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Abstract: The Southern Annular Mode (SAM, also known as the Antarctic Oscillation—AAQ)
explains most of the climate variability in the Southern Hemisphere. A ring pattern in mean sea level
pressure (MSLP) or 500 hPa geopotential height around Antarctica characterizes SAM. Differences
of MSLP values between SH mid and high latitudes define positive and negative SAM phases with
impacts on mean atmospheric circulation. Thus, investigating how different models represent SAM
is of paramount importance, as it can improve their ability to describe or even predict most of the
SH climate variability. Here we examine how the Brazilian Earth System Model (BESM) represents
SAM'’s signal compared with observations, reanalysis, and other climate models contributing to the
Coupled Modeling Intercomparison Project version 5 (CMIP5). We also evaluate how SAM relates to
the South American surface temperature and precipitation and discuss the models” limitations and
biases compared with reanalysis data.

Keywords: Southern Annular Mode; model evaluation; mean sea level pressure; temperature;
precipitation; South America

1. Introduction

The Southern Annular Mode (SAM) pattern dominates Southern Hemisphere (SH)
extratropical climate variability [1-3]. SAM is defined by a regular atmospheric pressure
pattern in the 500 hPa geopotential height or in mean sea level pressure (MSLP) anoma-
lies. A “ring-shape” spatial structure of successive and opposite signs between high and
midlatitudes reflects SAM variability. The SAM signal corresponds to 22-34% of the SH
atmospheric circulation variance [4,5] and 10% of global atmospheric mass transport vari-
ance [6]. SAM presents both positive and negative phases, depending on the difference
of MSLP anomalies’ sign between high and midlatitudes. Positive SAM corresponds to
negative MSLP anomalies above 60 °S and positive MSLP anomalies below 60 °S and is
associated with stronger circumpolar westerlies, increased cyclone activity, and stronger
zonal winds [7,8]. Negative SAM corresponds to the opposite pattern, with positive MSLP
anomalies above 60 °S and negative MSLP anomalies in midlatitudes.

SAM induces seasonal precipitation and monthly temperature anomalies in the South-
ern Hemisphere [3,5] and influences the preferable tracks of cyclones by modifying their
latitudinal occurrence density [8,9]. As SAM results in changes in the SH meridional
atmospheric pressure gradient, it can change the location and intensity of the SH polar
jet [10]. The polar jet changes with the SAM phase and intensity. These changes are related
to the eddy momentum flux convergence, and to the mean atmospheric circulation strength
(Ferrel and Hadley cells) [5]. The association between SAM and the SH polar jet indicates
the connections between SAM and the tropical variability [11].
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In South America, part of southeastern and central-west Brazil is among the most
affected regions by SAM, with responses varying at the monthly scale. A weakening of the
South Atlantic Convergence Zone (SACZ) from November to March is expected during
negative SAM episodes [12]. Positive (negative) SAM enhances (weakens) frontogenesis in
South America and South Atlantic, with positive (negative) precipitation anomalies over
southeast South America [13].

A polar vortex that extends throughout the troposphere associates with SAM [7], being
strongly influenced by ozone concentration [14] and the El Nifio—Southern Oscillation
(ENSO) [15]. Changes in SAM since the 1970s are associated with a cooling of the Antarctic
lower stratosphere caused by ozone loss at that atmospheric level [16]. These changes
include a positive trend in SAM observed along the past decades, a strengthening of
the circumpolar vortex, and an intensification of the westerlies around Antarctica [17].
Paleoclimate studies report changes in SAM along the past centuries, with a positive SAM
trend since 1600 AD, around 1850, and in the early and late 1900s [18].

SAM time series is obtained through Marshall’s observational index [17], which
uses MSLP anomalies to compute MSLP differences between high and midlatitudes from
surface observations. Alternatively, time series can be obtained through Gong and Wang’s
index [4]. This index consists of the difference between MSLP at the 45 °S and 60 °S
latitudinal belts. Thus, we used these two indexes to evaluate how different datasets
represent the SAM signal or pattern. In this sense, the historical period (1850-2005) is
ideal for model performance evaluation compared with the present climate and observed
climate change, promoting the assessment of human impacts on climate, and contributing
to improving future scenario experiments [19].

In this paper, we evaluate how the Brazilian Earth System Model version OA2.5
(BESM-OAZ2.5) represents SAM and its main effects on precipitation, and surface tem-
perature, in eastern South America. BESM is the Brazilian contribution to the Coupled
Model Intercomparison Project—CMIP [20,21]. Previous studies examined BESM-OA2.5
performance, where results in assessing polar climate response to global warming were
comparable to other CMIP models [22-24]. For example, Casagrande et al. [23] examined
BESM simulations under the Abrupt-4xCO; scenario reporting a systematical polar ampli-
fication in both poles and all climate models’ results, including BESM-OA2.5’s, despite the
asymmetry in warming between the Arctic and Antarctic.

