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ABSTRACT

An examination of 50 years of the National Centers for Environmental Prediction (NCEP)–National Center
for Atmospheric Research (NCAR) reanalysis from 1949 to 1998 reveals that significant spurious trends occur
in the surface pressure field. Long-term surface pressure reductions are apparent south of 458S. The largest trend
in surface pressure is near 658S where an approximately steady long-term pressure reduction of about 0.20 hPa
yr21 (10 hPa in 50 yr) is located. The negative pressure trend represents a gradual reduction in a positive bias
for the reanalysis. Observations at Antarctic stations do not support this long-term trend, although short-term
interannual variations are reasonably well captured after about 1970. The negative pressure tendency near 658S
continues well into the 1990s although a reasonable number of stations between 658 and 708S began taking
observations along the coast of east Antarctica during the 1950s and 1960s. Few Antarctic observations, however,
are used by the reanalysis until about 1968, and the quality of the pressure field for the reanalysis appears poor
in high southern latitudes prior to then. The trend in high southern latitudes appears to be a component of global
temporal variations in the reanalysis, some of which are supported by observations but others are not.

In the Southern Hemisphere, the sea level pressure difference between 408 and 608S, an indicator of westerly
wind intensity, increases approximately from 20 hPa in the early 1950s to 25 hPa in the early 1970s and 28
hPa in recent years. The relatively high density of observing stations along the Antarctic Peninsula, however,
results in an approximately steady local surface pressure after the pressure fell about 4 hPa during the late
1950s. Based upon these findings, researchers should account for jumps and long-term trends when making use
of the NCEP–NCAR reanalysis.

1. Introduction

In recent years, several multiyear, state-of-the-art re-
analyses of many global meteorological fields have been
performed. These include the National Centers for En-
vironmental Prediction (NCEP, formerly the National
Meteorological Center)–National Center for Atmo-
spheric Research (NCAR) reanalysis from the late 1940s
to present (Kalnay et al. 1996), the European Centre for
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Medium-Range Weather Forecasts reanalysis (ERA-15)
from 1979 to 1993 (Gibson et al. 1997), and the National
Atmospheric and Space Administration Data Assimi-
lation Office from 1980 to 1995 (Schubert 1998). One
of the primary motivations for these ambitious projects
is reducing the climate jumps believed to be included
in previous operational analyses due to many model
updates. To achieve this aim, the same ‘‘frozen’’ data
assimilation system is used over the entire reanalysis
time period. Naturally, the reanalyses are still dependent
on the quality and quantity of available data. Kistler et
al. (2000) show that observational data available for the
reanalysis do increase over time, and significant in-
creases in the quantity of data do occur about the time
of the International Geophysical Year (IGY) during
1957–58 and the First GARP Global Experiment
(FGGE) during 1979.
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Reanalysis fields are expected to have extensive usage
in the near future and should be valuable for many pur-
poses (e.g., Trenberth 1995; World Climate Research
Programme 2000). This is especially true for high south-
ern latitudes, where the scarcity of data necessitates a
complete assimilation of all meteorological observa-
tions available, including satellite data, to achieve an
accurate depiction of the atmosphere. The performance
of the NCEP–NCAR reanalysis and the NCEP opera-
tional forecasts have recently been tested in the Ant-
arctic region by making use of the increased data avail-
ability from the Antarctic First Regional Observing
Study of the Troposphere (FROST, Bromwich and Smith
1993; Turner et al. 1996) project during winter, spring,
and summer Special Observing Periods (SOPs) in
1994–95 (Bromwich et al. 1999; Hines et al. 1999). In
high southern latitudes, the performance of operational
numerical analyses and forecasts is limited by a variety
of obstacles including the scarcity of available data and
communications problems associated with long dis-
tances and auroral effects. Extreme weather phenomena
and sharp topographic contrasts also create unique dif-
ficulties for Antarctica. These factors result in numerical
forecasts and analyses that are of lower quality as com-
pared with other parts of the world (Bourke 1996).

The FROST project provides an opportunity for mod-
el testing leading to improvements in NCEP’s numerical
products that administer to the need for reliable global
atmospheric numerical analyses in climate research and
to NCEP’s hemispheric obligations for weather predic-
tion, which extend to South America. A recent issue of
Weather and Forecasting focuses on the FROST project
with two papers considering the success of NCEP fore-
casts and analyses in high southern latitudes. Bromwich
et al. (1999) evaluate the July 1994 operational forecasts
with a version of the NCEP Medium Range Forecast
(MRF) spectral model prior that used for the reanalysis.
They find that inadequate parameterization of horizontal
diffusion leads to spurious ‘‘cloud streets’’ surrounded
by dry areas over Antarctica. An update of the MRF
during November 1997 has corrected this problem.
However, this update was too late for inclusion in the
reanalysis. Hines et al. (1999) find that both the NCEP
operational forecasts and the NCEP–NCAR reanalysis
include significant errors in the surface energy balance
over Antarctica for all three FROST SOPs. The energy
balance over Antarctica in the NCEP–NCAR reanalysis
is, in general, degraded from that of the NCEP opera-
tional forecasts.

2. The NCEP–NCAR reanalysis

The methodology of the NCEP–NCAR reanalysis
data assimilation is discussed in detail by Kalnay et al.
(1996). Kistler et al. (2000) give a more recent review
of the reanalysis. Therefore, only a brief description is
provided here. The main components of the reanalysis
are the NCEP MRF (Kanamitsu 1989; Kanamitsu et al.

1991) and the operational NCEP spectral statistical in-
terpolation (SSI; Parrish and Derber 1992) with im-
provements (Kalnay et al. 1996). As the observations
do modify the global fields, Kistler et al. (2000) note
that strict conservation laws are not obeyed during the
assimilation. The SSI scheme, which replaced an earlier
optimal interpolation analysis scheme, led to major im-
provements in analyses and forecasts, particularly in the
Tropics. The analysis with SSI is designed to produce
balanced fields. Consequently, an initialization proce-
dure is not required for NCEP forecasts. Robert Grum-
bine (1999, personal communication) of NCEP, how-
ever, notes that the spectral interpolation allows the nu-
merous Northern Hemisphere observations to modify
distant Southern Hemisphere fields. This may contribute
to analysis errors in data-sparse regions of the Southern
Hemisphere.

