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Abstract

The South American Monsoon System (SAMS) is a major climatic feature of South America, and its domain extends
from Amazon to La Plata basin. The SAMS region is vulnerable to variations of climate and precipitation patterns, which
could impact economic activities and lead to potential societal consequences. In the face of a warming future scenario, the
importance of the study of the past climate with numerical simulations is to evaluate the climate models and to assure the
reliability of future projections. Here we investigate the Mid-Holocene SAMS, evaluating changes in strength, life cycle and
associated dynamical mechanisms in ten Earth System Models simulations. Our results show that the SAMS was weaker in
the Mid-Holocene than in the pre-industrial climate in December—January—February (DJF), but stronger in September—Octo-
ber—-November (SON). This is probably a consequence of insolation variations in the Mid-Holocene, which contributed to
changes in the moisture flux from the Atlantic Ocean to the continent, the strength of the upper-level atmospheric circulation,
and the amount of precipitation over the SAMS region. Moreover, we suggest that the life cycle of the SAMS was altered
during the Mid-Holocene, with an earlier onset and demise. Our results also indicate that Mid-Holocene SAMS changes
are connected to precipitation variations near Northeast Brazil, in a dipole configuration of precipitation between western
Amazon and Northeast Brazil, due to the influence of the Walker cell. Finally, this study highlights a need for improvement
of the numerical models to better simulate the amount of precipitation over South America and the upper-level circulation
over western Amazon in SON, which are crucial factors for a more realistic representation of the SAMS.
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1 Introduction

Monsoon systems are the dominant mode of climate vari-
ability over the tropics, impacting about 70% of the world’s
population. Most of these populations live in develop-
ing countries and are dependent on the variability of the
monsoon, such as onset and demise dates, as well as total
amount and intensity of precipitation, for agricultural activi-
ties (Mohtadi et al. 2016). The South American Monsoon
System (SAMS) is the most significant climatic feature of
South America, responsible for the largest amount of the
annual precipitation over most of the continent extending
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from the Amazon River basin to the south of La Plata basin
(Gan et al. 2004; Marengo et al. 2012).

The life cycle of the SAMS starts in the austral spring
(September to November, SON), with the development of
the deep convection over northwestern Amazon, associated
to an upper-level anticyclonic circulation, which spreads pro-
gressively to southeastern Brazil by the middle of November
(Kousky 1988; Gan et al. 2004). The mature phase of the
SAMS occurs during the austral summer (December to Feb-
ruary, DJF), with the establishment of an upper-level anticy-
clone over Bolivia, known as the Bolivian High (BH), and a
trough over the Atlantic Ocean, known as the Northeast Low
(NL; Virji 1981; Chen et al. 1999), and the presence of the
South Atlantic Convergence Zone (SACZ), which is a cloud
band, in a northwest-southeast orientation, associated with
low-level moisture convergence and significant amounts of
precipitation (Kodama 1992, 1993; Carvalho et al. 2002).

The variability of the SAMS can be influenced by remote
ocean—atmosphere interactions. The tropical Atlantic Ocean
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influences the interannual rainfall variability, especially over
the Amazon River basin (Yoon and Zeng 2010; Marengo
et al. 2011), through the modulation of the north—-south
divergent circulation and the Intertropical Convergence Zone
(ITCZ) movement following warm Sea Surface Temperature
(SST). Over the tropical Pacific Ocean, the El Nifio South-
ern Oscillation (ENSO) is the most important phenomenon
influencing interannual precipitation and temperature vari-
ability over the South American continent, explaining about
two-thirds of the interannual variance of precipitation and
temperature (Garreaud et al. 2009).

On geological time scales, SAMS’s precipitation vari-
ability is mainly influenced by two factors: (1) variations in
orbital parameters, and (2) the meridional gradient of the
Atlantic SST (Baker and Fritz 2015). Variations in green-
house gas concentrations and glacial boundary conditions
are also considered as an additional driver of the climate
(Cook and Vizy 2006; Kanner et al. 2012). Orbital-scale
changes cause variations in insolation that ultimately influ-
ence the intensity of the SAMS and the position of the ITCZ
(Seltzer et al. 2000; Haug et al. 2001; Baker et al. 2001a;
Cruz et al. 2005). In addition, the meridional gradient of the
Atlantic SSTs causes an impact on precipitation over the
northern part of the SAMS through the modulation of the
ITCZ latitudinal positioning (Nobre and Shukla 1996) and
changes in the meridional circulation (Coelho et al. 2012).
ENSO variability is insufficient to explain most of the vari-
ations of the SAMS precipitation observed in the Holocene
paleoclimatic records (Baker and Fritz 2015) since there is
no evidence that ENSO might have been more frequent in
the late Holocene (Cobb et al. 2013).

In the Mid-Holocene (6000 years ago, 6 ka), the SAMS
intensity was weaker than in the present, with reduction in
precipitation, according to speleothems records from the
Peruvian Andes (Cheng et al. 2013; Kanner et al. 2013) and
southeastern Brazil (Cruz et al. 2005), and ice cores from
Peru (Thompson et al. 1995) and Bolivia (Ramirez et al.
2003). A weaker SAMS during the Mid-Holocene was also
simulated by climate models (Silva Dias et al., 2009; Prado
et al. 2013; Maksic et al. 2019). On the other hand, there
was an increase in precipitation during the Mid-Holocene
in Northeast Brazil and eastern Amazon, as indicated by
proxies in speleothems (Cruz et al. 2009; Cheng et al. 2013;
Wang et al. 2017) and climate models (Prado et al. 2013;
Maksic et al. 2019). The mechanisms associated with the
SAMS weakening and the precipitation dipole between
western Amazon and Northeast Brazil will be investigated
in this study.