Here we compare BESM results for SAM to observations, reanalysis, and the ensemble
mean of CMIP5 models. We characterize SAM using MSLP anomalies to compare Gong and
Wang's [4] with Marshall’s [17] observational SAM indices and discuss how the different
datasets represent SAM and its impacts on precipitation and surface temperature.

2. Materials and Methods
2.1. Brazilian Earth System Model (BESM)

BESM'’s main characteristics are described in [20,21]. The model has been set up and
run at the Weather Forecast and Climate Studies (CPTEC) of the Brazilian National Institute
for Space Research (INPE) in Cachoeira Paulista, Sao Paulo State, Brazil, and consists of
a land-ocean-atmosphere coupled model. The BESM version used in this study (BESM-
OAZ2.5) uses the FMS coupler from the Geophysical Fluid Dynamics Laboratory (GFDL) of
the National Oceanic and Atmospheric Administration (NOAA). The atmospheric compo-
nent is the Brazilian Global Atmosphere Model (BAM) [25] with a horizontal resolution
of ~1.875°, 28 levels in the vertical, and upper boundary at 2.73 hPa. The Modular Ocean
Model version 4p1 (MOM4p1) [26] is the oceanic component of BESM, with a zonal resolu-
tion of 1°, meridional resolution from 0.25° to 2°, and 50 vertical levels. MOM4p1 includes
the Sea Ice Simulator (SIS), a built-in ice model [27].

The CMIP5 Historical experiment was performed with the BESM-OAZ2.5 following
Taylor et al. [28] protocols, and it is described by Veiga et al. [29]. The model was forced
by the historical atmospheric equivalent CO; concentration from January /1850 to De-
cember/2005. We used monthly mean sea level pressure (MSLP) to reconstruct the SAM
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index and correlate it to precipitation and air temperature. Outputs were regridded to
2° x 2° resolution to facilitate the comparison among the datasets. We applied a bilinear
interpolation available in the Climate Data Operators (CDO) [30].

2.2. CMIP5 Models Outputs

Monthly MSLP, precipitation, and temperature outputs of the Historical Experi-
ment [28] from eight CMIP5 models (Table 1) were compared with BESM outputs. The
Historical Experiment consists of simulations of the recent past (1850-2005) forced by
changing conditions consistent with observations. These changes may include atmospheric
composition, solar forcing, emissions and concentration of aerosols, and land use and may
vary among models [19]. All model outputs were regridded (2° x 2°) to compute the
ensemble results.

Table 1. CMIP5 models used in this study. Grid refers to atmospheric horizontal spacing (longitude
x latitude, in degrees).

Model Institution Grid

Centre for Australian Weather and Climate

ACCESS1.0 [31] Research (CAWCE) 1.875 x 1.25
BESM-OA2.5 [20] Brazilian I;f;g:fif?fﬁ{,‘g; for Space 1875 x 1.875
CCSMA4 [32] Na“o“all{gsf;ﬁfg\ﬂégg’Sphem 1.25 x 0.9424

Centre National de Recherches
Météorologiques/Centre Européen de Recherche
et Formation Avancées en Calcul Scientifique
(CNRM-CERFACS)

Institute of Atmospheric Physics, Chinese
Academy of Sciences (LASG-IAP)
NASA Goddard Institute for Space

CNRM-CMS5 [33] 1.40625 x 1.4008

FGOALS-s2 [34] 2.8125 x 1.6590

GISS-E2-H Sciences (GISS) 25 %2
HadCM3 2 [35] Met Office Hadley Centre (MOHC) 3.75 x 2.5
IPSL-CM5A-LR [36] Institute Pierre Simon Laplace (IPSL) 3.75 x 1.8947
MRI-CGCMS3 [37] Meteorological Research Institute (MRI) 1.125 x 1.12148

2.3. Observations and Reanalysis

To evaluate the models’ performance, we used monthly precipitation and surface
temperature from the Global Precipitation Climatology Project (GPCP) v2.3 combined
dataset [38]. This observational dataset integrates satellite, soundings, and gauge data,
resulting in precipitation estimates over land and ocean. The different datasets composing
the GPCP were merged in a 2.5° x 2.5° resolution grid, dating from January/1979 to
the present.

