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Abstract. We review the history of the South American sum- the Northern Hemisphere and in particular over the North At-
mer monsoon (SASM) over the past2000yr based on lantic, leading to a latitudinal displacement of the ITCZ and
high-resolution stable isotope proxies from speleothems, icea change in monsoon intensity (amount of rainfall upstream
cores and lake sediments. Our review is complemented by anver the Amazon Basin). This interpretation is supported by
analysis of an isotope-enabled atmospheric general circulaseveral independent records from different proxy archives
tion model (GCM) for the past 130yr. Proxy records from and modeling studies. Although ENSO is the main forcing
the monsoon belt in the tropical Andes and SE Brazil showfor §180 variability over tropical South America on interan-
a very coherent behavior over the past 2 millennia with sig-nual time scales, our results suggest that its influence may be
nificant decadal to multidecadal variability superimposed onsignificantly modulated by North Atlantic climate variability
large excursions during three key periods: the Medieval Cli-on longer time scales.
mate Anomaly (MCA), the Little Ice Age (LIA) and the cur- Finally, our analyses indicate that isotopic proxies, be-
rent warm period (CWP). We interpret these three periods agause of their ability to integrate climatic information on
times when the SASM’s mean state was significantly weak-large spatial scales, could complement more traditional prox-
ened (MCA and CWP) and strengthened (LIA), respectively.ies such as tree rings or documentary evidence. Future cli-
During the LIA each of the proxy archives considered con- mate reconstruction efforts could potentially benefit from in-
tains the most negativi-80 values recorded during the en- cluding isotopic proxies as large-scale predictors in order to
tire record length. On the other hand, the monsoon strengtlbetter constrain past changes in the atmospheric circulation.
is currently rather weak in a 2000-yr historical perspective,
rivaled only by the low intensity during the MCA. Our cli-
matic interpretation of these archives is consistent with our
isotope-based GCM analysis, which suggests that these sitds  Introduction
are sensitive recorders of large-scale monsoon variations.

We hypothesize that these centennial-scale climate anomd=!obal monsoon systems are of great importance to soci-

lies were at least partially driven by temperature changes irfy: delivering water for agriculture, hydropower production
and a myriad of other socioeconomic activities. Monsoon
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variations are also responsible for droughts and famine 0oSASM and discusses some common misconceptions regard-
can lead to widespread flooding and damage to infrastrucing its interactions with the Intertropical Convergence Zone
ture. The South American summer monsoon (SASM) is ong(ITCZ). Section 3 reviews the current understanding of the
of the major monsoon systems in the Southern Hemisphere;limatic controls on stable water isotopes in the tropics and in
yet it has received relatively little attention, due to the fact the SASM region in particular. Section 4 presents the avail-
that it has only been considered a proper monsoon system fable high-resolution proxy records from the region domi-
little more than a decade (Zhou and Lau, 1998). As a resulhated by SASM precipitation and gives an overview of both
the dynamics and spatiotemporal variability of the SASM areobservational and model-simulated climate and stable iso-
still poorly understood, although great strides are being madé¢ope data used in this analysis. In Sect. 5 we discuss the vari-
to better understand its sensitivity to various forcings such a®us records and how they can be interpreted in terms of past
sea surface temperatures (SST), vegetation or soil moistursnonsoon variations in a way consistent with theoretical con-
and its interactions with other modes of variability such assiderations and in line with our model simulations. We end
the El Nifio-Southern Oscillation (ENSO) or tropical Atlantic with a short discussion and draw some final conclusions in
variability (e.g., Vera et al., 2006). Sect. 6.

While we know fairly little about modern monsoon vari-
ability, the situation is even bleaker regarding variations in
monsoon intensity during the recent past (e.g., the past2 mil2  The South American summer monsoon (SASM)
lennia). High-resolution climate reconstructions in South
America have so far been limited to mid- and high latitudes, The SASM was first discussed in detail in a landmark paper
where proxies such as tree rings or historical documents thdby Zhou and Lau (1998), but several international programs
provide both high resolution and precise dating are abundantinder the CLIVAR-VAMOS umbrella have since made sig-
(e.g., Villalba et al., 2009; Neukom et al., 2010, 2011). In nificant progress in understanding its dynamics and variabil-
the tropics, such studies are still very rare (e.g., Ballantyne eity (e.g., Marengo et al., 2012a). The SASM shows a distinct
al., 2011). Yet, recent studies suggest that the current monseasonal cycle with an onset during October, a mature phase
soon characteristics on which society relies today have unbetween December and February, and demise in April (e.g.,
dergone considerable fluctuations in the past (e.g., Bird eMarengo et al., 2001; Raia and Cavalcanti, 2008). During
al., 2011a). In addition, there is considerable concern that théhe peak phase of the SASM, a zone of deep convection is
SASM dynamics will be significantly affected by increasing established over the southern part of the Amazon Basin as in-
greenhouse gas concentrations in the 21st century (Seth eicated by the reduced outgoing longwave radiation (OLR),
al., 2010). Hence, there is an urgent need to better documemtver the core monsoon region (Fig. 1a). The upper tropo-
and understand the causes of monsoon variations in responspheric circulation is dominated by the Bolivian High, an
to natural forcings during the most recent past. upper level anticyclone established as a wave response to

