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ABSTRACT
In this study, the GPS radio occultation (RO) data from the Challenging Minisatellite Payload (CHAMP)
and Satellite de Aplicaciones Cientificas-C (SAC-C) missions are assimilated. An updated version of the
fifth-generation Pennsylvania State University–National Center for Atmospheric Research Mesoscale
Model (MM5) four-dimensional variational data assimilation system (4DVAR) is used to assess the impact
of the GPS RO data on analyses and short-range forecasts over the Antarctic. The study was performed
during the period of intense cyclonic activity in the Ross Sea, 9–19 December 2001. On average 66 GPS RO
soundings were assimilated daily. For the assimilation over a single 12-h period, the impact of GPS RO data
was only marginally positive or near neutral, and it varied markedly from one 12-h period to another. The
large case-to-case variation was attributed to the low number of GPS RO soundings and a strong dependency of forecast impact on the location of the soundings relative to the rapidly developing cyclone. Despite
the moderate general impact, noticeable reduction of temperature error in the upper troposphere and lower
stratosphere was found, which demonstrates the value of GPS RO data in better characterizing the tropopause. Significant error reduction was also noted in geopotential height and wind fields in the stratosphere.
Those improvements indicate that early detection of the upper-level precursors for storm development is a
potential benefit of GPS RO data. When the assimilation period was extended to 48 h, a considerable
positive impact of GPS RO data was found. All parameters that were investigated (i.e., temperature,
pressure, and specific humidity) showed the positive impact throughout the entire model atmosphere for
forecasts extending up to 5 days. The impact increased in proportion to the length of the assimilation period.
Although the differences in the analyses as a result of GPS RO assimilation were relatively small initially,
the subtle change and subsequent nonlinear growth led to noticeable forecast improvements at longer
ranges. Consequently, the positive impact of GPS RO data was more evident in longer-range (e.g., greater
than 2 days) forecasts. A correlation coefficient is introduced to quantify the linear relationship between the
analysis errors without GPS RO assimilation and the analysis increments induced by GPS RO assimilation.
This measure shows that the growth of GPS RO–induced modifications over time is related to the prominent error reduction observed in GPS RO experiments. The measure may also be useful for understanding
how cycling analysis accumulates the positive impact of GPS RO data for an extended period of assimilation.

1. Introduction
Some of the most remarkable features of the atmospheric circulation in the mid- to high southern lati-
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tudes are the frequent and often intense cyclonic storms
(Simmonds and Murray 1999). These low pressure systems have a substantial impact on local weather and
over extended periods they play a prominent role in
poleward energy transport. Recent advances in numerical weather prediction over the Antarctic provide great
opportunities to improve forecasts of these weather systems. One example is the Antarctic Mesoscale Prediction System (AMPS), an experimental modeling system
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operated at the National Center for Atmospheric Research (NCAR) in support of the U.S. Antarctic Program (Powers et al. 2003). AMPS is particularly valuable in providing real-time forecasts with a highresolution atmospheric numerical model optimized for
high latitude use, the Polar fifth-generation Pennsylvania State University–National Center for Atmospheric
Research Mesoscale Model (Polar MM5; Bromwich et
al. 2001; Cassano et al. 2001). As a limited-area modeling system, AMPS requires global analyses for its initial conditions, which are adapted from the Aviation
(AVN) global analyses of the National Centers for Environmental Prediction (NCEP). Bromwich et al.
(2003) found that the forecast skill of AMPS is strongly
tied to the quality of the AVN analyses. This is partly
due to the limited amount of observations over the
data-sparse Antarctic that can be assimilated into the
model to enhance the analyses. Similarly, Monaghan et
al. (2003) investigated the performance of AMPS for a
period of intense synoptic activity in the Ross Sea in
December 2001 and concluded that the poor quality of
initial conditions was responsible for the unusually poor
forecasts of AMPS during this time. This 50-yr event
had an important impact, shutting down aircraft operations and field activities for nearly 1 week at McMurdo
Station, the hub of the U.S. Antarctic Program (see the
appendix for a detailed description). Thus, we choose
to focus on this case for the present data assimilation
study.
Several studies have examined the quality of global
analyses over high southern latitudes (e.g., Adams
1997; Cullather et al. 1997; Leonard et al. 1997; Bromwich et al. 1999). Although some of the studies reported
improving skill of global analyses in the region, some
deficiencies are clearly identified in the analyses and
forecasts. Simmons and Hollingsworth (2002) verified
and compared operational global analyses of the European Centre for Medium-Range Weather Forecasts
(ECMWF), NCEP, and the Met Office (UKMO) for a
decadal period. They found a measurable and persistent improvement in the accuracy of forecasts from the
three operational forecasting centers, especially in the
Southern Hemisphere. They argued that the forecast
skill in the Southern Hemisphere has reached a level
comparable with that in the Northern Hemisphere.
However, the largest discrepancies between the global
analyses still appeared over the Southern Ocean and
the Antarctic. Interestingly, they also showed that the
local minima of differences between ECMWF and
UKMO in 500-hPa geopotential height are found at the
South Pole and around parts of the coastline of Antarctica where radiosonde observations are available.
This implies that the operational centers use traditional
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observations in a similar manner but assimilate satellite
measurements quite differently over the region. More
recently, Pendlebury et al. (2003) reported similar findings including significant improvements of global forecasts in recent years. They compared global analyses
from five operational centers: ECMWF, NCEP,
UKMO, the Australian Bureau of Meteorology’s Global Assimilation Prediction (GASP), and the Japan Meteorological Agency (JMA). They found that the largest differences among global analyses from the operational centers for the whole globe consistently occur
over the Antarctic and Southern Ocean. They suggested the differences among model systems and the
relative scarcity of observations remain the main
sources of the large discrepancies and emphasized the
importance of in situ observations over the Antarctic
area to reduce such disagreements. As an illustration,
we compared operational analyses from NCEP and
ECMWF for a 2-month period, from 15 November
2001 to 15 January 2002. Figure 1 shows the zonal- and
time-mean differences (NCEP minus ECMWF) of geopotential height and temperature. A notable feature in
the geopotential height is that NCEP analyses generally
have higher heights than ECMWF analyses with big
differences over high southern latitudes and in the
tropical stratosphere. Large temperature differences
are also concentrated in these regions while the differences are small over the northern midlatitudes. These
differences do not demonstrate which analysis is more
accurate. Rather, they represent the degree of uncertainty in the analyses that should be reduced eventually
as has been done over northern midlatitudes. This comparison suggests that the information obtained from the
observing systems for the period analyzed was insufficient to fully characterize the Antarctic atmosphere and
that novel observational platforms should be made
available and utilized. GPS radio occultation (RO) offers one such opportunity.
GPS radio occultation is an active satellite-to-satellite limb sounding technique in which a transmitter and
receiver are placed on a GPS satellite and on a low
earth-orbiting (LEO) satellite, respectively. From the
perspective of the receiver, an occultation occurs when
a GPS satellite is setting or rising behind the earth and
the radio waves from its transmitter traverse the earth’s
atmospheric limb. As the waves pass through the
earth’s atmosphere they are refracted and delayed, resulting in variations in the amplitude and phase of the
received signals. For the given geometry of an occultation, the temporal variations of the signal can be used to
infer the vertical structure of refractive index. This concept has been successfully demonstrated with the GPS
meteorology (GPS/MET) experiment (Ware et al.
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FIG. 1. The differences between NCEP and ECMWF analyses (NCEP minus ECMWF) averaged for 15 Nov
2001–15 Jan 2002. Zonal mean of (a) geopotential height (gpm) and (b) temperature (K). Contour intervals are 10
gpm and 0.5 K. Heavy solid and dashed contours correspond to zero and negative values, respectively.

