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Abstract

Controversy has surrounded the interpretation of the water isotopic composition (dD or d18O) in tropical and subtropical ice

cores in South America. Although recent modeling studies using AGCM have provided useful constraints at interannual time

scales, no direct calibration based on modern observations has been achieved. In the context of the recent ice core drilling at

Nevado Illimani (16839VS–67847VW) in Bolivia, we examine the climatic controls on the modern isotopic composition of

precipitation in the Zongo Valley, located on the northeast side of the Cordillera Real, at about 55 km from Nevado Illimani.

Monthly precipitation samples were collected from September 1999 to August 2004 at various altitudes along this valley. First we

examine the local and regional controls on the common dD signal measured along this valley. We show that (1) local temperature

has definitely no control on dD variations, and (2) local rainout is a poor factor to explain dD variations. We thus seek regional

controls upstream the Valley potentially affecting air masses distillation. Based on backtrajectory calculations and using satellite

data (TRMM precipitation, NOAA OLR) and direct observations of precipitation (IAEA/GNIP), we show that moisture transport

history and the degree of rainout upstream are more important factors explaining seasonal dD variations. Analysis of a 92-yr

simulation from the ECHAM-4 model (T30 version) implemented with water stable isotopes confirms our observations at seasonal

time scale and emphasize the role of air masses distillation upstream as a prominent factor controlling interannual dD variations.

Lastly, we focus on the isotopic depletion along the valley when air masses are lifted up. Our results suggest that, if the temperature

gradient between the base and the top of the Andes was higher by a few degrees during the Last Glacial Maximum (LGM), less

than 10% of the glacial to interglacial isotopic variation recorded in the Illimani ice core could be accounted for by this temperature

change. It implies that the rest of the variation would originate from wetter conditions along air masses trajectory during LGM.
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1. Introduction

1.1. Background and motivations

There has been important attempts at documenting

past climate variability of tropical areas over the last

decade. For example, a number of tropical and sub-

tropical ice cores has been drilled along the Andes of

South America between 108 and 188S. Water stable

isotopes (dD or d18O, hereafter d) have been mea-

sured on those ice cores and several isotopic records

are now available back to the Last Glacial Maximum

(LGM) [1–4]. In Antarctica, the isotopic composition

of ice has provided robust paleotemperature recon-

structions by using the modern linear covariance

between condensation temperature and isotopic com-

position of precipitation [5,6]. Indeed, the isotopic

composition of precipitation primarily records the

rainout history of air masses which is intimately

related to the condensation temperature via the Clau-

sius–Clapeyron equation [7]. However, in tropical

regions, the atmospheric cycle of water isotopes is

much more complex and atmospheric temperature

variations are not entirely related to condensation.

Actually, most of precipitation depends on small-

scale vertical convection so that the first-order esti-

mate of the degree of distillation is not the conden-

sation temperature and the d/T covariance breaks

down. Therefore, the rainout becomes the dominant

control on isotopic composition, known as bthe
amount effectQ [8,9].

Other bpath effectsQ affect the isotopic composi-

tion of precipitation in tropical South America: sea-

sonal change of ocean moisture source regions,

fractionating versus non-fractionating recycling over

Amazonia, partial re-evaporation of droplets during

fall or at the base of clouds and re-equilibration with

surrounding vapor, orographic obstacles inducing adi-

abatic cooling and precipitation. Given this uncertain-

ty, conflicting interpretations have emerged on the

causes of past variability of d in the Andean ice

cores. d records have been interpreted in a similar

way to those from higher latitudes in terms of tem-

perature changes [3] or as reflecting precipitation

amount changes over Amazonia [4]. Recently, some

studies have explored the effects of the El Niño-

Southern Oscillation (ENSO) to reconcile the differ-

ent interpretations. They proposed that Equatorial

Pacific Sea Surface Temperatures (hereafter, SSTs)

variations can remotely control Amazon precipitation

and hence the isotopic composition of Andean ice

cores [10–13].
Modeling studies using Atmospheric Global Circu-

lation Model (hereafter, AGCM) implemented with

water stable isotopes have tried to solve the conflict

by exploring the climate controls on modern isotopic

composition of precipitation. A significant dependence

of isotopes on a combination of factors is shown with

an emphasis on the role of precipitation amount for

most of tropical South American regions [14–16].

Some isolated studies on water vapor samples have

shown a significant impact of storm activity on d
[17,18].

However, a direct isotopic calibration based on

modern observations is still missing to reliably inter-

pret Andean ice cores. Thus, IRD (Institut de Recher-

che pour le Développement) has set up a network

monitoring monthly and daily isotopic composition

of precipitation in Bolivia, Peru and Ecuador since

1999. We focus in this paper on the controls of spe-

cific isotopic composition of Bolivian precipitation

that might help us to better interpret the Illimani ice

core [4]. We examine local and regional climate con-

trols on d variations and discuss the consequences for

the Illimani ice core interpretation.

