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ABSTRACT
An account is given of the Antarctic First Regional Observing Study of the Troposphere (FROST) project, which
has been organized by the Physics and Chemistry of the Atmosphere Group of the Scientific Committee on Antarctic
Research. The goals of FROST are to study the meteorology of the Antarctic, to determine the strengths and weaknesses of
operational analyses and forecasts over the continent and in the surrounding ocean areas, and to assess the value of new
forms of satellite data that are becoming available. FROST is based around three one-month Special Observing Periods
(SOPs)—July 1994, 16 October-15 November 1994, and January 1995 for which comprehensive datasets have been
established of model fields and in situ and satellite observations. High quality manual surface and upper-air analyses are
being prepared for these periods to determine the extent to which non-Global Telecommunications System data can improve the interpretation of the synoptic situation. Over the ocean areas during SOP-1, incorporation of the late data resulted
only in a limited improvement in the analyses, indicating that the models are correctly analyzing most of the major weather
systems. Over the continent, the production of 500-hPa heights from the automatic weather station data greatly helped
in the analysis process. The lack of data around west Antarctica was a major handicap in the analysis process. The rms
errors in the forecasts of 500-hPa height for the Antarctic were about 20% greater than those for midlatitude areas. The
forecasts from the European Centre for Medium-Range Weather Forecasts were the most accurate of those received.

1. Introduction
The analyses and forecasts produced for the
Antarctic are not as accurate as those prepared for
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other parts of the world (Bourke 1996), despite the
increasing amounts of data that have become available in recent years from automatic weather stations
(AWSs) and satellite observing systems. This is partly
because of the reliance on satellite sounding data,
which are difficult to use effectively in numerical
analysis schemes, the very limited amounts of in situ
data over the continent itself, and the problems in
getting Antarctic observations to the main analysis
centers in a timely fashion. There are also significant
modeling problems in representing the high topography of the continent, the very stable atmospheric
boundary layer, and the sea ice that extends over large
areas of the ocean. Although subjectively many analysts regard Antarctic analyses and forecasts as less
accurate than those for midlatitudes, there is very little
objective information regarding forecast accuracy in
the high-latitude areas of the Southern Hemisphere
to help those concerned with forecasting for the area
or improving the numerical weather prediction systems. Arpe and Cattle (1993) compared short-range
forecast model (12-24 h) depictions of surface winds
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over Antarctica f r o m the European Centre for
Medium-Range Weather Forecasts (ECMWF) and
the U.K. Meteorological Office (UKMO) with concurrent observations for July 1990. They found a relatively high degree of consistency between the
analyses and the in situ data for much of the time but
also commented that the observed surface winds were
unrepresentative of the general large-scale flow. A
limited comparison of the precipitation for July 1990
was also conducted. Genthon and Braun (1995) evaluated the ECMWF depictions of temperature and precipitation over Antarctica (and Greenland) and
concluded that these products for 1985-91 were in
good agreement with available observations. The
comparisons were limited to climatological observational depictions only. Finally, Bromwich et al. (1995)
computed the Antarctic atmospheric moisture budget
for ECMWF, U.S. National Centers for Environmental Prediction (NCEP, formerly the National Meteorological Center), and the Australian Bureau of
Meteorology (ABM) model [the version prior to the
Global Assimilation and Prediction (GASP)] for the
period 1985-92. The ECMWF analyses were found
to be superior to those from NCEP and ABM in relation to rawinsonde [Global Telecommunications System (GTS) data from W. Connolley] and glaciological
data, and were found to produce a good broadscale
depiction of this budget.
One of the main goals of the First Regional Observing Study of the Troposphere (FROST) project is to
assess the current state of analyses and forecasts for
the Antarctic region and to determine how the operational models can be improved and the available data
used more effectively. Improvements in the representation of the Antarctic in operational models should
also result in advances in our ability to incorporate
high-latitude Southern Hemisphere processes in climate models and to gain greater understanding of the
role of the continent in the global climate system.
The first project to consider the meteorology of the
Antarctic continent as a whole and to attempt to produce routine, broadscale analyses for the surface and
upper atmosphere was the International Geophysical
Year (IGY) of 1957-58. For this ambitious project
many new surface and upper-air observing stations
were established and we have, in fact, ne^er managed
to approach this sort of coverage since IGY. Although
most stations were in the coastal region, five radiosonde stations and one upper wind finding station
operated during 1958 in the interior: at the South Pole;
three (plus the upper wind station) on the high pla1968

teau of east Antarctica, and one in west Antarctica,
providing the first extended series of observations
away from the narrow coastal strip. Despite the project
taking place in the presatellite era, a great deal of valuable work was carried out with IGY observations and
the charts routinely prepared for the period were published by the South African Weather Bureau in the
journal Notos between 1962 and 1964. These included
studies of the climatology of synoptic-scale weather
systems (Taljaard 1967) and the atmospheric circulation of the Southern Hemisphere (van Loon 1965),
and an excellent and wide-ranging discussion in a meteorological monograph (Newton 1972).
A further valuable source of data for studies of the
meteorology of the high southern latitudes was provided by the First GARP (Global Atmospheric Research P r o g r a m ) Global E x p e r i m e n t ( F G G E )
(Hollingsworth 1989), which took place in 1979. The
FGGE dataset was used to assess the state of numerical weather prediction models and to determine the
value of data from various observing systems, such
as drifting buoys in remote regions. However, the data
were also used to carry out investigations into the
synoptic-scale activity, such as the studies by Physick
(1981) and Kirk and Speth (1984) into Southern
Hemisphere depression tracks.
Since FGGE, there have been a great many advances in our understanding of Antarctic meteorology
through the deployment of several dozen AWSs
across the continent (Stearns and Wendler 1988), the
use of high-resolution numerical models to study atmospheric flow over the ice sheet (Hines et al. 1995),
the identification of the many mesoscale disturbances
that form in the coastal region (Carleton and Carpenter 1990; Heinemann 1990; Turner and Thomas
1994), the studies of boundary-layer structure from
advanced s u r f a c e - b a s e d p r o f i l i n g instruments
(Heinemann and Rose 1990; King 1990; Kottmeier
1986), and the use of new satellite instruments to gain
insight into Antarctic weather systems (Carleton et al.
1993). With these datasets and techniques now available it was felt to be appropriate to once again consider how our operational analysis and forecasting
systems were performing both over the Antarctic continent and in the surrounding sea areas and to see if
the data are being used in an optimum fashion.
The decision was therefore taken by the Physics
and Chemistry of the Atmosphere (PACA) group of
the Scientific Committee on Antarctic Research
(SCAR) to organize a program that would seek
to determine our current capability to analyze and
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forecast the tropospheric conditions in the Antarctic
and to improve the representation of the continent in
climate models. This should produce improvements
in the operational forecasts used for logistical operations in the Antarctic and also benefit those concerned
with examining the performance of climate models
over the region. The specific goals of FROST are as
follows:
• Assess our capability to utilize meteorological data
over Antarctica and the surrounding sea areas in operational assimilation/forecast schemes. This work
should be of benefit to the weather services who
run global forecast models.
• Assess the current state of the short- (24 h) and
medium-range (up to 7 day) forecasts for high
southern latitudes in terms of representation of
hemispheric, synoptic- and subsynoptic-scale systems, boundary-layer structure, local coastal, and
other topographically induced features. Diagnostic
data produced should be of value in improving the
parameterization of high-latitude processes in the
models.
• Gain insight into the hemispheric-, synoptic-, and
mesoscale atmospheric processes important in the
Antarctic and over the Southern Ocean through
analysis of satellite and in situ data and highresolution mesoscale numerical models.
• Improve the derivation of atmospheric products
from satellite data for the region.
• Assemble comprehensive datasets of Antarctic observations for future atmospheric research.
It was decided that the data would include surface and
upper-air in situ observations made at the research stations; data from AWSs and drifting buoys; visible,
infrared, and passive microwave satellite imagery; satellite sounder data; scatterometer winds; and model
analyses and forecasts. Earlier Antarctic research
projects made extensive use of hand-drawn surface
and upper-air charts, which were used to assess the
synoptic situation both over the continent and in the
surrounding ocean areas. However, in recent years the
advances in numerical weather prediction systems
have meant that the numerical analyses produced for
most parts of the world are now comparable, if not
superior, to those that can be prepared by a skilled analyst and many weather forecasting centers are dropping the production of manually analyzed charts.
Nevertheless, in the Antarctic, and especially over the
high interior plateau, the quality of the model analyBulletin of the American Meteorological Society