The NCEP–NCAR reanalysis system is the same as
the version of the NCEP analysis system implemented
operationally in January 1995, with the exception that
the horizontal resolution is set at T62 instead of T126.
In the vertical, 28 sigma levels are used. Details of the
numerical procedures are given by Kalnay et al. (1996)
and Betts et al. (1996). The output consists of gridded,
global fields of all prognostic variables and many di-
agnostic fields produced four times a day, as well as
longer-term averages. The initial time of the reanalysis
is now before 1949, so that at least 50 years of analyzed
fields are publicly available with the same frozen-in-
time data assimilation system. Kistler et al. (2000) in-
dicate that the reanalysis fields prior to 1957 are in-
tended primarily for Northern Hemisphere use as very
few observations are incorporated from the Southern
Hemisphere during this period. The reanalysis would
appear to be ideal for the study of many Earth science
problems, especially climate variability (Higgins et al.
1996). Several recent studies of Southern Hemisphere
climate have been performed with the NCEP–NCAR
reanalysis. In their study of global teleconnections to
Antarctic sea ice, Yuan and Martinson (2000) accounted
for long-term temporal variability by detrending their
data, while Kidson (1999) found that the representation
of the Southern Hemisphere circulation by the reanalysis
is quite different between the periods 1958–69 and
1970–97. Renwick and Revell (1999) found trends in
the 500-hPa height field that exceed 1 m yr21 for some
locations in high southern latitudes during the years
1958–96. Updated NCEP global reanalyses are antici-
pated every 8–10 yr (Kistler et al. 2000). Hines et al.
(1999) note that it is important for the meteorological
analyses and forecasts to be carefully analyzed, and any
deficiencies detailed so that corrections can be applied
in the future.

Several important developments have occurred since
the production of the original NCEP–NCAR reanaly-
sis. Several errors have been discovered and are re-
ported on the NCEP–NCAR reanalysis Web page (http:
//wesley.wwb.noaa.gov/reanalysis.html). Two, in par-



3942 VOLUME 13J O U R N A L O F C L I M A T E

FIG. 1. Time evolution of annual and longitudinally averaged pres-
sure (hPa) from the NCEP–NCAR reanalysis, the NCEP–DOE
AMIP-2 reanalysis, and the ERA-15 at (a) sea level for 908N and the
equator, (b) sea level for 458 and 658S, and (c) surface level for 908S.
The international geophysical year (IGY) is shown by the vertical
lines in (b) and (c).

ticular, could significantly impact the surface pressure
pattern in the Southern Hemisphere. The Australian
Surface Pressure Bogus Data for the Southern Hemi-
sphere (PAOBS) for 1979–92 were read with a 1808
error in longitude. This error primarily affected the area
south of 408S. The effect is thought to be significant
on synoptic timescales, but not on climatological time-
scales (Kistler et al. 2000). A different error affected
both hemispheres for 1948–67. An incorrect decoding
of pressure observations resulted in many values being
read as 100 hPa too large. Both errors resulted in the
quality control checks rejecting many pressure obser-
vations. A very recent development is the performance
of the NCEP–Department of Energy (DOE) Atmo-
spheric Modelling Intercomparison Project 2 (AMIP-2)
reanalysis, which will eventually cover the years 1979–
97. This improved reanalysis is made with an updated
forecast model and data assimilation system. Model
resolution is the same as the earlier reanalysis. Fixes
are included for several problems discovered in the
earlier NCEP–NCAR reanalysis. In particular for the
Southern Hemisphere, the PAOBS problem has been
rectified.

3. Evaluation of NCEP–NCAR reanalysis pressure
tendency

To evaluate the pressure trends in the reanalysis, we
look at the time evolution of the annual-average sea
level pressure for several latitudes. Figure 1 displays
the zonal-average values from 1949 to 1998 of the sea
level pressure for the equator, 908N, 658S, and 458S,
and the surface pressure for 908S. Pressures from the
ERA-15 and the recent NCEP–DOE AMIP-2 reanalysis
are also shown. Reanalysis surface pressure should be
equal to or near the sea level pressure for 658S, 458S,
the equator, and 908N. For high northern latitudes,
Walsh et al. (1996) have previously analyzed sea level
pressure anomalies from buoy observations. The gen-
erally reduced pressure from 1988 to 1994 seen Fig. 1a
is the main focus of their paper. The maxima and minima
of sea level pressure at 908N for the reanalysis well
match those for 708–908N given by Walsh et al. (1996,
see their Fig. 5).

The reanalysis is much less successful in capturing
realistic variations of annual-average pressure in high
southern latitudes, as a large, spurious pressure decrease
over time occurs south of about 458S. This trend has a
maximum magnitude near 658S over the Southern
Ocean where the surface pressure falls about 10 hPa
over the time period of the reanalysis (Fig. 1b). Re-
markably, the long-term trend at 658S continues from
early years of the reanalysis to the present. There are,
however, a few years of decreased pressure at 658S from
the IGY to 1962. Evidence from recent observations at
Antarctic automatic weather stations (not shown) sup-
ports the distinct pressure minimum at 658S during
1998. Linear regression values of the pressure tendency

at 658S and other latitudes are given in Table 1. The
regression uncertainty values in Table 1 are based upon
a Student’s t-test at 95% confidence that is adjusted for
the annual autocorrelation between the residuals from
the linear regression. Due to autocorrelation, the effec-
tive sample size for the regression is reduced (Smith et
al. 1996). Only lags of 1–4 yr are used to adjust the
effective sample size as in Angell (1981).

