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Introduction

As the spatial, temporal and spectral resolution of observa-
tions from space has improved, their benefit to numerical
weather prediction (NWP) has increased. The utility of these
data has also been aided by increased computer power,
improved NWP models and the use of improving data assim-
ilation techniques.

This paper provides a summary of high spatial and tempo-
ral resolution atmospheric motion vector (AMYV) estimation
at the Bureau of Meteorology and new data impact results for
the Australian region. In particular, it summarises recent
experiments examining the use of each type of these vectors in
NWP and also details an operational trial in which all types of
AMYVs were used simultaneously. As a result of this trial, these
AMYVs are now used for operational regional NWP.

Wind is a primary variable for describing atmospher-
ic state. Accurate depiction of the wind field in areas
with no conventional data is essential for operational
weather forecasting and initialisation of NWP mod-
els. Measurement of wind from geostationary plat-
forms is important as it provides near continuous data
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where conventional observations are lacking, particu-
larly over the data-sparse oceans. Studies as early as
Bauer (1976) showed that AMVs have a capacity sim-
ilar in several aspects to that of radiosondes for repre-
senting atmospheric flow.

Use of cloud-drift wind vectors is now wide-
spread. Applications include nowcasting, global and
regional NWP and tropical cyclone forecasting. The
characteristics of the winds and their impact on medi-
um-range global NWP was summarised in Kallberg et
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al. (1982) and later by Kelly (1993), Kallberg and
Uppala (1998) and Bouttier and Kelly (2001). Their
impact in regional forecasts has been well document-
ed, for example, in Le Marshall et al. (1992, 1993,
1994a, 1996a and 1999) and Velden (1996). The util-
ity of AMVs for forecasting tropical cyclone tracks
can be seen in Velden et al. (1984), Le Marshall et al.
(1985), Velden et al. (1992, 1998), Velden (1997), Le
Marshall et al. (1996b, 1996¢), Leslie et al. (1998)
and in Le Marshall and Leslie (1998). A summary of
their impact for this application is also found in Le
Marshall (1998).

This paper discusses recent regional data assimila-
tion experiments and a related operational trial which
successfully applied high resolution visible, infrared
and water vapour band image-based motion vectors to
operational regional NWP in the Australian Region.

AMY derivation at the Bureau of
Meteorology

Estimation

The methods used for AMV estimation are largely
covered in Le Marshall et al. (1994a, 1998, 1999).
The imagery was navigated using orbit, attitude and
landmark data from the documentation of the GMS-5
Stretched Visible and Infrared Spin Scan Radiometer
(S-VISSR) transmission together with some refine-
ments which included statistical correction of the nav-
igation information to fit the landmark data and, on
occasions, horizon detection. The system used three
sequential infrared (IR), visible (VIS) or water vapour
(WV) band images (a triplet), usually separated by an
hour or half an hour for velocity estimation. The
imagery was searched for potential target areas of 20
x 20 pixels (30 x 30 in the case of WV imagery) by
examining maximum and minimum brightness tem-
perature and gradient maxima. The size of the poten-
tial target areas for each wind type was determined by
systematic testing.

Selected targets were tracked automatically using
forecast winds, then a lagged correlation technique,
which minimises root mean square (RMS) differences
in brightness from successive pictures, was used to
estimate the vector displacement.

Cloud height assignment for visible and IR targets
used forecast temperature profiles. Determination of
temperatures associated with various levels within the
cloud and hence with the motion vectors used a num-
ber of methods. Initially, height assignment involved
fitting Hermite polynomials to smooth raw his-
tograms of brightness temperature. This enabled esti-
mation of cloud base altitude from cloud base tem-
perature using the forecast temperature profile. The

cloud height assigned for the low-level winds was
that of the cloud base (following the field work of
Hasler et al. 1976, 1977). The benefit of height
assignment to the cloud base has been documented
previously (Le Marshall and Pescod 1994).
Upper-level AMVs were assigned to the cloud top.
The cloud-top level was initially estimated by an
examination of the cold tail of the upper cloud popu-
lation, assuming the cloud temperature for the winds
to be just above the coldest 5.5 per cent of the cloud
population. The height assignment was based on the
smoothed histograms, obtained from the Hermite
polynomials, which were used to distinguish the con-
tributions from high cloud as opposed to those from
lower levels. The height assignment level for the
AMVs moved from the estimated cloud base to the
estimated level of the cloud top when it progressed
from low to high cloud. A new system, using dynam-
ic calibration, and 11 and 12 ym split window obser-
vations has been introduced into operations (Le
Marshall et al. 1998). In this system, a check was
made for the presence of transmissive cirrus at high
levels and cloud top temperature was subsequently
estimated using these two channels. Lower level
heights were estimated, taking into account the effects
of water vapour on brightness temperature, when cal-
culating the cloud base temperature. These effects
were estimated using the 11 and 12 pm split window
observations. Another real time system has been
under test using a 3-channel (11, 12 and 6.7 ym) algo-
rithm with incorporation of the precise observation
time for the AMV observations taken from various
parts of the S-VISSR imagery, and improved quality
control, particularly to prevent upper-level vectors
being placed too low in the atmosphere during height
assignment. In the case of water vapour motion vec-
tors, the height assignment of the upper-level cloud
vectors and middle-level vectors in clear conditions is
described in Le Marshall et al. (1999).

