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Wind data derived from backscatter measurements by the
ERS-1 satellite scatterometer instrument are an important
new source of data for Southern Ocean meteorology. The
data were used heavily towards subjective, manual, mean
sea-level pressure analysis during the First Regional
Observing Study of the Troposphere (FROST). This report
describes a preliminary impact study, conducted within the
framework of the Australian Bureau of Meteorology’s glob-
al data assimilation system, to assess the influence of ERS-1
scatterometer data on numerical analyses and forecasts. The
ERS-1 wind data used during FROST, and in the impact
experiment, were generated via application of a model trans-
fer function developed by the European Space Agency
(ESA). These wind estimates have since been re-generated at
the French oceanographic institute, IFREMER (Institut
Francais de Recherche pour I’Exploitation de la Mer), via
use of an alternative model transfer function and wind find-
ing system. Comparison is made between 10 m winds gener-
ated by use of each of the alternative model transfer func-
tions and collocated data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) numerical
analyses. The study concentrates on four one-month periods,
including the three observing phases of FROST.

Introduction

The sparseness of meteorological data from the
Southern Ocean has long been regarded as one of the
primary factors limiting our ability to predict southern
hemisphere mid-latitude weather.

Prior to the use of satellite imagery in operational
meteorology, daily weather forecasts for the south-
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ern regions of Australia hinged largely on reports
from remote off-shore islands (e.g. Amsterdam
Island in the mid-Indian Ocean, and Macquarie
Island, SSE of Hobart). The situation improved
somewhat with the regular availability of high-qual-
ity satellite imagery, but even today reports from
remote islands play a significant role in manual
analysis and forecasting activities.

The difficuities of meteorological analysis and pre-
diction in a sparse data region are further hampered by
the unique Antarctic environment. The harshness of the
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weather makes observing the Antarctic atmosphere
problematic. The continent is vast (almost twice the
area of Australia) and particularly difficult to reach by
air and sea. Furthermore, as a scientific community, our
knowledge and understanding of Antarctic atmospher-
ic processes is underdeveloped compared to that of
other areas of the globe.

Since the early 1980s, the number of manned sta-
tions making year-round surface meteorological
observations in Antarctica has declined. The decades
since the International Geophysical Year (IGY) have
also seen the number of stations making regular
upper-air observations on the Antarctic continent
decline, down from seventeen during IGY to thirteen
today. Only one year-round, inland upper-air station
remains, the US station Amundsen-Scott located at
the South Pole (King and Turner 1997).

On a positive note, the last decade has seen a sub-
stantial increase in the number of drifting buoy deploy-
ments in the Southern Ocean. Most of these buoys pro-
vide atmospheric pressure reports and transmit their
data in near real-time over the Global
Telecommunications System (GTS) to meteorological
centres around the world. Also, the past decade has seen
a dramatic increase in the number of automatic weath-
er stations (AWSs) operating in Antarctica. Good net-
works now exist over parts of the continent distant from
manned stations and also provide near real-time data to
the international community (Turner et al. 1996).

The importance of satellites to Antarctic and
Southern Ocean meteorology cannot be understated.
For the purposes of manual analysis of synoptic
weather systems around the coastal fringe of the
Antarctic continent, and further seaward, satellite
imagery is a fundamental tool. Other remotely sensed
data play an important role in Antarctic meteorologi-
cal analysis, but tend to be used more in numerical
systems than by personnel. The TIROS Operational
Vertical Sounder (TOVS), flown on the NOAA series
of polar orbiting satellites, provides an important
source of vertical sounding data over areas remote
from upper-air flights and its data are used heavily in
various numerical systems.

Another significant, modern source of data is that
from the remote sensing systems on a new generation
of Earth-observing satellites. The most important of
these for meteorology is the wind scatterometer.
Variations of the scatterometer were flown on Seasat
(1978), ERS-1/2 (1991-present) and ADEOS (1996-
1997) and a number of others are proposed for future
missions. The scatterometer is an active microwave
instrument that records the backscatter from the
Earth's surface of a microwave pulse (Massom 1991).

The version flown on ERS-1 is described in further
detail in the next section.

