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This paper is the first analysis of differences between Last Glacial Maximum (LGM) and present climates
in southern South America considering the state-of-the-art PMIP3 paleoclimatic models. The study is
focused on characteristics of temperature and precipitation over the portion of the continent to the south
of 20°S at both sides of the Andes Cordillera. Results demonstrate that model outputs coincide with
glacial conditions inferred from the very few paleorecords available in the region. Consequently, these
models are a valuable tool for inferring additional conditions in areas where there is a lack of proxy
information allowing the reconstruction of the past climate at regional scales. The analyzed PMIP3
models expose an LGM cooling of ~2-5 °C throughout the year over almost all southern South America
but differences are even more pronounced in areas around the southern Andes. Models also suggest that
LGM precipitation was substantially lower than present over the portion of southern South America to
the east of the Andes inferring reductions of ~20—30% with respect to present-day values in subtropical
areas and ~40—50% in the southern tip of the continent.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The Last Glacial Maximum (LGM; ~21,000 cal yr BP) is a signif-
icant period in the Earth's climate history. It was a time with at-
mospheric CO2 content about 50% of the present values, global
mean temperature cooler than today and generalized expansion of
ice sheets. Several studies have contributed to the knowledge of
climate and environmental conditions on continents and oceans
during the LGM that differ from those of the present in many as-
pects as land-sea distribution, ice cover, vegetation patterns, global
winds, temperature and precipitation.

In South America, a review of estimated distribution of major
environmental conditions and vegetation types during the LGM
was made by Markgraf et al. (1992), Clapperton (1993), Adams and
Faure (1997) and more recently by Marchant et al. (2009), among
others. Inferences from different proxies suggest that the LGM was

Abbreviations: EPat, Eastern Patagonia; LGM, Last Glacial Maximum; PMIP3,
Paleoclimate Modelling Intercomparison Project Phase III; SACZ, South Atlantic
convergence zone; SWP, Subtropical Wet Plain.
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5—10 °C cooler than present in tropical and subtropical areas of the
continent (e.g., Farrera et al., 1999; Heine, 2000; Bush et al., 2001;
Mayle et al., 2009 and references therein). Concerning moisture
and precipitation conditions, paleoclimate information summa-
rized by Vizy and Cook (2005) indicates that LGM was wetter than
present in most sites located in tropical-subtropical Andes but drier
than present in Amazonia and eastern Brazil. A drier LGM climate in
the Amazonian rainforest and the Atlantic forest of Brazil would be
consistent with the fact that precipitation over tropical South
America is closely connected with moisture advection from the
Atlantic Ocean. Consequently, cold conditions in surface waters
(e.g., Niebler et al., 2003) can induce a reduction of moisture
availability and precipitation over the continent. These results are
in agreement with conclusions of model simulations performed by
Cook and Vizy (2006) that indicate LGM annual mean precipitation
over the Amazon basin 25—35% lower than present. This reduction
is associated with a 2—3 month delay in the onset of the rainy
season resulting in the glacial dry season to have been about twice
as long as in present times. Moreover, results presented by Khodri
et al. (2009) suggest the following conditions: i) LGM tropical
dryness due to cooling effects was intensified by an equatorward
shift of the northern boundary of the Hadley cell inducing subsi-
dence over the area between 10°N and the equator; ii) dryness in
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the Amazon basin during the LGM was affected by a strengthening
and eastward shift of the Walker circulation inducing an EI-Nino
like pattern over the region. In addition, Sylvestre (2009) reviewed
LGM conditions inferred from sites located in tropical areas of
South America concluding that there was enhanced aridity in the
north of the continent while the moisture patterns exhibited
distinct regional characteristics in the Amazon basin and wet
conditions characterized the climate in Peruvian and Bolivian
Andes. More details about climatic conditions during the LGM in
South America, with emphasis in the area to the south of 20°S, are
displayed in section 4.