Quality control

Wind data were accepted for assimilation and errors
assigned based on several criteria. These included the
correlation between the brightness temperature arrays
of the search and target areas, and the differences in
meridional and zonal wind components of the two
vectors from a tracer tracked in pairs of adjacent
images. The difference thresholds allowing use in the
assimilation were situation dependent (near a jet
stream, low level, etc.), and typically required the
winds to be within 5 and 7 m s! for the zonal and
meridional components respectively. The deviation
of the calculated wind vectors from the first-guess
field was also examined. The acceptable deviation
was again situation dependent (near a jet stream, low
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level, etc.) and zonal and meridional wind differences
typically less than around 10 and 7 m sl respective-
ly, were required for inclusion in the assimilation.

The weights assigned to AMVs in the operational
assimilation system are dependent on their level-
dependent expected error. To enhance the use of
AMVs in the assimilation, the quality control (qc)
method cited above provided an expected error, based
on previous collocation statistics generated from
coincident radiosondes and AMVs. This allowed
selection of vectors with errors appropriate to the
assimilation system. It is important to note that the qc
system is not static but changes, for example, with the
assimilation system and the accuracy of the back-
ground field, i.e. changes, for instance, where the
forecast model in the assimilation system is
improved. As the accuracy of the background field
improves, the ability to distinguish between reliable
wind estimates and erroneous data is enhanced.

Recently, a Quality Indicator (QI) (Holmlund
(1998) and Holmlund et al. (2001)), has been esti-
mated and associated with each AMV in addition to
the local error estimate. This gives AMV users some
flexibility in quality control. The QI for each AMV
is calculated by estimating direction consistency,
speed consistency, vector consistency, spatial con-
sistency and consistency with the operational fore-
cast. These tests are similar in many ways to those
employed above. The degree of compliance with
these five tests is then used to form a single QI. The
QI is intended to allow optimal use of high density
winds, by giving a consistent estimation of the antic-
ipated error associated with each vector. Using
methods similar to R6hn et al. (1998), the QI has
been provided for all AMV types generated at the
Bureau of Meteorology (hereafter referred to as the
Bureau).

Plots of QI versus rms difference between AMVs
and radiosondes within 150 km, for both low-level
infrared and high resolution visible AMVs, estimated

Fig. 1 Quality Indicator (QI) versus root mean
square difference (RMSD) with radiosondes
within 150 km for low level (a) infrared image
based AMVs and (b) high resolution visible
image based AMVs for 28 April 2000 to 29

April 2001.
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using one years data (April 2000 — April 2001), are
seen in Fig. 1. The QI information associated with the
local AMVs is not currently used operationally in the
Bureau, as quality control is still more efficient using
local methods. That is, local methods currently provide
more vectors with errors up to a given rms error level,
than does use of the QI, employing currently published
weights. Testing, however, is underway to tune the QI
and to use it in conjunction with other quality measures
such as the RFF (Holmlund et al. 2001).

Table 1. Cloud-drift wind types generated in the Bureau. The table indicates wind type, subsatellite image resolution,
frequency of wind extraction, time of wind extraction and the separation of the image triplets used for wind gen-

eration (AT).