ses is unclear and understanding the strengths and
weaknesses of the numerical fields was one of the
goals of the project. The decision was therefore taken
to prepare a series of manually analyzed surface and
upper-air charts for the observing periods, which
would be based on the many different forms of in situ
and satellite data that are now available, so that the
value of late and nonstandard data could be assessed.
As the resources available to the project were very
limited, so the period to be investigated was restricted
to three one-month special observing periods (SOPs)
in different seasons of the year. Two of these were
arranged for the winter and summer [July 1994
(SOP-1) and January 1995 (SOP-3)] and one for the
period of formation of the Antarctic ozone "hole" in
the Austral spring [16 October-15 November 1994
(SOP-2)].
The area to be investigated was selected at the region south of 50°S, but with some data collected as
far north as 40°S so that weather systems entering the
area could be studied. Figure 1 shows maps of the
Antarctic and indicates the locations of the current
manned research stations and AWSs. The key to the
stations and AWS sites is given in appendix B.
Much of the data have been brought together for
the three SOPs and initial versions of the manually
analyzed charts prepared for the winter period. The
first results from the winter SOP were discussed at a
workshop at the Bureau of Meteorology, Hobart,
Australia, over 16-17 March 1995, when those concerned with data collection, archiving, reanalysis, and
assessment of the model fields presented their early
results. This paper is based largely on the outcome of
that workshop and gives a summary of the first results.
It is hoped that it will encourage those involved in
Antarctic meteorology to make use of FROST data
in modeling and observational studies.

2.The organization of FROST
The project is being coordinated by the FROST
Organizing Committee who report to the SCAR
PACA group and the SCAR Executive. At present,
the Organizing Committee consists of J. Turner (chairman, British Antarctic Survey, United Kingdom),
D. Bromwich (Byrd Polar Research Center, Ohio
State University), and H. Hutchinson (Bureau of Meteorology, Hobart, Australia). However, the work connected with FROST is being carried out by many
groups around the world with different centers being
19 75
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FIG. 1. Maps of the Antarctic showing the location of the
manned research stations and AWS sites as at January 1996. The
key to the station numbers is provided in appendix B. (Figure
continued on opposing page.)

responsible for particular aspects of the project.
Groups involved include the following:
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• The British Antarctic Survey (BAS), which is the
main FROST data collection and archiving center.
They have established national points of contact
(NPCs) in each country making in situ meteorological observations in the Antarctic so that data that
are not on the World Meteorological Organization
(WMO) GTS can be obtained for the project. BAS
have also been involved in the assessment of the
analyses and forecasts produced by the UKMO and
in determining depression tracks from the satellite
imagery.
• The Bureau of Meteorology, Australia. The Bureau
undertook the considerable task of preparing the
manually analyzed surface and upper-air charts for
the SOPs and have also been involved in the
intercomparison of analyses and forecasts.
• Staff from the Australian Antarctic Cooperative
Research Centre, based in Tasmania, have helped
in the reanalysis exercise and have also assessed the value of some of the new forms of satellite data.
2010

• The Byrd Polar Research Center, Ohio State
University, was concerned with assessment of
the NCEP analyses and forecasts.
• The University of Bonn processed the passive microwave data and derived several meteorological
products from these data over the ice-free ocean.
• The University of Melbourne, Australia, used automatic depression tracking software to examine
the movement of synoptic-scale low pressure systems during the SOPs.

3 . T h e F R O S T data archive
Every effort is being made to obtain a comprehensive dataset of in situ and satellite data for the three
SOPs. Prior to the project, all the nations involved in
Antarctic meteorology were contacted via their NPCs
and asked to increase the frequency of the observing
programs on the Antarctic stations. The WMO Working Group on Antarctic Meteorology was also kept informed of the status of FROST and requested members
to provide extra observations and any other support
that was possible to further the objectives of the project.
Vol. 77, No. 9, September 1996

During 1993 and 1994 there were three periods
during which the Antarctic data on the GTS were assessed to try and find what percentage of the routine Antarctic observations could be collected by
this means. These took place during the periods 5 9 July 1993, 1-15 February 1994, and 13-17 June
1994 when the GTS was monitored at Hobart and at
Bracknell, United Kingdom. The exercise revealed a
number of weaknesses in the transmission of Antarctic
observations, such as the loss of certain data from the
Antarctic Peninsula that were not arriving in Europe.
Through informal contacts it was possible to identify
where the data were not being forwarded and to instigate corrective action. Although Hobart and Bracknell
received about the same amount of synoptic data from
the Antarctic, a large percentage were for different stations, suggesting that for the SOPs both GTS nodes
would have to be used to maximize the data collected.
The analysis of GTS data also revealed a number of
surprising changes in the nature of observing in the
Antarctic, such as the fact that there are now more observations from AWSs than from manned stations.
Bulletin of the American Meteorological Society

During the SOPs the GTS nodes at Hobart and
Bracknell were therefore the main source of synoptic
observations and provided surface and upper-air data,
ship data, drifting buoy observations, and AWS reports.
Collecting data via these two centers helped to overcome
most of the problems that exist in transmission of
Antarctic observations around the world on the GTS.
Many stations make additional observations to
those put on the GTS, both as part of their operational
meteorology program and in connection with research
projects. Such data were obtained for the SOPs directly from the countries who collected the data. The
NPCs were the contact points for obtaining these data
and they passed their observations to BAS.
The main FROST archiving center is at BAS where
all data, except the full-resolution satellite imagery
and the model fields, are being kept. The satellite imagery amounts to approximately 35 GB of data per
SOP per ground station so that it is not a trivial task
to make copies of the full dataset. It is therefore being held at a number of centers that are able to provide copies of subsets to interested parties.
19 75
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Conventional surface and upper-air observations,
ship reports, drifting buoy data, and AWS reports are
being held in decoded form in a computer database
at BAS. The GTS data received at Hobart and
Bracknell have been merged with non-GTS observations collected after the SOPs. The data can be converted back into WMO-coded form for input to reruns
of numerical analysis schemes.
The University of Wisconsin—Madison take the
4-km horizontal resolution Global Area Coverage infrared imagery collected by the National Oceanic and
Atmospheric Administration (NOAA) polar-orbiting
satellites (Schwalb 1982) and data from the geostationary satellites in real time. From these, they produce a polar stereographic composite image of the
Southern Hemisphere south of 40°S (Stearns et al.
1995). The composites are produced every 3 h and are
available for collection over the Internet via file transfer protocol (FTP). These composites were a very
valuable source of data for FROST as they provided
frequent coverage of the data-sparse ocean areas, yet
were easy to store as each image was only one 1 MB
in size. An example of a Madison composite image
is shown in Fig. 2. All the composite images for the
SOPs are available at BAS.

The highest resolution meteorological satellite
data that are routinely available are the 1-km horizontal resolution Advanced Very High Resolution Radiometer (AVHRR) images provided by the NOAA
satellites. These data are broadcast in real time along
with TIROS (Television and Infrared Observation
Satellite) Operational Vertical Sounder (TOVS) measurements and the AWS observations. The High
Resolution Picture Transmission (HRPT) data are
currently taken by Palmer, McMurdo, Rothera, and
Casey stations. The coverage from these sites is
shown in Fig. 3. Because of the very large volumes
of data involved, it was decided not to copy all of
these HRPT data, but to try and ensure that they
would be available to workers via the national archives. The tapes of raw HRPT are therefore held by
BAS (Rothera); the Arctic and Antarctic Research
Center, Scripps Institution of Oceanography (Palmer
and McMurdo); and the Bureau of Meteorology,
Tasmania, and Antarctic Regional Office, Hobart
(Casey, SOP-2 and SOP-3 only).
The new generation of satellite instruments can
provide data that allow the production of a number
of high-level geophysical parameters that will be of
great value to FROST and that will supplement the
limited amounts of in situ data from the
ocean areas. The scatterometers on the
ERS-1 and -2 satellites (Offiler 1994)
can provide surface wind vectors over
the ice-free ocean and therefore show
small-scale circulation features and details of fronts. The scatterometer winds
for the three SOPs have been obtained
from the European Space Agency and
used in the reanalysis of the surface
charts. An example of scatterometer
winds around the Antarctic Peninsula on
4 July 1994 is shown in Fig. 4.
Data from the Special Sensor Microwave/Imager (SSM/I) on the U.S. Defense Meteorological Satellite Program
satellites have found many applications
in the polar regions, both in meteorological and glaciological studies. The raw
SSM/I data for the three SOPs are held
at BAS and have been used by the University of Bonn to derive a number of
products over the ice-free ocean using
existing algorithms. These include surface wind speed, integrated water vapor,

