory shows that wind obser-
vations become more important on smaller scales,
compared to temperature and pressure observations.
These arguments suggest that SASS data might have a
positive impact in the Northern Hemisphere on higher-
resolution analyses.

Meteorologists hope that scatterometer observations
will be of help in detecting fast-developing systems.
For example, the rapid development of the Queen
Elizabeth II (QE IT) storm from 1200 UTC 9 Septem-
ber to 0000 UTC 11 September 1978 was not ade-
quately forecast by operational meteorological centers.
The storm occurred close to the coast of Newfound-
land. It began as a shallow baroclinic disturbance close
to Cape Cod. The fishing trailer Captain Cosmo was
lost close to Georges Bank after it had reported 5-6-
m waves. The thermodynamic structure and devel-
opment of the storm are well studied by Gyakum
(1983a,b) and Anthes et al. (1983). According to an
estimate of Gyakum (1983a), which we will use as a
reference, the storm deepened 60 mb during its move-
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ment out over the ocean within 24 h to a minimum
mean sea level pressure p(MSL) = 945 mb at 1200
UTC 10 September. At this time the barograph of the
Euroliner measured a minimum pressure of p(MSL)
= 956 mb in the vicinity of the center of the storm. At
0800 UTC 11 September the liner QF II turned south
to avoid further damage from the 12-m waves at wind
speeds of 30 m s™! and over. The operational NMC
model forecast wind speeds of 15 m s™! and waves of
only 3-m height in this area.

In 1983 Aune and Warner reported on a case study
of the QF II storm with a global model (4° X 5°) and
found only little impact of the SASS winds in agree-
ment with the results of Anderson et al. (1987) and
Yu and McPherson (1984), mentioned before.

Using a LAM, Duffy and Atlas (1986) tried to im-
prove on the scatterometer impact. The model had 11
layers and a 100 X 100 km? horizontal resolution. In
the modified Cressman analysis scheme the SASS ob-
servations could not alter the mass field, but observa-
tional wind increments at the ocean surface with regard
to the analysis input field were allowed to change
higher-level winds according to a vertical correlation
function. Duffy and Atlas showed that the maximum
surface wind speed in the 36-h forecast is increased
from 21 to 37 m s~! and the minimum p(MSL) de-
creased from 1000 to 988 mb. In spite of these im-
provements, the positional error was still rather large.
Anderson et al. (1987) were able to produce a better
forecast with the global ECMWF model, both with and
without SASS data. However, they again found no im-
pact of the SASS winds.!

Brown and Levy (1986) assimilated the scattero-
meter information in a two-layer atmospheric bound-
ary-layer (ABL ) model with a horizontal resolution of
50-100 km. They succeeded in improving the surface
analysis of Anderson et al., especially at 1200 UTC 9
September; i.e., the development phase of the storm.
Their numerical analysis of the sea surface pressure
was very close to the synoptic estimate of Gyakum.
This gives confidence in the ability to analyze and fore-
cast the QF II storm in an adequate manner at high
resolution and in the possibility to have some positive
impact from the SASS data.

The organization of this paper is as follows. In the
next section the data assimilation and forecasting sys-
tem is explained. In particular we will discuss the fea-
tures of interest to the assimilation of satellite surface
observations. Section 3 describes observations used in
our experiments. Sections 4 and 5 show the results ob-
tained from the parallel assimilation and forecasting
experiments, respectively. In section 6 we evaluate the
impact of scatterometer data on the analysis of another

! Recent experiments with the 2° lat X 2.5° long version of the
GLA global forecast model also show a substantial improvement
over the Duffy and Atlas results and indicate a modest beneficial
‘impact of SASS data (R. Atlas 1990, personal communication).
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storm—the Ark Royal storm—that occurred over the
North Atlantic during the period Seasat was in orbit.
We include this section because the differences between
the analyses of the two storms give an indication of the
situation in which maximum impact of the scattero-
meter winds may be expected. Our conclusions are
presented in the last section.

2. The data assimilation and forecasting system

The data assimilation scheme used for the LAM at
the Royal Netherlands Meteorological Institute
(KNMI) is a 3-h intermittent cycle of analysis, ini-
tialization, and guess field (i.e., 3-h forecast), as shown
in Fig. 1.

