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a b s t r a c t

Differences between climate conditions during the Last Glacial Maximum (LGM) and the Mid-Holocene
(MH) in southern South America inferred from the state-of-the-art PMIP3 paleoclimatic simulations are
described for the first time in this paper. The aim is to expose characteristics of past climate changes
occurred without human influence. In this context, numerical simulations are an indispensable tool for
inferring changes in near-surface air temperature and precipitation in regions where proxy information
is scarce or absent. The analyzed PMIP3 models describe MH temperatures significantly warmer than
those of LGM with magnitudes of change depending on the season and the specific geographic region. In
addition, models indicate that seasonal mean precipitation during MH increased with respect to LGM
values in wide southern continental areas to the east of the Andes Cordillera whereas seasonal precip-
itation developed in areas to the west of Patagonian Andes reduced from LGM to MH.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The evolution of global climate during the last 21,000 years
synthesizes the effects of changes in atmospheric greenhouse gas
concentrations, aerosols, ice sheets, sea level, vegetation and
Earth's orbital parameters. Terrestrial and marine paleorecords
contain essential information regarding climate changes but model
simulations are a valuable tool to reconstruct past conditions in
areas where proxy information is scarce or absent. In this context,
global and regional characteristics of the Last Glacial Maximum
(LGM, ~21,000 yr BP) and the Mid-Holocene (MH, ~6000 yr BP)
climates were analyzed considering different model simulations
(e.g., Wainer et al., 2005; Otto-Bliesner et al., 2006; Melo and
Marengo, 2008; Kim et al., 2008; Rojas et al., 2009; Rojas and
Moreno, 2011; Kageyama et al., 2013; Chevalier et al., 2017). In
South America, the study of Prado et al. (2013a) was the first
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description of differences between MH and modern climates
considering both multiproxy paleodata compilation and model
simulations included in the Paleoclimate Modeling Intercompar-
ison Project Phase III (PMIP3). Using the same concept, the studies
of Berman et al. (2016, 2017) combined information from proxies
and PMIP3 simulations in order to provide a complete picture of
LGM and MH climates in the southern portion of the continent as
well as the corresponding differences with respect to present-day
conditions. Although these previous studies constitute a signifi-
cant progress in descriptions of LGM and MH climates in areas of
South America, there is still a lack of analyses focused on the dif-
ferences between both past periods (i.e., the study of how different
MH climate conditions were with respect to those of LGM).
Assessing these differences would improve the knowledge of time
evolution of the climate system in the past and provide significant
information about climate changes occurred without human in-
fluence. This type of analysis is crucial since it can lead to im-
provements of future scenarios associated with interactions
between natural and anthropogenic forcings. In consequence, the
aim of this paper is to explore for the first time how southern South
American near-surface air temperature and precipitation changed
from LGM to MH according to the state-of-the-art PMIP3 global
models. Due to the availability of model outputs, the study is
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Fig. 1. Paleoclimate proxy data compilation for differences between MH and LGM
climates. Orange point ( ) indicates MH warmer and drier than LGM. Blue point ( )
indicates MH warmer and wetter than LGM. Brown points ( ) indicate MH drier than
LGM. Green point ( ) indicates MH wetter than LGM. Gray point ( ) indicates the
Lake Potrok Aike (PA). See the corresponding references in Section 3.1. Shaded conti-
nental areas in the map of the right-bottom corner indicate the sub-regions Sub-
tropical Wet Plain (SWP), Pampa and Eastern Patagonia (EPat) mentioned throughout
the text. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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focused on differences between the specific time windows defined
as LGM andMH for the PMIP3 experiments (see details in Section 2)
omitting descriptions of climate changes occurred during the
lateglacial and early Holocene.

The manuscript is organized as follows: data and methodology
are described in section 2, differences between LGM and MH
temperature and precipitation are analyzed in section 3 and the
main conclusions are summarized in section 4.

2. Data and methodology

2.1. Data

2.1.1. Paleoclimate proxies
A suite of paleoclimate proxies reflecting local changes in tem-

perature and/or precipitation over the portion of South America to
the south of 20�S constitutes the primary picture to contrast LGM
and MH climates and it is also a valuable tool to test the quality of
PMIP3 models. In this paper, LGM and MH represent two key time
windows: LGM encompass the interval 18,000e24,000 cal yr BP
(centered at ~21,000 cal yr BP) whereas MH comprises the interval
5000e7000 cal yr BP (centered at ~6000 cal yr BP). Both intervals
are adopted in order to be consistent with the time windows
simulated in the PMIP3 experiments (see Section 2.1.2).