Model simulations of past climates are a powerful mean
to help in understanding the mechanisms of the past variabil-
ity of the SAMS precipitation. The results from climate mod-
els could support the interpretation of paleoclimatic records
from South America, which have a limitation in providing
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information about dynamical variables and atmospheric cir-
culation. In this context, Coupled Model Intercomparison
Project phase five (CMIPS; Taylor et al. 2012) designed a
new series of coordinated experiments to evaluate the ability
of climate models to simulate past scenarios and assess the
sensibility of the climate to changes in atmospheric compo-
sition and biosphere. These experiments include simulations
of the Pre-Industrial period (before 1850), Historical period
(1850-2005) and the Mid-Holocene (6 ka). In this context,
this study aims to investigate the changes in precipitation
and atmospheric circulation linked to the SAMS during
the Mid-Holocene using the results of the CMIP5 models.
Data and methodology used in this study are presented in
Sect. 2. Climate simulations are briefly described in Sect. 3,
while the analysis and discussions of these simulations and
the mechanisms associated with the Mid-Holocene climate
changes are in Sect. 4. Finally, Sect. 5 presents the main
conclusions.

2 Data and methodology

2.1 Data

In this section, we present a description of the observed data
used in the model validation, the CMIP5 models selected for
the analysis, and the numerical experiments studied here.

For the observed data, as South America presents an
irregular spatial distribution of precipitation from station
data, we choose to use monthly precipitation data from the
Climate Prediction Center (CPC) Merged Analysis Precipi-
tation (CMAP, Xie and Arkin 1997), which merges obser-
vation from rain gauges with precipitation estimates from
satellites (starting from 1979). Monthly data of 1.5 m air
temperature and wind are from ERA-Interim reanalysis of
the European Centre for Medium-Range Weather Forecast
(ECMWEF, Dee et al. 2011). The horizontal resolution of
CMAP and ERA-Interim are 2.5° and 1.5°, respectively, and
the period analyzed was the same for both datasets, from
1979 to 2004. Figure 1 shows precipitation and upper-level
circulation for SON and DJF derived from these datasets,
and illustrate the main features of the SAMS, such as the
SACZ, ITCZ, BH, and NL.

The model data for the present climate and Mid-Holocene
were obtained from the British Atmospheric Data Centre
(BADC). We analyzed the results of ten CMIP5 Earth
system models, whose main characteristics are shown in
Table 1, for the experiments Pre-Industrial, Historical and
Mid-Holocene. The parameters for these climate simulations
were defined by the protocol established by CMIP5 (Taylor
et al. 2012). A brief description of these CMIP5 experiments
is given below, with the main forcings for each period.
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Fig. 1 Precipitation (mm/day) and 200 hPa circulation from 1979— ITCZ, SACZ, Bolivian High (BH), Northeast Low (NL), and anticy-
2004 CMAP and ERA-Interim reanalysis data, respectively, for (a) clonic circulation (A)
SON and (b) DJF. The main atmospheric features illustrated are the

Table 1 CMIPS5 Earth system models analyzed in this study, with the atmospheric resolution (lat x lon grid; number of vertical levels) and refer-
ences

Model Institute Atmospheric grid References

BCC-CSM1.1 Beijing climate center (BCC, China) ~2.8°%2.8° 26 Xin et al. (2013)

CCSM4 National center for atmospheric research (NCAR, 1.25°%0.9°; 27 Gent et al. (2011), Brady et al. (2013)
USA)

CNRM-CM5 Centre national de recherches meteorologiques—  ~1.4°x1.4°; 31 Voldoire et al. (2013)

Centre Europeen de recherche et formation
avancees en calcul scientifique (CNRM-CER-
FACS, France)
CSIRO-Mk3-6-0 Commonwealth scientific and industrial research  ~1.875°x1.875°; 18 Rotstayn et al. 2012
organization (CSIRO, Australia)

GISS-E2-R National Aeronautics and Space Administration 2°%2.5°;, 40 Schmidt et al. 2014
(NASA, USA)
HadGEM2-ES UK met office hadley center 1.25°%x1.875°; 38 Collins et al. (2011), Jones et al. (2011)
IPSL-CMS5A-LR Institute Pierre-Simon Laplace (IPSL, France) 1.9°%x3.75°; 39 Dufresne et al. (2013), Braconnot and Kageyama
(2015)
MIROC-ESM University of Tokio, national institute for environ- 2.8°x2.8°; 80 Watanabe et al. (2011), Sueyoshi et al. (2013)

mental studies, Japan agency for marine-earth
science and technology (MIROC, Japan)

MPI-ESM-P Max planck institute for meteorology (MPI-M, ~1.9°%1.9° 47 Giorgetta et al. (2013), Bothe et al. (2013)
Germany)
MRI-CGCM3 Meteorological research institute (MRI, Japan) ~0.9°%x0.9°; 48 Yukimoto et al. (2012)