Surface temperature products combine air temperature over land and sea surface
temperature over the ocean. We used two datasets derived from observations, both con-
sisting of surface temperature anomalies. The GISS Surface Temperature Analysis v4
(GISTEMP v4) [39] uses the timeframe 1951-1980 as the reference period and combines
Global Historical Climatology Network v4 (GHCN) air temperature over land with Ex-
tended Reconstructed SST v5 (ERSST), on a 2° x 2° grid. In this study, we used the
GISTEMP v4 1200 km smoothed version provided by the National Aeronautics and Space
Administration (NASA).

We also used the Met Office Hadley Centre/Climatic Research Unit v5 dataset (Had-
CRUTS) [40] that consists of surface temperature anomalies concerning the 1961-1990 base
period. HadCRUT5 combines air temperature from land stations with SST from ships and
buoys on a 5° x 5° grid, available from 1850 to 2018.

Models’ results were also compared with reanalysis, using the National Oceanic and
Atmospheric Administration 20th Century Reanalysis version 2 (NOAA-20Cv2) [41] and
version 3 and (NOAA-20Cv3) [42]. Some differences between the two NOAA-20C versions
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include upgraded data assimilation methods, datasets, parameterization, an ensemble-
based estimate of confidence, among others. Our study period is from January /1871 to
December /2005 because the NOAA-20Cv2 dataset is available from 1871.

2.4. SAM Indices

Here we used two SAM indices. The Gong and Wang index [4], referred to as GW99
hereafter, was applied to the models and reanalysis outputs. The Marshall index [17], on
the other hand, uses MSLP observations from surface stations.

The GW99 SAM index is defined as the difference of MSLP normalized monthly
anomalies between 40 °S (PZOOS) and 65 °S (PZSOS) latitudinal belts:

SAM = Pyoq — Peg

The SAM Marshall index [17] is based on the GW99 definition but uses MSLP values
recorded in six surface stations near the latitudes of 40 °S and 65 °S. Monthly values from
January /1957 to the present are available on Marshall’s website (https://legacy.bas.ac.uk/
met/gjma/sam.html, accessed on 11 August 2021). Anomalies were normalized using the
standard deviation.

We applied a 10-yr moving average to SAM indices to facilitate the examination of
long-term changes. We compared the smoothed SAM indices with the standard deviation
of the CMIP5 ensemble mean to evaluate the spread of the models.

We employed the Pearson correlation to verify the relationship of the MSLP spatial
pattern with the reconstructed SAM indices and to examine the relation between SAM, the
seasonal precipitation, and the monthly temperature anomalies fields in South America.
A T-test was applied to identify the 5% significance level. A 10-yr moving average was
applied to seasonal indices to evaluate their evolution along the 20th and 21st centuries.

Composite analysis was performed to investigate the spatial structure of the precip-
itation and temperature anomalies associated with the SAM phases. Precipitation and
temperature anomalies were composited considering the SAM standardized index monthly
values higher (lower) than 2 (-2) for the positive (negative) phase. For seasonal composites
(see Supplementary Materials), we applied the threshold of |11 as seasonal time series are
shorter than monthly ones. This analysis considers the time interval from January /1979 to
December /2005 so that model-derived data can be compared with observations. Compari-
son among the composites was qualitative.

3. Results

For the analysis of the atmospheric pressure and SAM climatological fields, the time
interval from January /1957 to December /2005 was adopted as the reference period due
to its correspondence to the available Marshall index time interval. To all datasets, we
averaged the MSLP annual cycle over 40 °S and 65 °S that are the SAM GW99 index
latitudes (Figure 1). In the 40 °S latitude belt (Figure 1a), the MSLP presents values higher
than 1013 hPa when compared with the 65 °S latitude belt (Figure 1b). At the 40 °S
belt (Figure 1a), all datasets present a similar annual pattern, with the major MSLP peak
occurring in March-April. However, reanalysis (green and purple triangles) and models
(BESM, black squares; CMIP5 ensemble mean, blue diamonds) present a 1-2 months
delay in respect to observations for the second MSLP peak. MSLP minima higher than
observations occurred during austral summer and winter (Marshall indeXx, red circles),
except for the CMIP5 Ensemble mean (blue diamonds).

At the 65 °S belt (Figure 1b), the reanalysis MSLP monthly means (purple and green
triangles) are closer to the observational annual pace (Marshall index, red circles) than to
model-derived results (BESM, black squares; CMIP5 ensemble mean, blue diamonds). The
major MSLP peak occurs during the austral summer (December-January), while minima
occur during austral spring and autumn. However, models disagree with observations and
reanalysis in the second maxima, with a 2-months delay and a sub-estimation of MSLP
values. This bias in BESM-OAZ2.5 response is probably related to radiative processes that
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warm anomalously the ocean mixing layer, mainly during summer. The stored heat in the
upper ocean warms the atmosphere for two months more after the end of summer and
induces a delay on MSLP peaks [20,21,29]. BESM model (black squares) outputs present
the largest differences in MSLP when compared with observations (> 5 hPa).