Several studies reconstructed characteristics of temperature and
precipitation in sites of southern South America during glacial and
post-glacial times. However, only few of them describe how
different the LGM mean conditions were with respect to those of
the MH considering LGM and MH as the time windows indicated in
the previous paragraph. After a bibliographic review, we found only
eight references of sites in the study area with paleoclimatic in-
formation providing clear descriptions of differences between LGM
and MH climate conditions to be contrasted against outputs of
PMIP3 experiments. The criterion to select the sites involves two
specific conditions: (1) records have to present a continuous sedi-
mentation and the periods LGM and MH have to be represented;
and (2) dating controls have to include at least one data within the
range of the corresponding time window (i.e., 18,000e24,000 cal yr
BP for LGM and 5000e7000 cal yr BP for MH). This criterion implies
not only the definition of a specific time window for each past
period but also that both periods have to be included in the same
record to be consistent with the information provided by each grid
point of each PMIP3 model.

The selection of sites with paleoclimate information is a crucial
step in model-data comparison. Although several paleoclimate
proxies describe LGM and MH climates with useful information to
validate PMIP3 simulations (e.g., Wainer et al., 2005; Prado et al.,
2013b; Berman et al., 2016, 2017), the list of sites satisfying the
above-mentioned criterion reduces to that exhibited in Fig. 1 (the
corresponding climate changes are summarized in Section 3).

2.1.2. Model simulations
This study considers simulations of LGM and MH climates using

coupled ocean-atmosphere general circulation models carried out
under the PMIP3 framework. In both paleoclimatic experiments,
models were run with very specific boundary conditions that
include, among others, specifications for insolation, atmospheric
composition, orography, land-sea geography, surface type, ice
sheet, vegetation, carbon cycle and ocean salinity. The imposed
boundary conditions in the PMIP3 experiments of LGM are condi-
tions inferred for 21,000 yr BP while those of MH correspond to
6000 yr BP. The most conspicuous differences between the
boundary conditions for LGM and MH simulations are: i) Reduced
LGM concentration in atmospheric greenhouse gases relative to
MH values; ii) Significant expansion of ice sheets in the Northern
Hemisphere during LGM; iii) Decreased (increased) LGM insolation
over the Southern (Northern) Hemisphere in winter-spring and
increased (decreased) in summer-autumn compared to MH con-
ditions due to changes in orbital parameters of the Earth around the
Sun. Detailed description of these experiments can be found in
Braconnot et al. (2012) and Taylor et al. (2012).

Four models were selected for the study: CCSM4, CNRM-CM5,
MPI-ES-P and MRI-CGCM3 (see Table 1). Focusing on southern
South America, these models have the ability to reproduce the
paleoclimate proxy reconstructions of changes between LGM and
present (Berman et al., 2016) and between MH and present
(Berman et al., 2017). In addition, the four selected models repro-
duce the main features of changes between LGM and MH inferred
from sites available in the region (see Section 3). Although there are
other four models describing LGM and MH climates in the PMIP3
database, they were excluded from this analysis due to one of the
following reasons: i) Erroneous representation of climate changes
inferred from regional proxies; ii) Low spatial resolution (high
density of grid points is important to describe the influence of the
Andes Cordillera on regional precipitation); iii) Deficiencies in
representing spatial fields of seasonal mean precipitation in
tropical-subtropical areas of South America.

2.2. Methodology

The analysis is focused on changes of near-surface air temper-
ature and precipitation over the portion of South America to the
south of 20ºS comprising Argentina, Chile, Paraguay, Uruguay,



Table 1
PMIP3 models employed in the study.

