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[1] We use the ECHAM-4 and the GISS II atmospheric general circulation models
(AGCM) with incorporated stable isotopic tracers and forced with observed global sea
surface temperatures (SST) between 1979 and 1998, to simulate the §'%0 signal in three
tropical Andean ice cores, from Huascaran (Peru), Quelccaya (Peru), and Sajama
(Bolivia). In both models, the simulated stable isotopic records compare favorably with
the observational data, when the seasonality of precipitation and dry season loss due to
sublimation and wind scour are taken into account. Our simulations indicate a significant
influence of the local climatic conditions (temperature and precipitation amount) on the
6'80 signal. Moisture source variability appears to be less of a factor on interannual
timescales. Even though the moisture originates over the Amazon basin and the tropical
Atlantic, correlation fields with National Centers for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR) Reanalysis atmospheric variables and
SST data indicate a dominant tropical Pacific control on interannual timescales. More
enriched (depleted) §'%0 values are associated with periods of warm (cold) conditions in
the tropical Pacific. This is consistent with modern observational evidence, which shows
that climate and atmospheric circulation in the tropical Andes are closely correlated with
SST anomalies in the tropical Pacific domain on interannual to interdecadal timescales.
The growing number of stable isotope records from tropical Andean ice cores may thus
provide an important archive for reconstructing Pacific climate variability. ~ INDEX TERMS:
1620 Global Change: Climate dynamics (3309); 1863 Hydrology: Snow and ice (1827); 4215 Oceanography:
General: Climate and interannual variability (3309); 4522 Oceanography: Physical: El Nifio; 9360 Information
Related to Geographic Region: South America; KEYWORDS: GCM (general circulation model), ice cores,
stable isotopes, Andes, ENSO, sea surface temperature (SST)
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mann et al., 2002; E. Ramirez et al., A new Andean deep ice
core from the Illimani (6350 m), Bolivia, submitted to Earth
and Planetary Science Letters., 2002], Cerro Tapado
(30°08’S, 69°55'W) in subtropical Chile [Stichler et al.,
2001; Ginot et al., 2001] and from Chimborazo (1°30’S,
78°36'W) in Ecuador (B. Francou, personal communication,
2001).

[3] In the past, the 6'"%0 signal preserved in the ice has
usually been interpreted as a proxy for temperature [e.g.,
Thompson et al., 2000], but more recently this interpreta-
tion has been challenged and the stable isotopic composi-
tion has been used as an indicator for wet or dry conditions
in the central Andes [e.g., Baker et al., 2001]. Unfortu-

1. Introduction

[2] Over the last two decades, an increasingly dense net-
work of tropical and subtropical ice core records has been
established along the Andes of South America (Figure 1).
Two records from Peru (Quelccaya, 13°56'S, 70°50'W and
Huascardn, 9°S, 77°30'W) and one from Bolivia (Sajama,
18°06’, 68°53'W) have been published so far [Thompson et
al., 1985, 1995, 1998]. Further work is in progress on three
additional ice cores recovered more recently from Illimani
(16°37'S, 67°46'W) in Bolivia [Wagnon et al., 2001; Hoff-
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nately, very little is known about the modern and past
climate-stable isotope relationship in this part of the world,
although efforts are under way to establish better knowl-
edge of how the §'%0 composition of modern snowfall
relates to climate at the site [Vuille et al., 1998; Hardy et al.,
1998, D. R. Hardy et al., manuscript in preparation, 2003]
(hereinafter referred to as Hardy et al., manuscript in
preparation, 2003). The few observational studies that have
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Figure 1. Map indicating tropical Andean ice core drilling sites. Black triangles show locations, which

are the focus of this study. Black dots indicate precipitation records, closest to ice core locations.
Seasonality of precipitation (monthly long-term mean) at these stations is shown to the right.

been pursued in the Andes [e.g., Chaffaut et al., 1998;
Garcia et al., 1998; Aravena et al., 1999; Gonfiantini et al.,
2001] have shed some light on the climatic controls on §'*0
variability, but they are too limited both in space and time
to be applicable in the interpretation of Andean ice core
records.

[4] Most attempts to interpret the stable isotope compo-
sition of tropical Andean ice cores have relied on Rayleigh-
type distillation models, tracing the 6'®0 signal back to its
moisture source in the tropical Atlantic. Grootes et al.
[1989] were the first to use such a model and were able
to explain the strong depletion and seasonality of §'*0 seen
in the Quelccaya record. They showed that the depletion is
caused by a combination of a continentality and an altitude
effect, and that seasonal variations in the §'®0 ratio are due
to depletion of the air masses along their transport over the
Amazon basin during the rainy season only. The seasonal
signal is further amplified by sublimation of snow on the
surface, which causes an enrichment of the surface layer.
Although the general mechanism presented by Grootes et
al. [1989] is correct, new evidence indicates that some of
their assumptions need to be reassessed. Both observational
evidence and model results show that air masses moving
inland over the Amazon basin are depleted in heavy
isotopes both in the wet and dry seasons, although the
continental gradient is less during the drier period of the
year [Vuille et al., 2003]. Recent studies on the influence of

sublimation on stable isotope records recovered from sub-
tropical ice cores indicate that enrichment does indeed
occur, but that most of the enriched layer is actually
removed from the snow surface during the sublimation
process [Stichler et al., 2001].

[5s] Pierrehumbert [1999] also used a simple Rayleigh
distillation model to reinterpret the §'*0 record from Huas-
caran during the last glacial maximum (LGM) and showed
that the strong depletion in stable isotopes at that time can
be explained by stronger rainout of the air masses over the
tropical continent. The observed low LGM §'*0 values thus
do not necessarily demand a cooling of 8°—12°C; a temper-
ature reduction that would be inconsistent with the 4°—6°C
cooling inferred from snow line reconstructions [e.g., Rind
and Peteet, 1985].

