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cores from the tropical Andes and the Himalaya (Dasuopu glacier).
More recently, it has been suggested (15) that !18O ultimately
records changes in the atmospheric circulation that integrate all
aspects of transport from source to sink. Although not fully
resolved, the weight of available empirical evidence, including that
presented in Fig. 5, strongly suggests that on longer time scales, !18O
variations in low-latitude mountain precipitation reflect variations

in air temperature more strongly than variations in precipitation (6,
10, 11, 16, 17).

Over the past two decades, the Byrd Polar Research Center
ice-core group has recovered cores from ice fields across Tibet
and in the Andes (see Fig. 1 for locations). Various aspects of
these records have been published, but they have not been
integrated and interpreted collectively. Here the 5-yr averages of

Fig. 1. The locations of ice cores and evidence for abrupt climate change !5,000 yr ago discussed in the text are shown along with areas of large-scale ice retreat.

Fig. 2. Glacier retreat as documented in the Peruvian Andes. (A) Retreat of Qori Kalis from 1963 to 2005. (B) Retreat records for Qori Kalis and six other Andean
glaciers. (C) The photos document the expansion of the proglacial lake from 1991 to 2005 as Qori Kalis retreated.
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!18O and net mass accumulation (An) from these cores are
compared for the last 400 yr (Fig. 5), and the decadally averaged
!18O histories are compared for the last 2,000 yr (Fig. 6).
Combining these records provides a more comprehensive pic-
ture of tropical climate variability.

The 5-yr averages of !18O for three Andean and four TP
records are shown in Fig. 5A. Five of these cores, Dunde (18),
Guliya (19), Puruogangri (20), Dasuopu (21), and Quelccaya (3),
contain distinct annual layers for the last 400 yr. Fig. 5B shows
the 5-yr average An in meters of water equivalent for the last 400
yr for five of these seven cores. Because the rapidly thinning
layers on Sajama (22) and Huascarán (23) required use of a flow
model, constrained by time-stratigraphic horizons, to construct
their time scales, An records could not be constructed. Thus,

Quelccaya provides the only reliable ice-core-derived An history
for the past 400 yr in the Andes. A recently reconstructed 400-yr
high-resolution pollen history from Sajama (24) indicates wetter
conditions from A.D. 1500 to 1700 and drier conditions from
A.D. 1700 to 1880, generally consistent with the An record from
Quelccaya to the north (Fig. 5B).

Meteorological data show that annual precipitation decreases
from east to west and from south to north across the TP, whereas
in the South American Andes precipitation decreases from north
to south (25). The ice fields located in more arid regions of the
TP (Dunde, Guliya, Puruogangri), have rather similar An his-
tories (Fig. 5B) with higher values in the 17th and 18th centuries,
consistently lower values in the 19th century, and a general
increase over the 20th century. In contrast, the An history on
Dasuopu in the Himalayas shows a different pattern, with
consistently high An over most of the 19th century. Although the
400-yr An history for the Himalayas (e.g., Dasuopu) is markedly
different from that over the TP to the north, their !18O histories,
or proxy temperature records (26), are remarkably similar at
lower frequencies. Moreover, the !18O trend over the TP is
similar to that in the tropical Andes (Fig. 5), although the TP
warming starts somewhat earlier. During the 17th century
conditions were warmer over Guliya and Puruogangri than over
Dunde and Dasuopu, but all of the time series indicate persistent
and gradual warming (18O enrichment) from the 18th through
the early 20th century, with an accelerating warming over the
second half of the 20th century. Note that this recent isotopic
enrichment is consistent among the TP sites and independent of
An (Fig. 5). The latter is confirmed by a lack of any statistically
significant correlation between the 5-yr averages of !18O and An
for the five sites with An records (R values: Guliya, !0.0001;
Puruogangri, !0.005; Dunde, "0.019; Dasuopu, !0.129;
Quelccaya, "0.069).