1996). The GPS/MET experiment confirmed the
unique strengths of GPS RO soundings for weather and
climate studies, including high accuracy, high vertical
resolution, all-weather capability, independent estimates of pressure as a function of height due to an
active probing, three-dimensional global coverage, and
calibration-free operation (Kursinski et al. 1996;
Rocken et al. 1997). Following GPS/MET, the German
Challenging Minisatellite Payload (CHAMP) and Argentinean Satellite de Aplicaciones Cientificas-C
(SAC-C) missions, both equipped with advanced GPS

receivers, were launched in 2000 and have been collecting 400–500 soundings daily nearly continuously since
mid-2001. The results from CHAMP and SAC-C have
confirmed the high accuracy of the GPS RO measurements (Wickert et al. 2001, 2004; Hajj et al. 2002, 2004;
Kuo et al. 2004, 2005). More recently the Constellation
Observing System for Meteorology, Ionosphere and
Climate (COSMIC) was launched in April 2006 and it is
already providing more than 1000 soundings daily, from
6 satellites on board, as of October 2006. The number
of COSMIC soundings keeps increasing and it is ex-
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pected to reach ⬃2500 soundings daily once the LEOs
arrive in their final orbits. In addition to COSMIC, a
number of other GPS RO missions are also being
planned in the next 10 yr. With the increased number of
soundings that will soon be available, it is important to
assess the value of GPS RO data for numerical weather
prediction (NWP).
A variety of data in the retrieval chain of GPS RO
(e.g., phase and amplitude of GPS signals, bending
angle, refractivity, and retrieved temperature, pressure,
and moisture) can be used for data assimilation. The
various forms of GPS RO data differ in the complexity
of their observation operators and the assumptions
made to derive the quantities. Kursinski et al. (1997)
provide detailed information about the measurement
characteristics for each data type. Eyre (1994) and Kuo
et al. (2000) give in-depth reviews of the optimal strategy for assimilation of GPS RO data. Kuo et al. (2000)
concluded that refractivity and bending angle are likely
candidates for practical applications. Both data types
are discussed below.
The early efforts to assess the impact of atmospheric
refractivity data on NWP were observing system simulation experiments (OSSEs) in which simulated observations were generated from higher-resolution models
and then assimilated into dry (Zou et al. 1995) and
moist (Kuo et al. 1997) versions of MM5 fourdimensional variational data assimilation (4DVAR).
They demonstrated that the simulated data are useful
for recovering atmospheric structure, leading to positive impacts on NWP. Relating to the Antarctic atmosphere, Wee and Kuo (2004) revisited the previous
OSSE approaches using an improved version of MM5
4DVAR and a more realistic experiment design. They
claimed that the assimilation of refractivity data from a
COSMIC-like constellation could improve the quality
of Antarctic regional analyses and forecasts. Recently,
Healy et al. (2005) assimilated CHAMP refractivity
data (⬃160 profiles daily) with a UKMO 3DVAR
scheme and reported reduction of temperature error in
the upper troposphere and lower stratosphere, most
notable in the Southern Hemisphere.
The assimilation of bending angle also has been investigated. Zou et al. (2000) and Liu et al. (2001) used
the Spectral Statistical Interpolation (SSI) analysis system of NCEP to assimilate 30 and 837 GPS/MET bending angle profiles, respectively. They found that the assimilation of bending angles slightly improves temperature, especially in the Southern Hemisphere. Zou et al.
(2004) assimilated CHAMP bending angle data along
with many other types of observations for a 2-week
period. They found that the assimilation of bending
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angle data slightly reduces analysis and forecast errors
in the tropics and in the Southern Hemisphere. More
recently, Healy and Thépaut (2006) reported a small
reduction of temperature error in the upper troposphere and lower stratosphere of Antarctica by employing a one-dimensional bending angle observation operator in the ECMWF 4DVAR system.
The assimilation of refractivity does not require complicated and time-consuming ray-tracing computations,
in contrast to the bending angle for which horizontal
inhomogeneity of the atmosphere is fully accounted.
Thus the assimilation of refractivity is straightforward
and computationally inexpensive. The downside of using refractivity is the vertical propagation of bendingangle error due to the Abel transform. The main purpose of this study is to assess the impact of CHAMP
and SAC-C GPS RO refractivity data on analyses and
short-term forecasts over the Antarctic area.
The outline of the paper is as follows. In section 2 the
CHAMP and SAC-C GPS RO refractivity data are described. In section 3 data types other than GPS RO that
are assimilated in this study are outlined, and our MM5
4DVAR method is summarized. Then our experimental design is described. In section 4 the results of assimilation experiments focusing on the impact of GPS RO
data are presented. A summary and conclusions are
given in section 5. An observational evaluation of the
intense synoptic activity that occurred during our case
period is presented in the appendix.