[6] Another approach to interpret the Quelccaya ice core
record was proposed by Melice and Roucou [1998], who
used a singular spectrum analysis and the wavelet trans-
formation technique to relate the §'%0 record to global sea
surface temperatures (SST). In their study, Melice and
Roucou [1998] found a close correlation between the
Quelccaya §'®0 signal and SST in the tropical North
Atlantic, which would indicate that the stable isotope
composition on Quelccaya is rather an indicator of climate
variability in the moisture source region and does not
primarily reflect climate variability in the central Andes
itself. On the other hand, they also found a close correla-
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tion between the Quelccaya 6'®0 record and lake level
fluctuations of nearby Lake Titicaca, which would rather
argue for a tropical Pacific signal in the §'%0 record of
Quelccaya, since fluctuations of the Titicaca lake level are
largely governed by ENSO [e.g., Aceituno and Garreaud,
1995].

[7] Henderson et al. [1999] used quasi-monthly §'%0
values over 68 years from Huascaran and concluded that
the spatial distribution of SST in the western tropical
Atlantic influences the 500-hPa circulation and hence the
isotopic fractionation of moisture advected across tropical
America. Unfortunately, their subdivision into equal
monthly bins, assuming a constant accumulation rate
throughout the year, leads to a bias in their §'*0 record
toward the dry season. As shown in Figure 1, precipitation
on Huascaran has a distinct seasonal cycle with a pro-
nounced rainy and dry season. The closest nearby weather
station, Llanganuco, situated only a few kilometers from the
drill site at 3800 m a.s.l., indicates that 91.8% of the annual
precipitation falls within the 7 months between October and
April (average between 1952 and 1998). Even though the
absolute amount of rainfall may be substantially different
between the drill sites on Huascaran and the nearby weather
station, situated more than 2000 m below, it is plausible to
assume that the seasonality is identical at the two sites.
Assuming a uniform rate of precipitation thus neglects the
fact that the recorded 8'®0 values reflect rainy season
conditions only (minus the fraction of the snow which is
lost through wind scour and sublimation in the dry season).
Interpreting the record in terms of annual mean climate thus
leads to a substantial bias in the interpretation of the §'%0
record [Steig et al., 1994; Krinner et al., 1997; Werner et al.,
2000].

[8] On a global scale, AGCMs with isotopic tracers and
tagging capabilities have significantly advanced our under-
standing of the climate-stable isotope relationship [e.g.,
Jouzel et al., 1996, 2000; Hoffmann and Heimann, 1997;
Hoffmann et al., 1998, 2000; Cole et al., 1999]. The major
advantage of AGCM simulations over conventional meth-
ods is that all factors influencing the fractionation process
are explicitly parameterized, which allows testing of their
relative importance. To realisticallby simulate the climate and
spatiotemporal distribution of §'°O in the tropical Andes,
however, provides a particular challenge because of the high
topography and its influence on precipitation, temperature,
and atmospheric circulation.

[¢] In a companion paper, Vuille et al. [2003] provide
evidence that the ECHAM-4 and GISS II GCMs are able to
realistically portray the climate and the §'0 distribution
over the tropical Americas. Here we use the high-resolution
(T106) version of the ECHAM-4 model and the GISS II
model with improved topographic control over the Andes
[Vuille et al., 2003] to simulate the §'*0 composition of the
three tropical Andean ice cores, Huascaran, Quelccaya, and
Sajama over the last 20 years. In the next section, we
describe the two simulation experiments and provide further
evidence that they are capable of accurately portraying the
climate of the Andes. In section 3, the simulated stable
isotope records are compared with their observational
counterparts and in section 4 they are tested for the relative
influence of temperature, precipitation amount, moisture
source variability, and atmospheric circulation (ENSO).
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Section 5 provides a discussion of the results and ends with
some concluding remarks.

2. Model Experiments and Performance

[10] Comparing results from AGCM simulations with ice
core data is particularly problematic in the case of tropical
ice cores, all drilled at high-elevation sites (>5000 m). Our
GISS II simulation is therefore based on a new version of
the model, which includes nine vertical levels, a higher
spatial resolution (4°lat x 5°long), and an Andean top-
ography, which has been raised to the 90th percentile (that
is, the elevation at which 90% (10%) of the area within each
4° x 5° grid cell lies below (above) this level). The
ECHAM-4 isotope model is based on 19 vertical layers
and was run with T106 spectral resolution (~1.1°lat x
1.1°long), which is currently the highest resolution AGCM
available incorporating stable isotope tracers. Both models
were run with modern boundary conditions, as described in
the work of Vuille et al. [2003]. The time periods of
integration are 18 years for the GISS II model (1980
1997) and 20 years for the ECHAM-4 model (1979—-1998).
The first year in both simulations was discarded to avoid
data problems with model equilibration during spin-up time.
The GISS II simulation includes tagging capabilities; thus,
water molecules precipitating over Huascaran, Quelccaya,
and Sajama can be traced back to their evaporative source
area. This allows us to determine the relative contribution of
different source regions (see Figure 1 in the work of Vuille
et al. [2003]) to precipitation and to assess the §'°0
signature of the different source regions at the three sites.

