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ABSTRACT

Several meteorological datasets, including U.K. Met Office (MetO), European Centre for Medium-
Range Weather Forecasts (ECMWF), National Centers for Environmental Prediction (NCEP), and
NASA’s Goddard Earth Observation System (GEOS-4) analyses, are being used in studies of the 2002
Southern Hemisphere (SH) stratospheric winter and Antarctic major warming. Diagnostics are compared
to assess how these studies may be affected by the meteorological data used. While the overall structure and
evolution of temperatures, winds, and wave diagnostics in the different analyses provide a consistent picture
of the large-scale dynamics of the SH 2002 winter, several significant differences may affect detailed studies.
The NCEP–NCAR reanalysis (REAN) and NCEP–Department of Energy (DOE) reanalysis-2 (REAN-2)
datasets are not recommended for detailed studies, especially those related to polar processing, because of
lower-stratospheric temperature biases that result in underestimates of polar processing potential, and
because their winds and wave diagnostics show increasing differences from other analyses between �30 and
10 hPa (their top level). Southern Hemisphere polar stratospheric temperatures in the ECMWF 40-Yr
Re-analysis (ERA-40) show unrealistic vertical structure, so this long-term reanalysis is also unsuited for
quantitative studies. The NCEP/Climate Prediction Center (CPC) objective analyses give an inferior rep-
resentation of the upper-stratospheric vortex. Polar vortex transport barriers are similar in all analyses, but
there is large variation in the amount, patterns, and timing of mixing, even among the operational assimi-
lated datasets (ECMWF, MetO, and GEOS-4). The higher-resolution GEOS-4 and ECMWF assimilations
provide significantly better representation of filamentation and small-scale structure than the other analy-
ses, even when fields gridded at reduced resolution are studied. The choice of which analysis to use is most
critical for detailed transport studies (including polar process modeling) and studies involving synoptic
evolution in the upper stratosphere. The operational assimilated datasets are better suited for most appli-
cations than the NCEP/CPC objective analyses and the reanalysis datasets (REAN/REAN-2 and ERA-40).

1. Introduction

The first major stratospheric sudden warming ob-
served in the Southern Hemisphere (SH) occurred in
late September 2002 (e.g., Allen et al. 2003; see special

issue of Journal of the Atmospheric Sciences, vol. 62,
no. 3, hereinafter JAS). The stratospheric circulation
throughout that winter was much more dynamically dis-
turbed than in any other SH winter since the establish-
ment of comprehensive upper-air observations in 1979
(e.g., Allen et al. 2003; Roscoe et al. 2005). Because of
its uniqueness, the 2002 winter has been and continues
to be the subject of intensive study, including examina-
tion of transport, ozone chemistry, the dynamics of and
mechanisms leading to the major warming, and the un-
usual dynamical situation throughout the winter.

Nearly all of these studies rely on meteorological
analyses (temperatures, geopotential height, and wind
data) from one or more operational or reanalysis as-
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similation systems. Manney et al. (2003) showed for the
Northern Hemisphere (NH) winter lower stratosphere
that significant differences in the results of polar pro-
cessing studies were expected depending on the dataset
used, and that the differences between datasets de-
pended on the particular meteorological conditions.
While several studies have examined differences be-
tween meteorological datasets in the Arctic (see refer-
ences in Manney et al. 2003), few comparisons have
focused on the SH winter. Interhemispheric differences
in agreement among the analyses might be expected:
While the satellite data inputs to the analyses are glob-
al, the ground-based data available are much sparser in
the SH; thus the analyses are not as well constrained by
data. On the other hand, the typically cold, quiescent
conditions of the SH winter are inherently more pre-
dictable than those in the NH winter, and thus require
fewer observations to adequately constrain the analysis
systems. The unusual and pronounced dynamical activ-
ity in the 2002 winter might thus result in more signifi-
cant differences between meteorological analyses than
are typical in the SH.

We compare here the most commonly used meteo-
rological datasets during the 2002 SH winter, focusing
on diagnostics that are representative of calculations
done in several types of scientific studies, including
those of large-scale dynamics and wave propagation,
synoptic evolution, transport barriers, mixing and fila-
mentation, and polar processing. By choosing diagnos-
tics related to those used in scientific studies, we hope
to elucidate some areas of uncertainty resulting from
differences in the analyses and provide some guidance
as to the appropriateness of various datasets for par-
ticular types of studies.