Stable water isotopic proxy records, predominantly de-latent heat release in the zone of deep convection (Lenters
rived from speleothems, have been used to document the paahd Cook, 1997). The strong easterlies to the north of the
history of monsoon systems around the globe (Burns et al.anticyclone core are responsible for near-surface moisture
2002; Fleitmann et al., 2003; Wang et al., 2008; Zhang et al.flux into the subtropical and tropical Andes (Garreaud et al.,
2008). Proxies that incorporate stable water isotopes fron2003). During the demise phase between March and May, the
meteoric water may be ideally suited for this type of analy- monsoon progressively weakens and eventually disappears
sis, because isotopic fractionation is affected by several faceompletely. During the dry winter season, the main zone of
tors along the transport pathway from source to sink whichconvective activity has withdrawn from the Southern Hemi-
lends itself well to use them as indicators of past changesphere and resides over Colombia, extending into the western
in atmospheric circulation (e.g., Schmidt et al., 2007). GivenPacific and Central America (Fig. 1b).
the rapid emergence of new, high-resolution and precisely On interannual time scales, the monsoon system is signifi-
dated water isotope records from a variety of archives and reeantly influenced by other modes of variability, most notably
gions within the South American monsoon belt, an opportu-ENSO (e.g., Paegle and Mo, 2002; Grimm, 2003, 2004) but
nity presents itself to start filling the void in our understand- also the Pacific Decadal Oscillation (PDO), tropical Atlantic
ing of past SASM variations. variability, cold air incursions from the mid-latitudes and the

Here we present a review of the available high-resolutionAtlantic Multidecadal Oscillation (AMO) (Zhou and Lau,
isotopic records from ice cores, lake sediments and2001; Marengo, 2004; Chiessi et al., 2009). As shown by
speleothems and discuss how these proxies could be conGarreaud et al. (2009), the influence of ENSO varies slightly
bined to reconstruct the SASM history for the past 2 mil- during the course of the year, but in general tropical South
lennia in a dynamically meaningful and physically plausible America tends to experience drier than normal conditions
way. We back up our interpretation of these records with anduring El Nifio, while conditions in mid-latitudes are anoma-
analysis from an isotope-enabled general circulation modelously humid. During La Niia events, the signal is essentially
for the past 134 yr. Section 2 gives an introduction to thereversed. The PDO has a very similar fingerprint as ENSO,
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but the impacts on precipitation are generally weaker (Gar3 The climatic controls on stable water isotopes over
reaud et al., 2009). tropical South America

Little is known about how the SASM has varied in the past.
To some extent, this is related to confusion in the paleocli-The isotopic composition of water vapor transported from
matic literature about the South American monsoon systenthe tropical Atlantic toward the interior of the South Amer-
and its relationship with the ITCZ, two systems that are still ican continent during the SASM active season can, in its
often used interchangeably when describing summer precipsimplest form, be described by a simple Rayleigh distilla-
itation over the tropical continent. Yet, the monsoon systemtion model, where condensation processes progressively re-
over tropical South America has spatiotemporal charactermove water from the atmosphere through precipitation and
istics that are quite different from the maritime ITCZ, so it runoff, leaving the remaining water vapor isotopically more
makes sense to draw a clear distinction between the two syssnd more depleted. In reality, some of the precipitation lost is
tems even on longer time scales. For one the ITCZ persistseincorporated to the air mass through transpiration (a non-
all year round, following the region of warmest SSTs, while fractionating process) and evaporation (a fractionating pro-
the SASM is a seasonal phenomenon, with a well-establishedess). As a result of these processes, water vapor is added
onset, mature phase and demise period. Furthermore, theack to the atmosphere that is relatively more enriched when
ITCZ is strictly a Northern Hemisphere phenomenon andcompared with the surrounding atmospheric vapor, hence re-
only extends into the Southern Hemisphere during extremelucing the isotopic gradient across the continent (Salati et al.,
El Nifio episodes in the eastern equatorial Pacific (e.g., Takat979; Victoria et al., 1991; Martinelli et al., 1996). Rayleigh
hashi and Battisti, 2007). The SASM, on the other hand, pro{ractionation also does not account for mixing of air masses
trudes far into the Southern Hemisphere during its maturewith different isotopic compositions along the air mass tra-
phase in austral summer. jectory. Nonetheless, isotopic variations are ultimately a re-