[11] Vuille et al. [2003] showed that both models accu-
rately portray the essential features of surface climate over
the tropical Americas in terms of both their spatial and
temporal characteristics. We therefore limit the analysis of
model performance to the most important anomaly fields,
which we compare with observational evidence from NCEP-
NCAR reanalysis data [Kalnay et al., 1996] in Figure 2. The
time versus longitude sections in Figure 2 are zonally
averaged between ~5°N and ~10°S, from ~90°W (eastern
tropical Pacific) across the Andes to ~60°W (Amazon basin)
between 1980 and 1994. The spatial and temporal variability
of surface temperature is nicely reproduced in all simulations
(Figure 2a), with the major El Nifio (La Nifia) phases in
1982/83, 1986/87, and 1991/92 (1984/85 and 1988/89)
standing out prominently as positive (negative) anomalies
in both observations and model experiments. The temporal
persistence of both positive and negative anomalies is
accurately reproduced in both simulations. The major
ENSO-related anomalies are also reproduced in the simu-
lated precipitation fields (Figure 2b) although the ECHAM-4
model lacks some of the temporal persistence observed in the
NCEP-NCAR reanalysis data. The GISS II simulation on the
other hand has certain difficulties in simulating the observed
east-west differentiation with stronger amplitude over the
eastern tropical Pacific than over the Amazon basin. This is
most likely a result of the coarser resolution, because the
problem is not as apparent in the high resolution ECHAM-4
T106 experiment. The upper-air circulation (Figure 2c) is a
crucial component of Andean climate because it is consid-
ered to be the main forcing mechanism behind wet and dry
conditions [e.g., Garreaud et al., 2003]. The NCEP-NCAR
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Figure 2. Time versus longitude sections of monthly anomalies of (a) surface temperature (°C), (b)
precipitation (%), (c) 200 hPa zonal wind (m s~ '), and (d) "0 of precipitation (%o) between 1980 and
1994. Shown from left to right are results for NCEP-NCAR reanalysis, GISS 1I, and ECHAM-4 T 106,
except for Figure 2d where only model results are shown. Reference period for anomalies is 1980—1994.
Analyses are based on zonal average between ~5°N and ~10°S and show cross-section through the tropical
Andes from ~90°W (eastern tropical Pacific) to ~60°W (Amazon basin). Latitudinal and longitudinal
extent varies slightly between reanalysis and the different models due to different grid cell sizes.
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200 hPa zonal wind anomalies reflect the major ENSO
periods, featuring westerly (easterly) flow during El Nifio
(La Nifia) phases (compare Figures 2a and 2c), which is
correctly simulated by both models. Finally, Figure 2d shows
the simulation of the §'®0 anomalies of precipitation. Here
the results are clearly quite different between the two models.
The GISS 1II experiment shows a dominant low-frequency
mode associated with ENSO, that is more enriched
(depleted) values occur during El Nifio (La Nifia) phases.
The ECHAM experiment features this characteristic as well,
but it does not show such a high degree of temporal
persistence; the amplitude of the anomalies is larger and
the ENSO signal is more spatially heterogeneous; the sign of
the anomaly is not necessarily the same across the Andes
from 90° to 60°W. The T106 simulation thus seems capable
of more realistically portraying east-west differences in the
§'80 signal, such as during the 1982/1983 El Nifio with more
depleted (enriched) values over the Pacific (Amazon basin).

3. Simulated Ice Core Records

[12] To simulate the §'%0 record in the three ice cores
from Huascaran, Quelccaya, and Sajama, first requires that
certain grid cells in the models be assigned to each of the
three records. Werner and Heimann [2002] in their simu-
lation of ice core records from the Summit (Greenland) and
Law Dome region (Antarctica) compared the actual data
from the grid cell covering the drill site with the ice core
records. While this approach seems feasible over rather
homogeneous terrain, it is not appropriate over the Andes,
which act as a strong climatic barrier between the humid
Amazon basin and the arid Pacific coast. Because of the
coarse resolution (in particular in the GISS II model), this
gradient is represented by discrete steps and not as a gradual
change, and the actual climate at a particular site cannot be
accurately reproduced when using just one grid cell. We
therefore used an inverse distance-weighted average of all
grid cells within a predefined distance from the drilling
location to simulate the monthly temperature, precipitation,
and §'®0 record at the three sites: Huascaran, Quelccaya,
and Sajama. Because of the very different resolution, we
used a different threshold for the two models: 200 km for
the ECHAM-4 simulation and 400 km for the GISS II
model. That is, the simulated record at each site is the
inverse distance-weighted average of all grid cells, centered
within a 200 km (400 km) radius of the drill site.

[13] Except for Sajama, where we used a new monthly
record of §'%0 (Hardy et al., manuscript in preparation,
2003), which accounts for the strong seasonality in precip-
itation observed on this mountain (Figure 1), only annual
values of observed §'®0 are available. For the reasons
mentioned above, we did not use the published quasi-
monthly record from Huascaran [Henderson et al., 1999].
In order to compare simulated and observed values, the
simulated monthly §'%0 values thus need to be averaged
into one value per year as well. As pointed out by Steig et
al. [1994] and others, the only correct way to do this is to
use a precipitation-weighted average of the monthly §'*0
values. This accounts for the strong seasonality of precip-
itation at these tropical and subtropical locations and yields
the most representative annual value. However, as discussed
in detail by Hardy et al. (manuscript in preparation, 2003),
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Ginot et al. [2001] and Stichler et al. [2001], not all of the
snow falling on the summit is actually retained in the ice
core, but considerable amounts are lost during the dry
season due to sublimation and wind scour. On Sajama, for
instance, several years of detailed field measurements show
that, on average, only the snow falling between the start of
the rainy season (November) and February is preserved in
the ice core, while all the snow falling toward the end of the
rainy season (March and April) or during occasional winter
snowfall episodes (May—October) is subsequently removed
from the snow surface by wind scour and sublimation
(Hardy et al., manuscript in preparation, 2003). This needs
to be taken into account when comparing simulated with
observed §'®0 records. The annual simulated value of 6180,
temperature, and precipitation on Sajama is therefore based
on the precipitation-weighted mean between November and
February only. These four months account for 80.2% of the
annual precipitation total in Sajama village (Figure 1). On
Huascaran and Quelccaya unfortunately, such detailed
information from field campaigns is not available. However,
it is likely that wind scour and sublimation are considerably
lower in those tropical locations than on Sajama, located in
the dry subtropics. In addition, the rainy season is spread
out over a longer time period, starting in October and lasting
into April (see Figure 1). We thus decided to use those
seven rainy season months for our simulation. Since we still
use a precipitation-weighted average and the nearby precip-
itation records indicate that the months from October until
April account for 90.4% (91.8%) of the annual precipitation
falling on Quelccaya (Huascaran); using all 12 months
would make little difference.