Wind type Image resolution Frequency/times (UTC) Wind image triplet (AT)
IR 5 km 6 hourly - 05, 11, 17,23 30 minutes
Low-res. VIS 5 km 6 hourly - 05,23 30 minutes
High-res. VIS 1.25 km 6 hourly - 05,23 30 minutes

Water Vapour 5 km 6 hourly - 05, 11, 17,23 30 minutes

IR (hourly) 5 km Hourly - 00, 01,02, ... 23 1 hour

Low-res. VIS (hrly) 5 km Hourly - 00, 01, 02, ... 23 1 hour

High-res. VIS (hrly) 1.25 km Hourly - 00,01, 02, ... 23 1 hour

Water Vapour (hrly) 5 km Hourly - 00, 01,02 ... 23 1 hour
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It should be noted that, if QI rather than the expect-
ed error is to be used globally, then calibration curves
(see Fig. 1) need to be estimated for each vector type
or an internationally consistent (normalised) QI is
needed. (i.e. the same QI means similar error charac-
teristics for all AMV types from different providers).
It may, however, be simpler to provide the expected
error with each AMYV, as is under test in the Bureau.

Accuracy

The wind types generated by the Bureau's operational
Australian region forecast system and their character-
istics are listed in Table 1.

A selection of winds, estimated by the operational
AMYV system is shown in Fig. 2. The local IR (11 xm)
system alone can provide up to 400 wind vectors
around Australia at 05, 11, 17 and 23 UTC. Each
individual vector generated by the system is provided
to the user, not an average of the two vectors generat-
ed by each image triplet. This may be significant
when the data are assimilated at the observation time
(as in 4-D Var). The accuracy of the local wind sys-
tem during a recent operational trial described in the
next section is seen in Table 2 which shows the mean
modulus of the vector deviation (MMVD) of the
AMVs from radiosondes within 150 km for the peri-
od 12 September to 30 October 2000 over the
Australian region.

AMYVs in regional NWP

In earlier data assimilation experiments over the
Australian region, different types of local AMVs were
added individually to the Bureau's operational data
base to gauge their impact on regional NWP (Le
Marshall et al. 1994a, 1996a, 1999). After the com-
pletion of these experiments, all vectors have been
used together with the Bureau's real time database in

Fig. 2 Local cloud and water vapour AMVs south-
west of Australia for 0500 UTC on 7 May 2001.

an operational trial to gauge their combined impact on
regional NWP.

The first three experiments examined the impact of
infrared (11 ym), hourly and water vapour (6.7 ym)
imagery based winds on operational forecasts. They
employed a duplicate near real-time Limited Area
Prediction System (LAPS) (Puri et al. 1998), identical
to the operational real-time system except for the
addition of real time test AMVs to the input data. The
data were inserted at six-hourly intervals. The data
base to which these AMVs were added already con-
tained local TOVS data (Le Marshall et al. 1994b),
any JMA winds available at the operational cut-off
time (+6 h for the 0600 and 1800 UTC based forecasts
and + 1.5 h for the 1200 and 0000 UTC based fore-
casts), and, in some cases (e.g. the addition of hourly
and water vapour based winds), local 11 wm infrared
cloud-drift winds.

Table 2. Comparison of radiosonde and atmospheric motion vectors using CGMS (Coordination Group for
Meteorological Satellites) criteria, 12 September — 30 October, 2000. [IR1 = 11 zm imagery based winds, VIS.
= Low resolution (5 km) visible winds, HR VIS. = High resolution (1.25 km) visible winds, WV = Water Vapour
based winds and MMVD = mean magnitude of vector difference (m s'l)]

Type IR1 VIS. HR VIS. wv

Low

(950 — 700 hPa) No. of obs. 500 190 994 ---
MMYVD (m/s) 3.33 3.49 3.33 -

Middle

(699 — 400 hPa) No. of obs. 8 - 6 254
MMVD (m/s) 6.46 - 5.38 544

High

(399 — 150 hPa) No. of obs. 622 116 398 1896
MMVD (m/s) 5.79 6.45 5.51 6.34
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The assimilation methodology

The analyses on which the forecasts reported here
are based start with a global analysis (Seaman et al.
1995), valid 12 hours prior to the forecast start time.
This is used as a first guess to the regional analysis,
which then provides the base analysis for an ini-
tialised six-hour forecast, a subsequent analysis and
a further initialised six-hour forecast. This forecast
is then used as a first guess to the final analysis from
which the 24 and 48-hour forecasts are run.
Forecasts are nested in fields from the most recent
Bureau of Meteorology global model forecast
(Bourke et al. 1995).