But there are also differences that are more relevant forflection of the degree of rainout from the atmosphere, which
paleoclimate research. The SASM is primarily sensitive toled early studies to focus primarily on condensation tempera-
land-sea thermal gradients and therefore on orbital timeure and the amount of precipitation at the site wi2f®© is
scales responds quite sensitively to changes in insolation, dseing recorded (“amount effect”) (Dansgaard, 1964; Rozan-
documented for example in Cruz et al. (2005a). The ITCZ, onski et al., 1992; Risi et al., 2008). Such relationships between
the other hand, essentially follows the regions of warmest sea180 in rain and snow and climate would potentially allow
surface temperature and as such is very sensitive to meric®s'®0 variations in geologic material to be used as a proxy
ional SST gradients. Modeling studies clearly document afor local climatic conditions at the sites where precipitation
southward latitudinal displacement of the ITCZ during peri- takes place. Observational evidence does indeed support the
ods of high latitude cooling in response to the enhanced needotion that the amount effect explains a significant fraction
for northward heat transport in order to balance the greatepf isotopic variations on seasonal and interannual time scales
cooling (e.g., Chiang and Bitz, 2005). To physically displace (Hardy et al., 2003; Vuille et al., 2003a), although model-
a monsoon system, on the other hand, is much more diffiing studies suggest that this effect is strongest over eastern
cultto achieve, especially over South America where the spaSouth America close to the moisture source and becomes
tial extent of the monsoon belt is fundamentally determinedprogressively weaker inland and over western South Amer-
by land surface characteristics. The monsoon interacts witlica (Vimeux et al., 2005). This relationship is consistent with
vegetation, soil moisture and is subject to interactions withprecipitation in the tropics being predominantly of convec-
cold air outbreaks from high latitudes (e.g., Li and Fu, 2006;tive nature, where condensation temperature is no longer the
Collini et al., 2008), but its spatial extent is ultimately the re- first-order control on the degree of distillation. Instead, the
sult of the shape of the continent and the topography of thentensity of small-scale convective updrafts and rainout and
Andes and the Brazilian Highlands. These topographic conthus amount of precipitation emerges as the primary control
straints are key elements that shape the Andean low-level jegn the isotopic composition of precipitation. Recent studies,
responsible for monsoon-related moisture flux toward southhowever, point out that much of the amount effect can be ex-
eastern South America. Since topography and morphologylained by subsequent re-evaporation of the falling rain and
of the continent do not change on time scales relevant for ourvapor recycling into the convective system (Risi et al., 2008).
discussion, large-scale latitudinal monsoon shifts are much A completely different interpretation of stable water iso-
more difficult to attain than they are for the ITCZ over the topes in South American proxies emerged from early work
oceans. on Andean ice cores. These records have traditionally been

Nonetheless, as discussed in more detail in the followinginterpreted as recording temperature (e.g., Thompson et al.,
sections, the location of the ITCZ is of considerable impor- 2006). Indeed Thompson et al. (1995) suggested a signifi-
tance for SASM intensity, given that moisture influx to the cant cooling in the Andes during the Last Glacial Maximum
continent is closely tied to ITCZ dynamics. (LGM) based on highly depletetf®0 observed in Andean

ice cores. Pierrehumbert (1999) later pointed out that this in-
terpretation would not necessarily require such a substantial
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a)DJF

Fig. 1. Long-term mean 200 hPa wind and geopotential height and outgoing long-wave radiation based on NCEP/NCAR reanalysis and
NOAA-OLR data for(a) austral summer (December—February, DJF) @)dvinter (June—August, JJA). Contour interval is 25 gpm, 10 gpm
above 12400 and 5gpm above 12 430. Light, medium, and dark shades indicate OLR values less than 225, 210, anc? 1B&dkm
rectangle in(a) denotes region of strongest convective activity during DJF used to create monsooMindex

temperature drop, if the fraction of water vapor removedthe SASM is not an independent system, but is strongly in-

from the atmosphere during transport had increased durindluenced by other climate modes on interannual timescales,

the LGM. Nonetheless, the interpretationsdfO as a tem-  several studies have been able to document a strong remote

perature proxy is inconsistent with a number of other linesinfluence of ENSO on Andean proxy records (e.g., Bradley

of evidence. This interpretation does not hold on any obseret al., 2003; Vuille et al., 2003b;). Finally, changes in mois-

vational time scales considered (Hardy et al., 2003; Vimeuxture source can also have a significant impact ons#§e®

et al., 2009), is in disagreement with model results (Vuille composition, which becomes an important factor to consider

et al., 2003a; Vimeux et al., 2005), and is inconsistent within regions where summer monsoon precipitation is compet-