The sea level pressure tendency at 658S is 20.166 6
0.039 hPa yr21 for the period 1957–98 and 20.177 6
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TABLE 1. Reanalysis of sea level pressure trends.

Source Location Years*
Average

(hPa)
Trend

(hPa yr21)
Uncertainty
(hPa yr21)

NCEP–NCAR reanalysis
NCEP–NCAR reanalysis
NCEP–NCAR reanalysis
ECMWF reanalysis
NCEP–DOE AMIP-2
NCEP–NCAR reanalysis

658S
658S
658S
658S
658S
458S

1957–98
1969–98
1979–93
1979–93
1979–93
1969–98

987.57
986.54
986.01
984.29
985.86

1011.06

20.166
20.177
20.123
20.011
20.103
20.005

0.039
0.062
0.221
0.193
0.203
0.028

NCEP–NCAR reanalysis
NCEP–NCAR reanalysis
NCEP–NCAR reanalysis
NCEP–NCAR reanalysis
NCEP–NCAR reanalysis
NCEP–NCAR reanalysis

658S
658S
658S
658S
908S
908S

1969–98 DJF
1969–98 MAM
1969–98 JJA
1969–98 SON
1957–98
1969–98

987.97
986.19
988.40
983.62
673.65†
673.27†

20.202
20.181
20.224
20.100
20.031†

0.004†

0.082
0.092
0.116
0.085
0.044†
0.073†

NCEP–NCAR reanalysis
NCEP–NCAR reanalysis
ECMWF reanalysis
NCEP–DOE AMIP-2
NCEP–NCAR reanalysis

908N
908N
908N
908N
Equator

1969–98
1979–93
1979–93
1979–93
1969–98

1012.75
1012.57
1012.91
1012.89
1010.79

20.067
20.430
20.469
20.412

0.022

0.109
0.311
0.353
0.292
0.009

* DJF is December, January, and February average; MAM is March, April, and May average; JJA is June, July, and August average; and
SON is September, October, and November average.

† Surface pressure.

0.062 hPa yr21 for 1969–98. The negative tendency
weakens somewhat with time to 20.123 6 0.221 hPa
yr21 for 1979–93. The latitude where the largest mag-
nitude trend is located is near the center of the deep
Antarctic circumpolar trough. To the north of the cir-
cumpolar trough, on the other hand, the pressure ten-
dency is very small at 458S with a value of 20.005 6
0.028 hPa yr21 for 1969–98. Furthermore, trends, typ-
ically of smaller magnitude than at 658S, are also seen
for latitudes north of 458S. For example, Fig. 1a shows
that the long-term pressure tendency is positive at the
equator between 1960 and 1980. Smith et al. (2000) find
that the reanalysis has a slight negative bias compared
to research vessel observations of about 0.2 hPa in the
Tropics for 1990–95.

At the South Pole, the surface pressure decreases no-
ticeably until about 1970 (Fig. 1c). Thus, the surface
pressure has a linear regression slope of 20.031 6 0.044
hPa yr21 for 1957–98. After 1969, however, the long-
term tendency is apparently small, only 0.004 6 0.073
hPa yr21. The difference in surface pressure in Fig. 1c
between the NCEP–NCAR reanalysis and the NCEP–
DOE AMIP-2 reanalysis is due to different surface
heights, 2833 and 2682 m, respectively, on the inter-
polated 2.58 by 2.58 output grid.

The large pressure fall at 658S between 1977 and 1979
in Fig. 1b is noted by van Loon et al. (1993). They
describe a fall in the minimum pressure of the subant-
arctic trough in the late 1970s by as much as 2 hPa
accompanied by a slight northward movement of the
trough. Figure 1b suggests, however, that much of pres-
sure reduction described by van Loon et al. (1993) was
a relatively short-term event, and the 1980 sea level
pressure had reverted to a value similar to those of the
mid-1970s.

There may have been an actual pressure decrease of
about 1 hPa near Antarctica during the late 1970s. We
averaged the observed sea level pressure for the 10-yr
periods 1969–78 and 1981–90 at nine Antarctic stations.
The ensembles do not include the minimum pressure
year 1979 or the maximum pressure year 1980. The nine
Antarctic stations are Casey, Davis, Dumont d’Urville,
Faraday, Halley, Mawson, Novolazarevskaya, Scott
Base, and Syowa. All nine stations had lower average
sea level pressure for 1981–90 than for 1969–78, with
the maximum difference of 1.35 hPa at Scott Base
(77.858S, 166.758E) and the minimum difference of 0.20
hPa at Syowa (69.008S, 39.588E). The average decrease
between the 10-yr ensembles was 0.86 hPa. This ob-
served difference is not large enough to account for the
equivalent average difference in the reanalysis pressure
(2.03 hPa).

The long-term decrease in reanalysis sea level pres-
sure near the Antarctic circumpolar trough is demon-
strated by Fig. 2, which shows the 10-yr averages for
1949–58, 1959–68, 1969–78, 1979–88, and 1989–98.
The earliest 10-yr average is primarily, but not entirely,
before IGY, and the 1979–88 average begins with
FGGE. The largest long-term changes in sea level pres-
sure for the reanalysis are near the pressure minimum
in high southern latitudes. There is also a large change
between the 1979–88 and 1989–98 averages in high
northern latitudes which is in agreement with the earlier
work of Walsh et al. (1996). In Fig. 2, the sea level
pressure at 658S is at least 1.5 hPa less for each suc-
cessive 10-yr average. The most recent period shown,
1989–98, has an average surface sea level pressure of
984.78 hPa at 658S. This value is just slightly more than
the 1979–88 average, 984.35 hPa, for the ERA-15. It
will be seen later that the large, long-term pressure de-
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FIG. 2. Plot of decadal average sea level pressure (hPa) of the
NCEP–NCAR reanalysis vs latitude for 1949–58, 1959–68, 1969–
78, 1979–88, and 1989–98.

crease near the Antarctic circumpolar trough is not sup-
ported by observations. Therefore, a probable expla-
nation is that the NCEP–NCAR reanalysis contains a
large positive bias in pressure near the circumpolar
trough until recent years. The bias gradually weakened
from about 8 hPa in the 1950s and about 6 hPa in the
1960s to about 4 hPa in the 1970s before FGGE and
about 2 hPa in the 1980s. Smith et al. (2000) suggest
that a positive bias is also present during 1990–95.