FIG. 2. The Madison infrared composite image for 0000 UTC 4 July 1994.
1968

rain rate, and columnar cloud liquid waVol. 77, No. 9, September 1 996
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FIG. 3. The approximate coverage of the HRPT satellite
receivers at Casey (C), McMurdo (M), Palmer (P), and Rothera
(R). The coverage of Syowa (S), which collected HRPT data from
1980 to 1991, is also indicated.

ter. For sea ice detection the National Aeronautics and
Space Administration (NASA) Team algorithm for
sea ice concentration (Cavalieri et al. 1991) was used.
For surface wind speed and columnar cloud liquid water, the SSM/I Cal/Val algorithms of Goodberlet et
al. (1989) and Alishouse et al. (1990a), respectively,
were chosen. Integrated water vapor was calculated
with an algorithm by Petty (in Claud et al. 1992) especially designed for use in the polar regions. The rain
rate was determined according to Dalu et al. (1993);
the algorithm is a revised version of the retrieval
scheme suggested by Prabhakara et al. (1992). These
fields are held at BAS in chart form and an example
of the precipitation product for 0000 UTC 4 July 1994
is shown in Fig. 5.
Numerical analyses and forecasts were obtained
from four centers:
• The U.K. Meteorological Office. They run a 19level gridpoint model that has a horizontal grid
length of approximately 90 km. The analyses and
forecasts were acquired via the GTS, but BAS
are also obtaining these data in GRIB (gridded binary) code form directly from UKMO. Hardcopy
analyses were also obtained for each of the SOPs.
These were the 1:30 million polar stereographic
charts of mean sea level pressure, 500-hPa height,
Bulletin of the American Meteorological Society

FIG. 4. The ERS-1 scatterometer winds to the northwest of the
Antarctic Peninsula at 1400 UTC 4 July 1994.

250-hPa height, and 500-1000-hPa thickness fields
that were obtained for 0000 and 1200 UTC each
day.
• NCEP. The global operational model in use by
NCEP has a spectral formulation and is run with a
triangular truncation at wavenumber 126 (equivalent to a horizontal spatial resolution of about
100 km) and 28 terrain-following sigma levels
(Kalnay et al. 1990). It is run with two data cutoff
times. The earlier runs from 0000 and 1200 UTC
data are known as the aviation (AVN) forecast, and
these 3-day forecasts are broadcast on the GTS for
use internationally. A 10-day forecast with a later
cutoff time is also run from 0000 UTC data and is
known as the Medium Range Forecast (MRF). The
output from the MRF is not on the GTS.
• The Australian Bureau of Meteorology. They run
the GASP model, which has a rhomboidal truncation R53 (about T75) and 19 levels in the vertical
(Bourke et al. 1995).
19 75
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• ECMWF. Their model has the highest horizontal
resolution of those used, with a triangular truncation of T213 and 31 vertical levels (ECMWF 1992).
The model is also run much later than the UKMO
and NCEP systems in order to capture the maximum amount of GTS data.
In addition to the meteorological data, other fields of
related parameters are being archived. These include
the charts of sea ice extent and concentration produced
by the NOAA/U.S. Navy Fleet Weather Facility National Ice Center (formerly the Joint Ice Center) and sea
surface temperatures from the ABM. (Warren 1994).

4 . T h e manual analysis process
a. Chart selection and preparation
Central to FROST is the production of
a series of high quality synoptic- and
subsynoptic-scale analyses covering
the region south of 50°S for the three
SOPs. These charts are being prepared
using all available satellite and in situ
data and consist of conventional surface
and upper-air charts, plus charts showing depression tracks and charts of precipitation distribution determined from
passive microwave imagery.
The working chart for FROST analyses is a polar stereographic map covering an area from the South Pole to
approximately 45°S with a scale of 1:20
million. All the observations that have
been collected via the GTS and other
means are plotted on to these. The charts
for the first SOP were plotted about three
months after the end of the period to allow a reasonable amount of late, nonGTS data to be collected.
Over the ocean areas and flat ice
shelves 6-h surface charts were prepared
consisting of a PMSL (pressure at mean
sea level) analysis and with frontal positions indicated. The basis for these
were the UKMO surface charts, which
are based on the output of the numerical
model, but that are modified by an analyst in the light of satellite imagery and
that have frontal positions added. They
also have the advantage of having the
1968

ERS-1 scatterometer winds plotted, which are a great
aid over the data-sparse Southern Ocean. The operational charts from the Australian National Meteorological Centre (NMC) were also a valuable aid in the
preparation of the reanalyzed charts and, when they
differed from the UKMO product, helped to indicate
where problems were being experienced in the production of the analyses. The composite satellite images
from the University of Wisconsin—Madison were
also used in preparing the analyses as were the vortex tracks prepared at BAS from these satellite images.
To derive upper-level fields, the PMSL charts were
first converted to 1000-hPa fields using the hypsometric (altimeter) equation, with the mean layer virtual
temperature taken as the climatological, near-surface
air temperature. To these were added layer thicknesses
for 500-1000 hPa and 250-500 hPa, allowing the

FIG. 5. The rain-rate field produced from the SSM/I data for 0000 UTC 4 July
1994.
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computation of geopotential height fields at the standard upper levels of 500 and 250 hPa. The thickness
fields were constructed using the TOVS thickness
values and thermal winds obtained from the GTS
SATEM (satellite temperature) messages produced
from the TOVS data and the few available radiosonde
upper-air soundings.
Over west Antarctica, the main analysis was carried out on the 700-hPa surface as this was above the
topographic surface and the surface inversion.
However, in this sector of the continent and over the
adjacent South Pacific Ocean, there are currently no
upper-air observations being made, so other data had
to be used to prepare the analyses. Although, the routinely distributed TOVS retrievals over the Antarctic
are less reliable than over the ocean areas (Lutz et al.
1990) they can, with care, provide valuable guidance
on upper-air conditions in this void of radiosonde data.
The SATEM retrievals over west Antarctica were
therefore used to produce the 700-hPa height fields,
although they were supplemented by the 700-hPa
heights derived from data from the Byrd AWS (number 89324). These fields were produced using the
technique of Phillpot (1991), which takes the upperlevel fields from an NWP model and modifies them
in the light of AWS data to produce improved estimates of standard level height fields. The technique
was developed by analyzing the many radiosonde ascents that were launched from the Antarctic plateau
during IGY to determine the relationship between
temperature and height of the 500-hPa surface. When
applied to current data, the AWS surface temperatures
allow good estimates to be made of the thickness between the topographic surface and the height of the
500-hPa level. For FROST, the technique was modified to allow the computation of the height of the
700-hPa surface over west Antarctic.
Over east Antarctica the high topographic surface
means that the lowest standard level that could be analyzed was the 500-hPa surface. For the SOPs, this field
was prepared using spot heights derived from AWS
surface pressures and temperatures using the Phillpot
technique, along with AVHRR imagery, which allowed continuity to be maintained when tracking those
weather systems that had penetrated onto the plateau.
While there were only about a dozen AWSs over east
Antarctica, these were enough to allow the production of a reasonable analysis. For the whole of the
Antarctic, the 250-hPa height field was produced by
adding the TOVS 250-500-hPa thickness field to the
500-hPa heights.
Bulletin of the American Meteorological Society

Once the upper fields for the ocean areas and over
the continent had been prepared, they were merged
to produce 500- and 250-hPa geopotential height
fields for the whole of the FROST area.
The finally agreed version of the FROST analyses
will be converted to machine-readable form using a
digitizing table and pen system in the Drafting Section of the Australian Bureau of Meteorology. The
data will be on a 1.25° latitude by 1.25° longitude grid.
Gridded fields will eventually be encoded in GRIB
format and thus allow easy intercomparison with analysis and forecast fields produced by the weather services.
The preparation of the manual charts commenced
in September 1994, with the work being concentrated
on SOP-1 to date.
As extensive use was made of satellite data, these
observations were assessed in some detail to understand their error characteristics.
b. An assessment of the accuracy of the satellite
products
The ERS-1 winds over the ocean were compared
to the 75-m winds from the GASP analysis system,
which does not make use of these data in real time.
The study area covered 46°-60°S, 140°-180°E, which
was entirely ice free during SOP-1. With a collocation criterion of 1.5 h, over 72 000 wind vectors from
the scatterometer were compared to the model output
during SOP-1. Figure 6 shows the distribution of the
10-m u wind components from the scatterometer
against the GASP 75-m winds. Generally, there is
good agreement between the u (and v) components,
although two problems are apparent. First, there is a
negative bias in the satellite data because these winds
are derived to be correct at the 10-m level. Second,
the "arms" of data aligned at right angles to the main
distribution of data correspond to a 180° wind direction ambiguity in the scatterometer winds. Over the
whole month of July 1994, 3.4% of the scatterometer
winds were found to have the directional ambiguity.
A comparison of wind speeds between the 75-m
GASP output and 10-m scatterometer data for a single
model run on 1100 UTC 2 July is shown in Fig. 7.
The wind speeds show reasonable agreement but, as
expected, the 75-m winds were found to be some 20%
stronger than those from the scatterometer. There was
better agreement between the higher wind speeds and
poorer performance at lower wind speeds. A similar
trend was noted consistently throughout the study.
As the TOVS thickness data were such an important element in the upper-air analysis over the FROST
19 75
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FIG. 6. Scatterplot of u wind component of 10-m winds from
the ERS-1 wind scatterometer and collocated 75-m winds from
the GASP model.