In the analysis the guess field is used as a background.
For each observation the difference between the ob-
served value and the guess-field value, interpolated to
the observational position, is calculated. This incre-
ment, if judged to be correct by the observations quality
control procedures, is interpolated to neighboring grid
points by three-dimensional multivariate optimum in-
terpolation (OI) of mass and horizontal wind (Cats
1984). The spatial correlation of the interpolated in-
crements is a product of empirical horizontal and ver-
tical correlation functions. The interpolation is done
on 11 vertical standard pressure levels. Some further
important properties of the OI scheme within the con-
text of the SASS study are summarized below.

o Guess-field winds are extrapolated from the lowest
model level (70 m) to observational height (10 m for
SASS) by a simple logarithmic profile using the surface
roughness z, (calculated by Charnock’s formula).

e The vertical correlation of wind increments at the
1000-mb level with those at higher levels is given in
Fig. 2.

o The horizontal correlation of the increments is
calculated by Gaussian functions with a typical decay
length of 300 km.

e The analyzed surface (e.g., SASS) increments are
directly assigned to the 1000-mb level.

After interpolation to the forecast-model levels, the in-
crements are added to the guess field to give the final
analysis.

To the analysis fields we apply a bounded derivative
initialization scheme to filter spurious gravity waves.
The algorithm is equivalent to nonlinear normal-mode
initialization schemes (Bijlsma and Hafkenscheid
1986).

The limited-area forecast model is a gridpoint model
operating on 11 o levels. The model time step is 3 min.
The model is a descendant of the global ECMWF grid-
point model (Louis 1979). Radiative and convective
processes and the horizontal diffusion have been
adapted to the higher resolution.

The horizontal grid used to make the analyses and
forecasts of the QF II storm is shown in Fig. 3. The
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F1G. 1. Three-hourly intermittent assimilation scheme as used for LAM.

grid consists of 66 longitudinal and 61 latitudinal points
in a transformed latitude-longitude projection with
shifted pole (the North Pole is at 30°N, 180°). Grid
distances are 0.55° (approximately 61 km).

To define our lateral boundaries we used fields in-
terpolated from global analyses at T106 spectral res-
olution [the analyses are from the SASS impact study
of Anderson et al. (1987) and include scatterometer
information]. These fields are geopotential and hori-
zontal wind components on 30, 100, 150, 200, 250,
300, 400, 500, 700, 850, and 1000 mb and humidity
on 500, 700, 850, and 1000 mb.

Surface boundary conditions (e.g., sea surface tem-
perature) are derived from monthly climatology.

The orography is obtained from mean surface
heights on 1/g° X 1/¢° squares, by averaging the heights
of the squares that are centered in the area closest to
the grid point under consideration.

3. Observations

Reports from surface land (SYNOP) and sea plat-
forms (SHIP), radiosondes (TEMP), pilots (PILOT),
and drifting buoys (DRIBU) were used in both SCAT
and NOSCAT runs. Cloud-track—derived satellite
winds (SATOB), aircraft reports (AIREP), and satellite
temperature soundings (SATEM) are not used. The
number of observations available and the estimated
1000-mb wind errors due to measurement and sam-
pling errors are shown in Table 1. From the table we
see a wealth of SASS data is available.

We estimated the SASS errors from collocation
studies with SHIP observations (Anderson et al. 1987)

and from internal consistency checks (Woiceshyn et
al. 1986; Roquet and Ratier 1988). These internal
checks pointed out that the SASS wind errors are not
only dependent on wind speed, but also on the polar-
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FIG. 3. Horizontal LAM grid used to forecast the QF II storm.

ization and incidence angle of the radar beam during
measurement, and the wind direction relative to the
propagation direction of the satellite. We did not in-
clude these dependencies in the estimate for a SASS
wind error.