2. The CHAMP and SAC-C refractivity
GPS ROs primarily provide very accurate measurements of the phase and amplitude of radio signals transmitted by GPS satellites and collected from a receiver
on board LEO satellites. Based on these measurements
along with knowledge of the occulting geometry (i.e.,
the precise positions and velocities of the GPS and
LEO satellites), a profile of ray-bending angles is derived under the assumption of a spherically symmetric
refractivity field, and then atmospheric refractivity is
retrieved via an Abel transform. For the neutral atmosphere, the refractivity N can be approximated as in
Smith and Weintraub (1953):
N ⬅ 106共n ⫺ 1兲 ⫽ c1

Pw
P
⫹ c2 2 ,
T
T

共1兲

where n is the refractive index of the atmosphere, T is
the temperature (K), P is the pressure (hPa), Pw is the
water vapor pressure (hPa), c1 ⫽ 77.6 K hPa⫺1, and
c2 ⫽ 3.73 ⫻ 105 K2 hPa⫺1.
Hajj et al. (2004) compared 60 pairs of collocated
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CHAMP and SAC-C soundings occurring within 30
min and 200 km for a period of about 2 months to
evaluate the overall uncertainties in GPS RO measurements without involving other sources of data (e.g.,
NWP analyses or radiosonde observations). They
found that pairs of retrieved temperature profiles agree
to less than 0.5 K in standard deviation and to within 0.1
K in the mean between 5- and 20-km altitude. Wickert
et al. (2004) validated about 46 000 CHAMP soundings
during 2001 and 2002. In their global comparison with
ECMWF analyses and radiosonde observations, the
mean difference is less than 0.4 K in retrieved temperature and less than 0.5% in refractivity, respectively.
They also reported that the standard deviation of
temperature difference is ⬃1 K at 10 km and ⬃2 K at
30 km.
The CHAMP and SAC-C GPS RO refractivity
soundings used in this study are produced by the COSMIC Data Analysis and Archive Center (CDAAC) at
the University Corporation for Atmospheric Research
(UCAR) (data are available online at http://www.
cosmic.ucar.edu), and Kuo et al. (2004) described the
inversion algorithm in detail. They evaluated the accuracy of CHAMP and SAC-C refractivity soundings
over various regions of the globe for the month of December 2001, which includes the period of this study.
The estimated error of GPS RO refractivity, standard
deviation, was generally 0.3%–0.5% for 5–25 km, and it
was slightly larger than the theoretical estimates of
Kursinski et al. (1997).
The distribution of GPS RO soundings used in this
study is shown in Fig. 2. They are highly scattered geographically and cover the entire model domain. The
soundings over the Southern Ocean and the interior of
the Antarctic continent greatly complement the existing coverage from the 11 fixed radiosonde sites in the
Antarctic. The number of soundings available for 12-h
periods (the length of our 4DVAR assimilation window) varies from 24 to 45. The high sampling rate of the
GPS signal (50 Hz) oftentimes leads to soundings with
several thousand levels. Even though we could have
used all of these data for assimilation, we thinned the
refractivity data down to an amount close to the vertical
resolution of our assimilation model. This prevents
GPS RO data from contributing unduly to the observational cost function by outnumbering other data beyond the spatial and temporal resolutions of our assimilation model. Prior to the data thinning, a low-pass
filter has been applied to the refractivity profiles to
prevent potential aliasing on small scales. The observational error of GPS RO refractivity estimated by Kuo et
al. (2004) is used for the 4DVAR assimilations con-
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ducted in this study. The error is vertically correlated
mainly because of the Abel transform that converts
bending angles to a profile of refractivity. To reduce
computational complexity, however, the observational
error is assumed to be vertically uncorrelated, in common with other types of data used in this study. To
some degree the vertical data thinning, applied to GPS
RO refractivity, may support the assumption of independent observations.

3. Experiment framework
a. Data types used for assimilation
The data used here, aside from GPS RO, are only
briefly described since the focus of this study is the GPS
RO refractivity. Many data types are obtained from the
Binary Universal Format Representation (BUFR) archive of the NCEP–NCAR reanalysis project (Kalnay
et al. 1996; Kistler et al. 2001). The dataset is especially
advantageous for research applications since many special datasets from international sources, not available
operationally through the Global Telecommunication
System (GTS), have been collected and included. The
observations obtained from the BUFR data archive are
radiosonde and pibal observations of geopotential
height, temperature, horizontal wind, and specific humidity; surface reports of pressure, temperature, horizontal wind, and specific humidity; cloud-tracked winds
from geostationary satellites; aircraft observations of
wind and temperature; and the Advanced Television
and Infrared Observation Satellite (TIROS) Operational Vertical Sounder (ATOVS) virtual temperature
soundings from the National Oceanic and Atmospheric
Administration (NOAA) polar-orbiting satellites. The
radiosonde and pibal observations contain balloon-drift
information, which is estimated under a few simple assumptions, such as vertical drift with a constant ascent
rate and horizontal drift with the measured wind (more
information is available online at http://www.emc.ncep.
noaa.gov). Because it typically takes 30 min to 2 h from
the launch of a balloon to the completion of the sounding, the measurements can span a significant part of the
assimilation period and drift a considerable distance in
some cases. Since 4DVAR has the ability to assimilate
each measurement at its exact time as well as location,
the information can be utilized effectively in 4DVAR
assimilations. Given the fact that in situ upper-air observations are believed to be one of the most reliable
data sources, the drift information can reduce the data
redundancy problem in the vertical and enables us to
use all available data for assimilation without thinning.
Besides the data from the BUFR archive, additional
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FIG. 2. Geographic distribution of CHAMP (open circles) and SAC-C (filled squares) GPS RO
soundings for the period of 0000 UTC 9–0000 UTC 20 Dec 2001. The shaded area, including the
Antarctic continent, denotes the region used for forecast verification. The lower histogram represents
the number of GPS RO soundings available for each 12-h period.

satellite data are also used: temperature and moisture
soundings from the Moderate Resolution Imaging
Spectroradiometer (MODIS) on board the National
Aeronautics and Space Administration (NASA) Earth
Observing System (EOS) Terra platform (data available online at http://daac.gsfc.nasa.gov); rainfall rate,
total liquid water, precipitable water vapor, and surface
wind speed from the Special Sensor Microwave Imager
(SSM/I) aboard satellites of the Defense Meteorological Satellite Program (DMSP); and surface wind vectors from the NASA Quick Scatterometer (Quik-

SCAT) satellite. The SSM/I (from DMSP F13, F14, and
F15) and QuikSCAT data are produced by Remote
Sensing Systems sponsored by NASA (data available
online at http://www.remss.com). They are only used
over the ocean.
Many operational centers reported significant gains
in forecast skill by switching from the assimilation of
satellite retrievals to the direct assimilation of measured radiances. However, the implementation of the
radiative transfer model and its adjoint, and complex
quality control for the radiance measurements neces-
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sary for direct assimilation, are far beyond the scope of
this study. Instead we assimilate satellite retrievals with
the aim of suppressing the rapid growth of analysis error via continued assimilations over an extended period. Here, we compare against the case in which satellite data are not used at all. The quality of satellite
retrievals has improved substantially owing to advances
in observing systems. For instance, the quality of retrieved soundings of ATOVS has continuously improved, especially since the replacement of the Microwave Sounding Unit (MSU) with advanced instruments
on board the NOAA-15 and -16 satellites. Reale et al.
(2003) showed that the estimated accuracy of the retrieved temperature soundings from NOAA-15 and -16,
compared to collocated radiosonde observations, is
about 1.5 K at 500 hPa in the Northern Hemisphere. In
the Southern Hemisphere, where significantly fewer
conventional observations are available, the retrievals
still showed positive impact and appear to be necessary
to maintain the quality of the forecasts there (Andersson et al. 1991). The same conclusion was drawn from
the NCEP–NCAR 50-Yr Reanalysis (Kistler et al.
2001). The caveat is that the assimilation of radiance data,
as opposed to retrievals, could cause a dissimilar impact
of GPS RO data from what is assessed in this study.
Since the focus of this study is GPS RO data, the
preparation of various observational datasets (e.g., collection, quality check, bias removal, thinning, and assignment of observational error) is only briefly described except for a few key issues. We found that temperature profiles from ATOVS and MODIS are
significantly warmer than the background near the
tropopause level, probably due to broad and overlapping spectral weighting functions used for the retrievals. This necessitates the inclusion of a layer-averaging
operation to the observation operator for those data.
Horizontal data thinning has been applied to MODIS,
SSM/I, and QuikSCAT retrievals to reduce their resolution to an extent comparable with the resolution of
our assimilation model. Due to the overlapping retrievals coming from different satellites, temporal thinning
was additionally applied to SSM/I data with a 30-min
time interval. In the thinning process, the data closest to
a model grid point and nearest to the middle of the
assimilation window are preferred.