1.2. Collecting site: the Zongo Valley (Bolivia)

We present in this paper the isotopic composition

(dD) of monthly precipitation collected in Bolivia

along the Zongo Valley (16820VS, 67847VW) from

September 1999 to August 2004. This Valley, linking

the Amazon basin to the Bolivian Altiplano, is located

on the northeast side of the Bolivian Cordillera Real—

55 km northwesterly from Nevado Illimani (16839VS,
67847VW, ~6300 m) where an ice core was drilled in

1999 [4,13] (Fig. 1). The Cordillera Real is the first

major orographic obstacle encountered by air masses

that originate from the Atlantic Ocean and are

recycled intensely over the Amazon basin (about

50%) [19,20] before they move up the Andes and

precipitate (see next section for air parcel pathways).

Thus, monitoring the isotopic composition of precip-

itation along this valley enables one to study (1) the

isotopic composition of precipitation right after the

Amazon portion of the air parcels path and (2) the

isotopic depletion of precipitation when air masses lift

up the Andes. It thus offers a unique opportunity to

investigate the d variability of modern precipitation in

order to refine the interpretation of the Illimani d
record.

Since September 1999, five pluviometers have been

collecting monthly precipitation along this valley at

the sites named Harca (1480 m); Sainani (2210 m);



Fig. 1. Map of the Zongo Valley (Bolivia) with the locations of the 8 pluviometers at Huaji (945 m), Harca (1480 m), Sainami (2210 m), Cuticucho

(2697 m), Botijlaca (3492 m), Tiquimani (3900 m), Zongo (4264 m) and Plataforma (4750 m).
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Botijlaca (3492 m); Tiquimani (3900 m) and Zongo

(4264 m). Over the first 12 months, precipitation was

also collected on a based-event resolution (precipita-

tion N2 mm) at the same places and at 3 additional

stations at intermediate elevations: Huaji (945 m);

Cuticucho (2697 m) and Plataforma (4750 m). This

valley belongs to the Bolivian Company of Electric

Energy (COBEE) providing electric power for La Paz

and all pluviometers are located nearby the hydro-

power plants. The proximity of the hydropower

plants allowed us to have dedicated observers that

monitored the pluviometers throughout the year,

guaranteeing the quality of the observations. Precip-

itation amount is directly read on pluviometers. For

temperature, three captors are located in the valley at

945 m, 2697 m and 4750 m and measure 2-m

surface temperature. Only the captor at the highest

elevation recorded temperature variations over the

entire period of our observations; the others started

recording temperature in January 2002. Over the

overlapping period (January 2002–August 2004),

monthly temperature variations between the base and

the top of the valley clearly evolve in parallel

(r2=0.75, significant at 99.9%, hereafter p =0.001)
with a nearly constant difference of 19 8C (rn=32=1

8C). Thus, temperature variations can be estimated at

each station using the mean along-slope lapse rate

(0.49F0.03 8C/100 m).

To check that the isotopic composition of precip-

itation in this valley is linked to the isotopic seasonal

signal of precipitation falling on Nevado Illimani, we

performed in October 2002 two 2-m snow pit mea-

surements: at Illimani on the site of the deep ice core

drilling and on the Huayna Potosi up the Zongo

Valley (5810 m) (Fig. 1). d18O measurements show

different accumulation rates (also shown by chemical

species analysis, F. Delachaux, pers. comm.) and the

covered period is about 1.5 yr and 1 yr at Illimani

and Huayna respectively (not shown). Over the over-

lapping period, d18O records exhibit similar isotopic

variations (r2=0.85, p b0.001), with a comparable sea-

sonal variation (Dd18OHuayna=15.9x; Dd18OIllimani=

17x; this difference can be explained by the 500-m

altitude difference, see next section) and a similar

mean over the common period (d18OHuayna=�14.9x
and d18OIllimani=�14.3x). We are aware that this

test lies only on 1 yr and should be double-checked

over a longer period; however, we are confident
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about its linkage to the d variability in the Zongo

Valley given the proximity of both sites.

2. Results and discussion on climate controls on d

All dD measurements are performed with an accu-

racy of F0.5x. The 5-yr-long monthly records are

presented in Fig. 2 along with precipitation amount

and temperature variations (only for the lowest station).

Two major observations can be made:

– dD signals are fairly similar from one station to

another, exhibiting a clear seasonal cycle with the

most depleted values within the wet season (be-

tween January and March) and the most enriched

values within the dry season (between July and

September) (Fig. 2). This is confirmed by a Prin-

cipal Component Analysis (PCA) performed on
Fig. 2. Monthly dD variations (in xrelative to SMOW) from September 19

stations (solid line with markers) along with precipitation variations (bars, mm

based on one record and calculated with the calculated lapse rate, see text,
the five dD records providing as a first component

a combination explaining 91% of the variance.

Thus, in Section 2.1, we will explore what are

the climate controls on the common dD variations,

independently on the site of collection in the

valley.

– As expected, dD values are depleted with altitude.

In Section 2.2, we will examine how the dD
signal evolves along the valley when air masses

are lifted up in the Andes (is it a classical Ray-

leigh distillation?).
2.1. Influence of local and regional climate parameters

on dD at seasonal and interannual time scale

In the next two subsections, we focus on seasonal

dD variability. The interannual dD variability is exam-

ined in the third subsection.
99 to August 2004 for Harca, Sainani, Botijlaca, Tiquimani and Zongo

/month) and temperature (8C) for Harca (solid line) (as temperature is

it is only shown for Harca station).
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2.1.1. Local controls?