Although global and regional characteristics of the LGM climate
were analyzed considering different model simulations (e.g.,
Valdes, 2000; Wainer et al., 2005; Otto-Bliesner et al., 2006; Bra-
connot et al., 2007; Kim et al., 2008; Rojas et al., 2009; Braconnot
et al,, 2012; Kageyama et al., 2013), there is still a lack of studies of
the glacial climate in southern South America considering both
palaeoclimate proxy reconstructions and the state-of-the-art mul-
timodel experiments from the Paleoclimate Modelling Intercom-
parison Project Phase III (PMIP3). In consequence, the objectives
defined for this study are: (i) To perform a qualitative comparison of
PMIP3 model outputs with a LGM multiproxy compilation in
southern South America; (ii) To analyze characteristics of temper-
ature and precipitation simulated by the models in order to obtain a
more complete picture of the LGM climate in the region. Models
can be especially useful to provide a realistic description of the past
climate in areas where there is a lack of paleorecords and can also
display characteristics of mean conditions during each season.
These results will be an important contribution to the knowledge of
time evolution of the regional climate that is valuable information
for climate change scenarios associated with interactions between
natural and anthropogenic forcings. It is important to mention that
a detailed analysis of atmospheric anomalies responsible for
changes detected in temperature and precipitation is beyond the
scope of this study and will be examined in later publications.

The manuscript is organized as follows. Section 2 describes the
study area, data and methodology. Section 3 shows observed and
simulated characteristics of the present climate in South America.
The comparison of paleoclimate models with proxy data and
additional information provided by the models are discussed in
section 4. Finally, conclusions are summarized in section 5.

2. Background information
2.1. Study area

The analysis is focused on the portion of South America to the
south of 20°S comprising Argentina, Chile, Uruguay, Paraguay,
southern Bolivia and southern Brazil. The area to the east of the
Andes Cordillera is divided in three sub-regions (see inset in Fig. 1a)
that are especially considered throughout the analysis: i) the sub-
tropical wet plain (SWP) covering most of Paraguay, northeastern
Argentina and part of southern Brazil; ii) the temperate Pampa
extended over the centre of Argentina; iii) the arid eastern Pata-
gonia (EPat) comprising the southeastern tip of the continent.

2.2. Data and methodology

2.2.1. Paleoclimate proxies

There are discrepancies about the timing of the LGM based on
different terrestrial or oceanic records, and if LGM can be defined as
a chronozone (e.g., Hughes and Gibbard, 2015). In this paper, the
LGM is considered as the period between 18,000 and 24,000 cal yr
BP following Mix et al. (2001). Consequently, a chronological con-
trol is applied to the paleorecords in order to obtain consistency

and comparability of information that authors of each study
assigned to the LGM. The criterion is to consider records of tem-
perature and precipitation with at least one date in the interval
18,000—24,000 cal yr BP, independently of dating methods
(radiocarbon or uranium/thorium). In cases of radiocarbon dates,
we calibrate them using CALIB 7.0.0 with Southern Hemisphere
curve (SHCal04) (McCormac et al., 2004; Stuiver et al., 2005) before
applying the chronological control. Initially, a total of 43 sites were
analyzed and just 24 sites fulfil the chronological criterion. Fig. 1
and Table 1 compile selected sites in the area where is focused
this study. The corresponding characteristics are described in sec-
tion 4.

2.2.2. PMIP3 models

The analysis is based on simulations of LGM and present cli-
mates performed with coupled ocean-atmosphere general circu-
lation models included in the PMIP3 paleo-experiments that are
part of the Coupled Model Intercomparison Project fifth phase
(CMIP5). Although eight PMIP3 models simulate the glacial period,
only four of them were selected for this study: models CCSM4,
CNRM-CM5, MPI-ES-P and MRI-CGCM3 (see Table 2). The selection
was made considering that these four models are able to reproduce
the spatial distribution of present-day seasonal mean temperature
and precipitation over the continent (see section 3) and differences
between LGM and present-day climates inferred from the very few
paleorecords available in the region (see section 4). Furthermore,
these models are those with the highest spatial resolution (the
highest density of grid points) which is important for describing
climatic conditions in areas like southernmost South America
where precipitation is strongly affected by the Andes Cordillera.

The imposed boundary conditions in LGM simulations are those
inferred for 21,000 years ago (i.e., lower concentration in atmo-
spheric greenhouse gases relative to present values, larger ice
sheets in the Northern Hemisphere and orbital parameters nearly
the same as present producing small differences in the insolation
forcing). The present climate (PRES) is defined as the mean con-
ditions during the modern period 1950—1999 obtained from the
historical simulations of each model. Detailed descriptions of sim-
ulations and models can be found in Braconnot et al. (2012), Taylor
et al. (2012) and the webpage of PMIP3 (http://pmip3.Isce.ipsL.fr).