b. 4DVAR assimilation method and experiments
The assimilation system used here is based on the
MM5 adjoint model (Zou et al. 1995). The MM5 used
in this study is a full-physics nonhydrostatic limitedarea model with a grid spacing of 90 km, 31 sigma levels, and a 10-hPa model top. The nonlinear MM5 forecast model and its adjoint share a suite of physical pack-
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ages: simple-ice grid-resolvable precipitation (Dudhia
1989), subgrid-scale precipitation (Grell et al. 1994), a
bulk aerodynamic planetary boundary layer, and a
simple radiation scheme.
Recently, some new features have been implemented
in MM5 4DVAR. First, various additional observation
types are assimilated as described earlier. Second, a
weak constraint of a digital filter (Wee and Kuo 2004)
is included to reduce the inadvertent effect of fast oscillations. The high-frequency oscillations may originate either from an unbalanced initial condition or
from measurement noise in the observations. Third, the
variational continuous assimilation (VCA) technique
proposed by Derber (1989) is implemented. While a
longer assimilation window is beneficial for effective
utilization of model dynamical constraints in 4DVAR
assimilations, it can be a problem as well, especially if
the forecast model produces significant errors. The accumulation of model error due to long integrations is
apt to provide a less accurate reference state for the
adjoint model and has the potential to make the tangent linear assumption inaccurate. The VCA method
differs from traditional 4DVAR by attributing observational misfits to model deficiencies instead of an inaccurate initial condition. It seeks a systematic tendency of model errors (assumed stationary or slow
varying in a specified manner) that can minimize the
observational misfit while keeping the initial condition
unchanged. Even though the results were satisfactory
when gridded analyses were treated as observations for
the VCA method (Zupanski 1993; Lee and Lee 2003),
highly localized analysis increments (i.e., numerical
point storms) tend to appear when scattered observations are assimilated in our tests. The reason is that the
spread of information is limited to the vicinity of observations since the background term cannot be included in the method due to the fixed initial condition.
To remedy the problem, a combined 4DVAR method
that provides not only an optimal initial condition but
also an estimate of model error (e.g., Zupanski 1993;
Griffith and Nichols 2001; Vidard et al. 2004) is implemented. We concluded that the combined method is
more desirable than either the traditional method or
the VCA method. As a result of including the model
error-correction term, the analysis is available at the
end of the assimilation period. All of the abovementioned improvements are used for this study.
Figure 3 shows a schematic that illustrates our experiment setup. Two matching assimilation experiments, one with and the other without GPS RO data
(GPS and No GPS hereinafter), are conducted with a
12-h assimilation window. Both experiments assimilate
all other (non-GPS) observations. Each experiment
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FIG. 3. Experiment timeline. The assimilation experiments (GPS and No GPS) are conducted, with a 12-h window, for 48-h periods.
The 4DVAR experiments consist of 19 cases that begin at 12-h intervals from 0000 UTC 9 Dec 2001. They are performed with a cycling
mode in which a 4DVAR analysis is used as the background field for the next cycle (upper-right inset). The initial background field,
for each case, is provided with a 6-h MM5 forecast that has been initialized with the AVN analysis. For each of the experiments, cycles,
and cases, a 5-day forecast is made starting from the 4DVAR analysis. The forecast is also made for the cold start run that takes its initial
condition directly from the AVN analysis.

consists of 19 runs (hereinafter occasionally referred to
as “cases”) that start at different initial times, at intervals of 12 h from 0000 UTC 9 to 0000 UTC 18 December 2001. The background field for each run is provided
with a 6-h MM5 forecast that has been initialized with
the NCEP AVN analysis. The background error is estimated by applying the so-called National Meteorological Center (NMC) method (Parrish and Derber
1992) via forecast difference statistics. At this stage an
identical background field is given to the two experiments (GPS and No GPS) for a given initial time. The
number of GPS RO soundings available for each 12-h
period is shown in Fig. 2.
The resulting analysis, available at the end of the
assimilation window after the completion of 4DVAR
assimilation, is used in turn as the background field for
subsequent 12-h assimilation. The purpose is to magnify the potential impact of GPS RO data by assimilating them for an extended period. In this way the assimilation is continued up to 48 h, and thus the cycling
analysis is applied 4 times in total for each case. From
the second cycle, the GPS and No GPS experiments use
different background fields resulting from the previous

cycle of their own experiment. Therefore, both experiments have 19 runs in each analysis cycle. For each of
the experiments, cases, and cycles, a 5-day free forecast
is made starting from the end of the analysis window.
The total number of forecasts for the 4DVAR assimilations is 152 (2 experiments ⫻ 4 cycles ⫻ 19 cases).
Unless otherwise mentioned, the impact of GPS RO
data in our study is weighed in terms of the average
measure of the 19 runs. Our assimilations from the 19
cases are not purely independent from each other since
their background field may possess a sequential error
correlation; however, these separate realizations, under
varying atmospheric circulations and with different distribution of observations, enable us to characterize the
results with more robustness.