The origin of the positive bias is probably due to the
model climate for the NCEP MRF. A forecast drift will
occur when the model climate differs from that initial-
ized with input from observations. Bromwich et al.
(1999) show that a slightly earlier version of the MRF
simulates an average increase of several hectopascals
near 708S during the first few days of its medium-range
forecasts for the winter SOP (July 1994) of the FROST
study. This pressure increase is due to a transfer of mass
from Southern Hemisphere middle latitudes to high lat-
itudes. Large adjustments in the surface energy balance
over Antarctica also occur during forecasts of the MRF
(Hines et al. 1999). The maximum 500-hPa height in-
crease during the MRF forecasts is along 1308E–1808
near the coast of Wilkes Land, Antarctica (Bromwich
et al. 1999). Consequently, the impact of the forecast
drift is likely to be a maximum there.

One may be tempted to attribute the temporal changes
seen in the Southern Hemisphere to a lack of obser-
vations, especially in the early years of the reanalysis.
Indeed, very few observations, except along the Ant-
arctic Peninsula near 658W, are available in high south-
ern latitudes until about 1957. Researchers of Southern
Hemisphere climate are quite familiar with this limi-
tation, and it would be unreasonable to expect a quality
analysis of high southern latitudes until a reasonable
number of stations became available. Nevertheless, the
downward trend in reanalysis sea level pressure at 658S
has continued into the 1990s, many years after abundant
stations began taking observations between 658 and

708S along the coast of east Antarctica. In support of
IGY, an international effort established observing sta-
tions for Antarctica, especially along the coast, during
the 1950s. An extensive list of Antarctic stations is given
by Schwerdtfeger (1970). Furthermore, Roy Jenne
(1999, personal communication) of NCAR used the
work of Taljaard et al. (1969) to compile a list of more
than 20 radiosonde stations over and near Antarctica
that began operating in the 1950s or early 1960s. Thus,
a sufficient number of stations appear to be in place to
reasonably establish the climatological pressure field
near the coast of Antarctica from the late 1950s to the
present.

Most of the Antarctic surface observations prior to
the late 1960s, however, are not incorporated into the
reanalysis. Roy Jenne (1999, personal communication)
notes that the compilation of older meteorological data
for the reanalysis is a highly complicated process, and
that meteorological observations transmitted through
the Global Telecommunications System (GTS) are not
available to the reanalysis prior to 1967. Furthermore,
the GTS data for 1967–1975 exclude many observa-
tions. The output of diagnostic software provided on the
NCEP–NCAR reanalysis web page demonstrates these
limitations. Figure 3 shows the average density of ob-
servations received in a month by the assimilation
scheme per 2.58 lat by 2.58 long grid box for the 2258
long wide section between 608–758S and 458W–1808.
The number of 2.58 by 2.58 grid boxes in this region is
540, and observations from west Antarctica and the Ant-
arctic Peninsula are outside this area. Therefore, the
observation count in Fig. 3 will primarily reflect mea-
surements from East Antarctic coastal stations. For this
region, very few surface observations are received by
the reanalysis prior to 1969 (Fig. 3a). The number of
surface observations generally increases from 1969 to
the present. It should be noted here that surface pressure
observations are poorly retained by the reanalysis com-
pared to other meteorological observations, due to the
geostrophic adjustment process (Kistler et al. 2000).
Therefore, it may require a relatively large number of
surface observations to establish the surface pressure
field.

Some upper-air observations are incorporated into the
reanalysis during the 1950s and 1960s (Fig. 3b). There
is a distinct peak in upper-air observations near the IGY,
then a minimum about 1965. Notice in Fig. 1b that the
pressure at 658S is smaller when more observations are
available such as near the IGY and after 1970. This
indicates that the reanalysis has a large positive bias
near the Antarctic circumpolar trough, unless a suffi-
cient number of observations are available. Similar to
the surface observations, the upper-air observations in-
crease significantly at the end of the 1960s. After peak-
ing in 1990, the observations in Fig. 3b decreased, es-
pecially near 1992, probably associated with the closure
of rawinsonde stations operated by the former Soviet
Union. In summary, the limited quantity of incorporated
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FIG. 3. Plot of average observations per 2.58 by 2.58 grid box per
month between 758–608S and 458W–1808 vs time for 1948–98. (a)
Surface observations and (b) upper-air observations.

observations from prior to about 1970 suggests that re-
analysis fields are unreliable near Antarctica during that
time period. Researchers should use caution in the ap-
plication of reanalysis fields for high southern latitudes
prior to the late 1960s.

Wesley Ebisuzaki of NCEP (1999, personal com-
munication) notes that the quantity of available ob-
served data for Antarctica varies seasonally. Fewer ob-
servations are available during the Polar Night. This
seasonal effect has an influence on the reanalysis trends
shown in Table 1. The seasonal average trend the period
1970–98 has larger magnitude during the austral winter
months of June–August (JJA) than that for December–
February (DJF), March–May (MAM), and September–
November (SON). Curiously, austral spring (SON) has
a much smaller magnitude tendency than for austral
summer (DJF) when a larger number of Antarctic ob-

servations may be available. This further indicates that
the large trend in pressure tendency at 658S is not a
simple manifestation of a low quantity of observations.