In the tropical Andes 18O enrichment begins earlier, around
A.D. 1750, at the Huascarán site, which is closer to the equator,
whereas 18O enrichment begins around A.D. 1830 on Quelccaya
further to the south. Interestingly, the !18O history from Sajama,
the southernmost core site, located in a very dry region, shows
little trend over the 400-yr period. Despite the local and regional
variability captured by these 400-yr !18O records, with the
exception of Sajama, they all record a consistent 20th-century
18O enrichment, the dominant climate signal over both the
Andes and the TP (Fig. 5 C and D, respectively). The tropical
!18O composite (Fig. 5E), created by combining the TP and
Andean !18O records, clearly records the isotopic depletion
(cooling) during the latter part of the so-called Little Ice Age
(LIA) from A.D. #1600 to 1870, with the greatest depletion
from A.D. 1810 to 1820, reflecting a strong cooling that followed
the large volcanic eruptions of ‘‘unknown’’ in 1809 (27) and
Tambora in 1815.

Fig. 3. The excellently preserved seasonal variations in !18O and insoluble
dust, illustrated for the core section from 90 to 100 m depth, were used to date
the 2003 Quelccaya ice core and reconstruct the annual accumulation history.

Fig. 4. The annual average !18O values for the 1983 Quelccaya core, measured on bottled water from samples cut and melted in the field, are compared with
those for the 2003 Quelccaya core, which were returned frozen to Ohio State University, allowing freshly cut samples to be analyzed. Even after 20 yr of surface
melting, the reproducibility over the last 460 yr is excellent. For data, see Data Set 1, which is published as supporting information on the PNAS web site.
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The Last Two Millennia
To capture larger temporal scale changes, regional composites
for the TP (Fig. 6B) and the Andes (Fig. 6C) were constructed
by using the decadal averages of !18O over the last 2,000 yr.
Because 70–80% of the snowfall over both the TP and the
Andes arrives during their respective summers (Northern
Hemisphere summer for the TP and Northern Hemisphere

winter for the Andes), combining the seven !18O records
provides an annually representative proxy (!18O) temperature
history for high-elevation ice fields in the mid- to low latitudes,
as shown in Fig. 6A. This tropical composite is based on seven
cores for the last 1,000 yr, six cores for the last 1,550 yr, and
four cores for the last 2,000 yr. The Andean composite, and
thus the Tropical composite, shows modest 18O enrichment

Fig. 5. Climate reconstructions over the last four centuries. The 5-yr averages of !18O (A) and accumulation (B) for seven and five low-latitude ice cores,
respectively, were reconstructed back to A.D. 1600. Accumulation is given in meters of water equivalent (w.e.) per yr. Annual layers (and hence An) were not
reconstructed for Huascarán and Sajama as discussed in the text. Composite !18O and An records for the TP (C) and Andean (D) cores were combined to produce
low-latitude composite !18O and An histories (E) for the last 400 yr. The composite records are shown as Z-scores. Data are provided in Data Set 2, which is published
as supporting information on the PNAS web site.
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Kilimanjaro	  
Disappearing	  Icecap	  of	  	  

Mt.	  	  

manjaro,	  Tanzania	  

Africa’s	  highest	  mountain	  
with	  a	  forest	  belt	  having	  
rich	  diversity	  of	  ecosystems	  

• 	  1976:	  Glaciers	  covered	  
most	  of	  the	  summit	  

• 	  2000:	  The	  glaciers	  had	  
receded	  alarmingly	  
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•  Over the 20th century, the areal extent of Kilimanjaro’s ice fields have 
decreased by ~80%

•  If current climatolgical conditions persist, the remaining ice fields are 
likely to disappear between 2015 and 2020	  
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from A.D. 300 to 500 and A.D. 1100 to 1300 (the so-called
Medieval Warm Period) and depletion from A.D. 1400 to 1900
(LIA). Neither the Medieval Warm Period nor the LIA is
discernable in the TP composite. However, all three compos-
ites (Fig. 6 A–C) clearly reveal that a large and unusual
warming (18O enrichment) is underway at high elevations in
the tropics. Although the factors driving the current 18O

enrichment (warming) may be debated, the tropical ice core
!18O composite (Fig. 6A) confirms that it is unusual from a
2,000-yr perspective. Regardless of whether !18O is interpreted
as a function of temperature, precipitation, and!or atmo-
spheric circulation, the important message clearly preserved in
these high-elevation ice fields is that the large-scale dynamics
of the tropical climate system have changed.