(@) Climatology 40°S (1957-2005) (b)  climatology 65°S (1957-2005)
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Figure 1. Monthly Mean Sea Level Pressure (MSLP, hPa) averaged over SAM GW99 index latitudes,
(a) 40 °S, and (b) 65 °S, from January/1957 to December/2005. Black squares: BESM; blue diamonds:
CMIP5 ensemble mean; purple triangles: NOAA-20Cv2 reanalysis; green upside-down triangles:
NOAA-20Cv3 reanalysis; and red circles: Marshall index, surface-station derived pressure values.

Seasonal reconstructions of the GW99 SAM index time series were filtered using a
10-yr moving average to examine its decadal behavior (Figure 2). We compare the indices
to the CMIP5 ensemble mean spread (2 standard deviations, light blue shaded area). The
two reanalysis reconstructions (purple and green lines) tend to agree in more recent times
and show a difference to the Marshall index (red lines) during all seasons (Figure 2a—d).
CMIP5 ensemble-derived index (blue lines) is smoothed in amplitude compared with other
reconstructions because of the members averaging. However, it follows the general trend
of the Marshall index in the more recent decades. The BESM index (black lines) shows
amplitude variations comparable to reanalysis but mostly distinct in phase. Differences
present between indices are expected because, as pointed out before in this text, Marshall’s
index uses surface stations observations while the GW99 index uses MSLP latitudinal
anomalies from gridded datasets. We computed the absolute error between Marshall’s
index and the other reconstructions (Figure S1) and obtained mostly positive values in
all seasons for all the reconstructions. BESM presented a negative absolute error during
the 1990s, except for austral winter (JJA, Figure S1c). CMIP5 ensemble mean and BESM
also presented negative values in the 1970s for JJA (Figure Slc) and in the 1960s for SON
(Figure S1d).

Previous studies found the highest positive trend during austral winter in the NCAR
reanalysis, and during austral summer for Marshall’s index [7]. A positive trend starting
in the 1970s is observed in the Marshall index time series (red lines) in austral summer
(Figure 2a) and autumn (Figure 2b). BESM index (black line) is the only one that does not
follow the DJF trend (Figure 2a), although it follows the MAM reconstructions (Figure 2b).
During JJA (Figure 2c), the positive trend is not clear in observations (red line), CMIP5
models (blue line), and BESM (black line), but very noticeable in reanalysis data (green and
purple lines). Reanalysis data (green and purple lines) and CMIP5 models outputs (blue
line) also show a positive trend during austral spring (SON). BESM (black line) outputs
agree with Marshall’s index (red line) with no trend in SON (Figure 2d).

Other previous studies associate the recent SAM positive trend with changes in the
stratosphere and the circumpolar westerlies, as changes in the atmosphere’s vertical shear
influences SAM [43]. The circumpolar vortex enhances with increased vertical shear in
the zonal wind because of a stratospheric meridional temperature gradient intensification,
a reduction in stratospheric ozone concentration, and an increase in other greenhouse
gas concentrations [44]. However, the positive SAM trend started ten years before the
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known ozone loss described for the SH stratosphere, suggesting that the observed trend
may be related to a non-linear interaction between natural and anthropogenic forcings [45].
Previous studies report the persistence and enhancement of SAM positive phase with BESM-
OA2.5 outputs for CMIP5 future scenarios [22] and associated with thermal expansion of
the oceans in the upper 700 m of up to 0.23 m until 2100 [46]. In quadrupling atmospheric
CO, scenarios, seasonality in the polar amplification occurs in both north and south poles,
with a decrease in sea-ice near the Antarctic Peninsula in BESM-OA2.5 and other CMIP5
models’ results [23].
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Figure 2. SAM GW99 index seasonal reconstruction from 1871 to 2005, compared with observations-
derived Marshall index (red lines, available since January 1957). (a) austral summer (DJF); (b) austral
autumn (MAM); (c) austral winter (JJA); and (d) austral spring (SON). Black lines: BESM; blue
lines: CMIP5 ensemble mean; purple lines: NOAA-20Cv2 reanalysis; green lines: NOAA-20Cv3
reanalysis. SAM indices time series were smoothed by a 10-yr moving average. Light blue shaded
area corresponds to 2 standard deviations of the ensemble mean (blue line).