Given the similarity between the five monthly dD
records, we calculate the mean 5-yr-long weighted

isotopic signal (dDZongo) and examine the correlations

with the mean local precipitation (PZongo) and temper-

ature (TZongo) (Fig. 3a).

The dDZongo–TZongo relationship is negative (Fig. 3b

and Table 1) that cannot be explained by our current

understanding of water isotopic fractionation. As al-

ready noted by Rozanski and Araguas-Araguas [9], a

negative relationship between isotopes and temperature

often appears in tropical regions because high tempera-

tures and rainy season tend to coincide.

The dDZongo covariation with PZongo (r2) is 0.48

( p b0.001) suggesting that about half of the isotopic

variations could be explained by the local rainout

(Fig. 3c). We note that the use of a mean signal

largely overestimates the individual dD/P correlation

ranging from 0.15 to 0.48 (see Table 1). It is note-

worthy that dDZongo attains its more depleted value in

January 2001, during a wet period classified as a

weak La Niña year, while local precipitation attains

its minimum, contradicting the well known amount

effect.
Fig. 3. (a) Weighted dDZongo (in xrelative to SMOW) from September 199

mm/month); (b) scatter plot between dDZongo and mean temperature in the
Two intriguing observations in the dDZongo–PZongo

relationship are worth discussing. First, the strength of

the correlation is highly variable from one station to the

next and this can be assigned to precipitation discre-

pancies along the valley (a principal component analy-

sis performed on the precipitation records provides as a

first component a combination explaining 73% of the

variance compared to 91% for the isotopic record),

already observed on a longer time scale in this valley

by Pouyaud et al. and Ronchail and Gallaire [21,22].

Second, we note a sizeable scattering of isotopic values

for low precipitation (under ~120 mm) (Fig. 3c). If we

focus on the wet season only (November–April), the

covariance is found to decrease down to 0.26. Over the

dry season (May–October), the correlation is not sig-

nificant (r2=0.01), simply reflecting the low and con-

stant precipitation level of PZongo whereas dDZongo

exhibits a large variation, suggesting that local rainout

cannot explain the wintertime d enrichment.

Thus, to further evaluate whether the correlation

between dDZongo and PZongo is robust with respect to

the fact that both PZongo and dDZongo have a strong

seasonal cycle (certainly largely explaining the magni-

tude of the covariance), we examine the event-based
9 to August 2004 along with mean precipitation in the valley ( PZongo,

Valley TZongo (8C); (c) scatter plot between dDZongo and PZongo.



Table 1

Covariance (r2) and slope between dD and precipitation and temperature for each station in the Zongo Valley from September 1999 to August 2004

Stations Slope dD/P
(x/mm)

r2 dD/P
(r b0)

Slope dD/T
(x/8C)

r2 dD/T
(r b0)

Harca � 0.13 0.27 � 19.34 0.23

Sainani � 0.17 0.48 � 22.60 0.28

Botijlaca � 0.21 0.15 � 25.18 0.28

Tiquimani � 0.34 0.39 � 18.68 0.15

Zongo � 0.46 0.36 � 15.99 0.09

We remind that a 5-yr (60-point) correlation is significant at the 99.9% level when r2=0.17.
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isotopic composition of precipitation collected from

September 1999 to August 2000 (not shown). Over

this period, each precipitation event higher than 2 mm

(excluding potential precipitation altered by partial

evaporation of droplets during fall) was collected and

analyzed for deuterium. dD records are fairly similar

from one station to another (the first component of a

PCA accounts for 89% of the variance) and clearly

show an intra-month variability superimposed on the

seasonal trend. Conversely, the precipitation distribu-
Fig. 4. Mean precipitation and weighted dD seasonal cycle at Harca, Sain

weighted isotopic signal has been extracted (dDZongo-seasonal) as well as a

Arrows indicate the abrupt precipitation transition into the dry season comp

shown to clearly illustrate the dry-to-wet season transition.
tion over the whole year and occurrence and distribu-

tion of large events largely differ from one station to

another (the first EOF of a PCA accounts for only 36%

of the variance). The precipitation discrepancies relative

to the common dD signal clearly reveals that individual

precipitation has no control on d. Actually, the d/P
covariance (r2) never exceeds 0.05 except for the low-

est station where r2=0.15. Those scatter plots (not

shown) clearly evidence a large scattering of isotopic

values for weak precipitation (b20–40 mm, depending
ani, Botijlaca, Tiquimani and Zongo (dotted lines with markers). A

mean precipitation signal ( PZongo-seasonal) (black curves and circles).

ared to the weaker one into the wet season. Two seasonal cycles are



Fig. 5. Backtrajectories from January (1) to December (12). Black circles show location of IAEA/GNIP stations used in this study. The stations

located nearby the bwetQ pathways and used to calculate Pwet are: Belem, Manaus, Sao Gabriel, Porto Vehlo and Rio Banco. The stations located

nearby the bdryQ pathways and used to calculate Pdry are: Salvador, Cearaminim, Brasilia and Cuira). The bAmazon groupQ considers all previous
stations together. Convective zones (CZ1, 2 and 3) are indicated (rectangles with dotted lines).
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on the altitude), present all over the year, so that the

weighted isotopic monthly values are biased by the

larger occurrence of important precipitation events dur-

ing the wet season and a clear antiphase appears be-

tween isotope and precipitation seasonal cycle.