Table 1. Results of eight accelerator mass spectrometry 14C dates on D. muscoides indicate
that the specimens collected at Quelccaya date to 5,138 ! 45 yr B.P.

Sample no. 14C age, yr

Calibrated age, yr
(before A.D.

1950)

Relative area under
probability
distribution

Year
collected

Lawrence Livermore National Laboratory
Sample 1 4,470 ! 60 5,284–5,161 (1") 0.534 2002

Run 1 5,302–4,961 (2") 0.926
Sample 1 4,525 ! 40 5,186–5,121 (1") 0.413 2002

Run 2 5,311–5,047 (2") 1.000
Sample 2 4,530 ! 45 5,186–5,120 (1") 0.396 2002

Run 1 5,317–5,040 (2") 0.993
Sample 2 4,465 ! 40 5,278–5,171 (1") 0.580 2002

Run 2 5,295–4,967 (2") 0.984
NOSAMS Facility at Woods Hole Oceanographic Institution

Sample 1 4,530 ! 45 5,186–5,120 (1") 0.396 2002
5,317–5,040 (2") 0.993

Sample 2 4,510 ! 40 5,188–5,119 (1") 0.404 2002
5,307–5,040 (2") 0.988

Sample 3 4,440 ! 45 4,979–4,866 (1") 0.829 2005
5,066–4,845 (2") 0.907

Sample 4 4,570 ! 45 5,188–5,055 (1") 0.714 2005
5,314–5,034 (2") 0.959

NOSAMS, National Ocean Sciences Accelerator Mass Spectrometry.

Fig. 6. Climate reconstructions over the last two centuries. (A) Decadal averages of !18O from low-latitude, high-elevation ice fields are combined for the last
2,000 yr. The number of cores contributing to various parts of the 2,000-yr record is shown. (B and C) Also shown are the composites for four TP (B) and three
Andean (C) cores. (D) The ice core records are compared with the Northern Hemisphere meteorological observations (red) back to A.D. 1860 (50) and a multiproxy
history (blue) back to A.D. "200 (51). Data are provided in Data Set 3, which is published as supporting information on the PNAS web site.
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An important feature of the tropical climate regime is that
horizontal temperature variations are small above a relatively
shallow atmospheric layer near the Earth’s surface. This condi-
tion results from the lack of a strong Coriolis effect to balance
pressure differences resulting from temperature variations, and
thus the tropical atmospheric mass is redistributed so as to nearly
eliminate horizontal temperature gradients (28, 29). Of the
meteorological variables controlling glacier mass balance (tem-
perature, precipitation, cloudiness, humidity, etc.), only temper-
ature exhibits large-scale spatial homogeneity, suggesting that it
is the primary variable driving the retreat of most tropical ice
fields. Further support comes from the general uniformity of the
tropical !18O composites (Fig. 6 A–C) and the dominance of
20th-century 18O enrichment (warming) that is concomitant with
the rapid melting. The evidence presented here indicates that
rising air temperature (not reduced precipitation) is the primary
driver of glacier retreat in the tropics and subtropics. This
interpretation is supported by recent results (30) indicating that
the observed tropical warming is consistent with the satellite-
derived temperatures for both the surface and the middle!upper
troposphere. Another study (31) has reported the amplification
of surface-temperature trends and variability in the tropical
atmosphere.