[14] The comparison of our simulated §'80 records with
the ice core (observational) data in Figure 3 is an additional
indication that it is indeed the rainy season signal only which
is preserved in the ice core records, as suggested by Hardy et
al. (manuscript in preparation, 2003). Because of the high-
altitude location of the drill sites, the values in our simu-
lations are considerably more enriched and not directly
equivalent with those measured in the ice cores. We therefore
use standardized anomalies to compare the simulated inter-
annual variability with the observational ice core record.

[15] Unfortunately, the original Quelccaya record ends in
1984 [Thompson et al., 1985] and more recent data is
affected by percolation of meltwater, destroying the original
§'%0 signal [Thompson et al., 1993]. The 4 (5) years of
overlap between the observed and simulated record by the
GISS 1I (ECHAM-4) model do not allow an evaluation of
their performance. On Huascaran and Sajama, however,
there is a clear coherence between observed and simulated
records. On Sajama, the correlation between observed and
simulated annual §'*0 value is 0.72 (0.68) for the ECHAM-
4 (GISS II) model, significant at the 99.9% (99%) level. On
Huascaran, the correlation is 0.49 (0.65), for the ECHAM-4
(GISS M) model, which is lower than on Sajama, but still
significant at the 90% (95%) level. The performance of the
two models is further put into perspective by considering
that the correlation between the core on Huascaran and a
second core drilled at the same location is only 0.82 over this
same time interval. The fact that both models are able to
quite accurately simulate the interannual variability of §'%0
at these high tropical locations should by no means be taken
for granted. For example, Werner and Heimann [2002]
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Figure 3. Observed versus simulated interannual variability of §'*0 in ice cores from Sajama (left),
Quelccaya (middle), and Huascaran (right) between 1979 and 1998. Values of §'®0 are shown as

standardized anomalies based on period 1979—1998.

showed that the ECHAM-4 model, although run with a
lower spectral resolution (T30), was unable to reproduce
the observed interannual variability of §'*0 in ice cores from
Summit, Greenland. This discrepancy between the two
studies occurs because the climate and 6'*0 in the tropical
Andes is largely governed by the interannual variability in
the global SST-field, explicitly prescribed in the model. In
Greenland, on the other hand, the simulated year-to-year
variability of §'%0 is solely due to the stochastic internal
variability of the atmosphere in the high northern latitudes
and not due to the prescribed SST [Werner and Heimann,
2002]. This imprint of global SST on the §'®0 record in both
observations and model simulations is a characteristic of
tropical ice cores and shows their potential for climate
studies on interannual timescales, in particular ENSO [e.g.,
Thompson et al., 1984; Thompson, 1993; Diaz and Pulwarty,
1994]. The good match between simulated and observed
6'%0 records on Sajama and Huascaran also provides proof
that our approach of using precipitation-weighted annual
values and discarding the precipitation during the dry season
months was correct. To illustrate this, we also computed an
annual record based on a simple average of 12 monthly
values between July and June, as suggested in the work of
Henderson et al. [1999]. While the correlation between this
simulated record and observations is only slightly lower in
the GISS model (0.63 on Sajama and 0.53 on Huascaran), it

falls completely apart in the ECHAM-4 model (—0.10 on
Sajama and —0.08 on Huascaran). The strong temporal
persistence of the §'®0 anomalies in the GISS II model
(see Figure 2d) leads to a very similar interannual variability,
no matter how the annual 6'*0 value is calculated. In the
ECHAM-4 simulation, however, featuring a much larger
intraseasonal variability, it makes a big difference whether
one uses a precipitation-weighted rainy season value or a
simple 12-month average.

4. Climatic Controls on §'*0
4.1. Temperature and Precipitation Amount

[16] Since both models seem capable of quite accurately
portraying the interannual variability of §'®0 in tropical
Andean ice cores, we next discuss the influence of local
climatic parameters (surface temperature and precipitation
amount) on the §'®0 records at timescales ranging from
monthly to interannual. We emphasize the issue of different
timescales because it has been argued that the observed
negative relationship between monthly §'30 composition of
precipitation and temperature at low latitudes may fall apart
or change sign on longer timescales [Thompson et al., 2000].
The evidence based on our model simulations indeed points
in this direction for the §'30-temperature relationship. As
shown in Figure 4b, on Quelccaya, the ECHAM-4 model

Figure 4. (opposite) Scatterplots of simulated §'*0 of precipitation versus precipitation amount (left column) and surface
temperature (right column) in Quelccaya ice core based on ECHAM-4 (1979-1998) simulation. (a—b) Correlation and
slope of monthly values. (c—d) Correlation and slope of monthly rainy season anomalies (October—April only). (e—f)
Correlation and slope of annual precipitation-weighted rainy season average.
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Table 1. Correlation Coefficients in ECHAM-4 and GISS II Simulations Between Dependent Variable Rainy Season §'*0 and
Independent Variables Precipitation Amount, Surface Temperature, NINO3.4 Index, and Source Contributions (for GISS II Experiment

and Source Contributions >2% Only)*

Precipitation Surface Equatorial Tropical Equatorial Subtropical Tropical
Amount Temperature  NINO3.4 Pacific South America Atlantic South America  South Atlantic  Multiple r