The main point arising from those calculations is

that local rainout (and temperature) is insufficient to

explain many aspects of dD variability in precipitation

at the base of the Cordillera Real. In the next section,

we examine the influence of moisture transport history

and the degree of rainout upstream as potential impor-

tant factors to explain seasonal dD variations.

2.1.2. Regional controls?

In this section, we aim at comparing dD variability

in the valley as a whole with precipitation regime

upstream. Indeed, we know that the isotopic composi-

tion of precipitation reflects integrated climate informa-

tion from the oceanic moisture sources to the site of

collection.

As an initial exploration, we compare dDZongo with

precipitation data from the IAEA/GNIP (International

Atomic Energy Agency/Global Network of Isotopes in

Precipitation) network [23] available until 2001 at

monthly resolution. As those observations do not

cover the same period as our isotopic records, we

calculate the mean seasonal cycle for both isotopes
and precipitation in the valley (dDZongo-seasonal and

PZongo-seasonal) (Fig. 4) and compare it with the mean

seasonal cycle of IAEA/GNIP precipitation. We are

aware that this method implies comparison of two

parameters (d and P) with a strong seasonal cycle likely

responsible for an important part of the covariance

magnitude. Thus, we will only discuss 12-point (or 6-

point) correlations significant at p b0.001, i.e. r2N0.68

( p b0.01, r2N0.84).

The dDZongo-seasonal/PZongo-seasonal correlation is

0.57. The correlation is found to decrease to 0.42

over the wet season (November–April) and to 0.02

over the dry season (March–October).

To provide a comparison that makes sense, it is

necessary to select stations located nearby the trajec-

tories of air masses and preferably where deep con-

vection occurs. So first, using different re-analyses and

satellite data sets, we compute backtrajectories of the

air masses and locate deep convective activity along

those pathways.

Backtrajectories have been computed for each

month. The end point is the base of the Zongo Valley

and robustness of trajectories to its small spatial dis-

placements (F1.58 of longitude) has been checked.

Wind fields are taken from NCEP–NCAR (National

Centers for Environmental Prediction–National Center

for Atmospheric Research) re-analyses climatological



Fig. 6. TRMM precipitation (mm/day) distribution averaged for each month from September 1999 to March 2004 ong with backtrajectories.
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monthly means [24]. The later are averaged over the

1979–2002 time period, and the winds used are mass-

weighted vertical averages over 850–1000 mb. Indeed,

the moisture transport leading up to the central Andes

occurs in near-surface levels [25] where moisture

content is maximum. Backtrajectories are computed

with a predictor–corrector method using a 1-h timestep

until the trajectories reach the Atlantic Ocean or back

to 19 days. Concerning the wintertime precipitation,

we do not take into account that winter storm tracks

may be able to penetrate as northward as the Zongo

Valley. We also tested the representativeness of a

mean backtrajectory calculation over 23 yr by check-

ing that trajectories for El Niño and La Niña condi-

tions are not drastically different. Backtrajectories are

plotted in Fig. 5. As expected, the primary moisture

source is the tropical Atlantic Ocean via the Amazon

Basin and the air masses pathway is entirely con-

trolled by the marine ITCZ (InterTropical Conver-

gence Zone) seasonal displacement. A clear separation

between winter trajectories (April–August) and sum-

mer trajectories (November–March) is shown with an

intermediate position for September and October. The

abrupt shift between March and April trajectories is

consistent with the abrupt transition into the dry sea-

son compared to the gradual change to the wet period

(see arrows in Fig. 4). It takes about 10 (more than

14) days for the water vapor parcel to travel from the

Atlantic Ocean to the base of the Andes during the

wet season (dry season). We note also that the air

parcel speed is lower as air masses penetrate into the

continent, specifically for wintertime trajectories (more

than 5 days following the Andes) (not shown). As the

travel time of air parcels is lower than a month, it

makes sense to study a monthly based comparison

between isotopes in the Zongo Valley and precipita-

tion along the trajectories.

To examine where convective activity occurs up-

stream the Zongo Valley, we use merged satellite pre-

cipitation data set acquired as part of the Tropical

Rainfall Measuring Mission (TRMM) [26] from Sep-
Table 2

Covariance (r2) between dDzongo (5-yr-long signal) and/or dDZongo-seasonal (

defined in the text), IAEA/GNIP precipitation over Amazonia (9 IAEA/GNI

Fig. 5), TRMM precipitation between September 1999 and March 2004, an

PZongo PZongo-Seas. PAmazon

dDzongo 0.48 (�0.31) – –

dDZongo-seasonal – 0.57 (�0.33) 0.91 (�0.55)