area, a detailed study was carried out between these
data and collocating radiosonde ascents. Figure 8
shows a scatter diagram of TOVS and radiosonde
500-1000-hPa thickness values based on over 2000
collocations. It shows the close agreement between
these two forms of data and the lack of a significant bias.
The histogram of radiosonde-TOVS differences in
the 500-1000-hPa thicknesses (not shown) indicated
that the distribution is a little skewed with TOVS values slightly greater than radiosonde values and the center at a point slightly less than zero. This bias was also
apparent in the 500-700- and 250-500-hPa thicknesses.
The TOVS thicknesses available over the GTS are
flagged as either "high confidence," "low confidence," or "confidence unspecified" depending on the
amount of cloud and the degree to which the High
Resolution Infrared Radiation Sounder data can be
used. Comparisons of thicknesses with these characteristics against radiosonde data confirmed the greater
level of reliability of data with the higher confidence
rating. However, our experience in using the data in
the preparation of the analyses show that retrievals in
the two lowest confidence categories are still of value.
An assessment of TOVS data according to latitude
indicates that the retrievals over the open ocean are
more accurate than those from the Antarctic coastal
region, probably because of the difficulties in using
the data over sea ice.
The charts of the SSM/I products were intended to
aid the frontal analysis during the manual reanalysis
exercise carried out for the SOPs. In particular, the
fields of integrated water vapor (IWV) and rain rate
1968

FIG. 7. A scatterplot of 10-m wind speeds from the ERS-1
scatterometer and 75-m wind speeds from the GASP model.

(RR) were valuable for this purpose; areas of high
water vapor gradient and of significant RR indicating regions of frontal activity. In the following, some
basic information on the two algorithms is given together with an evaluation of the retrieval performance.
The RR algorithm of Dalu et al. (1993) was developed
as a global algorithm using tropical and midlatitude
ground truth measurements. Since the retrieval
scheme uses the IWV to account for latitudinal variation of the relevant retrieval parameters, it can be expected to be better suited for higher latitudes than other
global statistical algorithms. The assessment of the
retrieval quality is difficult in the FROST region with

FIG. 8. A scatterplot of 500-1000-hPa thickness values in gpm
derived f r o m T O V S data against collocated radiosonde
observations.
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hardly any in situ measurements over the oceans.
TABLE 1. Zonal-mean precipitation estimates derived from
Table 1 shows a comparison of total precipitation in
SSM/I data for July 1994 (in mm) as computed using three
July 94 calculated from the mean rain rates for this
different algorithms.
month using three different RR algorithms (Dalu et al.
1993; Olson et al. 1991; Negri et al. 1995); zonal
40°-50°S
50°-60°S
60°-65°S
means for the (ice free) ocean areas 40°-50°S, 50°60°S, and 60°-65°S are given. The Dalu algorithm is
Dalu et al. (1993)
140
80
60
an emission-based algorithm only, using 37 Ghz
as well as the IWV. Olson uses a multichannel techOlson et al. (1991)
92
52
25
nique, and the Negri algorithm uses 85 Ghz only—a
Negri et al. (1995)
100
78
14
scattering-based retrieval method mainly suited for
convective rain. The Dalu algorithm provides generally higher estimates than the other two, with the largest relative differences for the area south of 60°S. The summarized in Table 2. Surface S YNOP reports were
low values given with the Negri algorithm in this area collected in real time, and Bracknell and Hobart reare mainly due to the low percentage of convective ceived 5563 and 5381 observations, respectively, via
rain events. Between 60° and 65°S the precipitation their GTS connections. This was supplemented with
can be compared to the 12-h medium range forecast an additional 184 observations received from the
of the NCEP model (see section 5d). The simulations NPCs, so that at present we hold 6956, or 91%, of
produce a zonal mean precipitation between 70 and the observations that could be collected, based on the
75 mm, which is in good agreement with the Dalu re- normal reporting frequency of 6 or 12 h. The NPCs
sult and underlines the suitability of this algorithm for of many countries contributed greatly to achieving
FROST applications.
such a large percentage of data through their contacts
For the retrieval of IWV, an algorithm especially on the research stations so that we now have 100%
designed for use in the dry polar atmosphere was ap- of the observations collected at the Chinese, German,
plied (Claud et al. 1992); the error is estimated to be Japanese, and Russian stations.
lower than 1 - 2 kg rrr 2 for IWV values less than
Radiosonde ascents were collected via the GTS and
2
15 kg irr . In order to assess the quality of this algo- from the national operators. Launching radiosondes
rithm, we compared it to four global algorithms in the Antarctic is very difficult in poor weather con(Alishouse et al. 1990b; Petty and Katsaros 1990; ditions, and equipment failure also adds to the probPetty 1994; and Schluessel and Emery 1990) for case lems experienced. During the SOPs some stations
studies in the Weddell Sea and the Atlantic south of experienced hardware difficulties, such as the break45°S in February 1990. The cases covered a water down of the radio theodolite at Halley Station that
vapor range from 7 to 27 kg nr 2 . In general the Claud resulted in the loss of five days of data. Overall, 977
algorithm produced IWV values
0.5-3 kg n r 2 higher than the other
algorithms over the given range of
TABLE 2. The number of observations received for the winter SOP of July 1994.
IWV. Only the algorithm of Petty
(1994) showed regions with higher
IWV than the Claud algorithm (in
Data
Late
Percentage
type
Bracknell
Hobart
Total
possible
observations
frontal areas with values higher
2
than 22 kg n r differences increase
184
5563
Surface
5381
6956
91
up to 4 kg m~2).
SYNOP

5. P r e l i m i n a r y results f r o m
the f i r s t S O P - J u l y 1 9 9 4
a. Data collected
The number of observations
collected during the first SOP is

827

849

66

977

SHIP

63

39

0

81

-

AWS

5893

5121

1776

7717

-

Buoy

6924

4338

0

7110

Upper air
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radiosonde ascents have been collected, representing
61% of those possible. At Dumont D'Urville and
Halley, the radiosonde programs were augmented so
that two rather than the normal one ascent per day was
made. Successes included obtaining 100% of the
once-daily profiles from the South Pole and 87% of
those from Bellingshausen at the tip of the Antarctic
Peninsula.
At present we have 7717 observations from AWSs.
The rapid processing of the offline, 3-h data from the
U.S. AWSs by the University of Wisconsin—Madison
allowed us to assemble 86% of the possible data for
these sites. Other data are available for the Finnish and
Australian AWSs.
During the Austral winter no research vessels were
operating in the Antarctic, but some ships reports were
received from commercial vessels whose courses took
them just south of 40°S. A total of 81 reports were
received via the GTS with 63 coming from Bracknell
and an additional 18 from Hobart.
A total of 7110 reports were received from 22 drifting buoys south of 40°S. This large number of reports
was achieved because many of the buoys report at a
frequency of about 90 min, giving very frequent coverage of the sea ice zone and the area immediately to
the north. However, despite the frequent passes by the
polar-orbiting satellites to collect the data, only 41%
of the possible reports were received, indicating the
problems in getting data from the buoys onto the GTS.
The locations from which buoys supplied data are
shown in Fig. 9. The large gap in coverage through
the Bellingshausen, Weddell, and Amundsen Seas
should be noted.
A total of 235 infrared, Antarctic composite satellite images were collected from the Madison online
archive. Eight images were collected on most days,
with the only major problem being encountered on
4 July, because of a power failure at Madison.
HRPT data were collected from four stations.
Rothera collected 288 passes of NOAA data during
the month, while Palmer and McMurdo collected 224
and 298, respectively. Casey took approximately one
image per day, but in hardcopy form only. Palmer also
collected 253 passes of DMSP data and McMurdo 294.
Global SSM/I brightness temperatures for the SOP
were obtained from NASA. These provide coverage
of virtually the whole of the FROST area every 12 h.
The complete set of in situ observations collected
during SOP-1 are available on the Internet and can be
obtained by anonymous FTP from directory /pub at
computer bssiaa.nbs.ac.uk. The surface synoptic and
1968