The Pre-Industrial (PT) experiment serves as the baseline, ~ observed climate change. External forcings include observed
with the values for greenhouse gases, aerosols, ozone, and greenhouse gas concentration, solar forcing, volcanic activ-
solar irradiance fixed at the year 1850. The results of this ity, ozone, and aerosols. The Mid-Holocene experiment
experiment are used as initial conditions for historical and  is a climate simulation for 6000 years ago with impos-
paleoclimatic simulations, and to estimate the unforced vari-  ing conditions consistent with the Paleoclimate Modeling
ability of the model. The Historical experiment covers the  Intercomparison Project phase three (PMIP3) specifications
period between 1850 and at least 2005, and it aims to evalu- (Braconnot et al. 2011, 2012), including Mid-Holocene val-
ate the model performance against the present climate and  ues for orbital parameters and atmospheric concentrations
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of greenhouse gases, which did not change throughout the
model integration. The main purpose of this experiment is to
compare paleodata with the model response to orbital forc-
ing and greenhouse gas concentrations changes.

2.2 Methodology

The methodology used in this study is divided into two
parts: (1) model validation, which consists of the evaluation
of the Historical simulation against observations, and (2)
Mid-Holocene climate changes, focusing on the precipita-
tion changes and the associated dynamical mechanisms. To
evaluate the SAMS changes, our analysis shows the seasonal
mean plots for SON and DJF, which is the period when the
monsoon is active.

The model validation followed a similar methodology
from previous climate change studies with CMIP5 models
(Cavalcanti and Shimizu 2012; Dike et al. 2015), with the
use of data from satellite and reanalysis operating systems
for a climatological period of roughly 30 years. Observed
and model data were converted to the same spatial resolu-
tion, and the multi-model ensemble mean was calculated.
Next, we plot Taylor diagrams (Taylor 2001) of precipita-
tion and temperature to make a comparative assessment of
the different models and the multi-model ensemble mean.
Finally, we made a comparison between observed data
and multi-model ensemble mean to evaluate how well the
ensemble mean represents temperature, precipitation, and
the main characteristics of the South American atmospheric
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Fig.2 Taylor Diagram for the Historical simulation (1979-2004)
from the CMIP5 models and multi-model ensemble mean in com-
parison with observations for the annual mean (yellow), DJF (red)
and SON (blue) of (a) CMAP precipitation (mm/day), and (b) ERA-
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Standardized Deviations (Normalized)

circulation. The regions where at least 70% of the models
agree, with the sign of the difference between observed data
and Historical simulation, were emphasized.

To assess the mean state of the Mid-Holocene climate, a
30-year multi-model ensemble mean was calculated for both
PI and Mid-Holocene experiments. Insolation, precipita-
tion, and temperature anomalies, i.e. the difference between
Mid-Holocene and PI ensembles mean, were calculated. We
represent the confidence level of the model’s results by stip-
pling areas where at least 70% of the models agree with the
sign of the difference (i.e., positive or negative anomalies).
The statistical significance of the anomalies was tested by
t-Student’s test at a confidence level of 95%. The changes in
upper-level circulation, moisture flux content, mean vertical
velocity profile, and ITCZ position were also plotted. All
figures were made with the software NCL from the National
Center for Atmospheric Research (NCAR).

3 Climate simulations
3.1 Model evaluation for the present climate

Here we present the results for the model validation against
observed data; a more comprehensive analysis of these
simulations is made in Sect. 4. Taylor diagrams of pre-
cipitation and temperature for the South American domain
(45°S—15°N; 100°W=-20°W, Fig. 2) show temporal correla-
tions, root mean square errors (RMSEs), and standardized
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deviations of CMIP5 models and ensemble mean. For the
precipitation (Fig. 2a), the models show a dispersion in the
values, with some of them with RMSE:s larger than 1.25 (e.g.
CSIRO-Mk3-6-0 and HadGEM2-ES in SON) and/or cor-
relation lower than 0.6 (e.g. CSIRO-Mk3-6-0 and CNRM-
CMS in DJF). However, the accuracy of the models also
depends on the period under analysis, which means that, for
example, some models have higher skill in DJF than in SON.
Meanwhile, the multi-model ensemble mean (number 11)
showed a relatively good agreement with the observations,
with low (around 1.0) standard deviation and a correlation
between 0.8 and 0.9. Temperature diagram (Fig. 2b) exhib-
ited lower dispersion between the models, with low standard
deviation (around 1.0), and a correlation above 0.9 for most
of the models, and for the multi-model ensemble mean.

In SON (Fig. 3a), the comparison between observed
and Historical ensemble mean precipitation showed a
small negative bias (<3 mm/day) over central and south-
ern South America, besides an overestimation over the
Andes; these differences are found in at least 70% of
the models. In DJF (Fig. 3c), there are large differences

Fig. 3 a, c Differences between Precipitation
Historical ensemble mean and S OODo
CMAP precipitation (mm/ 10N — Neray
day) for SON and DJF. b, d s

Differences between Historical 0

ensemble mean and ERA-
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70% of the models agree with
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Student’s ¢ test were plotted ebob
50S i :

(4-6 mm/day) over the tropical Atlantic Ocean and posi-
tive bias (> 8 mm/day) over the Andes Cordillera. All
these differences are noted in at least 70% of the models.
The differences between the observed data and Historical
ensemble mean of temperature (Fig. 3b, d) for both DJF
and SON show small positive bias (< 3 °C) over the Ama-
zon region, but large cold bias over the Andes Cordillera
(> 15 °C). Over southern South America, there is a warm
(cold) bias in SON (DJF).