The analysis and forecast models

The LAPS analysis and forecast model for the first
three experiments used a common latitude/longi-
tude/sigma coordinate system. The configuration
consisted of 160 x 110 grid-points at 0.75° spacing
in the horizontal, and 19 levels in the vertical, with
an upper level of sigma 0.05. The analysis system
was a limited area adaptation of the global multi-
variate statistical interpolation analysis. The errors
assigned to the AMVs in the operational analysis
scheme are 3 m s-1,4 m s-! and 5 m s-! for low, mid-
dle and high level vectors respectively. This is con-
sistent with the 3 m s-! errors assigned to middle and
high level radiosonde observations and the differ-
ences between collocated AMVs and radiosonde
wind estimates recorded at the Bureau. They are
consistent with the differences for the period shown
in Table 2. The forecast model is described in Puri
et al. (1998) and is a hydrostatic model formulated in
latitude/longitude/sigma coordinates on the Arakawa
A-grid. It uses high order numerics and includes a
comprehensive physics package and digital filter ini-
tialisation.

Earlier studies: application of infrared (11 pm)
based winds in the Australian region. This study
gauged the impact of local six-hourly GMS-5 IR1
AMYV data on operational NWP in the Australian
Region (Le Marshall et al. 1996a). The local AMV
system provided winds at six-hourly intervals from
triplets of half-hourly GMS-5 IR1 (10.1 - 11.7 wm)
imagery. LAPS was employed with six-hour cycling
and the operational database to provide the control
forecasts. In parallel, using the same assimilation sys-
tem, the local IRl AMVs were added to the opera-
tional data base for real-time assimilation runs. The
S1 skill scores (Teweles and Wobus 1954), tabulated
on the official National Meteorological and
Oceanographic Centre (NMOC) verification grid, for
24-hour forecasts from the local AMV (LAPS + IR)

Table 3(a). Twenty-four hour forecast verifications (S1)
for the operational regional model (LAPS)
and LAPS with local GMS-5 IR1 AMVs
(LAPS + IR) for 20 June to 18 August 1995

(19 cases).
Level (LAPS)S1 (LAPS + IR)S1
MSLP 26.4 254
850 hPa 24.8 239
500 hPa 16.1 15.7
300 hPa 140 13.7

Table 3(b). Twenty-four hour forecast verifications (S1)
for the control (LAPS) and the control plus
hourly/six-hourly IR and VIS AMVs (LAPS
+ VIS/IR-Hrly) for 5 September to 4
December 1995 (22 cases)

Level (LAPS + IR)SI  (LAPS + VIS/IR-Hrly) S1
MSLP 27.6 26.7
850 hPa 292 27.7
500 hPa 19.0 18.7
300 hPa 16.6 16.1

Table 3(c). Twenty-four hour forecast verification (S1)
for the control (LAPS) and LAPS with
water vapour motion vectors (LAPS + WV)
for March 1998 (33 cases)

Level (LAPS) S1 (LAPS + WV) S1
MSLP 252 25.1
850 259 254
500 20.1 194
300 173 16.8

and matching control forecasts (LAPS) are shown in
Table 3(a). The local AMVs have a consistent positive
impact on the forecasts (around one skill-score point
near the surface), a result consistent with that found
for GMS-4 (Le Marshall et al. 1994a).

Application of hourly IR and hourly and six-hourly
VIS in the Australian region. A second experiment
(Le Marshall et al. 1996a) used hourly IR and VIS
winds added to the (operational) control data base
(which now included local six-hourly IR winds).
Winds generated from image triplets centred within
one hour of analysis time were used. Differences
resulting from the use of these hourly winds were evi-
dent in the resulting analyses. The S1 skill scores for
the 24-hour control forecasts (LAPS) and for the
matching forecasts with VIS and IR AMVs (LAPS +
VIS/IR-Hrly) are shown in Table 3(b). These indicate
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that the additional winds have the potential to improve
operational NWP even when six-hourly local IR
AMVs were in the control data base. The main impact
was a gain of around one skill-score point in the lower
troposphere.

The application of water vapour AMVs in the
Australian region. In this real-time experiment (Le
Marshall et al. 1999), AM Vs calculated four times per
day from 30-minute triplets of water vapour images,
were added to the operational database and used in a
parallel forecast system. Thirty three forecasts were
examined and the results are summarised in Table
3(c). In much of the region, particularly over the
oceans, the water vapour winds provide the majority
of the upper and middle-level AMVs and usually led
to a small but discernible change in the analysed
fields. Table 3(c) shows that the addition of water
vapour motion vectors to the operational database
provided on average, at all levels examined, a modest
improvement in the twenty-four hour regional fore-
casts. In particular cases, however, the improvement
can be quite significant, for example, up to five points
during this trial. In some cases, water vapour motion
vectors can clearly be seen to contain important infor-
mation for analysis.

Figure 3, for example, shows a GMS-5 water
vapour image for 0530 UTC on 8 July 2000 overlaid
by the operational 400 hPa analysis for the same time.
In this case, water vapour AMVs indicate that the low
centre in the operational analysis at 400 hPa, which
had no access to these data, should be further to the
south west.