Model name Institution Atmosphere resolution (lon x lat) Reference(s)

CCSM4 National Centre for Atmospheric Research (USA) 1.25� x ~0.9� Gent et al. (2011)
CNRM-CM5 Centre National de Recherches M�et�eorologiques, Centre Europ�een de Recherche

et de Formation Avanc�ee en Calcul Scientifique (France)
~1.4� x ~1.4� Voldoire et al. (2012)

MPI-ESM-P Max Planck Institute for Meteorology (Germany) ~1.8� x ~1.8� Jungclaus et al. (2012a; 2012b)
MRI-CGCM3 Meteorological Research Institute (Japan) ~1.12� x ~1.12� Yukimoto et al. (2012)
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southern Bolivia and southern Brazil. As detailed in Berman et al.
(2016), three sub-regions are specially considered throughout the
analysis to synthesize climate changes in the area to the east of the
Andes Cordillera (see inset in Fig. 1): the subtropical wet plain
(SWP), the temperate Pampa and the arid eastern Patagonia (EPat).

Seasonal mean conditions are analyzed considering austral
summer as December-January-February (DJF), autumn as March-
April-May (MAM), winter as June-July-August (JJA) and spring as
September-October-November (SON). Statistics correspond to
simulations of 100 years of both LGM and MH. The Student's t-test
(Wilks, 2006) is applied to assess the statistical significance of
differences between the past periods (i.e., differences MH minus
LGM).

3. Results and discussion

3.1. Paleoclimate proxies synthesis

Table 2 compiles the selected sites and Fig. 1 shows the corre-
sponding change in temperature and/or precipitation from LGM to
MH. Without explicit indications about seasonal changes in the
corresponding bibliographic reference, it is assumed that in-
ferences correspond to annual mean conditions. Information from
each site can be synthesized as follows:

1) Pollen and charcoal analyses from Lake Titicaca (site 1) suggest
MH temperatures higher than those registered during glacial
times (Paduano et al., 2003). Hydrogen isotopic composition
analysis of sediment cores at the same site indicates drier con-
ditions during the Holocene relative to LGM (Fornace et al.,
2014). Authors proposed that this change might have corre-
sponded to summer conditions because most of regional pre-
cipitation falls during that season.

2) A multiproxy analysis on sediment records from Lake La Gaiba
(site 2) provides evidence that the climate was markedly
warmer and wetter during MH compared to LGM mean condi-
tions (Whitney et al., 2011).

3) Pollen evidence from Quebrada del Chaco (site 3) indicates
reduced winter precipitation during MH with respect to glacial
mean values (Maldonado et al., 2005). This site does not fulfill
Table 2
Site name, analyzed proxy, reconstructed variable, chronological control (number of dati
locations.

Site Nº Site name Proxy Recons

1 Lake Titicaca pollen and charcoal tempe
isotope precip

2 Lake La Gaiba multiproxy analysis tempe
3 Quebrada del Chaco pollen precip
4 Caverna Botuver�a speleothem precip
5 mid-latitude Chile marine sediment precip
6 Laguna de Tagua Tagua multiproxy analysis precip
7 Patagonian Andes pollen and charcoal precip
the criterion 1 of section 2.1.1 due to fossil rodent middens are
stratigraphically discontinuous. However, it was included in the
analysis because middens become the primary source of pale-
oclimate information about late Quaternary in the Atacama
desert.

4) A speleothem record from Caverna Botuver�a (site 4) suggests
that MH precipitation was lower than that registered during
LGM (Wang et al., 2007). Authors proposed that increased
moisture advection from the Amazon during glacial summers
might have produced this change.

5) Marine sediment cores from the continental slope off mid-
latitude Chile (sites 5) indicate that glacial climates were
generally humid while a trend toward arid conditions prevailed
during MH (Lamy et al., 1999). These inferences suggest reduc-
tion of precipitation from LGM to MH.

6) Amultiproxy record of past vegetation and hydrological changes
in Laguna de Tagua Tagua (site 6) shows humid LGM climate and
extremely arid conditions during MH (Valero-Garc�es et al.,
2005). In consequence, precipitation might have reduced dur-
ing MH compared to glacial values.

7) Pollen and charcoal data from Laguna La Zeta together eleven
sites located along the eastern flanks of Patagonian Andes
(41e43�S, site 7) indicate that since the Lateglacial climate
became progressively wetter (Iglesias et al., 2014). This result
suggests that precipitation over that specific area might have
increased from LGM to MH.