FIG. 9. Tracks of all drifting buoys during SOP-1.

radiosonde data are in files july_synop.mer and
july_ua.mer, respectively.
b. The manual analyses
The preparation of the analyses over the oceans and
over the continent presented two completely different problems, and we will here consider how the analysts approached these tasks of preparing the charts
with the FROST data separately.
The most important form of data used in the preparation of the analyses over east Antarctica was the AWS
observations, and plots of their surface pressure values for the month of July 1994 from the eight Australian AWSs are shown in Fig. 10. These indicate the
variability of conditions that were experienced on the
plateau on a range of timescales. Many of the pressure fluctuations are experienced across the whole area
covered by the AWSs, such as the fall in pressure from
1 to 5 July, suggesting that large-scale changes are taking place. At other times, more localized changes are
apparent, such as the fall in surface pressure between 7
and 10 July, that is most apparent at AWSs G E 0 3 and
LGB10.
When the AWS surface pressure and temperature
values are converted to 500-hPa heights and averaged
over the month, the field shown in Fig. 11 is obtained.
Here the broad picture of high values in the interior
and a 500-hPa manifestation of the circumpolar trough
is obtained, along with a number of individual high
and low centers. Two points about this mean chart are,
Vol. 77, No. 9, September 1 9 9 6
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FIG. 10. The surface pressure variation at eight Australian
AWSs through July 1994. Station locations can be determined
from Fig. 1 and appendix B.

FIG. 11. The monthly mean 500-hPa geopotential height field
over east Antarctica in July 1994. Contour interval 4 dam; the
496-dam contour is indicated.

first, the impact of the Lambert Glacier Basin on the
500-hPa height field, revealed by the expanded network of AWS observations in this area; second, that
most station 500-hPa heights are significantly greater
in July 1994 than July 1993 and associated with
lighter, more variable, resultant winds.
The closure of Vostok, one of the major network
deficiencies for this exercise, may not prove so serious. Upper-atmosphere physicists are establishing a
network of Automatic Geophysical Observatories
(AGOs) on the high plateau to obtain a better understanding of the electrodynamics of the polar cap region. Some surface meteorological data from one
of these stations located about 70 m higher than,
and 430 km SSW of Vostok, were obtained for
SOP-1. These had a significant impact on the contour
analyses.
The variations that can occur on a day-to-day basis are apparent in Fig. 12, which shows the analyses
at 0000 UTC 5 and 16 July. These indicate occasions
when surface pressure was generally low and high,
respectively, over east Antarctica, and comparison
with the data in Fig. 10 shows the broadscale changes
that took place between the dates. It was possible to
obtain reasonable sequential consistency between the
fields on a day-to-day basis, although merging of these
with those over the sea is necessary before the behavior and movement can be assessed. Some daily wind
speeds are quite high and require examination. These
analyses also suggest that assumptions that synopticscale pressure gradient forcing can be disregarded in
modeling the surface wind behavior over east Antarctica need to be carefully considered.

Over the ocean, the surface analysis was based
largely on the UKMO charts with modifications being made in the light of late data, the interpretation
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FIG. 12. The 500-hPa contour field at 0000 UTC on 5 and
16 July 1994. Contour interval 4 dam; the 480-dam contour
indicated on 5 July, and the 520-dam contour on 16 July.
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taken in the Australian analyses, the satellite imagery,
and the BAS depression tracks. However, producing
an optimum analysis on some occasions was not easy
when the model fields were very different. For example, at 1200 UTC 6 July 1994 a low near 70°S,
100°W was analyzed as having a central pressure of
948 hPa on the UKMO chart and above 970 hPa on
the NCEP product. As this low was in the main datavoid area of the Bellingshausen Sea, where analysis
is mainly based on TOVS data, it was difficult to determine the true nature of the surface field.
Late observations available to the FROST analyst
had only a limited effect on the final product. On some
occasions they could provide better definition of pressure centers and pressure gradients but, in most cases,
these changes have not required major alterations to
the original analyses. Late reports from drifting buoys
have provided important pieces of data influencing
these changes. The limited impact of late data over
the ocean areas suggests that the models have a reasonable representation of the synoptic-scale circulation over the ocean areas. The observations with the
most impact were Grytviken (South Georgia), Crozet
Island, and Kerguelen Island.
The preparation and assessment of the manual
analyses was a complex task and required the analysts
to consider many factors, including the maintenance
of vertical consistency between the surface pressure
and upper thickness fields, taking into account the
different TOVS confidence levels.
The vertical consistency of the PMSL and 500-hPa
height fields were checked as well as the continuity
of upper-air features. As might be expected of the
work of experienced and skilled analysts, the temporal continuity was found to be generally very good.
Examination of the vertical consistency of contemporaneous PMSL and thickness analyses has revealed
a rather more worrying situation. Detailed examination of the surface and thickness charts for the first 6
days of SOP-1 revealed on most charts at least one
instance of a significant vertical inconsistency (e.g.,
a thickness ridge intersecting a surface cold front).
This situation probably arose because of the practice
of drawing up each set of analyses (PMSL or thickness charts) in temporal sequence, with very little
cross-checking between the different levels. Hence,
when the remaining final versions of the analyses are
prepared, the PMSL and thickness charts will be produced in sets (with one set for each individual chart
time) with these contemporaneous charts being carefully monitored to ensure vertical consistency.
1968

c. The synoptic situation during SOP-1
The atmospheric conditions during SOP-1 will be
illustrated by the mean UKMO fields and the anomalies from the long-term (1985-94) mean for the
month. Figure 13 shows the July 1994 mean PMSL
field and Fig. 14 the anomaly. The most striking feature of the anomaly field is the large positive anomaly
over the Amundsen and Bellingshausen Seas, which
have maximum values of greater than 12 hPa. This
was a result of the large quasi-stationary blocking
anticyclones that were present in this area during the
middle part of the month. The effect of this on the
mean field was to give a poorly defined circumpolar
trough over the Bellingshausen Sea, with the low center being weaker than normal and displaced to the west
over the Ross Sea. The positive anomalies also extended over the southern Weddell Sea and across east
Antarctica, although care needs to be taken in interpreting the figures here because of the reduction of
surface data to mean sea level. North of the coast of
east Antarctica, in the latitude band 50°-60°S, PMSL
values during the month were lower than normal, although the low centers in the circumpolar trough were
close to their usual positions near 30° and 100°E.
The behavior of mid- and high-latitude cyclones
during SOP-1 was investigated by the meteorology
group at the University of Melbourne using the
Australian GASP analyses. They are using a completely
automated scheme to document the behavior of all cy-

FIG. 13. The July 1994 mean PMSL field derived from the
UKMO analyses.
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FIG. 14. The July 1994 mean PMSL anomaly field derived from
the UKMO analyses.