ECHAM-4

Sajama —0.66" 0.87° 0.73° 0.87

Quelccaya —0.70° 0.70° 0.56° 0.81

Huascaran 0.20 0.51° 0.39 0.51
GISS I

Sajama —0.45 0.41 0.57¢ 0.12 0.23 —0.25 —0.02 0.74

Quelccaya —0.52¢ 0.39 0.50° e —0.44 0.07 —0.19 0.52° 0.72

Huascarin 0.02 0.68" 0.83° -043 -0.35 0.41 0.20 0.83

“Both dependent and independent variables are weighted by the monthly precipitation amount between October and April (Huascaran and Quelccaya)
and between November and February (Sajama), respectively. Bold numbers indicate that variable enters a backward stepwise multiple regression model

(multiple » shown in last column).
PCorrelation significant at the 99% confidence level.
“Correlation significant at the 95% confidence level.

simulates a weak negative relationship between §'*0 com-
position of precipitation and monthly mean temperature at
the site, consistent with observations [e.g., Grootes et al.,
1989]. However, if the seasonal cycle is removed (Figure
4d), the monthly temperature anomalies show a significant
(p < 0.001) positive correlation with the §'%0 anomalies.
This positive relationship is also apparent on interannual
timescales, when comparing the rainy season precipitation-
weighted values of §'*0 and temperature (Figure 4f). The
results from the GISS model (not shown) are comparable to
the ECHAM-simulation, featuring a similar reversal of the
§'80-temperature relationship from seasonal to interannual
timescales, although the correlation does not reach statis-
tical significance on Quelccaya on interannual timescales
(Table 1). This apparent reversal is due to the dominant
influence of precipitation on seasonal timescales. The warm-
est (coldest) months on Quelccaya are at the same time as the
months of maximum (minimum) precipitation, thus leading
to a negative &' *O-temperature relationship, which in reality
is being dictated by the seasonality of precipitation.

[17] Indeed, as shown in Figure 4a, a similar negative
slope occurs on the seasonal timescale between §'°0
composition and precipitation amount, with more depleted
values in the rainy season months and more enriched values
during the dry months. This relationship does not change if
the seasonal cycle is removed and only monthly anomalies
in the wet season (Figure 4c) or annual precipitation-
weighted values of 6'*0 (Figure 4e) are considered. The
model still produces a significant amount effect, that is,
more depleted §'®0 values occur in years with higher-
precipitation amounts. A similar result emerges from the
GISS simulation (not shown), although the correlation is
more significant in the ECHAM simulation (» = —0.70 in
ECHAM-4 versus r = —0.52 in the GISS II model, see
Table 1). More importantly, the influence of the precipita-
tion amount on the §'®0O composition of precipitation is a
robust characteristic of both model simulations and apparent
on all timescales.

[18] However as mentioned above, only the rainy season
precipitation is deposited and retained in the ice core. It is
thus the variability from one rainy season to the next, rather
than seasonal cycles, which are relevant for the interpreta-
tion of the ice core §'%0. Accordingly, it is the relationship
shown in Figures 4e and 4f, which determines the meaning

of the §'®0 as a paleoclimatic proxy, rather than the
seasonal slope shown in Figures 4a and 4b.

[19] A similar analysis was performed for the Sajama and
Huascaran data as well and the results are listed in Table 1
for comparison. Overall, the two models show similar
results with a positive relationship between §'*0 and
temperature and a negative association between 6'*0 and
precipitation amount. The only exception to this rule is
Huascaran, where neither of the two simulations shows a
significant amount effect. The significance of the correla-
tion, however, varies substantially between the two models,
and is generally higher in the ECHAM simulation. While
the correlation between 6'%0 and temperature is significant
(95% confidence level or higher) on all mountains in the
ECHAM-4 run, the correlation is insignificant on both
Quelccaya and Sajama in the GISS II simulation. As shown
by Vuille et al. [2003], the GISS II model has some
difficulties in accurately portraying the interannual §'*O-
temperature relationship over tropical South America,
which may be part of the reason for the insignificant
correlation coefficients in Table 1.

4.2. Moisture Source Variability

[20] Figure 5 shows the mean contribution (in percent) of
various moisture sources to the total precipitation during the
rainy season months (October—April) over the tropical
Andes. Because the tagging capability was not implemented
in the ECHAM-4 T106 simulation, we here limit the
discussion to the results from the GISS II simulation.
Clearly, there are two major moisture sources for precip-
itation over the three ice core sites: tropical South America
(i.e., the Amazon basin, Figure 5b) and the equatorial
Atlantic (Figure 5c). For the more southern location Sajama,
there is also a significant contribution from the subtropical
part of the continent (Figure 5e). On the other hand, except
for a small contribution to precipitation on Huascaran, there
is no moisture influx toward the continent from the tropical
Pacific, which is in agreement with observational evidence
[e.g., Garreaud et al., 2003]. Table 2 lists the long-term
mean contribution at each of the three ice core sites from
the various source regions, which contribute at least 2% to
the rainy season total. Note that while Figure 5 shows the
average conditions for October—April; the numbers in
Table 2, in the case of Sajama, are based on November—
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Figure 5. Simulated contribution (in percent) of source regions to precipitation in each grid cell during
rainy season (October—April) between 1980 and 1997 based on GISS II model. Source regions
correspond to regions as defined in Figure la of Vuille et al. [2003]: (a) equatorial Pacific, (b) tropical
South America, (c) equatorial Atlantic, (d) tropical South Pacific, (¢) subtropical South America, and (f)
tropical South Atlantic. Contour lines indicate 2, 5, 10, 30, 50, 70, and 90% contribution.

