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CHAPTER I

Introduction

Orogenic plateaus are some of the most dramatic topographic features on Earth.
Next to the Tibetan-Himalayan system, the Andean Mountains are the second largest
tectonically active orogen on Earth, extending over 7,000 km from north to south.
The Andes are mainly the result of Nazca Plate subduction below South America
throughout the Cenozoic (e.g., Isacks, 1988). The Andean Plateau is defined as the
broad area of moderate relief and internal drainage with elevations >3 km. High
extensive plateaus are thought to influence local-to-far-field lithospheric deformation
as well as global sediment flux, ocean chemistry, and precipitation pattern (Richter
et al., 1992; Molnar et al., 1993; Masek et al., 1994; Lenters and Cook, 1995; Royden,
1996; Ruddiman et al., 1997; Sobel and Strecker, 2003). It has been known for a
long time that tectonics plays a critical role in the evolution of global climate, af-
fecting atmospheric circulation and ocean currents (e.g., Ruddiman and Kutzbach,
1989; Prell and Kutzbach, 1992; Kutzbach et al., 1993; Lenters and Cook, 1995). On
regional scales, tectonic deformation leads to rock uplift and generates topographic
relief, thereby enhancing the possibilities for orographic precipitation, which in turn
focuses erosion. Erosion on the other hand enhances denudation and mass transfer

that guide advanced uplift. However, the task of correctly differentiating between



tectonically and climatically driven processes and their influence on denudation and
topographic evolution is complicated by variations in tectonic rates and long- and
short- term climate variability. In the Andes, our limited understanding of the el-
evation history of the Andean Plateau and the regional climate change that takes
place in response to surface uplift is the most uncertain constraint in quantifying
the interaction between tectonic deformation, surface uplift, climate, and surface
processes.

The timing and rates at which current Andean elevations were attained are
strongly debated. Elevation reconstructions based on fossil-leaf morphologies, car-
bonate clumped-isotope thermometry, and carbonate oxygen isotopic compositions
suggest a rapid and recent rise of the Andean Plateau whereby ~2.5 km of elevation
(>1/2 the current plateau height) was obtained during the late Miocene (~10-6Ma)
(Fig. 1.1; Gregory-Wodzicki 2000; Garzione et al. 2006; Ghosh et al. 2006). Oxygen
isotope paleoaltimetry is assumed to provide the most robust estimation of Andean
paleoelevations. This approach uses preserved 60 in sedimentary carbonates as a
proxy for ancient meteoric §'80. The composition of §'80 in these archives is con-
trolled by the temperature and the composition of meteoric water at the time of
mineral formation, both of which are related to elevation. Due to the correlation
between 680 of meteoric water and elevation, mountain surface uplift can be recon-
structed through stable isotope studies of in situ formed minerals, assuming that the
climate did not change in the past and that isotopic lapse rates (the rate of changes
in isotopic ratio with altitude) are linear and analogues to modern. Based on these
assumptions, a 3-4%o 6'%0 shift in late Miocene carbonate nodules from the Andean
Plateau has been interpreted to reflect 2.5 4= 1 km of surface uplift. However, the

proposed scenario is inconsistent with significant geological evidence (sedimentologic,
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Figure 1.1: Recent paleoelevation reconstructions of the central Andes. Apparent Plateau elevation
(km) is plotted as a function of age (Ma). Gray boxes represent paleoelevation estimations from
previous studies; dark gray line highlights the interpretation of fast and recent AP uplift. Previous
studies of AP uplift: Paleobotany: (1) Singewald and Berry (1922), (2) Berry (1939), (3) Muoz
and Charrier (1996), (4) Gregory-Wodzicki et al. (1998), (5) Gregory-Wodzicki et al. (1998), (6)
Graham et al. (2001); Paleoclimate indicators: (8) Alpers and Brimhall (1988); other geological
evidence: (10) Sebrier et al. (1988), (11) Gubbels et al. (1993), (12) Lamb and Davis (2003); Stable
Isotopes: (14) Ghosh et al. (2006); Quade et al. (2007), (15) Garzione et al. (2006)

structural, and volcanic observations) that suggest Andean Plateau growth was slow
and steady since at least the Eocene (~40Ma) (Fig. 1.1; Sebrier et al. e.g., 1988;
Elger et al. e.g., 2005; Horton e.g., 2005; McQuarrie et al. e.g., 2005; Barnes and
Ehlers e.g., 2009). Recent debates focus on the issue that the stable-isotope based
paleoaltimetry samples may underestimate the true paleoelevation due to such effects
as seasonality and evaporative enrichment (Hartley et al., 2007), burial diagenesis
(Sempere et al., 2006), and/or past climate change as the plateau grew to its current
height (Ehlers and Poulsen, 2009). The present dissertation tests the hypothesis that
the depletion of Andean precipitation 60 in ancient carbonate nodules could be

related to changes in South American Cenozoic climate associated with relatively

minor surface uplift. To test this hypothesis the following questions need to be ad-



dressed: (a) What determines the modern isotopic composition of meteoric water
along the Andes? (b) What is the effect of Andean surface uplift on regional climate
and the processes that control the isotopic composition of precipitation? (c) How
does climate change impact the interpretation of Andean paleoelevations?

However, it has been shown that the links between the rise of large mountain
ranges and climate not only work in one direction with surface uplift provoking
climate change, but that large-scale climate variations could also have a first-order
control on mountain morphology. The topography of the Andes evolves through a
balance between tectonic uplift and uplift- related orographic precipitation which
causes an asymmetrical spatial distribution of surface processes (e.g., Masek et al.,
1994; Horton, 1999; Montgomery et al., 2001). Because the Andes are perpendicular
to principle wind directions and moisture is effectively intercepted, spatial variations
in climate could strongly influence the erosional efficiency, thereby affecting the style
and location of deformation and exhumation. For example, it has been suggested
that the steep frontal slopes, high peaks, and the narrow shape of the northern
central Andes are related to high orographic precipitation and high denudation rates,
while the wider mountain belt with a more gentle topography and lower relief in the
semiarid southern part of the central Andes may reflect a tectonic landform only
slightly modified by denudation (Masek et al., 1994; Horton, 1999). The second
hypothesis to be tested is that spatial and temporal variations in denudation could
reflect climate variability over different time scales.

To understand the links between tectonics, climate and Earth surface processes on
geological to annual time scales and to test the above hypotheses, this dissertation
uses a multidisciplinary approach at the intersection between geology and atmo-

spheric sciences. Methods I integrate include numerical modeling of climate, stable



isotopes, topography and erosion as well as field and laboratory (cosmogenic radionu-
clide (CRN) analyses) work. Numerical modeling of climate for different topographies
will help to answer long-standing questions concerning how the tectonic evolution
of the Andes has influenced South American climate change (Strecker et al., 2007;
Poulsen et al., 2010). Limited-domain general circulation models (RCMs) predict the
three-dimensional climate based on the primitive equations for atmospheric circula-
tion and on representations (parameterizations) of physical processes that occur on
sub-grid scales. Climate models fitted with stable water isotope diagnostics provide
additional information about the modern hydrological cycle and the water isotopic
system in the past. Modeling results are applied to paleoaltimetry estimations to
evaluate the predictions for the Cenozoic evolution of the Andes. Field observations
and CRN dating techniques are used to investigate the coupling between climate
and surface processes on decadal to millennial timescales. Quantifying basin-wide
denudation rates from river sediments, in combination with numerical modeling of
denudation for different climate scenarios, provides the tools to assess the role of
climatic forcing in governing denudation processes (Masek et al., 1994; Montgomery
et al., 2001).

This approach offers unique, direct insights into process rates and their determi-
nants, ultimately providing information on the tectonic and climatic forcing mecha-

nisms that shape the Earths surface.

1.1 Dissertation outline

This dissertation is composed of 4 main chapters (2-5) proceeded by this intro-

ductory chapter 1 and followed by the summary and conclusions chapter 6. Chapter



2-4 utilize regional general circulation models (RegCM, REMOiso) to analyze mod-
ern and past relationships between tectonics, climate, and stable isotopes and pro-
vide constrains for the interpretation of paleoclimate and paleoaltimetry from §%0O
archives. Chapter 2 elucidates the dominant regional processes that drive modern
5180 variability. Chapter 3 evaluates dynamical and physical atmospheric changes
associated with Andean surface uplift, while Chapter 4 quantifies changes in §'*0
and isotopic lapse rates in response to Andean surface uplift and regional climate
change. An associated paper presents paleoclimate simulations of Andean surface up-
lift with a global atmospheric general circulation model (GENESIS) (Poulsen et al.,
2010). Chapter 5 is an observational study that illustrates the link between climate
variability and surface processes by evaluating the sensitivity of Holocene climate

change on the denudation history across the central Andes.

1.2 Publications and abstracts resulting from this dissertation

Publications (peer-reviewed)

Insel, N., C. J. Poulsen, C. Sturm, and T.A. Ehlers (in review), Climate controls on
temporal and spatial variability of Andean precipitation 680, Climate Dynamics.
(Chapter 2)

Insel, N., C. J. Poulsen, and T. A. Ehlers (2009), Spatial and temporal vari-
ability in denudation across the Bolivian Andes from multiple geochronometers,
Climate Dynamics, doi:10.1007/s00382-009-0637-1 [highlighted in Nature Geo-
science: Langenberg, H., 2009, Climate science: Andean rainfall, Nature Geo-
science, 2, 607]. (Chapter 3)

Insel, N., C. J. Poulsen, T.A. Ehlers, and C. Sturm (in review with co-authors),
Oxygen isotopic response to late Cenozoic Andean surface uplift, FPSL. (Chap-
ter 4)



Poulsen, C. J., T. A. Ehlers, and Insel, N. (2010), Onset of convective rainfall dur-
ing gradual late Miocene rise of the central Andes, Science, 328, 490-493

Insel, N., T. A. Ehlers, M. Schaller, J. B. Barnes, S. Tawackoli, and C. J. Poulsen
(2010), Spatial and temporal variability in denudation across the Bolivian Andes
from multiple geochronometers, Geomorphology, 122, 65-77. (Chapter 5)

Conference abstracts

Insel, N., C. J. Poulsen, T. A. Ehlers, and C. Sturm (2010), Climate controls on
precipitation §'80 along the Andes, Fos Trans. AGU, 91, Fall Meet. Suppl.,
Abstract A51E-0178.

Jeffery, L., C.J. Poulsen, T.A. Ehlers, and N. Insel (2010), Andean uplift in the
context of global climate change. EGU General Assembly, 12, EGU2010-13542

Poulsen, C.J., N. Insel, T.A. Ehlers, C. Sturm, and R. Simon (2009), Andean sur-
face uplift, climate change, and the evolution of precipitation 6'*0 FEos Trans.
AGU, 90(54), Fall Meet. Suppl., Abstract EP51D-06.

Insel, N., C.J. Poulsen, C. Sturm, and T.A. Ehlers (2009), Paleo and present §'*0
variability of central Andean precipitation: constraints from isotope-tracking cli-
mate models, GSA, Abstract with Programs, 41, 521

Insel, N., C.J. Poulsen, and T. A. Ehlers (2008), Influence of Andean plateau rise on
South American climate dynamics, Fos Trans. AGU, 89(53), Fall Meet. Suppl.,
Abstract T42A-01.

Insel, N., T. A. Ehlers, and M. Schaller (2007), Sensitivity of denudation rates
to latitudinal and orographic variations in climate, central Andes, Bolivia, Fos
Trans. AGU, 83(52), Fall Meet. Suppl., Abstract T12D-08.

Insel, N., T. A. Ehlers, C.J. Poulsen, E. Bachynski, and M. Schaller (2006), Quan-
tifying Quaternary climate variability and erosion of the central Andes with pa-
leoclimate modeling and cosmogenic °Be, Fos Trans. AGU, 87(51), Fall Meet.
Suppl., Abstract T11A-0413.
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CHAPTER II

Climate control on temporal and spatial variability of
Andean precipitation §'*0

2.1 Abstract

The stable oxygen isotopic composition of precipitation (6'%0,) is used as a proxy
for modern and paleo atmospheric, biological, and surface processes. Although the
physical processes that fractionate 80 in vapor are known, regional controls and
sources of 680, are not well understood. Here we present results from a limited-
domain general circulation model (REMOiso) to quantify regional controls on modern
(1976—1999) interannual and spatial variations of 680, across four Andean domains
spanning 50° latitude. Results are compared to observed ¢ '*0,, from meteorological
stations. Simulated annual amount-weighted mean §'*0,, ranges between -4 and -7%o
(0-5°S), -8 and -20%0 (14-26°S), -4 and -8.5%0 (30-35°S), and -7 to -10%0 (45-50°S).
Annual isotopic lapse rates on the windward side of the mountain vary between -
1.49 and -0.04%0 km~! (0-5°S), -2.46 and -0.05%0 km™! (14-26°S), -1.39 and -0.42%o
km™! (30-35°S), and -3.16 and -2.46%0 km™! (45-50°S). Relationships between cli-

mate and §'®0,, vary along the Andes. In the northern Andes, interannual variations
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in §'80,, are mainly associated with precipitation amounts driven by low-latitude
sea-surface temperature. In the northern central Andes, 60, correlates with pre-
cipitation amount, which is related to the position of the Bolivian High and moisture
source. In the southern central Andes, 6'80,, variability is mainly influenced by rain-
out linked to the strength of zonal winds and vertical ascent on the Andean flanks. In
the southern Andes, temperature determines 6'80, variability. The regional climate
- 6 180, relationships are discussed in the context of interpretations of Quaternary

ice core and pre-Quaternary sedimentary 6'%0, proxy records.

