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This paper is the first detailed report of the generation in the Australian region of
cloud-drift wind vectors using hourly high resolution facsimile (HR-FAX) and half-
hourly stretched-visible and infrared spin-scan radiometer (S-VISSR) images from
the Japanese Geostationary Meteorological Satellites, GMS-3 and GMS-4. It de-
scribes the techniques used in the wind calculation, in particular for height assign-
ment and quality control. It also records the accuracy of the vectors, with appropriate
qualification, and illustrates the impact of these data on regional numerical analysis
and prediction by use of examples. These locally generated high resolution wind
data are now being assimilated in real time into a test version of the operational
regional forecast system. Evidence is presented from this assimilation experiment to
indicate that they have the potential to modify the operational analysis in a manner

which benefits numerical weather prediction.

Introduction

For two decades, meteorologists have been using
cloud motion, computed from animated se-
quences of images taken from geosynchronous
satellites, to estimate wind vectors. Early work
included that of Fujita et al. (1968) and Young et
al. (1972), and an automated computer technique
for estimating low-level wind vectors using cross-
correlation of small arrays of brightness values
from consecutive geostationary images (Leese et
al. 1971). Hubert and Whitney (1971) reported
that low-level cloud-drift winds represented flow
at those levels with accuracies close to those of the
radiosonde. This result has been vindicated by
other studies such as Hasler et al. (1976, 1977),
Hubert and Timchalk (1972), Hubert and
Whitney (1971), and Maddox and Vonder Haar
(1979).

The early estimates of Hubert and Whitney
(1971) of the errors in cloud-drift winds were re-
examined by Hasler et al. in 1977. They conduc-
ted an aircraft verification program to examine
the accuracy of lower and upper-level cloud-drift
winds. Their results generally indicated errors
smaller than those of Hubert and Whitney (1971),
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with errors in low-levels winds, associated with
the cloud base, of the order of 1.5 metres per sec-
ond and upper-level wind errors of approximately
two metres per second, although, in the latter case,
the samples examined had only small velocities
(near 11 ms™!),

The magnitude of these errors indicates a utility
for cloud motion winds in numerical weather pre-
diction (NWP), and for more than a decade now
cloud-drift winds have become part of the oper-
ational observational data base. They are rou-
tinely used in meteorological centres around the
world as input to NWP although there is only a
limited amount of published work attesting to
their utility (e.g. Kallberg et al. 1982). It is import-
ant to note that the accuracy of these winds is
generally limited to the extent that cloud motion
represents the wind, and to the extent that a rep-
resentative cloud height can be determined from
the brightness temperature field associated with
the clouds. In addition, it can be shown that the
accuracy of the winds is also dependent upon the
time difference and, to a limited extent, the cor-
relations between tracer images used in their cal-
culation, the spatial resolution of these images,
the error in the first guess fields, the degree to
which the first guess field limits the search for cor-
related patterns in sequential images and the
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amount of development taking place in the cloud
systems being observed. For optimal use in NWP,
realistic estimates of wind errors resulting from
these considerations must also be generated with
the cloud-drift wind fields.

In Melbourne, at the Bureau of Meteorology,
cloud-drift winds have been derived using se-
quential imagery from the Japanese Geostation-
ary Meteorological Satellites, GMS-3 and GMS-4,
since 1987 (Le Marshall et al. 1988). Before 1989,
analogue GMS high-resolution facsimile (HR-
FAX) data were received in Melbourne and were
subsequently digitised and navigated and then
used to generate winds. With the HR-FAX sys-
tem, images were usually available from GMS at
three-hourly intervals and it was only during
times of ‘special observations’, which were usually
requested from the Japanese Meteorological
Agency (JMA) by the Bureau of Meteorology
(BoM) in times of severe weather, that hourly
imagery, suitable for cloud-drift wind calculation,
was available for processing.