FIG. 15. The paths of all depressions during July 1994 as
determined with the automatic tracking software. To be included,
depressions had to have a lifetime of at least 24 h.

clones located south of 50°S during the three SOPs.
They are compiling various statistics including cyclone density, cyclone velocity, central pressure of the
lows and geographical distribution of cyclone formation and decay, and cyclone lifetime and mobility.
The cyclones are identified and tracked using the
algorithm described by Murray and Simmonds (1991),
which has already been applied to a wide variety of
problems associated with synoptic behavior in the
polar regions (Simmonds and Wu 1993; Jones and
Simmonds 1993, 1994; Simmonds and Law 1995).
Work so far has concentrated on analyzing the behavior of cyclones present in the Australian GASP analyses. Here the twice-daily analyses were used, and the
criterion applied for depression tracking was that a
system must last for at least two analysis times (i.e.,
must have a lifetime of at least 24 h). Figure 15 shows
the tracks of all depressions during SOP-1. It is apparent during this particular month that a number of
cyclones were found on a common axis near 60°S,
extending around the coast of east Antarctica. Over
the southern Bellingshausen Sea there were few depressions as a result of the block that occupied this
location for much of the month. There was a maximum of cyclone density in the south Indian Ocean,
and this agreed well with the negative PMSL anomalies. As usual, most depressions failed to penetrate far
into the interior of the continent, although a few tracks
are apparent even over the high plateau.

d. An assessment of the numerical analyses
Earlier studies have shown that the operational
analyses from the Australian GASP model and the
NCEP model differ by more over the Antarctic than
in any other region of the world (Bourke 1996). This
was reflected during the winter SOP, as can be seen
in the difference between the monthly mean PMSL
fields shown in Fig. 16. Here the differences range
f r o m - 1 8 to+15 hPa, with the largest differences over
the Antarctic continent itself. As parts of the continent rise to over 4 km above sea level, some differences are to be expected because of the different
methods by which PMSL is derived from data at the
lowest model sigma level. However, this cannot explain all the differences in the mean fields. Over the
ocean areas, the largest differences are over the southern Amundsen Sea where values up to - 1 1 hPa are
found, with differences of greater than - 4 hPa in a
tongue extending toward South America. However,
as the differences between the PMSL analyses produced by NCEP and ECMWF over the ocean near
west Antarctica are much smaller (2-3 hPa), it is likely
that the problem lies with the GASP analyses.
The corresponding differences between the two
models at the 500-hPa level are shown in Fig. 17. This
level is well above the highest parts of the Antarctic
and is therefore affected very little by the representation of topography or any data reduction. However,
as with the PMSL fields, the largest differences be-
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tween the two models are over the continent with values ranging from +55 to - 1 3 0 gpm. The largest difference was over west Antarctica where the GASP
field was up to 130 gpm higher than the AVN field,
with positive differences extending over the Antarctic
Peninsula and to the South Pole. Over the ocean areas the sign of the PMSL and 500-hPa anomalies was
well correlated, indicating the barotropic nature of the
atmosphere at these latitudes. At 500 hPa the AVN
and ECMWF were again very similar with differences
over the ocean generally less than 30 gpm. Over east
Antarctica, the ECMWF fields were lower than those
from AVN by up to 60 gpm.
The representation of conditions over the continent
in the NCEP model were examined, although because
not all the required quantities were available in the
analysis dataset, the 12-h MRF predictions were used.
However, they are taken to approximate the model's
depiction of the actual conditions.
The surface wind field over the Antarctic ice sheets
is becoming appreciated as one of the dominant forcing functions at high southern latitudes (e.g., Parish
et al. 1994). The vector average surface wind from the
MRF output is shown in Fig. 18a. For comparison, the
simulated winter surface winds over Antarctica from
the model of Parish and Bromwich (1991), which produces a realistic time-averaged depiction (from Tzeng
et al. 1994), is shown in Fig. 18b. The MRF clearly
captures the overall drainage pattern over Antarctica.

Notably, the MRF resolves the near-coastal strong
wind zones near 145°, 70°, and 20°E; the last is shifted
westward in relation to its position in Fig. 18b. Two
noticeable shortcomings are the anomalous winds
over west Antarctica, especially near the southeastern side of the Ross Ice Shelf (~150°W), and the absence of the pronounced southerly (barrier) winds
along the east side of the Antarctic Peninsula
(-60°W). The former shortcoming may be a consequence of the highly anomalous pressure field over
the Amundsen Sea associated with the concurrent
ENSO event (Trenberth and Hoar 1996). The latter
difficulty has been observed in other models (Hines
et al. 1995) and has been related to the treatment of
the turbulent heat flux.
To contrast the MRF surface winds with concurrent surface observations [along the lines of Hines
et al. (1995)], Table 3 compares winds from AWSs
chosen to be in somewhat homogeneous areas with
MRF values from the nearest grid point. The simulated resultant speeds are generally seen to be within
2-3 m s_I of those observed. The MRF winds at Larsen
reflect the lack of simulated barrier winds to the east
of the Antarctic Peninsula. The MRF resultant directions agree with those observed to typically better than
30°; this is not as good as found with other numerical
models (Parish and Bromwich 1991; Hines et al.
1995). The MRF directional constancies (ratio of the
vector-average speed to the scalar-average wind

FIG. 16. The difference between the monthly mean PMSL
fields from the GASP and NCEP AVN models for July 1994.

FIG. 17. The difference between the mean monthly 500 hPa
height fields for July 1994 as produced by the Australian GASP
model and the AVN model.
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speed) are almost identical to the observed, suggesting that the time-varying forcing over the continent
is well captured by the model. The surface temperatures, whose contrast with the free atmosphere constitutes the driving force of the surface winds, are also
summarized. Agreement to better than 5° is characteristic. Overall, it can be seen that the MRF model
does a good broadscale job of handling the Antarctic
surface winds during winter, although significant
shortcomings do exist that require further study.
Another important climatic field over Antarctica is
the precipitation rate, whose fluctuations on interannual timescales are related to global sea level
changes (e.g., Jacobs 1992). Because this field is characterized by small-scale variability, only the zonal
mean is presented here (Fig. 19). Around 85°S the
simulated precipitation for July amounts to 13 mm of
water equivalent, while closer to the Antarctic coast
near 75°S, the values climb to about 25 mm.
Comparison data are very limited because of the difficulties of directly observing precipitation amounts
in Antarctica (Bromwich 1988). However, the snow
accumulation rate is approximately equal to the precipitation rate, and the annual mean approximates the

winter average. Looking at the multiannual accumulation depiction of Giovinetto and Bentley (1985),
values at 85°S average 8 mm month 1 and at 75°S average 18 mm month 1 (with extrapolation over small
ocean areas). A realistic meridional precipitation distribution is thus captured by the MRF. The precipitation rate north of the Antarctic coast increases toward
the axis of low pressure surrounding Antarctica (the circumpolar trough). Much more exhaustive evaluations
of the above material are planned.
e. The numerical forecasts for SOP-1
Here we will examine the forecasts that were available over the GTS, that is, the output from the ECMWF,
UKMO, NCEP AVN, and Australian GASP models.
The output of each model was verified against its own
analyses, and, because of the problems in the computation of MSLP over the Antarctic Plateau, the discussion here focuses on the 500-hPa geopotential
height field. The region considered is that south of
55°S. The model output was processed to a regular
latitude-longitude grid, but an area weighting was
applied in the calculations. The U.S. AVN predictions
were only available out to a 72-h forecast period,

FIG. 18. (a) The MRF surface winds for July 1994. Scale in m s_1 for the vector averages is shown by the arrow length at bottom.
Latitudes and longitudes are given every 15°. (b) The winter surface winds (in m s_1) over the Antarctic continent predicted by the
model of Parish and Bromwich (1991). Parallels and meridians every 10°.
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TABLE 3. Comparison of average MRF 12-h surface predictions (M) with concurrent AWS observations (O) for July 1994 at
1200 UTC. Observed resultant speeds have been adjusted from 3 m to the model height of 10 m. Directions reported to the nearest 5°.

Location
°

Resultant wind
speed (m s_1)

Temp. C
S

°

E

M

O

M

Resultant wind
dirn. (Deg.)
O

M

Dir.
Const.

No.*

Name

O

M

O

24

Dome C

75

123

-60

-61

3

1

190

185

0.5

0.5

62

Nico

89

090

-60

-60

7

5

280

320

0.8

0.9

66

Henry

89

000

-60

-58

7

7

30

60

0.9

0.9

25

D-80

70

135

-40

-44

8

—

130

—

0.8

—

26

D-47**

67

139

-30

-29

10

11

130

150

0.9

0.9

36

Lynn

74

160

-35

-41

7

9

225

305

0.7

0.7

37

Sandra

74

160

-35

-39

8

12

260

280

0.9

0.9

60

Lettau

83

174 W

-30

-35

2

3

160

150

0.6

0.6

56

Marilyn

80

165

-35

-32

10

9

250

250

0.9

0.9

99

Larsen**

67

61 W

-20

-28

4

2

230

180

0.6

0.5

* The number here refers to the identifier used on the map in Fig. 1.
** Observed averages based on about 50% of the total observations (n = 31).