February only. Figure 5 shows the average conditions to the next. Since precipitation from each source carries a
between 1980 and 1997, but interannual variability in SSTA  specific isotopic signature, this may cause changes in the
and the atmospheric circulation can cause a varying con- interannual §'80 composition of the ice core [e.g., Charles
tribution from the different moisture sources from one year et al., 1994; Werner et al., 2001]. Figure 6 shows the time
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Table 2. Simulated Contributions of Total Precipitation (+10)
From the Six Main Moisture Sources to Precipitation at the Three
Ice Cores Sites Huascaran, Quelccaya, and Sajama, Based on the
GISS 1I Experiment®

Sources Huascaran Quelccaya Sajama
Equatorial Pacific 3.1+£04 . .
Tropical South America 588+ 1.3 734+ 1.3 69.7 £ 0.8
Equatorial Atlantic 27.7+1.5 16.8 £ 1.3 10.4 £ 0.7
Tropical South Pacific e e
Subtropical South America .. 2.1+0.4 14.0 £ 1.1
Tropical South Atlantic 3.6 0.7 42 £0.7 3.1+0.6

*Values are given in percent. Source contribution is based on the rainy
season months whose precipitation is retained in the ice core only, that is
October— April for Huascaran and Quelccaya, and November—February for
Sajama, and listed only if the source contributes at least 2% to the rainy
season total.

series of the simulated ice core §'%0 values plotted versus
the percent contribution to precipitation from each source.
Clearly, the simulated contribution of the different sources to
precipitation at each ice core site varies little from one year to
the next (see also low o values in Table 2). Nonetheless,
these variations should not a priori be ruled out as a
significant contributing factor to the observed and simulated
6'30 signal in tropical ice cores. We thus correlated the rainy
season percent contribution anomaly of each source with the
simulated isotopic value of the three ice cores. The results for
all three sites are listed in Table 1. As a general rule of
thumb, 6'*0 anomalies are negatively correlated with the
distance from the evaporative source because of the gradual
rainout and increasingly depleted composition of water
vapor along its trajectory [e.g., Cole et al., 1999]. Thus
one might expect that the correlation between the local §'%0
signal in the Andes and a particular moisture source should
be more negative, the farther the source is from the Andes.
From Figure 6, however, no such behavior is evident, and
indeed the numbers in Table | indicate that the influence of
moisture source variability on the §'%0 composition seems to
be very limited. Most likely this reflects the fact that the
relative source contribution from one year to the next is very
similar (Figure 6 and Table 2), and that more than 80% of
Andean precipitation is contributed from only two source
regions (Table 2). In addition, as pointed out by Vuille et al.
[2003], the simulated long-range water vapor transport in the
GISS model is rather weak. It is thus not surprising to see
that only one significant relationship at the 95% confidence
level emerged from our analysis, which includes the isotopic
content of precipitation on Quelccaya and the percentage of
Quelccaya precipitation originating over the tropical South
Atlantic. However, the tropical South Atlantic, on average,
contributes only 4.2% to the precipitation on Quelccaya in
our GISS II simulation (Table 2), so this result should be
interpreted with caution.

4.3. Multiple Linear Regression Analysis

[21] The different factors influencing the stable isotopic
composition of precipitation are not necessarily independent
from each other. On interannual timescales, the climate in
the tropical Andes is either warm and dry or cold and wet,
but rarely warm and wet or cold and dry. This is due to the
governing influence of tropical Pacific SSTA on the atmos-
pheric circulation over the tropical Andes, causing upper-air

VUILLE ET AL.: SIMULATION OF THE STABLE ISOTOPE SIGNAL

zonal wind anomalies (see Figure 2¢) which favor wet (dry)
conditions during periods of sustained cold (warm) SSTA in
the tropical Pacific [e.g., Vuille, 1999; Vuille et al., 2000a;
Garreaud and Aceituno, 2001; Garreaud et al., 2003]. At
the same time, surface temperature in the tropical Andes
closely tracks SSTA in the central equatorial Pacific with a
lag of 1-2 months [Diaz and Graham, 1996; Vuille et al.,
2000a, 2000b], thus air temperature in the Andes is high
(low) when the tropical Pacific is warm (cold). This notion
is further supported by the fact that the stable isotopic
composition of all ice cores is also significantly correlated
with the precipitation-weighted NINO3.4 index (SSTA
averaged over 5°N-5°S; 120°W-170°W) in five out of
six model experiments (Table 1).

[22] One way to further investigate this multivariate
dependence of §'0 is to apply a multiple linear regression
analysis [e.g., Werner and Heimann, 2002]. We used the
annual &' °O values as dependent variables and all other
parameters listed in Table 1 entered the regression model as
independent input variables. We performed a stepwise
forward selection and backward elimination procedure
[e.g., Von Storch and Zwiers, 1999], independently for each
ice core location and both model simulations. All variables,
which explain a significant amount of variance in the
presence of the other factors at the 95% confidence level
based on an F test were retained in the model. These
variables are highlighted in bold and listed together with
the multiple correlation coefficient of the regression model
in Table 1. Our results indicate a strong autocorrelation
among the independent variables with only one or two
variables remaining in the model in five out of the six cases
(Table 1). In particular, temperature does not significantly
contribute to the model in combination with precipitation
amount or the NINO3.4-index, and in only one case
(Quelccaya, ECHAM-4) enters the model together with
one of the other two variables. However, overall temper-
ature is the dominant independent variable in the ECHAM
simulations, while the NINO3.4-index is retained in all of
the GISS experiments. The good performance of the
regression models based on only a few independent varia-
bles is documented in Figure 7, where the simulated §'*0O
records are plotted versus the multilinear fit time series.
Except for the case of Huascaran in the ECHAM-4 simu-
lation, all multiple regression models explain more than
50% of the variance.

