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Trends in the mean sea-level pressure (SLP) in Antarctica in the last four decades (1980—
2020) have been examined using in situ observations and reanalysis data. The analysis
involved time series of monthly mean, season-mean and yearly-mean values of the SLP
derived from four reanalysis datasets, NCEP/NCAR, ERAS, JRA55, MERRA2, and
from surface observations acquired from the Reference Antarctic Data for Environmental
Research (READER) dataset. With this data we have evaluated the trends, characterized
their seasonal peculiarities and variation across the high-latitude region of the Southern
Hemisphere. The results of the analysis confirmed the dominance of decreasing trends
in the annual mean SLP in Antarctica. Larger negative trends were found in the Western
Antarctica with the most pronounced pressure drop in the South Pacific. The long-term
decrease in the annual mean SLP in Antarctica was due to strong negative pressure trends
in the austral summer and fall season whereas in winter and in spring the trends turn to
mixed and mostly positive. The comparison of multiyear time series of SLP reanalysis
data with in situ observations at Antarctic stations revealed a considerable overestimate
of negative SLP trends in the NCEP/NCAR dataset. Among the four examined reanalysis
datasets, ERAS provided the best agreement with the station data on the annual mean and
monthly mean SLP trend values.

Keywords: Reanalysis datasets, Antarctic region, mean sea-level pressure, trends,
in situ observations

Introduction

Long-term variation and trends of climate parameters in the high-latitude Southern
Ocean and over the Antarctic continent attract a considerable attention of climatologists,
atmospheric, oceanic and environmental scientists. Strong albedo and low temperatures
throughout the year make this region one of critical elements in the Earth’s climate sys-
tem which to a large extent determines weather and climate processes in lower latitudes
of the Southern Hemisphere and even across the equator (Ho et al., 2005). In recent years
several high temperature records have been set in the Antarctic Peninsula suggesting a
possible warming of high latitudes of the Southern Hemisphere (Carril et al., 2005; Brom-
wich et al., 2014). Increasing wind speed along the Antarctic coast in the last several
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decades have been documented indicating a possible increase in the cyclonic activity
(Yu et al., 2020; Romanova, Romanov 2019). There are reports of changing precipitation
amounts and, correspondingly snow accumulation in Antarctica along with the general
atmospheric circulation patterns (Marshall et al., 2017). These changes have an immedi-
ate implication for the marine and continental wildlife in the region (Smith et al., 2017),
for other environmental variables in Antarctica, particularly, for the sea ice concentration
(Hobbs et al., 2020), glacier dynamics (Cook et al., 2016) and the ocean salinity (Menezes
et al., 2017), as well as for a wide range of climate characteristics of Southern Hemi-
sphere midlatitudes (e.g., Meneghini et al., 2007).

Sea-level pressure presents one of the major weather and climate elements. In the
Southern Hemisphere a meridional gradient between the high pressure in midlatitudes
and the belt of low pressure in high latitudes characterizes the leading pattern of climate
variability in the Southern Hemisphere high latitudes known as the Southern Annu-
al Mode (SAM) or Antarctic Oscillation. The Southern Annual Mode determines to a
large extent the intensity and the north-south movement of near-surface westerly winds
circling Antarctica (e.g., Lovenduski and Gruber, 2005) and, hence, the ocean currents,
the air-sea heat exchange, precipitation patterns, sea ice variability and the ice sheet
stability (e.g., Lefebvre et al., 2004). According to Fogt and Marshall, (2020) between
22 to 34% of the variability in the extratropical atmospheric circulation is explained by
the SAM. A positive phase of SAM is associated with lower pressure in the Southern
Hemisphere high latitudes, higher pressure in midlatitudes, strengthening and pole-
ward contraction of the subpolar belt of westerly winds. Conversely a negative SAM
phase implies weakening of the meridional pressure gradient and expansion of the belt
of westerly winds towards the equator (Marshall et al., 2006). Because of a relatively
smaller variability of the sea-level pressure in the subtropical and midlatitude South-
ern Hemisphere on a decadal time scale (e.g., Romanova, Romanov, 2020), long-term
changes in the state of SAM are mostly determined by variation of SLP in the polar
area.

Studies of the Antarctic climate variability using reanalysis datasets and climate
models agree on an overall decrease of SLP in the Antarctic region in the last decades
indicating a persisting positive phase of SAM (Thompson and Solomon, 2002). Similar
general decreasing tendency has been seen in the time series of instrumental SLP meas-
urements at Antarctic weather stations (Turner et al., 2005). In the course of the year most
pronounced negative SLP trends appear to be associated with the summer season (Fogt et
al., 2017). Location wise stronger pressure decrease over time was reported in the area of
the Amundsen Sea Low incorporating Amundsen, Bellingshausen and Ross Sea (Schmidt
and Grise, 2017; Turner et al., 2013).