2.2 Introduction

The stable isotopic composition of meteoric water (§'%0,) is a function of hy-
drologic and atmospheric processes that act on vapor as it is transported from its
source region to its destination. In many regions, the isotopic composition of mete-
oric water is tightly linked to climatic (i.e. temperature, amount of precipitation)
or land-surface (i.e. elevation, vegetation) parameters. These modern relationships
have been used to extract paleoclimatic and paleoenvironmental conditions from ter-
restrial isotopic records in geologic archives. For example, in tropical and subtropical
South America, past climate conditions through Cenozoic and Quaternary times have
been inferred from proxy records, such as ice cores (Thompson et al., 1985, 1995;
Vimeux et al., 2008), fluid inclusions in chemical sediments (Godfrey et al., 2003),
and speleothem records (Cruz et al., 2009). The variations in isotopic compositions
of precipitation stored in mountain glaciers have been variously interpreted to repre-
sent Quaternary changes in local temperature (Thompson et al., 2000), atmospheric

vapor content (Broecker, 1997), runoff efficiency (Pierrehumbert, 1999), tropical Pa-
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cific sea~surface temperatures (Bradley et al., 2003), or upwind rainout (Hoffmann
et al., 2003; Ramirez et al., 2003). More recently, archives of precipitation § O pre-
served in ancient soil carbonates have been interpreted to indicate abrupt Andean
surface uplift by ~2.5 km (Garzione et al., 2006) or climate change associated with
uplift of the Andean Plateau (Ehlers and Poulsen, 2009; Insel et al., 2009) and the
onset of convective rainfall over the central Andes during the late Miocene (Poulsen
et al., 2010).

The controversy in the interpretation of 6'*0, records arises because the processes
that control the isotopic composition of meteoric water in South America are not
completely understood. In high-latitude regions, 6'80, is strongly, inversely related
to surface air temperature due to kinetic fractionation. In low latitudes, where tem-
perature gradients and variations are smaller, other factors are more important. For
example, previous studies have documented systematic variations in isotope ratios
of precipitation with the source of moisture and precipitation rate (e.g., Dansgaard,
1964; Rozanski et al., 1993). Quantifying the influence of different processes on the
isotopic composition of meteoric water is required for understanding both modern
and past 60, and climate variability.

In South America, our understanding of meteoric 6'#0, is hampered by the avail-
ability of modern §'®*0O,, records (e.g. in the International Atomic Energy Agency
Global Network of Isotopes in Precipitation (IAEA-GNIP) database), which are
short, discontinuous, and limited in spatial coverage (e.g., Rozanski et al., 1993;
Garcia et al., 1998; Aravena et al., 1999; Gonfiantini et al., 2001). To overcome
these deficiencies, global general circulation models (GCMs) with the ability to track
stable water isotopes have been used to understand the major climate controls on

the isotopic composition in meteoric water (e.g., Jouzel et al., 1987; Cole et al.,
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1999; Hoffmann et al., 2000; Vuille et al., 2003a; Sturm et al., 2007). Climate mod-
eling studies emphasize that there is no single control on South American § '*0,,.
Precipitation amount, moisture source, moisture transport history and the degree
of rainout upstream, temperature, atmospheric circulation, and re-evaporation from
vegetation-covered continental surfaces all of these processes can be important in in-
fluencing %0, in certain areas (Vuille et al., 2003a; Vuille and Werner, 2005; Sturm
et al., 2007). In addition, interannual variations in §'®0,, have been related to El
Nino / Southern Oscillation (ENSO) (e.g., Vuille and Werner, 2005). These studies
have focused mainly on the large-scale distribution and seasonality of meteorological
processes influencing § '®0,. Moreover, over regions with steep topographic gradi-
ents, such as the Andes, coarse resolution global GCMs tend to underestimate peak
elevations and smooth topographic gradients. To address these issues, water isotope
modules have been incorporated into higher resolution, limited-domain climate mod-
els. Using the REMOiso model, Sturm et al. (2005, 2007) demonstrate improved
simulation of climatic and isotopic feature across South America in regions where
higher resolution improved the simulation of local processes.

The goal of this study is to investigate the processes that control variability in
the isotopic composition of precipitation in the Andean region, the area from which
most geological archives have been extracted. To do so, we conduct climate simula-
tions over South America using REMOiso, a high-resolution, limited-domain, general
circulation model (GCM) fitted with water isotope diagnostics. To address paleo-
climate and paleoaltimetry issues, we focus on both interannual variability in %0,
and isotopic lapse rates. More specifically, we (1) describe interannual variations of
§'80,, and precipitation along the Andes, (2) analyze spatial and temporal variations

in isotopic lapse rates, and (3) investigate the processes that control regional and
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interannual variability in §'®*0,. Finally we discuss the implications of § *O,, vari-
ability on paleoclimate and paleoaltimetry reconstructions. Our analysis is focused
on the northern, central, and southern Andes to quantify the dominant processes
influencing §'*0,, in mountainous regions for different climatic zones (tropical, sub-

tropical, mid-latitudes) (Fig. 2.1).

2.3 Methods

We use the limited-domain, regional climate model REMOiso to quantify mod-
ern interannual and spatial variations of §'®0, along and across the Andes. RE-
MOiso is a numerical, three-dimensional regional circulation model (RCM), with a
dynamical core that is adopted from the former numerical weather prediction model
of the German Weather Service (EUROPA-MODELL, EM) (Majewski, 1991). It
is a primitive-equation, hydrostatic, compressible model with hybrid-vertical coor-
dinates. The physical parameterization scheme was implemented from the global
climate model ECHAM-4 (Roeckner et al., 1996). Critical hydrological processes
are parameterized as sub-grid-scale processes. The cumulus convection, subdivided
in shallow, middle and deep convection, follows the bulk mass concept of Tiedtke
(1989), and was adapted according to Nordeng (1994). Organized detrainment, com-
puted for a spectrum of clouds detraining at different heights, is related to buoyancy
instead of moisture convergence. Cloud water detrained at the top of cumulus clouds
enters as a source term in the stratiform cloud equation. Stratiform cloud water is
computed as a function of phase changes and precipitation formation (Sturm et al.,
2005). Soil temperatures are computed from diffusion equations at 5 levels between

10 m depth and the surface, with an additional diffusion through the snow layer
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(Sturm et al., 2005). Only bulk soil moisture is computed (bucket-type). Apart
from soil moisture, two other prognostic reservoirs are considered: interception of
precipitation by the canopy (skin layer) and snow layer depth.

Isotope fractionation and transport processes are embedded at all stages of the
hydrological cycle by defining isotopic counterparts to all water-related variables.
Therefore, the species HyO'® and HDO are treated independently from the predom-
inant HyO'%, but undergo the same processes including equilibrium and kinetic frac-
tionations (Sturm et al., 2005). Condensation into droplets or ice crystals is treated
as an equilibrium fractionation under temperate conditions. Partial re-evaporation
of rain drops below the cloud base and the resulting kinetic fractionation is treated
differently for stratiform and convective clouds, identically to the ECHAM param-
eterization (Hoffmann et al., 1998; Sturm et al., 2005). Stable water isotopes are
treated as passive tracers in soil moisture and snow layer. Isotopic compositions are
assimilated at the lateral boundaries in a similar way as other prognostic variables.
For a more detailed description of the current version of REMOiso (5.0-EC4) and its
water isotope module see Sturm et al. (2005, 2007).

REMOiso experiments are forced using boundary conditions, including stable wa-
ter isotopes, from the ECHAM-4 global climate model with specified sea-surface
temperatures (SSTs) derived from monthly satellite data (i.e. HadSST; Hoffmann
et al. 1998). Lateral and surface boundary conditions for the prognostic variables
(surface pressure, air temperature, SSTs, horizontal wind speed, water vapor and
liquid water content, stable isotopes) are specified every 6 hours to account for the
diurnal cycle. The prognostic variables are linearly interpolated between time steps.

A 24-year simulation (1976-1999) was performed for South America using a con-

tinental scale domain with 0.5° (~55 km) horizontal resolution with 160x120 grid
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points and 31 vertical levels (Fig. 2.1). Due to long simulation times, REMOiso
was not run continuously through 24 years. Instead, each simulation year was con-
ducted as an individual experiment representing 15 months (October of the previous
year to December of the simulation year) and analyzed for the actual year (January-
December). Each simulation was initialized from a spinup simulation of 21 month
(January to October) with boundary conditions for year 1993 to assure the same
initial conditions for each simulation in the experiment series. Year 1993 was chosen
for the spinup, because it deviated least from the 30yr precipitation mean over the

study area.

2.4 Large-scale South American climate and isotopes

REMOiso captures the general climatology of South America. The model sim-
ulates well the distribution of precipitation across South America, including the
regions of maximum precipitation (Amazon Basin, northern, central, and southern
Andes, South Atlantic Convergence Zone), and arid conditions over northeast Brazil,
Venezuela, northern Chile and southern Argentina (Fig. 2.1b) The main discrep-
ancy (~20% difference) between predicted and observed precipitation occurs over
the southwestern part of the Amazon Basin. We attribute this discrepancy to the
convective mass flux parameterization scheme in REMOiso (Nordeng, 1994; Aldrian
et al., 2004) that results in intense evapotranspiration and overestimation of the at-
mospheric moisture component that is recycled over the Amazon Basin. A similar
bias has been found in other general circulation model simulations of South Ameri-
can climate (e.g., Lenters and Cook, 1995; Rojas and Seth, 2003; Insel et al., 2009).

REMOiso also overestimates precipitation (~30%) along the upstream flank of the
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Andes. This discrepancy is not unique to REMO (Insel et al., 2009), and results from
an overestimation of convective precipitation in orographic regions characterized by
large moisture convergence (Sturm et al., 2007).

The low-level circulation and moisture transport is well represented in the simu-
lations (Fig. 2.1b). Northeasterly trade winds flow from the Atlantic Ocean across
the Amazon Basin. From there, northeasterly winds transport water vapor into the
central part of South America and to the eastern slopes of the Andes. Westerly flow
from the South Pacific Ocean is the primary source for South American precipitation
south of 40°S (Fig. 2.1b).

Simulated annual surface temperatures agree well in structure and magnitude with
observed values with maximum temperatures in northern Argentina, northeast Brazil
and Venezuela (Fig. 2.1¢). The Chaco Low, a low-pressure system observed in central
South America and usually characterized by high temperatures, is well developed.
However, surface temperatures over the eastern part of the Amazon Basin are too
high (approximately 2-4°C). A seasonally constant LAI (leaf area index) and surface
albedo, as currently implemented in REMO5.0 (and later improved in newer versions)
underestimates transpiration and latent heat transfer, resulting in temperatures that
are too high.

REMOiso realistically captures the large-scale patterns in %0, compared to ob-
servations (Fig. 2.1d). Simulated 6'%0, is relatively high over the Amazon Basin
due to evapotranspiration and slightly decreases to the west and south due to iso-
topic fractionation through the preferential removal of the heavier isotope with fur-
ther condensation (the continental effect). In agreement with previous studies (e.g.,
Salati et al., 1979) the continental gradient over the Amazon Basin is small due to

strong evapotranspiration by plants which replenishes the atmosphere with isotopi-
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Figure 2.1: Map of the South American domain and REMOiso climatology for the time period
1976 to 1999. (a) Map of South American topography used in REMOiso is from the United
States Geological Survey (USGS). Solid boxes indicate the regions on which our analysis focuses.
Red diamonds show available observational meteoric 480, data. (b) Simulated mean annual
precipitation (mm day~!) and wind vectors (m s™!) over South America. (c) Simulated mean
annual surface temperature (°C). (d) Simulated annual amount-weighted mean §'%0,, (%o) values.
Colored dots represent §'%0,, at certain GNIP stations.
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cally enriched water vapor. Once air masses reach the Andes, adiabatic cooling and
precipitation associated with the rising masses contribute to the isotope depletion
of vapor (altitude effect) and results in the lowest 60, values in South America.
Low 6'80, is also observed in southern South America due to the temperature ef-

fect that accounts for progressive depletion of precipitation 6'*0,, at higher latitudes.