A major inventory of Antarctic and Southern Ocean
meteorological data was conducted during the
Antarctic First Regional Observing Study of the
Troposphere (FROST). FROST was primarily a data
gathering, analysis and evaluation project during which
all available meteorological data, however observed or
derived, were gathered and analysed. The study con-
centrated on the entire area south of 50°S during three
one-month periods, namely 1-31 July 1994, 16
October—15 November 1994, and 1-31 January 1995.
Two of the primary purposes of the study were to
assess the strengths and weaknesses of numerical
analyses and forecasts and to assess the value of vari-
ous forms of remotely sensed data (Turner et al. 1996).

The first part of this paper describes an impact
study involving the use of ERS-1 satellite scatterom-
eter wind data in the Australian Bureau of
Meteorology’s global assimilation and prediction
system (GASP) (Bourke et al. 1995; Seaman et al.
1995). The study follows on from related work in the
Bureau of Meteorology Research Centre (BMRC)
including impact experiments involving drifting
buoys, cloud-drift winds, manually derived ‘bogus’
atmospheric pressure data and conventional observa-
tions (Seaman et al. 1993; Seaman 1994; Le Marshall
and Pescod 1994).

A related impact study conducted at the European
Centre for Medium-Range Weather Forecasts
(ECMWEF) (Stoffelen and Anderson 1995) formed the
initial motivation for this work. Stoffelen and
Anderson identified a small positive impact on medi-
um range weather forecasts with the inclusion of
ERS-1 scatterometer winds at assimilation. They also
found that the magnitude of the impact of the scat-
terometer data was considerably more significant in
trials absent of TOVS data. This indicates a degree of
redundancy with the inclusion of both data sources.
Similar work followed at the National Centers for
Environmental Prediction (NCEP) (Yu et al. 1996).
NCEDP reprocessed winds from ERS-1 were used in a
series of impact trials in 1995. A small positive impact
was reported.

The second part of this paper details a data quality
investigation. Data from ESA, the United Kingdom
Meteorological Office (UKMO) and CERSAT /
IFREMER are discussed and compared with a focus
on the period and domain of FROST.

Background - scatterometer winds

The technique of calculation of wind speed and
direction from raw microwave backscatter data is
complex, and the exact details are beyond the scope
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of this paper. A brief description of the process, how-
ever (with particular reference to the system on
ERS-1) is given here. Massom (1991) and King and
Turner (1997) both provide further easy to read
background information. Marshall and Turner
(1997) and Turner and Thomas (1992) provide good
examples of scatterometer data applications in the
Antarctic region. Offiler (1994) and CERSAT
(1996) give details of data derivation and expand on
the explanation given here.

The active microwave instrument (AMI) on the
ERS-1 satellite includes a three antennae scatterom-
eter instrument. The antennae are aligned at angles
of 45°, 90° and 135° to the subsatellite track respec-
tively. The AMI illuminates a 500 km wide swathe
of the ocean surface with a 5.3 GHz (C band) pulse.
The illuminated swathe lies between 200 km to 700
km aside of the sub-satellite track. A matrix of val-
ues, termed 6% ., 0° ., and G°,, representing the
normalised backscattering cross-section (Long
1983) recorded by each of the three antennae, fore
(45°), mid (90°) and aft (135°) respectively, is
obtained.

The triplet of 6° values at each node across the 500
km wide swathe is fitted to a complex model transfer
function representing the empirical relationship
between the three ¢° values and the zonal and merid-
ional components of the wind at 10 m above the ocean
surface, ), and v,,. Generally an exact solution for
u; and v, cannot be obtained and a set of up to four
possible solutions exists, each representing a small
backscatter-departure from the model transfer func-
tion. While all of the solutions represent similar
(though not identical) wind speeds, their directions
are markedly different, with the better two usually
representing solutions whose wind directions differ
by approximately 180°.

Two model transfer functions are under discussion
in this paper: ‘CMOD4’, developed by ESA and used
in the formulation of data products from both ESA
and UKMO; and that developed by CERSAT / IFRE-
MER, referred to here as ‘IFREMER’.

The next step in the process is to choose one of the
wind direction solutions. This requires consideration
of the magnitude of the departure from the model
transfer function, the continuity of wind directions
over the swathe and, if necessary, the wind direction
of a background meteorological analysis field.

For each of the sources of data under study in this
paper a different process is used to choose between
possible solutions.

In a final step, sea ice contaminated areas are
removed by elimination of all data whose backscatter
properties exceed a pre-set threshold departure from
the model transfer function.