The particular magnitude and the exact distribution of the trends across the region,
however, remains arguable. This is due to a strong spatial and seasonal heterogeneity of
the trends and a considerable spread in their estimates among the datasets (e.g., O’Con-
nor et al., 2021). The spread in the estimated trend values can be partially explained by
different time periods examined in the studies and by different duration of the datasets.
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Available trend estimates are based on the records ending mostly in the beginning or in
the middle of 2000s. Therefore, they may not account for possible most recent changes
in the Antarctic climate. Another factor contributing to the uncertainty in the SLP trends
consists in the differences between various reanalysis schemes. The latter include specif-
ic features of physical models incorporated in the reanalysis schemes, differences in the
type and in the scope of assimilated observation data and in the data assimilation proce-
dure. Validation against in situ observations presents the only viable way to assess the
performance of various reanalysis schemes, to evaluate the accuracy of model-generated
datasets and of the corresponding long-term trends. So far only few efforts have been
made to quantitatively intercompare different reanalysis schemes and in situ instrumental
measurements with respect to the SLP trends in the Antarctic region. (e.g., Fogt et al.,
2017, O’Connor et al., 2021).

In this study we examine information on the sea-level pressure (SLP) over the last
four decades available from a set of state-of-the-art atmospheric reanalysis datasets. The
principal objective of the work was to infer and quantify SLP trends over the high-latitude
portion of the Southern Ocean and over the Antarctic continent using the most up to date
information on this meteorological variable. We focus on regional and seasonal patterns
of the trends and identify similarities and differences between the datasets with respect to
the SLP trend characterization. We further use the results of historical in situ observations
at Antarctic weather stations to assess realism and accuracy of reanalysis datasets in re-
producing long-term changes of SLP across Antarctica.

Data and Methodology

In this paper we have used monthly-averaged mean sea-level pressure (SLP) data
from the following four global atmospheric reanalysis datasets, the National Centers
for Environmental Prediction and National Center for Atmospheric Research (NCEP/
NCAR), the fifth generation atmospheric reanalysis of European Centre for Medi-
um-Range Weather Forecasts, ECMWF (ERAS), the Japanese 55-year reanalysis created
by the Japan Meteorological Agency, JMA (JRAS55) and NASA Second Modern Era Ret-
rospective-Analysis for Research and Application (MERRA?2). The main properties of
the datasets are summarized in Table 1.

The NCEP/NCAR reanalysis uses the NCEP global spectral model operational in
1995 and a three-dimensional variational (3DVAR) assimilation scheme (Kalnay et al.,
1996). The output dataset is made available as regular latitude-longitude grids of atmos-
pheric and surface variables at 2.5°x2.5° resolution. It is kept current and spans back to
the beginning of 1948. A 3DVAR approach also comprises the core of the Goddard Earth
Observing System Data Assimilation System Version 5 (GEOS-5) used in the NASA’s
MERRAZ2 reanalysis (Gelaro et al., 2017). The gridded dataset of MERRA2 variables is
provided at finer spatial resolution of 0.5° latitude x 0.625° longitude. It is continuously
updated and covers the time period from 1981 to the present. ERAS is the most recent
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climate reanalysis scheme developed at ECMWF. It uses the 2016 version of the ECMWF
Integrated Forecast Model (IFS) with the data assimilation based on the four-dimensional
variational analysis, 4DVAR (Hersbach et al., 2018). With 0.25° by 0.25° global grid
cell size of output products, ERAS provides the highest spatial resolution among all four
reanalysis datasets included in this study. JRAS5 (Kobayashi et al., 2015) is the second
reanalysis of the Japan Meteorological Agency based on an improved version of the IMA
4DVAR data assimilation and prediction system. JRAS55 global gridded output products
at the spatial resolution of 1.25°x1.25° are routinely generated and are available back to
1958.

As a source of in situ data in Antarctica we have used the Reference Antarctic
Data for Environmental Research (READER) dataset (http://www.antarctica.ac.uk/met/
READER/) of the British Antarctic Survey. The READER dataset incorporates observa-
tions of the air temperature, wind speed and sea/surface level pressure collected at more
than 30 Antarctic stations and provides them as monthly mean values. The available time
series of the sea-level pressure start mostly in the early-mid 1950s, but go back to the
beginning of the 20™ century at some locations.

Table 1. Characteristics of global atmospheric reanalysis datasets used in the study

Reanalysis Source Citation Period Assimilation Horizontal grid
system
NCEP/NCAR | NOAA Kalnay et al. (1996) 1948-present 3DVAR 2.5°x2.5°
ERAS ECMWF | Hersbach et al. (2018) | 1979-present 4DVAR 0.25°x0.25°
JRASS IMA Kobayashi et al. (2015) | 1958-current 4DVAR 1.25°x1.25°
MERRA?2 NASA Gelaro et al. (2017) 1980-current 3DVAR 0.5°x0.625°

For the analysis we have selected stations featuring complete or near-complete
time series of the monthly mean sea-level pressure. These stations are listed in Table 2.
As “near-complete” we defined time series where gaps in the monthly SLP records
affected less than 6 years or about 15% of all years during the 1980-2020 time period.
Most of the selected stations are located in the Antarctic Peninsula and in the coast-
al areas of the Indian Ocean Sector (30°E—40°E) and of the Atlantic Ocean Sector
(70°W-30°E) of the Antarctic continent (see Figure 1). At two high-elevation stations,
Amundsen Scot and Vostok only surface-level pressure records were available, not the
sea-level pressure.