The Holocene
The third line of evidence for abrupt tropical climate change
comes from a rooted, soft-bodied plant deposit discovered after
it was exposed along the west-central margin of the rapidly
retreating Quelccaya ice cap. The plant was identified as the
wetland plant Distichia muscoides (Juncaceae), a dioecious mat-
or cushion-forming plant (Fig. 7) that is well adapted to harsh
diurnal freezing and thawing and often reaches the altitudinal
vegetation limit, which is !5,100 m above sea level around the
Quelccaya ice cap. The average of eight accelerator mass
spectrometry 14C dates from two different laboratories places
the calendar age of this plant deposit at 5,138 ("45) yr B.P.
(Table 1). The recently exposed plant deposit provides strong
evidence that temperatures were warmer in this region before 5.1
thousand years (ka) B.P. and that the current retreat of
Quelccaya is unprecedented for the last 5 millennia. The !18O
history (Fig. 8A) from the ice core drilled to bedrock on
Huascarán (6,048 m above sea level) in northern Peru supports
this scenario. Like Quelccaya, the Huascarán !18O record shows
the 20th-century warming, the LIA, and the Medieval Warm
Period (Fig. 8A). However, the Huascarán record is much
longer, extending back into the last glacial stage and indicating
that conditions were warmer (18O-enriched) from !11 to 6 ka
(the early Holocene) than in the late Holocene (23). In fact, the
Huascarán !18O record suggests that temperatures in the tropical
Pacific were !1.5 to 2.0°C warmer between !11 and 8 ka (14,

23), contemporaneous with the warmest period of the Holocene
in this region. Elevated dust concentrations during the early
Holocene (data not shown; see ref. 23) suggest that conditions
were also somewhat drier. The impact of this change on the
tropical hydrologic cycle is also reflected in the isotopic record
of calcite from Lake Junin, Peru (32), which closely resembles
the Huascarán Holocene !18O curve. The Huascarán record
(Fig. 8A) illustrates the full range of climate variability between
the last glacial stage and the early Holocene, when D. muscoides
was growing along the recently deglaciated margin of Quelccaya.

The burial of such soft-bodied plants by the ice !5.1 ka is
consistent with the onset of an abrupt cool, wet period that led
to the expansion of the Quelccaya ice cap. Thereafter, the !18O
record from Huascarán indicates a sustained cooling (18O de-
pletion) that culminated with the LIA (the coldest interval in the
Huascarán Holocene record). Reduced dust concentrations
(data not shown; see ref. 22) also suggest more humid conditions
during this cooler period, the late Holocene, that was abruptly
terminated by 20th-century warming (Fig. 8A).

A survey of other paleoclimate records from both low and high
latitudes, including ice cores from the tropics, supports the view
that the early to mid-Holocene was warmer than the latter half
of the Holocene. The !18O and aerosol (data not shown; see ref.
8) records from Kilimanjaro in equatorial Africa (Fig. 8B)
indicate an early Holocene warm period with a variable and
much wetter climate than that during the cooler and drier late

Fig. 7. The plant Distichia muscoides (5,138 " 45 yr B.P.) collected at the
retreating margin of the Quelccaya ice cap in August of 2002 is compared with
the modern plant (see Table 1 for dates on this and other plants).

Fig. 8. Holocene tropical climate variability. Holocene !18O ice-core records
recovered from Huascarán (23) (A) and Kilimanjaro (8) (B) along with tropical
Northern Hemisphere (N.H.) insolation change from the present (33) (C),
methane records from Greenland (37) and Antarctica (38) (D), and the Soreq
Cave !18O record (43) (E). GRIP, Greenland Ice Core Project; ppbv, parts per
billion by volume.
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An important feature of the tropical climate regime is that
horizontal temperature variations are small above a relatively
shallow atmospheric layer near the Earth’s surface. This condi-
tion results from the lack of a strong Coriolis effect to balance
pressure differences resulting from temperature variations, and
thus the tropical atmospheric mass is redistributed so as to nearly
eliminate horizontal temperature gradients (28, 29). Of the
meteorological variables controlling glacier mass balance (tem-
perature, precipitation, cloudiness, humidity, etc.), only temper-
ature exhibits large-scale spatial homogeneity, suggesting that it
is the primary variable driving the retreat of most tropical ice
fields. Further support comes from the general uniformity of the
tropical !18O composites (Fig. 6 A–C) and the dominance of
20th-century 18O enrichment (warming) that is concomitant with
the rapid melting. The evidence presented here indicates that
rising air temperature (not reduced precipitation) is the primary
driver of glacier retreat in the tropics and subtropics. This
interpretation is supported by recent results (30) indicating that
the observed tropical warming is consistent with the satellite-
derived temperatures for both the surface and the middle!upper
troposphere. Another study (31) has reported the amplification
of surface-temperature trends and variability in the tropical
atmosphere.