Moreover we assimilated the SASS winds just like
SHIP or BUOY winds, neglecting some essential dif-
ferences between those:

® Due to the empirical relationship used for the re-
trieval of winds from the backscatter measurements,
and errors in the wind direction ambiguity removal
procedure (dealiasing ), horizontal correlations are in-
troduced between the observation errors of neighboring
SASS reports. SHIP observation errors are mutually
uncorrelated.

e A SASS measurement represents the wind aver-
aged over approximately one LAM grid cell. A SHIP
observation is a spot measurement.

e SASS winds are asynoptic and most SHIP obser-
vations are synoptic.

e SASS observations lie within an observationally
dense measurement swath, and SHIP observations oc-

cur at apparently random spots with considerably less
density.

Furthermore, the assimilation systems of today have
been developed with and for these conventional ob-
servations and are not yet adapted to satellite-derived
measurements.

The SASS dataset we used was binned into squares
of 100 X 100 km?, containing 3-5 backscattered power
measurements. The dealiasing procedure was carried
out manually by two independent teams of meteorol-
ogists (see Wurtele et al. 1982; or Anderson et al. 1987).

TABLE 1. Number and surface error charcteristics of the obser-
vations used in the assimilation (f is wind speed in meters per
second).

Observation Total Number  Estimated error for surface
type number  per cycle wind component (m s™')
SYNOP 1642 37 3.0
SHIP 1871 43 3.0
TEMP 246 6 2.0
SASS 3784 86 3.5+ (f —10)1.9f X 1073
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Figure 4 depicts the SASS observations measured at
1200 UTC 9 September and 1200 UTC 10 September
of September 1978, together with the NOSCAT sea
level pressure analysis. We see that, especially at 1200
UTC 10 September (Fig. 4b) cross-isobaric winds are
present far east of the low pressure system; these are
probably due to errors in the dealiasing procedure. We
also note a positional error in our NOSCAT analysis.

According to Gyakum, at this time the maximum

wind speed in the vicinity of the storm should be 37

FIG. 4. SASS fleches plotted on a map of NOSCAT-analyzed mean
sea level pressure (mb) at 1200 UTC 9 September (a)and 1200 UTC
10 September (b). The observations shown are used at this time.
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m s~ '; i.e., as large as 70 kt. SASS observations show

only wind speeds up to 60 kt, which visualizes their
insensitivity for the measurement of high wind speeds
(Anderson et al. 1987).

Because of its high resolution the scatterometer sys-
tem is able to measure small-scale structures, fronts,
and the precise position of a storm. The QE I storm
in its development phase at 1200 UTC 9 September
(Fig. 4a) is covered fairly well by the scatterometer
observations.

4. Assimilation results

We did a SCAT run in which all observational data
were used and a NOSCAT run in which SASS data
were excluded. We ran 44 3-h cycles in these two par-
allel assimilation sequences, starting at 0600 UTC 6
September.

In Fig. 5a we see the SCAT-minus-NOSCAT analysis
difference for surface wind at 1200 UTC 9 September.
At this time many SASS winds were available. We ob-
serve small-scale coherent structures introduced by
these observations. At other analysis times when many
scatterometer winds are also present, similar structures
in the SCAT-minus-NOSCAT differences are observed.
Of course, an obvious explanation for the coherence
is in the fact that the analysis scheme uses Gaussian

- correlation functions with a horizontal decay length of

300 km, in combination with the assumption of geo-
strophic and nondivergent analysis increments.

The analyzed track of the QF II storm, shown in
Fig. 6, appeared not to be significantly different for
SCAT and NOSCAT analyses (within one or two grid
distances) and compares better with the German man-
ual analyses given in the European Meteorological
Bulletin (1978) than the analyses described in Ander-
son et al. (1987). To our knowledge, Anderson’s anal-
yses describe the QF II storm track better than any
other operational model. This indicates that among
those above, our analyzed SCAT and NOSCAT storm
tracks are the most accurate.

In Fig. 7 the time evolution of the minimum surface
pressure and the maximum wind speed in the vicinity
of the storm are shown as obtained by a nurnber of
analysis schemes. We can see that only the LAM cor-
rectly diagnoses the rapid deepening between 0000 and
1200 UTC 10 September, as estimated by Gyakum
(1983a). Also, note that the scatterometer data im-
prove the analyses substantially; most remarkable is
the explosive increase of maximum wind speed as an-
alyzed by the SCAT analyses (and not by the NOSCAT
analyses).