Figure 4 shows the streamlines at 200 hPa upper-level cir-
culation observed and simulated by the Historical ensemble
mean. In SON, the ensemble mean was not able to reproduce
the anticyclone over western Amazon seen in the reanalysis
data. In DJF, the BH was reasonably well represented, in
terms of wind intensity, by the ensemble mean, but the NL
simulated was weaker.

Temperature °c

60S
10N —

10S
20S
s0s &
40S —

50S ~ . 8

60S

gow
[N
-8 -6 -4

2 0 2 4 6 8

5 9 13

@ Springer




2702

M. H. Shimizu et al.

200hPa Streamline [m/s]  SON

£a Observation =—— storical

_b Historical =

| ¢ Pre-Industrial ===== _d Mid-

200hPa Streamline [m/s]  SON

60S ——— —
200hPa Streamline [m/s] DJF

; ﬁ"
200hPa Streamline [m/s] DJF

200hPa Streamline [m/s] DJF

S

Eh Mid-Holocene ===

60S T T T T

T g T I

90w 60w 30w 90w oW 30w 90w 60w 30w 90w 60w 30w
[ \ T I

1 4 7 10 13 16 19 22

25 28 31 34 37 40 43 45

Fig.4 Streamlines (m/s) at 200 hPa for SON and DIJF from (a, e) Observation, (b, f) Historical Ensemble Mean, (¢, g) Pre-Industrial Ensemble

Mean, (d, h) Mid-Holocene Ensemble Mean

3.2 Mid-Holocene climate simulation

In this section, we present the results of the model’s response
to Mid-Holocene changes in orbital parameters and green-
house gas concentration. The analysis and discussions of the
Mid-Holocene simulation are made in Sect. 4.

The Mid-Holocene climate is a response to the variations
of the insolation, SST and CO, concentration. Southern
Hemisphere insolation in the Mid-Holocene, defined by the
orbital parameters (Berger 1978), was lower (higher) than
PI in DJF (SON). These insolation variations are related to
an increase of the surface downwelling shortwave radiation
flux (Fig. 5a) in SON (+13.65 W/m?), and a decrease in DJF
(= 9.6 W/m?). SSTs were colder in the Mid-Holocene than
the PI conditions, over the tropical oceans (Fig. 5b). Finally,
CO, concentration for the Mid-Holocene experiments was
the same as in the PI period, fixed in 280 ppm (Jones et al.
2011).

Figure 6a—d shows the mean precipitation from both Pre-
Industrial and Mid-Holocene ensemble means. From these
figures, it is possible to observe differences in the amount
of precipitation associated with SACZ and Atlantic ITCZ,
but not in their mean position. In SON, wet and hot anoma-
lies (Fig. 6e, f) are observed over most of South America,
while dry conditions are observed over extratropical South
America; there is an agreement of at least 70% of the models
in both cases. Changes in precipitation and temperature over
Northeast Brazil are not a consensus for at least 70% of the
models, but the ensemble mean indicates dry anomalies. In
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the Tropical Atlantic, the precipitation was lower than in the
PI period, with an agreement of at least 70% of the models.

In DJF, the precipitation over most of South America
decreased in the Mid-Holocene (Fig. 6g), with an agree-
ment of at least 70% of the models. In the Northeast Brazil
coast and Tropical Atlantic Ocean, there was an increase of
precipitation, with also an agreement of at least 70% of the
models. The wetter anomalies in the Atlantic ITCZ it is not
related to a southward shift in its mean position, but to an
increase in the intensity of the precipitation and width of
the ITCZ, as evidenced by Fig. 6¢, d. Cold anomalies were
simulated over South America in DJF (Fig. 6h).

Upper-level anticyclone over Bolivia in SON was config-
ured during the Mid-Holocene (Fig. 4d), which suggests a
stronger circulation since this feature was not seen in the P/
simulation (Fig. 4c). In DJF, the magnitude and position of
the BH remained nearly the same as in the PI (Fig. 4g, h).

The vertical profiles of the meridional mean anomalies
(12°N-12°S) of omega (Fig. 7) show a dipole of subsidence/
ascendance between the Amazon basin (~75°-65°W) and
Northeast Brazil (~45°-35°W). There was an increase of
ascendance (subsidence) over the Amazon basin (Northeast
Brazil) in SON (DJF).

Vertically integrated moisture flux anomalies (Fig. 8a, b)
in SON reveal an increase of moisture flux brought from
the South Atlantic Ocean by the easterlies (Fig. 8c) into the
SAMS region, which is consistent with the wetter condi-
tions in the Mid-Holocene. In DJF (Fig. 8b), a decrease in
the moisture flux from tropical North Atlantic and Amazon
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(Fig. 8d) is associated with the drier anomalies over the
SAMS region. The direction of the moisture source didn’t
change in the Mid-Holocene (Fig. 8e, f), only the intensity
of the moisture flux.
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4 Discussions

In this section, we present the analysis and discussions of
the model evaluation (Sect. 4.1), as well as the dynamical
mechanisms associated to the Mid-Holocene seasonal pre-
cipitation changes (Sect. 4.2).