The Holocene
The third line of evidence for abrupt tropical climate change
comes from a rooted, soft-bodied plant deposit discovered after
it was exposed along the west-central margin of the rapidly
retreating Quelccaya ice cap. The plant was identified as the
wetland plant Distichia muscoides (Juncaceae), a dioecious mat-
or cushion-forming plant (Fig. 7) that is well adapted to harsh
diurnal freezing and thawing and often reaches the altitudinal
vegetation limit, which is !5,100 m above sea level around the
Quelccaya ice cap. The average of eight accelerator mass
spectrometry 14C dates from two different laboratories places
the calendar age of this plant deposit at 5,138 ("45) yr B.P.
(Table 1). The recently exposed plant deposit provides strong
evidence that temperatures were warmer in this region before 5.1
thousand years (ka) B.P. and that the current retreat of
Quelccaya is unprecedented for the last 5 millennia. The !18O
history (Fig. 8A) from the ice core drilled to bedrock on
Huascarán (6,048 m above sea level) in northern Peru supports
this scenario. Like Quelccaya, the Huascarán !18O record shows
the 20th-century warming, the LIA, and the Medieval Warm
Period (Fig. 8A). However, the Huascarán record is much
longer, extending back into the last glacial stage and indicating
that conditions were warmer (18O-enriched) from !11 to 6 ka
(the early Holocene) than in the late Holocene (23). In fact, the
Huascarán !18O record suggests that temperatures in the tropical
Pacific were !1.5 to 2.0°C warmer between !11 and 8 ka (14,

23), contemporaneous with the warmest period of the Holocene
in this region. Elevated dust concentrations during the early
Holocene (data not shown; see ref. 23) suggest that conditions
were also somewhat drier. The impact of this change on the
tropical hydrologic cycle is also reflected in the isotopic record
of calcite from Lake Junin, Peru (32), which closely resembles
the Huascarán Holocene !18O curve. The Huascarán record
(Fig. 8A) illustrates the full range of climate variability between
the last glacial stage and the early Holocene, when D. muscoides
was growing along the recently deglaciated margin of Quelccaya.

The burial of such soft-bodied plants by the ice !5.1 ka is
consistent with the onset of an abrupt cool, wet period that led
to the expansion of the Quelccaya ice cap. Thereafter, the !18O
record from Huascarán indicates a sustained cooling (18O de-
pletion) that culminated with the LIA (the coldest interval in the
Huascarán Holocene record). Reduced dust concentrations
(data not shown; see ref. 22) also suggest more humid conditions
during this cooler period, the late Holocene, that was abruptly
terminated by 20th-century warming (Fig. 8A).

A survey of other paleoclimate records from both low and high
latitudes, including ice cores from the tropics, supports the view
that the early to mid-Holocene was warmer than the latter half
of the Holocene. The !18O and aerosol (data not shown; see ref.
8) records from Kilimanjaro in equatorial Africa (Fig. 8B)
indicate an early Holocene warm period with a variable and
much wetter climate than that during the cooler and drier late

Fig. 7. The plant Distichia muscoides (5,138 " 45 yr B.P.) collected at the
retreating margin of the Quelccaya ice cap in August of 2002 is compared with
the modern plant (see Table 1 for dates on this and other plants).