2. Data and analysis

The meteorological datasets we have examined are
summarized in Table 1. Several of these datasets are
described by Manney et al. (2003) and Randel et al.
(2004), but there have been some changes since then:
The National Centers for Environmental Prediction/
Climate Prediction Center (NCEP/CPC) analyses now
use data from the Global Data Assimilation System
(GDAS; NCEP’s operational assimilation system) in-
terpolated to the 65 � 65 polar stereographic grid used
for the upper-stratospheric objective analyses at all lev-
els up to 10 hPa; however, only geopotential heights
and temperatures are provided, so the winds at all lev-
els are still calculated using a “balance wind” formula-
tion (Randel 1987; Newman et al. 1989; Manney et al.
1996). The 2002 U.K. Met Office (MetO) analyses are
from a three-dimensional variational data assimilation
(3DVAR) system that assimilates satellite radiances
(e.g., Lorenc et al. 2000; Swinbank et al. 2002). Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF), Global Modeling and Assimilation Office
(GMAO), and GDAS systems also assimilate satellite
radiances rather than retrieved temperatures. The reso-
lution of the operational ECMWF analyses for the 2002
SH winter is T511, in contrast to T319 for earlier stud-
ies. The ECMWF-R reruns listed in Table 1 are from a
version that became operational in January 2003; re-
sults from these closely resemble those from ECMWF
for all of the diagnostics shown here. The National
Aeronautics and Space Administration’s (NASA)
GMAO system, the Goddard Earth Observation Sys-
tem (GEOS-4.0.2), became operational in October
2002, and the 2002 winter was reprocessed with that

TABLE 1. Characteristics of meteorological analyses used in the intercomparisons, from ECMWF operational forecasts, ERA-40,
special ECMWF runs (ECMWF-R), NASA GMAO’s GEOS Version 4.03 (GEOS-4), GEOS-4 Version 4.02 (GEOS-4P), GEOS-4
Version 4.02 reduced resolution (GEOS-4L), the NCEP/CPC, MetO, REAN, and REAN-2. T(number) refers to the triangular
wavenumber truncation of a spectral model. Grids are given as latitude � longitude. PSAS is Physical Space Statistical Analysis
Scheme. Levels are given as number, top pressure level. The primary product used from each center is given in italics.

Product
Analysis
method Analysis grid

Output
grid

Model
levels

Output
levels

Output times
(UTC) Reference(s)

ECMWF 4DVAR T511 (�40 km) 2.5° � 2.5° 60, 0.1 hPa 20, 1 hPa 0000, 0600,
1200, 1800

Simmons et al. (2005)

ERA-40 3DVAR T159m (�125 km) 2.5° � 2.5° 60, 0.1 hPa 23, 1 hPa 0000, 0600,
1200, 1800

Simmons et al. (2005)

ECMWF-R 4DVAR T511 (�40 km) 1.25° � 1.25° 60, 0.1 hPa 23, 1 hPa 0000, 0600,
1200, 1800

Simmons et al. (2005)

GEOS-4 PSAS 1.0° � 1.25° 1.0° � 1.25° 55, 0.01 hPa 55, 0.01 hPa 0000, 0600, 1200,
1800 (6-h avg)

Lin (2004); LBPL

GEOS-4P PSAS 1.0° � 1.25° 1.0° � 1.25° 55, 0.01 hPa 36, 0.2 hPa 0000, 0600,
1200, 1800

GEOS-4L PSAS 1.0° � 1.25° 2.0° � 2.5° 55, 0.01 hPa 36, 0.2 hPa 1200
MetO 3DVAR 2.5° � 3.75° 2.5° � 3.75° 40, 0.1 hPa 22, 0.32 hPa 1200 Swinbank et al. (2002)
NCEP/CPC 3DVAR T254 (�80 km) 2.5° � 5.0° 64, 0.2 hPa 14, 10 hPa 1200

Objective
analysis

65 � 65PS 5–0.4 hPa 4, 0.4 hPa Finger et al. (1993);
Gelman et al. (1994)

REAN 3DVAR T62 (�300 km) 2.5° � 2.5° 28, 3 hPa 17, 10 hPa 1200 (24-h avg) Kalnay et al. (1996);
Kistler et al. (2001)

REAN-2 3DVAR T62 (�300 km) 2.5° � 2.5° 28, 3 hPa 17, 10 hPa 1200 (24-h avg) Kanamitsu et al. (2002)

1262 M O N T H L Y W E A T H E R R E V I E W VOLUME 133



system, then again with the final version, GEOS-4.0.3
(referred to hereinafter as GEOS-4). The diagnostics
discussed here were initially done using GEOS-4.0.2
(GEOS-4P) and were compared with GEOS-4.0.2 on a
coarser grid (GEOS-4L) to examine resolution effects.