The ERA-15 from 1979–93 should be based on ap-
proximately the same observations incorporated by the
NCEP–NCAR reanalysis. Thus, it is interesting to com-
pare the sea level pressure tendency of the NCEP–
NCAR reanalysis to that of the ERA-15. Unfortunately,
this relatively short period for comparison results in a
relatively large statistical uncertainty for the regression
lines. The sea level pressure from the NCEP–NCAR
reanalysis during 1979–93 has a negative linear re-
gression slope at 658S of 20.123 6 0.221 hPa yr21

(Table 1). The NCEP–DOE AMIP-2 reanalysis appears
to be only slightly improved with a tendency of 20.103
6 0.203 hPa yr21. The ERA-15, on the other hand, has
a small tendency of 20.011 6 0.193 hPa yr21.

Largely due to interannual variability during the 15-
yr period, the uncertainties in the trends are large for
1979–93. Fortunately, most of the interannual variabil-
ity cancels when the difference in sea level pressure is
taken between two reanalyses. The difference, NCEP–
NCAR reanalysis minus ERA-15, does have a negative
trend, 20.113 6 0.071 hPa yr21, that is significantly
different from 0.

The NCEP–NCAR reanalysis sea level pressure has
an average value of 986.0 hPa at 658S during 1979–93,
1.7 hPa larger than that of the ERA-15, 984.3 hPa. As
the magnitude of the difference in Fig. 1b decreases
with time, it appears that the decrease in reanalysis sur-
face pressure over the Southern Ocean represents a
change toward more realistic values. Furthermore, the
year-to-year differences in Fig. 1 are well matched be-
tween ERA-15 and the NCEP–NCAR reanalysis.

Figure 1 also shows that the annual and zonal average
sea level pressure of the NCEP–DOE AMIP-2 reanal-
ysis, which includes several improvements in the assim-
ilation scheme, is nearly identical to that of the earlier
NCEP–NCAR reanalysis. The similarity in short-term
variations suggests that recent decades of NCEP–NCAR
reanalysis data are useful for study of climate variations
over the Southern Ocean if the spurious long-term trends
are accounted for. Slightly weakened trends are appar-
ently also included in the NCEP–DOE AMIP-2 reanal-
ysis. Some caution must be given to these results con-
sidering the three analyses are compared for only 15 yr.

An example of how the analyzed climatological pres-
sure field in the Southern Hemisphere changes with time
is provided by Fig. 4, which displays 5-yr averages of
the sea level pressure for 1968–72 and 1993–97. In Fig.
4, three high pressure centers at 308S in the Indian,
Atlantic and eastern Pacific Oceans are similarly located
for 1968–72 and 1993–97, and the center pressures
change by less than 1 hPa. There is a large change,
however, in sea level pressure within the Antarctic cir-
cumpolar trough, which is typically near 658S. The min-
imum pressure near the Ross Sea decreases from 986.8
hPa for 1968–72 to 980.6 hPa for 1993–97. Further-
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FIG. 4. Plot of NCEP–NCAR reanalysis sea level pressure (hPa) for 208–908S averaged during (a) 1968–72 and (b) 1993–97. Contour
interval is 4 hPa. Dots show the locations of selected observing stations.

more, the location of the minimum moves from near
1458W in Fig. 4a to near 1608W in Fig. 4b. The min-
imum in the western Indian Ocean near 308E decreases
from 985.1 hPa for 1968–72 to 980.3 hPa for 1993–97.

Figure 5 shows the horizontal distributions of the lin-
ear regression for surface pressure and 500-hPa height.
The 1969–98 trend in surface pressure has a roughly
axisymmetric distribution about the South Pole (Fig.
5a). The downward trend in surface pressure is largely
confined south of 458S, with small positive trends to the
north, except over the Pacific Ocean. The magnitude of
the trend is largest slightly north of Antarctica and is
very small at the South Pole. There are maxima in the
magnitude of the downward trend in excess of 0.3 hPa
yr21 near 1458E and over the eastern Ross Sea at 1608W.
The 500-hPa heights also decrease at high southern lat-
itudes from 1969 to 1998 (Fig. 5e) with a maximum
magnitude over 2 m yr21 at 1308E. There is a positive
trend in middle latitudes, generally less than 1 m yr21

at 500 hPa due to a slight increase in temperature (not
shown). The 500-hPa pattern for 1969–98 is approxi-
mately similar to the 1958–1996 trends found by Ren-
wick and Revell (1999).

The surface pressure trend for 1979–93 is shown in
Figs. 5b–d for the NCEP–NCAR reanalysis, the NCEP–
DOE AMIP-2 reanalysis, and the ERA-15, respectively.
The distribution of minima and maxima agrees reason-
ably well for the three reanalyses. While the exact lo-
cations of the extrema vary somewhat, there are minima
approximately near 67.58S, 1708E; 558S, 808E; 658S,
158E; and 608S, 758W and maxima approximately near
508S, 1308E; 57.58S, 1308W; and 508S, 358W. The trends
are much more positive, however, for for the ERA-15.
A unique feature for the ERA-15 is the maximum 0.26
hPa yr21 over East Antarctica near 1308E. The ERA-15

pressure trend in that region may have been influenced
by an error in the surface height for Vostok (Bromwich
et al. 2000). For the other two reanalyses, Fig. 5b dem-
onstrates that the negative trend in pressure continues
after FGGE near the coast of Antarctica. The NCEP–
DOE AMIP-2 reanalysis trends are very similar to that
of the NCEP–NCAR reanalysis, with the latter being
slightly more negative on the average. The correction
of some errors in the NCEP–NCAR reanalysis appears
to have a very minor effect on the trends in the NCEP–
DOE AMIP-2 reanalysis. This indicates that the PAOBS
problem did not have had a large effect on the clima-
tological fields of the NCEP–NCAR reanalysis.