Fig. 8. Holocene tropical climate variability. Holocene !18O ice-core records
recovered from Huascarán (23) (A) and Kilimanjaro (8) (B) along with tropical
Northern Hemisphere (N.H.) insolation change from the present (33) (C),
methane records from Greenland (37) and Antarctica (38) (D), and the Soreq
Cave !18O record (43) (E). GRIP, Greenland Ice Core Project; ppbv, parts per
billion by volume.
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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) and (b) winter (June–August, JJA). Contour interval is 25 gpm, 10 gpm
above 12 400 and 5 gpm above 12 430. Light, medium, and dark shades indicate OLR values less than 225, 210, and 195Wm�2. Black
rectangle in (a) denotes region of strongest convective activity during DJF used to create monsoon indexM .

temperature drop, if the fraction of water vapor removed
from the atmosphere during transport had increased during
the LGM. Nonetheless, the interpretation of �18O as a tem-
perature proxy is inconsistent with a number of other lines
of evidence. This interpretation does not hold on any obser-
vational time scales considered (Hardy et al., 2003; Vimeux
et al., 2009), is in disagreement with model results (Vuille
et al., 2003a; Vimeux et al., 2005), and is inconsistent with
Holocene insolation forcing (Bird et al., 2011b) and the re-
constructed temperature evolution based on other proxies
(e.g., van Breukelen et al., 2008; Jomelli et al., 2011).
More recently, the realization that the stable water iso-

topic composition of an air mass is affected by processes that
take place far upstream from the site of the proxy has lead
to the concept of interpreting water isotopes as recorders of
atmospheric circulation or modes of climate variability. In
tropical South America, proxies within the SASM domain
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 remaining
water vapor and hence the isotopic signal of precipitation
further downstream (Vuille and Werner, 2005; Sturm et al.,
2007; Villacis et al., 2008). In this framework, isotopic proxy
records are seen as indicators of monsoon intensity over the
core region of convective activity, the Amazon Basin (e.g.,
Cruz et al., 2005a; Polissar et al., 2006; Bird et al., 2011b).
This concept is supported by isotope-enabled modeling stud-
ies both in South America (Hoffmann et al., 2003; Vimeux et
al., 2005; Vuille and Werner, 2005) and the Asian monsoon
region (Vuille et al., 2005; Pausata et al., 2011). Given that

the SASM is not an independent system, but is strongly in-
fluenced by other climate modes on interannual timescales,
several studies have been able to document a strong remote
influence of ENSO on Andean proxy records (e.g., Bradley
et al., 2003; Vuille et al., 2003b;). Finally, changes in mois-
ture source can also have a significant impact on the �18O
composition, which becomes an important factor to consider
in regions where summer monsoon precipitation is compet-
ing with winter precipitation originating from mid-latitude
disturbances (e.g., Cruz et al., 2005b). In such instances,
changes in the �18O may reflect changes in the relative con-
tribution of the two sources to total precipitation, rather than
changes in total rainfall amount or in the isotopic compo-
sition of precipitation from one region. While the monsoon
precipitation is ultimately sourced from the tropical Atlantic,
extra-tropical precipitation receives its moisture from mid-
and high-latitude oceans.

4 Data and methods

4.1 Paleoclimate proxy records

The history of the South American summer monsoon through
the Late Pleistocene and the Holocene has been derived pri-
marily from speleothems. Several ice core records also cover
the period since the Last Glacial Maximum (Thompson et
al., 1995, 1998; Ramirez et al., 2003), but these records have
traditionally been interpreted as recording temperature rather
than 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 calcite �18O 6.09� S, 77.23�W 930m Reuter et al. (2009)
2 Laguna Pumacocha Lake sediment calcite �18O 10.70� S, 76.06�W 4300m Bird et al. (2011a)
3 Quelccaya Ice Cap Ice core �18O 13.93� S, 70.83�W 5670m Thompson et al. (1986)
4 Cristal cave Speleothem calcite �18O 24.58� S, 48.58�W 130m Taylor (2010)
5 Huagapo cave Speleothem calcite �18O 11.27� S, 75.79�W 3550m Kanner et al. (2011)
6 Diva de Maura and Torrinha cave Speleothem calcite �18O 12.37� S, 41.57�W 700m Novello et al. (2012)