In 1989, the Bureau of Meteorology established
a GMS stretched-visible and infrared spin-scan
radiometer (S-VISSR) data reception facility
at the World Meteorological Centre (WMC),
Melbourne. The GMS data were fed through a
high-speed channel interface to the Bureau’s
mainframe where the data were routinely in-
gested, radxometrlcally calibrated, navigated and
placed on disc in cyclic data sets by. an Australian
development of the Man-computer Interactive
Data Access System, the Australian region
McIDAS or ARM, as described by Le Marshall
et al. (1987). A schematic diagram of the S-VISSR
reception and processing facility is seen in Fig. 1.

N

After the implementation of the GMS S-VISSR

" reception system, a new method for calculating

cloud-drift winds was established. In this system,
target cloud field features in individual 20 X 20
pixel boxes were automatically chosen from GMS
images, usually separated by half an hour. These
targets could be edited or supplemented by manu-
ally selected targets. Cloud-drift winds were then
automatically calculated by a target correlation
technique, and height assignment and quality
control of the wind vectors were determined using
temperatures and wind fields from the oper-
ational Regional Assimilation and Prognosis
System (RASP) (Mills and Seaman 1990).

These two cloud-drift wind calculation systems
were designed to provide timely high resolution
winds for the operational regional forecast system
which has an operational cutoff of T+ 1.5 hours.
They are described in the following sections and
examples are given of the application and utility
of the wind data they have produced to NWP in
the Australian region. The Australian Bureau of
Meteorology has now joined a small group of
weather services and space and environmental
agencies that routinely compute cloud-drift winds
in real time.

The computation of wind vectors

The HR-FAX processing system

As noted, from 1987 cloud-drift winds have been
generated using hourly GMS-3 HR-FAX infrared
(IR) and visible (VIS) images from ‘special obser-

Fig.1 A schematic diagram of the GMS S-VISSR reception and processing system.
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vations’ (Le Marshall et al. 1988). The GMS full
disc images from this analogue system were digi-
tised at the Bureau in Melbourne to produce 5000
by 5000 pixel images, with 256 radiance levels.

The HR-FAX system can still be used for these
early pre-1989 images which have been archived
within the Bureau of Meteorology. In this system,
the digitised imagery was initially navigated and
calibrated and then target selection was usually
done manually. The position and brightness tem-
perature fields associated with the area defined
by the cursor were then used to produce wind
vectors. The cloud height was assigned using a
threshold value for the minimum population size
of a brightness temperature range, at the cold end
of the cloud brightness temperature distribution.
In general, the brightness temperature repre-
senting the coldest range with this minimum
population was assigned to the cloud top, and
a predetermined temperature profile field for
the target area was used to estimate the cloud
height.

An example of the wind field generated in
the upper troposphere around tropical cyclone
Winifred at 0400 UTC on | February 1986 using
this system is seen in Fig. 2. Consecutive visible
images one hour apart were used to provide the
target tracers and estimate wind motion and the
associated infrared images were used for height
assignment. The data derived from this system
(which relied on the availability of infrequent
‘special observations’) were used for a limited
amount of data assimilation work in the
Australian region. The use of these data in provid-
ing numerical forecasts (for tropical cyclone
Winifred) is illustrated later.

Fig. 2(a) Upper tropospheric wind vectors generated
around TC Winifred using VIS and IR HR-
FAX images around 0400 UTC 1 February
1986.
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Fig. 2(b) The associated conventional radiosonde ob-
servations (RAOB) for 0000 UTC 1 February
1986.
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The S-VISSR processing system

Following the establishment of the GMS S-VISSR
reception and processing system, a new method
for calculating cloud-drift winds was im-
plemented. This method has been developed from
early work on the Man-computer Interactive Data
Access System (McIDAS) at the Space Science
and Engineering Center of the University of
Wisconsin (Suomi et al. 1983). One key reason for
the development of McIDAS was the derivation
of cloud-drift winds using sequential image
frames from the geostationary imagery.