2.5 Results

2.5.1 Interannual 'O, variability

In this section, we describe the distribution and variability in §'*0, along and
across the Andes. Annual amount-weighted mean §'®0,, for the 24 individual years
between 1976 and 1999 as well as the annual amount-weighted climatological mean
are shown in Fig. 2.3. Results are compared to observations from the northern,
northern central, southern central, and southern Andes (Fig. 2.1). Unless specifically
stated otherwise climatological means (24-yr averages) are presented. Although our
comparisons are based on annual amount-weighted mean 6'*0,, we also report the
climatological amount-weighted monthly minimum and maximum §'®0,, to indicate
the full range of 6'%0,, variability and to facilitate comparison with monthly obser-

vations and proxy records.

Northern Andes

The northern Andes between 0 and 5°S are ~50-100 km wide with elevations up
to 3500 m (Fig. 2.1a, profile A). The area is characterized by a bimodal distribution
of precipitation related to seasonal displacement of the Intertropical Convergence

Zone (ITCZ). The northward passage of the ITCZ over the domain causes a precipi-
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tation maximum between March and May, while the southward passage of the ITCZ
produces a second maximum in the amount of precipitation between September and
November (Fig. 2.2a). The most depleted stable water isotope compositions are as-
sociated with months of highest precipitation amount (Fig. 2.2b). Simulated annual
amount-weighted mean §'0,, values are -3 to -4%0 east of the Andes, then drop to ap-
proximately -5%o over the Andes, and increase to values of ~-2%o in coastal regions
(Fig. 2.3a). Interannual 6'80, variability is relatively small, varying by approxi-
mately +1.5%0 over the Andes (Fig. 2.3a). The climatological monthly maximum
and minimum §'®0,, over the Andes (above 2000 m) is -1 and -9%o, respectively
(Fig. 2.3a). Modeled §'®0,, is slightly higher than observed §'®0, from meteorolog-
ical stations situated along two transects in the northern Andes region (Fig. 2.1a).
Observed annual amount-weighted mean precipitation 6'*0, values range from about
-2%o in coastal stations to -10%o in stations located above 3000 m (Fig. 2.3a) (Garcia

et al., 1998).

Northern central Andes

The northern central Andes (14-26°S) form the widest and highest portion of
the Andean Cordillera with model elevations exceeding 4500 m (Fig. 2.1, profiles
B-D). A significant seasonal precipitation cycle exists in the Andean plateau region
with precipitation maxima between December and March (Fig. 2.2¢), accompanied
by the most depleted 60, (Fig. 2.2d). Because the northern central Andes are
characterized by a significant climate gradient with much higher precipitation in the
north and drier conditions in the south (Fig. 2.1b), we distinguish three northern
central Andean transects, northern (B), central (C), and southern (D).

In the northern transect (14-18°S; Fig. 2.1a, profile B) the South American low-
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level jet is the dominant climatic feature, transporting moisture from the Amazon
Basin along the eastern flank of the Andes (Fig. 2.1b, see also Insel et al. 2009).
Simulated annual amount-weighted mean §'®0,, decreases from -6%o across the east-
ern Andean flank to -9.5%¢ over the plateau area and then increases to -1%o along
the Pacific coast. The isotopic composition of rainfall for individual years ranges be-
tween -4 and -14%o across the mountain range (Fig. 2.3). The climatological monthly
maximum and minimum 6'%0, over the plateau area is -1 and -13%o (Fig. 2.3b). Ob-
served monthly data on the isotopic composition of precipitation for this region are
available for 2 years (Fig. 2.1a and Fig. 2.3b; Gonfiantini et al. (2001)). The annual
amount-weighted isotope data for 1983, which was an anomalously dry year due to
El Nino conditions, vary between -3.4%o in the lowlands (300 m) to -11.7%0 in the
high altitude areas (>5000 m; Gonfiantini et al. (2001)). In 1984, a relatively wet
year, annual amount-weighted §'#0,, are more negative with values between -9.5 to
-20.4%0 (Gonfiantini et al. 2001). 'O, observations for the relatively dry year
fall within the modeled range, while 6’0, in the wet year is more depleted than
simulated 620,

The central transect (18-22°S; Fig. 2.1a, profile C) includes the widest part of
the Andean plateau and shows the most depleted § 80, values in South America.
Moisture is mainly supplied by transport of vapor from the Amazon Basin to the
eastern slopes of the Andes (Fig. 2.1b). Simulated annual amount-weighted mean
§ 180, is -5 to -6%o in the eastern foreland. It decreases to approximately -13%o in
the central Andes, with annual values ranging between -7 and -19%o for individual
years at elevations above 3800 m (Fig. 2.3c). The annual amount-weighted mean
6180, increases to -2 to -5%0 on the Pacific coast. Interannual variability in 6'%0,,

is large varying by over 10%o (Fig. 2.3¢). The climatological monthly maximum and
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minimum 680, over the plateau is -1 and -19%o, respectively. There are currently
no mean-annual 680, observations for the central transect, because §'*0, is only
available for individual days or a few months. §'®0, from individual storm events
along the western flank of the Andes in northern Chile (Fig. 2.1a) range between -15
and -20%o at high altitude (>3000 m) stations and §'*0, between -5 and -10%o at
lower elevations (<3000 m) (Fritz et al., 1981; Aravena et al., 1999) and are in good
agreement with model results (Fig. 2.2¢).

In the southern transect (22-26°S; Fig. 2.1a, profile D) the annual amount-weighted
mean §'%0,, decreases from -5%o in the eastern foreland to -9%o in the mountain re-
gion and increases across the western flank up to -2%o (Fig. 2.3d). Interannual
variability is large with +4%0 over the plateau area. The climatological monthly
maximum and minimum 6'80,, is -2 and -15%¢ along both flanks (Fig. 2.3d). Annual
amount-weighted mean §'#0,, are available from two low-elevation (below 1500 m)
meteorological stations situated along the eastern flank of the Argentinean Andes
(Fig. 2.1a), and range between -1.3 and -7.6%0 (Rozanski et al., 1993). Observations

are in good agreement with model predicted §'*0,, (Fig. 2.3d).

Southern central Andes

The southern central Andes (30-35°S) have elevations up to 4000 m and are ~150
km wide (Fig. 2.1a, profile E). The atmospheric circulation and precipitation in
this area are characterized by two regimes depending on the season. In austral
winter, westerly flow across the Andes produces a precipitation maximum along
the western flank, while austral summer is dominated by low-level northeasterly
moisture transport from the South Atlantic producing a precipitation maximum

along the eastern flank (Fig. 2.1b). REMOiso simulates a seasonal precipitation
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maximum between November and February, while the most depleted isotope values
occur between March and May (Fig. 2.2e, f). Annual amount-weighted mean 620,
decreases from ~-4%o on the eastern side to approximately -6%o over the Andes to
-1%0 along the Pacific coast (Fig. 2.3e). Interannual variability is less pronounced
than in the northern central Andean regions; amount-weighted mean §'*0,, values
differ by ~2%. The climatological monthly maximum 6 O, is -3%0, while the
monthly minimum §'80,, is as low as -9%o¢ over high altitude regions (<3500 m).
Data for this transect exist from 5 low-elevation meteorological stations in Chile
and Argentina (Fig. 2.1a; Rozanski et al. (1993)). The annual amount-weighted
mean 680, for stations on the eastern side of the Andes is between -4 and -6%o
(Rozanski et al., 1993). No §'®0 , data exist for the high elevation Andes. Overall,

model results are consistent with the observational records (Fig. 2.3e).

Southern Andes

The southern Andes (~45-50°S) are ~100 km wide and have model elevations
of 1500 to 2000 m (Fig. 2.1a, profile F). In contrast to the northern regions, the
dominant moisture source is the South Pacific. Strong Westerlies result in orographic
precipitation on the western side of the mountain range and a rain shadow on the
eastern side (Fig. 2.1b). The seasonal precipitation maximum occurs between May
and July, and is accompanied by the most depleted §'%0, values for that region
(Fig. 2.2g, h). Annual amount-weighted mean §'®*0,, decreases from -2.5%0 along the
Pacific coast to ~-6.5%0 at the highest elevations and to -8.5%¢ downwind of peak
elevations (Fig. 2.3f). Precipitation §'®0, increases to -3%o at low elevation areas
further east of the mountain range. This pattern reflects the decrease in §'*0,, with

increasing distance from the moisture source. Interannual variability in the south is
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small with annual amount-weighted mean §'®0,, values for individual years within
1%0 of the average (Fig. 2.3f). The climatological monthly maximum and minimum
6180, is -6.5 and -11%o, respectively, and is located downwind of peak elevations
(Fig. 2.3f).

Simulated 6'®0,, values are more enriched than observed values from a transect
across the southern Patagonian Andes (47° to 48°S) (Stern and Blisniuk, 2002). Ob-
served 0'%0,, of the westernmost samples at ~73°W range between -9 and -12%o,
while precipitation on the leeward side of the Andes (east of 72°15’W) has a mean
618 O, of -14.4%¢ and ranges from -12 to -16%0 (Fig. 2.3f). In agreement with our
model results, Stern and Blisniuk (2002) report a decrease in §'*0, on the leeward

side of the Andes.

Comparison between transects

All transects have similar cross-Andean §'®0, distributions with relatively en-
riched values along the Pacific coast, strongly depleted isotopic composition over the
Andes and intermediate values along the eastern side (Fig. 2.3a-f). However, the ab-
solute magnitudes of precipitation 6'*0, and the interannual variability differ. The
interannual variability is most significant in the northern central Andes with varia-
tions from the amount-weighted mean §'*0,, of up to +6%o (Fig. 2.3b-d). Interannual
variability is much less pronounced in the northern, southern central, and southern
Andes. Annual amount-weighted mean 6'*0,, values in these regions generally differ
by less than 2% (Fig. 2.3a, e, f). Overall, observations and model result are in good
agreement. Model results are slightly more enriched in comparison to observed §'%0,,

in the northern and southern Andes.
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2.5.2 Isotopic lapse rates

In this section, we report and compare modeled and observed isotopic lapse rates.
Modeled isotopic lapse rates, shown in Fig. 2.4, are calculated by linear regression
of §1*0,, for all modeled data points from 24 individual years and are reported with
their 20 error (Table 2.1). Lapse rates were also calculated from meteorological data
(Table 2.2). Observed lapse rates for individual years fall within the period simulated
by REMOiso (1976-1999) with the exception of one year in the southern Andes where
observations are available for year 2000. As discussed in more detail below (section
2.6.5), the lengths of the observed records are much shorter than the model period.
Rather than compare individual years, we compare model and observed data to
determine if the variability in the model captures the observed values.

We note that by definition the lapse rate is defined as the rate of decrease of an
atmospheric variable (e.g. temperature) with height. However, to be consistent with
previous studies, we report isotopic lapse rates as the change in ¢ '*0, with altitude.
Thus, a 680, decrease of -1%¢ km ™" elevation gain is reported as a lapse rate of -1%

km~!, rather than 1%o km™!.

Northern Andes

Simulated annual amount-weighted §'®0,, lapse rates in the northern Andes are
-0.88 + 0.69%0 km™! (r = 0.58) along the eastern flank and -1.13 + 0.46%0 km ™! (r =
0.66) along the western flank (Fig. 2.4a, b; Table 2.1). The modeled isotopic lapse
rate is smaller than observed. Isotopic lapse rates calculated from annual amount-
weighted 6'%0, from multi-year (1- to 18-year) meteorological records are -1.75%o

km™! (r = 0.70) along the eastern flank and -2.03%c km™' (r = 0.74) along the
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Figure 2.4: Simulated annual precipitation amount-weighted mean §'80, versus altitude for the
western (left panel) and eastern (right panel) flank of the Andean domains. Blue diamonds represent
simulated 6'¥0,, (%) for individual years between 1976 and 1999. The black line shows the modeled
annual isotopic lapse rate (%o km~!) estimated by linear regression. Red filled circles show annual
amount-weighted mean § 80, (%0) from meteorological stations; the red line is the calculated
observed annual isotopic lapse rate (%o km™!) also estimated by linear regression. Panels correspond
to the following regions: (a-b) northern Andes (profile A); (c-h) central Andes with (c-d) northern
transect (profile B), (e-f) central transect (profile C), and (g-h) southern transect (profile D); (i-j)
southern central Andes (profile E); and (k-1) Southern Andes (profile F).
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Figure 2.4: continued
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western flank (Fig. 2.4a,b). Simulated isotopic lapse rates for individual years range
between -1.49 and -0.04%0 km™! on the east side of the Andes and between -1.51
and -0.74% km~! in the west. Station data from high and low elevation points only
overlap for two years. Observed lapse rates along the eastern flank for 1992 and 1993
are -1.39%0 km™!, and -1.52%0 km™!, respectively. The observed values are larger
than simulated lapse rates for the same years (-0.79 and -1.07%0 km™?, respectively),

but within the 20 error of the average model lapse rate.