For TRMM precipitation and OLR, data are averaged over 2 regions: the Zon

of the linear regressions with precipitation are indicated in brackets (x/mm

99.9% level when r2=0.68.
tember 1999 to March 2004 (resolution of 18�18),
nearly corresponding to the time period of our observa-

tions (data are not available until August 2004 yet). The

spatial distribution robustness of TRMM precipitation

is checked with other satellite data sets: GPCP (Global

Precipitation Climatology Project [27]), and CMAP

(CPC Merged Analysis Precipitation [28]), data sets

covering the longer 1979–1999 period indicate a sim-

ilar spatial distribution of large scale convective activity

(not shown). We show in Fig. 6 TRMM precipitation

maps as well as backtrajectories for each month. From

November to March, air masses undergo a strong con-

vective activity all along the trajectory. Two important

convective zones are shown: the Convective Zone 1

(CZ1) located over the 58N–58S/45–538W region and

the Convective Zone 2 (CZ2) located over the 0–128S/
53–708W region (Fig. 5). We also note that from No-

vember to January, a third convective area (CZ3) locat-

ed over the 3–98N/30–458W region could account for

initial low isotopic composition of precipitation (Fig.

5). From April to August, precipitation is fairly low and

constant over the Amazon portion of the air masses

trajectory and the major precipitation zone is located at

the edge of the continent.

Considering backtrajectory calculations and precipi-

tation distribution, we choose 9 IAEA/GNIP stations,

having at least 3 yr of information and plotted in Fig. 5.

If we calculate a mean precipitation seasonal cycle

(PAmazon) from the 9 stations, the dDZongo-seasonal/PAma-

zon correlation is found to increase to 0.91 (r
2) (Table 2). Indi-

vidual correlations are found to be lower (mean effect)

and maximum with stations located nearby the austral

summer trajectories (Manaus, 0.86; Belem, 0.84 and Rio

Banco, 0.75). Therefore, dDZongo-seasonal would be more

controlled by the intense Amazon convection upstream

the valley over the wet season. Specifically, the two

major convective zones revealed by TRMM precipita-

tion distribution seem to be involved: CZ1 centered on

the Belem station and CZ2 eastwards near Rio Banco

station where trajectories start following the Andes

southwards with a highly reduced speed possibly
1-yr-long signal) and local precipitation ( PZongo and PZongo-Seasonal as

P stations combined to define PAmazon, see the text and the legend of

d OLR

PTRMM-Zongo PTRMM-Amazon OLRZongo OLRAmazon

0.55 (�0.53) 0.64 (�0.46) 0.32 0.52

– – 0.47 0.70

go (15–208S/61–668W) and Amazonia (58N–188S/35–708W). Slopes

). We remind that a seasonal (12-point) correlation is significant at the



F. Vimeux et al. / Earth and Planetary Science Letters 240 (2005) 205–220214
explaining the influence of this second zone on air

masses distillation. Again, considering separately the

wet (November–April) and the dry (May–October) sea-

son as defined in the previous section, the dDZongo-

seasonal/PAmazon correlation is found to be 0.79 and 0.70

respectively ( p b0.05), that is significant conversely to

the dDZongo-seasonal/PZongo-seasonal correlation, insignifi-

cant when wet and dry seasons are considered separate-

ly. However, all the later correlations involving PAmazon

do not account for the southward shift of moisture

transport during wintertime. Thus, we calculate two

precipitation seasonal cycles (Pwet and Pdry) averaging

precipitation in stations located nearby the bwetQ and the
Fig. 7. Latitude–time diagram with TRMM precipitation seasonal cycle (de

mean seasonal cycle) averaged between September 1999 and March 2004 (m

38N (latitudes intercepting both backtrajectories and convective zones). The c
bdryQ pathways respectively (see legend of Fig. 5) and

we examine the correlations with dDZongo-seasonal. The

dDZongo-seasonal/Pwet (dry) group (6-point) correlation over

the wet (dry) season is found to increase to 0.92 (0.86),

p b0.01. Again, considering individual station, the high-

est correlation is found over the wet season with Belem

andManaus precipitation (0.81 an 0.78) and over the dry

season with Salvador precipitation (0.75) ( p b0.05) as

expected.

Actually, in contrast to Zongo precipitation, eastern

Amazon precipitation exhibits a strong seasonal cycle

that could explain dDZongo variations from May to

September as clearly shown in Fig. 7 where TRMM
viations between the mean seasonal cycle and the annual mean of the

m/day), eastwards of the cordillera Real (40–808W) at 168S, 68S and

onvective zones 1 and 2 and the Zongo Valley locations are indicated.



Fig. 8. Maps (208N–458S/20–908W) derived from the 92-yr simulation from ECHAM-4 T30 showing (a) precipitation (mm/day) for January and

July; (b) temporal correlation (r) between monthly isotopic composition (dD) of precipitation and precipitation amount at each grid point at seasonal

(Seas.) and interannual (Anom.) time scale; (c) temporal correlation (r) between isotopic composition (dD) of precipitation averaged over a small

region at the base of the Andes (148S–188S; 58–688W) (white parcel) and precipitation amount at each grid point at seasonal (Seas.) and interannual

(Anom.) time scale.
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precipitation seasonal cycle is shown for different lati-

tudes intercepting the major convective zones over-

flown by air masses. Moreover, Fig. 7 shows that the

maximum of precipitation in the Zongo Valley occurs

between January and March whereas in the convective

zones 1 and 2, we observe a double peak in d for

precipitation in January and between March and

April. This might be the explanation for the W-shape

isotopic minimum we observe within the wet season in

the valley.
Finally, we directly compare temporal dDZongo var-

iations with TRMM precipitation although the later is

only available until March 2004. We average TRMM

precipitation over the 15–208S/61–668W region for the

Zongo Valley and over the 58N–188S/35–708W region

for Amazonia (Table 2). Again, the correlation is

better with Amazon precipitation (0.64 versus 0.55).