4. Results
a. Assimilation of GPS RO data without other
observation types
To demonstrate the influence of GPS RO data in our
4DVAR framework, a supplementary experiment, in
which only GPS RO data are assimilated for a 12-h
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ing the isolated occultation. These coincide with the
divergence and convergence regions of midlevel outflow. The change in the midlevel wind field again seems
to be dynamically induced by hydrostatic and geostrophic adjustment processes as a response to the
nearby heating. For the area with populated observations, the structure of the AI becomes complicated
since additional factors are involved (e.g., relative location of observations and observational departures
that vary from sounding to sounding).
Figure 5 shows the AIs on the cross section denoted
X–Y in Fig. 4a. The pattern of the AIs gives some insights into the probable changes in the mean flow; the
cooling centered at about 10-km altitude makes the
tropopause sharper and increases the horizontal temperature gradient in the region. Another notable feature is the enhancement of AIs in dynamically unstable
areas, such as around jet cores and the regions with
large horizontal thermal gradients. The baroclinically
unstable areas are where numerical models are prone
to the largest errors in their initial conditions and where
their initial error grows rapidly with time. Therefore,
the locally enhanced AIs are not surprising.

b. Results for first 12-h assimilations

FIG. 4. Analysis increments in the experiment when only GPS
RO data (marked with circled crosses) are assimilated, valid at
1200 UTC 11 Dec 2001: (a) temperature and wind vector at  ⫽
0.54, which is about 545 hPa, with contour interval of 0.2 K; (b)
surface pressure and wind vector at the lowest model level with
contour interval 0.3 hPa; zero value omitted.

period, is presented. Shown in Fig. 4 is the analysis
increment (AI; analysis minus background field) at the
end of the assimilation window, valid at 1200 UTC 11
December 2001. At this particular time there is an isolated observation over the Bellingshausen Sea (denoted
as “i” in Fig. 4a) and populated GPS RO observations
elsewhere (e.g., around the observation denoted as
“p”). Clearly 4DVAR assimilation brings asymmetric
and flow-dependent midlevel temperature (Fig. 4a) and
surface pressure (Fig. 4b) AIs even for the single datum
situation. Interestingly, in the surface pressure, maximum and minimum increments are produced surround-

In this section only the results obtained from 12-h
assimilation experiments (i.e., first cycles) are presented. The results for extended assimilation periods
(from second to fourth cycles) are discussed in the next
section.
The resultant changes in the analysis due to the inclusion of GPS RO can be easily evaluated by comparing analyses with and without the assimilation of GPS
RO data. However, a given distance in refractivity between observation and background would result in
quite different changes in model state variables (e.g.,
temperature, moisture, and pressure), depending upon
the relative background errors assigned to those variables. To reduce such a system dependency, a normalized sensitivity parameter (s) is defined as follows:
s ⫽ rms共xGPS, xNo

GPS 兲Ⲑrms共xGPS,

xb兲,

共2兲

where rms(,) represents the root-mean-square (RMS)
difference between two experiments for a state variable
x. Zapotocny et al. (2002) used the same parameter to
evaluate forecast impact. The subscript b represents the
background field. The sensitivity parameter is calculated over the verification domain shown in Fig. 2 and
it assesses the impact of GPS RO data in the presence
of other observations. The normalization shown above
is advantageous to compare the impact of GPS data on
different variables in a particular assimilation system.
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FIG. 5. Vertical cross section along the heavy line X–Y in Fig. 4. (a) Background potential temperature (solid, contoured at every 10 K) and wind speed (dashed, contoured at
every 5 m s⫺1). Shaded areas denote where the background wind speed exceeds 20 m s⫺1.
(b) Analysis increment in temperature (heavy solid and dashed, contoured every 0.3 K,
zero contour suppressed). Vertical lines in (b) designate the locations of GPS RO soundings.

Otherwise, it would be difficult to discern which is more
meaningful, for example, between a temperature
change of 1 K and a specific humidity change of 1 g
kg⫺1, as a result of GPS RO data assimilation. Hence
this parameter is quite useful to quantitatively understand which variable and which level will benefit most
from the assimilation of GPS RO data.
The average sensitivity shown in Fig. 6 is much larger
than what is expected from the contribution of GPS RO
to the total observational cost function, which is only a
few percent at most. This implies that the changes in the
background due to the assimilation of GPS RO can
stimulate the reduction of observational misfit in other
observation types. There is no significant intervariable
difference in the sensitivity except for the moisture,
which shows larger values below 10 km, suggesting that
the assimilation of refractivity tends to change moisture
more easily unless limited by the absolute amount of
moisture that the modeled atmosphere can accommodate [as can be inferred from Eq. (1) once linearized].
The sensitivity in the wind closely follows the structures
in the pressure and temperature. The magnitude of sensitivity in the wind is comparable with those in the tem-

perature and pressure, which demonstrates that the assimilation of GPS RO refractivity can induce significant
wind changes via model dynamics. It also suggests that
there might be a scarcity of wind observations that
could have constrained winds in a different way.
The average difference of forecast error (GPS minus
No GPS), which means the error reduction due to assimilation of GPS RO, in the verification domain is
presented in Fig. 7. Here the forecast error is defined as
the RMS difference against verifying ECMWF. Since it
is difficult to use radiosonde observations over the Antarctic area for verification purposes due to their limited
number and coverage, we used ECMWF analyses instead. The ECMWF 6-hourly storm track and mean sea
level pressure (MSLP) were compared to the satelliteobserved storm track and MSLP from the nearest automatic weather stations (AWSs) for this case period
and found to be in good agreement (see the appendix),
and therefore we feel it is the best independent dataset
to use for verification at this point. The error difference
remains unchanged in shape throughout the entire forecast period and becomes more pronounced with time.
The error reduction of temperature by assimilation of
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region of interest can be improved in a cost-effective
manner. Although GPS RO is not a programmable
platform, occultation can take place by chance at areas
where information is particularly important (or sensitive) but poorly covered by other observations. With
more GPS RO soundings in baroclinically or convectively unstable regions (where there can be significant
error growth), greater positive impact can be produced
in the subsequent forecasts. Therefore the sparse GPS
RO soundings, available from the current CHAMP and
SAC-C missions, further elevate the case-to-case variation of impact.

c. Results for extended assimilation periods

FIG. 6. Sensitivity of 4DVAR assimilation to GPS RO data (see
text for the definition), averaged over the verification domain in
Fig. 2 in temperature (T), specific humidity (Q), pressure (P), and
vector wind (W).