The analysis is focused on annual and seasonal mean differences
of temperature and precipitation simulated for past and present
times by each individual model. The statistical significance of dif-
ferences is assessed considering the Student's t-test (Brooks and
Carruthers, 1953; Wilks, 2006). Austral seasons are considered as
in the present: summer is December-January-February (DJF),
autumn is March-April-May (MAM), winter is June-July-August
(JJA) and spring is September-October-November (SON).

3. Present climate in South America

The present climate in South America has been extensively
documented (e.g., Hoffman, 1975; Prohaska, 1976; Satyamurti et al.,
1998; Garreaud et al., 2009). However, it is useful to provide a
synthesis of the main features mentioned throughout this paper.
The description is based on climatology (mean values in the period
1980—2010) of surface temperature extracted from the NCEP—N-
CAR reanalysis (Kalnay et al., 1996) and precipitation of the Climate
Prediction Center Merged Analysis of Precipitation (CMAP; Xie and
Arkin, 1997). The period 1980—2010 is selected because it includes
satellite data, essential for the CMAP dataset and for a more precise
description of the climate in the NCEP—NCAR reanalysis. Summer
and winter mean conditions from these dataset and those of the
present climate simulated for each PMIP3 model are shown in
Figs. 2 and 3.
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Fig. 1. a) Proxy data compilation for the LGM. See the corresponding references in Table 1. The circles associated with sites 14 to 19 are smaller due to graphical reasons. Shaded
continental areas in the map of the right-bottom corner indicate the sub-regions Subtropical Wet Plain (SWP), Pampa and Eastern Patagonia (EPat) mentioned in the text.
b) Reconstructed LGM temperature. Blue points (@) indicate LGM temperature lower than the present. c) Reconstructed LGM precipitation. Orange points (@) indicate LGM pre-
cipitation lower than the present and green points (@) indicate LGM precipitation higher than the present. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Continental surface temperature is affected by the elevation of
topography and reduction of insolation with increasing latitude
(Fig. 2a—b). Consequently, the spatial fields of near surface air
temperature are characterized by an equator-to-pole reduction of
seasonal mean values disturbed by asymmetries associated with
the effect of the Andes Cordillera in the western portion of the
continent. The north-south gradient of insolation also produces a
marked annual cycle with warm summers and cold winters in
extratropical latitudes. These characteristics are clearly detected in
the three selected sub-regions (see observed conditions in
Fig. 4a,b,c): seasonal mean temperatures reduce from SWP to EPat
and summers are ~10 °C warmer than winters in the entire area.

Precipitation over tropical and subtropical continental areas
exhibits a pronounced annual cycle with extreme phases in sum-
mer and winter (Fig. 3a—b) and the corresponding transitions
during autumn and spring. The maximum of summer precipitation

extends in a persistent northwest-southeast oriented band from
the Amazon forest to the subtropical Atlantic Ocean that is known
as the South Atlantic convergence zone (SACZ). The region of
highest precipitation migrates northwestward during autumn and
concentrates in the northern tip of the continent in winter when a
dry season develops in most of the central portion of the continent.
During spring, convection returns to the southeast and the inten-
sification of the SACZ begins. To the south of 40°S, precipitation is
strongly affected by the Andes Cordillera that intercepts the
migratory synoptic systems embedded in the southern westerly
flow producing abundant orographic precipitation and hyperhumid
conditions around the mountains. In contrast, the westerly mean
flow over the low-lying semi-arid steppe to the east of the southern
Andes can be disturbed by strong synoptic episodes producing
persistent easterly winds and advection of moisture from the South
Atlantic that induce intense daily precipitation (Prohaska, 1976;
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Table 1

Site name, proxy type, reconstructed variable(s) (T: temperature; Pr: precipitation), reconstructed season(s), chronological control (14C: number of radiocarbon dating and U/T:
number of uranium/thorium dating in the interval 18,000—24,000 yr BP) and reference(s) of paleorecords considered in the study. The corresponding locations are indicated in
Fig. 1. (*) Studies describing the “LGM climate” without mention to specific seasons are assumed as reconstructions of annual mean because annual mean represent mean

conditions averaged over the entire period of time.