As it was previously mentioned, the study is focused on the
portion of South America to the south of 20ºS. Consequently, sites 1
and 2 are outside this region (both sites are located at ~16-17ºS).
However, information from these sites is included in the analysis
due to the scarcity of paleorecords in the selected area (sites 1 and 2
provide the unique reference of temperature changes from LGM to
MH in the south of South America). On the other hand, multiproxy
reconstruction of lake-level history of Lake Potrok Aike located in
southernmost Patagonia (see Fig. 1) indicates that the level during
LGM was higher than during MH (Zolitschka et al., 2013). Never-
theless, this information has to be considered with caution because
the level of this lake might have been controlled bymultiple factors
(e.g., snowmelt, evaporation, surface-subsurface runoff) without
ng in the intervals corresponding to LGM and MH) and reference. See Fig. 1 for sites

tructed variable Chronological
control

Reference

LGM MH

rature 4 3 Paduano et al. (2003)
itation 1 1 Fornace et al. (2014)
rature 3 2 Whitney et al. (2011)
itation 4 2 Maldonado et al. (2005)
itation 1 1 Wang et al. (2007)
itation 5 2 Lamy et al. (1999)
itation 2 1 Valero-Garc�es et al. (2005)
itation 1 2 Iglesias et al. (2014)
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clear influence of changes in only one climatic variable as local
temperature or precipitation.

3.2. Model simulations

In light of the data compilation summarized in Fig. 1, there is a
lack of sites in wide areas of southern South America providing
suitable information of climate changes between the timewindows
here considered as LGM andMH. Consequently, simulations carried
out with PMIP3 models constitute an indispensable tool to describe
changes of near-surface air temperature and precipitation over the
region.

3.2.1. Temperature
Simulated spatial fields of near-surface air temperature over

South America during LGM and MH show the same two main
features observed in the present climate (see Supplementary
Fig. S1): i) A north-south gradient due to the reduction of insola-
tion from equatorial to higher latitudes; ii) Marked annual cycles
with warm summers and cold winters in response to the annual
cycle of insolation. Although the spatial structure of seasonal mean
fields and the annual cycles during LGM were qualitatively similar
to those of MH, the four models show significant differences be-
tween the corresponding seasonal mean values in the entire
continent. These differences are shown in Fig. 2. Specific charac-
teristics in sub-regions SWP, Pampa and EPat are detailed in Fig. 3.
The most relevant aspects of temperature changes displayed by
these figures can be synthesized as follows.

The four models show MH annual mean temperature signifi-
cantly higher than that of LGM in the entire South America but
there are inter-model differences in the magnitude of simulated
changes (Fig. 2). Models exhibit a MH warming of ~2e4 �C over
most of the continent and the sign of the change agree with local
conditions proposed by paleoclimate proxies in sites 1 and 2 (see
Fig. 1). Significant MH warming is also simulated over the oceans
except in small areas of the Southwestern Atlantic in models CNRM
andMPI where changes of temperature were affected by changes in
sea level (see more details in the following paragraphs).

Simulations of summer conditions display generalized signifi-
cant MHwarming over South Americawith inter-model differences
in the corresponding magnitudes (Fig. 2). In the southern sub-
regions, models suggest MH warming of ~1.6e3.1 �C in SWP,
~0.7e2.9 �C in Pampa and ~0.3e2.6 �C in EPat (Fig. 3). It is impor-
tant to take into account that the Argentine Continental Shelf was
exposed during LGM due to the global fall of sea levels (e.g.,
Rostami et al., 2000; Ponce et al., 2011). Models represent this sea-
level change in the South American coast and suggest that summer
temperature over those glacial lands was ~4e6 �C warmer than
temperature over the cold sea waters that covered the region in
MH. The effect of summer insolation heating the exposed glacial
lands can explain this change of temperature.

Significant and generalized MH warming over South America
persists during autumn with magnitudes of ~1e4 �C depending on
the model and the region (Fig. 2). Models suggest MH warming of
~1.4e3.3 �C in SWP, ~1.3e3.7 �C in Pampa and ~1.2e3.3 �C in EPat
(Fig. 3). Glacial heating over the Argentine Continental Shelf was
reduced or absent during this season due toweakened insolation as
consequence of the annual cycle of incoming solar radiation in
middle latitudes.