Northern central Andes

Oxygen isotopic lapse rates in the northern central Andes vary across the Andean
Plateau. In the northern transect (profile B), the simulated mean isotopic lapse
rate is -1.21 & 0.50%0¢ km™! (r = 0.71) along the eastern flank and -1.87 + 0.46%o
km~! (r =0.85) along the western flank (Fig. 2.4c, d). In comparison, lapse rates
from meteorological stations along the eastern flank are almost twice as large (-
2.12%0 km™!; r = 0.80). The simulated isotopic lapse rate for individual years varies
between -1.67 and -0.74%0 km™! in the east and between -2.26 and -1.49%0 km™! in
the west (Table 2.1). The observed lapse rates along the eastern topographic flank
range from -2.31 %o km™! in a wet year (1984) to -1.46%0 km™! in a dry year (1983).
The observed values are significantly larger than simulated lapse rates for the same
years (-1.22%o km ™! in 1984 and -1.18 %o km™! in 1983, respectively), and fall outside
the 20 error (Table 2.1).

The simulated isotopic lapse rate in the central part of the northern central Andes
(profile C) is -1.43 & 0.84% km™" (r = 0.65) along the eastern flank of the mountains
and -2.47 4+ 0.96%0 km™! (r = 0.73) along the western flank (Fig. 2.4e, f). Isotopic

lapse rates for individual years vary between -2.46 and -0.69%0 km~! in the east, and
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Table 2.1: §'80,, and isotopic lapse rates for different Andean domains

Annual weighted mean §'%0,, Isotopic lapse rates - west Isotopic lapse rates - west
24yr mean Interannual 24yr mean (%o km~!)  individual yrs  24yr mean (%o km~!)  individual yrs
(%0) variability (%o) (%0 km~1) (%o km~1)

Northern Andes -5 -3 to -7 -1.13+£ 046 r=0.66 -1.51t0-0.74 -0.88+0.69 r=0.58 -1.49 to-0.04
Northern central Andes
. Northern transect -9 -4 to -14 -1.87 £ 046 r=085 -226to-149 -1.214+0.50 r=0.71 -1.67to-0.74
. Central transect -13 -7 to -19 248 £096 r=0.73 -353t0-1.38 -1.43+0.84 r=0.65 -2.46to-0.69
. Southern transect -9 -5 to -14 -1.67 £0.89 r=0.62 -2.65t0-094 -0.86+0.77 r=0.58 -1.61to0-0.05
Southern central Andes -6 -4 to -8 097 £049 r=10.60 -1.39to-0.42 -0.83+0.61 r=0.31 -1.37t0-0.30
Southern Andes -9 -7 to -10 -291 £0.37 r=0.56 -3.16t0-2.46 -1.65=+0.68 1r=0.41 -2.30to-0.90

between -3.53 and -1.38%¢ km™! in the west (Table 2.1). Isotopic lapse rates are
not available for the central transect; the only reported 6'*0,, measurements for the
central transect come from individual storm events (Fritz et al., 1981; Aravena et al.,
1999).

Annual amount-weighted §'0,, lapse rates along the southern transect are smaller
than those in the northern and central transects with values of -0.86 £ 0.77%o km !
(r = 0.58) and -1.67 £ 0.89%0 km™! (r = 0.62) along the eastern and western flank,
respectively (Fig. 2.4g, h). Isotopic lapse rates for individual years vary between
-1.61 and -0.05%0 km™! in the east and -2.65 and -0.94%c km~! in the west (Ta-
ble 2.1). Relatively long (6-7 yrs) records of annual amount-weighted §'0,, values
exist for two meteorological stations at the lowlands of the eastern Andean foreland
at elevations of 1187 and 1300 m, respectively (Fig. 2.1j, Table 2.2 ). The elevation
difference between the two stations is too small to calculate accurate lapse rates.
The more depleted isotopic composition at the lower station is caused by stronger
rainout in comparison to the slightly higher station that is located approximately

75 km to the southwest.
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Southern central Andes

The simulated isotopic lapse rate in the southern central Andes (profile E) is -0.83
+ 0.61%0 km™! (r =0.31) along the eastern flank and -0.97 4 0.49%0 km~! (r = 0.60)
along the western flank (Fig. 2.4i, j). The observed isotopic lapse rate along the
eastern flank based on station data records with durations varying from 1 to 5 years
is 0.73%0 km™! (Fig. 2.4j, r = 0.24). Simulated isotopic lapse rates for individual
years vary between -1.37 and -0.30%0 km ™ in the east, and between -1.39 and -0.42%o
km~! in the west (Table 2.1). Individual meteorological station data only overlap
for two years. Isotopic lapse rates from the eastern slope for the years 1983 and
1984 are -3.09%0 km~! and 7.07%0 km ™!, respectively. We caution that the observed
lapse rates are based on low-elevation data collected over a very small elevation range
(<900 m, Table 2.2), and thus are unlikely to accurately represent the lapse rate over
the full elevation range. In addition, because the interannual variability (e.g. 1983
versus 1984) is high, the few annual observations are unlikely to provide a robust
climatology. More data are needed from this region to accurately estimate the lapse

rate.

Southern Andes

Simulated isotopic lapse rates are greatest in the southern Andes and have values
of -1.65 4 0.68%0 km ™! (r = 0.41) in the east and -2.91 £ 0.37%0 km™! (r = 0.56) in
the west (Fig. 2.4k, 1). An isotopic lapse rate of -5.12% km™! (r = 0.69) is calculated
based on data from Stern and Blisniuk (2002) and records from the meteorological
station in Coyhaique (Fig. 2.4k, 1, Table 2.2). Simulated isotopic lapse rates for in-

dividual years range between -2.30 and -0.90%0 km ™! in the east and between -3.16
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Table 2.2: Meteorological station locations and recorded annual amount-weighted 680

sample site country! lat lon altitude year annual month  number of reference
years total®

northern Andes

Esmeralda EC 0.97 -79.63 30 1993 -5.38 9

Esmeralda EC 0.97 -79.63 30 avg-wgt -5.38 12 3 GNIP; Garcia et al. 1998

Lago Agrio EC -0.08 -76.87 297 1993 -6.74 12

Lago Agrio EC -0.08 -76.87 297 avg-wgt -6.74 12 5 GNIP; Garcia et al. 1998

Alluriquin EC -0.33  -78.60 850 1993 -5.94 11

Alluriquin EC -0.33 -78.60 850 avg-wgt -5.94 12 5 GNIP; Garcia et al. 1998

La Concordia EC -0.42  -79.17 360 1993 -6.07 12

La Concordia EC -0.42 -79.17 360 avg-wgt -6.07 12 5 GNIP; Garcia et al. 1998

Papallacta EC -0.50 -78.10 3150 1993 -10.01 12

Palpallacta EC -0.50 -78.10 3150 avg-wgt -10.01 12 3 GNIP; Garcia et al. 1998

Izobamba EC -0.37  -78.55 3058 1974 -8.74 11

Izobamba EC -0.37  -78.55 3058 1975 -7.80 9

Izobamba EC -0.37  -78.55 3058 1976 -11.59 11

Izobamba EC -0.37  -78.55 3058 1977 -10.20 11

Izobamba EC -0.37  -78.55 3058 1978 -11.67 11

Izobamba EC -0.37  -78.55 3058 1979 -9.85 10

Izobamba EC -0.37  -78.55 3058 1980 -9.29 11

Izobamba EC -0.37  -78.55 3058 1981 -8.80 11

Izobamba EC -0.37  -78.55 3058 1982 -9.14 10

Izobamba EC -0.37 -78.55 3058 1991 -10.13 12

Izobamba EC -0.37  -78.55 3058 1992 -7.83 11

Izobamba EC -0.37  -78.55 3058 1993 -12.14 12

Izobamba EC -0.37  -78.55 3058 1994 -7.99 8

Izobamba EC -0.37  -78.55 3058 1996 -10.95 9

Izobamba EC -0.37  -78.55 3058 1998 -13.52 11

Izobamba EC -0.37  -78.55 3058 2000 -12.85 9

Izobamba EC -0.37 -78.55 3058 avg-wgt -10.1 12 25 GNIP; Garcia et al. 1998

Amaluza EC -2.47 -78.47 1726 1992 -4.00 8

Amaluza EC =247 -78.47 1726 1993 -8.62 12

Amaluza EC -2.47 -78.47 1726 avg-wgt -7.97 12 3 GNIP; Garcia et al. 1998

Mendez EC -2.53  -77.92 665 1992 -2.79 8

Mendez EC -2.53  -T7.92 665 1993 -7.23 12

Mendez EC -2.53 -77.92 665 avg-wgt -5.93 12 3 GNIP; Garcia et al. 1998

Cuenca EC -2.88  -78.98 2510 1992 -1.48 8

Cuenca EC -2.88  -78.98 2510 1993 -9.83 10

Cuenca EC -2.88 -78.98 2510 avg-wgt -7.03 12 5 GNIP; Garcia et al. 1998

Machala EC -3.25 -78.98 6 avg-wgt -1.34 12 5 GNIP; Garcia et al. 1998

Uzhcurrumi EC -3.25 -79.23 290 1992 -2.20 8

Uzhcurrumi EC -3.25 -79.23 290 1993 -4.46 12

Uzhcurrumi EC -3.25 -79.23 290 avg-wgt -4.01 12 5 GNIP; Garcia et al. 1998

northern central Andes

Trinidad BO -14.83  -64.90 200 1983 -4.08 10

Trinidad BO -14.83 -64.90 200 avg-wgt -4.08 10 3 GNIP; Gonfiantini et al. 2001

Rurrenabaque BO -14.44  -67.53 300 1983 -2.63 10

Rurrenabaque BO -14.44 -67.53 300 avg-wgt -2.63 12 3 GNIP; Gonfiantini et al. 2001

Sapecho BO -15.58  -67.26 395 1983 -4.18 10

Sapecho BO -15.58  -67.26 395 1984 -8.79 11

Sapecho BO -15.58 -67.26 395 avg-wgt -6.58 12 3 GNIP; Gonfiantini et al. 2001

Caranavi BO -15.83  -67.57 600 1983 -4.23 11

Caranavi BO -15.83  -67.57 600 1984 -9.95 11

Caranavi BO -15.83 -67.57 600 avg-wgt -7.68 12 4 GNIP; Gonfiantini et al. 2001
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Table 2.2 (continue): Meteorological station locations and recorded annual amount-weighted 680

sample site country? lat lon altitude year annual month  number of reference
years total®

Coroico BO -16.19  -67.73 1700 1983 -3.93 12

Coroico BO -16.19  -67.73 1700 1984 -11.04 11

Coroico BO -16.19 -67.73 1700 avg-wgt -7.79 12 4 GNIP; Gonfiantini et al. 2001
Chacaltaya BO -16.33  -68.13 5200 1983 -11.72 11

Chacaltaya BO -16.33  -68.13 5200 1984 -17.11 10

Chacaltaya BO -16.33 -68.13 5200 avg-wgt -14.82 12 4 GNIP; Gonfiantini et al. 2001
El Alto BO -16.50  -68.17 4080 1983 -8.55 11

El Alto BO -16.50  -68.17 4080 1984 -15.75 10

El Alto BO -16.50 -68.17 4080 avg-wgt -12.41 12 5 GNIP; Gonfiantini et al. 2001
La Paz BO -16.29  -68.08 4071 1996 -14.81 12

La Paz BO -16.29  -68.08 4071 1997 -13.35 11

La Paz BO -16.29  -68.08 4071 1998 -13.03 10

La Paz BO -16.29  -68.08 4071 1999 -13.04 12

La Paz BO -16.29  -68.08 4071 2000 -15.13 11

La Paz BO -16.29  -68.08 4071 2001 -16.35 12

La Paz BO -16.29  -68.08 4071 2002 -13.65 12

La Paz BO -16.29  -68.08 4071 2003 -14.95 12

La Paz BO -16.29  -68.08 4071 2004 -11.59 12

La Paz BO -16.29 -68.08 4071 avg-wgt -13.96 12 10 GNIP; Gonfiantini et al. 2001
Los Molinos AR -24.11  -65.19 1300 1982 -5.46 10

