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Intraseasonal variability in South America recorded in stable
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[1] The recent number isotopic records extracted from Andean ice cores (South America)
has illustrated the key role such archives can play in past climate reconstructions.
Nevertheless, interpreting isotopic archives as quantified climate proxies requires an
understanding of which climate parameters control the stable isotopic composition of
water. Mesoscale modeling sheds new light on the meteorological mechanisms dominant
during austral summer. Here we focus on the variability of the South Atlantic
Convergence Zone (SACZ) and its repercussions on upstream regions. The SACZ is a
major component of the South American Monsoon System (SAMS). The present study
uses the isotopic signature of the SAMS, as simulated by the stable water isotope
enabled regional circulation model REMOj,, to answer the question: how does the SAMS
affect the isotopic composition of precipitation during the wet season? In order to analyze
the internal, purely atmospheric variability mode, the model was forced by climatological

sea-surface temperatures. We investigate the concurrent intraseasonal variability of
meteorological and isotopic parameters at pentad (5 days) interval using empirical
orthogonal functions (EOFs). REMOy,, reproduces the main meteorological characteristics
of the SAMS consistent with observations as well as previous modeling studies.
Furthermore, we demonstrate that §'%0 integrates both circulation and precipitation
variability. This new evidence contributes to the comprehension of the 'O signal in
tropical South America, highlighting the internal atmospheric variability, as opposed to
external forcing by Pacific and Atlantic sea-surface temperature.

Citation: Sturm, C., F. Vimeux, and G. Krinner (2007), Intraseasonal variability in South America recorded in stable water isotopes,

J. Geophys. Res., 112, D20118, doi:10.1029/2006JD008298.

1. Introduction

[2] Recent studies have underlined the sensitivity of the
Tropics to global climate fluctuations [Chiang and Sobel,
2002; Thompson et al., 1995; Thompson, 2000]. Isotopic
records from tropical high altitude ice cores and low-land
speleothems hence provide a unique archive of past climate
variability. Most of the tropical glaciers worldwide are
located in The Andean Cordillera, with summits exceeding
6000 m. Several ice cores were recovered from the Andes,
with climate archives extending back to 25 ka [Thompson et
al., 1998, 2000; Ramirez et al., 2003] as well as providing
seasonal precipitation records for the last centuries. In
addition to the ice core records available for the region
low elevation calcite speleothems are also available from
north-east [Wang et al., 2004] and south-east Brazil [Cruz et
al., 2006]. The isotopic signal is here expressed as the
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depletion of the heavy isotope H3*O relative to the Vienna
standard mean ocean water (V-SMOW), by the following
equation:

5130 _ <[H2180} /[Hza]sample

(0] [0l 1) 1000 Bl (1)

[3] The physical processes controlling the isotopic com-
position of South American precipitation are still under
investigation. Statistical evidence shows that the inter-
annual variability is controlled by sea-surface temperatures
in the Tropical Pacific [Bradley et al., 2003; Thompson et
al., 2000], although moisture originates from the Atlantic.
Hoffmann [2003], Hoffmann et al. [2003], and Henderson et
al. [1999] report that the isotopic signal in ice cores
primarily records changes in precipitation and circulation
patterns over the Amazon and the equatorial Atlantic.
Pierrehumbert [1999] investigated possible controls on
6'80 using Rayleigh-type distillation models, but failed to
represent the varying trajectories of air masses precipitating
over the Andes. Vimeux et al. [2005] examine the climatic
controls on the modern isotopic composition of precipita-
tion in the Zongo Valley (Bolivia), upstream of the Illimani
ice core drilling site.
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Figure 1. Topography of the study domain at 0.5 resolution. Contours represent 500 m altitude isolines.
The 5° x 5° black boxes show the location and respective name of the sites listed in Table 2. Bold
acronyms represent the major features of the South American Monsoon System (SAMS), after Zhou and
Lau [1998]. BH: Bolivian High, CL: Chaco low, LLIJ: low-level jets, SACZ: South Atlantic Convergence
Zone. The continental and oceanic locations of the SACZ are indicated by gray lines. The bended arrow

represents low-level cross-equatorial flow.

[4] Vuille et al. [2003b, 2003a] conducted a comprehen-
sive study of climate controls on §'*0 within isotope
enabled GISS-II and ECHAM4 general circulation models.
The authors conclude that the El Nifio southern oscillation
(ENSO) and associated sea surface temperature (SST)
anomalies coincide best with inter-annual variability of
5'®0 over South America, in particular in tropical ice cores.

[s] However, recent observational and modeling studies
have also identified physical mechanisms that control cir-
culation and precipitation at intraseasonal timescales
[Grimm et al., 2004; Nogues-Paegle et al., 2003]. These
meteorological mechanisms are all components of the South
American monsoon system (SAMS) summarized in
Figure 1. The SAMS reaches its mature stage during
summer (DJF), and accounts for up to 80% of annual
rainfall in tropical and sub-tropical areas. Like the east
Asian monsoon, typical monsoon features develop across
South America, as depicted by Zhou and Lau [1998]. Low-
level cross equatorial flow advects moist, warm air that is
deviated polewards. Sub-tropical low-level highs over the
ocean contrasts with a thermal low over the continent
(Chaco low). At upper levels, an anti-cyclonic circulation
develops above the continent (Bolivian high). An intense
convergence zone develops over the south-east coast of
Brazil (south Atlantic convergence zone - SACZ), which
explains the heavy summertime precipitation. Some domi-
nant features of the SAMS, especially north-westerly low-
level jets (LLJ) are mesoscale features. Being influenced by
local (topography) effects, the LLJ are better represented in
regional models than in coarser GCM or re-analyses
[Vernekar et al., 2003; Chou et al., 2000; Rocha and
Ambrizzi, 2004; Rojas and Seth, 2003; Seth and Rojas,
2003; Seth et al., 2004].

[6] Given the importance of features such as the LLIJ
evidence from meso-scale modeling over South America

should greatly refine the understanding of isotope-climate
relations in the region already gained from coarses global
circulation models. To what extend does the mesoscale
SAMS influence the 6'®0 signal over tropical and sub-
tropical South America? Vuille and Werner [2005] explored
the isotopic signature of the SAMS. Focusing on inter-
annual variability and the impact of Pacific SST patterns
(typically El Niflo versus La Nifia situations). In addition to
being limited by the coarse resolution and simplified
topography of a GCM, this study did not examine the
intraseasonal variability, which is typical of the SAMS
mechanism.