Modeled winter temperatures during MH are ~2e4 �C warmer
than those of LGM over most of South America but a more pro-
nounced warming of ~4e6 �C is simulated over the southern tip of
the continent by the four models (Fig. 2). A detailed inspection of
the specific seasonal values modeled in the southernmost conti-
nental areas reveals that LGM temperatureswere lower than 0 �C in
almost all glacial winters but only few years repeat the same con-
dition during MH. In the selected sub-regions, models suggest
differences of ~2.3e4.2 �C in SWP, ~1.5e3.9 �C in Pampa and
~3.5e4.7 �C in EPat (Fig. 3). The annual cycle of incoming solar ra-
diation has minimum values during this season reducing the solar
heating of exposed glacial lands in the Argentine Continental Shelf.
This feature can explain that glacial superficial temperatures were
colder than those of the ocean waters that covered the region in
MH.

Simulated changes of temperature during spring suggest MH
warming of ~4e7 �C over wide tropical-subtropical continental
areas (Fig. 2) and differences of ~3.1e4.5 �C in SWP, ~2.4e4.3 �C in
Pampa and ~2.0e5.3 �C in EPat (Fig. 3). In contrast, increased
insolation in middle latitudes due to the natural annual cycle
restored warmer glacial conditions over the exposed lands in the
Argentine Continental Shelf.

Climate transition from LGM to MH in South America was
partially influenced by changes in orbital parameters of the Earth
around the Sun that, in turn, modified the incoming solar radiation
at the top of the atmosphere and the Earth's radiative balance. In
fact, South America is located in latitudes where solar radiation
during MH reduced in summer-autumn and increased in winter-
spring with respect to the conditions during the glacial period
(see Section 2.1.2 and Fig. 1 in Otto-Bliesner et al., 2006). These
insolation changes explain that magnitudes of MH warming
described by the numerical simulations over continental areas are
lower in summer-autumn and higher in winter-spring (see Fig. 2).
3.2.2. Precipitation
Spatial patterns of seasonal precipitation over South America

during LGM and MH exhibit three conspicuous features qualita-
tively similar to those of the present climate (see Supplementary
Fig. S2):

i) Precipitation over wide tropical-subtropical areas has a
marked annual cycle with rainy summers and dry winters.
During summer, an elongated band of intense convection
and precipitation, named South Atlantic convergence zone
(SACZ) (e.g., Carvalho et al., 2004), extends from the Amazon
basin to the subtropical Atlantic Ocean. Reduced insolation in
autumn-winter reduces the intensity of the SACZ and
convective systems producing abundant precipitation
migrate to the northern tip of the continent. During spring,
insolation gradually increases and the SACZ is restored
achieving its maximum intensity with the beginning of the
new summer.

ii) Precipitation over broad subtropical areas comprising
northern and central Argentina is closely connected with
moisture advection from the Amazon and from the sub-
tropical Atlantic Ocean. This advection is more intense in
summer than in winter and, consequently, precipitation over
that subtropical portion of the continent has an annual cycle
with rainy summers and dry winters.

iii) Precipitation over Patagonia, the region to the south of 40�S,
is mainly produced by migratory low-level systems moving
to the east along the Southern Hemisphere storm tracks. The
Andes Cordillera is an orographic obstacle for the air masses
arriving from the Pacific Ocean enhancing the synoptic-scale
precipitation over the mountains and adjacent areas. In
consequence, a significant climatic contrast is generated over
this region with hyper-humid conditions around the moun-
tains and arid-semiarid ecosystems in the eastern Argenti-
nian steppe. This feature persists through the year but
maximum precipitation migrates to the north (south) in



Fig. 2. Differences MH minus LGM for annual and seasonal mean near-surface air temperature simulated by each PMIP3 model. Differences are significant at 95% in all grid points
except in the few ones in white. Empty circles in maps of annual differences indicate sites where MH was warmer than LGM (see Fig. 1 and Table 2). Black squares in maps of annual
differences delimit the area of Fig. 1.
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Fig. 3. Differences MH minus LGM for seasonal mean near-surface air temperature simulated by each PMIP3 model in the sub-regions SWP, Pampa and EPat.
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winter (summer) following the most frequent tracks of
synoptic migratory systems.

Although the spatial structure of seasonal mean fields of pre-
cipitation over the continent during LGM and MH were qualita-
tively similar, the four models show significant changes in the
magnitude of precipitation registered in each past period. These
changes are shown in Fig. 4 and specific conditions in the three
southern sub-regions are highlighted in Fig. 5. The most relevant
characteristics displayed by these figures can be synthesized as
follows.