Los Molinos AR -24.11  -65.19 1300 1983 -4.25 12

Los Molinos AR -24.11  -65.19 1300 1984 -7.54 10

Los Molinos AR -24.11  -65.19 1300 1986 -1.29 9

Los Molinos AR -24.11  -65.19 1300 1987 -2.42 9

Los Molinos AR -24.11 -65.19 1300 1988 -2.11 10

Los Molinos AR -24.11 -65.19 1300 avg-wgt -4.09 12 9 GNIP; Rozanski et al. 1993
Salta AR -24.78  -65.40 1187 1982 -3.07 10

Salta AR -24.78  -65.40 1187 1983 -4.01 11

Salta AR -24.78  -65.40 1187 1999 -5.98 11

Salta AR -24.78  -65.40 1187 2000 -6.94 8

Salta AR -24.78  -65.40 1187 2001 -7.57 10

Salta AR -24.78  -65.40 1187 2002 -4.97 9

Salta AR -24.78 -65.40 1187 avg-wgt -5.84 12 12 GNIP; Rozanski et al. 1993

southern central Andes

La Suela AR -30.58  -64.58 900 1983 -5.33 11

La Suela AR -30.58  -64.58 900 1984 -4.86 8

La Suela AR -30.58  -64.58 900 1986 -5.60 10

La Suela AR -30.58  -64.58 900 1987 -4.48 9

La Suela AR -30.58 -64.58 900 avg-wgt  -4.99 11 8 GNIP; Rozanski et al. 1993
Mar Chiquita AR -30.92  -62.67 72 1996 -3.86 10

Mar Chiquita AR -30.92 -62.67 72 avg-wgt -3.86 11 8 GNIP

Santa Fe AR -31.75  -60.73 16 1999 -5.87 11

Santa Fe AR -31.75  -60.73 16 2000 -4.99 12

Santa Fe AR -31.75  -60.73 16 2001 -6.34 12

Santa Fe AR -31.75 -60.73 16 avg-wgt -5.59 12 5 GNIP

Mendoza AR -32.88  -68.85 827 1983 -3.99 10

Mendoza AR -32.88  -68.85 827 1984 -5.57 9

Mendoza AR -32.88  -68.85 827 1986 -3.97 8

Mendoza AR -32.88  -68.85 827 1987 -4.98 9

Mendoza AR -32.88  -68.85 827 1999 -3.11 9

Mendoza AR -32.88 -68.85 827 avg-wgt  -4.52 12 10 GNIP; Rozanski et al. 1993
Nuncuan AR -34.03  -67.97 572 1983 -3.97 11

Nuncuan AR -34.03  -67.97 572 1984 -7.24 9

Nuncuan AR -34.03 -67.97 572 avg-wgt -5.84 12 4 GNIP; Rozanski et al. 1993
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Table 2.2 (continue): Meteorological station locations and recorded annual amount-weighted 420

sample site  country! lat lon altitude year annual month  number of reference
years total®

southern Andes

Coyhaique CL -43.35  -72.07 310 1989 -9.61 11
Coyhaique CL -43.35  -72.07 310 1990 -12.89 12
Coyhaique CL -43.35  -72.07 310 1991 -11.78 12
Coyhaique CL -43.35  -72.07 310 1992 -8.78 11
Coyhaique CL -43.35  -72.07 310 1993 -10.87 12
Coyhaique CL -43.35  -72.07 310 1994 -11.00 12
Coyhaique CL -43.35  -72.07 310 1995 -10.99 11
Coyhaique CL -43.35  -72.07 310 1996 -11.51 12
Coyhaique CL -43.35  -72.07 310 1997 -13.44 12
Coyhaique CL -43.35  -72.07 310 1998 -9.92 10
Coyhaique CL -43.35 -T72.07 310 avg-wgt -11.22 12 11 GNIP

! country code: EC = Ecuador, BO = Bolivia, AR = Argentina, CL = Chile
2 avg-wgt = annual amount-weighted mean
3 number of years from which at least one month of §'0,, record is included in the amount-weighted mean 80,

and -2.46% km™! in the west (Table 2.1). Stern and Blisniuk (2002) calculated an
isotopic lapse rate of -3.8%0 km™! (r?=0.3) and found a systematic but weak trend
in 6O with elevation in the west, but no trend east of the Andes. They relate the
low correlation coefficient to the small altitudinal range covered by their samples
(~900 m elevation difference). Individual lapse rates calculated from Stern and Blis-
niuk’s data and the additional station data are -6.23%c km™! in 1999 and -4.46%0

km~! in 2000.

Comparison between transects

Simulated isotopic lapse rates differ along the Andean mountain range. The north-
ern Andes, the southern transect of the central Andes, and the southern central An-
des (profiles A, D, and E), have annual amount-weighted mean isotopic lapse rates
ranging between -0.8 and -0.9%0 km~! to the east and -1.0 to -1.7% km™~! to the
west. In comparison to these transects, the eastern flank of the northern and central

transect (profiles B and C) have an isotopic lapse rate of -1.2 to -1.4%¢ km™!, an
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increase of ~40%. The isotopic lapse rate on the windward side of the southern
Andes (profile F) is approximately 3 times higher than the lapse rates from northern
regions. Observed isotopic lapse rates are generally more negative than simulated

lapse rates.

2.5.3 Processes controlling precipitation 60 and isotopic lapse rates

In this section, we analyze the processes that control the isotopic composition
and lapse rates along the Andes. Back-trajectories are estimated using a Lagrangian
method with a 20-minute timestep. The back-trajectory calculation is driven by
REMOiso 500-mb 6-hour wind fields. The 500-mb level was chosen because these
upper-level winds steer the low-level pressure systems that produce rainfall. To es-
timate the wind field at every time step, velocities are linearly interpolated between
6-hour increments. For the central Andes, trajectories are initiated from points on
the eastern flank (~20°S, 62°W) and the plateau area (~16°S, 69°W; ~20°S, 68°W,
~24°S, 67°W) and are back calculated for 7 days. In total, thirty-two trajectories
are estimated for each simulation year and each domain, corresponding to individual
days during the period Jan 15" to Feb 16" to estimate changes in vapor origin dur-
ing the rainy season in the central Andes. On daily timescales, isotopic values are
not calculated under very low humidity conditions. In these cases, back-trajectories
were not estimated. To compare individual years, the moisture source is normalized

for the days of precipitation per month.
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Northern Andes

The interannual variability in 6'®0, in the northern Andes is relatively small
(~ £2%0, Fig. 2.5a), and is correlated with precipitation amount. Mean annual
precipitation over the northern Andes varies between 13 and 26 mm day~! along
the eastern flank and 7 to 16 mm day~! along the western flank (Fig. 2.5b). Our
model results indicate that the most enriched §'®0,, over the Andes correlate well
with minimum precipitation, while the most depleted §'*0,, values are associated
with strong convective rainout (r = 0.68, Fig. 2.5¢).

High precipitation in the northern Andes is mainly related to El Nino/Southern
Oscillation (ENSO) with El Nifo years generally exhibiting above average precipita-
tion (Fig. 2.5b). In general, 6'*0,, during El Nino years is below average to average
over the western Andes, and slightly above average along the eastern flank (Fig. 2.5a,
c).

Isotopic lapse rates are correlated to the isotopic composition of the highest el-
evation sites across the northern Andes (reus¢ = 0.66, r,es=0.6, Fig. 2.6a). This
correlation suggests that the processes controlling the interannual variability in iso-
topic lapse rate are the same as those controlling variations in high elevation §'0,,
namely Rayleigh distillation through rainout as air masses converge on and ascend

the Andes.

Northern central Andes

The northern central Andes are characterized by substantial (£ 6%o) interannual
variability in 6'®0,, along the flank and the plateau region. Overall, there is good

agreement between high precipitation along the eastern flank and the most depleted
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Figure 2.5: Relationship between 6'®0,, and precipitation (amount effect) over the Andes. East-west
profiles showing the annual amount-weighted mean §'80,, (%o; left panel) and annual precipitation
rate (mm day~!; center panel) for individual years between 1976 and 1999 across the Andes for
each domain. Red circles represent annual § 180p compositions for strong El Nino events (a) or the
most depleted annual §'80,, over the highest altitudes (d, g, j). Red lines (b, e, h ,k) represent
the corresponding precipitation rates. The gray shading indicates topography (m). The right panel
shows the correlation between annual §'80, averaged over the highest elevation regions in each
transect and annual precipitation rate averaged over the area with the most abundant rainfall
across the profile. The black line indicates the linear regression line. Red filled circles indicate
El Nino years; blue filled circles represent La Nina years; black filled circles signify normal years.
Panels correspond to the following regions: (a-c) northern Andes (profile A); (d-f) northern central
Andes (profile C); (g-1) southern central Andes (profile E); (j-1) southern Andes (profile F).
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6180, over the plateau area (r = 0.58; Fig. 2.5d-f). However, the §'®0,, variations
are much larger than those in both the northern and southern Andes (Sections 2.5.1

even though the precipitation variability between the regions is lower, suggesting

that both source and amount effects are at play.

northern Andes (A) northern central Andes (C)
02 L 1 I 1 T AR oA S My e oy Bl
J r=0686 - = 064 r=082 81 -
L] L]
-0.2 ™ = T ; L ®
e o | _ <10 . L
-0.6 - = A0
£ £ 144 B m @ o
§. “0 B § 184 o, 8 - 2 L
1 - = - z
-1.4 4 B 22 -
i T s by
-3 a T T L Ll -26 L T L} T T L] L} L}
-8 -7 -6 -5 -4 -3 -16 -14 -12 -10 -8
870, (%e) 80, (%)
southern central Andes (E) southern Andes (F)
02 P Pl e i e T R 22 fi 1
r=0.71 r=016
04 e | 24 L
! ®oa
= 0.6 e . = -
z -~ z .
5 48 e E <26 03 -
& 08+ - = £
284 =
g 10 - L 3
4 4
88 -3.0 4 -
2 124 =l L %
‘B:,
1.4 oo L 324 -
(c) (d)
-18 T T T T T T T -34 T T
45 80 -75 -7 -65 60 -55 -50 45 -8 7.5 7 65
570, (%) 510, (%)

Figure 2.6: Relationship between annual 680, (%0) at high elevation sites and annual isotopic lapse
rates (%o km~1!) at the windward site in the (a) northern Andes (profile A), (b) northern central
Andes (profile C), (¢) southern central Andes (profile E) and, (d) southern Andes (profile F). Red
filled circles indicate El Nifio years; blue filled circles represent La Nina years; black filled circles
signify normal years. Note the correlation (r > 0.65) between §'80,, and isotopic lapse rate for all
but the southern domain.

To more closely examine the interannual variability in precipitation and 6'%0,, we
quantify the influence of source effects on the interannual variability by calculating
back-trajectories at the 500-mb level and comparing the vapor source to prevailing
winds, precipitation amounts, and 680, over the central Andes. Our back-trajectory
calculations indicate that the summertime moisture source varies considerably on

both monthly and interannual timescales. Over a single month, the moisture source
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source pts for Jan/Feb 1978 with daily isotope values and back-trajectories
8'*0, from the endpoint at 20°S/62'W for the most depleted and enriched 3'°0, compositions

80°W 60°W 40°W 40°W 80°W 60°W 40°W

-0.06

0.40 r
20°s 20°s 20°s 1?5;‘_ 'E-_: 015

40°s 40°S 40°s

(c)

Figure 2.7: Back-trajectories (for 1 week) of air parcels at the 500-mb level for points along the
eastern flank of the central Andes (20°S, 62°W) for the time period between Jan 15th and Feb 16th
of 1978. (a) Plot showing all starting points of wind trajectories that end at 20°S, 62°W after 1
week. Isotopic values are not calculated under very low humidity conditions. In these cases, the
wind path has not been calculated and the number of back-trajectory points can be less than 32.
(b) Plot showing the back-trajectories for the five days with the most depleted § #0,. (c) Plot
showing the back-trajectories for the five days with the most enriched §'%0,,.

can come from the South Pacific, the North Atlantic, the South Atlantic, or the
continent. On interannual timescales, the balance of moisture from these sources
varies depending on the prevailing wind field. In general, the most depleted values
are associated with an easterly path from the South Atlantic across the continent,
while the most enriched values are sourced from the South Pacific as exemplified by
year 1978 (Fig. 2.7a-c). The absolute 6'%0, along the eastern flank of the central
Andes and the plateau area increases as a higher proportion of air masses originate
from the South Pacific (Fig. 2.8a-c). This relationship holds over the entire northern
central Andes but strengthens from north to the south, because the abundance of
air masses sourcing from the South Pacific increases (Fig. 2.8a-c). When air masses
originate from the South Atlantic, the 6'*0, is highly variable, most likely due to
the mixing of tropical (more enriched) and subtropical (more depleted) air masses.