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

the exception of the Quelccaya ice core, includes fairly new
records from the regions influenced by summer monsoon
precipitation. Table 1 summarizes these records, and Fig. 2
shows their location in relation to the amount of precipita-
tion they receive today during the mature phase of the SASM
in DJF. All these records are located within the monsoon
belt and ideally suited to record past variations in monsoon
intensity.
The Cascayunga speleothem �18O record stems from a

lowland cave to the east of the Andes in northern Peru and
extends back to 1050AD (Reuter et al., 2009). Laguna Puma-
cocha is a high-altitude lake in the central Peruvian Andes,
which contains annually laminated sediments (varves) with
seasonally varying deposition of biogenic material and authi-
genic lake calcite extending back over the past 2300 yr (Bird
et al., 2011a). The Quelccaya ice core record is the oldest
of the four records considered and is based on �18O of an-
nually deposited ice layers extracted from the summit of the
world’s largest tropical ice cap in south-central Peru, extend-
ing back⇠ 1500 yr (Thompson et al., 1986). The speleothem
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Fig. 2. Percentage of annual precipitation falling during the ma-
ture stage of the South American summer monsoon (DJF), based
on CMAP data (1979–2004). Numbers indicate location of high-
resolution stable isotope records within the monsoon belt: 1: Cas-
cayunga cave; 2: Laguna Pumacocha; 3: Quelccaya Ice Cap;
4: Cristal cave; 5: Huagapo cave; 6: Diva de Maura and Torrinha
cave.

�18O record from Cristal cave is yet unpublished (Taylor,
2010) and will be discussed and presented in greater detail
elsewhere. It is derived from a cave in SE Brazil (see Ta-
ble 1 and Fig. 2), extends back 4100 yr and was sampled at
a sub-decadal resolution. A total of 14U/Th ages with an-
alytical errors (2� ) averaging ± 13 yr allow for a very pre-
cise age determination (Taylor, 2010). Here we focus exclu-
sively on the last 2300 yr and its comparison with the other
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isotopic records. Finally, it is worth noting that several ad-
ditional high-resolution isotopic records that cover the past
several millennia are currently in preparation or in press (Lo-
cations 5 and 6 in Figs. 2 and 4). These records (Diva de
Maura and Torrinha cave in NE Brazil; Novello et al., 2012
and Huagapo cave in Peru; Kanner et al., 2011) will be dis-
cussed elsewhere, but it is interesting to point out that their
location is also in the main monsoon belt (see Fig. 2 and Ta-
ble 1), adding to the rapidly growing list of high-resolution
isotopic records from this region.

4.2 Observational data

We use observational isotope data from the International
Atomic Energy Agency-Global Network of Isotopes in Pre-
cipitation (IAEA-GNIP) database to characterize the rela-
tionship between stable isotopic variation and monsoon in-
tensity over South America. Unfortunately, the available data
are very sparse, contain a lot of gaps and are in most cases
not available up to the present. Nonetheless, several sta-
tions contain more than 10 yr worth of observations and
these stations were retained in our analysis. More informa-
tion on these data is available at http://www-naweb.iaea.org/
napc/ih/IHS resources gnip.html. To characterize the SASM
strength in the observational record, we rely on National
Centers for Environmental Prediction – National Center
for Atmospheric Research (NCEP/NCAR) reanalysis data
(Kalnay et al., 1996), National Oceanic and Atmospheric
Administration (NOAA) outgoing longwave radiation (OLR)
data (Liebmann and Smith, 1996), a commonly used proxy
for precipitation in the tropics and on Climate Prediction
Center Merged Analysis of Precipitation (CMAP) data (Xie
and Arkin, 1997), a gridded data set based on a blend of satel-
lite measurements and in-situ rain gauge observations.