As the circumpolar trough shown in Fig. 4 deepens
over time, the pressure gradient north of the trough also
intensifies for the reanalysis. Figure 6 displays the time
evolution of the sea level pressure difference (hPa) be-
tween 408 and 608S. At sea level, the zonal geostrophic
wind speed averaged between 408 and 608S is propor-
tional to this difference. Within this range of latitudes,
Smith et al. (2000) find that there is a negative bias of
about 1 m s21 of reanalysis wind speed compared to
research vessel observations for 1990–95. As the re-
analysis shows little long-term trend in the sea level
pressure near 408S, long-term changes in the surface
geostrophic wind between 408 and 608S are largely the
result of decreasing pressure at 608S. The deepening of
the Antarctic circumpolar trough with time in the
NCEP–NCAR reanalysis results in the geostrophic
speed increasing by about 18% from 1957 to 1970 and
about 10% from 1970 to the late 1980s. The sea level
pressure differences between 408 and 608S for the ERA-
15 during 1979–93 and the NCEP–DOE AMIP-2 re-
analysis during 1979–94 are also shown in Fig. 6. The
pressure difference between 408 and 608S is always larg-
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er for the ERA-15 than for the NCEP–NCAR reanalysis.
The average value for the ERA-15, 27.8 hPa, is 4.4%
larger than the NCEP–NCAR reanalysis average, 26.6
hPa, during 1979–93. Figure 6 suggests that the dif-
ference between the ERA-15 and NCEP–NCAR re-
analysis decreases with time. The pressure difference
for the very recent NCEP–DOE AMIP-2 reanalysis is
nearly identical to that of the NCEP–NCAR reanalysis.
Furthermore, the year-to-year changes for ERA-15 and
the NCEP–NCAR reanalysis are very well matched dur-
ing 1979–93. This similarity supports the validity of
short-term interannual variability produced by the two
different data assimilation systems.

The vertical distribution of the trends in the NCEP–
NCAR reanalysis is shown by Table 2, which displays
the 1969–98 trends in geopotential height at 458 and
658S for the levels at 850, 700, 500, 300, 200, and 100
hPa. The trends in the Southern Hemisphere are baro-
clinic. The trend at 658S increases with height from
21.28 6 0.52 m yr21 at 850 hPa until the trend is not
significantly different from 0 above 500 hPa. At 458S,
on the other hand, the trend is not significantly different
from 0 at 850 hPa. At this latitude, the trend increases
with height and becomes large near the tropopause. The
trend at 458S is 2.05 6 0.77 m yr21 and 2.66 6 0.108
m yr21 at 200 and 100 hPa, respectively.

Another check of the long-term pressure tendencies
included in the reanalysis is performed by comparing
gridpoint values for the reanalysis against Antarctic ob-
servations. Jo Jacka of the Australian Antarctic Coop-
erative Research Centre has provided monthly surface
pressure and surface temperature observations at many
Southern Hemisphere stations. Brad Murphy and Paul
Pettré of Centre National de Recherches Météorolo-
giques also provided data for the Antarctic stations Du-
mont d’Urville (66.408S, 140.018E), Mawson (67.608S,
62.878E), and Casey (66.288S, 110.538E). The third au-
thor obtained Antarctic data from the Jones and Limbert
dataset (Jones and Limbert 1987). From these data, we
can compute the sea level pressure. The time evolution
of sea level pressure for several Antarctic coastal sta-
tions and interpolated from the NCEP–NCAR reanalysis
is shown in Fig. 7. Additionally, Table 3 gives linear
regression slopes of sea level pressure for both obser-
vations and the reanalysis for the time periods 1969–
98 and 1979–98; station locations indicated by the dots
in Fig. 4. The former period is the approximate time
over which Antarctic surface observations are available
over the GTS. The latter period, which begins with
FGGE, has increased satellite data available for the as-
similation. Some difference due to resolution will nat-
urally occur between the point value observations and
the NCEP model results at T62. The next to last column
in Table 3 gives the calculated statistical uncertainty of
the trend at 95% confidence, and the last column gives
the statistical confidence that the trend of difference sea
level pressure (NCEP–NCAR reanalysis—observed) is
different from 0. The trend of the difference pressure

is convenient for statistical testing as its standard de-
viation is about half that of the reanalysis pressure.

It is apparent from Fig. 7 that short-term interannual
variations in reanalysis sea level pressure agree reason-
ably well with observations beginning about 1970. At
Orcadas (60.758S, 44.728W), the year-to-year variations
are reasonably captured by the reanalysis after 1955 and
very well captured beginning in 1972. The downward
trend in reanalysis sea level pressure compared to that
of the observations can clearly be seen at all the sites
shown in Fig. 7, except for near Orcadas after 1970.
The reanalysis apparently well captures the sea level
pressure tendency after about 1970 near the northern
Antarctic Peninsula, where the density of observing sta-
tions is relatively high. For east Antarctic stations, the
reanalysis pressure decrease is particularly large, about
6 hPa, from 1968 to 1970 near Mawson and near Syowa.
Near Casey, Mawson, Scott Base, and Syowa the pres-
sure is reasonably captured or well captured beginning
in 1969 or 1970, although there is about a 2-hPa neg-
ative bias at Syowa during 1990. The general downward
trend in reanalysis sea level pressure, however, is still
evident.

Significantly, the Antarctic observing stations do not
support the large negative trends included in the re-
analysis pressure field. Eugenia Kalnay (1999, personal
communication) notes that reanalysis trends should not
be taken at face value without independent verification
from observations. All the sites listed in Table 3 have
statistically significant negative tendencies for reanal-
ysis sea level pressure during 1969–98 with values rang-
ing from 20.084 6 0.073 at Syowa to 20.298 6 0.070
at Dumont d’Urville. Furthermore, the tendency of the
difference sea level pressure (NCEP–NCAR reanaly-
sis—observed) is statistically significant at 99% for sev-
en of the nine sites and statistically significant at 95%
for Syowa. The best estimated values of observed sea
level pressure tendency are all greater than the corre-
sponding reanalysis values for 1969–98. There is some
evidence, however, of a decrease in observed sea level
pressure. Statistically significant negative tendencies
during 1969–98 of observed surface pressure with val-
ues of 20.078 6 0.072, 20.105 6 0.060, 20.072 6
0.071, and 20.090 6 0.068 hPa yr21 are found at Casey,
Davis, Dumont d’Urville, and Novolazarevskaya, re-
spectively (see also Murphy and Pettré 1995). Overall,
however, the observations do not support the large neg-
ative tendency found in the reanalysis during 1969–98.
Figure 7 indicates that the NCEP–NCEP reanalysis pres-
sure in high southern latitudes continues to fall relative
to nearby Antartic observations from the 1950s into the
1990s.