4.1 Model evaluation
4.1.1 Precipitation simulation

The evaluation of the Historical simulations against observa-
tions (Figs. 2, 3) showed that the main features of the SAMS,
such as the northwest-southeast oriented band of precipita-
tion related to the SACZ and the Atlantic Ocean maximum
of precipitation associated to the ITCZ, are represented by
the ensemble mean. However, there are some discrepancies
between observed and simulated precipitation. The mod-
els underestimate the precipitation in SON over the SAMS
region (Fig. 3) and overestimate the precipitation near the
Northeast Brazil coast in DJF. Also, the models simulated a
double ITCZ in the Atlantic Ocean, and the maximum pre-
cipitation associated with the Atlantic ITCZ is located more
to the south than the observed position during both SON
and DJF. The deficiency of models to correctly simulate the
precipitation over South America was already seen in ear-
lier versions of these models from the CMIP3 experiments
(Boulanger et al. 2006; Vera and Silvestri 2009; Seth et al.
2010), with overestimation of precipitation over the Andes
and underestimation over Amazon and the Atlantic ITCZ.

September October

Despite the recent efforts to improve climate models and
to reduce precipitation biases, some CMIP5 models are still
not able to reproduce the rainfall over Amazon, due to the
underestimation of the large-scale precipitation, and biases
of surface latent and sensible fluxes (Yin et al. 2013). More-
over, the dry biases could be caused by the simulation of
stronger ITCZ over the tropical Atlantic and eastern Pacific
Oceans, which results in strong moisture divergence and low
cloud amounts over Amazon (Yin et al. 2013). Besides, most
of the models simulated a double ITCZ over the Atlantic
Ocean in DJF (Adam et al. 2018, and references therein),
which is not realistic. Double ITCZ simulation is a bias that
persists from CMIP3 to CMIPS (Zhang et al. 2015; Jones
and Carvalho 2013), and the main causes include poor rep-
resentation of ocean—atmosphere feedbacks, SST biases, and
extratropical cloud biases (Li and Xie 2014).

Over southern South America, the dry bias in SON could
be related to an incorrect simulation of the amount of pre-
cipitation resulting from the onset of the SAMS and frontal
systems incursions. However, these dry biases are not seen
in an earlier analysis with seven CMIP3 models and Uni-
versity of Delaware precipitation data (Vera et al. 2006),
meaning that the model evaluation is also dependent on the
dataset used to represent the “observed precipitation”.

4.1.2 Upper-level atmospheric circulation simulation
One feature that is not represented by the CMIP5 models is
the upper-level anticyclonic circulation over Bolivia in SON

(Fig. 4b). This circulation is not seen in September, but is
configured in October and November in the reanalysis data

November
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Fig.9 Streamlines at 200 hPa (m/s) in September, October, and November for (a, b, ¢) observation, and (d, e, f) Historical ensemble mean
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(Fig. 9a—c). However, the Historical ensemble mean only
shows this anticyclonic circulation in November (Fig. 9d—f).
That is the reason why the high-pressure circulation is not
seen in the seasonal mean (SON). The late development of
the anticyclonic circulation by the models can be related to
the parameterization of convection and radiation processes,
once the anticyclone formation is a dynamical response to
the high troposphere heating due to camulus convection over
Amazon basin (Lenters and Cook 1997). The misrepresenta-
tion of this upper-level anticyclone is also related to the dry
bias in SON in the SAMS region.

Despite the models don’t represent the same pattern of
precipitation, atmospheric circulation, and Atlantic ITCZ,
our results can be useful to assess the climate response to
orbital forcing and greenhouse gases emissions and to under-
stand the dynamical mechanisms that caused the changes in
the precipitating systems and atmospheric circulation dur-
ing the Mid-Holocene. The confidence level of the Mid-
Holocene changes is restricted to where at least 70% of the
models agree with the sign of the difference, regardless of
the intensity of these changes.

4.2 Mid-Holocene simulations

Mid-Holocene climate simulations showed mainly the cli-
mate system response to changes in the mean seasonal cycle
of insolation and SSTs. Numerical experiments on the rela-
tive importance of insolation and SST showed that insolation
is the dominant forcing to land temperature and north—south
displacement of the continental convection, while SST is
responsible for the determination of the ITCZ location (Bias-
utti et al. 2003). In this section, we evaluate separately these
two influencing climate factors to the SAMS strength.

4.2.1 Insolation variations

Here, we explore the seasonal changes of the insolation,
driven by orbital parameters variations, and how it influ-
ences the precipitation and circulation changes. Orbital
parameters for the Mid-Holocene lead to an increase of the
insolation in SON and decrease in DJF over the Southern
Hemisphere, affecting the surface downwelling shortwave
radiation flux (Fig. 5a). So, the variations of the energy
budget, i.e. a surplus (deficit) of surface shortwave radia-
tion in SON (DJF), caused a surface warming (cooling)
over most of South America (Fig. 6f, h), which is primarily
responsible for the precipitation and circulation changes.
The insolation influence on SAMS precipitation in DJF
found in our results is consistent with earlier studies. For
example, Liu et al. (2003) concluded that the summer pre-
cipitation over South America was reduced mainly due
to the reduced insolation, and our results are in agree-
ment with these results. Other climate simulations for the
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Mid-Holocene (Biasutti et al. 2003; Prado et al. 2013; Liu
and Battisti 2015; Braconnot et al. 2007b) also showed, as
our results (Fig. 6g), that the decrease of summer precipita-
tion over SAMS region is caused by the lower insolation.
However, our results went further than the previous one
because we explored the dynamical mechanisms related to
these rainfall changes.