[7] The present study focuses on intraseasonal (DJF)
variability of the SACZ/SAMS using the regional circula-
tion model REMOy,,, fitted with stable water isotope
diagnostics. To identify the singular modes of atmospheric
variability, we cancel any oceanic forcing by applying
climatological SST as boundary conditions to REMO;,.
This cancels inter-annual variability primarily related to
ENSO, but also to any Atlantic SST anomalies. Sturm et
al. [2007] compared REMO,, to coarser ECHAM4 GCM
simulations, as well as gridded precipitation and station
6'%0 observations. REMO;,, accurately reproduces the
mean annual cycle of precipitation (albeit a general overes-
timation of precipitation), circulation and §'80 over South
America.

[8] In the second section, we introduce the regional
circulation model REMOj,,, and its stable water isotope
module. On the basis of empirical orthogonal function
(EOF) analysis, we describe the dominant mode of intra-
seasonal variability, which is shared by various climate
parameters. The third section demonstrates that the bi-
modal distribution of precipitation simulated by REMO;,
is related to location of the SACZ. Other typical features of
the SAMS in low- and upper-level atmospheric circulation
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are well reproduced by REMO;,,. The fourth section con-
centrates on the §'%0 signal, which records distinctivelgy the
SAMS variability introducing a novel way of using 6'°O as
a proxy for SAMS variability. In the last section, we discuss
previous results in order to assess the meteorological
processes controlling the 6'0 signal in South America,
and its implications for the interpretation of isotopic climate
archives.

2. Model and Methods
2.1. REMO Experiment With Climatological SST

[v] The regional circulation model REMO was originally
developed for weather prognosis by the German Weather
Service (DWD - Deutscher Wetterdienst [Majewski, 1991]).
It was later adapted to climate purposes at the Max-Planck-
Institute for Meteorology [Jacob et al., 2001] by incorpo-
rating the physics scheme of the ECHAM general circulation
model [Roeckner et al., 1996]. Similarly, a stable water
isotope module developed for ECHAM [Hoffinann et al.,
1998; Werner and Heimann, 2002] was adapted to REMO.
A detailed description of REMO and its stable water isotope
module is given by Sturm et al. [2005].

[10] REMO runs at a 0.5° ie., ~55 km horizontal
resolution and 19 vertical hybrid o-pressure levels. The
study domain spans the tropical South American continent
and surrounding oceans, from 100°W to 20°W in longitude
and 35°S to 15°N in latitude (Figure 1). The specific
features of the physics scheme are described by Roeckner
et al. [1996].

[11] REMO computes the stable water isotope fraction-
ation processes using the same module as ECHAM
[Hoffmann et al., 1998]. The isotopic module computes
equilibrium [Majoube, 1971] and kinetic [Merlivat and
Jouzel, 1979; Jouzel and Merlivat, 1984] fractionation for
HDO and H3*0 at each model time step. The cloud micro-
physics computes fractionation processes between solid,
liquid and gaseous phases of water, including the different
diffusion constants in ice at low temperatures for HDO and
H3*O [Jouzel and Merlivat, 1984]. To account for sub-cloud
evaporation of raindrops, their isotopic composition is set in
partial equilibrium with the surrounding moisture. Convec-
tive precipitation (80% of annual precipitation over the
domain), with generally larger and faster falling drops, is
re-equilibrated to 45% versus 95% for stratiform precipita-
tion. The bucket-type soil hydrology scheme does not
account for surface and sub-surface drainage, groundwater
formation, etc. Vapor fluxes from the surface are assumed to
be dominantly transpiration by vegetation, and thus soil
moisture is released into the atmosphere without fraction-
ation [Bariac et al., 1994b, 1994a].

[12] The present simulation by REMO;,, was validated
against data from the Global Network for Isotopes in
Precipitation (GNIP) [[AEA and WMO, 2001] and ECHAM
simulations by Sturm et al. [2007]. REMO was integrated
over a period of 5 years, after one year spin-up. Lateral
boundary conditions for winds, moisture, liquid water
content and their isotopic counterparts were provided by
an T42 ECHAM;,, simulation at a 6 h time step. Sea-surface
temperatures (SST) for both ECHAM and REMO are
prescribed from the GISST climatology [Rayner et al.,
1994]. Mean monthly SST are linearly interpolated to
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provide 6 hour forcing to REMO. For any subsequent year,
the models use the GISST climatology as a perpetual year.
In conclusion, the boundary conditions are such that inter-
annual variability, driven by SST, is removed. The simula-
tion can be regarded as an ensemble run, focussing on the
intraseasonal variability of the atmosphere.

2.2. Empirical Orthogonal Functions Analysis

[13] We apply an Empirical Orthogonal Function (EOF)
analysis to selected variables in order to isolate their major
intraseasonal variability. We discuss only the first EOF,
which represents the dominant mode. It captures at least
20% of the variability for each selected variable. Simulated
variables listed hereafter are analyzed for austral summer
months (DJF) on a 5-day (pentad) resolution. We define
hereafter EOF y (ECy) and the spatial EOF pattern (temporal
loadings) for parameter X.

[14] 1. Precipitation: 21% of the variance is captured in
the first EOF.

[15] 2. Isotopic composition of precipitation (6'*0): 27%
of the variance is captured in the first EOF.

[16] 3. Vertically integrated horizontal moisture transport
H=H,+H, H= [{° 0@) - u(z) 0z, where TOA stands
for ‘top of the atmosphere’. In this case, we applied the
complex (or Hilbert) EOF method [Venegas, 2001] on H* =
H,+ 1 - H, to account for the common variability of zonal
and meridional moisture advection): 29% of the variance is
captured in the first EOF. H, (H,) represents the zonal
(meridional) moisture advection.