Site N° Site name Proxy type Reconstructed Reconstructed Chronological Reference(s)
variable(s) season(s) control
14C u/T
1 Lake Titicaca pollen T annual * 3 0 Paduano et al. (2003)
2 Salar de Coipasa diatom Pr annual * 5 0 Sylvestre (2002)
3 Salar de Uyuni ionizing radiation Pr annual * 2 0 Baker et al. (2001)
4 Quebrada del Chaco pollen Pr winter 4 0 Maldonado et al. (2005)
5 Laguna La Gaiba pollen, diatom Prand T annual * 3 0 Whitney et al. (2011)
6 Catas Altas pollen Prand T annual 1 0 Behling and Lichte (1997);
Behling (2002)
7 Santana Cave speleothem Pr annual * 0 2 Cruz et al. (2006);
Cruz et al. (2007)
8 Parque Estadual pollen Pr annual * 1 0 Saia et al. (2008)
Turistico Alto do Ribeira
9 Botuvera Cave speleothem Pr annual * 0 4 Cruz et al. (2005);
Cruz et al. (2006);
Cruz et al. (2007);
Wang et al. (2007)
10 Salto de Piedra mollusks Prand T annual * 4 0 Bonadonna et al. (1999)
11 Paso Otero mammal Prand T annual * 3 0 Tonni et al. (1999)
12 Marine core GeoB 3302-1 terrigenous Pr annual * 6 0 Lamy et al. (1999)
parameters
13 Marine core ODP 1234 pollen Prand T annual, winter 3 0 Lamy et al. (2004);
and summer Heusser et al. (2006)
14 Canal de la Puntilla pollen Prand T annual * 5 0 Moreno (1997);
Moreno et al. (2015)
15 Lake Llanquihue pollen T summer 7 0 Heusser et al. (2000)
16 Huelmo mire chironomid T summer 2 0 Massaferro et al. (2014)
17 Chiloé Island pollen Prand T annual 2 0 Villagran (1990)
18 Seno Reloncavi pollen T summer 5 0 Denton et al. (1999);
Heusser et al. (1999)
19 Corcovado-Chiloé pollen T summer 8 0 Denton et al. (1999);
Heusser et al. (1999)
20 Arroyo Corral Cave mammal T annual * 3 0 Tammone et al. (2014)
21 Lake Mascardi pollen Prand T annual * 1 0 Bianchi and Ariztegui (2012)
L1 Salinas del Bebedero dated beach ridges lake level annual * 2 0 Bradbury et al. (2001)
L2 Lake Cari Laufquen dated shoreline lake level annual * 14 0 Galloway et al. (1988);
stable isotopes Cartwright et al. (2011)
L3 Lake Potrok Aike multiproxy lake level annual * 2 0 Kliem et al. (2013);
Zolitschka et al. (2013)
Table 2 focused on different global and/or regional simulations. Among

PMIP3 coupled ocean-atmosphere general circulation models employed in the
study.

Model name Atmosphere resolution (lon x lat) LGM years simulated
CCSM4 1.25° x ~0.9° 100
CNRM-CM5 ~14° x ~1.4° 200
MPI-ESM-P ~1.8° x ~1.8° 100
MRI-CGCM3 ~1.12° x ~1.12° 100

Frumento, 2000; Mayr et al., 2007). The annual cycles of precipi-
tation in sub-regions SWP and Pampa clearly display the subtrop-
ical pattern characterized by rainy summers and dry winters (see
observed conditions in Fig. 4d—e) while the sub-region EPat ex-
poses the reduction of precipitation throughout the year in the
southern semi-arid steppe (Fig. 4f).

The above mentioned characteristics of the spatial structure of
seasonal mean fields of temperature and precipitation over South
America are correctly reproduced by the four PMIP3 models
selected for this study, although inter-model differences are
detected in the corresponding seasonal mean values (see Figs. 2—4).
Models abilities to reproduce the spatial distribution of seasonal
mean temperature and precipitation over South America, inter-
model differences and differences between models and observa-
tions are coincident with conclusions of several previous studies

others, Vera et al. (2006) showed that global models are able to
reproduce the main features of the seasonal cycle of present-day
precipitation over South America but there are large discrep-
ancies in the corresponding mean magnitudes. Silvestri et al.
(2009), Carril et al. (2012) and Solman et al. (2013) demonstrated
that regional models have reasonable skill in representing the
spatial distribution of present-day seasonal temperature and pre-
cipitation in South America but they have some deficiencies in
reproducing accurately the observed mean values.

4. LGM climate
4.1. Paleoclimate proxies

Fig. 1 summarizes the selected sites and reconstructed changes
between LGM and present-day temperature and precipitation
based on inferences from paleoclimatic proxies. These changes are
synthesized in the following paragraphs.