In this work reanalysis and in situ monthly mean SLP data over the 41-year
period were applied to produce time series of corresponding season and annual mean
values. In the in situ dataset seasonal and annual means were calculated for years
where monthly records were available correspondingly for all three months of the
season and for all twelve months of the year. Trends in the SLP were calculated using
a linear regression technique based on the least squares method. Other statistical data
analysis techniques included Pearson correlation and the root-mean-square deviation
(RMSD).
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Table 2. Antarctic stations used in the study

No. Station Name Latitude Longitude |Elevation, m Region' Full years
of data records
1 |Bellingshausen 66.2°S 58.9°W 16 AP 41
2 |Casey 66.3°S 110.5°E 42 AS 40
3 | Davis 68.6°S 78.0°E 13 IS 40
4 | Esperanza 63.4°S 57.0°W 13 AP 40
5 |Faraday 65.4°S 64.4°W 11 AP 41
6 |Halley 75.5°S 26.4°W 30 AS 39
7 |Macquarie 54.5°S 158.9°E 8 PS 37
8 | Marambio 64.2°S 56.7°W 198 AP 38
9 |Mawson 67.6°S 62.9°E 16 IS 39
10 |Mirny 66.5°S 93.0°E 30 IS 38
11 |Neumayer 70.7°S 8.4°W 50 AS 38
12 | Novolazarevskaya 70.8°S 11.8°E 119 AS 40
13 |Rothera 67.5°S 68.1°W 32 AP 40
14 |Syowa 69.0°S 39.6°E 21 IS 41
15 | Amundsen Scott 90.0°S 0.0°W 2835 1A 39
16 | Dumont Durville 66.7°S 140.0°E 43 IS 35
17 |Scott Base 77.9°S 166.7°E 16 PS 36
18 | Vostok 78.5°S 106.9°E 3490 1A 35

'Region codes are as follows: AP — Antarctic Peninsula, IS — Indian Ocean Sector of Antarctica,
AS — Atlantic Ocean Sector of Antarctica, PS — Pacific Ocean Sector, IA — Inner Antarctica.

30°W 0° 30°E
60°W 60°E
90°W 90°E
120°W 120°E
150°W 180° 150°E

Fig. 1. Location of Antarctic weather stations used in the study. Station names and auxiliary
information on the stations is provided in Table 1. AP stands for Antarctic Peninsula
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Results
Sea-level pressure and trends from reanalysis datasets

Figure 2 presents the multiyear annual mean SLP in the high latitude region of
the Southern Hemisphere derived from the four reanalysis datasets, NCEP/NCAR,
ERAS, JRASS5 and MERRAZ2. As seen from the charts, there is a noticeable similar-
ity between the datasets on the magnitude of the mean pressure over the open ocean
and over the Antarctic coastal area. The datasets reveal a similar spatial structure of
the SLP distribution with a clearly identifiable Antarctic belt of low pressure within
approximately 60°-70°S, typically referred to as the Antarctic circumpolar pressure
trough (ACT) and three distinct pressure “lows” with the depth below 980 hPa along
the ACT centered at Amundsen, Riiser-Larsen and Davis seas. Throughout the year
ACT migrates within several degree latitude of its annual mean position (see the two
dashed lines in the plots indicating the mean southernmost and the mean northmost
location of ACT). As also seen from Figure 2, the meridional range of the ACT sea-
sonal migration noticeably decreases from the West of the Southern Ocean to the
East. This is consistent with the results of storm track analyses in the region (e.g., Uo-
tila et al., 2011; Hodges et al., 2011) which suggest a generally higher cyclone track
density, and hence, their smaller spatial spread, in the Eastern sector of the Southern
Ocean. Over the continent, particularly over Eastern Antarctica the agreement be-
tween the four reanalysis datasets on the annual mean SLP noticeably deteriorates.
The differences are apparently due to the high surface elevation of the inner continent
and correspondingly to large uncertainties associated with extrapolating the estimat-
ed surface pressure to the mean sea level.

As well as the long-term means, the reanalysis datasets demonstrate a good
agreement on the year-to-year changes of the sea-level pressure. This is seen in par-
ticular from Figure 3 which shows time series of the annual mean SLP values estimat-
ed over the ACT region. Spatial averaging of the pressure data was performed within
the area bounded by the mean most northern and most southern location of the ACT
(shown in Figure 2). As evident from Figure 3, all datasets agree on an overall “deep-
ening” of the ACT in the last four decades and on a faster pressure drop with time
in the Western than in the Eastern sector of the Southern Ocean. However, particular
rates of the pressure change with time vary between the reanalysis products. While
ERAS and MERRA? yield close values of the trends ranging from —0.025 to —0.028
hPa/year in the Eastern sector and from —0.045 to —0.050 hPa/year in the Western sec-
tor, trends inferred from JRAS55 and NCEP/NCAR were about two times smaller and
about two times larger, respectively. Dominating decreasing pressure trends in the
high-latitude ACT region are clearly indicative of the strengthening of SAM observed
in the last decades (e.g., Fogt and Marshall, 2020).