To reconstruct the spatial pattern of SAM, we correlated the GW99 SAM index for
each dataset with the seasonal MSLP anomalies from 20 °S to 90 °S, from January/1871 to
December/2005 (Figure 3). All results show an annular pattern, with a negative correlation
above 60 °S, and a positive correlation below 40 °S. Spatial variations occur among seasons,
where wavenumber 3 or 4 patterns become somehow evident, mainly for the reanalysis
results (Figure 3, first and second columns). For CMIP5 models and BESM, however, the
SAM wave patterns are not clear (Figure 3, third and fourth columns). For all datasets,
the correlation is weaker during austral autumn (MAM, Figure 3e-h) and winter (JJA,
Figure 3i-1) and stronger during austral summer (DJF, Figure 3a—d) and spring (SON,
Figure 3m-p). BESM outputs (Figure 3, fourth column) present the highest correlation
values among all datasets.

CMIP5 models present an improvement in simulating SAM structure over CMIP3,
but half of the models comprising the CMIP5 experiment fail in representing recent SAM
decadal phases [3]. Previous studies report a seasonal correlation between SAM and surface
weather. Hendon et al. [47], e.g., show a correlation during austral winter and austral
summer, probably related to changes in teleconnection between polar and subtropical
circulation features. Nonetheless, SAM amplifies with height during late spring due to
planetary wave-mean flow interaction favored by the zonal flow [2]. These changes in
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circulation could facilitate the correlation between SAM and weather conditions during
other seasons than austral winter.
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(a} DJF (20Cv2)
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Figure 3. SAM GW99 index correlation with seasonal SLP anomalies. DJF: (a—d); MAM: (e-h); JJA:
(i-1); SON: (m—p). First column: NOAA-20Cv2 reanalysis; second column: NOAA-20Cv3 reanalysis;
third column: CMIP5 ensemble mean; and fourth column: BESM. Reference period: 1871-2005.

SAM was previously evaluated using BESM-OAZ2.5 outputs [29]. The authors applied
EOF analysis to the monthly mean 500 hPa geopotential height field from 20 °S to 90 °S
over 1950-2005 and compared their results with NOAA-20Cv2 reanalysis. They reported
differences in the amplitude of the signal but not in its spatial pattern. In this study, the
explained variance was also higher for BESM-OAZ2.5 (34.1%) than for reanalysis (21%) [29],
but the values were within the variance range reported in other studies [5].

4. Discussion and Conclusions

Previous statistical studies report that SAM climate impacts the SH in latitudes ranging
from Antarctica and the Southern Ocean [48] to midlatitudes [49], with effects in precipita-
tion, surface air temperature, and sea level pressure [5]. Here we investigate how the BESM
and other CMIP5 climate models reproduce the relationship between SAM, precipitation,
and air temperature, comparing our results with others previously reported.

4.1. Precipitation

In South America, SAM impacts the precipitation through changes in the frontogenesis
properties [13] and in the South Atlantic Convergence Zone (SACZ) variability [12]. The
SACZ, for instance, occurs mainly in southeastern South America and may be related
to SAM phases and other modes of climate variability such as El Nifio-Southern Oscil-
lation [50,51]. During the austral wet season (November to March), a weakening of the
SACZ is associated with a negative SAM signal [12]. Sea level pressure, precipitation, and
air temperature in SH are influenced by changes in cyclones’ density and SAM phase [9]
and by differences in frontogenesis during the positive and negative phases of SAM [13].
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In our results, observations and reanalysis data show a positive correlation between
SAM and seasonal precipitation in the Amazon during austral autumn (MAM) and spring
(SON) that are not reproduced by BESM-OA2.5 (Figure 4, second and fourth lines). BESM-
OA2.5 presented a bias in the Amazon region reported by [29]. Their results point out a
convergence bias during MAM over the Amazon, an underestimation of the precipitation
in the subtropics, and an overestimation at midlatitudes, when compared with the GPCP
dataset. In northeastern and southern Brazil, however, BESM-OA2.5 seems to reproduce
the precipitation pattern associated with SAM, with negative and positive anomalies,
respectively, during DJF (Figure 4, first line, fifth column) and JJA (Figure 4, third line, fifth
column). An opposite pattern occurs during SON (Figure 4, fourth line, fifth column).

GPCP NOAA-20Cv2 NOAA-20Cv3 BESM

70°W 50°W  30°W 10°W 70°W  50°W  30°W  10°W 70°W  50°W  30°W  10°W 70°W  50°W  30°W  10°W 70°W 50°W  30°W 10°W
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amn I

-05-04-03-02-0101 02 03 04 05

f T
T0°W 50°W

Figure 4. SAM index correlation with seasonal precipitation anomalies (1979-2005). Precipitation
values: first column, GPCP; second column, NOAA-20Cv2 reanalysis; third column, NOAA-20Cv3
reanalysis; fourth column, CMIP5 ensemble mean; and fifth column, BESM. Lines refer to seasons:
first line, December to February (DJF); second line, March to May (MAM); third line, June to August
(JJA); and fourth line, September to November (SON). Dotted areas correspond to 5% significance

level.