For a comparison between paleoclimate proxies (see loca-
tion and references in Fig. 10) and models, we analyze the
ensemble mean for the annual precipitation and precipitation
minus evaporation (P-E) anomalies (Fig. 10). The results
show reduction of precipitation over the SAMS and are
consistent with paleoclimate proxies in lake sediments and
speleothems (Seltzer et al. 2000; Baker et al. 2001b; Cruz
et al. 2009; Strikis et al., 2011; Novello et al. 2017), which
show evidence of the weakening of the SAMS and reduction
of precipitation due to the lower insolation. However, other
proxies in the SAMS region (e.g., Kanner et al. 2013; Wang
et al. 2017) show wetter conditions, which is in disagree-
ment with the model’s results. This could be related to a
misrepresentation of the local sources of moisture, such as
water recycling over the Amazon Basin (Cheng et al. 2013;
Wang et al. 2017).

Regarding the influence of the insolation variations on the
SAMS precipitation, an important contribution of our study
is the precipitation changes in SON, which was not entirely
explored by earlier studies.

4.2.2 SST variations

In this section, we discuss the SST influence on the SAMS
in the Mid-Holocene. Our results with the CMIP5 ensemble
mean show an almost uniform cooling along the tropical
oceans (Fig. 5b), which agree with earlier modeling stud-
ies from PMIP2 and PMIP3 (Braconnot et al. 2007a; Ann
and Choi 2014). Over the eastern Pacific, our results are
consistent with Mid-Holocene SST reconstructions derived
from a synthesis of proxies (Carré et al., 2012) that suggests
persistent colder eastern Pacific SSTs.

The larger impact of tropical Pacific SST changes on
precipitation over southern South America during the Mid-
Holocene seems to be related to the colder Pacific SSTs.
Drier conditions over southern South America in SON and
DJF (Fig. 6e, g) could have been induced by teleconnections
driven by the permanent colder Tropical Pacific SSTs, in
analogy to the present climate effects of La Nifia on precipi-
tation over this region, as suggested by Carré et al. (2012).

On the other hand, Atlantic SST changes are associated
with the strength of the SACZ, which is weakened by cold
anomalies in the Atlantic (De Almeida et al. 2007). This
influence can be another factor that contributed to the reduc-
tion of the precipitation in DJF over the region of the SACZ
and SAMS (Fig. 6g). Also, colder SSTs over the tropical
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Fig. 10 Differences between Mid-Holocene and Pre-Industrial
ensembles mean of annual (a) precipitation (mm/day), and (b) precip-
itation minus evaporation (P-E, mm/day). Stippling represents areas
where at least 70% of the models agree with the sign of the differ-
ence. Only significant anomalies at 95% confidence level according
to Student’s #-test were plotted. The red and blue points indicate the
location of the paleoclimate proxies from Jaragua cave (Novello et al.

Indian Ocean could be associated to the dry anomalies over
central Brazil, in a mechanism similar to the positive phase
of the Indian Ocean Mode (Chan et al. 2008).

The impact of the tropical Atlantic SST gradient on pre-
cipitation over Northeast Brazil was analyzed indirectly by
tracking the ITCZ position. We tested the hypothesis that
precipitation changes in the tropical Atlantic Ocean, near
the coast of Northeast Brazil, would imply a meridional dis-
placement of the ITCZ position. However, the estimations
of the ITCZ position (Fig. 11), using the minimum values of
the simulated Outgoing Longwave Radiation (OLR) over the

Fig. 11 Mean ITCZ position
from Mid-Holocene (6 ka) and
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2017), Santana cave (Cruz et al. 2006), Lapa Grande cave (Strikis
et al. 2011), Pumacocha lake (Bird et al. 2011), Titicaca lake (Baker
et al. 2001b), El Condor cave (Cheng et al. 2013), Rio Grande do
Norte caves (Cruz et al. 2009), Huagapo cave (Kanner et al. 2013),
Tigre Perdido cave (van Breukelen et al. 2008) and Paraiso cave
(Wang et al. 2017). Red (blue) points indicate drier (wetter) condi-
tions

Atlantic Ocean, showed small (less than 1°) displacements
of the ITCZ, which are not sufficient to explain the precipi-
tation changes. These results agree with Liu et al. (2003),
which suggest that tropical meridional Atlantic SST gradient
influence over Northeast Brazil (Nobre and Shukla 1996)
may not be so relevant in geological scales. This small shift
of the ITCZ is consistent with previous studies (McGee et al.
2014; Donohoe et al. 2013), which suggest a northward shift
of 0.3° related to a weaker South American summer mon-
soon. Also, the small displacement of the ITCZ showed in
Fig. 10 is corroborated by the mean precipitation fields for
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|
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PI and Mid-Holocene (Fig. 6 c, d), which show an increase
of precipitation and width of the Atlantic ITCZ, instead of
a meridional shift.