Velocity estimation. In the new ARM GMS S-
VISSR cloud-drift wind system, 20X 20 pixel
target areas for tracking are automatically chosen
from images, usually separated by half an hour.
The infrared images are typically 2500 by 2500
pixels of 256 radiance levels. Trial target areas are
examined and assessed against criteria which in-
clude an acceptable range of |1 um brightness
temperature pixel values (299K to 190K), and a
minimum difference between observed 11 pm
maximum and minimum pixel values (corre-
sponding to a temperature difference of between
10 and 12K). If these criteria are passed, the
locations of the minimum brightness temperature
values are examined within each trial array and,
of these, the location which gives the highest esti-
mated value of the Laplacian function (second
derivative) of the brightness temperature be-
comes the centroid of a new adjusted target area,
provided it is not at the edge of the trial array.
Once the targets have been selected, auto-
tracking is performed, using winds from the
operational six or 12-hour RASP prognoses for
the Australian region, to indicate the initial
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search areas for well-correlated target areas. An
rms difference methodology is used to compare
the arrays of brightness temperatures of the target
and search areas in order to estimate motion. The
first guess reduces the size of the search area
necessary to obtain the wind vector, but it also
constrains the results to lie within a certain range
of the forecast wind field.

In this system, three images are typically used to
generate wind fields, with error flags indicating
reliability also being produced. The flags depend
upon several factors, including the correlation be-
tween consecutive arrays of brightness tempera-
tures in the search and target areas and are
discussed in the subsection ‘Wind computation,
accuracy and quality control’.

Height assignment. The assignment of a press-
ure height to the wind field generated by tracking
of cloud is often difficult. For the low-level winds
it would appear, from several studies, (e.g. Hasler
et al. 1977) that cloud-base pressure best repre-
sents the appropriate height for low-level cloud-
drift winds, while for the upper levels, when one
uses cirrus cloud as tracers, cloud-top pressure is
appropriate.

The effect of varying emissivity at cloud top,
however, makes this height assignment using
cloud field brightness temperatures more diffi-
cult. As a result, several methods have been used
to provide height assignment for these high-level
clouds. The first and simplest is similar to that
employed in the analogue HR-FAX system which
specifies a minimum sample size (percentage of
cloud population) for a temperature class at the
cold end of the spectrum. The temperature of this
coldest class above the minimum sample size is
used to specify cloud-top temperature. A second
methodology used when examining cirrus cloud is
to assume a distribution of emissivity with tem-
perature similar to those reported in several ob-
servational studies, such as Alien (1971), Platt and
Dilley (1981). With this approach, it has been
assumed that the mean emissivity for a specified
part (depending on temperature) of the cold tail of
the upper-cloud population (usually just above
the lowest 5.5 per cent), is approximately 1. By
estimating the representative brightness tempera-
ture for this part, pressure height is then obtained
using the temperature fields of the relevant RASP
prognosis. When using this method, a check is
made to ensure that the brightness temperature
distribution increases in a specified manner as the
class temperature rises. This method is illustrated
schematically in Fig. 3(a), where a population
density greater than MIN (about | per cent) is
required for the specified pixel value correspond-
ing to an incremental temperature rise at ATy
(5K) from that at the estimated cloud top (T;). A
third scheme which assigns representative emis-
sivities to different parts of the cloud brightness
temperature distribution is still under develop-
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ment. To date, a limited comparison of methods |
and 2 has been undertaken by comparing cloud-
drift wind estimates with radiosondes over the
southern part of the full earth disk and by com-
paring cloud height assignments with a small
number of lidar observations. It has been found
that method 2 outperforms method 1 on the
majority of occasions for high-level clouds and,
as a result, method 2 has been used to produce
the high-level vectors shown in this paper. More
extensive tuning and testing of the height assign-
ment methodologies are still being carried out
using cloud height data from lidar observations of
cloud base and top, for estimation of height
assignment errors.