The 1979–98 period beginning with FGGE also
shows the downward trend in reanalysis pressure near
Antarctica. This is particularly true near Casey where
the reanalysis trend is 20.362 6 0.223. The difference
sea level pressure (NCEP–NCAR reanalysis—ob-
served) has a 1979–98 trend different than 0 at 99%
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FIG. 5. Plot of linear regression trends of NCEP–NCAR reanalysis surface pressure (hPa yr21) for 208–908S for the years (a) 1969–98,
(b) 1979–93, (c) NCEP–DOE AMIP-2 reanalysis trend in surface pressure for 1979–93, (d) ERA-15 trend in surface pressure for 1979–93,
and (e) NCEP–NCAR reanalysis 500-hPa geopotential height trend (m yr21) for 1969–98. Contour interval is 0.05 hPa yr21 in (a)–(d) and
0.25 m yr21 in (e).

confidence at Casey, Halley, and Mawson. This trend
is also significant with lower confidence at Davis, Du-
mont d’Urville, and Scott Base. The decrease of re-
analysis sea level pressure compared to observed values
is clearly seen in Fig. 7. The positive bias for the re-
analysis appears to have largely disappeared in very
recent years. The station observations do suggest an

actual decrease in sea level pressure during 1979–98,
although none of the observed trends are statistically
significant for this period. We must conclude, therefore,
that the large amplitude decrease in reanalysis surface
pressure is spurious.

Reanalysis trends are also apparent at higher levels
of the atmosphere. The 500 hPa height at 658S (not
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FIG. 5. (Continued )

TABLE 2. NCEP–NCAR reanalysis geopotential height trends at
658 and 458S for 1969–98.

Isobaric
level
(hPa)

Trend
658S

(m yr21)

Uncertainty
658S

(m yr21)

Trend
458S

(m yr21)

Uncertainty
458S

(m yr21)

850
700
500
300
200
100

21.28
21.22
20.96
20.21

0.34
20.27

0.52
0.55
0.63
0.75
0.92
1.57

0.01
0.10
0.30
0.86
2.05
2.66

0.23
0.27
0.37
0.54
0.77
1.08

FIG. 6. Time evolution of difference of the annual mean sea level
pressure (hPa) between 408 and 608S for the NCEP–NCAR reanalysis
(gray solid line), the ERA-15 (dashed line), and the NCEP–DOE
AMIP-2 reanalysis (thick solid line).

shown) has an approximately 30 m decrease in 500-hPa
height between the mid 1960s and the mid 1990s. Com-
pared to radiosonde observations, the reanalysis heights
at Casey (66.288S, 110.538E) and Mawson (67.608S,
62.878E) changed from positive biases of 26.2 and 19.2
m, respectively, during 1969 to negative biases of 210.6
and 27.6 m, respectively, during 1998. The regression
trends of the difference between the reanalysis and ob-
served heights are statistically significant at 99% for
Mawson and 95% for Casey. At Halley (75.528S,
27.008W), however, the change from 1969 to 1998 was
smaller, from a bias of 24.1 m to a bias of 212.8 m.
The regression trend of the difference in 500-hPa
heights is not quite large enough to be statistically sig-

nificant there. Furthermore, low amplitude temporal
changes in the temperature and mass fields occur else-
where in the Southern Hemisphere. For example, Kistler
et al. (2000) find that temperature in the upper tropo-
sphere and upper stratosphere, particularly south of
608S, increased after new satellite observations became
available during FGGE.

Apparently spurious climate variability in the NCEP–
NCAR reanalysis also occurs in the Northern Hemi-
sphere as well as in the Southern Hemisphere. There is
an approximately 2-hPa sustained pressure increase
from 1975 to 1977 over much of midlatitude East Asia
from 708E to 1108E that is not supported by station data
(not shown). Therefore it is important that researchers
using reanalysis products also use observed data where
possible to supplement and verify the results.

4. Discussion and conclusions

An examination of 50 yr of the NCEP–NCAR re-
analysis from 1949 to 1998 reveals that significant spu-



3950 VOLUME 13J O U R N A L O F C L I M A T E

FIG. 7. Time evolution of annual-average sea level pressure (hPa)
during 1949–98 at observing Antarctic stations and nearby grid points
of the NCEP–NCAR reanalysis. (a) Orcadas (60.758S, 44.728W) and
Syowa (69.008S, 39.588E), (b) Scott Base (77.858S, 166.758E) and
Casey (66.288S, 110.538E), and (c) Mawson (67.608S, 62.878E).

rious trends occur in the surface pressure field. Long-
term surface pressure reductions are apparent south of
458S. The largest trend in surface pressure is a steady
pressure reduction of about 0.20 hPa yr21 (10 hPa in 50
yr) near 658S. The long-term trend there appears to
weaken only slightly with time and results in a gradual
reduction of a positive bias. The trend varies seasonally,
with the largest magnitude in austral winter and the
smallest magnitude in austral spring. Observations at
Antarctic stations do not support a trend of such large
magnitude, although short-term interannual variations

are reasonably well captured starting about 1970. Thus,
the reanalysis from 1970 to present should be acceptable
for studies of climate variability in high southern lati-
tudes, provided that the long-term trend is properly ac-
counted for.

It is suggested here that the spurious trend over the
Southern Ocean may be a particularly large component
of global temporal variations in the reanalysis. For ex-
ample, slight positive and negative surface pressure ten-
dencies occur in the Tropics and Northern Hemisphere
high latitudes, respectively. The latter tendency is a con-
sequence of an actual Arctic pressure reduction in the
late 1980s. The reanalysis also includes a spurious sur-
face pressure jump of about 2 hPa and a 500-hPa height
jump of about 20 m over East Asia around 1976.