GPS RO data is concentrated in the upper troposphere
and lower stratosphere, which clearly demonstrates
that GPS RO data are highly useful in characterizing
the tropopause. The reason that the assimilation of
GPS RO data leads to slight temperature degradation
at top levels of model is unclear; however, no attempt is
made to identify the cause since the imperfect upper
boundary condition used for MM5, which affects the
temperature field the most as discussed by Wee and
Kuo (2004), makes the problem quite complicated. In
the geopotential height and wind fields, though, maximum error reduction due to the assimilation of GPS
RO data is achieved at higher altitudes. This may represent a hydrostatic response of the mass field (i.e.,
geopotential height) to the temperature change and
subsequent geostrophic adjustment of the wind field.
Another notable feature in Fig. 7 is a large case-tocase variation of error difference, which is denoted by
horizontal bars. Compared to the mean, the spread of
differences (one standard deviation envelope) is comparable or even larger at some levels. After tracing the
origin, we found that the case-to-case variation is linked
with the spatial distribution of GPS RO observations. It
is well known that numerical weather forecasts are sensitive to small changes in the initial condition over regions with significant baroclinic or convective instability (e.g., Palmer et al. 1998; Bergot et al. 1999; Gelaro et
al. 1999). This leads to the concept of “targeted” or
“adaptive” observations in which additional observations are placed at optimal sites so that forecasts for the

With the application of cycling analysis, the relatively
low observational density of GPS RO data can be
partly overcome. Figure 8 compares the RMS errors for
500-hPa geopotential height and temperature and 850hPa specific humidity for cold start, No GPS, and GPS
forecasts. The cold start forecasts, initialized with AVN
analyses at the end of each assimilation period, are provided as a reference. The cold start runs exhibited
rather unusual evolution of error for the first 12 h and
hence their results for the period are not presented. As
discussed by Wee and Kuo (2004), this is related to the
initial dynamic imbalance. Compared to the cold start
runs, the assimilation runs (No GPS as well as GPS)
show smaller forecast errors for geopotential height
and specific humidity but larger or comparable forecast
errors for temperature. For temperature, the assimilation runs show a slight error increase with cycling. This
is more apparent in the mean bias error of forecasts
shown in Fig. 9. While virtually unbiased for geopotential height and specific humidity, the 4DVAR analyses
become cooler with cycling, in the same direction as the
forecast bias. The model-produced cold bias may stem
from inadequate parameterization of radiation and this
in turn suggests using the Polar MM5 (not used in this
study) for data assimilation over the Antarctic area (a
radiation scheme optimized for the unique ice sheet
environment is implemented in Polar MM5). However,
the increase of temperature error with cycling is small
enough not to deteriorate other parameters. The situation is more favorable for geopotential height since it
is larger in scale and slowly varying so that 4DVAR
assimilations can resolve synoptic-scale systems with
fewer observations, resulting in smaller errors compared to the cold start runs. The improved geopotential
height field represents more accurate positioning of low
pressure centers and accompanying fronts. This again
improves the moisture field that is largely driven by the
atmospheric circulation and mainly concentrated along
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FIG. 7. Difference of forecast errors, GPS runs ⫺ No GPS runs, with forecast time (1–5 days, from left to right).
The forecast error is defined as the RMS difference against the verifying ECMWF analysis. (top) Temperature (K);
(middle) geopotential height (gpm); (bottom) vector wind (m s⫺1). Horizontal bars represent one standard deviation envelope among 19 cases. Negative value means the error reduction due to the assimilation of GPS RO
refractivity.

frontal regions in high southern latitudes. Focusing our
attention on the GPS and No GPS runs, the assimilation of GPS RO data certainly improves forecasts (except for the temperature bias) and this becomes more
obvious with repeated cycling analysis. Analogous results appeared in anomaly correlation as well (not
shown). This suggests that for a region of sparse observations (i.e., the Antarctic area) additional information
from GPS RO can lead to a significant impact in reducing analysis and forecast errors.
We now examine the impact of GPS RO data on the
storm development. The diagnostics for each case indicate that GPS RO data are especially helpful in detecting the upper-level precursors for storm development
(e.g., intensification of troughs and ridges, or enhancement of baroclinicity due to the increase of the thermal
gradient), as can be inferred from the error reduction
shown in Fig. 7. Changes in the mass field also accompany corresponding changes in winds, such as strengthened and displaced jet streaks (not shown). Although

the assimilation of GPS RO data tends to introduce
small changes in the initial conditions, the subtle initial
differences and their subsequent nonlinear evolution
lead to noticeable differences in longer-range forecasts.
The interaction between a developing storm and the
environment is complicated and varies in the time span
of the storm’s life. Here we focus on the forecast differences at the time that the storm was fully developed.
Figure 10 shows the 66-h forecasts of MSLP after a 48-h
assimilation, initialized at 1200 UTC 11 December
2001. The ECMWF analysis valid at the same time is
overlain (dashed contours). The forecast from the corresponding cold start run is also presented as a reference. As mentioned earlier, the cold start runs failed to
accurately predict the storm through the entire development period almost regardless of initial time. The
main problem was the large position error of the simulated storm center and underprediction of storm intensity as shown in Fig. 10a. With 4DVAR assimilation of
all data except for GPS RO, the position error of the

AUGUST 2008

WEE ET AL.

2935

FIG. 8. Time series of RMS forecast error from the second to fourth analysis cycles; (a)
500-hPa geopotential height (gpm), (b) 500-hPa temperature (K), and (c) 850-hPa specific
humidity (g kg⫺1). For cold start runs, errors for the first 12-h periods are not presented.
Note that the actual time difference between the consecutive cycles is 12 h even though
they are 24 h apart in the plots. This is only for graphical convenience.

storm center is greatly reduced (Fig. 10b) and it is further reduced with the assimilation of GPS RO data
(Fig. 10c). As a result, the forecast from the GPS run
has a nearly identical pressure pattern with the verifying ECMWF analysis. However, the central pressure of
the simulated storm is 4 hPa deeper, 935 hPa as compared with 939 hPa in the ECMWF analysis, in both the
GPS and No GPS runs. A detailed analysis of the GPS
and No GPS runs showed that the small difference in
the initial conditions changes the propagation of the
upper-level disturbance, modifies the steering flow of

the storm, and eventually results in the visible difference in the position of the storm. This suggests the
possibility that synoptic-scale storms in the high southern latitudes can be predicted accurately a few days in
advance with 4DVAR assimilation of all available observations. This also indicates that GPS RO data are
useful in improving the early detection of the storm
development.
To better understand the increasing impact of GPS
RO data with continued cycling analysis, a correlation
coefficient between the error of the No GPS run and
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FIG. 9. Time series of mean bias forecast error from the second to fourth analysis cycles;
(a) 500-hPa geopotential height (gpm), (b) 500-hPa temperature (K), and (c) 850-hPa
specific humidity (g kg⫺1). Note that the actual time difference between the consecutive
cycles is 12 h even though they are spaced 24 h apart in the plots. This is only for graphical
convenience.

analysis increment induced by GPS RO assimilation is
defined as follows:
r⫽

共xNo

GPS

⫺ xa兲T共xNo

aGPS

GPS

⫺ xGPS兲

,

共3兲

where the subscript a represents the verifying analysis
(i.e., ECMWF), and a and GPS are the standard deviations of the No GPS run from the verifying analysis
and GPS run. The coefficient can range from ⫺1 in the
case of two difference fields having the same structure
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FIG. 11. Time series of 500-hPa error-increment correlation coefficients of (a) geopotential height and (b) temperature. The
coefficients represent the correlation between two departures of
No GPS run, one from the verifying ECMWF analysis (error) and
another from GPS run (GPS RO–induced increment). Note that
the actual time difference between the consecutive cycles is 12 h
even though they are spaced 24 h apart in the plots for graphical
convenience.