Precipitation variability, like 6'0,, variability, is related to air parcel trajectory.
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Figure 2.8: Relationship between 6'0,, (%0) and moisture source (South Pacific) over the Andean
Plateau in the northern central Andes for the time period between Jan 15" and Feb 16!". The
moisture source has been normalized for the number of days in which non-negligible precipitation
occurred. Red filled circles indicate El Nino years; blue filled circles represent La Nifia years; black
filled circles signify normal years. The panels correspond to the following regions: (a) northern
transect (16°S, 69°W); (b) central transect (20°S, 68°W); (c) southern transect (24°S, 67°W).
Note the correlation (r > 0.5) between §'%0, and a South Pacific moisture source for all parts
of the Andean plateau. The correlation and the abundance of air masses from the South Pacific
increase from north to south.
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Precipitation in the central Andes is generally low when a large proportion of storms
originate over the Pacific, due to the relatively low water vapor content of the air
masses. Precipitation variability increases as the contribution from the South Pa-
cific decreases. In these cases, high orographic precipitation (i.e. years 1977, 1985,
Fig. 2.9¢) is related to air masses that transport vapor long distances across the
South American continent. Lower orographic precipitation (i.e. years 1993, 1997,
Fig. 2.9¢) occurs when air masses travel a more direct and faster route from the
South Atlantic. In support of our trajectory analysis, and to generalize our results
beyond the summer months, we show the relationship between mean-annual winds
and precipitation and §'®0,, respectively. A strong negative correlation (r = 0.6-0.8)
exists between meridional winds and precipitation (Fig. 2.9a), reflecting the fact that
southerly winds from the South Pacific are low in humidity, while northerly winds
from the continent are characterized by high humidity. Mean-annual meridional
winds are also positively correlated with mean-annual §**0,, (r = 0.6-0.8, Fig. 2.9b).

The number of storms tracking from the South Pacific is determined by the posi-
tion of the Bolivian High, a prominent anticyclone at 200 mb over the central Andes.
The summer (mid-January to mid-February in our analysis) position of the upper-
level high-pressure system varies on interannual timescales with latitudinal positions
between ~15°S and 23°S and longitudinal positions between ~61°W and 72°W. Dur-
ing El Nino, the Bolivian High migrates to a northerly position and enhances westerly
storm tracks that originate over the Pacific (Fig. 2.10).

A strong correlation exists between isotopic lapse rates and high altitude iso-
topic composition across the northern central Andes (Fig. reqst = 0.83, rypest=0.77;

Fig. 2.6b). As noted before, Rayleigh distillation during ascent is likely the reason.
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Figure 2.9: Relationship between meridional winds, moisture source, precipitation, and §'¥0,, across
the northern central Andes. Meridional winds are calculated for the eastern side of the Andes
(averaged over the central transect for longitudes between 60.5° and 68 °W). (a) Correlation between
annual meridional winds (m s~!) and annual precipitation rates (mm day~!). A negative correlation
indicates that southerlies transport less vapor and cause low precipitation. (b) Correlation between
annual meridional winds (m s™!) and annual 6'0, (%0). The positive correlation shows that
southerly winds are characterized by more enriched §'%0,. (c) Relationship between summer (Jan
15" and Feb 15th) vapor source and summer precipitation rate (mm day~!). The vapor source
represents the fraction of air parcels on the eastern Andean flank (20°S, 62°W) that originated from
the South Pacific as estimated through our back trajectory calculations (see description in section
2, see Fig. 8 for the explanation of the normalization). Precipitation is calculated for the eastern
side of the Andes (averaged over the central transect for longitudes between 60.5 and 68°W).

Southern central Andes

The southern central Andes are characterized by interannual §'®0,, variability of +
2%o along the flanks and the highest elevations that is generally associated with pre-
cipitation amount (r = 0.53, Fig. 2.5g-1). Interannual variations in precipitation are
relatively small and precipitation maxima occur along the western flank (Fig. 2.5h).

Annual precipitation in the southern central Andes is related to 850-mb winds.
A positive correlation between zonal winds and precipitation (r = 0.6-0.8) and a
negative correlation between meridional winds and precipitation (r = 0.4-0.6) indicate
that precipitation is highest when winds transport moisture from the northwest to the
southern central Andes (Fig. 2.11a, b). The relationship between winds and 6'%0,,

is tied to wind speed. Fast-flowing northwesterlies induce strong convergence and
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Correlation between Sea Surface Temperature,
Bolivian High and a South Pacific moisture source
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Figure 2.10: Interannual variability in SSTs, the center of the Bolivian High and a South Pacific
moisture source for a location at 20°S, 62°W. See Fig. 8 for the explanation of the normalization.
Positive SST anomalies greater than 0.5C (green line) indicate El Nifo years (highlighted by gray
hatches). Positive SST anomalies correlate with a northern position of the Bolivian High (red line).
The number of air masses sourcing over the South Pacific (blue line) changes in response to the
Bolivian High. A northerly position of the Bolivian High causes the Westerlies over the Andean
Plateau to become stronger, steering storm tracks from the South Pacific.

vertical ascent of air masses along the Andean flank, resulting in stronger rainout and
more depleted 6'*0,, (Fig. 2.11¢, d). Because the winds in the region are dominantly
westerlies with a nearly invariable Pacific Ocean vapor source, source effects are
unlikely to account for the variability in precipitation and §'80,,.

Isotopic lapse rates are correlated to the isotopic composition of the highest ele-
vation sites across the southern central Andes (reqs = 0.59, rypese=0.71, Fig. 2.6c).
The correlation between lapse rate and §'®0, at high elevations and the relationship
between zonal winds and §'®0, suggest that strong convergence along the flanks
leads to more rainout and Rayleigh distillation. These findings are supported by a
good correlation between isotopic lapse rate and zonal winds with stronger Wester-

lies resulting in larger lapse rates (r = 0.6 - 0.8; not shown).
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Figure 2.11: Relationship between annual zonal/ meridional winds and annual precipitation and
§'80,, across the southern central Andes. (a) Point-by-point correlation between zonal winds (m
s~1) and precipitation rate (mm day~—!). A positive correlation indicates more rain with stronger
Westerlies. (b) Point-by-point correlation between meridional winds (m s~!) and precipitation
rate (mm day~!). A negative correlation shows that the amount of rain increases when winds are
transporting moisture from the north. (c-d) Correlation between annual 6'¥0,, (%0) averaged over
the highest topography (approximately 70°-71°W) in the southern central Andes and annual zonal
and meridional winds (m s~!), respectively. The relationship shows that stronger winds from the
northwest result in more depleted isotopic composition due to stronger vertical ascent and rainout.
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Southern Andes

The southern Andes are characterized by interannual §'®0,, variations of approx-
imately 1 and high fluctuations in annual precipitation (13-18 mm day™!; Fig. 2.5j,
k). Nonetheless, there is not a direct relationship between orographic precipitation
and §'®0,, along the western flank (Fig. 2.51). In contrast to low-latitude regions,
interannual precipitation variability at high latitudes does not mainly reflect the in-
tensity of seasonal rainfall but rather the number of rain events in a given year (see
discussion in Section 2.6.2). Instead, §'®0, along the western southern Andean flank
(61 Opyest) positively correlates with 850-mb air temperatures (r = 0.6, Fig. 2.12a).
We interpret the §'0,-temperature relationship to indicate that 6'*0,, variability is
primarily controlled by kinetic fractionation with greater *O depletion during cold

precipitation events.
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Figure 2.12: Relationship between air temperature and 6'® O, and isotopic lapse rate for the
southern Andes. (a) Correlation between annual §'80,, (%) averaged over the western flank (ap-
proximately 73°-74°W) of the southern Andes and annual temperature (°C) at 850-mb level. A
positive correlation indicates more depleted 6180p with decreasing temperature. (b) Correlation
between the isotopic lapse rate (%o km~!) along the western flank of the southern Andes and tem-
perature at 850 mb (°C) averaged along the windward side (approximately 72.5°-74°W) of the
mountain range. Red filled circles indicate El Nino years; blue filled circles represent La Nina years;
black filled circles signify normal years. A weak trend exists with colder temperatures causing larger
lapse rates.
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The annual isotopic lapse rates along the western flank do not correlate with
the isotopic composition of precipitation at the highest elevations (ryess = 0.16;
Fig. 2.6d). This is consistent with our conclusion that Rayleigh distillation through
rainout is not the main process determining the isotopic composition in the southern
Andes. Small variations in isotopic lapse rates on the windward western flank show
a general, but weak, trend with temperature variations at the 850-mb level, with

larger lapse rates associated with cooler temperatures (Fig. 2.12b).

2.6 Discussion

Our model results and analysis indicate that the isotopic composition in the Andes
is influenced by multiple factors that vary across regions. Among these factors are
precipitation amount, moisture source and vapor trajectory, wind pattern, Pacific
SSTs, and temperature. In this section we discuss the main processes controlling

precipitation and §'®0,, in the different parts of the Andes.

2.6.1 ENSO related variations in §'*0,

In REMOiso, ENSO is the main driving mechanisms for §'*0,, variability in the
northern Andes. El Nifio events are associated with higher precipitation amount on
both flanks of the northern Andes and more depleted 6'*0,, along the western flank
(Fig. 2.4a). The stronger amount effect during El Nino years is related to circulation
changes. During El Nino westerly winds transport moisture from the Pacific to the
Andean coast south of the equator and cause high-intensity precipitation (Mettier
et al., 2009). In addition, surface waters in the equatorial Pacific have lower §'® O,

than air masses sourced from the Atlantic (Brown et al., 2006). These two factors
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contribute to more depleted §'*0, along the western flank of the northern Andes
during El Nino years (Fig. 2.13a). A strong negative relationship between warm
ENSO events and 6'%0 ,, over the equatorial Pacific has been found in previous
modeling studies, but in these simulations the correlation did not extend into the
continent to the western Andean flank (Vuille et al., 2003a; Vuille and Werner, 2005),
most likely as a result of the coarser resolution of the global climate models.

Difference in isotopic composition and moisture transport between
El Nino and climatological mean La Nina and climatological mean
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Figure 2.13: Simulated difference in 6*0,, (%o, represent in colors) and moisture transport (g kg~!
m s~!, represent as arrows) between years under ENSO conditions and the 24-year climatological
mean over northern South America. (a) Difference between El Nifo years and climatological mean.
Blue colors along the western flank of the northern Andes (between 0 and 5°S) indicate more
depleted §'%0,, during El Nifo years, while brown colors along the eastern flank indicate more
enriched 6'%0,, due stronger moisture transport from the Amazon Basin. (b) Difference between
La Nina years and climatological mean. More depleted 5180p along both flanks during La Nina
years due to stronger moisture transport form the equatorial Pacific and the North Atlantic.

In comparison to years with similar precipitation amounts, the simulated 6'*0,,
over the eastern northern Andes is relatively enriched during El Nino years (Fig. 2.5b,
c¢). The slightly above average §'®0, along the eastern flank is likely related to
feedbacks between the northern Andes and the Amazon Basin. (South-) easterly
surface winds transport vapor from the Atlantic and the Amazon Basin to the eastern

flank of the Andes (Fig. 2.13a). The eastward migration of temperature and pressure
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anomalies leads to dry conditions in the Amazon Basin (Hoffmann et al., 2003;
Poveda et al., 2006). Lower precipitation over the Amazon Basin results in more
enriched 6'80, along the eastern flank of the northern Andes during warm ENSO
phases (Fig. 2.13a). Precipitation in La Nina years is low, but the 6'®0, is highly
variable (Fig. 2.5¢). Intense La Nina years are associated with more depleted 620,
along the eastern Andean flank. Greater moisture transport from the North Atlantic
Ocean southward to the northern Andean flank, bypassing the more enriched §'%0,,
from the Amazon Basin, causes §'®0, to be more depleted (Fig. 2.13b).

Previous studies have demonstrated a complicated relationship between ENSO
and climate in central South America. The influence of individual El Nino/La Nina
events on South American climate depends on the persistence and timing of the
events in relation to the rainy season (Montecinos et al., 2000; Hoffmann et al.,
2003). Although El Nino (La Nifna) years are often associated with drier (wetter)
conditions over the central Andes, wet (dry) years are not uncommon (Garreaud
et al., 2003). We come to a similar conclusion and find that the precipitation and
§ 180, response to ENSO is inconsistent. Our results indicate that strong La Nina
events (e.g. 1976, 1989) are characterized by relatively low precipitation amounts in
the northern central Andes, while weaker La Nina events are associated with above
average precipitation (e.g. 1985, 1996; Fig. 2.5f). ¢ '®0, during La Nina events
is variable, and demonstrates no consistent response to weak and strong La Ninas.
The stronger and more persistent El Ninos (e.g. 1983, 1998) are associated with
more enriched values (Fig. 2.5f), most likely as a result of enhanced vapor transport
from the Amazon Basin with more enriched §'®0,, while shorter and weaker El
Ninos (e.g. 1977, 1978) are characterized by slightly higher precipitation and more

depleted §'®0,, in the central Andes (Fig. 2.5f). From our back-trajectory analysis,
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we speculate that ENSO probably has the greatest influence on '%0,, in the central
Andes when it modulates the position of the Bolivian High.
As expected, there is no relationship between interannual §'®*O ,variability and

ENSO in the southern central Andes (Fig. 2.51) or the southern Andes (Fig. 2.51).