In the case of low cloud, it is well known that
cloud detection and the assignment of cloud
height over land using half-hourly IR data only is
difficult and these low-level vectors are not com-
monly generated. However, in the scheme de-
scribed in this paper, rather than using a check to
delineate land and sea, a stability test is made to
determine if the difference between the forecast
surface temperature and the 8§50 hPa temperature
is less than 9K and the warmest pixel is within 6K
of the forecast surface temperature. This effec-
tively eliminates all low vectors over land when
there is a surface inversion. In the lower levels,
cloud wind height is assigned to the cloud base
height which, for partly cloudy conditions may be
assigned in one of two ways. The method cur-
rently being used involves smoothing the raw his-
tograms, Fig. 3(b), using Hermite polynomials
(Kendall and Stuart 1976), so that the histograms
can be separated operationally. This method is
illustrated in Fig. 3(b), (c) and (d) where, after fit-
ting of Hermite polynomials generated by eight
cumulants to the distribution (c), the negative sec-
ond derivative (d) is used to indicate the centres of
the two distributions, T, and T,,, and also to
obtain the adopted cloud base by assuming that
T —T.=Ac, where Ac is the brightness tem-
perature difference between the cloud (distri-
bution) centre and cloud base. In some cases (e.g.
where the cloud and surface distributions are not
easily discernible, i.e. AA<<2.5K or AB<5K in
Fig. 3(c)), cloud base height is assumed to be a
fraction (for part of this study, one third) of the
respective cloud-top height. From a study of situ-
ations where two peaks in the histogram, one
associated with the ground and the other from the
cloud, are clearly apparent, this value appears to
be reasonable. The height assignment for the wind
moves progressively from the estimated cloud
base to the top of the cloud as one progresses from
low to high clouds.

Wind computation, accuracy and quality control.
There are several parts to the quality-control
methodology in this system, and these can cause'
the rejection of the cloud-drift wind vectors. The
quality-control mechanism is fully automatic and
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Fig.3 Schematic diagram showing the methodology used to determine: (a) cloud-top height for upper-level wind height
assignment and (b), (c) and (d) cloud-top and base used in lower level' wind vector height assignment (see

text).
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relies heavily on the RASP. The wind data are
assessed and an error (flag) assigned based on sev-
eral criteria which, for example, for the lowest
error category, include the correlation between
the brightness temperature arrays of the search
and target areas which must exceed 0.65, the dif-
ferences between the two vectors relating to dif-

ferent pairs of half-hourly images (the zonal and

meridional wind differences must be less than
5 m/s) and the deviation of the calculated wind
vectors from the first guess field. The error flag is
used to indicate expected error of the observation,
and is also used for diagnostic, development and
data rejection purposes. All generated vectors in
the vicinity of radiosonde stations, regardless of
the quality-control flag, are verified against the
conventional observations for each error cat-
egory, enabling estimation of the expected error
for each error flag type.

Quality control and data rejection at the wind:
calculation stage are, to a significant degree, prac-
tical compromises as an analysis system should be
able to appropriately handle even poor data pro-
vided their error characteristics accompany the
observation. In this system, the quality control is
matched to the data assimilation component of
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the regional and global forecast systems used
within the Bureau of Meteorology. As a result,
checking using neighbouring data for example is
not done because this is performed as part of the
analysis cycle. It should be noted that in a sim-
plistic sense, however, this may increase rms
errors associated with the local cloud-drift
winds.

The weights assigned to the wind data in analy-
sis are dependent on their expected error. To
facilitate the estimation of these weights, the cri-
teria cited above provide an error flag and hence
give a measure of velocity uncertainty. In future,
it is also intended to use the uncertainty in height
assignment (indicated by calculating height from
all sequential images used for wind estimation) to
help estimate wind errors.

If these wind data are to be used for some appli-
cations outside the Bureau of Meteorology, it may
be desirable to use neighbour checking and more
stringent quality control to reduce the initial rms
errors of the wind vectors. In addition, the final
wind could be a Bayesian combination (Lloyd
1984) based on.the cloud drift wind and forecast
fields, in accordance with their expected error
characteristics. This would reduce rms errors but
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would not be desirable for input into the Bureau
analysis system as this type of process is already
‘performed more correctly during the analysis
cycle in the presence of all other data.

In the current system, rejection criteria for dif-
ferencs in the velocity estimates obtained from
consecutive image pairs are, at present, fixed, and
the differences have been shown to include a small
component, on occasions, due to image navi-
gation errors. After this initial quality control,
based on a consistency check of the vector pairs
generated, the final rejection criteria are velocity
dependent and are based on departures from the
RASP forecast of wind speed and direction. The
quality-control testing the correlation of pixel
brightness values between the target and search
areas has remained at 0.65.