We obtain similar covariances by slightly modifying

the size of the Amazon region (F58 of latitude or

longitude).
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To offer support to our observations, we also com-

pare dDZongo with another proxy of deep convection:

Outgoing Longwave Radiation (OLR). OLR is regular-

ly used to locate areas of deep tropical convection and

as a proxy for precipitation by identifying the presence

of cold cloud tops [29]: low OLR values correspond to

cold and high clouds which denotes enhanced convec-

tion and an inverse relationship generally holds be-

tween OLR and convection.

The data used in this study are from the National

Oceanic and Atmospheric Administration (NOAA)

polar-orbiting satellites [30]. They are available at

2.58 latitude/longitude resolution and, in contrast to

IAEA/GNIP precipitation, OLR data have the advan-

tage of being spatially homogeneous and of common

length of observations (September 1999–August 2004).

To easily compare with previous correlations based

on mean seasonal cycle calculations, we first calculate a

mean OLR seasonal cycle in both the Zongo (15–208S/
61–668W) and the Amazon (58N–188S/35–708W)

regions as defined previously. Similarly to previous

results, the dDZongo/Amazon OLR correlation (0.70,

p b0.001) is fairly better than the dDZongo/Zongo

OLR (0.47, p N0.1) (Table 2). If we focus only on

OLR averaged over the CZ1 (58N–58S/45–538W), the

correlation is found to increase to 0.90. Again, the CZ1

seems to be a key zone in controlling dDZongo although

air masses are southern during wintertime.

At last, we examine the temporal correlations of

dDZongo with Amazon OLR and Zongo OLR from

September 1999 to August 2004. They are of 0.52

and 0.32 respectively, supporting again the importance

of remote rainout (Table 2).

The main point arising from this section is that

seasonal variations of dDZongo can be reasonably un-

derstood not simply as a record of local rainout but as a

record of the degree of rainout upstream the valley with

an emphasized role of the regions of large scale con-

vective activity over the Amazon basin.

2.1.3. Interannual variability—Atmospheric General

Circulation Model (AGCM) simulation

In this section, we examine the climate controls on

dDZongo at the interannual time scale. It is important,

however, to keep in mind that our record covers only 5

yr and does not include any strong ENSO events that

dominate the interannual variability of climate over

tropical South America.

Our analyses are based on anomalies with the sea-

sonal cycle removed by subtracting the long-term

monthly mean from individual monthly values. The

correlations between dDZongo-anom and local precipita-
tion and Amazon OLR and TRMM precipitation

anomalies are found to be insignificant (r2b0.1) offer-

ing no support for a control of dDZongo-anom by the

amount effect and the degree of air masses distillation.

However, it may not be useful to examine interannual

variations over a time period where the ENSO-related

precipitation variability is absent. Actually, interannual

variability of Amazon precipitation is mainly paced by

ENSO [31,32] so that dDZongo-anom could be mainly

driven by precipitation variability upstream nonethe-

less. Indeed, some recent studies show a strong impact

of important ENSO events in this valley. Ronchail and

Gallaire [22] clearly show that the interannual variabil-

ity of precipitation in the valley is paced by ENSO. A

recent study dealing with heat and mass budget of the

Glacier Zongo, up the Valley, shows a significant im-

pact of the 1997–1998 El Niño [33].

To further investigate potential controls on dDZongo-anom

and also to test the robustness of our interpretation at

seasonal time scale, we examine an AGCM simulation

with water stable isotopes.

We use a 92-yr integration of the ECHAM-4 general

circulation model [12,34] forced by observed SSTs and

sea ice distributions in the T30 spectral resolution

(corresponding to an approximate resolution of 3.758
lat. 3.758 long., ~420 km). The model quite accurately

simulates both timing and spatial extent of precipitation

over South America although it underestimates precip-

itation amount during the wet season (Fig. 8a). We first

examine the correlation between the isotopic composi-

tion of precipitation (dD) and the precipitation amount

in each grid point for both seasonal and interannual

time scale (Fig. 8b). At the seasonal time scale, a

significant anticorrelation is shown over the Amazon

basin (r b�0.7) with lower r values at the base of the

Andes (approximately �0.5/0.4). At the interannual

time scale, the correlation between dD and precipitation

is lower all over tropical South America. It strongly

decreases southwesterly, indicating a decreasing control

of local rainout on dD, and finally reaches an insignif-

icant value at the base of the Andes (r b�0.3). The

highest correlation is found over the CZ3 region where

deep convection occurs. This basically reflects the

strong local bamount effectQ over the tropical Atlantic

Ocean. Both maps support what we observe in our d
records that is a low and insignificant control of local

rainout on dDZongo at the seasonal and interannual time

scale respectively.