2.6.2 Effect of moisture source and trajectory path on §'30 variations

As discussed in section 2.5.3, moisture source is the dominant factor influencing
precipitation and §'¥0,, in the northern central Andes. The moisture source is vari-
able with air masses originating over the South Pacific, North and South Atlantic and
trajectory paths that vary significantly. A strong positive correlation exists between
a South Pacific trajectory and §'®0,, (Fig. 2.7, Fig. 2.8). Two factors contribute to
the enriched §'®0,, composition of South Pacific air masses for the northern central
Andes. (1) The vapor source from the South Pacific is associated with low pre-
cipitation amounts over the northern central Andes. South Pacific air masses are
characterized by low water vapor content and low relative humidity due to subtropi-
cal subsidence and low surface temperatures associated with the Humboldt Current
along the west coast of South America. With low moisture content and latent heat,
convergence along the central Andes is less likely to trigger convective updrafts and
intense convective precipitation. (2) Air masses originating from the Pacific travel
less distance and undergo less condensation and rainout, and therefore less Rayleigh
distillation.

In other Andean regions, the moisture source does not play a dominant role in
controlling §'®0,, interannual variability. The reason for that is that the variability
in dominant moisture source is less pronounced than in the northern central Andes.

In the northern Andes, 85% of the vapor that condenses over the mountains sources
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from the north Atlantic and/or the Amazon Basin. In the southern central Andes,
the South Pacific is the principle moisture source for storm tracks with little influ-
ence from the continent (not shown). In the southern Andes, the vapor source is
almost invariability the Pacific Ocean mainly due to the stability of the mid-latitude

Westerlies.

2.6.3 Influence of wind speed and vertical ascent on 5180p variations

The main control on interannual §'*0,, variability in the southern central Andes
is the zonal wind speed and associated vertical ascent. The region is very dry with
precipitation and 6'®0,, showing relatively small interannual variability. Although
the South Pacific air masses are characterized by relatively low water vapor content
and more enriched §'%0,, stronger eastward winds from the Pacific Ocean result
in lower §'®0,. Stronger zonal winds enhance vertical ascent which causes more
adiabatic cooling that leads to more condensation, stronger Rayleigh distillation and
ultimately to more depleted 6'%0,,.

In the southern Andes, variations in the zonal winds cause variations in orographic
precipitation along the western flank. Stronger Westerlies cause more precipitation
(not shown), but the isotopic composition in the southern Andes is little affected
for two reasons. First, mid-latitude storms are frequent but relatively low in pre-
cipitation, therefore, individual storms have little effect on the seasonal and annual
§180,. Second, the vapor source is proximal and convective updrafts are unusual,
and consequently air masses undergo little Rayleigh distillation. Vapor from the
South Atlantic is probably occasionally mixed in with Pacific air masses. However,
because the vapor §'%0,, to the west and east of the southern Andes are similar these

incursions are unlikely to substantially affect §'*0,, over the southern Andes.
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As described above, in the northern and northern central Andes, other factors

than wind speed and vertical ascent dominate the composition of precipitation and

5150,

2.6.4 Effect of temperature on §'%0,, variations

Temperature variations at 850 mb are the dominant factors influencing 6'%0,
in the southern Andes. The fractionation factor for oxygen isotopes increases for
decreasing temperature resulting in a more pronounced depletion of cloud vapor at
lower temperatures.

Temperature does not affect the interannual variability in the isotopic composi-
tion of precipitation in other Andean regions. A negative correlation (r = 0.3-0.5)
exists between temperature and 6'80,, along the eastern flank of the northern central
Andes, indicating that higher temperatures along the mountain range are associated
with air masses that have a higher vapor content causing more rain during ascent and
therefore more depleted 6'®0,. This relationship is more pronounced on a monthly
timescale, where a negative correlation between temperature and ¢ 80, indicates
the contemporaneous appearance of the warm and wet season in subtropical South

America.

2.6.5 Data - model comparison

In general, simulated annual amount-weighted §'*0,, and observed §'*0,, agree in
minimum, maximum and mean values for different transects along the Andes. The
observed §'®0,, variability falls within our simulated §'®0,, variability in most regions

(Fig. 2.3), except for the southern Andes where observed §'%0,, are significantly lower.
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However, the lapse rate estimates do not compare as well (Fig. 2.4). Several issues
complicate the comparison between model §**0,, and observed §'%0,,:

First, the model and observations differ in spatial scales. Meteorological observa-
tions record precipitation §'#0,, from station sites, which may not be representative of
larger domains. In South America, inadequate data coverage makes it impossible to
interpolate local observations to regional scales. Likewise, relatively high-resolution
limited-domain climate models are too coarse to make direct comparisons with sta-
tion observations. For example, we report a simulated isotopic lapse rate for the
western flank of the southern Andes of 2.91%0 km™! that is calculated for the entire
domain between 45 and 50°S. If we calculate the lapse rate only for latitudes at
around 48°S, similar to sample sites from Stern and Blisniuk (2002), our isotopic
lapse rate is -4.92%0 km ™! in comparison to an observed lapse rate of -5.12%0 km™".

Second, observational data typically span only a few years. Often, observed 6'%0,
have missing monthly §'%0, values or only record individual storm events. Short
observation periods may bias a record towards anomalous events (e.g. ENSO). For
example, our modeled isotopic lapse rates in the northern transect vary significantly
when calculated over a three year period. The averaged lapse rate is -1.51%0 km™*
for 1976 to 1978 and -1.34%0 km~! for 1986 to 1988. Both periods include two El
Nino events. In comparison, the isotopic lapse rate during three year periods with
mostly normal tropical Pacific conditions is -0.98%0 km~1 (1980-1982) and -0.95%0
km~! (1989-1991), respectively. That indicates a discrepancy in lapse rate of 50%
depending on the years the lapse rates are calculated for.

Third, although the higher resolution in REMOiso results in a better represen-
tation of topography than in global models, the steep topographic gradient and

absolute height of the southern Andes is still underestimated. For example, Stern
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and Blisniuk (2002) report windward elevations of up to 3000 m, while REMOiso
simulates peak elevations of <1700 m. The discrepancy in elevation is the most
likely reason for the large differences between simulated and observed §'%0, in the
southern Andes.

Fourth, observational data do not sample the complete elevation range, and as a
result are likely to overestimate lapse rates. In the central Andes observed §'%0,, is
sampled at elevations below 1500 m and above 4000 m (Fig. 2.3h, 1). §'®0,, observa-
tions at elevations between 1500 and 4000 m do not have corresponding precipitation
amount data and cannot be amount-weighted. In the northern and central part of
the central Andes the relationship between 680, and elevation is not linear; the lapse
rate increases at higher altitudes (>3500 m) due to the advanced stage of conden-
sation fractionation. As a result, isotopic lapse rates derived by linear extrapolation
likely overestimate the true lapse rate at low elevations and underestimate the lapse
rate at high elevations. For example, in the northern transect an observed isotopic
lapse rate of -1.46%0 km~! has been reported for year 1983, based on data from eleva-
tions below 600 m, at 1700 m, and at 4080 m (Gonfiantini et al., 2001). Our modeled
lapse rate for 1983 based on a complete elevation range is -1.18%0 km~!. However, if
we model 6'80,, for the northern transects at elevations lower than 600 m, between
1600 and 1800 m, and between 4000 and 4100 m, the modeled isotopic lapse rate is
-1.44%0 km™!.

Fifth, REMOiso (and other regional climate models) have precipitation biases. As
discussed in section 2.3, REMOiso tend to predict too much orographic precipitation
along the Andean front. Therefore, we would expect an overestimation of lapse
rates. However, REMOiso overestimates the recycling of vapor by evapotranspiration

(Sturm et al., 2007) due to the bucket-type soil hydrology scheme that does not
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account for surface and sub-surface drainage and groundwater formation. Vapor
fluxes from the surface are assumed to be dominantly transpiration, and thus soil
moisture is released into the atmosphere without fractionation (Bariac et al., 1994).
Therefore, the vapor transported from the lowlands to the flank of the Andes could be
more enriched in §'%0,. Because Rayleigh distillation along the flanks causes 6'%0,,
to decrease exponentially with the cumulative precipitation, the isotopic content of
the precipitation is a function of the initial isotope mass and water vapor mass within
the air parcel and of the water vapor mass remaining when precipitation forms. Thus,
more enriched §'¥0,, in low-elevation air masses can lead to lower-than-expected lapse
rates.

In summary, spatial and temporal limitations in observed data may lead to biases
in the analysis and interpretation of isotopic variability in the Andes. More data are
needed to robustly determine local isotopic lapse rates and records reported in the

literature need to be interpreted with caution.

2.7 Implications

The difficulty in interpreting isotopic records from the geological record stems in
part from our limited understanding of the physical processes that control the isotope
behavior. Our results and previous investigations indicate that a large number of
factors can affect 6'*0, in South America. In order to make use of isotopic records,
it is necessary to understand the factors that are operating in a specific region. In
general, our experiments suggest that the dominant processes influencing § 20,
variability are (1) in the northern Andes, precipitation amounts controlled by low-

latitude SST variability (e.g. ENSO), (2) in the northern central Andes, precipitation
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amounts and moisture source variability associated with the position of the Bolivian
High, (3) in the southern central Andes, zonal wind speed and forced ascent, and
(4) in the southern Andes, temperature variations. Although our study focuses on
interannual variations on short (decadal) timescales, it is likely that the same physical
relationships hold for longer (millennial, geological) timescales, and thus that we can
extend the same processes to understand paleoclimate.

Our results can shed light on the ongoing debate of what influences the isotopic
records in Andean ice cores. Tropical glaciers in Peru (Huascaran, Quelccaya) and
Bolivia (Sajama) indicate mean annual §'0,, values at high altitudes vary by more
than ~10%o over the last 40 years (e.g., Thompson et al., 1992, 1995, 1998). Ear-
lier studies used the isotope-temperature relationship for high latitudes to interpret
changes in tropical isotopic records as reflection of significant temperature fluctua-
tions (Thompson et al., 2000). Our results are more consistent with recent stud-
ies that interpret Andean isotopic records in terms of ENSO variations, precipita-
tion amount, or variable wind patterns. A link between Andean isotope records in
glaciers and ENSO has been mainly suggested for the Huascaran and Quelccaya ice
caps (Vuille et al., 2003b), located between our northern and northern central Andes
domain, with cold (warm) conditions in the tropical Pacific during the Andean rainy
season leading to more depleted (enriched) §'®0,, values. However, the relationship
mainly holds on longer timescales (several decades), but only appears weakly on
interannual time scales (Henderson et al., 1999; Hoffmann et al., 2003). Our re-
sults suggest that glacier 4'®0, in South America might also record variations in the
Bolivian High. The position and strength of the Bolivian High is related to low-
and mid-tropospheric heating, and thus, shows an overall correlation with ENSO

conditions, but the upper-level circulation feature acts as an independent factor in
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influencing ¢ 80, through changing wind pattern and vapor transport across the
central Andes. In the Sajama record (northern central Andes domain), a statisti-
cally significant relationship between annual precipitation- weighted mean 6'*0,, and
precipitation amount has been found over the past 50 years (Bradley et al., 2003).

This study emphasizes the importance of water vapor source on ¢ *0,. In con-
trast to previous studies that argue that the moisture influx from the Pacific is
negligible for 6'80, in most regions in the Andes (Garreaud et al., 2003; Vuille et al.,
2003a), our simulations demonstrate a strong tendency to more enriched 6'*0,, com-
positions in the central Andes when vapor is sourced over the subtropical South
Pacific. A correlation between the origin of wind trajectories at 500 mb and annual
amount-weighted §'®*0,, over the central Andes is consistent with previous findings by
Henderson et al. (1999), which shows a relationship between interannual variations
in Huascaran 6'®0, and zonal wind variations over tropical South America at the
500-mb level over a 25-year period (1968 -1992). Our results suggest that the vari-
ability in §'%0,, stored in Andean glaciers can be at least partly ascribed to changes
in moisture source with more enriched §'*0O,, compositions related to a larger Pacific
influence.