Holocene insolation forcing (Bird et al., 2011b) and the re-ing with winter precipitation originating from mid-latitude

constructed temperature evolution based on other proxiedisturbances (e.g., Cruz et al., 2005b). In such instances,

(e.g., van Breukelen et al., 2008; Jomelli et al., 2011). changes in thé'80 may reflect changes in the relative con-
More recently, the realization that the stable water iso-tribution of the two sources to total precipitation, rather than

topic composition of an air mass is affected by processes thathanges in total rainfall amount or in the isotopic compo-

take place far upstream from the site of the proxy has leadsition of precipitation from one region. While the monsoon

to the concept of interpreting water isotopes as recorders oprecipitation is ultimately sourced from the tropical Atlantic,

atmospheric circulation or modes of climate variability. In extra-tropical precipitation receives its moisture from mid-

tropical South America, proxies within the SASM domain and high-latitude oceans.

are now generally considered to reflect the degree of rain-

out, or the transport efficiency over the core monsoon region,

thereby affecting the isotopic composition of the remaining4 Data and methods

water vapor and hence the isotopic signal of precipitation )

further downstream (Vuille and Werner, 2005; Sturm et al.,4-1 Paleoclimate proxy records

2007; Villacis et al., 2008). In this framework, isotopic proxy

records are seen as indicators of monsoon intensity over thghhe h|stor>|/ ofthe South g\n:]erlcarr summﬁr mk())nso%n thro(;;gh_
core region of convective activity, the Amazon Basin (e.g., € Late Pleistocene and the Holocene has been derived pri-

Cruz et al., 2005a: Polissar et al., 2006: Bird et al., 2011b).marily from speleothems. Several ice core records also cover

This concept is supported by isotope-enabled modeling studt—he period since the Last Glacial Maximum (Thompson et

ies both in South America (Hoffmann et al., 2003; Vimeux et al., ,1995' 1998; Rgmirez etal., 2003), F’“t these records have
al., 2005; Vuille and Werner, 2005) and the Asian monsoontrad|t|onally been interpreted as recording temperature rather

region (Vuille et al., 2005; Pausata et al., 2011). Given thatNan changes in the SASM. Speleothems, on the other hand,
have revealed insight into the sensitivity of the SASM to
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Table 1. High-resolution stable water isotope records in the South American monsoon domain.

No. Name Proxy Coordinates Elevation Reference

1 Cascayunga cave Speleothem calelffo 6.09 S, 77.23 W 930m Reuter et al. (2009)

2 Laguna Pumacocha Lake sediment calg}®0 10.70°S,76.06 W  4300m Bird et al. (2011a)

3 Quelccaya Ice Cap Ice cos&80 13.93 S, 70.83 W 5670m Thompson et al. (1986)
4 Cristal cave Speleothem calcit?o 2458 S, 48.58 W 130m  Taylor (2010)

5 Huagapo cave Speleothem calaitéo 11.27 S, 75.79 W 3550m Kanner etal. (2011)

6 Diva de Maura and Torrinha cave ~ Speleothem cabdif®© 12.37S,41.57 W 700m  Novello et al. (2012)

insolation forcing (Cruz et al., 2005a, 2009a,b; Wang et al., 20

2006, 2007; van Breukelen et al., 2008), to abrupt changes in

North Atlantic climate (Wang et al., 2004; Cruz et al., 2006;

Cheng et al., 2009; Strikis et al., 2011) and its relationship

with monsoon variations in the Northern Hemisphere (Wang

etal., 2006). Lake records and paleo-shoreline deposits have |

also significantly advanced our understanding of changes in

monsoon characteristics through the Holocene (Abbott et al.,

2000, 2003; Seltzer et al., 2000; Baker et al., 2001, 2005;

Wolfe et al., 2001, Fritz et al., 2006; Polissar et al., 2006; Ek-

dahl et al., 2008; Hernandez et al., 2008; Bird et al., 2011b;

Placzek et al., 2011). ~20
In conjunction, these records from the Andes, southeastern

and northeastern Brazil provide clear evidence that the mon-

soon is highly sensitive to precessional forcing and responds

with a strengthening during periods of increased Southern

Hemisphere summer insolation. Gradually decreasing iso- -40-

topic values from the Early to Late Holocene therefore doc-

ument the progressive strengthening of the SASM over the

Holocene. While many of these records extend all the way

to the present, their resolution is insufficient to resolve sub-

decadal variability of the SASM over the past 2000 yr.