The negative correlation between SAM and precipitation anomalies during SON in
southeastern South America is consistent with the findings of Silvestri and Vera [52]. BESM-
OA2.5 also presents difficulties in representing cloudiness, mainly in the high latitudes of
the Southern Hemisphere [29]. CMIP5 models (Figure 4, fourth column) reproduce the
SAM and precipitation relationship in all seasons except the austral winter (JJA, fourth
line). Spatial patterns obtained with the reanalysis datasets (Figure 4, second and third
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columns) agree with observations (Figure 4, first column), but overestimate the magnitude
of the correlation, especially in the Amazon region, and in midlatitudes (~50 °S).

To examine the relationship between SAM phases and precipitation, we performed
a composite analysis. The observations indicate that during the positive phase of SAM,
positive precipitation anomalies occur in northeastern Brazil and the equatorial and tropical
southwestern Atlantic. Negative anomalies occur in southern Brazil and Uruguay and
the mid-latitudes of the South Atlantic Ocean (Figure 5a). NOAA-20Cv3 reanalysis can
reproduce this pattern (Figure 5c). NOAA-20Cv2 agrees in sign, although overestimated
in magnitude (Figure 5b). CMIP5 ensemble mean agrees in sign but underestimates the
magnitude of the precipitation signal (Figure 5d). BESM-OA2.5 composite is consistent
with the precipitation observations, mainly over the ocean, but presents opposite signs
over the continent (Figure 5e).
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Figure 5. Precipitation anomalies composites according to SAM phases. (a—e), positive SAM; (fj),
negative SAM. Composites were obtained by averaging precipitation anomalies in months with
SAM standardized index values higher than |2 . Precipitation values are in millimeters per month
(mm/month). Datasets: (a,f), Marshall SAM index and GPCP; (b,g), NOAA-20Cv2; (c,h), NOAA-
20Cv3; (d,i), CMIP5 ensemble mean; (f,j), BESM. Reference period: 1979-2005.

The negative phase of SAM presents an opposite precipitation response compared
with the positive phase: negative precipitation anomalies occur in northeastern Brazil and
the equatorial and tropical Atlantic Ocean; positive anomalies are present in southern
Brazil and the southwestern South Atlantic Ocean (Figure 5f). NOAA-20Cv3 reanalysis
can reproduce this pattern (Figure 5h), but the earlier version of the dataset (NOAA-
20Cv2) presents similarities with the precipitation patterns only over the ocean (Figure 5g).
CMIP5 ensemble mean composite agrees in sign but underestimates the magnitude of the
precipitation fields (Figure 5i). BESM-OAZ2.5 results are comparable to the precipitation
observations over the ocean, but the relation is not clear over the continent (Figure 5j).

Seasonal composites (Figures S2-S5) show a similar representation of SAM positive
and negative phases in terms of precipitation. NOAA-20Cv2 overestimates precipitation
anomalies in all seasons and the sign of anomalies for positive SAM changes. NOAA-
20Cv3 agrees in sign with observations for precipitation anomalies, mainly for negative
SAM. CMIP5 ensemble mean underestimate precipitation anomalies in all seasons. BESM
agrees with observational reconstruction mainly for austral summer (Figure S2) and spring
(Figure S5).

Previous studies investigated the relationship between SAM phases and precipitation.
During the 1960s-1970s spring, SAM impacted on southeastern South America precipitation
as enhanced moisture convergence caused the intensification of an upper-level anticyclonic
anomaly in the southwestern subtropical Atlantic Ocean. It resulted in an increase in
precipitation associated with a positive SAM [52]. However, this relationship changed
during the 1980s-1990s, when the anticyclonic anomaly moved towards southern South
America, producing the opposite response of weakened moisture convergence and a
decreased precipitation rate. Similar results were found for the latter decades, indicating a
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modulation of ENSO impacts in the precipitation of southeastern South America by the
forcing of SAM [50].