4.4. Principal Component Analysis

[23] Another way to search for the dominant controls on
the 6'"%0 composition in these tropical Andean ice cores is
to extract the primary mode of common variance and to see
whether this mode can be associated with any kind of
physical forcing. We thus next performed a principal
component analysis (PCA) in the spatial sense, using the
intercore correlation matrix of the three ice cores. This
analysis was done separately for the two simulations and
the observational ice core 680 from the three sites. Since
the common period of observational ice core data ends in
1984, we performed two PCA on the observational record
for two different time periods: 1976—1984 and 1964—1984.
The first period is very short but is entirely based on data
after the 1976 Pacific climate shift [e.g., Ebbesmeyer et al.,
1991; Stephens et al., 2001], similar to the simulated
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Figure 7. Simulated precipitation-weighted rainy season average of §'°0 records (standardized
anomalies) versus multilinear fit on Sajama (left column), Quelccaya (middle column), and Huascaran
(right column) based on ECHAM-4 (top row) and GISS II (bottom row). Time series of the multilinear

fits are based on multiple regression analysis using the predictors as defined in Table 1.

records (GISS II: 1980-1997, ECHAM-4: 1979-1998),
while the second time period covers an equal length of
time as the PCs from the simulated ice cores (~20 years)
but goes back to before the Pacific climate shift. In each

case, we limit our interpretation to the PC#1, since the other
two explain very little of the total variance and most likely
are not associated with anything really physically mean-
ingful. Table 3 lists the percent of total explained variance
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Table 3. Percent of Total Explained Variance and Factor Loadings
of PC#1 of Annual §"®0 From Tropical Ice Cores Based on
Observations (Ice Core Data) and Model Simulations Using the
ECHAM-4 and GISS II Models®

Percent of Total Factor Loadings

PC#1 §'*0 Time Period Variance Explained Huascaran Quelccaya Sajama

Ice cores  1976-1984 89.10 0.950 0.935  0.948
Ice cores 1964-1984 81.72 0.891 0.937  0.884
ECHAM-4 1979-1998 71.67 0.744 0.943  0.841
GISS 11 1980-1997 79.53 0.838 0911  0.924

“Factor loadings indicate correlation coefficient between PC#1 and
individual 8'30 records from Huascarén, Quelccaya, and Sajama.

and the factor loadings (correlation coefficients with the ice
core records) of the three PCs based on simulations and
observations. The results from the PCA indicate that the
three ice core records are very similar and dominated by a
common mode of variability over the last 20 years in both
observations and simulations. This first mode (PC#1)
explains between 80 and 90% of the total variance in the
observational record and between 70 and 80% in the
simulated records. The factor loadings indicate that all ice
cores are highly correlated with this dominant mode.
Quelccaya shows factor loadings above 0.9 in both the
observed and simulated records, while they are somewhat
lower on Sajama and Huascaran, particularly in the
ECHAM-4 simulation. Figure 8 shows the correlation of
PC#1 based on the simulated and observed ice core records
with the NINO3.4 index. Clearly, cold (warm) conditions in
the tropical Pacific during the Andean rainy season, on
average, will lead to more depleted (enriched) §'*0 values.
Even though there are years where this relationship falls
apart, both simulated and observed records are significantly
correlated with the NINO3.4 index at the 99% confidence
level.

5. Discussion and Conclusion

[24] To illustrate the physical link between tropical
Pacific climate and related stable isotope variability in
Andean ice cores, we correlated the PC#1 time series with
contemporaneous (NDJF) tropical SSTA, 200 hPa geopo-
tential height and wind data. SST data were extracted from
the Global sea-Ice and Sea Surface Temperature (GISST
2.3a) data set, while 200 hPa geopotential height and wind
is based on data from the NCEP-NCAR reanalysis. While
Figure 9 shows a correlation coefficient between local
SSTA at each grid cell and the reference time series
(PC#1), Figure 10 displays a regression coefficient indicat-
ing the strength (in gpm or m s~ '), sign, and significance of
local geopotential height or wind anomalies at each grid cell
associated with a unit anomaly of the reference PC#1 time
series [e.g., Garreaud and Aceituno, 2001].

[25] We further compare our results (plots b—d in Figures 9
and 10) with the typical ENSO pattern by showing a
WARM-COLD composite of the respective variables based
on SSTA in the NINO3.4 region (plot a in Figures 9 and
10). WARM and COLD episodes are defined as in the work
of Vuille et al. [2003], that is, the 5-month running mean of
SSTA in the NINO3.4 region exceeds (or remains below)
0.5°C (—0.5°C) for at least 6 consecutive months. This
comparison enables us to test the hypothesis that it is indeed

ACL 2-13
the SSTA in the tropical Pacific, which is recorded as the
main mode of §'®0 variability on interannual timescales.
[26] The WARM-COLD composite in Figure 9a features
the typical ENSO tongue, with positive anomalies centered
along the equator and extending from the west coast of
South America across the dateline. To the north and south
negative anomalies extend from approximately 160°E in a
V-shape fashion to 30°N and 30°S. This is consistent with
the canonical ENSO mode depicted in many earlier studies
based on empirical orthogonal functions [e.g., Enfield and
Mayer, 1997] or composite SSTA analysis [e.g., Rasmusson
and Carpenter, 1982]. All correlation fields in Figures 9b—
9d are in general agreement with this pattern and thus
support the notion of a dominant ENSO-signal in the
tropical ice cores, but they also reveal substantial differ-
ences between models and observations. While the obser-
vational ice core record between 1964 and 1984 shows
higher correlations with SSTA over the central equatorial
Pacific (Figure 9b), the simulated records based on the
ECHAM-4 (1979-1996, Figure 9¢) and the GISS II models