Differences between annual mean values reveal discrepancies
among models in the sign of the change over wide continental
areas to the north of ~30�S (Fig. 4) where sites 1, 2 and 4 are located
(see Fig.1). In contrast, the fourmodels agree to simulate significant
increment of annual mean precipitation during MH with respect to
LGM mean values in central-southern Argentina, and reduced
magnitude of the local maximum developed over southern Chile.
These latter features coincide with precipitation changes inferred
in sites 5, 6 and 7 (see Fig. 1).

In summer, the fourmodels describe increasedMH precipitation
over the northern tip of the continent but marked disagreements
are detected in the sign and magnitude of the change over conti-
nental areas in 0�e30�S including the sub-region SWP (Fig. 4).
These inter-model differences might be produced by discrepancies
in the representation of atmospheric water vapor content and
dynamic-thermodynamic processes that dominate the develop-
ment of convective precipitation in those regions. On the other
hand, models disagree in the magnitude of the changes over the
southern portion of the continent, but the four simulations describe
increased MH precipitation over sub-regions Pampa (increment of
11e32%) and EPat (increment of 32e120%) (Fig. 5). The four models
also agree in representing reduction of MH precipitation in the area
of the local maximum developed around southern Chile.

Increased MH precipitation over the northern tip of the conti-
nent and inter-model differences in the sign and magnitude of the
change over central Brazil persist during autumn (Fig. 4). In areas to
the south of 20�S, models agree on the following conditions in this
season: i) Reduced MH precipitation over Paraguay, northeastern
Argentina and southern Brazil (reduction of 11e19% in SWP,
Fig. 5a); ii) Increased MH precipitation over central and southern
Argentina (increment of 1e17% in Pampa and 65e101% in EPat,
Fig. 5bec); iii) Reduced magnitude of the local maximum around
southern Chile in MH compared to LGM mean values (Fig. 4).

In winter, the four models describe significant reduction of
precipitation during MH with respect to LGM conditions over wide
tropical-subtropical continental areas but there are inter-model
differences in the magnitude and specific geographical
distribution of this change (Fig. 4). Subtropical areas with reduced
MH precipitation comprise northern Chile coinciding with the
seasonal change inferred from the site 3 (see Fig. 1) and include the
sub-region SWP where modeled MH values are 5e28% lower than
those of glacial times (Fig. 5a). Southward, models agree to simulate
increased MH precipitation over Pampa (8e35%, Fig. 5b) and EPat
(76e101%, Fig. 5c) while the magnitude of the local maximum over
southern Chile was reduced during MH (Fig. 4).

Simulations of spring precipitation show inter-model differ-
ences in the sign and magnitude of changes in areas to the north of
20�S (Fig. 4). On the other hand, the four models suggest increased
MH precipitation over SWP (2e28%, Fig. 5a), Pampa (14e51%,
Fig. 5b) and EPat (59e134%, Fig. 5c) as well as reducedmagnitude of
the local maximum over southern Chile during MH with respect to
glacial values (Fig. 4).

In light of results here exposed, the previously mentioned
reduction of the level of Lake Potrok Aike in MH with respect to
LGM conditions (see Section 3.1) might be not directly connected to
precipitation changes because model simulations indicate
increased MH precipitation over the southernmost portion of the
continent. Consequently, higher levels in this lake during glacial
times might be consequence, among other possible forcings, of
reduced evaporation due to lower regional temperatures as those
described in Section 3.2.1.

The study of atmospheric anomalies responsible for precipita-
tion changes over southern South America from LGM to MH is
beyond the scope of this paper. That specific analysis requires
detailed investigations of changes in processes that produce pre-
cipitation in each sub-region. In this context and based on present-
day conditions, precipitation over sub-regions SWP and Pampa
depends on appropriated moisture flow from tropical latitudes and
from the subtropical Atlantic but it is also affected by frequency of
passage of atmospheric fronts (e.g., Catto et al., 2012), activity of
cyclonic systems originating in the cyclogenesis region of sub-
tropical South America (e.g., Hoskins and Hodges, 2005) and the
development of convective systems produced by intense surface
heating (e.g., Rasmussen et al., 2016). Also based on present-day
conditions, precipitation changes in Patagonia might be related to
interactions between changes in characteristics of storm tracks and
their associated frontal systems (e.g., Catto et al., 2012), intensity
and/or position of westerly winds (e.g., Berman et al., 2012), fre-
quency of atmospheric blocking events (e.g., Agosta et al., 2015) and
local effects associated with orography of the southern Andes (e.g.,
Garreaud et al., 2013). Further studies should investigate if the
increment of precipitation over eastern Patagonia and southern
oceans during MH was induced by more frequent and/or more
intense migratory cyclones and frontal systems tracking in middle
and high latitudes. Those companion studies should also