4.3 SWING model results from ECHAM-4

Given that observational data are so limited in time and
space, we make use of an isotope-enabled general circulation
model from the Stable Water Isotope iNtercomparison Group
(SWING)-I initiative. This initiative provides a suite of 134-
yr-long integrations based on atmospheric GCMs with iso-
topic tracers, forced with observed SST and sea-ice cov-
erage between 1870 and 2003. We rely on the ECHAM-4
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
present-day conditions (Hoffman et al., 2003; Vuille et al.,
2003a,b; Vimeux et al., 2005; Vuille and Werner, 2005) as
well as for the Mid-Holocene (Cruz et al., 2009a). More
information on the SWING-I experiments can be found at
http://www.bgc-jena.mpg.de/projects/SWING/.
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Figure 3

Fig. 3. (A) South American monsoon intensity changes over the
past 2300 yr as displayed in high-resolution stable isotopic records
from (top to bottom) Pumacocha �18O lake calcite; Cascayunga
cave �18O speleothem calcite, Cristal cave �18O speleothem calcite
and Quelccaya �18O ice core. The Moberg et al. (2005) Northern
Hemisphere temperature reconstruction is reproduced in each panel
as a gray line for comparison.

5 Results

Figure 3 shows a comparison of the four high-resolution
records over the past ⇠ 2300 yr. Bird et al. (2011a) already
provided a detailed discussion of the comparison between
the three Andean records Quelccaya, Pumacocha and 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.
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Figure 4

Fig. 4. (a) Spatial correlation of monsoon index M (DJF precipitation averaged within white box) with precipitation-weighted DJF �18O
values throughout the South American monsoon domain in SWING simulation with ECHAM-4 (1870–2003). Only regions with significant
correlation at p < 0.05 are shaded. Contour intervals are 0.1, with �0.1, 0 and 0.1 contour lines omitted. (b) as in (a) but based on IAEA-
GNIP observations and ice core records from Huascarán, Quelccaya 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 in ((a) all correlations are shown but that significant correlations at p < 0.05 are indicated with a white cross.
Panel (b) is modified from Vuille and Werner (2005).

All four records are characterized by dominant century-
scale departures, superimposed upon strong decadal- to mul-
tidecadal variability. These century-scale mean-state changes
include positive departures during the Medieval Climate
Anomaly (MCA), strong negative anomalies during the Little
Ice Age (LIA) and a significant positive trend over the past
⇠ 100 yr termed the current warm period (CWP) in Bird et
al. (2011a). All records except for Cascayunga, which does
not extend back that far, show positive departures during the
MCA, although this period is not as pronounced at Quelccaya
and occurs later and over a contracted time period in Cristal
cave. During the LIA between ⇠ 1600 and ⇠ 1820AD, �18O
values are highly depleted and represent the most negative
values over the entire record length in each of the four proxy
time series. Again, the timing of the LIA onset is different
between the sites with the northern records Pumacocha and
Cascayunga showing a much earlier onset of the decrease in
�18O than the more southern records Quelccaya and Cristal
cave. After ⇠ 1850 all records show a steep and continued
increase of �18O toward the present, with values as high as
or higher than during the MCA.
To shed further light on the potential origins of these large-

scale perturbations that are broadly coherent between these
diverse records, we make use of the SWING ECHAM-4 sim-
ulation. We first create a monsoon index (M) to characterize

the monsoon intensity during the mature phase of the SASM.
Vuille and Werner (2005) discussed several possibilities of
creating an interannual monsoon index. Here we use a very
simple index, which is calculated as the seasonal average
precipitation in the SWING model over the core region of
convection (5� S–17.5� S/72.5�W–47.5�W; black and white
rectangles in Figs. 1 and 4 respectively). We choose this in-
dex as it is easy to calculate in models and observations, a
good proxy for monsoon intensity and it is directly related
to stable isotopic variations as it is by definition factoring in
the degree of rainout over the Amazon Basin. Hence, in our
discussion the term, “monsoon intensity” specifically refers
to the total precipitation amount in the core region of convec-
tive activity during the mature phase of the monsoon between
December and February. Figure 4a shows the correlation of
this monsoon index in DJF with contemporaneous �18O vari-
ations elsewhere in South America. Not surprisingly, the cor-
relations are most negative over the region used to define the
index itself. Here the negative relationship can be interpreted
as a simple “amount effect” as we are correlating precipi-
tation intensity in the region defined by the rectangle with
�18O values in the same region. As is evident in Fig. 4a, how-
ever, there are large regions downstream of the core region
of convection, extending across the entire southern and cen-
tral tropical Andes and into southeastern South America and
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