PC # 1 ice cores vs. NINO3.4 (NDJF)
SSTA (°C)

r 97/98
r 96/97
r 95/96
r 94/95
r 93/94
r 92/93
r 91/92
r 90/91
r 89/90
- 88/89
r 87/88
r 86/87
- 85/86
r 84/85
- 83/84
- 82/83
r 81/82
r 80/81
r 79/80
F 78/79
F 7778
r 76/77
r 75/76
r 74/75
F 73/74

standardized score

—O— PC# 1 ECHAM-4 (r = 0.67)
—v— PC#1GISSII (r=0.69)
—O— PC# 1 Observations (r = 0.92)
=== NINO3.4

Figure 8. Standardized score time series of PC#1 of §'*0
in precipitation derived from observed and simulated ice
core records on Huascaran, Quelccaya, and Sajama plotted
against NDJF NINO3.4 index between 1973/1974 and
1997/1998. Correlation coefficient between PC#1 of
simulated and observed §'*0 records and NINO3.4 index
is indicated in parentheses.
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(1980—-1996, Figure 9d) show a closer association with
SSTA over the eastern equatorial Pacific. These differences
in the correlation fields between simulated and observatio-
nal data can be attributed to the different time periods used
in the correlation analysis and reflect the change in the
evolution pattern and the spatial structure of ENSO after the
1976 Pacific climate shift [e.g., Wallace et al., 1998]. If only
the data after the Pacific climate shift, 1976—1984, are used
in the observational record, the highest correlations are
indeed shifted eastward as well (not shown).

[27] In Figure 10a, the WARM-COLD composite of 200
hPa geopotential height and wind is shown. The geopoten-
tial height pattern is dominated by the prevalence of positive
anomalies throughout the tropics, symmetrical about the
equator and a steep meridional geopotential height and
temperature gradient along much of the subtropics around
30°N and 30°S, consistent with the notion of a tropical
troposphere forced by equatorial Pacific SSTA [e.g.,
Yulaeva and Wallace, 1994; Wallace et al., 1998; Garreaud
and Battisti, 1999]. Further noteworthy is the distinctive
“dumbbell pattern” with anticyclonic rotation about the
twin peaks near 140°W at 15°N and 15°S, which is a
dynamical response to deep convection over the equatorial
Pacific [Yulaeva and Wallace, 1994]. All these features are
reproduced in the regression fields of both the observed and
simulated PC#1 (Figures 10b—10d), thus providing addi-
tional evidence for a dominant Pacific control on interan-
nual 6'®0 variability in tropical Andean ice cores. It is thus
the expansion (shrinkage) of the tropical troposphere asso-
ciated with a warm (cold) tropical Pacific and the related
change in meridional baroclinicity at subtropical latitudes,
which leads to enhanced westerly (easterly) flow over the
(sub)tropical Andes, apparent in Figure 10. These upper-air
wind anomalies, in turn, exert a significant forcing on the
low-level moisture flow over the Andes and thus provide
the link between oceanic forcing and climate variability on
interannual timescales. This mechanism is particularly
important over the central Andes, where Sajama and Quel-
ccaya are located [Garreaud et al., 2003].

[28] On the other hand, there is little evidence which
would suggest a significant tropical Atlantic influence on
6'%0 variability in tropical Andean ice cores, despite the
significant correlation with SSTA in parts of the tropical
North Atlantic domain (Figures 9b—9d). This region is
rather limited in extent and the correlation is not as strong
as in the Pacific domain. More importantly, however, SSTA
in the Atlantic are only half the size of their tropical Pacific
counterparts and are insufficient to force a tropospheric
response such as the one observed in Figure 10 [e.g., Su et
al., 2001]. The lowlands to the east of the Andes and
ultimately the tropical Atlantic are admittedly the moisture
source for the precipitation in the tropical Andes. However,
while the notion that conditions at the moisture source leave
a significant imprint in the '®0 in a far distant location may
be true, one should also take into consideration the fact that
atmospheric conditions during transport, as well as climatic
conditions at the time of condensation, significantly influ-
ence the §'%0 signal as well. All these factors such as
atmospheric circulation over the tropical Andes, temper-
ature at the condensation site, convective activity and thus
precipitation amount are largely governed by Pacific SSTA
on interannual timescales (see review in the work of
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Garreaud et al. [2003, and references therein]). If the
§'%0 composition indeed reflects tropical Atlantic SSTA,
this would imply that at least the 6 °O records from the
central Andes (Quelccaya, Illimani, and Sajama) could not
be used as a proxy for local climate, because Atlantic SSTA
and climate in the central Andes are largely decoupled from
each other [Vuille et al., 2000a; Garreaud et al., 2003].

[29] In the past, the 6'®0 content in tropical Andean ice
cores has been interpreted as a temperature proxy [e.g.,
Thompson et al., 2000], but more recently also as an
indicator of wet or dry conditions in the Andes [Baker et
al., 2001]. Our results suggest that these may not necessarily
be conflicting views, since in this part of the world precip-
itation and temperature are strongly correlated on interan-
nual timescales. Both of these two parameters do, however,
primarily mirror the oceanic and atmospheric conditions
over the tropical Pacific. We therefore interpret the §'*0 in
these ice cores as a proxy for tropical Pacific climate. In our
view, this is more consistent with the available observational
and modeling evidence than trying to disentangle the com-
peting effects of precipitation amount, temperature, and
moisture source variability. In this sense, the §!%0 variability
recorded in tropical Andean ice cores represents a valuable
archive for studying past variability of ENSO [e.g., Diaz and
Pulwarty, 1994]. Tropical Andean ice cores may thus add to
the growing network of paleoarchives, recording Pacific
variability on interannual to interdecadal timescales [e.g.,
Evans et al., 2001], and offer a great prospect, in combina-
tion with other proxy records, for unveiling the past climate
history of the tropical Pacific region.
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