FIG. 10. The 66-h forecasts of MSLP valid at 0600 UTC 14 Dec
2001, contoured at every 4 hPa; (a) cold start run initialized with
NCEP AVN analysis, (b) No GPS run, and (c) GPS run. The
forecasts of No GPS run and GPS run are made after 48-h assimilations. Verifying ECMWF analyses, dashed contours, are
overlain.

with opposite sign to ⫹1 in the case that the GPS run is
identical to the verifying analysis. Therefore the coefficient measures the link between the changes introduced by additional assimilation of GPS RO refractivity and the error of the No GPS run against the verifying analysis. A positive correlation means that GPS
RO–induced increments tend to correct analysis errors
observed in the absence of GPS RO data. The calculated coefficients for geopotential height and temperature at 500 hPa, averaged for all cases in each cycle, are
presented in Fig. 11. The correlation coefficients rapidly increase for the first 24 h and also amplify with
analysis cycles, which is related to the growth of GPS
RO–induced increments as shown in the following example. The 500-hPa temperature differences of the No
GPS run from the ECMWF analysis and again from the
GPS run at the end of the assimilation period of the
fourth cycle, valid at 0000 UTC 12 December 2001, are
visualized in Fig. 12 along with their corresponding differences in 24-h forecasts. In the analyses, the difference between the 4DVAR runs (solid and dashed con-
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FIG. 12. The 500-hPa temperature differences in No GPS run ⫺
GPS run (contours with 0.3-K interval, negative dashed, and zero
omitted) and in No GPS run ⫺ ECMWF analysis (color shaded);
(a) analyses valid at 0000 UTC 12 Dec 2001 after 48-h assimilations; (b) 24-h forecasts from the analyses.

tours) is smaller in scale and even negatively correlated
with the error of the No GPS run (color shading) in
some areas. In the 24-h forecast, however, the deviation
from the GPS run is much larger in scale and positively
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correlated with the deviation from the verifying analysis. However, continued upscale growth of the increments with forecast time causes the decrease of the
correlation. These diagnostics suggest that the changes
obtained from the assimilation of GPS RO refractivity
appear to be random perturbations in the beginning,
but continued assimilations for an extended period
bring dynamically meaningful changes to the largerscale structures. This indicates that cycling analysis accumulates the impact of GPS RO data in each cycle
without wasting the information gained from previous
cycles.
In the case that forecasts from GPS and No GPS runs
are both of good quality and differ only slightly, it
would be hard to discern the impact of GPS RO data
because the uncertainties in the verifying analyses or
observations can overshadow such small differences.
There are about 12 radiosonde stations over the Antarctic region. Except for the South Pole Station, almost
all the other stations are located along the coast of
Antarctica. These stations are affected significantly by
local flows associated with steep and complex topography and land–sea effects. Numerical models, due to
their limited spatial resolution, have difficulty reproducing the complicated flow structure over these regions. Consequently, the comparison with in situ observations often fails to provide discriminating and meaningful results (e.g., Bromwich et al. 2005). Another
possibility is to use the GPS RO soundings for verification. Since the data beyond each analysis period have
not been used for assimilation, they can be used for
verification. The relatively uniform distribution of the
GPS RO soundings (both in time and space) is also
advantageous. Figure 13 shows the RMS error of forecasts of refractivity verified against GPS RO data, after
four assimilation cycles and averaged for each 1-day
period. Clearly the assimilation of GPS RO data improves the forecast at all levels throughout the entire
forecast. Because GPS RO measurement is exclusively
independent of other sources of observational information, this verification is highly valuable.
It would also be useful to verify the forecast in terms
of meteorological parameters (e.g., pressure, temperature, and moisture) in understanding how the refractivity errors can be compared with or related to those
variables. For this purpose, the GPS RO retrievals
readily available from CDAAC/UCAR, produced by a
1DVAR method, could have been used for the verification. However, 1DVAR is less effective than
4DVAR in optimally combining GPS RO data with
other nearby observations and background information; 1DVAR does not include wind as a state variable,
lacks most model physics and dynamics, is blinded to
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FIG. 13. RMS forecast errors in refractivity (%) verified against
GPS RO data available for each 24-h period.

the horizontal structure and flow of the atmosphere, is
unable to utilize flow-dependent background error, and
so forth. Therefore, it would be a natural choice to use
4DVAR to retrieve the meteorological parameters
from GPS RO data. The disadvantages of using
4DVAR as a retrieval scheme are its high computational cost and underutilization of observational information (e.g., discarding the data above the model top
and vertical thinning). While the former matters little
with our case study during a short period (and furthermore many of the needed GPS runs have already been
conducted), the latter may be acceptable. We used the
GPS runs of the first cycle and extended their coverage
to 0000 UTC 25 December 2001. This verification resembles the one against GPS analyses, but the comparison is made on a sounding-by-sounding basis at the
location of the GPS occultations. Therefore the meteorological parameters used for the verification are
largely derived from GPS RO observations. It should
be noted that the verifying runs are unrelated to the
particular GPS run being verified since each run is initiated from its own unique background.
Figure 14 presents the forecast errors in temperature,
specific humidity, and pressure verified against the
4DVAR retrievals corresponding to the GPS RO data
shown in Fig. 13. It is interesting to note the reduction
of temperature error in GPS runs in the midtroposphere (5–7 km) as well as at top levels for the very
short forecast ranges (i.e., from initial time to 1 day).

FIG. 14. RMS forecast errors verified against GPS RO retrievals
available for each 24-h period; (a) temperature (K), (b) specific
humidity (g kg⫺1), and (c) pressure (hPa).
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These improvements persist throughout the forecast
range and increase with time. For the forecasts of moisture and pressure, error reduction due to the assimilation of GPS RO data is identifiable throughout the
model atmosphere during the entire forecast, except for
the slight degradation of moisture in the midtroposphere at day 1. For the case considered in this study
the significant error reduction in the moisture field later
in the forecasts is worth noting since the Antarctic region is considered to be dry and the moisture field is
difficult to analyze and predict. These findings indicate
that the assimilation of GPS RO data can significantly
improve forecasts of moisture over Antarctica.