Further analysis of the results in Figure 3 reveals a nonuniformity in the ACT
mean sea-level pressure changes over the four decades with somewhat faster pressure
decrease in the 1980s and 1990s. This particularly concerns Eastern Antarctica where
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Fig. 2. Multiyear mean (1980-2020) annual sea-level pressure in Antarctic from four global
reanalysis datasets, a — NCEP/NCAR, b — ERAS, ¢ — JRAS55 and d — MERRA2.
Dashed lines show the mean most southern and the most northern location of the Antarctic
Circumpolar Trough (ACT) in the course of the year as determined from ERAS reanalysis

a generally negative trend in 1980-2020 was interrupted by a period of increasing
sea-level pressure in the 2000s and in the beginning of 2010s. The observed change
in the SLP trend at the break of the century as well as concurrent considerable hike in
the rate of the Antarctic sea ice increase (Meehl et al., 2016), weakening of warming
trends in the Antarctic Peninsula (Turner et al., 2016), weakening of the winds in the
polar region (Romanova and Romanov, 2020) is evident of a broader change in the
atmospheric circulation in the polar region of the Southern Hemisphere. The latter is
attributable at least partially to the recovery of Antarctic stratospheric ozone, corre-
sponding warming of the stratosphere and associated weakening of the polar vortex
(e.g., Screen et al., 2018).
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Fig. 3. Time series and trends of the annual mean sea-level pressure within the Antarctic
Circumpolar Trough (ACT) region in the Eastern and Western sector of the Southern Ocean
derived from four reanalysis datasets, NCEP/NCAR. ERAS, JRAS5 and MERRA2.
The ACT region is defined as the area between the most southern and most northern mean
seasonal location of the ACT (shown with two dashed lines in Fig. 2).

Trends have been estimated for the 1980-2020 time period

Large negative pressure trends in the Southern Hemisphere high latitudes in the
NCEP/NCAR dataset were found earlier by Hines et al. (2000), who suggested that these
trends may be overestimated. The overestimate was attributed to the positive bias in the
sea-level pressure reanalysis data in 1950 and most of 1960s. The results of our study
generally support the conclusion of an excessive negative pressure trend in the NCEP/
NCAR dataset, but, as seen from Figure 3, they indicate that the positive SLP bias re-
mained in the NCEP/NCAR dataset for a much longer time period, at least till the end of
1980s.

Figure 4 presents the spatial distribution of the trends in the annual mean SLP
derived from the four reanalysis datasets over the high-latitude region of the Southern
Hemisphere. Consistent with the results of earlier studies (e.g., Schmidt and Grise, 2017;
Turner et al., 2005; Turner et al., 2013; O’Connor et al., 2021), all datasets examined in
our work demonstrate an overall dominance of negative trends in the annual mean SLP
in Antarctica. The identified long-term decrease of the SLP is coherent with the results
of studies of other weather elements over the Southern Ocean, which indicate a growing
number of intense cyclones, stronger winds and larger frequency of extreme precipitation
events in the last decades (Yu et al., 2020; Marshall et al., 2017). As also evident from
Figure 4, there is a distinct polarity in the spatial distribution of the SLP trends with a
stronger pressure decrease over time in the Western than in the Eastern sector of the Ant-
arctic region. The strongest negative trends are attributed to the region of the Amundsen
Sea Low in the South Pacific, which encompasses Bellingshausen, Amundsen and Ross
Seas and adjacent coastal areas.
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Fig. 4. Trends in the annual mean sea-level pressure derived from four reanalysis datasets
(a—NCEP/NCAR, b — ERAS, ¢ — JRA55 and d — MERRA2) over the 19802020 time
period. Colored circles present sea-level pressure trends at the station location calculated
from in situ data. Large circles indicate statistically significant trends. The list of stations
with corresponding numbers is provided in Table 2. Surface-level pressure trends instead
of the sea-level pressure trends are given for Amundsen-Scott (No.15) and Vostok (No.18)
stations. Dashed green line indicates the annual mean position of the Antarctic Circumpolar
Trough (ACT) as per ERAS data

While there is an overall qualitative agreement on the major spatial features
of the SLP trends, their quantitative estimates vary noticeably between the reanal-
ysis products. In particular, the NCEP/NCAR-based trend in the annual mean SLP
averaged over the high-latitude portion of the Southern Hemisphere below 60°S
amounts —0.079 hPa/year. This is equivalent to a pressure drop of 3.2 hPa in the course
of 41 years. Similar estimates of the area-average SLP trend in the other reanalysis
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datasets yield about 2 to over 6 times smaller values than in NCEP/NCAR. They range
from —0.047 hPa/year (or —1.9 hPa change in 41 years) in MERRA2, to —0.032 hPa/year
(—1.3 hPa) in ERAS and to —0.012 hPa/year (—0.5 hPa) in JRASS5. Even with the NCEP/
NCAR results excluded from the statistics, there is almost a four times difference be-
tween the SLP trend estimates in the remaining three datasets.

Although all reanalysis products incorporated in this work agree on the general
“deepening” of the Amundsen Sea Low, as seen from Figure 4, there are noticeable dis-
crepancies between the datasets both with respect to the particular area affected by the
excessive negative pressure trends and to their magnitude. Mismatch between the prod-
ucts in the magnitude and even in the sign of the trends also occurs in the inner Antarc-
tica where the annual mean SLP trends range from strongly negative, in the excess of
—0.20 hPa/year, in NCEP/NCAR to moderately positive, within 0.05 to 0.10 hPA/year, in
JRASS.

There is a number of regional differences between our estimates of the trends in
the annual mean SLP and the results of earlier studies. None of the datasets examined in
our work confirms a positive pressure trend over and east of the Drake passage identified
in O’Connor et al. (2021). We have also found no evidence of a marked drop of the an-
nual-mean sea-level pressure in Cooperation Sea at around 60°E and in Mawson Sea at
around 120°E reported by Schmidt and Grise (2017). Besides the specifics of individual
reanalysis schemes and datasets, discrepancies in the trend estimates may be associated
with shorter, ending in mid- to late- 2000s, time series of reanalysis products utilized in
the studies referred to above.