4.2.3 SAMS strength and life cycle changes, and dynamical
mechanisms

In this section, we discuss the changes in SAMS strength and
life cycle in the Mid-Holocene and the dynamical mecha-
nisms associated with these changes.

Our results show an increase in precipitation over cen-
tral South America in SON (Fig. 6e) when the onset of the
SAMS occurs. This increase of precipitation was related
to the strong thermal contrast between the warm continent
(Fig. 6f), due to the higher insolation (and surface shortwave
radiation flux), and the cold ocean (Fig. 5b). This thermal
land-sea gradient increased the upper-level anticyclonic
circulation over northwestern Amazon (Fig. 4c, d), which
contributes to a moisture flux towards central and southern
South America (Fig. 8a), and to an increase of precipitation
over the central-south regions of the SAMS.

On the other side, northern and northwest Amazon was
drier during Mid-Holocene in SON, due to the subsidence
associated with the Walker cell (Fig. 7a). Recent studies
(Barichivich et al. 2018; Espinoza et al. 2019) have reported
that in the last decades Walker cell is influencing precipita-
tion over northern and northwest Amazon in an opposite
way. Increasing trends in rainfall since the late 1990s have
been associated with the intensification of Walker and Had-
ley cells. In both cases, the increase of the radiative forcing
(higher insolation in the Mid-Holocene and intensification
of the greenhouse effect by anthropogenic emissions in the
present) has an important role, but other mechanisms must
be taken into account for the recent trends, such as the multi-
decadal variability (Wang et al. 2018). Few previous studies
(Melo and Marengo 2008; Maksic et al. 2019) analyzed the
changes in the Mid-Holocene in SON, but the results were
contrasting. While Melo and Marengo (2008) showed drier
conditions over SAMS in SON and DJF, Maksic et al. (2019)
showed wetter conditions in SON. Our results are consist-
ent with the findings of Maksic et al. (2019), although these
authors did not explore in detail the changes in circulation
and moisture flux.

On the other hand, the precipitation in DJF decreased
over most of South America because of the lower insola-
tion and weaker moisture flux from the North Atlantic and
Amazon (Fig. 8b). The weakening of the precipitation in
DIJF along with the enhancement of the precipitation in
SON over the SAMS region suggests that the SAMS life
cycle changed during the Mid-Holocene. If we compare
the precipitation anomalies during SAMS onset (Septem-
ber to November, Fig. 6e) and mature phases (Decem-
ber to February, Fig. 6g), we can hypothesized that the
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SAMS life cycle changed in the Mid-Holocene, with a
larger (lower) amount of precipitation during the onset
(mature) phase.

Hence, our results show that the wetter conditions in
SON, and possible anticipation of the onset of the rainy
season, are associated with the strengthening of the upper-
level anticyclone and increase of moisture flux from the
North Atlantic and Amazon.

4.2.4 East-west antiphasing precipitation

In this section, we explore how SAMS changes are con-
nected to variations in Northeast Brazil, which is primarily
influenced by the Atlantic ITCZ.

Over Northeast Brazil, the precipitation changes
(Fig. 6e, g) are the opposite of what is observed for the
SAMS, which means that there was an increase (decrease)
of precipitation in DJF (SON). This dipole of precipitation
between Amazon and Northeast Brazil is associated with
changes in the Walker Cell, as showed by the vertical pro-
file of atmospheric circulation (Fig. 7). Previous modeling
studies (Liu et al. 2004; Harrison et al. 2003; Prado et al.
2013; Maksic et al. 2019) indicated that Northeast Brazil
was wetter in DJF. However, these studies did not show
any evidence for drier conditions in SON.

From the historical records, the dipole pattern between
dry Amazon and wet Northeast Brazil is becoming less fre-
quent during the last recent decades (Marengo et al. 2013),
while the opposite (wet Amazon/ dry Northeast Brazil)
has an increasing trend. This is consistent with the Holo-
cene simulation from Maksic et al. (2019) that indicated
a drier trend for Northeast Brazil since 8 ka. Also, this
dipole pattern has been observed during extreme events,
such as the intense La Nifia event in 2012, with floods in
Amazon and drought in Northeast Brazil (Marengo et al.
2013). The mechanisms controlling this antiphasing pat-
tern involve local and remote influences. Tropical Pacific
SSTs modulated the upward vertical motion and the rain-
fall in northern South America through Walker cell, while
anomalous surface pressure areas over the Atlantic Ocean
control the precipitation over Northeast Brazil.