Impact study

During the month of July 1995 a preliminary experi-
ment was undertaken to assess the impact of scat-
terometer wind data from the ERS-1 satellite on the
GASP system. The data used were wind speed and
direction estimates at 10 m above sea level across the
entire globe. They were generated by ESA via the
CMOD4 model transfer function. An ESA-developed
wind direction finding system was used to overcome
wind direction ambiguity problems. The data were
delivered to the Bureau's Melbourne Head Office via
the GTS in close to real time. '

The problem of deducing near ocean surface wind
speed and direction from scatterometer backscatter
data alone is not a simple one (Stoffelen and
Anderson 1995). There is considerable difficulty dis-
tinguishing the correct wind direction solution
amongst the several possible derived solutions. These
alternatives result from the relatively similar differ-
ence in backscatter signature observed from both up-
wind and down-wind directions.

An earlier study by the author (Turner et al. 1996),
concentrating on the data gathered during FROST,
highlighted the frequency of the direction ambiguity
problems in the mid to high latitudes of the Southern
Ocean. The data used in that study were derived via
the CMOD4 model transfer function and the wind
direction ambiguity removal system used by ESA.

The data used in this impact study were also

" believed to be problematic, containing a sufficient

number of occurrences of 180° direction errors for
some pre-analysis quality control steps to be neces-
sary. These steps involved the crosschecking of each
scatterometer-estimated wind direction against the
predicted wind direction at that point given by the
model first guess. A significant difference caused the
scatterometer data point to be rejected.

The resolution of the scatterometer wind data,
nominally 50 km, was thought to be particularly
high compared to the resolution of the model in use.
The GASP assimilation scheme allows only a finite
number of data to be considered in each of an array
of pre-defined grid boxes across the globe. Early tri-
als involving full swathes of data saw no measurable
difference in their resultant analyses to those
obtained following assimilation of data significantly
reduced in density. In an attempt to decrease analy-
sis time, data volume was reduced to one-third of the
original quantity. This was not believed to have had
an impact on results.

The model was version 4C of the GASP system
developed by BMRC. The model was the primary,
operational global.system developed and maintained
in the Bureau for weather analysis and prediction. A
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multivariate statistical interpolation scheme was used
as described by Bourke et al. (1995). Model resolu-
tion was rhomboidal 53 on 19 sigma levels. The low-
est level (6 = 0.991) represented a height of approxi-
mately 75 m above the ocean surface.

Two parallel analysis trials were run for the full
month of July 1995. Each trial involved a series of
six-hourly assimilation and ‘analysis cycles. In the
first trial all available data, including the scatterom-
eter winds, were used at every assimilation step. For
the purposes of the assimilation process the scat-
terometer winds were uniformly denoted a relative-
ly high root mean square observational error of 4.0
m s'!. In the second trial all available data, apart
from the scatterometer winds, were used at every
assimilation step.

The forecast model was run from the daily 1100
UTC analysis obtained from each of the two parallei
trials.

Impact was assessed by direct comparison
between the various pairs of analyses and forecasts,
and with in situ observational data.

Figure 1 shows the mean analysed 75 m wind field
(m s from the one month trial (a), with (b) without
the scatterometer winds included in the assimilations.
Figure 2 shows the difference between Figs 1(a) and
1(b). The inclusion of the scatterometer data has
apparently led to the weakening of winds over much
of the Southern Ocean. The difference between aver-
age mean sea-level pressure analyses, derived with
and without the scatterometer data (not shown), sup-
ports that theory. It shows a weakening of the circum-
polar trough of the order of about 2 hPa across a sub-
stantial area of the Southern Ocean. This finding
could result from a systematic under-estimate of wind
strength amongst the scatterometer data.

It is important to mention- that there were clear
cases where the inclusion of the scatterometer data
did improve the value of analyses and forecasts, at
least from a subjective point of view. These included
at least two significant weather events affecting
Southern Australia which could have been better fore-
cast with the aid of products generated with the scat-
terometer data included. However, mean skill-score
improvements were near zero. Indeed, average skill
over the Australian and Southern Ocean regions for
* the full month under study did not improve with the
inclusion of the scatterometer data. If a bias towards
the underestimate of scatterometer wind strength
exists, as proposed in the previous paragraph, it
would support this finding.