Further analysis of the SLP trends revealed their strong dependence on the time of
the year. In the austral summer, i.e., in the months of December, January and February,
all datasets indicate a moderate to strong long-term decrease of the pressure over much
of the Southern Hemisphere high-latitudes and identify Ross Sea and the eastern part
of Weddell Sea as areas of the most notable drop in the SLP (see Figure 5). At this time
of the year a mismatch between the datasets is found in the inner continent where two
of the products, NCEP/NCAR and JRASS, reveal mixed trends, but in the other two,
ERAS and MERRAZ2, the trends are persistently negative. Summer-time pressure trends
averaged over the Southern Hemisphere high-latitude (below 60°S) region range from
—0.065 hPa/year to —0.102 hPa/year. These values are close but somewhat lower than
similar estimates of Fogt et al., (2017) of —0.10 to —0.14 hPa/year, which were inferred
from the precursor of ERAS, the ERA-Interim dataset.

In the austral fall (months of March, April and May) negative SLP trends still
prevail, but their spatial pattern in the region changes. The most distinct feature of
this season evident in all datasets is a remarkable pressure drop over Bellingshausen
and Amundsen Seas and adjacent coastal areas corresponding to the location of the
Amundsen Sea Low. However, the estimated rate of the deepening of the Amundsen
Sea Low with time varies considerably between the reanalysis products ranging from
over —0.4 hPa/year in NCEP/NCAR to within —0.14 to —0.23 hPa/year in the other
three datasets.
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As seen from Figure 5, the winter season (months of Jun, July and August)
is associated with a general weakening of negative SLP trends, a larger fraction
positive trends and with an overall transition of the whole pattern of trends in the
region to a mixed one. Along with these changes the overall agreement on the spatial
distribution of the trends and on their magnitude between different datasets dete-
riorates. The latter concerns, first, the NCEP/NCAR reanalysis which attributes a
strong pressure decrease to a wide area in the Southern Pacific and adjacent coastal
areas as well to the inner continent with little support for these features in other da-
tasets. There is a better correspondence on the trend spatial pattern between the other
three datasets, ERAS, MERRA2 and JRASS, particularly with respect to the area
of positive pressure trends in the east of Weddell Sea and two locations of weakly
negative trends centered correspondingly in the Eastern and in the Western part of
South Pacific.

NCEP/NCAR ERAS JRAS5 MERRA2 In Situ

Jun-Jul-Aug Mar—Apr-May Dec-Jan-Feb

Sep—Oct-Nov

-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
Pressure Trend, hPa/year

Fig. 5. Trends in the season average sea-level pressure derived from four reanalysis datasets,
NCEP/NCAR, ERAS, JRAS5 and MERRA2 and from in situ. In the in situ data large circles
indicate trends statistically significant at 0.05 level
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The spring season (September, October, November) features a pronounced
strengthening and a further expansion of the area of positive SLP trends in Antarctica.
In ERAS5, MERRA?2 and JRASS, positive pressure trends become dominant over the
Southern Hemisphere high-latitudes averaging to within 0.01 to 0.03 hPa/year. The
pressure increase with time is particularly notable in the Eastern Antarctica where it
reaches 0.10—0.15 hPa/year in all datasets. Considerable negative pressure trends in
this season are found only in the Pacific sector of the Southern Ocean with larger val-
ues in NCEP/NCAR and somewhat smaller pressure decrease in MERRA2, ERAS and
JRASS.

SLP trends and patterns in Antarctica seen in individual seasons help to better un-
derstand peculiarities of the annual mean values. In particular, dominating negative trends
in the annual mean SLP appear to be largely driven by strongly negative pressure trends
in summer and in the fall season. Over the year these trends overweight smaller and less
spatially extensive positive trends in winter and spring. Faster drop of the annual mean
SLP in the Southern Pacific occurs mostly due to a strong deepening of the Amundsen
Sea Low in the fall season. Discrepancies between individual reanalysis datasets on the
annual mean trends are explained to a large extent by differences in the corresponding
winter and spring-season trends. The latter is most clearly seen in the NCEP/NCAR prod-
uct, where much stronger negative trends in winter and spring result in a similar differ-
ence between NCEP/NCAR and the other three datasets in the annual mean values.

As seen from Figures 4 and 5, seasonal peculiarities in the reanalysis-based SLP
trends are generally supported by corresponding estimates from in situ instrumental
data. Similar to the reanalysis products, in situ data reveal predominantly weak nega-
tive trends in the annual mean SLP, moderate to strongly negative trends of up to —0.10
to —0.15 hPA/year in the summer season, weakly negative trends changing to mixed
trends in the fall and in winter and mostly positive SLP trends in spring. The summer
season is associated with the largest fraction of statistically significant negative SLP
trends in the station data, whereas in other seasons as well as in the annual means statis-
tically significant trends are found only in the records of one or two out of 18 stations.
A more detailed comparative analysis of in situ and reanalysis trends in the sea-level
pressure is given in the following section of the paper.