Here we instead focus on a set of archives, which, with -90 -70 50 -30
the exception of the Quelccaya ice core, includes fairly new L [
records from the regions influenced by summer monsoon 30 40 50 6 7

precipitation. Table 1 summarizes these records, and Fig. 2 P <DJF/Annual>

shows their location in relation to the amount of precipita- rjg > percentage of annual precipitation falling during the ma-

tion they receive today during the mature phase of the SASMyre stage of the South American summer monsoon (DJF), based

in DJF. All these records are located within the monsoonon CMAP data (1979-2004). Numbers indicate location of high-

belt and ideally suited to record past variations in monsoorresolution stable isotope records within the monsoon belt: 1: Cas-

intensity. cayunga cave; 2: Laguna Pumacocha; 3: Quelccaya Ice Cap;
The Cascayunga speleotheﬁ‘?O record stems from a 4: Cristal cave; 5: Huagapo cave; 6: Diva de Maura and Torrinha

lowland cave to the east of the Andes in northern Peru and¢ave.

extends back to 1050 AD (Reuter et al., 2009). Laguna Puma-

cocha is a high-altitude lake in the central Peruvian Andes,

which contains _annually I_a_minate_d sed_iments (varves) Wit_h5180 record from Cristal cave is yet unpublished (Taylor,

sea;onally varying depo;mon of biogenic material and aUt.h"2010) and will be discussed and presented in greater detalil

genic lake calcite extending back over the past 2300 yr (Bird

et al., 2011a). The Quelccaya ice core record is the oldes(glsewhere. It is derived from a cave in SE Brazil (see Ta-
N ) . i le 1 and Fig. 2), extends back 4100 yr and was sampled at
of the four records considered and is basedHiD of an- g. 2) Y P

a sub-decadal resolution. A total of 14 U/Th ages with an-

nually deposited ice layers extracted from the summit of thealytical errors (2) averaging+ 13yr allow for a very pre-

world’s largest tropical ice cap in south-central Peru, extend-

. cise age determination (Taylor, 2010). Here we focus exclu-
ing back~ 1500 yr (Thompson et al., 1986). The SpeIeo'[hemsively on the last 2300 yr and its comparison with the other

www.clim-past.net/8/1309/2012/ Clim. Past, 8, 1302321, 2012
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isotopic records. Finally, it is worth noting that several ad- Year (AD/BC)
ditional high—re_solution isotopip records t.hat cover the past (LQQQ (LQQ @Q@Q@Q \@0\(190\‘&0\@0\%@@@
several millennia are currently in preparation or in press (Lo- LS r e e NN Y YL Y
cations 5 and 6 in Figs. 2 and 4). These records (Diva de MCA LIA cwp
Maura and Torrinha cave in NE Brazil; Novello et al., 2012 057 A __weak
and Huagapo cave in Peru; Kanner et al., 2011) will be dis- | Pumacocha 10 0 A
cussed elsewhere, but it is interesting to point out that their g 2
location is also in the main monsoon belt (see Fig. 2 and Ta- & -0.54 14 5 3
ble 1), adding to the rapidly growing list of high-resolution 4 o t*
isotopic records from this region. L 16 song
-1.5-
4.2 Observational data
057 o [ weak

We use observational isotope data from the International N 8232“””93 I o A
Atomic Energy Agency-Global Network of Isotopes in Pre- f 62 =
cipitation (IAEA-GNIP) database to characterize the rela- -0.5- AM}*WM % %
tionship between stable isotopic variation and monsoon in- 4] r8 < L /
tensity over South America. Unfortunately, the available data strong
are very sparse, contain a lot of gaps and are in most cases -1.5/ :_‘210
not available up to the present. Nonetheless, several sta- 057 ¢ weak
tions contain more than 10yr worth of observations and | Cristal Cave 4 @ 4
these stations were retained in our analysis. More informa—f | JW £ =
tion on these data is availablet#tp://www-naweb.iaea.org/ -0.5-M ”WWWWW (‘W | 6 % =
napc/ih/IHSresourcegynip.html To characterize the SASM IR
strength in the observational record, we rely on National | strong
Centers for Environmental Prediction — National Center -1.54 -8
for Atmospheric Research (NCEP/NCAR) reanalysis data
(Kalnay et al., 1996), National Oceanic and Atmospheric 051p 19 .
Administration (NOAA) outgoing longwave radiation (OLR) f 04 Quelccaya c§> weak
data (Liebmann and Smith, 1996), a commonly used proxy 7=
for precipitation in the tropics and on Climate Prediction -0.51 I 2
Center Merged Analysis of Precipitation (CMAP) data (Xie * 14 19 9 strong
and Arkin, 1997), a gridded data set based on a blend of satel- s o ©