[17] 4. Mean sea level pressure (SLP) (The leading EOFs
of the sea-level pressure (SLP) and geopotential height at
200 hPa ®,ggnp, match in first order the topography. We
suggest this first EOF to be an artefact of the computation
technique: SLP = P, + [§ — RJTL,,(z) 0z, where g: gravity
acceleration, R;: gas constant for dry air, 7,(z): virtual sub-
surface temperature. In order to compute sea-level pressure
at elevated grid points, we need to define a virtual atmo-
spheric temperature profile below the surface. This virtual
temperature was reconstructed on sub-surface pressure
levels by a 3-D interpolation of surrounding atmospheric
temperature. It is therefore biased by temperature variations
along steep topography. The second EOF is not biased by
altitude and is thus thought to represent the dominant mode
of meteorological variability. The geopotential height is
computed as a vertical integration of temperature-dependent

air density, based on the SLP: ®,40pp, = 2000Pa —RqT(P) OP,

P=SLP
with the same variable names as above.): 26% is captured in
the meteorological dominant EOF.

[18] 5. Geopotential height at 200 hPa ®,gqpp,: 20% is
captured in the meteorological dominant EOF.

[19] Following Dommenget and Latif [2002] and Bjornsson
and Venegas [1997], we adopted several representations for
EOF results. Figure 2 shows the EOF spatial patterns for
precipitation (a), 8'0 (b) and H, (c). This illustrates the
dominant bi-modal variability in precipitation, with the
positive poles in a crescent shape over the Atlantic off
Belém, the Ecuadorian Amazon and the Parana and the
negative pole over the Nordeste and the neighboring Atlan-
tic. The 6'®0 shows a similar pattern explained by the
amount effect with hifgh precipitation coinciding with low
6"80. As a result the 60 EOF pattern has the opposite sign
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Figure 2. Leading empirical orthogonal function (EOF)
pattern for summer (DJF) pentad (5-day) averaged vari-
ables. The first EOF is plotted for (a) precipitation, (b)
isotopic composition of precipitation (6'*0), (c) meridional
vapor transport (H, = Q-V-j, positive when flowing
northward). All EOF are normalized, with red (blue)
indicating positive (negative) EOF values. The color bar
applies to all plots.

to EOFp,... The 60 EOF shows a stronger relation
between the Ecuadorian Amazon and the Parana than for
precipitation. The major feature of the H, EOF is a strong
southward moisture transport centered over Santa Cruz
[60°W; 20°S].

[20] Table 1 shows the correlation coefficients between
the loadings (EC) of the variables cited above. H, and H,
are independent and hence uncorrelated. Furthermore, H,, is
not or loosely correlated to all other variables, showing that
the SAMS variability is instead captured by the H, vari-
ability. The cross-correlation of ®,yonpa EC is generally
lower than for SLP, demonstrating that the intraseasonal
variability in our study is more related to low-level circu-
lation than upper-level circulation. Finally, Prec, 6'%0 and
H, are well correlated with each other (R* > 41%). Figure 3
shows correlation maps between precipitation anomalies
and the P (a), 6'%0 (b) and H, (c) loadings with all graphs
displaying the same bi-modal pattern shown in Figure 2a.
This indicates that a common phenomenon is responsible
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for the dominant variability mode. In the next section, we
demonstrate this underlying phenomenon is related to
SACZ/SAMS intraseasonal variability.

3. The Parana - Nordeste Dipole

[21] Precipitation over the South American continent
simulated by REMO displays a dipolar pattern, with one
extremum over north-east Brazil at [40°W; 10°S] (hereafter
referred to as Nordeste) and an opposite extremum over the
south Brazil and Paraguay at [55°W; 25°S] (hereafter
referred to as Parand), as has been found in other studies
[Herdies et al., 2002; Carvalho et al., 2002]. Alternation
from one extreme to the other is mainly related to the
location of the South Atlantic Convergence Zone (SACZ).

[22] In the present section, we first underline the dipolar
pattern of precipitation as simulated with REMO,,,. We then
investigate mechanisms in upper and lower level atmospher-
ic motion related to this precipitation regime, to relate the
bi-modal pattern to the comprehensive SAMS phenomenon.
Finally, we analyze the isotopic signature of precipitation as
an integrative proxy for precipitation and regional circula-
tion patterns.

3.1. Oceanic Versus Continental SACZ Composites

[23] Figure 2a shows the first EOF of pentad austral
summer (DJF) precipitation over South America character-
ized by the bi-modal pattern described above.

[24] On the basis of the first EOF of precipitation, we
define the oceanic SACZ composite as the mean of pentads
with loadings lower than the 25% percentile of ECp,.. The
25% percentile is equal to —0.76 standard deviation of
ECp,e.. Similarly, the continental SACZ composite merges
all ECp,.. pentads above the 75% percentile (+0.56 standard
deviation). Carvalho et al. [2002, 2004] likewise associate
precipitation regimes in sub-tropical America with the
position of the SACZ: high precipitation over Parana (Brazil
east coast) occurs during dominantly continental (oceanic)
location of the SACZ.

[25] The bimodal pattern in precipitation between the
Nordeste and the Parana is reported in several studies, based
both on observations and simulations. However, authors use
different criteria to define extreme phases of the dipole

Table 1. Correlation Coefficients R Between the Loadings (EC)
Associated With the First EOF for Precipitation (Prec), Isotopic
Composition of Precipitation (§'*0), Zonal (H,) and Meridional
(H,) Vapor Transport, Mean Sea-Level Pressure (SLP) and
Geopotential Height at 200 hPa (®)*

EC Prec §'%0 H, H, SLP Drgonpa
Prec 1 0.64 0.32 0.75 0.4 0.33
"0 0.64 1 * 0.76 0.53 0.3
H, 0.32 * 1 * * 0.26
H, 0.75 0.76 * 1 0.57 0.22
SLP 0.40 0.53 % 0.57 1 0.45
Doonpa 0.33 0.30 0.26 0.22 0.45 1
R 27% 34% 38% 24% 10%

#The mean common variance of one field with all the other is indicated in
the last row (o). * denotes correlations which fail the student-t significance
test at the 90% level.
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Figure 3. Correlation of precipitation over the whole
study domain with the loadings (EC) associated to the first
EOF for following parameters: (a) precipitation, (b) 6'%0,
(c) meridional moisture transport. Only correlations sig-
nificant at 95% are displayed. Positive (negative) correla-
tions are displayed in light (dark) grey. The color bar applies
to all plots.

depending on the research focus. In the following para-
graph, we briefly review climate parameters associated with
extreme precipitation over the Parana-Nordeste dipole.