Comparison of reanalysis-based sea-level pressure trends with in situ data

Comparison of reanalysis data with in situ observations presents a widely used
approach to assess the accuracy and the performance of atmospheric reanalysis products
(e.g., Yu et al., 2010). The same approach is also applicable to trends in the reanalysis
variables. In this study we compared reanalysis-based trends in the SLP to corresponding
trends derived from observations at Antarctic weather stations. In situ data converted to
monthly mean values of SLP were acquired from the READER dataset of the British
Antarctic Survey. The comparison was performed over annual mean, season mean and
monthly mean values of SLP by matching in situ data to reanalysis data in the model grid
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cell encompassing the station location. Data from 18 Antarctic stations listed in Table 2
have been used.

Table 3 presents estimates of the annual mean SLP trends at the station location inferred
from in situ data and from reanalysis datasets over the 1980-2020 time period. These esti-
mates indicate a near-perfect agreement of the datasets on the sign of the annual trend value:
Except of MERRA2 over Novolazarevskaya, and JRASS over Vostok and Amundsen Scott,
decreasing pressure trends inferred from the reanalysis datasets were fully supported by in situ
observation data. Much larger than in situ negative trends in the NCEP/NCAR dataset provide
just another evidence of a possible overestimate of the rate of the pressure drop in this dataset.
Overall the cumulative statistics of matched reanalysis and in situ trends in the annual mean
SLP was most favorable to the ERAS product. As seen from Table 4, trends obtained with this
dataset have the least mean bias (0.008 hPa/year), the least root-mean square error, RMSE
(0.019 hPa/year) and the largest correlation with the station data. Close to ERAS, but a slightly
larger trend bias and RMSE have been found in MERRA?2 and JRASS. Although the accuracy
of ERAS, MERRA?2 and JRASS trend estimates of about 0.02—0.03 hPa/year appears high,
it is of the same order of magnitude as the overall spread (or RMSD) of in situ trend values
across the stations (see Table 3). This explains low, below 0.2, correlation between the reana-
lysis and in situ annual trend estimates at the station location.

Table 3. Annual mean SLP trends at the location of Antarctic stations from in situ data
and reanalysis datasets. Statistically significant trends at p < 0.05 are shown in bold.
Surface pressure rather than the sea-level pressure data were used
at Amundsen Scott and Vostok stations

N Station Annual mean sea-level pressure trend (hPa/year) 1980-2020
In situ NCEP ERAS JRASS MERRA?2
1 |Bellingshausen —0.042 —0.057 —-0.029 —-0.032 —0.046
2 |Casey —0.020 —0.175 —0.006 —0.011 —0.031
3 |Davis —0.025 —0.062 —0.005 —0.023 —0.004
4 |Esperanza —0.005 —0.065 —0.031 —0.032 —0.044
5 |Faraday —0.048 —0.073 —0.036 —0.033 —0.057
6 |Halley —0.058 —0.058 —0.040 —0.028 —0.012
7 |Macquarie —0.046 —0.026 —0.024 —0.023 —0.033
8 |Marambio —0.037 —0.065 —0.032 —0.029 —0.045
9 |Mawson —0.025 —0.073 —0.022 —0.033 —0.023
10 |Mirny —0.011 —0.049 —0.002 —0.004 —0.001
11 |Neumayer —0.009 —0.062 —0.037 —0.017 —0.006
12 | Novolazarevskaya —0.070 —0.030 —0.028 —0.018 0.007
13 |Rothera —0.052 —0.115 —0.044 —0.036 —0.059
14 |Syowa —0.034 —0.002 —0.029 —0.008 —0.007
15 | Amundsen Scott —0.014 —0.151 —0.029 0.026 —0.013
16 | Dumont Durville —0.014 —0.053 —0.028 —-0.019 —0.024
17 |Scott Base —0.043 —0.065 —0.049 —0.051 —0.060
18 | Vostok —0.021 —0.137 —0.018 0.056 —0.042
Aggregated sea-level pressure trend statistics
Mean (hPa/year) —0.034 —0.065 —0.027 —0.024 —0.025
RMSD (hPa/Year) 0.019 0.041 0.013 0.010 0.022
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Table 4. Performance metrics of reanalysis datasets for the annual mean SLP trend
aggregated over all selected Antarctic weather stations

Performance Metric

Reanalysis datasets

NCEP ERAS JRASS MERRA2
Mean bias (hPa/year) —0.031 0.008 0.011 0.010
RMSE (hPa/year) 0.056 0.019 0.022 0.030
Correlation -0.104 0.202 0.121 0.055
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Fig. 6. Monthly sea-level pressure trends at station locations from in situ data and reanalysis
datasets, a — Bellingshausen, b — Novolazarevskaya, ¢ — Mirny, d — Vostok
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Figure 6 presents in situ and reanalysis-based monthly SLP trends at four stations
located in different parts of the Antarctic continent. The results demonstrate a complex
regional and seasonal pattern of the trends and an overall good skill of reanalysis datasets
in reproducing the trends observed on the ground. At the Bellingshausen station located
in the Antarctic Peninsula region the strongest negative trends are associated with the two
seasons of the year (Figure 6a). One of the peaks occurs in mid-summer (December and
January) and the other falls on the mid-fall to early winter time period (April, May and
June). East of the Antarctic Peninsula, in the Atlantic Ocean sector of Antarctica, the min-
imum in April-June weakens (see Figure 6b for the Novolazarevskaya station) and com-
pletely fades out in the Indian Ocean sector (Figure 6¢ for the Mirny station). The season-
al pattern of the SLP trends with a single minimum in summer is also seen in the inner
Antarctica (see Figure 6d for the Vostok station). However, in this latter case only ERAS
and, to a certain extent, MERRA2 appear to adequately reproduce this pattern. Larger
inconsistencies in the trend values between in situ observations and reanalysis datasets
at inner Antarctica locations may be associated with the use of the surface pressure data
instead of SLP in the station-based trend estimates and with large uncertainties in the re-
analysis-based SLP estimates due to the high surface elevation.