In areas of the southern Bolivian Altiplano, reconstructed
vegetation history of Lake Titicaca (site 1) indicates that very cold
climatic conditions prevailed during the LGM, with temperatures
suggested to be at least 5—8 °C cooler than present (Paduano et al.,
2003). Moreover, a high-resolution diatom study in Salar de
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Fig. 2. Summer and winter mean surface temperature (°C) for NCEP-NCAR reanalysis in 1980—2010 and each PMIP3 model in 1950—1999. Black areas indicate topography higher

than 1200 m.

Coipasa (site 2) suggests that this basin was filled by a shallow salt
lake during the LGM implying climatic conditions more humid than
present (Sylvestre, 2002). Coherently, natural g-rays measures on
sediment cores of Salar de Uyuni (site 3) indicate that LGM pre-
cipitation was 30% higher than present (Baker et al., 2001) and
pollen series of Quebrada del Chaco (Atacama Desert, site 4) sug-
gest winter precipitation higher than today (Maldonado et al.,
2005).

Pollen and diatoms records from Laguna La Gaiba (site 5) located
in areas of the Pantanal, the largest tropical wetland of the world,
suggests that the LGM climate was drier and colder than today in
these interior lowlands (Whitney et al., 2011).

In southeastern Brazil, pollen records from the area of Catas
Altas (site 6) suggest that the LGM climate was markedly drier than
today and annual mean temperature was at least 5-7 °C lower than
the present values (Behling and Lichte, 1997; Behling, 2002). A
study of vegetation dynamics in forest ecosystems of Parque Alto do
Ribeira (site 8) also suggests that the glacial climate was drier than
present (Saia et al., 2008). In contrast, speleothem collected in
Santana and Botuverd caves (sites 7 and 9) indicate that the LGM
climate was wetter than today (Cruz et al., 2005, 2006, 2007; Wang
et al., 2007). These discrepancies could be related to multiple fac-
tors influencing the relationships between proxies considered in
each study and local environmental conditions.

In southern Pampa (sites 10 and 11), predominance of arid cli-
mates during the LGM, with temperature and precipitation lower
than those of present times, are inferred from mammal and mol-
lusks records (Bonadonna et al., 1999; Tonni et al., 1999; and ref-
erences therein).

To the west of the Andes Cordillera, terrigenous sediment pa-
rameters on marine cores from the continental slope off central

Chile (site 12) suggest that the LGM climate was wetter than
present (Lamy et al., 1999). Pollen records from marine sediments
near central Chile (site 13) indicate glacial annual precipitation
~2000 mm higher than present while winter and summer tem-
peratures could be ~5 °C and ~3 °C lower, respectively (Lamy et al.,
2004; Heusser et al., 2006). Southward, pollen records from Canal
de la Puntilla (site 14) suggest that the LGM climate was colder
and wetter than present (Moreno, 1997; Moreno et al., 2015). In
addition, characteristics of the reconstructed vegetation from
Chiloé Island (site 17) implies a decrease in annual mean tem-
perature of at least 4 °C and an increase in annual precipitation of
at least 1500 mm during the LGM with respect to present condi-
tions (Villagran, 1990; and references therein). Furthermore, pol-
len records from Lake Llanquihue (site 15), Seno Reloncavi (site 18)
and Corcovado-Chiloé (site 19) suggest that LGM summer tem-
peratures were 6-8 °C below present values (Denton et al., 1999;
Heusser et al., 1999, 2000) and a quantitative reconstruction
based on the chironomid record of the Huelmo mire (site 16)
indicate that LGM mean temperature of the three warmest
months was 2—4 °C lower than modern values (Massaferro et al.,
2014).

In areas of Patagonia to the east of the Andes Cordillera, analyses
of small mammal assemblages from the archeological cave Arroyo
Corral (site 20) indicate that, in general, LGM habitats appear to be
more open, barren and colder than today (Tammone et al., 2014). In
addition, pollen records from Lake Mascardi (site 21) suggest that
the regional LGM climate was drier and probably colder than today
(Bianchi and Ariztegui, 2012). Although there is a lack of paleo-
climate records for the LGM in southern Patagonia that fulfil the
chronological control, several pollen data agree that glacial influ-
ence ceased at ~17,000 cal yrs BP (e.g., Markgraf and Huber, 2010;
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Fig. 4. Observed and simulated seasonal mean surface temperature (Ts) and precipitation (Pr) during 1950—1999 in the sub-regions SWP; Pampa and EPat. Observed values were

taken from meteorological stations of the GHCN dataset (see Supplementary Fig. S1).