Changes in the subtropical and polar jet associated with the SAM also impact the pre-
cipitation anomalies over South America. The positive SAM phase results in a weakening
of the subtropical jet in both hemispheres, and a strengthening of the SH polar jet, with
opposite responses during the negative phase of SAM [53]. Similar results were found by
subsequent studies [10], but with no evidence of change in the subtropical jet position as the
polar jet moves polewards during a positive SAM. Indeed, the strengthening and poleward
displacement of the polar jet during the positive SAM show zonal wind anomalies that
occur on the poleward side of the tropospheric jet, near 60 °S [54]. The opposite pattern
occurs during negative SAM phase. SAM phases also affect extratropical cyclogenesis in
South America with an impact on the precipitation. Teleconnections between SAM, ENSO
and the Indian Ocean Dipole (IOD) modify the mean position of cyclones” occurrence,
ultimately changing the cyclones’ track density [9].

4.2. Surface Temperature

CMIPS5 projections using RCP4.5 show a weak negative trend in the SAM time series
but a robust positive trend in the RCP8.5 scenario [3]. More recently, Ibebuchi [8] identified
a positive trend in SAM under the RCP8.5 simulations and updated ssp585 CMIP6 simula-
tions. Zheng et al. [3] reconstructed the SAM pattern using Empirical Orthogonal Function
(EOF) considering the 700 hPa geopotential height south of 20 °S. They found explained
variances ranging from 44% to 79% among CMIP5 models and 39% in reanalysis data [3].
Although reproducing the spatial patterns, CMIP5 models diverge in SAM amplitude.
Nonetheless, all 12 analyzed models could reproduce the long-term SAM positive trend,
as observed in Marshall’s index [3]. A higher spatial resolution did not appear to be a
determining factor for a better representation of the SAM pattern. Differences may also
reflect the jet stream dynamic behavior in each model [55].

Changes in surface air temperature associated with changes in the SAM patterns are
stronger over the eastern Antarctic Peninsula (AP) compared with western AP because of
lee side compressional warming during the period dominated by strong westerly (upwind)
flows [56]. Surface current circulation and sea surface temperature (SST) patterns observed
in the Southern Ocean over Antarctica relate to the SAM positive trend [16].

Air surface temperature anomalies are related to SAM and changes in the MSLP. This
relationship is clear in our results for all examined datasets (Figure 6), with negative corre-
lations over Antarctica’s center, and positive correlations over the AP and southern South
America. Our results are consistent with the previous studies [57]. The authors suggested
that recent changes in SAM resulted in negative surface air temperature anomalies over
the entire Antarctic continent, except for the AP region.

BESM-OA2.5 has difficulties in representing the warming trend of the historical period
because it does not include aerosol processes if compared with other CMIP5 models [29].
However, in this study BESM-OA2.5 shows a more realistic relationship between SAM and
surface air temperature when compared with other CMIP5 models (Figure 6).

Previous studies indicate a good agreement between CMIP5 models and observations
when reproducing SAM and surface air temperature during austral winter (JJA) when
SAM shows a less annular pattern [58]. However, we only computed monthly correlations
(Figure 6) as recent studies report that the most important correlations between SAM and
surface air temperature occur on a monthly scale [5].

BESM-OAZ2.5 also presents a noticeable SST bias in the tropical Atlantic Ocean, con-
cerning the ERSSTv4 dataset [29]. This bias is higher than in other CMIP5 models, being
positive in the eastern tropical Atlantic Ocean. However, biases in BESM are within
the range reported by other CMIP5 models. Positive biases in the major eastern coastal
upwelling regions also occur in BESM, but this is a systematic error common to many
state-of-the-art models and is related to underestimated winds in coastal zones [29]. In
experiments with quadrupling the atmospheric CO, concentration, BESM-OA-2.5 pre-



Atmosphere 2021, 12, 1045

11 of 15

sented bias in lapse rate, humidity feedback, and albedo over the ocean near Antarctica,
when compared with the CMIP5 multi-model ensemble [24]. Despite the biases, our results
indicate that BESM-OAZ2.5 reproduces the SST seasonal variability, presenting the same
correlation sign over the ocean if compared with the observations (Figure 6).
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Figure 6. SAM index correlation with monthly surface temperature anomalies (1979-2005). (a) GIS-
TEMPv4, (b) NOAA-20Cv2 reanalysis, (¢) CMIP5 ensemble mean, (d) HadCRUTS5, (e) NOAA-20Cv3
reanalysis, (f) BESM. GISTEMPv4 and HadCRUT5 temperature anomalies were correlated with
Marshall observational index, while reanalysis and models’ temperature anomalies were correlated
with GW99 index. Dotted areas correspond to 5% significance level.