[26] Grimm et al. [2004] use the first EOF of land
precipitation to define intraseasonal modes. REMO repro-
duces similar results as Grimm et al. [2004] in both the
dipole found in the first precipitation EOF as well as the
seesaw shape of the second EOF (not shown). Using a
slightly different approach, Lenters and Cook [1999] iden-
tify a similar dipole between the Parand and Nordeste
precipitation using EOF analysis of 5-day geopotential
height at 200 and the Global Precipitation Index (GPI). A
similar heterogeneous correlation map of the first loadings
of the NASA-DAO geopotential height with global precip-
itation index (GPI) database further extends the negative
correlation in Nordeste over the tropical Atlantic off the
Brazil east coast. These observations are in agreement with
similar correlation maps by REMO,, (not shown). Doyle
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and Barros [2002] investigate the interannual variability of
summer precipitation over sub-tropical America, based on
monthly NCEP reanalyses. Monthly precipitation displays a
similar dipole between the Parand and southern-eastern
Brazil, which is found to be correlated to SST in western
sub-tropical south Atlantic (WSSA). The continental (oce-
anic) composites by REMOy,, correspond to the cold
(warm) composites described by Doyle and Barros [2002].

3.2. Upper and Lower Level Atmospheric Motion

[27] Geopotential height at 200 hPa indicates the synop-
tic forcing of the SAMS. EC4 is poorly correlated to
precipitation, with a squared correlation coefficient 7 =
11% between their loadings. The dominant mode is consis-
tent with the leading EOF from the NASA/DAO analyses
Lenters and Cook [1999]. The strengthening of the Nordeste
trough is associated with enhanced precipitation over the
Parana region.

[28] The wvertical structure of the atmosphere under
continental/oceanic SACZ conditions is shown in Figure 4.
In the continental SACZ composite (Figure 4a), latent heat
release by convection over central Amazon shifts the warm
core anomaly to the West by ~5°. As a consequence, the
Bolivian high follows the same shift, but its strength is not
significantly altered. The oceanic composite (Figure 4b)
moves the Bolivian high ~3° East of its climatological
location, with high latent heat release related to enhanced
convection off Brazil’s East coast. In both cases, the Bolivian
high does not undergo a clear latitudinal shift. Figure 4¢
shows the difference between the continental and oceanic
SACZ composites, illustrating the eastward shift of the warm
core at 400 hPa responsible for shifting the Bolivian high
eastward at 200 hPa.

[29] Precipitation variability appears to be closely related
to low-level circulation illustrated by the higher correlations
between SLP and H, than for ®,qg,p,. The relationship
between H, variability and extreme events such as the LLJ
warrants further discussion.

[30] H, reaches the next strongest correlation coefficient
with precipitation R? = 56%. Its EOF (Figure 2c) is marked
by an enhanced southwards flow above Santa Cruz [60°W;
20°S] associated with high precipitation over the Parana,
related to the frequency of LLJ events at this location [Vera,
2002]. Figure 4a shows that the core of the southwards wind
during the continental SACZ composite is located at [S0°W;
850 hPa]. Although REMOy,, fails to represent the correct
location of the mean southward winds (shifted eastward by
10°), it correctly captures that the variability at 60°W
controls the Parana precipitation (Figure 2c¢). The oceanic
SACZ composite (Figure 4b) is marked by the absence of
LLJ between 60°W and 50°W. Southwards winds are then
predominant at 35°W, off Brazil’s east coast. The difference
between the continental and oceanic SACZ composites
(Figure 4c) underlines the eastward shift of meridional winds
between the continental and oceanic SACZ composites.

[31] These results are in good agreement with previous
modeling studies. Gan et al. [2004] reports a similar
opposition between LLJ paths in the oceanic/continental
SACZ composites in the NCEP re-analyses. High precipi-
tation in Western Central Brazil is associated with LLJ
hedging an enhanced Chaco low, hence diverted from the
Eastern flank of the Central Andes directly to the western

5of 14

85U8017 SUOWIWIOD @A 810 3|t jdde ayy Aq peusenob ae sl VO ‘88N JO Sa|nJ 10y AReldiTaUIIUO AB]I UO (SUOIPUOD-PU-SWR)/LI00" A8 | 1M ARe.q jpulJUoy/Sdny) SUORIPUOD pue swiie 1 8y} 88s *[z202/TT/Tz] uo ArigiTauliuo A|im ‘ABojoice N 8vE IdIN Aq 862800Ar9002/620T OT/I0P/W0D A8 |imAreiq i putjuo'sqndnfey/sdny wo.y pepeojumoq ‘0zd ‘2002 ‘PZ0zz9STe



D20118

Continental SAMS

a) x10°Pa

10 =
-100 -80 -60 -40 -20

C) x10'Pa

Figure 4. Vertical cross section along the 20°S parallel.
Altitude is given in pressure levels (1e4 Pa). The thick black
line represents the topography. (a) Continental SACZ
composite, (b) oceanic SACZ composite, (c) difference
between continental and oceanic SACZ. Colored shading
represents the standing temperature eddy (difference from
zonal mean, 1 K intervals for a—b, 0.5 K for (¢), continuous
(dashed) lines represent positive (negative) standing geo-
potential height eddies (20 m intervals for a—b, 5 m for c).
The light (dark) grey filled contours represent southwards
(northward) meridional winds (V) above 6 m/s (a—b), or
positive (negative) wind difference above 1 m/s (c).

flank of the Brazilian highlands. High precipitation over the
Parana is associated with a vanishing Chaco low, which
enables LLJ to develop over Santa Cruz. Dominant LLJ at
the western flank of the Brazilian highlands instead of the
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eastern flank of the Andes is simulated in both REMO and
the RegCM2 RCM [Rocha and Ambrizzi, 2004]. Vernekar
et al. [2003] on the other hand report a prevalence of
Andean LLJ at 18°S. For further information, the reader is
conferred to publications related to the SALLJEX experi-
ment [Vera, 2002].