while the GASP products extended to seven days.
Figure 20 shows a range of verification measures of
the four operational systems over the south polar region for SOP-1. For July 1994 (as well as the other
two SOPs) the ECMWF forecasts were the most skillful, with the U K M O products a close second.
Generally, the GASP system was the poorest performer, although the gap narrowed considerably for
the 4- and 5-day forecasts. Taking an anomaly correlation of 60% as the limit of useful skill indicates that
the 500-hPa geopotential forecasts are useful out to
about day 5.
Even when verified against their own analyses, the
predicted 500-hPa geopotential height fields developed a slight bias, of the order of 1 to 2 dam by about
day 5 of the forecasts. The ECMWF and UKMO predictions had the largest biases, consistently positive
for ECMWF and negative for UKMO.
Despite the differences in the NWP systems, the
day-to-day performances of the systems tend to fluctuate in "sympathy" to a surprising degree suggest1968

ing, perhaps, variations in the inherent predictability
of the atmospheric flow, as operational systems and
data problems generally vary among the centers.
Figure 21 shows a comparison of two measures of
the skill of the ECMWF 96-h predictions of 500-hPa
geopotential height for July 1994 and the other two
SOPs. Also shown are similar measures computed
over the midlatitudes of the Southern Hemisphere
(20°-60°S). The prediction skill for the region south
of 55°S is lower than that for midlatitudes. The difference is small when using anomaly correlation as
the measure of skill, but rms errors are about 20%
higher for the polar region than for the midlatitude
region. These differences indicate both the higher
variance of the fields at high latitudes and some lower
level of prediction skill in the higher-latitude region.
The anomaly correlation values did not vary much
through the three SOPs, but the rms values decreased
by 20% from July 1994 to January 1995, again reflecting the higher variance of the field in the winter
period.
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6 . Discussion
At the time of this writing, the preparation of the
reanalyzed charts for SOP-1 was nearing completion,
and the lessons learned during this work were being
considered before moving on to the second and third
SOPs. The reanalysis of the SOP-1 charts for the
ocean areas suggests that the late, non-GTS data had
only a limited effect on the final analyses and that the
models were making good use of the available data
over the ocean. Although some large differences were
found between the different operational analyses,
these were usually in data-sparse areas, such as the
South Pacific. Here it is important to receive the
TOVS data in a timely fashion if the many new developments and rapidly deepening lows found in this
area are to be correctly analyzed. Analysis in this area
would also benefit greatly from the deployment of
drifting buoys that at the moment are usually found
in the Eastern Hemisphere. The distribution of drifting buoys improved slightly by the time of SOP-2 and
SOP-3, but the continuity of buoy deployments around
the Antarctic is essential in the future.
The surface- and upper-air anomaly fields, along
with the analysis of depressions carried out using the
automatic tracking scheme, suggest that SOP-1 was
an atypical month. However, finding a "typical"
month is not easy when we consider that the year of
the FGGE was considered anomalous because of the
extensive cyclonic activity around the coast of east
Antarctica (Physick 1981). For the work that is to be
carried out with the FROST data, the three months of
observational and model output should provide a satisfactory range of situations and cases for most of the
planned activities.
A number of research projects are already planning
that will make use of the FROST dataset to investigate synoptic or mesoscale atmospheric processes and
systems. The Meteorology Group at the University of
Melbourne will be using their automatic depression
tracking scheme to investigate the cyclonic activity
during the SOPs and comparing their results with climatological data on depression activity. This comparison will consider whether the differences are due to
the better data coverage during the SOPs or some
manifestation of longer-term variability or change. A
further goal will be to determine how much of the
interannual variability of high-latitude cyclone behavior is associated with variations of Antarctic sea ice.
The availability of the Madison satellite imagery
for the ocean areas around the Antarctic allows
Bulletin of the American Meteorological Society

the application of the Guymer (1978) technique that
provides an estimation of 500-1000-hPa thickness
and PMSL anomalies from the form of the cloud
signature associated with midlatitude depressions.
Once the series of manual analyses for the SOPs have
been prepared, consideration will be given to once
again testing this technique over the Southern
Ocean. Limitations on the scheme derive from uncertainties about its applicability in the high latitudes
and the credibility of existing climatology for the
region.
One of the most interesting aspects of the highlatitude circulation that can be studied using the
FROST data is the synoptic and mesoscale activity on
the plateau. The 500-hPa height analyses prepared
from the AWS data showed the extent to which individual systems could be followed on a day-to-day
basis, and future work will consider the development
and structure of these disturbances using satellite imagery and sounder data.
Further research opportunities that could be undertaken with FROST data include the following:
1) Case studies. These will be carried out using observational and model data to construct conceptual
models of specific developments.
2) Model investigations. These will involve the incorporation of late or revised data and studies of
model climatologies or model diagnostics.

FIG. 19. The MRF zonal-mean precipitation July 1994.
Estimates at 85°S and 75°S from Giovinetto and Bentley (1985)
are indicated by the two dots.
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FIG. 20. Comparison of monthly average verification results (a) skill score, (b) rms error, (c) bias, and (d) anomaly correlation of
500-hPa geopotential height predictions over the south polar region (55°-90°S) for the July 1994 SOP from four operational centers,
ECMWF (denoted as ECSP), Australian Bureau of Meteorology (GASP), NCEP Washington AVN (USAVN), and the UK
Meteorological Office (UKGC). The predictions were verified against analyses from their own operational system.

3) Satellite studies. A number of research topics will
be considered, including the development of new
TOVS retrieval techniques over the sea ice and
high topography, SSM/I precipitation retrieval improvements at high latitude, and assessing the
value of scatterometer data.
4) The use of new forms of satellite data, such as
SSM/I data products, in assimilation schemes.
5) Studies of the effects of using realistic sea ice extent data in forecast model runs.

available without charge from the Publication Distribution Program, Byrd Polar Research Center, Ohio
State University, 1090 Carmack Road, Columbus, OH
43210-1398.

It became clear during the first FROST workshop
that there are many interesting research opportunities
that could be pursued using the FROST data. It is
hoped that those concerned with Antarctic meteorology from an operational forecasting or research point
of view will make use of the data, which is freely
available to interested individuals or groups. Those
interested in using the data should contact the first
author for further information.
An NSF-sponsored workshop was held at the Byrd
Polar Research Center in August 1993 to prepare a
science plan (Bromwich and Smith 1993) for the participation of U.S. investigators in FROST. Copies are

A p p e n d i x A: Acronyms used in the
paper

2030

Acknowledgments. The authors would like to thank SCAR for
their support of the FROST project since 1992. The help of the
national operators of Antarctic research stations in collecting
additional data during the special observing periods is also gratefully acknowledged.

ABM
AGO
AVHRR
AVN
AWS
BAS
ECMWF
FGGE

Australian Bureau of Meteorology
Automatic Geophysical Observatories
A d v a n c e d Very High R e s o l u t i o n
Radiometer
aviation forecast run at NCEP
automatic weather station
British Antarctic Survey
European Centre for Medium-Range
Weather Forecasts
First GARP Global Experiment
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FIG. 20. Continued.

FROST
FTP
GAC
GARP
GASP
GRIB
GTS
HIRS
HRPT
IGY
IWV
MRF
NASA
NCEP
NMC
NOAA
NPC
PACA
PMSL
RR
SATEM

First Regional Observing Study of the
Troposphere
file transfer protocol
Global Area Coverage
Global Atmospheric Research Program
Global Assimilation and Prediction
gridded binary
Global Telecommunications System
High Resolution Infrared Radiation
Sounder
High Resolution Picture Transmission
International Geophysical Year
integrated water vapor
Medium Range Forecast run at NCEP
National A e r o n a u t i c s and Space
Administration
U.S. National Centers for Environmental Prediction
National Meteorological Centre, Australia
National Oceanic and Atmospheric
Administration
national points of contact
Physics and Chemistry of the Atmosphere
pressure at mean sea level
rain rate
satellite temperature
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FIG. 21. Comparison of mean prediction skill (anomaly
correlation and rms error) of the 96-h ECMWF forecasts of 500hPa geopotential height for the south polar region (denoted as
spol) and the southern midlatitudes (20°-60°S, denoted as sanu).
Note that the upper two curves are anomaly correlation values
and relate to the left-hand axis. The two lower (rms) curves relate
to the right-hand axis.