Fontana and Bennett, 2012) and model simulations suggested a
slow rate of deglaciation in the southern sector of the Patagonian
ice sheet associated with a warming pulse (Hulton et al., 2002).
Reliable information of glacial times can be found in two lakes
located in western Argentina. In fact, paleolimnological data indi-
cate that the LGM lake-level stage at Salinas del Bebedero (site L1)
was ~20—25 m above the present-day playa surface (Bradbury et al.,
2001; and references therein) and reconstructions of Lake Cari

Laufquen (site L2) suggest that the LGM level was ~25—40 m higher
than present (Galloway et al., 1988; Cartwright et al., 2011). This
information has to be considered with caution because both lakes
respond to precipitation and snowmelt over the Andes Cordillera
and might not represent characteristics of local changes in pre-
cipitation and/or temperature. In consequence, both sites are
excluded from Fig. 1b—c.

Several studies demonstrated that Patagonian glaciers and ice
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Fig. 5. Differences LGM minus present for annual and seasonal mean surface temperature simulated by each PMIP3 model. Differences are significant at 95% in all grid points except
in the few ones in white. Empty circles indicate sites where LGM temperature was lower than the present (see Fig. 1b and Table 1). Black squares in maps of annual differences
delimit the continental area of Fig. 1.



228 A.L Berman et al. / Quaternary Science Reviews 150 (2016) 221—233

sheet expanded into the lowlands on both sides of the Andes during
the LGM (e.g., Rabassa and Clapperton, 1990; Hulton et al., 2002;
Heusser, 2003; Sagredo et al., 2011; Ponce and Fernandez, 2014).
In this context, reconstructions of Lake Potrok Aike (site L3) indicate
that the level during the LGM was almost 20 m above the present
values (Kliem et al., 2013; Zolitschka et al., 2013; and references
therein). Kliem et al. (2013) argued that permafrost during the LGM
might have enforced superficial runoff and caused higher levels in
Potrok Aike. In other words, high lake levels during the glacial
period are not necessarily related to increased precipitation or
decreased evaporation in the area. Accordingly, this site is excluded
from Fig. 1b—c.

4.2. PMIP3 models

Differences between LGM and present-day temperature and
precipitation simulated by each model are shown in Figs. 5 and 7,
respectively, while differences for the mean values in sub-regions
SWP, Pampa and EPat are displayed in Fig. 8. The main aspects of
these annual and seasonal characteristics can be synthesized as
follows.

4.2.1. Temperature

The spatial structure of the seasonal mean fields of temperature
during the LGM are similar to those of present in the four models
(figures not shown) but the corresponding mean values are
significantly different. In general terms, continental areas indicate
overall annual and seasonal LGM cooling with magnitudes not
spatially uniform (Fig. 5). Meridional cross sections of present-day
temperature over tropical-subtropical continental areas (Fig. 6)
show small latitudinal differences in summer and marked north-
south gradient in winter as consequence of the annual cycle of
insolation. The four models suggest that these continental thermal
profiles had the same structure during the LGM but magnitudes
were lower than present in all latitudes. The simulated continental
cooling agrees with the general condition inferred from paleocli-
matic proxies synthesized in the previous section indicating that
the four models can provide a realistic picture of the past temper-
ature in the entire region.

Modeled annual mean differences show a continental glacial
cooling of ~2-4 °C with respect to the present values in the four
models. Although the analysis of past conditions in the ocean is not
the aim of this study, it is important to mention that the four
models are also able to reproduce the glacial annual cooling in
tropical-subtropical areas of the South Atlantic inferred by Niebler
et al. (2003), among others.