[32] Figure 5 shows a synthetic view of atmospheric
dynamics associated with the SAMS. In the continental
SACZ composite (Figure 5a), the Chaco low is located at
[61°W; 22°S]. A strong South Atlantic high gives positive
SLP anomaly over south-east Brazil [40°W; 20°]. This
strong cyclonic flow implies a higher frequency of LLJ
events, especially at [60°W; 18°S] (marked by arrows on
5a). This flow advects moist air from the Amazon basin
with negative ‘moist static stability’ [Lenters and Cook,
1999], which favors convection over the Parana region (as
seen in the wind divergence at 200 hPa on Figure 5a). High
precipitation over the Parand is related to the continental
location of the SACZ. The situation is reversed in the
oceanic SACZ composite (Figure 5b). The Chaco low is
strengthened and shifted north-eastward to [58°W; 18°S].
The south Atlantic high is weakened and shifted to the
south-east. The reduced cyclonic flow redirects the warm
moist Amazonian air to the Nordeste. The oceanic SACZ is
then fed by maritime moisture, with strong convection (and
upper-level divergence) off Brazil’s east coast [35°W,
25°S]. Figure Sc illustrates the changes in SLP over
south-east Brazil, and the related convection patterns.

[33] In conclusion, the analysis of lower and upper
atmospheric circulation demonstrates that REMO,, accu-
rately reproduces the mechanisms of the SAMS, as de-
scribed by Zhou and Lau [1998] and Vera et al. [2006].
Intraseasonal variability of the SAMS can be represented by
alternate continental and oceanic SACZ composites, which
explains the bi-modal shape of precipitation (Figure 2a).

4. Stable Water Isotopes: An Integrated Proxy of
the SAMS

[34] Given this validation of REMO to correctly simulate
intraseasonal variability, we can extend our investigation to
the water isotope diagnostics in REMO;,,,: what does the
8'®0 signature in precipitation reveal about the regional
circulation patterns?

[35] The present study is innovative in its use of stable
water isotopes to characterize the source and path of
moisture from its isotopic signature. In this section, we
concentrate on intraseasonal variability of §'*0 over South
America, which has not been documented so far with
isotope-enabled circulation models. Since summer precipi-
tation represent 80% of the annual precipitation, and given
the resolution of Andean ice cores over the last century, the
intraseasonal variability will be recorded in isotopic
archives and should strongly influence the mean annual
6'%0 value.

4.1. "0 and Moisture Trajectory

[36] The climatological 6'*O pattern simulated by REMO
is discussed by Sturm et al. [2007]: REMOy,, is in reason-
able agreement with GNIP observations and accurately
reproduces the §'%0 pattern across tropical South America.
Figure 6 shows the §'80 for the continental (Figure 6a) and
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Figure 5. Atmospheric DJF circulation for the (a) the continental SACZ composite, (b) the oceanic
SACZ composite, (c) the difference between the continental and oceanic SACZ composites. Mean sea
level pressure is displayed in labeled contours, in hPa (with a 1e5 Pa subtracted from the mean). The light
(dark) grey shaded areas represent wind divergence at 200 hPa_above the 75% (below the 25%)
percentile. Arrows represent the mean horizontal vapor advection H. CL represents the location of the
Chaco low.
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Figure 6. 6'®0 in precipitation (shaded, in %o) for the (a) the continental SACZ composite, (b) the
oceanic SACZ composite, (c) the difference between the continental and oceanic SACZ composites. The
top color bar (in %o) applies to (a—b). The bottom color bar applies to the difference (c). The labeled
contours represent total precipitation (with 300 mm/month interval). Colored dots represent 6'*0 at GNIP
stations, with their names displayed below. Since GNIP observations are available as monthly values
only, the colors are identical for (a—b). The dotted grey lines represent streamlines (or back-trajectories)
of mean horizontal moisture flux (H = QO - u).
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the oceanic SACZ composites (Figure 6b). §'%0 observa-
tions from the GNIP network are represented as colored
dots. Trajectories (The mean wind directional constancy,

calculated on the basis of 6 h wind speeds, is defined as
= —_2 —2

D.= WAl Vi 1 case of steady winds, D. =1, and it
decreases towards 0 if its direction is very variable. The
wind constancy simulated by REMO;,, in DJF is higher
than 0.8 north of a line from [65°W; 15°S] to [44°W;, 23°S].
This is consistent with previous studies [Brahmananda
Rao et al., 1996; Garreaud, 1999, 2000]. Hence, we can
assume that streamlines are a valid estimation of the mean
back-trajectories.) leading to the GNIP stations are also
represented.

[37] On Figure 6, the §'®0 pattern follows the precipita-
tion iso-lines, illustrating the amount effect: heavy precip-
itation is characterized by low §'®0. According to the
Rayleigh distillation theory, 6'%0 decreases exponentially
with the cumulative precipitation along the trajectory. Dur-
ing the wet season, re-evaporation from the land-surface has
a negligible effect on 'O [Sturm et al., 2007]. This
illustrates the integrative character of the isotopic signal,
with the §'®0 of downstream precipitation retaining a
memory of the rainout intensity along its trajectory.

[38] The integrative character §'%0 of is responsible for
strong connection between the Ecuadorian Amazon and the
Parand in the 6'*0 EOF pattern (Figure 2b). Strong precip-
itation over the Amazon is associated with strong precipi-
tation over the Parand, as demonstrated by the precipitation
EOF (Figure 2a). The previous section on atmospheric
circulation shows that air masses cross the Amazon before
reaching the Parana. Consequently the 6'°0 at the Parana
records both the increased local precipitation, as well as
previous increased precipitation over the Amazon. Similarly,
the correlation map of the 60 EC with precipitation
anomalies (Figure 3b) shows a stronger relationship between
precipitation over the Amazon and the Parana than for the
precipitation EC (Figure 3a). This memory effect makes
5'®0 a better proxy for SAMS variability than precipitation
alone.

[39] Table 1 shows that ECs shares an average 34%
variance with all other loadings (second highest after ECy,).
The highest correlation is reached for §'*0 and meridional
vapor transport H, (R* = 0.58%), whose EOF is maximum
over Santa Cruz. This finding provides further support for
the dominant role of LLJ in SAMS variability. Extreme
precipitation related to LLJ have a typical duration of a few
hours, with nighttime maxima [Vernekar et al., 2003].
Pentad-averaged precipitation varies linearly with the oc-
currence of LLJ extreme precipitation events. Since §'%0
decreases exponentially with precipitation amount, pentad-
average 6'°0 is more likely to capture extreme precipitation
events. This integrative characteristic becomes even more
obvious at lower sampling frequencies. The typical SAMS
dipole is recorded in the monthly 6'®*0 anomalies, although
they are not noticeable in monthly precipitation anomalies
8'%0 [Sturm et al., 2007].