When aggregated over all Antarctic stations included in the study, the perfor-
mance statistics of the four reanalysis datasets with respect to the trends in the monthly
mean SLP reveals a distinct seasonal pattern with an agreement to in situ data improv-
ing in the austral summer months and decreasing in winter. Similar to the earlier results,
NCEP/NCAR stands out by its grossly overestimated negative trend (hence, a strong
negative bias) as compared to the station data, larger RMSE and smaller correlation
(see Figure 7). The remaining three reanalysis datasets demonstrate closer performance
levels in the course of the year. However, the overall best performance with the smal-
lest, below 0.03 hPa/year, RMSE and the largest correlation to in situ data is attained
with the ERAS product.
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Figure. 7. Mean bias, root-mean-square error and correlation of monthly mean SLP trends
in the reanalysis datasets vs corresponding trends in in situ data
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Discussion and Conclusion

In this study we have used the most up to date data records from four state of the art
reanalysis datasets to infer, evaluate and compare long-term trends in the sea-level pres-
sure over high latitudes of the Southern Hemisphere. The analysis incorporated products
generated with NCEP/NCAR, ERAS, MERAA?2 and JRASS reanalysis schemes over the
41-year time period, from 1980 to 2020. Trends in the SLP from reanalysis datasets were
compared to corresponding trends derived from in situ observations at Antarctic weather
station data to assess the validity and the accuracy of the model-based estimates. Annual,
seasonal and monthly trends in the SLP have been examined.

The sea-level pressure trends obtained in this study showed a good qualitative
agreement to the results of earlier studies of the trends involving various reanalysis da-
tasets, climate model output and in situ data. This concerns in particular, the findings of
predominantly decreasing trends in the annual mean SLP over the Southern Ocean and
Antarctic continent, of the strongest negative pressure trends in the summer season and
of a pronounced “deepening” of the Amundsen Sea Low. The typical range of estimated
trends in the annual mean SLP in Antarctica was —0.01 to —0.15 hPa/year with maximum
values peaking at over -0.20 hPa/year.

Consistent with the results of earlier studies, large, and apparently excessive, neg-
ative SLP trends were identified in the NCEP/NCAR dataset. Over the 1980-2020 time
period annual mean SLP trends based on the NCEP/NCAR data were 2—3 times larger
than trends inferred from the other three datasets, ERAS, MERRA2 and JRASS. Similar
discrepancies were also found between the NCEP/NCAR SLP trends and trends estimat-
ed from instrumental observations at Antarctic weather stations.

Our analysis revealed a number of other common peculiarities in the spatial and
seasonal distribution of the SLP trends derived from different datasets. All reanalysis
datasets included in this study showed a marked continental-scale polarity in the annual
mean SLP trends: The mean magnitude of negative trends derived with the same dataset
was about two times larger in the Western than in the Eastern sector of Antarctica and
the Southern Ocean. All datasets were found to agree on a strong seasonality in the SLP
trends in Antarctica. We have shown that mostly negative SLP trends in the austral sum-
mer and in fall turn to mixed and to mostly positive trends correspondingly in summer
and in spring. The largest positive pressure trends in spring reaching 0.1-0.15 hPa/year
were identified in the continental Eastern Antarctica. Despite the changing sign of the
pressure trends in the course of the year, positive SLP trends in winter and in spring sea-
son were generally smaller than negative trends in summer and fall. As a result, negative
SLP trends prevailed in the annual means.

Although there are certain distinct similarities in the spatial and seasonal patterns
of the SLP trends derived from different datasets, the magnitude of the trends may
vary. In particular, the estimated annual mean SLP trends averaged across the entire
Antarctica and Southern Ocean change about 4 times between the three datasets, ERAS,
MERRAZ2 and JRASS ranging from —0.012 hPa/year to —0.047 hPa/year. The spread
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between estimates further increases when overestimated negative trends in the NCEP/
NCAR are also incorporated in the statistics. Large variation of the trends inferred from
different dataset is indicative of a considerable uncertainty associated with the estimat-
ed SLP trend values.

Comparison with available in situ observations at weather stations in Antarctica
confirmed a gross overestimate of negative SLP trends in the NCEP/NCAR dataset and a
generally comparable performance of ERAS, MERRA?2 and JRASS reanalysis products.
The latter three datasets agree on the trend magnitude in the annual and on the monthly
mean SLP with in situ-based data to within 0.02—0.04 hPa/year. This accuracy is hardly
sufficient to capture variation in the annual mean trend value across the station locations
which is about the same order of magnitude. It is, however, adequate to properly repro-
duce a much larger, up to and exceeding 0.2 hPa/year, spatial variation of the annual
mean trends over a broader Southern Hemisphere high-latitude domain and the seasonal
variation of the SLP trends.

Although the three reanalysis datasets, MERRA2, JRAS5 and ERAS, demonstrated
a close match to SLP trends estimated from in situ data, the best agreement was found in
ERAS. Higher spatial resolution of ERAS as compared to all other datasets and, corre-
spondingly its ability to resolve and reproduce smaller scale peculiarities in the sea-level
pressure spatial distribution appears as at least one of the factors that contribute to the
better performance of this product.