Our analysis is seen to confirm the results presented
by Cruz et al. (2009), which suggested a zonally oriented
antiphasing of precipitation between Northeast Brazil and
the rest of southern tropical South America. Their analysis
indicated to humid (arid) conditions over Northeast Brazil
during low (high) summer insolation, whereas Amazon
showed opposite characteristics. As in our case, the mech-
anisms responsible for the precipitation changes were the
insolation-driven variations in the convective patterns and
large-scale circulation.
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Fig. 12 Schematic diagram illustrating the mechanisms associated
with Mid-Holocene climate changes in (a) SON and (b) DJF. In
SON, the higher insolation warms the continent, and the strong land-
sea thermal gradient enhances the atmospheric circulation and the
moisture flux, which leads to an increase of precipitation over central-

4.3 Summary of the discussions

The main changes in the SAMS during Mid-Holocene and
the mechanisms associated are summarized in Fig. 12. In
SON, the higher insolation enhanced the thermal gradient
between the warm land and the cold ocean. This thermal
contrast leads to an intensification of the upper-level anti-
cyclonic circulation and moisture flux, which increased the
precipitation over central-south South America. In DJF,
the weaker moisture flux, due to the cooling of the surface,
reduced the precipitation over the SAMS region. Moreover,
there was a dipole pattern of precipitation between the drier
western Amazon and the wetter Northeast Brazil (and the
Atlantic ITCZ) due to Walker cell changes.

SAMS went through modifications in its strength and life
cycle during the Mid-Holocene. Changes in the strength of
the SAMS are associated with modifications of the upper-
level circulation in response to anomalies in the moisture
flux and land-sea temperature gradient. The life cycle of
the SAMS was anticipated, with an increase of precipitation
in SON and reduction in DJF, as a response to insolation
changes.

5 Conclusions

We analyzed the simulations of ten CMIP5 models to inves-
tigate the changes in the SAMS precipitation and atmos-
pheric circulation during the Mid-Holocene. The ability of

south South America. In DJF, the cooling of the surface reduces the
moisture flux and precipitation over the SAMS region, while Walker
cell changes are connected to increased rainfall over Northeast Brazil
and the Atlantic ITCZ

these models to correctly represent the main features associ-
ated with the SAMS was also evaluated against reanalysis
data.

Taylor diagrams of temperature and precipitation over
South America for the present show a larger dispersion
between the models for the precipitation, but a good agree-
ment of the ensemble mean to the observations for both vari-
ables. The ensemble mean of the CMIP5 models can capture
the main features of the SAMS, such as the SACZ, and the
summer upper-level circulation, but there is a deficiency in
the simulation of the amount of precipitation and the spring
upper-level anticyclone over western Amazon. The incorrect
simulation of the rainfall over Amazon is an issue that was
not properly treated by the models from CMIP3 to CMIP5,
and the underestimation of the large-scale precipitation,
biases of surface latent and sensible fluxes, and incorrect
simulation of the ITCZ persist. For the austral spring upper-
level circulation, most models delay the development of the
anticyclone over western Amazon possibly because of the
misrepresentation of the convection and radiation processes.

In the Mid-Holocene simulations, the variations of the
mean seasonal cycle of insolation lead to changes in the
energy budget, which was primarily responsible for the pre-
cipitation and circulation changes (Fig. 12). In SON, the sur-
plus of surface shortwave radiation caused warming over the
continent. The higher land-sea thermal contrast and stronger
atmospheric circulation lead to an increase in precipitation
over the SAMS region. In DJF, the cooling of the surface
reduces the moisture flux and precipitation over the SAMS
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region. Conversely, near the Northeast Brazil coast, the
precipitation increased in DJF and decreased in SON. This
dipole pattern of precipitation between Northeast Brazil and
western Amazon showed by the CMIP5 ensemble mean was
also seen in proxies analysis (e.g. Cruz et al. 2009). Modern
and proxy records also show a dipole pattern of precipita-
tion between the Andean region and Northeast, and despite
our results agree with these records, we did not discuss this
in detail because of the large precipitation biases over the
Andes.

We also analyzed the dynamical processes involved in
the Mid-Holocene changes. The increase (decrease) of pre-
cipitation over the SAMS region in SON (DJF) had a contri-
bution of the positives (negatives) moisture flux anomalies
towards central and southern South America. The vertical
atmospheric circulation profile showed that the dipole pat-
tern between Amazon and Northeast Brazil was associated
with the seasonal changes in the convection and the Walker
cell circulation. Walker cell changes have also been observed
in the last recent decades over northern and northwestern
Amazon (Barichivich et al. 2018; Espinoza et al., 2019), but
in this case, the effect has been of increase in precipitation
over this region.

The impact of SST changes in Northeast of Brazil pre-
cipitation was primarily identified through the changes in
the ITCZ position. The small southward shift of the ITCZ
in DJF is not sufficient to explain the increase of precipita-
tion near the Northeast Brazil coast. Cold SSTs in the South
Atlantic could contribute to the weakening of the SAMS
in DJF, while the colder Tropical Pacific SSTs could be
an explanation to the drier conditions over southern South
America in SON and DJF.

The results from the Mid-Holocene ensemble mean in
DIJF were consistent with the antiphased pattern of precipi-
tation between the drier western Amazon and the wetter
Northeast Brazil coast suggested by speleothem records (e.g.
Cruz et al. 2009). Because of the low temporal resolution of
the proxies, we cannot compare them to the simulations for
SON, which presented the opposite conditions from DJF. A
more extensive study on the comparison between CMIP5
models and proxies with higher resolution is needed.

Finally, the model validation showed that there is still a
need for improvements of the models, especially for better
representing of the upper-level circulation during the austral
spring and the amount of precipitation over northern South
America and the Andean region. We believe our results pro-
vided a step further in the understanding of the dynamical
mechanisms that are involved in the precipitation changes
over South America during the Mid-Holocene.
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