To evaluate the transport of SASS information in
the model, it is interesting to trace how the differences
survive initialization and model integration. Initializa-
tion effects on surface pressure and 500-mb heights
were occasionally as large as 4 mb and 40 m, respec-
tively. SCAT-minus-NOSCAT height differences are
smoothed at 1000 and 500 mb, but the main features
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FIG. 5. SCAT-minus-NOSCAT 10-m-level wind vector differences: (a) analysis differences for 1200 UTC 9 September and
(b) guess-field differences for 1500 UTC 9 September of September 1978 (3 h later).

introduced by the SASS data remain. In Fig. 5b the
guess-field differences, verifying 3 h later than the field
of Fig. 5a, are shown. In general, the scale of the SASS-
introduced guess-field structures is larger than that of
the analysis in both the horizontal and vertical direc-
tions, but on average the amplitude of the differences
is smaller both at 1000 and 500 mb. Consequently,
information from SASS data survives during initial-
ization and 3-h model integration.

5. Forecast results on the QF II storm

We made two sets of two parallel forecasts over the
period of rapid development of the storm; one from
1200 UTC 9 September when a wealth of SASS data
were available and one from 0000 UTC 10 September,
when in the preceding four assimilation cycles no such
data had been available in the area of interest. The
forecast tracks of the storm agree very well with the
analyzed tracks as shown in Fig. 6. In Fig. 8 the pre-
dicted minimum mean sea level pressure is shown for
all four runs. We note that the development of the
storm 1is also described excellently in comparison to
other forecast models, and that the SCAT forecast from
1200 UTC 9 September performs much better than
the NOSCAT forecast.

During the first 12 h of model integration (until 0000
UTC 10 September), the differences between SCAT
and NOSCAT are subtle, which also becomes apparent
from Fig. 8. With respect to the vertical, the forecast
SCAT-minus-NOSCAT differences were generally
largest at the surface; there was no vertical tilt in the
structures of the differences.

The SCAT forecast from 0000 UTC 10 September
is still slightly better than the NOSCAT forecast. So
although the differences are small, some useful scat-
terometer information from 1200 UTC 9 September
is still present after four subsequent assimilation cycles
in the analysis of 0000 UTC 10 September.

In this section we mainly described the forecast re-
sults on the QF IT storm. A further discussion in re-
lation to the results on the Ark Royal storm will be
given in the next section.

6. The Ark Royal storm

Between 0600 and 2100 UTC 16 September 1978 a
trough located northwest of Scotland developed into a
major storm, with a central pressure of 960 mb. This
storm is often named after a U.S. Navy vessel that
remained in its vicinity, the Ark Royal. The impact of
scatterometer data on the treatment of this storm by
the ECMWF model has been described by Anderson
et al. (1987), and a detailed description of the results
with the LAM is found in Stoffelen et al. (1990). Here
we give only those results that we believe to be relevant

v

005

020

FIG. 6. The track of the QF II storm as analyzed by the German
manual analysis + by Anderson et al. (1987) using SASS &1, and with
LAM in experiment SCAT @. The B and + are for 0000 UTC 10
September until 0000 UTC 12 September in 12-h steps. The @ is for
0300 UTC 10 September until 1800 UTC 11 September in 3-h steps.
The background field is the SCAT analysis from 1200 UTC 10 Sep-
tember.
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for the generalization of the scatterometer impact, as
seen in the QF II case, to other situations.

The SCAT guess field and scatterometer data near
the initial trough are shown in Fig. 9. Forecasts from
both the NOSCAT and the SCAT analyses failed to
predict the rapid development of this trough. The
SCAT analysis of 2100 UTC 16 September (Fig. 10)
has a central pressure of 960 mb, but the +12-h fore-
casts show only 973 mb (NOSCAT) and 970 mb
(SCAT).
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Examination of Fig. 9 led us to suspect that the scat-
terometer wind vectors have not been dealiased prop-
erly for wind direction. Because dealiasing has been
done subjectively with reference to, indeed, all avail-
able, but still sparse meteorological information, a
wrong direction may have been chosen here.