We now want to test the influence of the Amazon

rainout on isotopic composition of precipitation falling

at the base of the Andes. Thus, we examine the tem-

poral correlation between the isotopic composition of
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precipitation (dD) regionally averaged between 14–

188S and 58–688W (white parcel in Fig. 8c), excluding

high elevations in the model grid and corresponding to

the Northeast side of the Andes, and precipitation at

each grid point for both seasonal and interannual time

scale (Fig. 8c). As the T30 resolution does not offer an

accurate representation of the elevation in the Andes

(highest grid point reaches ~2000 m), our interpretations

of the correlation maps account for the moisture trans-

port pathways: we do not discuss significant correlations

outside the domain where backtrajectories have been

located. Moreover, we test the robustness of correlation

patterns by slightly modifying the size of the white

parcel (F18 in latitude, �58 westwards). At seasonal

time scale, dD is similarly correlated with local and

remote Amazon precipitation. Especially, a correlation

tongue is found over the Northeast, at the edge of the

continent towards the tropical Atlantic Ocean where

CZ1 and CZ3 are located over the wet season. This

clearly indicates that local rainout and degree of rainout

upstream may be equally important to explain seasonal

variations in dD. It is noteworthy that, as the white

parcel width decreases westwards, the importance of

the CZ1 increases compared to the rest of the Amazon

basin (Dr =�0.1). At interannual time scale, dD is only

significantly correlated with precipitation over the trop-

ical Atlantic Ocean and the northern Amazon basin

(conversely to our observations). Precipitation varia-

tions in those regions have been shown to be largely

affected by ENSO, through its remote impact on tropical

Atlantic climate variability via an batmospheric bridgeQ
[35] involving the Walker circulation changes [36]. This

could explain the discrepancy with our observations not

including ENSO variability. Thus, ECHAM-4 92-yr

simulation suggests that interannual dD variability at

the base of the Andes is significantly and indirectly

paced by ENSO, as already suggested by Bradley et

al. [10], Hoffmann [13] and Vuille et al. [16].

2.2. dD variations along the Zongo Valley

In this section, we are interested only in the isotopic

depletion versus the elevation in the Zongo Valley.

From the lowest to the highest station, the mean

isotopic depletion is of about 1.7x/100 m (r2=0.96).

The absolute value of the dD versus altitude gradient

never exceeds 2.5x/100 m and is higher in the upper

part of the valley (from 0.4 to 2.4 x/100 m in the

valley). A pure Rayleigh model (open system) over-

estimates this gradient [37] whereas simulations using

Rayleigh-based model accounting for convection or

recycling (partly closed system, some condensate do
not precipitate) reproduce quite well observations

[38,39]. The mean dD-altitude gradient is within the

range suggested by previous observation studies at

those altitudes [37,38]. We note also that the seasonal

cycle magnitude increases linearly with altitude from

about 125xto 185x(Fig. 2).

The dD-precipitation slopes increase with altitude

from �0.13x/mm month�1 to �0.46x/mm month�1

attaining a similar slope than other high elevation loca-

tions (the closest: La Paz, 4071 m: �0.45x/mm

month�1). Assuming that the same water vapor parcel

precipitates along this valley, a Rayleigh condensation

predicts steeper slopes at high altitude where precipita-

tion derives from vapor in more advanced stages of

condensation. The low slope at the base of the valley

(Harca, 1480 m) could reflect an important (non-frac-

tionating) recycling of air masses over Amazonia. The

later recharges air masses with more enriched vapor

(same isotopic composition than precipitation) than the

vapor left in the system and so counteracts the rainout

effect and the d/P slope is found to be lower than

expected by air masses distillation alone.

Based on the calculated lapse rate and the mean

isotopic depletion with altitude, the annual mean dD
to temperature gradient along the Valley is of 3.5x/8C.
This value falls in the lower part of expected gradient

for mid-latitude from a pure Rayleigh distillation, cer-

tainly because precipitation has experienced deeply

convective activity leading to a system much more

closed than a classical Rayleigh distillation [40].

A Rayleigh model predicts that water vapor becomes

more and more depleted because of successive rainout.

As the amount of vapor lost as precipitation is con-

trolled by condensation temperature, the isotopic deple-

tion depends eventually on the net cooling of the air

mass. As already suggested by Gonfiantini et al. [38],

using only 2-yr-long monthly data in Bolivia along a

transect between the Bolivian Amazon basin and the

Altiplano, we confirm here that the isotopic depletion

during the air parcel uplift along the Zongo Valley

might be described as a Rayleigh-based distillation

providing that specific features of tropical water cycle

being associated to a closed system are taken into

account (convection for example).

3. Consequences for the Illimani ice core

interpretation and conclusions

Our comparisons between dDZongo and local and

regional climate illustrate the remote versus local influ-

ences of rainout and show that both factors impact d at

seasonal and interannual time scale. At seasonal time
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scale, local rainout is insufficient to explain d variations

and Amazon distillation of air masses can explain up to

90% of d variance. The length of our dD records does

not enable us to reliably discuss interannual variability.