- - TT I T T T T T T T T T T T T T TTT 1T 1T1°
lite measurements and in-situ rain gauge observations. 5190 &S @Qco@%00\900\@0\@?\@0°\q,°°q90°
4.3 SWING model results from ECHAM-4 Year (AD/BC)

Given that observational data are so limited in time andFig. 3. (A) South American monsoon intensity changes over the
space, we make use of an isotope-enabled general circulatigmast 2300 yr as displayed in high-resolution stable isotopic records
model from the Stable Water Isotope iNtercomparison Groupfrom (top to bottom) Pumacoch#®0 lake calcite; Cascayunga
(SWING)-I initiative. This initiative provides a suite of 134- caves*80 speleothem calcite, Cristal ca##%0 speleothem calcite
yr-long integrations based on atmospheric GCMs with iso-and Quelccaya'®0 ice core. The Moberg et al. (2005) Northern
topic tracers, forced with observed SST and sea-ice CoVl—iemlsphe_re temperature_ reconstruction is reproduced in each panel
erage between 1870 and 2003. We rely on the ECHAM-42S @ 9ray line for comparison.

model, because this model has been more extensively tested

over South America than the other available models (GISS

ModelE and MUGCM), with very good results, both for ° Results

present-day conditions (Hoffman et al., 2003; Vuille et al.,

2003a,b; Vimeux et al., 2005; Vuille and Werner, 2005) aSFigure 3 shows a comparison pf the four high-resolution
well as for the Mid-Holocene (Cruz et al., 2009a). More "€COrds over the past 2300yr. Bird et al. (2011a) already
tprovided a detailed discussion of the comparison between

information on the SWING-I experiments can be found ai

http://www.bgc-jena.mpg.de/projects/SWING/ the three Andean records Qgelccqya, Pumacocha an@ Cas-
cayunga, which we summarize briefly below. In addition,
however, we demonstrate that this similarity extends into an-
other region within the monsoon belt, southeastern Brazil, as
evidenced by the Cristal cave record.

Clim. Past, 8, 13094321, 2012 www.clim-past.net/8/1309/2012/
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0 a) SWING ECHAM-4 (1870-2003) 20 b) IAEA-GNIP (1961-2001)

-90 -70 -50 -30

-0.8 -0.4 0.0 0.4 0.8

Fig. 4. (a) Spatial correlation of monsoon indé{ (DJF precipitation averaged within white box) with precipitation-weighted o

values throughout the South American monsoon domain in SWING simulation with ECHAM-4 (1870-2003). Only regions with significant
correlation atp < 0.05 are shaded. Contour intervals are 0.1, withl, 0 and 0.1 contour lines omitte(th) as in(a) but based on |IAEA-

GNIP observations and ice core records from Huasta@uelccaya and Sajama correlated with monsoon index based on vertical wind shear
as defined in Vuille and Werner (2005). Record lengths of individual observations vary, but all records contain at least 10 yr within period
1961-2001. Note that unlike irfg) all correlations are shown but that significant correlationg at0.05 are indicated with a white cross.
Panel(b) is modified from Vuille and Werner (2005).