In the Southern Hemisphere, the steady surface pres-
sure reduction south of 458S gradually reduces a positive
bias in the reanalysis. Correspondingly, the sea level
pressure difference between 408 and 608S increases ap-
proximately from 20 hPa in the early 1950s to 25 hPa
in the early 1970s and 28 hPa in recent years. The neg-
ative tendency in the surface pressure at 658S is accom-
panied by a reduction in the 500-hPa geopotential height
field. These spurious trends cannot be explained as sim-
ply a manifestation of insufficient observations in the
Southern Hemisphere. The maximum amplitude trend
at 658S is located just north of the typical latitude of
the east Antarctic coast. This location is striking con-
sidering that the number of Antarctic coastal stations
that became available in the 1950s and 1960s should
have been sufficient to reasonably represent the zonally
averaged pressure.

It appears, however, that few Antarctic surface ob-
servations are incorporated into the reanalysis prior to
the late 1960s, although a few upper-air observations
are incorporated. Furthermore, the amount of incorpo-
rated data from surface and upper-air sources has gen-
erally increased over time starting in the late 1960s. A
steady increase in incorporated data could explain the
gradual rather than sudden change to lower pressure in
the Antarctic circumpolar trough. In the early years of
the reanalysis, the surface pressure field should reflect
the NCEP MRF climatology. The reanalysis pressure
decrease in the Antarctic circumpolar trough appears to
be an adjustment toward a more realistic field. This
decrease coincides with a steadily increasing reanalysis
skill on synoptic scales for the Southern Hemisphere
that was noted by Kistler et al. (2000). The reasons for
the decreasing pressure may be complicated, as the trend
appears to continue after FGGE in 1979, when signif-
icantly enhanced satellite observations provide addi-
tional data for the reanalysis. A known error in the
incorporation of historical pressure data is apparently
not responsible for the trends, as the recent NCEP–DOE
AMIP-2 reanalysis has a negative pressure tendency at
658S of only slightly less magnitude than that of the
NCEP–NCAR reanalysis. The PAOBS pressure data in
the Southern Hemisphere were correctly incorporated
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TABLE 3. Sea level pressure trends for Antarctic stations and the NCEP–NCAR reanalysis.

Source Location Years
Average

hPa
Trend

hPa yr21

Uncertainty
hPa yr21

Statistical
confidence

%

Casey
NCEP–NCAR

66.288S, 110.538E 1969–98
1969–98

984.49
988.09

20.078
20.269

0.072
0.101

99

Casey
NCEP–NCAR

1979–98
1979–98

984.02
986.94

20.014
20.362

0.159
0.223

99

Davis
NCEP–NCAR

68.588S, 77.978E 1969–98
1969–98

987.09
989.47

20.105
20.218

0.060
0.092

99

Davis
NCEP–NCAR

1979–98
1979–98

986.52
988.30

20.085
20.173

0.131
0.202

85

Dumont d’Urville
NCEP–NCAR

66.678S, 140.028E 1969–98
1969–98

988.04
990.48

20.072
20.298

0.071
0.070

99

Dumont d’Urville
NCEP–NCAR

1979–98
1979–98

987.66
988.72

20.058
20.188

0.153
0.131

95

Faraday/Vernadsky
NCEP–NCAR

65.258S, 64.278W 1969–98
1969–98

989.58
989.72

20.043
20.111

0.069
0.074

99

Faraday/Vernadsky
NCEP–NCAR

1979–98
1979–98

989.47
989.19

20.093
20.126

0.158
0.165

no

Halley
NCEP–NCAR

75.528S, 27.008W 1969–98
1969–98

988.74
991.17

20.057
20.145

0.065
0.069

99

Halley
NCEP–NCAR

1979–98
1979–98

988.46
990.52

20.030
20.167

0.132
0.153

99

Mawson
NCEP–NCAR

67.608S, 62.878E 1969–98
1969–98

988.30
992.23

20.061
20.228

0.065
0.082

99

Mawson
NCEP–NCAR

1979–98
1979–98

987.93
991.07

20.017
20.214

0.132
0.174

99

Novolazarevskaya
NCEP–NCAR

70.778S, 11.838E 1969–98
1969–98

987.35
991.23

20.090
20.112

0.068
0.090

no

Novolazarevskaya
NCEP–NCAR

1979–98
1979–98

986.83
990.43

20.080
20.027

0.148
0.202

no

Scott Base
NCEP–NCAR

77.858S, 166.758E 1969–98
1969–98

990.81
993.26

20.063
20.119

0.073
0.076

99

Scott Base
NCEP–NCAR

1979–98
1979–98

990.37
992.60

20.019
20.088

0.158
0.173

95

Syowa
NCEP–NCAR

69.008S, 39.588E 1969–98
1969–98

986.55
987.61

20.027
20.084

0.065
0.073

95

Syowa
NCEP–NCAR

1979–98
1979–98

986.38
987.29

20.038
20.040

0.138
0.159

no

by the former, but not by the latter. It is recommended
that researchers should account for jumps and long-term
trends when making use of reanalysis products. A sim-
ilar warning is given by Kistler et al. (2000). They rec-
ommend caution in interpreting reanalysis climate
changes that could have resulted from the detailed glob-
al satellite data introduced during FGGE.

It is unfortunate that a considerable amount of Ant-
arctic data from about the time of the IGY to about 1970
was unavailable to the NCEP–NCAR reanalysis. Thus
the quality of the reanalysis in high southern latitudes
was reduced for the 1960s. In response to this, Antarctic
and Southern Hemisphere meteorologists should focus
on compiling a digitized dataset of regional observations
that are convenient for future global reanalyses. The
authors have contributed to one current effort to obtain
more data that can be used for this purpose.
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