4.2. Regional Relevance of Station Measurements

[40] EOF analysis is a convenient method for analyzing
physical processes responsible for spatial and temporal
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variability in gridded climate data sets. The previous sub-
section has shown that §'®0 in particular is a good proxy of
the SAMS variability, as simulated by REMOj,,. With no
gridded data sets available for §'®0 observations, we are
required to base our analysis on station data. In this section
we demonstrate that SAMS variability can be identified
based on station records such as the rain-gage network over
Bolivia [Vimeux et al., 2005].

[41] To evaluate the use of station data to provide results
coherent with the EOF method, five locations were selected
for their representativeness of the SAMS variability, repre-
sented as boxes on Figure 1. In each 5 x 5° box, we
compute the mean precipitation and weighted; these time
series are hereafter referred to as ‘box records’, analogously
to rain gauge and 6'*0 observations. These ‘virtual’ stations
are centered at following locations:

[42] 1. The box including Belém is centered at [51.5°W;
3.5°S].

[43] 2. The Ecuadorian Amazon box is centered at
[73.5°W; 4.5°S]. It lies on the eastern foothill of the
Cordillera, at the origin of the Southern LLJ.

[44] 3. The Nordeste box is centered at [42.5°W; 9.5°S],
at the Northern extension of the precipitation maximum in
the oceanic SACZ composite.

[45] 4. The Parand box is centered at [52.5°W; 28.5°S]. It
marks the precipitation maximum in the continental SACZ
composite.

[46] 5. The Zongo box is centered at [65.5°W; 14.5°S], at
the foothills of the Altiplano. Extensive isotopic observa-
tions at daily and monthly time-scale have been conducted
along this valley, as reported by Vimeux et al. [2005].

[47] Table 2 shows the cross-correlation coefficients be-
tween mean precipitation and §'%0 for all five box records,
including the loadings of precipitation and 6'*0 (ECp,.. and
ECs). We first examine how box records individually
correlate with SAMS variability, represented by ECp,..
and ECs. Then we investigate the cross-correlations be-
tween station records, to identify SAMS variability mech-
anisms without the help of EOFs.

[48] Precipitation from the Parand and Nordeste boxes
primarily illustrate the bi-modal pattern of the SAMS
variability. In accordance with the EOFp,. pattern
(Figure 2a), the correlation coefficient with ECp,. is
strongly negative for Nordeste (R = —0.88) and
positive for Paranda (R = 0.57). Significant positive
correlations with ECp,.. are also found all along the
crescent-shaped continental SACZ maximum: Belém
(R = 0.33), Ecuadorian Amazon (R = 0.34).

[49] 6'%0 is a better proxy for the SAMS variability than
precipitation, because of its memory effect. As for precip-
itation, the §'®0 in the Nordeste box is strongly anti-
correlated with ECs (R = —0.76). Since the Ecuadorian
Amazon and Zongo boxes are located in continental SACZ
composite (2b), their §'0 is well correlated with ECg
(Ecuadorian Amazon: R = 0.59, Zongo: R = 0.62).

[s0] Table 2 (upper panel) summarizes the cross-correla-
tions between box precipitation (corresponding to Figure 7).
Sites typical for the continental SACZ composite (Ecua-
dorian Amazon and Parand) are significantly correlated with
each other (R = 0.3). Both are anti-correlated with the
oceanic SACZ site (Nordeste, respectively R = —0.39 and
R = —0.50). Back-trajectory computations show that the
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Table 2. Correlation Coefficients Between Mean §'%0 and Precipitation Over Selected Locations®

Stations Ec. Amazon Nordeste Parana Zongo Belém Prec 8"%0
Precipitation EC#1
Precipitation Ec. Amazon 1 —0.39 0.30 * * 0.34 —0.62
Ec. Amazon ' 0.38 —0.44 0.29 * * 0.33 —0.49
Nordeste —0.39 1 —0.50 * —-0.27 —0.88 0.70
Parana 0.30 —0.5 1 * * 0.57 —0.55
Zongo * * * 1 * * *
Belém * —0.27 * * 1 0.33 *
§"%0 EC#1
§'%0 Ec. Amazon 1 —0.35 * 0.63 * -0.33 0.59
Ec. Amazon ' 0.5 —0.43 0.22 0.3 * —0.39 0.57
Nordeste —0.35 1 —0.36 —0.42 0.2 0.55 —0.76
Parana * —0.36 1 * * —0.54 0.4
Zongo 0.63 —0.42 * 1 —0.21 —0.21 0.62
Belém * 0.20 * —0.21 1 —0.38 *

“Each location is represented by a 5 x 5° box. The Ecuadorian Amazon box is centered at [73.5°W; 4.5°S], Nordeste at
[42.5°W; 9.5°S], Parana at [52.5°W; 28.5°S], Zongo at [65.5°W; 14.5°S], and Belém at [51.5°W; 3.5°S]. The Ecuadorian
Amazon~ ", located to the west of the study domain, was correlated with a —1 pentad lag. The last two columns represent the
loadings (EC) of the first EOF for precipitation and 6'%0. % denotes correlations that fail the Student-t significance test at 90%

level.

average traveltime for an air parcel from the Atlantic to the
Zongo valley ranges from 6 [Sturm et al., 2007] to 10 days
[Vimeux et al., 2005] during the wet season. Hence lagged
(—1 pentad) correlations were computed for the Ecuadorian
Amazon site, which increased the anti-correlation with the
Nordeste (R = —0.44).

[5s1] Table 2 (lower panel) summarizes the cross-correla-
tions for box 6'°0. The correlation coefficients for §'%0 are
generally larger than for precipitation. 6'%0 appears there-
fore as a more consistent regional proxy of the SAMS
variability. As for precipitation, the lagged correlation for
the Ecuadorian Amazon results in more pronounced corre-
lations with the Nordeste (R = —0.43) and the Parana (R =0.22).
In the particular Zongo case, box §'%0 is strongly correlated
with Ecuadorian Amazon 6'%0 (R = 0.63) and significant
anti-correlation with the Nordeste (R = —0.42). On the

other hand, Zongo precipitation is not correlated to any
other box precipitation records.