All four records are characterized by dominant century-the monsoon intensity during the mature phase of the SASM.
scale departures, superimposed upon strong decadal- to mwAaille and Werner (2005) discussed several possibilities of
tidecadal variability. These century-scale mean-state changaseating an interannual monsoon index. Here we use a very
include positive departures during the Medieval Climate simple index, which is calculated as the seasonal average
Anomaly (MCA), strong negative anomalies during the Little precipitation in the SWING model over the core region of
Ice Age (LIA) and a significant positive trend over the past convection (8 S-17.8 S/72.5 W-47.5 W; black and white
~100yr termed the current warm period (CWP) in Bird et rectangles in Figs. 1 and 4 respectively). We choose this in-
al. (2011a). All records except for Cascayunga, which doeglex as it is easy to calculate in models and observations, a
not extend back that far, show positive departures during thggood proxy for monsoon intensity and it is directly related
MCA, although this period is not as pronounced at Quelccayao stable isotopic variations as it is by definition factoring in
and occurs later and over a contracted time period in Cristathe degree of rainout over the Amazon Basin. Hence, in our
cave. During the LIA betweer 1600 and~ 1820 AD, 5180 discussion the term, “monsoon intensity” specifically refers
values are highly depleted and represent the most negativi® the total precipitation amount in the core region of convec-
values over the entire record length in each of the four proxytive activity during the mature phase of the monsoon between
time series. Again, the timing of the LIA onset is different December and February. Figure 4a shows the correlation of
between the sites with the northern records Pumacocha arithis monsoon index in DJF with contemporanestfo vari-
Cascayunga showing a much earlier onset of the decrease #tions elsewhere in South America. Not surprisingly, the cor-
8180 than the more southern records Quelccaya and Cristalelations are most negative over the region used to define the
cave. After~ 1850 all records show a steep and continuedindex itself. Here the negative relationship can be interpreted
increase 0B180 toward the present, with values as high asas a simple “amount effect” as we are correlating precipi-
or higher than during the MCA. tation intensity in the region defined by the rectangle with