To corroborate this, the SCAT analysis was redone,
but with the suspected wind directions of the scatter-
ometer data replaced by the alias closest to the guess-
field wind direction. This led to a sharper trough in the
analysis, but unfortunately the effect on the subsequent
forecasts was relatively small, as shown in Fig. 10.

We have tried to identify a cause for the differences
in the QF II and the Ark Royal storm runs, both in
the quality of the NOSCAT forecasts and in the im-
provements obtained by the additional use of the scat-
terometer data. The most plausible explanation we
could think of is the following. The rapid development
of both storms shows that the flow must have been
(baroclinically) unstable. The structure of the upper-
air flow was relatively well known in the QF I case,
because of the good radiosonde coverage upstream over
North America. Therefore, the LAM forecast model
was well able to predict the rapid growth of an initial
disturbance. The presence of the disturbance was an-
alyzed in the NOSCAT run, and even better, both for
position and intensity, in the SCAT analysis.

In the Ark Royal case, on the other hand, virtually
no upper-air data were available upstream. Surface data
alone are unable to sufficiently define the three-di-
mensional structure of the initial perturbation. This
highlights a well-known shortcoming of the applied in-
crement correlation function (see section 2): the hor-
izontal and vertical structure are assumed separable
(cf. Lorenc 1981), but in this case a tilting function
might have been more appropriate (Jergensen 1986).

We were not able to objectively verify these state-
ments that explain the differences between the treat-
ment of the two storms, but if they are correct, we may
expect the impact of the scatterometer data to be en-
hanced in the presence of upper-air data.

From satellite measurements of atmospheric radia-
tion spectra the vertical temperature structure: of the
atmosphere can be obtained. The TTROS-N Opera-
tional Vertical Sounder (TOVS) retrieves vertical
height profiles from these measurements. Meteorolog-
ical data assimilation schemes for TOVS are still further
developed (Flobert et al. 1989). However, when
ERS-1 is launched, the combined impact of wind scat-
terometer winds and TOVS should be tested. It could
be stronger than their separate effects.

7. Conclusions

We have seen that in the case study on the QF I
storm our LAM performed very well; both the analyses
and (short-term) forecasts are superior to the results
obtained by other operational models. The SCAT-mi-
nus-NOSCAT analysis differences show small-scale
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FIG. 8. Time evolution of minimum surface pressure as forecast by: 0 ECMWF, O LAM NOSCAT, and A LAM SCAT. (a) Forecast
from 1200 UTC 9 September 1978. (b) Forecast from 0000 UTC 10 September 1978. The broken line is the same as in Fig. 7a.

coherent structures. These features are not damped by
subsequent initialization and model integration. SCAT
analyses and forecasts describe the evolution of the QF
II storm significantly better than the NOSCAT analyses
and forecasts. Therefore, we conclude that these struc-
tures contain some essential meteorological informa-
tion. Even the SCAT forecast from the analysis of 0000
UTC 10 September is better, although in four analysis
cycles no relevant SASS winds were assimilated. This
indicates that the extra meteorological information, due
to SASS observations is only slowly lost in subsequent
assimilation cycles. An important reason for this may

1015

be the scarcity of conventional observations over the
ocean areas. So, in the QF I storm case the scattero-
meter data is able to further improve the forecasts.

In the Ark Royal storm case (in an European-At-
lantic area) assimilation and forecast experiments with
our LAM show that the impact of the scatterometer is
not significantly positive; both SCAT and NOSCAT
forecasts are of poor quality. Our explanation for this
relatively small impact is the lack of accurate upper-
air information and the deficient manner single-level
observations are treated in the analysis scheme.

We should bear in mind that we did not alter the

FIG. 9. Scatterometer winds in the vicinity of the developing Ark Royal storm: (a) Winds as dealiased by Wurtele et al. ( 1982);
and (b) winds dealiased according to the SCAT LAM guess field, which is plotted as background.
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analysis scheme to deal with this new type of spatially
dense, correlated, and asynoptic measurements. Thor-
ough research is needed to do this in an acceptable
way. However, we believe that an adaptation of the
assimilation methods and a well-represented upper-air
structure could further enhance the impact of scatter-
ometer wind measurements in fine-mesh NWP models.
Our work indicates potential for ERS-1 data to improve
high-resolution numerical weather prediction.
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