[s2] The 6'®0 precipitation box records were correlated
with domain-wide precipitation, according to the method-
ology by Dommenget and Latif [2002]. We select four sites
that record maximum SAMS variability, shown by 5 x 5°
black boxes in Figure 7: Ecuadorian Amazon (Figure 7a),
Nordeste (Figure 7b), Parana (Figure 7¢), and Zongo
(Figure 7d). The correlation of the box with domain-wide
precipitation is represented by shaded areas: light (dark)
grey represent positive (negative) significant correlations.
The significant correlations of box precipitation with do-
main-wide precipitation larger than 0.35 in absolute values
is represented by contours: continuous grey (dashed black)
lines represent positive (negative) lines.

[s3] For all sites, the box precipitation is positively
correlated with the surrounding precipitation (gray contin-

Zongo

a) Ec. Amazon b) Nordeste

Precipitation

C) Parana d)

0 0.5

Figure 7. Correlation of box precipitation (upper row) and (lower row) with domain-wide precipitation.
Only 95% significant correlations are plotted. The color bar is common to all sub-figures. The outlined
boxes (identical to the boxes on Figure 1) represent the location of the sites: (a) the Ecuadorian Amazon
(b) the Nordeste (c) Parand, (d) Zongo valley at the foothills of the Altiplano. The exact box location in

given in Table 2.
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uous contours), showing the boxes are well representative
of their area. In accordance with the precipitation EOF
pattern (Figure 2a), the Ecuadorian Amazon and Parana
are anti-correlated with the Nordeste (black dashed contours
on Figures 7a—7c). In contrast, precipitation in the Zongo
box does not show any significant anti-correlation with
poles of the oceanic SACZ composite.

[54] The correlation of box with domain-wide precipita-
tion (shaded areas on Figure 7) illustrates the memory
effect. Because of the amount effect, nearby upstream areas
are negatively correlated with box: this is most obvious for
the Ecuadorian Amazon (Figure 7a) and Zongo (Figure 7d)
boxes. In both cases, the box correlations have a larger
coverage than precipitation correlation: station is therefore a
suitable proxy for regional summer precipitation. In accor-
dance with the EOF pattern (Figure 2b), sites representative
for the continental SACZ composite (Ecuadorian Amazon
and Parand) are anti-correlated with oceanic SACZ com-
posite sites (Nordeste). The box correlation is particularly
interesting in the Zongo case: although the local precipita-
tion has only a local significance, the box shows a signif-
icant positive correlation with upstream regions typical for
the continental SACZ composite (Ecuadorian Amazon), and
negative correlation with the oceanic SACZ composite
(Nordeste). This shows that from the Zongo box is a valid
proxy for the intraseasonal SAMS variability, unlike the
precipitation amount alone.

[55] In conclusion, correlations between station records
and domain-wide precipitation reveals best the SAMS
variability, in accordance with the EOF analysis. The
superposition of correlation maps for the Ecuadorian Am-
azon, Zongo and Parana stations (Figures 7a—7d) is an
approximation of the EOF pattern (Figure 2b); the agree-
ment is not perfect, because the sampling frequency (5 days)
is in the same order of magnitude as the traveling time of
vapor across the selected sites. This can be accounted for
with lagged correlation (for the Ecuadorian Amazon site).
The present modeling study offers a conceptual basis for
further observation-based studies: box (and likewise station
measurements) are likely to capture SAMS variability when
correlated with gridded meteorological data sets.

5. Discussion

[s6] The objective of the present section is to verify
whether the SAMS mechanisms, as described in previous
publications, are consistent with new evidence from the
stable water isotopes. We first demonstrate that REMOy,,
represents the characteristic meteorological features of the
South American Monsoon System. This is a pre-requisite
for the analysis of the isotopic signal. Second, the variability
confirms the dominant role of LLJ on the SACZ variability.
Finally, we discuss the possible feedback between the
atmosphere and the Atlantic sea-surface temperature con-
trolling the SACZ.

[57] Interpretation of the isotopic signal is only justified if
REMOy,, accurately reproduces the SAMS variability.
REMO;,,, accurately reproduces the mean summer climate
across tropical South America [Sturm et al., 2007], albeit
excessive precipitation amounts. Hereafter, we discuss how
REMO accounts for intraseasonal variability in comparison
to both modeling and observational studies.
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[s8] The composite for maximum January precipitation
over West-Central Brazil reported by Gan et al. [2004]
exhibit the same circulation patterns as REMO oceanic
SACZ composites. The Chaco low is enhanced and shifted
to the North by 5°, together with a weakening of the South
Atlantic high. Anomalous cyclonic circulation diverts the
Amazonian airflow to the west instead of the south-west,
where it converges with northerly Atlantic flow. Moist,
unstable air convergence cause an intensification of the
SACZ, which is shifted northward. Similar strengthening
and northward shift of the SACZ is reported by Carvalho et
al. [2002] and Barreiro et al. [2002]. It results in increased
precipitation over Central-West Brazil, extending down to
Sao Paolo. The atmospheric circulation simulated by
REMOy,, reproduces all these characteristics. Hence the
intraseasonal variability simulated by REMO;,, can be
assimilated to SAMS variability.

[59] Vernekar et al. [2003] describes the simulation of
South American summer climate at daily to inter-annual
time-scales with the NCEP Eta RCM. LLJ develop with
periodicity of 20 days. The role of LLJ is further docu-
mented by Nogues-Paegle et al. [2003], Grimm et al.
[2004], and Carvalho et al. [2002].

[60] The present study reinforces the relevance of LLJ to
the SAMS variability. The correlation of ECyy, in Table 1 is
stronger with than with precipitation. Furthermore, since
varies exponentially with precipitation amounts, low-reso-
lution (up to monthly) records are a good proxy for extreme
rain events related to LLJ. A fast Fourier transform (FFT)
analysis on the H, loadings reveal two minor peaks at 13
and 14 day periods, with larger peaks at 24 and 51 day
period. Hence REMO seems to capture correctly the
~20 day cyclicity of LLJ. According to Paegle et al.
[2000] and Carvalho et al. [2004], the ~ 50-day periodicity
could represent the modulation of SACZ activity by the
Madden-Julian Oscillation (MJO) over the tropical Pacific.