To shed further light on the potential origins of these large-5180 values in the same region. As is evident in Fig. 4a, how-
scale perturbations that are broadly coherent between thesaver, there are large regions downstream of the core region
diverse records, we make use of the SWING ECHAM-4 sim- of convection, extending across the entire southern and cen-
ulation. We first create a monsoon indeéd ) to characterize tral tropical Andes and into southeastern South America and
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the South Atlantic Converge Zone (SACZ) region that alsothe southeastern record from Cristal cave. This close correla-
display significant negative correlations. In all these regionstion indicates that the SASM was exceptionally strong during
which include all of our proxy sites (Fig. 4aJ180 varia-  the LIA, when Northern Hemisphere temperatures reached a
tions are significantly negatively related to precipitation over 2000 yr minimum. A weakening of the SASM, on the other
the southern Amazon Basin. hand, occurred during the MCA and the CWP with Northern
It is difficult to fully validate this type of model analy- Hemisphere temperatures at above average levels.
sis with observational data given the paucity of information. Several studies indeed indicate that SSTA in the North At-
In Fig. 4b we have reproduced a similar analysis by Vuille lantic during the MCA were unusually warm, akin to the
and Werner (2005) using observations and ice core data frorpositive phase of the AMO or the NAO (Feng et al., 2008;
three Andean sites (Quelccaya, Huadoeand Sajama) over Trouet et al., 2009). In addition, there are indications that the
the past few decades. Although the picture is patchy, and th&MO may indeed significantly affect the SASM on multi-
monsoon index is based on zonal wind shear rather than predecadal time scales, leading to reduced monsoon intensity
cipitation amount, the result emerging from the limited ob- when the AMO is in its positive phase and the ITCZ is with-
servational evidence is clearly consistent with the model sim-drawn northward (Chiessi et al., 2009; Strikis et al., 2011,
ulation, featuring significant negative correlations (indicatedBird et al., 2011a). While this hypothesis is difficult to ver-
by a white cross) over the Amazon Basin, the tropical Andesify given the lack of long observational records in tropical
and southeastern Brazil. It is also noteworthy that the modeSouth America, it is consistent with the notion that the mean
appears to correctly simulate the lack of significant correla-location of the ITCZ acts as an important modulator of the
tions over central-eastern Brazil, a region influenced by theSASM intensity on multidecadal to centennial time scales
South Atlantic Anticyclone at that time of year. through its sensitivity to Northern Hemisphere temperature.
In summary these analyses suggest that, at least on inteModeling studies have in fact documented that a cooling in
annual time scales over the past 130 yr, there is indeed a conthe Northern Hemisphere, such as observed during the LIA,
mon climate signal that is shared between all these sites in thieads to a southward displacement of the ITCZ, which can
monsoon belt related to the degree of rainout and hence morbe interpreted as a thermodynamic adjustment to allow for
soon intensity upstream. If this interpretation is applied to theenhanced northward heat transport required to balance the
isotopic records plotted in Fig. 3, it would suggest a signif- high latitude cooling (Zhang and Delworth, 2005; Broccoli
icant weakening of monsoon intensity during the MCA and et al., 2006). Proxy evidence also documents such a south-
a dramatic strengthening of the SASM during the LIA pe- ward shift of the ITCZ during the LIA, both in the Pacific and
riod between~ 1600 and 1820, unrivaled in the entire record. the Atlantic sector (Haug et al., 2001; Sachs et al., 2009). As
Similarly, the increase 6180 over the last- 100yr would  discussed in Sect. 2, the ITCZ and the SASM are distinct sys-
indicate a long-term reduction in the intensity of the SASM, tems and the monsoon is not as easily displaced latitudinally
which today appears on par with conditions during the MCA.. as the ITCZ. But since the ITCZ serves as the major moisture
flux conduit fueling convective activity over the SASM re-
gion, the location and strength of the ITCZ do matter greatly
6 Discussion and conclusions (e.g., Garcia and Kayano, 2010). A more southerly position
leads to enhanced moisture flux into the tropical continent
In the modern climate, ENSO has a dominant influenceand enhanced convective activity over the main monsoon do-
on SASM variations and its isotopic signature (Vuille and main (e.g., Marengo et al., 2012b). A more northerly posi-
Werner, 2005). ENSO signals have been identified in a numtion, on the other hand, is conducive to enhanced subsidence
ber of high-resolution isotopic proxies from tropical South over the Amazon Basin, effectively suppressing convection,
America (Bradley et al., 2003; Vuille et al., 2003b; Knue- as evidenced, for example, during the Amazon drought in
sel et al., 2005). Pacific SST reconstructions, however, poinP005 (Marengo et al., 2008; Zeng et al., 2008) and 2010
toward a La Niia-like state during the MCA and an El- (Lewis et al., 2011). This ITCZ-SASM relationship is con-
like state during the LIA (Cobb et al., 2003; Graham et al., sistent with the apparent intensification of the monsoon sys-
2007; Conroy et al., 2008; Mann et al., 2009), which is dif- tem during cold periods in the Northern Hemisphere as doc-
ficult to reconcile with the isotopic excursions observed in umented in Fig. 3. However, while the ITCZ is displaced,
proxies from the monsoon belt. Several studies have sugthe changes in the SASM likely represent a strengthening
gested that some of the observed climate perturbations duringnd weakening over roughly the same domain, rather than a
this period may instead be related to persistent sea surfadarge-scale southward shift.
temperature anomalies (SSTA) in the North Atlantic sector. Our results, combining high-resolution proxy data with
As already pointed out by Bird et al. (2011a) and highlightedisotope-enabled modeling experiments, provide strong sup-
in Fig. 3, there is indeed a remarkable correspondence beport for the notion that these isotopic proxy records, lo-
tween Northern Hemisphere temperature and the mean-statated within the South American monsoon belt, all record
changes in the Andean isotopic records during the MCA,variations in SASM intensity upstream rather than just lo-
LIA and the CWP. This correspondence equally applies tocal climatic conditions at the site. The close correspondence
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between the four records is particularly notable, given thatitself, which can be significantly altered by topography and
they represent very different archives and environments. Thenicroclimatic effects (Schmidt et al., 2007). Hence, isotopic
fact thats180 records several thousand kilometers apart, exproxy records are very powerful at capturing regional- to
tracted from ice cores and carbonate from lakes and cave folarge-scale climate but they are not the most useful to re-
mations at both high-elevation alpine environments and tropconstruct local climatic conditions as is traditionally done
ical lowlands over western and southeastern South Amerin multi-proxy reconstructions based on tree rings or histor-
ica, display such similar behavior over the past 2 millenniaical archives. Yet, traditional approaches of reconstructing
is remarkable. It is hard to reconcile with the notion that regional precipitation or temperature patterns in space and
these records would record primarily local climatic condi- time often lack the dynamic constraints imposed by the at-
tions. Instead, the four archives have recorded changes thatospheric circulation. Stable isotope records offer the po-
were regional—continental in scale with broadly similar tim- tential to put these reconstructions to the test by providing
ing, direction and magnitude (Bird et al., 2011a). All four clear guidelines on past changes in large-scale atmospheric
sites receive a large fraction of their annual precipitation to-circulation and variations of key components of the climate
tal during the summer monsoon season, and they all sharsystem such as the SASM. Future regional climate recon-
a common source, the tropical Atlantic. Water vapor arrivesstructions should therefore make an effort to incorporate both
at all four sites fairly depleted and has undergone vigorougdypes of proxies — those suitable as indicator of local climate
convective activity and rainout upstream over the southerras well as those that provide constraints on the large-scale
Amazon Basin. It is this signal, indicative of the strength circulation.
of the South American monsoon, that all these records have
in common. While Bird et al. (2011a) already pointed out
the similarities between the three Andean sites, we here exAcknowledgementsie wish to thank Martin Werner for making
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