In summer, models suggest a statistically significant LGM cool-
ing of ~1-5 °C over the continent but differences are even more
pronounced in areas around the southern Andes. Magnitudes of
differences in the three selected sub-regions differ among models
being of ~2-4 °C in SWP, ~1-2.5 °C in Pampa and ~1-2.7 in EPat
(Fig. 8a,b,c). In contrast to these LGM cooling over the continent,
significant warming of more than 3 °C is inferred in the South-
western Atlantic near the continent (Fig. 5) where the sea level was
markedly lower during glacial times. In fact, Ponce et al. (2011)
reconstructed the palaeogeographical evolution of the continental
shelf in Patagonia during the LGM estimating that the eastern
boundary of the continental area extended approximately 450 km
farther east from its present location as a consequence of the global
fall of sea levels. In other words, a large portion of the present
submerged Argentine Continental Shelf was exposed developing an
enormous plain along the Atlantic coast during glacial times.
Consequently, summer insolation heated these areas and PMIP3
models suggest that the corresponding surface temperature was
warmer than the superficial cold waters that cover the region in the

35

30

25

20

15

CCSM
b 7

10

5

15 5 -5 -15 -25 -35
Latitude

35

30

25

20

15

CNRM
& ]

10

15 5 -5 -15 -25 -35

35

30

25

20 =

MPI
*c

15 R, S

10 -

15 5 5 -15 -25 -35
Latitude

35

30

25

20

MRI
o

15

10

15 5 -5 -15 -25 -35
Latitude

—LGM  —PRES

Fig. 6. Meridional cross section of summer (solid lines) and winter (dashed lines)
mean temperature in the band 50°-62°W simulated by each PMIP3 model for LGM
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figure legend, the reader is referred to the web version of this article.)

present.

Significant LGM cooling over the whole continent persists dur-
ing autumn with differences of ~2.5—4.2 °C in SWP, ~1.5-4.2 °C in
Pampa and ~2-4.3 °C in EPat (Fig. 8a,b,c). Coinciding with the
reduction of insolation during these months in middle latitudes
due to the annual cycle of incoming solar radiation, the anomalous
warming in the Argentine Continental Shelf detected in summer
gradually reduces being replaced by colder LGM temperatures
(Fig. 5).

In winter, cold conditions during the LGM were more
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pronounced with cooling of ~2.5—4.5 °C in SWP, ~1.7—4.3 °C in
Pampa and ~3.9—-5.9 °C in EPat (Fig. 8a-b-c) but differences of ~8 °C
are detected in the four models around the southernmost Andes
(Fig. 5). Models also display a pronounced cooling in areas of the
Argentine Continental Shelf that were exposed during the LGM. The
reduction of winter insolation in middle latitudes due to the annual
cycle of incoming solar radiation induces low continental temper-
atures and can explain that the glacial surface temperatures over
these areas were colder than those of the present-day superficial
waters.

Spring represents a transition from the conditions observed in
winter to those of summer. The pronounced LGM continental
cooling detected in winter gradually reduces and warmer condi-
tions over the Argentine Continental Shelf begin as a consequence
of increased insolation due to its annual cycle. The simulated glacial
cooling is ~2.5—4.2 °Cin SWP, ~1.8—3.3 °Cin Pampa and ~2.1—4.5 °C
in EPat (Fig. 8a-b-c).

Figures 5 and 8a-b-c expose inter-model differences in the
magnitude of temperature changes simulated for southern South
America. However, there is total coherence in the sign of the
climate change because the four models describe a glacial climate
colder than today in the four seasons.

4.2.2. Precipitation

Although the spatial structure of the seasonal mean fields of
LGM precipitation reproduced by each model are similar to those of
the present-day described in section 3 (figures not shown), the
corresponding mean values are significantly different over broad
areas of South America including the southern portion of the
continent that is the focus of this paper (Figs. 7 and 8d-e-f). Sig-
nificant differences of annual mean precipitation over southern
continental areas show two characteristics detected in the four
models that are coincident with those inferred from the available
paleoclimatic proxies: i) LGM precipitation was lower than present
in the region to the south of 30°S and to the east of the Andes
Cordillera; ii) LGM precipitation was higher than present over
southern Chile (the western portion of the continent to the south of
35°S and to the west of the Andes). In contrast, discrepancies
among models are detected in the sign of the change over the
central and northern portions of the continent.