Several significant potential problems were raised
above. These involve both the quality and reliability
of the original data, and perhaps methods used during
assimilation. Real-time operational requirements also

Fig.1  July 1995 analysis mean (¢ = 0.991; 75 m
height) wind field (m s'l) from (a) trial 1 (with
ERS-1 winds) and (b) trial 2 (without ERS-1
winds). Contour spacing 5 m s

(a)

Analysis with ESA data (1-18 & 21-31 July 1995)
AV 75M W

Contour Interval 5

(b)

ISSUED: 23UTC 29 Aug 1996

Analysls without ESA data (1-18 & 21-31 July 1995)
AV 75M W

Contour Interval 5 ISSUED: 23UTC 29 Aug 1996

demand that data be made available to processing
centres in a timely manner.

The assimilation methods used in the preliminary
impact trial were not particularly sophisticated. The
model used was a global model, run on 19 sigma lev-
els, the lowest of which sits at approximately 75 m
above the ocean surface. The scatterometer data are a
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Fig.2  Difference between the trial 1 and trial 2 mean
(o = 0.991; 75 m height) wind fields (m s°1).
Contour spacing 1 m s°1,

Anaiysis Impact (1-18 & 21-31 July 1995)

AV WDIFF

Contour intarval 1 1SSUED: 23UTC 29 Aug 1996

source of low-level wind data derived purely from the
reflection characteristics of a rough ocean surface to a
microwave pulse directed from a remote-sensing
satellite. A model transfer function is then inversely
utilised to estimate the 10 m wind speed and direction
necessary to generate the surface roughness whose
signature the microwave backscatter profile detected.
A further step is then required to estimate a 75 m wind
speed and direction for use in the atmospheric model.

This series of steps may not be the ideal technique
to use. Some very complex issues need to be
addressed, including an estimate of the low-level wind
forcing of the ocean surface, the low-level atmospher-
ic stability profile and the possible impact of complex
swell regimes involving superimposed swell patterns.

Much of this forms the basis of planned future
work by the author. However, one of the important
considerations is discussed in the next part of this
paper, namely data quality issues. This highlights
differences between wind finding algorithms and
possible biases and inconsistencies in the scatterom-
eter data.

Data quality considerations

During the re-analysis phase of FROST, considerable
use was made of wind information derived from ERS-

1 scatterometer backscatter data (Turner et al. 1996).
Over the vast areas of the Southern Ocean devoid of
conventional manual or automatic in situ meteorolog-
ical measurements, this source of satellite-derived
wind estimates was considered helpful for pinpoint-
ing the location of cyclones and defining areas of
strong winds during the re-analysis exercise.

While considered a valuable source of data for
subjective analysis, it was noted that the winds were
not always 100% reliable. There were recurrent prob-
lems in both wind direction and speed.

Informal discussions with analysts in several
analysis and forecasting centres across Southern
Australia have revealed similar problems with the
ERS-1 wind data during the 1994/95 period and
onwards. The data in use for subjective analysis in
Australia were, and still are, the ‘Fast Delivery Copy’
data from ESA.

During the FROST re-analysis exercise, ERS-1
winds were primarily used to assist with the subjec-
tive mean sea-level pressure analysis of the ocean
area south of 50°S. The periods under study were
three one-month special observing periods (SOPs): 1-
31 July 1994, 16 October - 15 November 1994 and 1-
31 January 1995 (Turner et al. 1996).

For the purpose of the FROST re-analysis effort,
ERS-1 scatterometer wind data were provided by
UKMO in the form of printed wind barbs on opera-
tional manual analysis charts (Turner et al. 1996).
These data were generated via use of the CMOD4
model transfer function and a UKMO developed
wind direction ambiguity removal algorithm (David
Offiler 1997, personal communication). The UKMO
direction ambiguity removal algorithm differs some-
what from that used by ESA. An explanation of the
details behind the differences is beyond the scope of
this paper. '

The years since the FROST data collection activi-
ties have seen further refinement of scatterometer
wind generation algorithms. The Institut Francais de
Recherche pour I'Exploitation de la Mer (IFREMER),
in partnership with the Centre ERS d'Archivage et de
Traitement (CERSAT), the Centre National d'Etudes
Spatiales (CNES), Météo-France and ESA, has devel-
oped an algorithm to process ERS-1 and ERS-2 scat-
terometer winds off-line. These wind data (hereafter
TFREMER’) have been re-processed for several of the
years of operation of the ERS-1 and ERS-2 scat-
terometers, including the periods of the FROST
SOPs.

It is claimed that the IFREMER data are accurate
in speed to £2 m s! or 10 per cent, whichever is
greater, for wind speeds in the range 1 to 28 m s”!. No
claims are made for higher values of wind speed.
Wind direction accuracy is £20° (CERSAT 1996).