5. Summary and conclusions
This study has explored the impact of the GPS RO
data from CHAMP and SAC-C missions on analyses
and short-range forecasts over the Antarctic using an
MM5 4DVAR assimilation system. The focus has been
the assessment of the added value of GPS RO data
during the period of intense synoptic activity in the
Ross Sea, 9–20 December 2001.
The results for the first 12-h assimilations (i.e., first
cycles) can be summarized as follows. The impact for
the first cycles was marginally positive or nearly neutral, and it varied greatly from one case to another.
Inspection of the changes in the analysis and short-term
forecasts due to the assimilation of GPS RO data for
individual cases revealed that the largest differences
tended to be near the occultations that occurred in regions with strong baroclinicity. Moreover, the differences were highly oriented toward the baroclinically
unstable areas where numerical models tend to have
large, rapidly growing errors associated with the baroclinic development. Finally, the large case-to-case
variation is attributed to the low density of GPS RO
data and a strong dependency of the data impact on the
location of GPS RO soundings relative to synoptic activity. Noticeable reduction of temperature errors in
the lower stratosphere was exhibited, which demonstrates the value of GPS RO data in better characterizing the tropopause. Significant error reduction was
also noted for geopotential height and wind fields in the
stratosphere. Those seemingly small upper-level improvements are linked to the development of storms.
Because of the low observational density of current
CHAMP and SAC-C GPS RO missions, an immediate
and large impact in the analyses and very short-term
forecasts was difficult to obtain. As the assimilation was
continued over extended periods, however, considerable positive impact of GPS RO data on the forecasts
developed. It was observed in all parameters examined
throughout the entire model atmosphere and forecast
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length out to 5 days and continually increased as the
assimilation period was extended. The diagnostics to
investigate the impact of GPS RO data on the storm
development indicated that GPS RO data may be useful for early detection of the upper-level precursors for
storm development (e.g., intensification of troughs and
ridges, or enhancement of baroclinicity due to the increase of the thermal gradient). The changes in the
mass field also accompanied corresponding changes in
the winds, such as strengthened jet streams and relocated jet streaks. Although the difference between the
parallel runs was relatively small in the analyses, the
subtle change and subsequent nonlinear evolution led
to noticeable differences in longer forecasts. Consequently, the positive impact of GPS RO data was more
evident in longer forecasts. A correlation between the
error and GPS RO–induced increment is introduced to
demonstrate how the upscale growth of perturbations,
attained by the assimilation of GPS RO data, results in
a prominent positive impact in longer-range forecasts.
The correlation also explained how cycling analysis accumulates the positive impact of GPS RO data for an
extended period of assimilation, benefiting from the
scale growth of the perturbations with time. To complement NWP analyses and in situ observations, observed
GPS RO refractivity data and their retrievals are used
for the verification over the data-sparse Antarctic area.
The verification not only showed a positive impact of
GPS RO data, consistent with the results analyzed
against the ECMWF analyses, but also confirmed their
high value for NWP verification and monitoring.
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APPENDIX
McMurdo Storm in December 2001
An intense synoptic-scale storm occurred near McMurdo Station, Antarctica (77.9°S, 166.7°E; the hub of
the U.S. Antarctic Program) in the Ross Sea at the
height of the operational season in December 2001.
Station records from the University of Wisconsin and
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TABLE A1. Total number of storms with minimum sea level pressure ⬍960 hPa in McMurdo region for March 1956–December 2002.
Calculations are based on 6-hourly sea level pressure observations at McMurdo Station prior to 1987, and 3-hourly observations at
Ferrell AWS from 1987 to 2002. Data from Laurie AWS and Williams Field AWS were used when Ferrell data were missing (n ⫽
number of instances; % observations ⫽ percentage of data available for each month).
Month

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

n
% observations

0
97.9

2
98.3

1
98.8

4
99.5

9
98.9

7
98.3

8
97.3

15
96.1

13
94.1

20
97.9

4
99.7

1
97.8

the British Antarctic Survey indicate this was a rare
event for summer; the minimum MSLP at McMurdo
was below 960 hPa, and in the Ross Sea it was 936 hPa
according to the ECMWF operational analyses. Strong
winds sustained above 20 m s⫺1 and gusting to 50 m s⫺1,
precipitation, and blowing/drifting snow caused aircraft
operations at McMurdo to cease for about a week at
the height of the operational season. Table A1 shows
the number of storms in the past 46 yr having a minimum sea level pressure lower than 960 hPa in the vicinity of McMurdo. Storms of this intensity are not an
uncommon occurrence in the winter and early spring
months (May–October), when large equatorward mass
transport can cause significant pressure decreases
across the continent (Parish and Bromwich 1997).
However, this particular storm is the only event in the
McMurdo area that has exceeded a minimum sea level
pressure of 960 hPa during December in the past 46 yr
of continuous records. It is assumed then, that the frequency of a summer storm of this magnitude is rare—
perhaps about 50 yr.

Figure A1 shows the MSLP and wind speed at Ferrell
AWS, near McMurdo, for December 2001. The duration of the storm was from about 12 to 17 December.
During this time, two low pressure systems entered the
Ross Sea from the west and north, indicated by two
peaks in wind speed on 12 and 14 December. The first
rounded Cape Adare at about 1200 UTC 11 December
and dissipated over the Ross Ice Shelf after about 0600
UTC 13 December, merging to some extent with a second and much stronger low pressure system to the
north. This second system, which was longer in duration
and accounted for most of the severe weather observed
in the region, is the one plotted in Fig. 10. It entered the
Ross Sea at about 1800 UTC 12 December and reached
a maximum intensity of about 936 hPa at about 1800
UTC 13 December. Upon reaching this maximum intensity in the central Ross Sea, the storm moved little in
the next 3 days and slowly weakened due to losing upper-level support as it became equivalent barotropic
throughout the troposphere. The system finally moved
eastward out of the Ross Sea on 17 December due to

FIG. A1. Observed MSLP (hPa) and wind speed (m s⫺1) at Ferrell AWS (77.9°S, 170.8°E), near McMurdo, December 2001.
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FIG. A2. Storm tracks for the 12–17 Dec low in the Ross Sea manually identified from satellite imagery (black, circles) and from
the 6-hourly ECMWF analyses (gray, triangles). MSLP (hPa) is also plotted for the ECMWF analyses.

the influence of a transient low to the north. Throughout the storm, winds were considerably higher than
normal, sustained at nearly 20 m s⫺1 at Ferrell, and
much higher in areas closer to McMurdo.
Figure A2 compares the satellite-observed storm
track with the track from the ECMWF analyses. The

satellite track is manually identified from NOAA polarorbiting infrared satellite images spaced approximately
6 h apart. The ECMWF storm track closely follows the
satellite-observed storm track. The MSLP from the
ECMWF analyses are also plotted in Fig. A2. Although
there are no AWS sites near the center of the low (over
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the Ross Sea), the ECMWF MSLP was compared with
AWS observations at coastal sites and found to be in
good agreement (not shown). These findings collectively suggest that the ECMWF data are an accurate
representation of actual conditions during this event.
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