To the north of 20°S, models indicate statistically significant

reduction of summer precipitation during the LGM with respect to
the present values. A glacial climate drier than today in tropical-
subtropical South America during summer is consistent with
cold sea surface waters in the tropical Atlantic and the consequent
reduction of moisture advection from the ocean to the continent
(see characteristics of present-day water vapor flux over South
America in Berbery and Collini, 2000; Arraut and Satyamurty,
2009). Dryness over those areas can be also associated with
weakened convection due to colder LGM continental tempera-
tures. In fact, the four models display that the meridional cross
section of summer precipitation over tropical-subtropical conti-
nental areas has the same structure in both periods but magni-
tudes were clearly lower during the LGM (Fig. 9). This feature
might indicate that past and present deep convection associated
with the SACZ develops over similar areas but the corresponding
intensity was significantly lower during glacial times. However,
further analyses of the SACZ dynamics during the LGM must be
done in order to confirm this hypothesis. In contrast to the sum-
mer conditions, marked discrepancies among models in the sign
and magnitude of the change are detected in central and northern
South America in autumn, winter and spring. This lack of agree-
ment among models could be associated with discrepancies in the
representation of changes in dynamical conditions influencing
regional precipitation but such analysis is beyond the scope of this
paper.

To the south of 20°S, discrepancies among models like those
mentioned in the previous paragraph are detected in the sub-
region SWP (Fig. 8d). In contrast, the four models agree in simu-
late a reduction of LGM precipitation with respect to the present
values over a wide area to the east of the Andes that include the
sub-regions Pampa and EPat (reductions of ~20—30% and ~40—50%,
respectively; Fig. 8e—f) while increased precipitation is modeled
over southern Chile (Fig. 7). These conditions detected throughout
the year can be associated with different processes. In fact, LGM
climate drier than present in the sub-region Pampa is consistent
with reduced moisture content in the Amazon that, in turn, induces
reduced moisture advection to subtropical regions. At higher lati-
tudes, cold sea waters in the Southwestern Atlantic during the LGM
could reduce the advection of moisture from the ocean to EPat
inducing regional dryness during glacial times. Furthermore, pre-
cipitation associated with frontal systems that penetrate both
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Pampa and EPat from the south could be reduced during the LGM
due to extremely cold and dry conditions of polar air masses. On the
other hand, increased LGM precipitation around the southern
Andes could indicate changes in characteristics of the southern
storm tracks and/or the westerly winds over the region. However, it
is important to take into account that the intensity and latitudinal
position of the maximum southern westerlies is an aspect of the
glacial climate with ambiguous results and permanent debate (e.g.,
Rojas et al., 2009; Kohfeld et al., 2013; Rojas, 2013; Sime et al., 2013;
and references therein).

5. Conclusions

Several initiatives and working groups pointed out the need to
analyze paleoclimatic proxies jointly with model simulations in
order to understand climate changes in response to natural and
anthropogenic forcings. In this context, the analysis developed here
constitutes a pioneering study of differences between LGM and
present-day climates in southern South America simulated by the
state-of-the-art PMIP3 paleoclimatic models. The objective is to
infer characteristics of glacial temperature and precipitation that
complement those conditions extracted from the very few paleo-
records available in the region. Models are used to provide valuable
description of annual and seasonal past conditions in areas where
there is a lack of proxy information allowing the reconstruction of
the glacial climate at regional scales. Consequently, this study
shows a complete picture of temperature and precipitation in
southern South America during the LGM. In addition, the proxy
compilation allows the identification of key areas where new
adequate paleorecords, in terms of proxy-sensitive and good res-
olution time, should be requested to the paleoclimate community.

Past conditions inferred from proxies suggest that LGM tem-
perature was significantly lower than present in southern South
America. The analyzed PMIP3 models reproduce this general con-
dition and expose an overall LGM cooling of ~1-5 °C throughout the
year over the region with the most pronounced differences (glacial
cooling of ~8 °C) over areas of southern Patagonia in winter.

The selected PMIP3 models agree with the available proxies in
describing LGM precipitation substantially lower than present over
the southern portion of the continent to the east of the Andes
Cordillera and precipitation higher than present over central-
southern Chile. Models suggest a reduction of ~20—30% with
respect to present-day values in seasonal precipitation over Pampa
and ~40—50% over eastern Patagonia.

The analysis of atmospheric anomalies responsible for changes
detected in regional precipitation is beyond the scope of this study.
This issue will be treated in companion papers that will be focused
on the analysis of the following aspects of the LGM climate in South
America: i) moisture transport from tropical areas to the subtrop-
ical plains and Pampa; ii) moisture advection from the South-
western Atlantic to eastern Patagonia; iii) intensity and annual
cycle of the southern westerlies over Patagonia. Studies as those
performed by Berbery and Collini (2000) and Arraut and
Satyamurty (2009) provide guidelines for improving the knowl-
edge of the atmospheric circulation and water vapor flux over
South America during glacial times.
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