[61] Doyle and Barros [2002] present an extensive study
on inter-annual Atlantic SST anomalies and related circula-
tion patterns over Subtropical South America. Monthly SST
in the western sub-tropical South Atlantic (WSSA) is found
to be correlated with the position and intensity of the SACZ,
hence with precipitation patterns over sub-tropical South
America. Barreiro et al. [2002] identify similar correlations
between precipitation EOF loadings and South Atlantic SST
indices in ensemble runs with the CCM3 GCM: SST
forcing explains a significant part of the SACZ variability
over the Atlantic, but has little influence on the variability of
continental precipitation. The C (W) composite defined by
Doyle and Barros [2002] corresponds to the oceanic (con-
tinental) SACZ composite simulated by REMO,,,, although
REMO;,, is driven by climatological SSTs.

[62] The contradiction can be resolved by considering the
SACZ variability as being primarily of atmospheric origin,
with positive feedback from the surface ocean. Singular
value decomposition show that sea level pressure lead SST
changes by 1-2 months [Venegas et al., 1997], indicating
an atmosphere-to-ocean forcing. The SACZ location in its
continental composite tends to decrease the SST over the
WSSA. The enhanced cloudiness reduces the radiative
heating of surface ocean, and increased surface winds mix
the ocean boundary layer. The negative SST anomalies in
turn enhance the temperature contrast between land and
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ocean, strengthening a giant land-sea breeze that intensifies
the oceanic SACZ. Furthermore, the Brazilian Current
flowing along the east Brazil coast advects negative SST
anomalies to the South. Similar to Lenters and Cook’s
[1999] second mechanism, the cold-core subtropical low
is strengthened, thus enhancing moist westward flow into
the oceanic SACZ and helping maintaining a strong SACZ
activity on seasonal time-scales.

[63] In conclusion, the short integration (5 years) of
REMO using climatological SSTs primarily reflects the
intraseasonal, atmospheric variability of the SACZ. The
variability is highest over land, where feedbacks by energy
and moisture exchanges with the surface strengthen the
stochastic behavior of the SAMS. Nevertheless, the fact that
the variability patterns agree well with observations and
coupled model studies suggest an atmosphere-to-ocean
forcing between the SACZ and South Atlantic SST. The
lack of a coupled ocean model in REMO merely limits the
positive feedback from SST on the SACZ, which could
affect the persistence of the simulated SACZ.

6. Summary and Conclusion

[64] The present study investigates the intraseasonal var-
iability of austral summer (DJF) South American climate
based on a 5-year integration of the regional circulation
model REMOj,,, with climatological SST. We choose a 5-day
(pentad) sampling frequency and perform an EOF analysis on
different climate parameters: precipitation, 200 hPa geo-
potential height, mean sea level pressure and vertically
integrated moisture transport. The goal of the present study
is to investigate the stable water isotope signal in precipita-
tion and relate it to the bimodal precipitation pattern and
related SAMS mechanisms.

[65] Intraseasonal variability during austral summer is
marked by a bimodal shape, with contrasting poles over
the Parana [55°W; 25°S] and the Nordeste [40°W; 10°S].
The EOF pattern of pentad precipitation (Figure 2a) illus-
trates this pattern. It further reveals a weaker connection
between high precipitation over the Parana and the Amazon,
forming a crescent-shaped counterpart to low precipitation
over Eastern Brazil (Nordeste). This dipole structure is
widely documented in both observation and modeling
studies [Vera et al., 2006; Herdies et al., 2002; Grimm et
al., 2004; Lenters and Cook, 1999; Doyle and Barros, 2002;
Carvalho et al., 2002, 2004; Barreiro et al., 2002; Lau and
Zhou, 2003; Barros et al., 2003; Gan et al., 2004; Nogues-
Paegle et al., 2003].

[66] The simulated precipitation variability is physically
related to alternating atmospheric circulation patterns. In the
case of a predominantly continental location of the South
Atlantic convergence zone (SACZ) (Figure 5), the Chaco
low shifts southwards and South Atlantic high is strength-
ened. The cyclonic flow in turn is enhanced, which
increases meridional advection of moist Amazonian air to
the Parana by means of more frequent low-level jets (LLJ)
above Santa Cruz [60°W; 20°S]. In the opposite case
(oceanic SACZ composite - Figure 5b), Amazonian mois-
ture is diverted zonally toward east Brazil. This leads to a
north-eastern shift of the SACZ. The interaction between
the SACZ location, changes of regional circulation patterns
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and resulting precipitation variability are summarized in the
South American monsoon system (SAMS).

[67] This variability in precipitation intensity and trajec-
tory is distinctively recorded in the stable water isotope
signal. The amount effect accounts for anti-correlation
between §'®0 and precipitation. Furthermore, §'%0
decreases exponentially with the cumulative rain-fall along
its trajectory. Hence 6'%0 is a better proxy for the SAMS
variability than precipitation alone, since its ‘memory
effect’ enhances the impact of LLJ on bi-modal §'*0 EOF
pattern. In particular, §'*O at the Zongo location [65.5°W;
14.5°S] proves to be a sensitive proxy for the SAMS
variability. This result has wide-ranging implications for
the interpretation of, e.g., the Illimani ice core, located
uphill the Zongo valley. Since 80% of the precipitation
occurs in summer, the annual §'*0 will be strongly influ-
enced by summer circulation variability. Could the §'*0
record measured in the Illimani ice core be used to recon-
struct the predominance of oceanic versus continental
SACZ in the past? This question can only be answered by
separating the competing controls on precipitation 6'%0
across South America. The present study indicates that
internal, atmospheric variability has the potential to strongly
influence the §'®0 signal in the Illimani ice core and
Brazilian speleothems.

[68] In conclusion, the present study introduces a high
resolution simulation of the stable water isotopes in precip-
itation over South America. It underlines the benefits of
improved topography in representing mesoscale features,
such as the low-level jets, and their influence §'%0 on
variability at intraseasonal timescale. Nevertheless, longer
integrations of REMOj,,, with observed sea-surface temper-
atures are needed to determine the mechanisms on inter-
annual time-scales. Using the same analysis methods as
described in the present study, the isotopic signal can be
used to identify how internal, intraseasonal variability (e.g.,
SAMYS) is modulated by external, SST-driven forcing (e.g.,
ENSO in the Pacific, or Atlantic WSSA variability).
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