It should be noted that, using these rejection
criteria, comparison of the six and 12-hour fore-
cast from the RASP, and the cloud-drift winds at
radiosonde sites, with the radiosonde obser-
vations themselves, shows that; in most cases, the
cloud-drift wind data are of greater accuracy than
the six or 12-hour forecast. This can be seen in
Table 1, for the months July to November 1991.

Table 1. Mean vector wind difference .(m/s) between
Bureau of Meteorology cloud-drift winds,
RASP first guess and radiosonde winds (m/s)
(within 100 nautical miles) for the months July
to November 1991.

Month July Aug. Sep. Oct./Nov.
No. of obs. 1046 1448 868 1241
BoM CDWs 491 4.90 4.87 5.39
RASP 5.63 6.32 5.34 5.55
% better 59.0 68.1 58.6 54.0

The importance of this over the Australian con-
tinent, where radiosonde wind data are available,
is that the cloud vector winds may be used in a
way consistent with their accuracy. Over areas
such as the Southern Ocean, where little wind data
are available, the cloud-drift wind data can be
used, and, on average, provide a better wind field
than the corresponding initial wind estimates
available from the six or 12-hour forecast. The
present system rejection criteria are being further
refined using a set of calculated cloud-drift wind
and radiosonde collocation data. Over time, this
should assist in the specification of improved
observational errors for statistical interpolation
analysis and in the minimisation of rms errors.

Further error statistics for cloud-drift winds
generated over the Australian region and used
for assimilation into the numerical analysis/
prognosis system are provided in the following
section.

Examples. Winds from the S-VISSR processing
system covering most of the southern hemisphere
disc are shown in Fig. 4(a). Here, winds have been
generated from three consecutive IR-GMS-4 im-
ages near 1700 UTC 28 August 1991 separated by
half an hour. The example is from a continuous
4-D assimilation experiment run through part of
1991. The image shows cold fronts traversing
waters south of the Great Australian Bight and the
southern part of the Tasman Sea with the sub-
tropical jet over the continent. The tracers auto-
matically selected from the cloud imagery are
denoted by * and, using an operational model first
guess, these tracers were used to generate the
cloud vectors shown using automatic quality con-
trol. The corresponding winds available from
JMA via the GTS at analysis time are shown in
Fig. 4(b).

Another example from the S-VISSR processing
system which provides winds that cover most of
the southern hemispheric disc is shown in Fig. 5.
Here, winds have been generated from three con-
secutive GMS-4 images near 1700 UTC 25 April
1991, separated by half an hour. Again, the
example is from a continuous 4-D assimilation
experiment run through most of 1991.

The image shows an upper trough to the south-
west of Australia and an upper cut-off low over the
New South Wales coast. Again, tracers automati-
cally selected from the cloud imagery are denoted
by *, an operational model provided the first guess
and automatic quality control produced the vec-
tors shown in Fig. 5(a). In Fig. 5(b), the six-hour
forecast first guess field for 1700 UTC 25 April
1991 at 250 hPa is shown with the wind vectors
overlaid. It is clearly seen that the upper-level
wind vectors to the southwest of the continent will
enhance the trough in the first guess field (near
40°S, 95°E) and the forecast cut-off (A) on the
NSW coast (near 35°S, 150°E) can be accurately
positioned using these vectors. It is important to
note that the assimilation of these data (e.g. the
cut-off low) into the numerical analysis requires
careful attention to quality control, as these vec-
tors could be easily rejected (as often happens in
practice) in comparison to the background field if
the horizontal variability of the. wind or vorticity
is not examined in the data rejection process.

Wind accuracy and impact of the
winds on numerical weather analysis
and prediction

This section begins by describing two case studies
which provide an indication of the potential util-
ity of the wind data in numerical weather analysis
and prediction systems. Statistics indicating the
accuracy of the local winds and their impact on
operational regional forecasts are then given for