Comparison with the station data is commonly used to assess the accuracy of
reanalysis datasets. It should be remembered however that in the case of the sea-level
pressure data in Antarctica the validity of this approach is somewhat limited. Surface
pressure observations at Antarctic weather stations are incorporated in all reanalysis
schemes, consequently, the two datasets and, hence the corresponding trend estimates
are not fully independent per se. Furthermore, except of Vostok and Amundsen Scott,
staffed Antarctic weather stations with long-term atmospheric pressure records are con-
fined to the coastal area. In the last two decades efforts have been made to improve the
in situ data coverage of the Antarctic continent by installing automated weather stations
(e.g., Lazzara et al., 2018). However, maintenance of these stations is challenging and
time is needed for the data records to reach the duration sufficient for climatological
use. Therefore, over the open ocean and over vast areas of inner Antarctica the agree-
ment between reanalysis datasets remains the only viable criterion to judge the validity
of the derived SLP trends.
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Tpenasl cpenHero aTMOC(EpHOTO TaBIICHHSI Ha ypoBHE MOpst B AHTapkTHke H FOxHOM
okeaHe 3a necnenuue yeteipe necaruietus (1980—2020 rr.) ObuTH H3YUYeHBI C HCITOTB30BA-
HUEM Ha3eMHbIX HAOIMIONCHNH M TaHHBIX peaHaan3a. AHAJIN3 BKJIIOYAJ BPEMEHHBIC PSI/IbI
CPEIHEMECSYHBIX 3HAaYCHUI aBICHUsI HA YPOBHE MOpSs, IOJyYCHHBIX U3 YeThIpeX Habo-
poB nauHbIX peaHanm3a, NCEP/NCAR, ERAS, JRASS5, MERRAZ2, a Takxe U3 IpHU3eMHBIX
HaOIONCHNH, TONMydeHHBIX U3 0a3bl CIIpaBOYHBIX AHTAPKTUYECKHUX TAHHBIX ISl HCCIe-
moBaHmi okpykaromeit cpensl (Reference Antarctic Data for Environmental Research,
READER). C momomnipio 5TUX NaHHBIX MBI OICHIIM BEIWMYHWHY TPEHIOB, OMUCATH WX
CE30HHBIE 0COOCHHOCTH M M3MEHYHMBOCTH B BBICOKOIIMPOTHOM perunoHe HOxHoro moiry-
mapust. PesynpraTel aHaim3a MOKa3aiy MpeodIajaHne TeHICHINH K CHIKEHHUIO CpeJHe-
TOJIOBOTO JIaBJICHUS HAa YPOBHE MOpPS B AHTapKTHKe. bojiee cuibHbIe OTpHLIATEeIbHbBIE TCH-
JCHINHU OBLTM OOHApYKEHBI B 3armagHoil AHTapKTHKe ¢ Hanbosee BEIpaXKEHHBIM MaIeHUEeM
JIaBJICHUS B THXOOKeaHCKOM cektope FOkHoro okeana. CHMKEHHE CPETHET0I0BOTO JaBiie-
HUSl B AHTapKTHIEe OBUIO 00YCIIOBJICHO, IIaBHBIM 00pa30M, CHIIBHBIMH OTPHIATEIbHBIMH
TPEHJAMH JIaBJICHUS B JIETHEM U OCECHHEM CE30HE I0XKHOTO TONYIIApHs, TOTJa Kak 3UMOH
1 BECHOM TpeH/BbI ObUIM, COOTBETCTBEHHO, PAa3HOHAIPABICHHBIMH U B OCHOBHOM II0JIO-
KUTEIbHBIMUA. CpaBHEHHE MHOTOJIETHUX PSJIOB JAHHBIX peaHajn3a JaBJICHHUs Ha YPOBHE
MOpsI ¢ Ha3€MHBIMH HaOJNIOACHUSIMH Ha aHTApKTUYECKUX CTAaHIMSAX BBISIBIIIO 3HAUUTEIh-
HYIO TIEPEOIICHKY OTPUIATENBHBIX TPEHIOB AaBieHUs B HaOope maHHBIX NCEP/NCAR.
Cpenu yeThIpex NCCIlIeIOBaHHBIX HA0OPOB MaHHBIX peaHann3a ERAS mokazan Hawryumiee
COOTBETCTBHE CO CTAHIMOHHBIMHU JaHHBIMH B OTHOIIEHWH CPEIHETOJOBHIX M CpEIHEMe-
CSTYHBIX 3HAYCHUI TPEH/IA TaBICHUS.

KuaroueBble cioBa: peaHanu3, AHTApKTUYECKHM PETHOH, CPEHEE JaBJICHHE Ha
YPOBHE MOpSi, TPEH/Ibl, HATYPHbIC HAOIIOICHHS
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BbaaronapHocTn. ABTOpBl XOTenM OBl MOONArofapuTh TpeX AaHOHHUMHBIX
PELEH3EHTOB 3a IpouTeHue cTarbd. KOMMEHTapuu M NpeUIoKEHUsT BCEX PELIEH3EHTOB
IIOMOIJIX CYIIECTBEHHO YJIYYIINTh U YTOYHUTH PYKOIIUCH.
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