The use of a 92-yr simulation from ECHAM-4 model

supports our observations at seasonal time scale and

emphasizes the role of deep convective activity up-

stream the Andes on interannual d variations. As al-

ready suggested by Hoffmann [13], Bolivian ice cores

would record regional precipitation changes, highly

connected to ENSO through Hadley-Walker atmospher-

ic circulation. This suggests that Andean ice core in-

formation would contribute to the knowledge of the

entire tropical bands highly teleconnected by the ther-

modynamic properties of the tropical troposphere [41].

The water vapor lifted up in the Andes can be

described as a Rayleigh-based distillation provided

that the system can be partially closed. The influence

of this usually called baltitude effectQ, including impor-

tant control by temperature, could be of primary im-

portance when interpreting isotopic variations in ice

core for past climate, as the glacial–interglacial d18O
variation recorded in Illimani ice core (~7x) [4].

Indeed, a change of temperature gradient between the

Amazon basin and Andean summits in the past could

have imprinted isotopic composition of past precipita-

tion. It has been shown that the low to high altitude

temperature differences was stronger during the LGM

in the tropics. Recent estimates of tropical SSTs suggest

that the mean zonal cooling in the tropics was some-

where between �2 and �3 8C [42–44]. Snow line

depression studies on tropical mountains estimate a

reduction between �5 and �6 8C at elevation of

about 5 km in tropics [45]. Thus, a greater temperature

gradient by 2 to 4 8C has been estimated at LGM

between low and high elevations. Assuming that our

calculated isotopic gradient versus temperature of

0.4x/8C (deduced from dD/T gradient) holds true

for the last glacial period and taking the weakest sce-

nario for temperature gradient change (DTbase to top=+2

8C), recently confirmed by Smith et al. [46] in Zongo

Valley area, about 11% (2*0.4/7 x) of the LGM to

present-day isotopic variation could arise from a stron-

ger DTbase to top in the Andes at LGM. A recent study

grouping 17 different AGCM simulations shows that

mean global lapse rate (between 1000 and 6000 m)

decrease at LGM is of order �0.02 to �0.03 8C/100
m because of the reduction of tropical SSTs resulting in

a drier atmosphere and hence steeper lapse rates [47].

This study shows also that for the peculiar case of the

Andes, it is quite difficult to conclude about lapse rate

changes since the free atmospheric and along-slope
lapse rate show opposite LGM to present-day variations

(of about 0.02 to 0.03 8C/100 m for absolute value).

Regardless, assuming the biggest simulated change in

lapse rate, this only changes our previous estimate of

1%. Taking into account the dDZongo/PTRMM-Amazon

slope, roughly translated into �0.06x/mm for oxygen

18 (the dDZongo–Amazon precipitation slope (x/mm)

is higher than expected since we compare precipitation

with isotopic composition of precipitation extracting at

a higher degree of distillation), and based on an ap-

proximate modern average of about 1500 mm/yr of

precipitation in Amazonia [48], the remaining 6.2x
(7x�0.4x/8C*2 8C) for Illimani glacial–interglacial

transition could be explained by wetter conditions over

Amazonia of 7% during LGM. Thus, the major part of

the glacial to Holocene isotopic transition at Illimani

would reflect drier conditions (less distillation) along

trajectories of the air masses over the Holocene, as

concluded by Ramirez et al. [4].

Although we think that our study can be very useful

for gaining insights into the interpretation of past d
variations, we also wish to emphasize that the previous

discussion do not consider potential factors that might

have a significant impact on d change between LGM

and the Holocene (hereafter, Dd). For example, we

assume that our calibration holds true in the past

when quantifying Dd in terms of precipitation changes.

We also assume that only precipitation affects Dd
whereas large scale reorganizations of the atmospheric

circulations could have also impacted d (southwards

shift of ITCZ and induced changes in trajectories of the

air masses and ocean moisture sources for example).

Thus, past AGCM simulations and additional paleodata

over the Andes are required to draw a robust conclusion

about meteorological conditions in Amazonia during

LGM and its changes during the glacial–interglacial

transition.

We are also aware that our study deals with a very

local network providing only 5-yr-long records and

therefore we do not claim to propose here (1) a com-

prehensive calibration of the isotopic composition of

modern Bolivian precipitation and (2) a comprehensive

interpretation of isotopic variations in Andean ice cores.

Our interpretation has to be confirmed with widespread

and longer observations. Specifically, we need to record

ENSO events to discuss the interannual variability. In

this context, a large network over Bolivia (Peru) has

been setting up for more than 4 yr (2 yr). We have also

set up a network in Brasilia along the summertime air

parcel pathways for 2 yr.

At last, to fully understand climate controls on

Andean d, we need to refer to high-resolution AGCM
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simulations with water stable isotopes. Actually, the

resolution of ECHAM-4 T30 is really poor relative to

the Andes elevation. In this context, water stable iso-

topes have been implemented in an atmospheric meso-

scale model (REMOiso) [49]. With such a model of a

possible resolution of about 20 or 50 km, the various

factors controlling for example the glacial to intergla-

cial shift of the water isotopes could be estimated with

much more confidence.
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