The operational trial

Here we provide recent results from a significant real-
time experiment, where all the AMV types (infrared,
visible and water vapour image based AMVs) in the
previous experiments were added to the operational
regional assimilation system (already containing IR1
winds). The methodology was that in the previous
three experiments. There were, however, some
changes in the assimilation system, in particular, a
move from 0.75° to 0.375° horizontal resolution and
19 to 29 vertical levels.

The accuracy of the real-time AMVs used in this
experiment in late 2000 is summarised in Table 2
which shows the mean magnitude of vector difference
for different wind types compared to radiosondes
within 150 km. Local quality control methods were
used to provide vectors with expected errors consis-
tent with the error levels used for AMVs in the oper-
ational analysis, namely 3 m s-1,4 m s-! and 5 m s-!
for low, middle and high-level vectors respectively.

Fig. 3 GMS-5 water vapour AMVs with pressure
heights displayed over an 0530 UTC GMS-5
6.7 pm image on 8 July 2000 with the NMOC
400 hPa analysis for the same time.

The statistics in Table 2 correspond to an expected
rms difference (error) threshold in the case of lower
level IR1 winds, of around 4 m s-! (or a QI threshold
of 0.83). The data insertion methodology used for this
operational trial is summarised in Fig. 4 which shows
winds generated from triplets of IR, VIS and HR VIS
images, with the images separated by one or half an
hour, have been used when the image triplet is centred
within one hour of the analysis time. In the case of
winds generated from WV imagery, only winds gen-
erated from the triplet of images, separated by 30
minutes at the analysis time were used. This approach
provided AMV coverage and accuracy, consistent
with the resolution and characteristics of the data
assimilation system.

The S1 skill-scores for 24-hour forecasts from
using these data are compared to the operational skill
scores in Table 4. The statistics are consistent with
those recorded in the three earlier experiments.

The results of this real time experiment are also
illustrated in Figs 5 and 6. Figure 5 shows that the

Table 4. Twenty-four hour forecast verification (S1) for
the operational regional forecast system
(LAPS) and LAPS with VIS, IR and WYV,
hourly image based AMVs for 12 September -
30 October 2000 (47 cases).

LEVEL  (LAPS) S1 (LAPS + VIS/IR/WV HRLY) S1

MSLP 256 24.6
850 hPa 248 242
500 hPa 16.6 16.5
300 hPa 14.7 145
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Fig. 4 Schematic diagram showing the nominal cen-
tral image time of triplets used to generate
wind estimates (AMYVs) in the experimental
assimilation of VIS/HRVIS, WV and IR1
image-based winds.
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addition of these data has improved the real-time
forecasts at all levels with greater impact in the lower
troposphere. Figure 6 shows the daily S1 skill score
gain at MSLP. It is clear these winds are beneficial to
the forecast process.

In summary, these real-time IR, VIS, HRVIS and
WV image based AMVs, are of an accuracy which
can benefit operational regional NWP. Addition of the
vectors individually to the operational regional fore-
cast system has resulted in forecast improvements.
The use of the AMVs together has provided both
improved data coverage of the region and also result-
ed in forecast improvement.

As a consequence of this trial, all of these wind types
have been employed in the operational regional forecast
system in NMOC, Melbourne since October 2000.

Summary and conclusions

The local estimation of real-time operational AMVs
and their impact on regional NWP has been described.
Experiments using these data individually and togeth-
er in an operational NWP trial have been summarised.
The benefit of these data to operational regional NWP
has been clearly recorded. These results have led to
the introduction of all these wind types into NMOC's
operational database and their use in operational
regional NWP since October 2000.

In relation to the future, the continuing trend to
space-based observations with higher spatial, tempo-
ral and spectral resolution should enable improved
estimation of atmospheric motion and result in quan-
titative benefit to NWP. In particular, the prospects of
significant benefits from the use of sequential obser-

Fig. 5 Skill scores (12 Sept to 30 Oct 2000) from 47
cases for NMOC forecasts (OPS) and OPS
with vis/IR/WV AMVs (OPS/AMYV) for (47
cases).
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Fig. 6 Skill score gain for 24 h forecasts at MSLP
with use of the VIS, IR and WV AMVs (12
September - 30 October 2000).
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vations from MTSat-1R, FY-2 and new generation
ultra-spectral instruments such as the Geostationary
Imaging Fourier Transform Spectrometer (Smith et al.
2000) appear to be very good.
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