SCAR
SMM/I
SOP

Scientific Committee on Antarctic
Research
Special Sensor Microwave/Imager
Special Observing Period
2025
Unauthenticated | Downloaded 01/09/23 11:49 PM UTC

TIROS
TOVS

Television and Infrared Observation
Satellite
TIROS Operational Vertical Sounder

UKMO
WMO

United Kingdom Meteorological
Office
World Meteorological Organization

Appendix B: List of stations and A W S s operating in the
Antarctic as of January 1 9 9 6

No.
on map

WMO/ARGOS
number

Lat

Long

Height
(m)

1
2
3
4
5
6a
6b
7
8
9
10
11
12a
12b
12c
13
14
15
16
17
18
19
20
21

89705
89514
89512
89524
89532
8918
8982
89542
89757
89762
89564
89758
89577
2537
89568
89573
89571
89592
89803
89611
89810
1170
89813
89805

81°30'S
70°46'S
70°46'S
71°32'S
69°00'S
74°00'S
77°18'S
67°40'S
73°50'S
68°42'S
67°36'S
71°17'S
75°54'S
73°30'S
76°00'S
69°22'S
68°34'S
66°33'S
68°29'S
66°18'S
66°17'S
68°24'S
71°42'S
74°06'S

3°44'E
11°45'E
11°50'E
24°08'E
39°35'E
43°00'E
39°42'E
45°51'E
55°40'E
61°06'E
62°52'E
59°12'E
71°30'E
76°47'E
65°01'E
76°22'E
77°57'E
93°01'E
102°10'E
110°32'E
110°48'E
112°12'E
1H°18'E
109°48'E

2410
117
99
931
21
3353
3810
40
2741
1830
16
2620
2352
2537
2342
18
13
30
2123
41
390
1625
2761
3056

22
23
24
25
26
27
28
29a
29b
30
31a
31b
32

89606
89811
89828
89836
89834
89832
89642
8939
89643
8933
8933
89847
89660

78°27'S
66°43'S
74°30'S
70°01'S
67°24'S
66°42'S
66°40'S
67°05'S
66°49'S
67°01'S
67°54'S
67°37'S
66°17'S

106°52'E
112°42'E
123°00'E
134°43'E
138°42'E
139°43'E
140°01'E
141°22'E
141°23'E
142°41'E
146°54'E
146°12'E
162°20'E

3488
1366
3280
2500
1560
240
43
871
315
31
37
30
30
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Name

AGO-A81
Maitri
Novolazarevskaja
Asuka
Syowa
Relay Station
Dome F
Molodeznaja
LGB20
G E 0 3 (Phillpot)
Mawson
LGB10
LGB46
LGB59
LGB35
Zhongshan
Davis
Mirny
GF08
Casey
Casey Airstrip
A028 (Loewe)
GC41 (Radok)
GC46
(P. Schwerdtfeger)
Vostok
Law Dome Summit
Dome C
D-80
D-47
D-10
Dumont D'Urville
Sutton
Port Martin
Cape Denison
Cape Webb
Penguin Point
Young Island

Operating
nation

USA AWS
India
Russia
Japan
Japan
USA AWS
USA AWS
Russia
Aust. AWS
Aust. AWS
Australia
Aust. AWS
Aust. AWS
Aust. AWS
Aust. AWS
China
Australia
Russia
Aust. AWS
Australia
Aust. AWS
Aust. AWS
Aust. AWS
Aust. AWS
Russia
Aust. AWS
USA AWS
USA AWS
USA AWS
USA AWS
France
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
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No.
on map

33
34
35
36
37
38
39
40
41a
41b
42
43
44
45
46
47
48
49
50
51
52
53
54
55a
55b
55c
56
57
58
59
60
61
62
63
64
65
66
69
70
71
72
73
74
76
77
79

WMO/ARGOS
number

Lat

Long

Height
(m)

89371
7356
7355
89860
89861
7352
89862
7350
7353
89910
89864
89662
7351
7379
89879
89865
89666
89866
8901
8937
89664
89667
89674
89768
89769
89872
89869
89868
89873
89863
89377
89374
89799
8921
89208
89009
89108
21357
21361
21362
21358
21356
21355
21359
89324
89327

67°22'S
74°06'S
73°38'S
74°14'S
74°29'S
74°15'S
74°42'S
74°48'S
74°42'S
74°42'S
74°55'S
74°42'S
73°35'S
73°04'S
71°54'S
76°14'S
76°44'S
77°26'S
77°51'S
78°02'S
77°51'S
77°57'S
77°52'S
78°48'S
78°30'S
78°01'S
80°00'S
79°56'S
83°09'S
80°02'S
82°30'S
78°21'S
89°00'S
89°00'S
90°00'S
90°00'S
89°00'S
85°06'S
84°54'S
83°54'S
84°36'S
82°36'S
83°00'S
82°12'S
80°00'S
73°12'S

180°00'W
163°29'E
160°39'E
160°17'E
160°29'E
163°12'E
161°34'E
163°19'E
164°06'E
164°00'E
163°42'E
164°06'E
166°37'E
169°07'E
171°08'E
168°24'E
163°01'E
163°45'E
167°05'E
166°36'E
166°40'E
166°31'E
166°58'E
166°42'E
168°18'E
170°48'E
165°00'E
169°50'E
174°28'E
178°38'W
174°24'W
173°22'W
90°08'E
179°37'W
0°00'W
0°00'W
0°18'W
135°52'W
128°48'W
134°12'W
115°36'W
137°06'W
121°24'W
113°24'W
120°00'W
127°03'W

30
1700
1980
1772
1525
640
1200
50
88
210
80
88
163
550
30
275
143
120
40
10
24
10
8
920
50
45
75
60
60
55
55
18
2975
3080
2835
2800
2755
549
1006
549
1463
549
945
1433
1530
30
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Name

Scott Island
Tourmaline Plat.
Hi Priestley Gl.
Lynn
Sandra
Priestley Gl.
Shristi
Nansen Ice Sheet
Tethys Bay
Enigma Lake
Manuela
Terra Nova Bay
Cape King
Cape Phillips
Possession Is.
Whitlock
Cape Ross
Marble Point
Willie Field
Pegasus South
McMurdo
Pegasus North
Williams Field
Minna Bluff
Linda
Ferrell
Marilyn
Schwerdtfeger
Elaine
Gill
Lettau
Martha II
Nico
Kelly
Clean Air
Amundsen-Scott
Henry
JC
Erin
Brianna
Theresa
Elizabeth
Harry
Doug
Byrd Station
Mount Siple

Operating
nation

USA AWS
Italian AWS
Italian AWS
USA AWS
USA AWS
Italian AWS
USA AWS
Italian AWS
Italian AWS
Italian AWS
USA AWS
Italy
Italian AWS
Italian AWS
USA AWS
USA AWS
Italian AWS
USA AWS
USA AWS
USA AWS
USA
USA AWS
USA
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
USA AWS
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No.
on map

WMO/ARGOS
number

Lat

Long

Height
(m)

8917
89264
89268
89065
89062
89066
8910
89061
89063
89269
89261
88970
89064
89057
89056
89058
89053
89050
89251
89054
89262
89266
89059
88963
89055
89042
88968
89258
89967
89022
89214
89014
89002
8932

75°00'S
71°26'S
75°00'S
71°20'S
67°34'S
68°08'S
65°00'S
64°46'S
65°15'S
64°47'S
64°16'S
64°58'S
62°40'S
62°30'S
62°25'S
62°13'S
62°14'S
62°12'S
62°13'S
62°10'S
66°58'S
72°13'S
63°19'S
63°25'S
64°14'S
60°43'S
60°45'S
77°05'S
77°52'S
75°35'S
72°52'S
73°03'S
70°40'S
89°48'S

70°48'W
68°56'W
62°05'W
68°17'W
68°08'W
67°08'W
65°42'W
64°05'W
64°16'W
64°06'W
61°54'W
60°04'W
60°23'W
59°41'W
58°53'W
58°58'W
58°38'W
58°56'W
58°45'W
58°50'W
60°33'W
60°20'W
57°54'W
56°59'W
56°43'W
45°36'W
44°43'W
51°13'W
34°37'W
26°22'W
19°02'W
13°23'W
8°24'W
22°18'W

1395
780
25
55
16
4
25
8
11
8
17
32
???
5
10
10
4
16
10
10
17
91
10
13
198
6
6
20
32
39
20
???
50
1220

80
81a
81b
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
1 1 1
1 12
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The electronic version (on three 3.5" diskettes) is available in several popular
formats that preserve the textual format. In the electronic version, the author index entries are formatted in
complete AMS reference style, so that individual entries can be copied electronically into other works if desired.

JPO 25-Year Cumulative Index

Print

$35/list, $15/members

Electronic*

$45/list, $25/members

*When ordering electronic version, please specify one of the following formats: WordPerfect 5.1/5.2 for DOS; WordPerfect 6.0/6.1 for
Windows; MS Word for Windows 1.0; MS Word for Windows 2.0; or Rich Text Format (RTF).

Send prepaid orders to: Order Department, AMS, 45 Beacon Street, Boston, MA 02108-3693
(Prices include shipping and handling.)
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