The NCEP–National Center for Atmospheric Re-
search (NCAR) reanalysis-2 (REAN-2) uses the same
underlying assimilation model as the first reanalysis
(REAN), but with several corrections, as described by
Kanamitsu et al. (2002). It still has many of the same
limitations, including low-resolution, older forecast
model, assimilation of retrieved temperatures rather
than radiances, 3DVAR rather than four-dimensional
variational data assimilation (4DVAR), poor vertical
resolution in the stratosphere, and a top analysis level
at 10 hPa. Results for REAN and REAN-2 data are
much more similar to each other than either one is to
the other analyses. ECMWF 40-Yr Re-analysis (ERA-
40) data were produced through August 2002; they
have been used for a number of analyses in the SH
stratosphere, including assessing whether events com-
parable to the 2002 major warming may have occurred
previously in the SH (e.g., Simmons et al. 2005). In
August 2002, but not in the previous months of that
winter, Advanced Microwave Sounding Unit (AMSU)
measurements from the National Oceanic and Atmo-
spheric Administration (NOAA) satellite NOAA-16
were used in the assimilation; as will be seen later, this
had a detrimental effect on these stratospheric tem-
perature analyses.

While several of the datasets are available four-times
daily, for consistency the diagnostics shown here are
calculated using 1200 UTC data from each product.
The examination of higher- and lower-resolution ver-
sions of ECMWF and GEOS-4 products provides some
insight into resolution effects.

Potential vorticity (PV) is calculated from each
dataset using the same algorithm (Newman et al. 1989;
Manney et al. 1996), adapted to run at higher resolution
for the GEOS-4P, GEOS-4, and ECMWF-R data.
GEOS-4 and ECMWF also have available PV calcu-
lated internally in the assimilation system; comparisons
indicate that most of the differences noted here result
from underlying differences in the analyses (and, in the
case of ECMWF, from the reduced resolution of the
fields used for the offline calculations), rather than dif-
ferences in the PV calculation. Several diagnostics
shown are based on trajectory calculations, which are
done isentropically using the trajectory code described
by Manney et al. (1994b). Eliassen–Palm (EP) fluxes
are calculated as described by Sabutis (1997), after the
datasets are interpolated to a common horizontal and
vertical grid. When a common vertical grid is needed,
the datasets are interpolated linearly in log(p) to the
Upper Atmosphere Research Satellite (UARS) pressure
levels on which the MetO data are provided, compris-
ing six levels per decade in pressure, equally spaced in
log(p). Radiosonde data compared to the analyses here

were made available by the Global Telecommunication
System of the World Meteorological Organization
(WMO), as described by Krüger et al. (2005); radio-
sonde temperature observations at the South Pole are
augmented by observations from the South Pole
Ozonesonde Program.

3. Overview of large-scale evolution

Randel et al. (2004) compared climatological aspects
of middle-atmosphere zonal mean temperatures and
winds from several analyses. Here we are primarily in-
terested in comparisons of day-to-day evolution during
one particular winter. An overview of the structure and
evolution of temperatures, winds, and wave diagnostics
gives us a first-order picture of fundamental areas of
agreement or disagreement between the analyses.

a. Temperatures

Radiosonde temperatures are commonly used in vali-
dation studies and forecast verification. Simmons et al.
(2005) showed good agreement between temperature
changes related to vortex evolution in radiosonde ob-
servations and ECMWF analyses and forecasts.
Though radiosonde observations are used as inputs in
each of the analyses, none of the assimilation systems
gives high weight to the SH radiosondes; thus, these
comparisons provide significant information on how
well the analyses capture the detailed local temperature
evolution. Figure 1 shows temperatures at 20 and 50
hPa from observations at three representative radio-
sonde stations in the Antarctic during August through
October 2002, along with temperature differences be-
tween these and the meteorological analyses interpo-
lated [bilinearly in latitude and longitude, linearly in
log(p) in the vertical, linearly in time] to those loca-
tions. (REAN and ECMWF-R datasets, not shown,
give nearly identical results to REAN-2 and ECMWF,
respectively.) The major warming can be readily iden-
tified in the Amundsen-Scott and Neumayer tempera-
tures as a sudden increase beginning around 20 Sep-
tember (day 50); an earlier strong minor warming is
apparent at Neumayer around 8 September (day 38),
and minor warmings in August are seen at Syowa. At
50 hPa, all of the analyses follow the radiosondes
closely, with differences typically less than 3 K; how-
ever, the REAN-2 analysis underestimates the peak of
the major warming by �5 K at Amundsen-Scott. At 20
hPa, MetO, NCEP/CPC, and REAN-2 temperatures
show an abrupt decrease with respect to the Amund-
sen-Scott radiosonde during the sharp temperature rise,
suggesting a mismatch in the timing of that rise.
REAN-2 and NCEP/CPC 20-hPa temperatures are
higher than those in radiosondes and the other analyses
during the cold periods in August and early September,
and lower than radiosondes at Amundsen-Scott and
Neumayer in the warm conditions following the major
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