Fig. 4. Differences MH minus LGM for annual and seasonal mean precipitation simulated by each PMIP3 model. Only differences significant at 95% are shown. Empty (filled) circles
in maps of annual and winter differences indicate sites where MH precipitation was lower (higher) than that of LGM (see Fig. 1 and Table 2). Due to graphical reasons, one circle of
high size represents the conditions in sites 5 and 6. Black squares in maps of annual differences delimit the area of Fig. 1.
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Fig. 5. Differences between MH and LGM seasonal mean precipitation (PR) simulated by each PMIP3 model in the sub-regions SWP, Pampa and EPat. Differences are percentages of
MH precipitation with respect to LGM mean values: difference¼ [ (PRMH x 100/PRLGM) - 100 ].
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investigate if increased Patagonian ice sheets in glacial times (e.g.,
Hulton et al., 2002) intensified orographic processes inducing more
precipitation on the windward side of the mountains during LGM.
In other words, precipitation changes over Patagonia and the sur-
roundings oceans displayed in Fig. 4 might be the result of a
combination of changes in large-scale atmospheric conditions
associated with migratory synoptic perturbations and changes in
local events connected with orographic effects of the southern
Andes.
4. Conclusions

This study shows, for the first time, differences between LGM
and MH climates in southern South America described by coupled
ocean-atmosphere general circulation models included of the suite
of PMIP3 paleo-experiments. The analysis explores changes in
annual and seasonal mean conditions of near-surface air temper-
ature and precipitation over the entire continent with especial
focus on the area to the south of 20�S comprising wet-temperate
plains and the arid eastern Patagonia. Results displayed in this
paper constitute an innovative contribution to the knowledge of
past climate changes occurred in the region. Although model out-
puts do not replace paleoclimate proxies, PMIP3 numerical simu-
lations are an indispensable tool to reconstruct changes of near-
surface air temperature and precipitation between LGM and MH
in areas of southern South America where proxy information is
scarce or absent. In this context, models used throughout the study
properly reproduce conditions inferred from the available paleo-
climate proxy data. Consequently, these models provide reliable
information about past climate changes in the region.

The analyzed simulations suggest that annual and seasonal
mean temperatures during MH were significantly warmer than
those of LGM over the entire South America. This warming was
more pronounced during winter and spring coinciding with sea-
sons of increasedMH insolation in the Southern Hemisphere due to
changes in orbital parameters of the Earth around the Sun.
Although all models agree on the sign of the temperature shift (i.e.,
warmer conditions during MH), there are marked discrepancies
among them in the specific magnitude of the change. Modeled
seasonal differences MH minus LGM in the southern portion of the
continent are ~1e5 �C depending on the model, season and
geographic region.

Regarding annual and seasonal mean precipitation, inter-model
differences are detected in the sign of the change over wide
tropical-subtropical areas. In contrast, models agree on the
following characteristics of precipitation changes over the southern
portion of the continent: i) Reduced (increased)MHprecipitation in
sub-region SWP in autumn and winter (spring); ii) Increased MH
precipitation in sub-regions Pampa and EPat during the four sea-
sons. Models indicate that the most pronounced precipitation
change took place over eastern Patagonia where MH seasonal
precipitation was 32e134% (depending on the model and season)
higher than the mean values during LGM.

Further analyses must be done in order to identify changes in
hemispheric and regional atmospheric circulation patterns that
induced shifts of seasonal precipitation from LGM toMH over South
America. Atmospheric conditions affecting the southern portion of
the continent must be analyzed with extreme caution taking into
account all potential perturbations connected with regional pre-
cipitation. Some questions that should be addressed in upcoming
studies are: What was the change in atmospheric water vapor flow
from tropical to subtropical areas?; What was the change in storm
tracks, frontal activity, blocking systems andwesterlywinds around
Patagonia?; What was the interaction between migratory synoptic
systems and Patagonian ice sheets? Answering these questions will
help to understand the evolution of the South American climate
through time.
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