Surface air temperature composites (Figure 7) reveal a more robust response to the
SAM positive and negative phases, mainly over Antarctica, the AP, and the southernmost
region of South America. During the positive SAM phase, observations indicate a positive
surface air temperature anomaly over the PA, the Weddell Sea, the northern and southern
regions of South America, and over the southwestern Atlantic Ocean. Negative anomalies
occur in Antarctica (Figure 7a,b). Model results present similar responses, but limited to the
mid and high latitudes, with some variations in surface temperature anomalies magnitude
among all models (Figure 7c—f).

During the negative phase of SAM, an opposed response occurs in Antarctica if com-
pared with the positive SAM, except in the PA region. The opposed pattern does not occur
over South America and the Atlantic Ocean (Figure 7g,h). However, reanalysis, CMIP5 en-
semble, and BESM-OAZ2.5 show an opposed response of surface air temperature anomalies
during the SAM negative phase, if compared with the positive phase (Figure 7i-1).

Seasonal composite analysis of surface temperature (Figures S6-59) does not reveal a
consistent opposition between positive and negative SAM phases in observations, except
for austral winter (JJA, Figure S8). BESM disagrees with the observational reconstruction
sign of SAM phases. These results partially agree with previous studies, which report a
more consistent relationship between SAM and precipitation on the seasonal scale, and
with the surface temperature on the monthly scale [5].

Previous studies relate SAM phases and the surface air temperature anomalies with
perturbations in atmospheric circulation, mainly associated with changes in subtropical
and polar jets. Adiabatic responses of the meridional circulation during a positive SAM, the
strengthening of the zonal westerly flow, and of the polar jet, which also moves poleward,
are caused by changes in atmospheric zonal mean temperature [5]. Indeed, [52] reported the
occurrence of an anticyclonic anomaly over southern South America that favored positive
advection of temperature anomalies in this region during the positive phase of SAM.
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Figure 7. Surface temperature anomalies composites according to SAM phases. (a—f), positive SAM;
(g-1), negative SAM. Composites were obtained by averaging temperature anomalies in months
with SAM standardized index values higher than |2|. Temperature values are in celsius (°C).
Datasets: (a,g), Marshall SAM index and GISTEMP; (b,h), Marshall SAM index and HadCRUT; (c,i),
NOAA-20Cv2; (d,j), NOAA-20Cv3; (e k), CMIP5 ensemble meanr.

In conclusion, we found that the BESM-OA2.5 model was able to reproduce most of
the SAM patterns and their effects on climate variables if compared with other CMIP5
models, reanalysis, and observations. The MSLP climatology over latitudinal belts used in
the SAM index computation was consistent in BESM-OA2.5 outputs and other examined
datasets, despite the BESM-OAZ2.5 bias in higher latitudes. The SAM index obtained for all
datasets presents a positive trend since the 1970s in agreement with previous studies. All
analyzed datasets were able to represent the SAM spatial pattern, but BESM-OA2.5 tends
to enhance MSLP anomalies” magnitudes in comparison with observations, reanalysis, and
other CMIP5 models.

The relationship between the SAM mean pattern and phases with precipitation and
surface temperature was also represented, albeit with the intrinsic limitations of all data
used here. BESM-OA2.5 was able to represent the seasonal relationship between precip-
itation and SAM in eastern South America and to express the effects of SAM phases on
eastern South American precipitation, mostly on the seasonal scale (during austral summer
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and spring). For surface temperature, BESM-OA2.5 was able to reproduce the monthly
relationship between surface temperature and SAM in the South America region if com-
pared with observations. On the other hand, most of the examined datasets (including
BESM-OAZ2.5) showed an unclear relationship between SAM phases and surface temper-
ature on the seasonal timescale, except for austral winter. This result agrees with recent
studies that report a well-defined relationship between surface temperature and SAM on
the month-time scale.

Biases in the tropical Atlantic and over the Amazon, combined with the poor repre-
sentation of cloudiness by the BESM-OA2.5 model in higher latitudes, seem to contribute
to the seasonal discrepancies found in our results for these regions. However, identifying
these biases will certainly lead to refinements in BESM and contribute to improving studies
of climate variability and change.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/atmos12081045/s1, Figure S1: SAM GW99 index absolute error compared with the obser-
vational reconstruction fromthe Marshall index (Figure 1). Figure S2: DJF precipitation anomalies
composites according to SAM phases. Figure S3: MAM precipitation anomalies composites accord-
ing to SAM phases. Figure S4: JJA precipitation anomalies composites according to SAM phases.
Figure S5: SON precipitation anomalies composites according to SAM phases. Figure S6: DJF surface
temperature anomalies composites according to SAM phases. Figure S7: MAM surface temperature
anomalies composites according to SAM phases. Figure S8: JJA surface temperature anomalies
composites according to SAM phases. Figure S9: SON surface temperature anomalies composites
according to SAM phases.
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