On millennial or geological time scales ENSO variations are likely less relevant,
unless there is a significant increase or decrease in the frequency (Stott et al., 2002).
Large-scale changes in the mean state of the Pacific on the other hand, as has been
suggested at least in Pliocene times (e.g., Ravelo et al., 2004; Wara et al., 2005; Lee
and Poulsen, 2006; Martinez-Garcia et al., 2010), might be important in influencing
the isotopic composition of precipitation in the past. Tropical conditions during
the Pliocene have been suggested to resemble a permanent El Nino with a weak

or absent Walker circulation (Barreiro et al., 2006). Our results suggest that in the
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northern Andes, where variable Pacific sea surface temperatures play a crucial role in
determining 0 '*0,, the absence of an east-west SST gradient in the tropical Pacific
with stronger easterlies transporting drier air masses from the Amazon Basin could
result in reduced precipitation and enriched §'®0, compositions in comparison to
modern conditions. In the northern central Andes a permanent El Nifio could cause
a northward position of the Bolivian High, which enhances westerly winds and results
in more enriched §'®0, compositions in the past.

Our results also have implications for paleoaltimetry interpretations on geolog-
ical timescales. Significant changes in the isotopic composition of precipitation,
recorded in paleosol carbonates from the central Andes, have been interpreted to re-
flect changes in surface elevations (e.g., Garzione et al., 2006) or in rainfall amounts
(Poulsen et al., 2010). The interpretation of significant surface uplift in the central
Andes since the late Miocene is based on the assumption that the depletion of 3-
4%0 of 60 in ancient carbonate nodules is related to altitude, assuming modern
climate conditions and isotopic lapse rates through time. Our results indicate that
climate change, in particular changes in precipitation amount and moisture source,
can have a significant effect on the central Andean §'*0,, and 6'*0,, lapse rates. This
conclusion supports previous work suggesting that the late Miocene 680 depletion
reflects climate change (Ehlers and Poulsen, 2009) and most likely an initiation and
intensification of convective rainfall along the eastern Andean flank (Poulsen et al.,
2010). In addition, our results emphasize the difficulty in using observed modern
lapse rates to interpret past changes in § ¥0,, with altitude. Paleoaltimetry studies
often use modern §'80 - altitude relationships that were observed at a single location
over a period of one or two years. Our model results indicate that annual lapse rates

in the central Andes can vary by up to 300% over 24 years. Therefore, short-term
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observations may not represent mean conditions.

2.8 Conclusions

A high-resolution (~55 km) limited-domain climate model was used to investigate
the causes of spatial and temporal variations in precipitation 6'¥0 and isotopic lapse
rates along and across the Andes. Simulated annual amount-weighted 6'%0, at the
highest elevation sites in the Andes vary significantly with isotopic composition of
approximately -5%o in the northern Andes, -13%o in the northern central Andes, -
6%o in the southern central Andes, and -9%o in the south. Predicted isotopic lapse
rates along the windward side of the mountain range between -0.88 £ 0.69 %o km ™!
in the northern Andes, -1.43 4 0.84% km ~! in the northern central Andes, -0.97
+ 0.49%0 km~! in the southern central Andes, and -2.91 £ 0.37%0 km~! in the
southern Andes. Interannual variability in precipitation §'®0,, is relatively small in
the northern, south central, and southern Andes (£2%0), and greater in the northern
central Andes (£6%0). Isotopic lapse rates are characterized by high interannual
variability in all regions.

Results indicate that climate controls on §'*0,, vary from region to region along the
Andes. In the northern Andes, the main factor influencing interannual variability
in 080, is the amount effect with Pacific SSTs mainly controlling variations in
precipitation. In the northern central Andes, the dominant controls on 6'*0,, are the
amount of precipitation and moisture source with vapor originating over the South
Pacific, North or South Atlantic, or the South American continent. In the southern
central Andes 6'80, variations are related to zonal and meridional wind pattern

influencing the amount of rainout along the Andean flanks. In the southern Andes
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6180, is mainly influenced by temperature, while the amount effect is negligible due
to the location of the southern Andes in the mid-latitude Westerlies and the lack of
large convective storms.

Our model results are in good agreement with observation for 6'¥0,, but annual
amount-weighted mean isotopic lapse rates are smaller than observed data. The
discrepancies between model and observation are caused by spatial and temporal
limitations in observations and/or model limitations in dealing with orographic con-
vergence. Our results elucidate the dominant regional process that drive §'%0,, vari-

ability and, in this way, provide constraints for the interpretation of §'®*0,, archives.
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CHAPTER III

Influence of the Andes Mountains on South American
moisture transport, convection, and precipitation

3.1 Abstract

Mountain ranges are known to have a first-order control on mid-latitude climate,
but previous studies have shown that the Andes have little effect on the large-scale
circulation over South America. We use a limited-domain general circulation model
(RegCM3) to evaluate the effect of the Andes on regional-scale atmospheric dynam-
ics and precipitation. We present experiments in which Andean heights are specified
at 250 m, and 25, 50, 75, and 100% of their modern values. Our experiments indicate
that the Andes have a significant influence on moisture transport between the Ama-
zon Basin and the central Andes, deep convective processes, and precipitation over
much of South America through mechanical forcing of the South American low-level
jet(LLJ) and topographic blocking of westerly flow from the Pacific Ocean. When
the Andes are absent, the LLJ is absent and moisture transport over the central
Andes is mainly northeastward. As a result, deep convection is suppressed and pre-

cipitation is low along the Andes. Above 50% of the modern elevation, a southward
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flowing LLJ develops along the eastern Andean flank and transports moisture from
the tropics to the subtropics. Moisture drawn from the Amazon Basin provides the
latent energy required to drive convection and precipitation along the Andean front.
Large northerly moisture flux and reduced low-level convergence over the Amazon
Basin leads to a reduction in precipitation over much of the basin. Our model re-
sults are largely consistent with proxy evidence of Andean climate change, and have

implications for the timing and rate of Andean surface uplift.

3.2 Introduction

Large, mid-latitude mountain ranges have a first-order control on large-scale atmo-
spheric circulation by modifying stationary wave patterns. For example, the Rocky
Mountains and the Tibetan plateau modify the mid-latitude storm tracks and regions
of subsidence and drying by influencing upper-tropospheric flow (e.g., Broccoli and
Manabe, 1992; Kutzbach et al., 1989). The Andes Mountains are the dominant to-
pographic feature in South America, extending over 7,000 km from ~7° to 45°S, with
Andean plateau elevations as high as ~4,000 m over a large portion of the central
Andes. Despite its enormity, previous studies have suggested the Andes Mountains
have only a minor influence on large-scale atmospheric patterns over South America.
The major stationary features, including the Bolivian High and the Nordeste Low,
the low-level northerly flow over northern and central South America, and the large-
scale precipitation are mainly products of diabatic heating over the Amazon Basin
and are only marginally affected by the Andes (e.g., Figueroa et al., 1995; Kleeman,
1989; Lenters and Cook, 1995, 1997).

However, it has been shown that the Andes affect regional-scale climate by block-
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ing zonal flow and influencing regional wind pattern and precipitation. Mechani-
cal forcing by the Andes is critical to the formation of the South American low-
level jet (LLJ) (Campetella and Vera, 2002; Gandu and Geisler, 1991). The An-
des block and deflect low-level trade winds from the equatorial Atlantic to form a
northerly /northwesterly barrier jet that flows along the eastern flanks of the moun-
tains (Virji, 1981) and transports moisture from the Amazon Basin to the subtropical
regions of the continent (Vera et al., 2006). On a more local scale, the Andes focus
precipitation along the eastern flanks of the northern and central Andes due to oro-
graphic lifting and the inducement of small-scale convergence and convection (Lenters
and Cook, 1995). Though linkages between the Andes and regional dynamics and
precipitation have been established, the details and significance of these interactions
on modern climate are less certain. For example, it is unclear to what extent the
Andes, through their impact on the LLJ, affect the heat and moisture transport
from the tropics to higher latitudes and how important this moisture transport is
to convective processes that drive precipitation. It is also not known whether the
Andes significantly influence low-level flow away from the Andean flanks or whether
it affects precipitation in remote regions, including the Amazon Basin and the South
Atlantic Convergence Zone (SACZ).

Knowledge of these interactions is important for understanding paleoclimate as
well as modern climate processes. The modern Andes are a geologically young feature
that was uplifted during the Neogene (~25 Ma to present) due to the subduction of
the Nazca Plate below South America (Isacks, 1988). Paleoclimate proxies for this
time indicate that climate conditions along the eastern margin of the Andean plateau
changed from arid to humid (e.g., Kleinert and Strecker, 2001; Starck and Anzotegui,

2001), while the western flanks of the plateau became hyperarid (e.g., Alpers and
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Brimhall, 1988; Rech et al., 2006). To determine whether Neogene paleoclimate was
responding mainly to surface uplift or some other forcing requires an understanding
of the evolution of interactions between the Andes and regional climate.

The objective of this study is to investigate the influence of the Andes on re-
gional climate over South America. In particular, we focus on the effect of the Andes
on the LLJ, moisture transport, and precipitation processes. The influence of the
Andes on South American climate has been previously studied through the use of
global and regional climate models (Campetella and Vera, 2002; Figueroa et al.,
1995; Gandu and Geisler, 1991; Lenters and Cook, 1995). However, these models
are limited in their utility due to their coarse resolution, lack of diurnal and/or sea-
sonal heating, or absence of hydrological processes. As a result of these limitations,
moisture transport and seasonal precipitation could not be simulated, or was biased
by the unrealistic representation of the Andes as a low, broad topographic feature.
This study represents an advance on previous studies by using a regional general
circulation model (RegCM3) capable of representing the narrow, steep topography
of the Andes (Fig. 3.1a), and a convection scheme that has been shown to provide a
realistic simulation of present-day climatology. To evaluate dynamical and physical
atmospheric changes associated with variations in Andean plateau height during the
Cenozoic, we present a series of experiments in which Andean heights are specified
at 250 m, and 25, 50, 75, and 100% of their modern values. Our results indicate that
even though the Andes have little effect on large-scale stationary features they have

a fundamental impact on moisture transport and precipitation across South America.
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3.3 Methods

3.3.1 Model

The RegCM3 (Pal et al., 2007) is a third generation, three-dimensional regional
climate model, based on the original model developed by Giorgi et al. (1993a,b), with
a dynamical core that is adopted from the hydrostatic version of the Pennsylvania
State University-National Center for Atmospheric Research Mesoscale Model (MM5)
(Grell et al., 1994). It is a primitive-equation, hydrostatic, compressible model with
sigma-vertical coordinates (Giorgi et al., 1993a). Improvements in the representation
of precipitation physics, surface physics, atmospheric chemistry and aerosols in the
RegCM allows an enhanced model performance in tropical and subtropical regions
(Pal et al., 2007).

RegCM3 experiments were performed for South America using a continental scale
domain with 60 km horizontal resolution and 18 levels in the vertical (Fig. 3.1). The
land surface is represented by the Biosphere-Atmosphere Transfer Scheme (BATS,
Dickinson et al. (1993)) that is designed to describe the role of vegetation and inter-
active soil moisture in modifying the surface-atmosphere exchanges in momentum,
energy, and water vapor (Fig. 3.1b)(Giorgi and Marinucci, 1996). Sea-surface tem-
peratures (SST) were obtained from the NOAA optimum interpolation (OI) SST
analysis (Reynolds et al., 2002). Atmospheric lateral boundary conditions from 40
yr reanalysis (ERA-40) data are derived from the European Centre for Medium-
Range Weather Forecast (ECMWEF). Simulations are 10 years in length (January
1991 - December 2000) and results are based on the last 5 years of simulation.

Convective precipitation was computed by two different schemes, the Grell scheme
(Grell, 1993) and the MIT Emanuel scheme (Emanuel, 1991). In this study, we

present results from experiments using the MIT-Emanuel convection scheme, be-
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cause it provides the best fit to modern precipitation over the tropics and subtropics
of South America. This convective scheme assumes that the mixing in clouds is highly
episodic and inhomogeneous and considers convective fluxes based on idealized model
of subcloud-scale updrafts and downdrafts (Pal et al., 2007). In comparison to other
convective schemes, the Emanuel scheme includes a formulation for auto conversion
of cloud water into precipitation in cumulus clouds (Pal et al., 2007). Our experi-
ments are in good agreement with previous studies that have shown that the use of
the RegCMa3 version together with the Emanuel convection scheme leads to improved
simulations of precipitation, temperature and low-level wind pattern compared to the
RegCM3/Grell configuration and other RCMs (Pal et al., 2007; Seth et al., 2006). In
particular, previous results have shown a strong dry bias in austral summer over the
Amazon region mostly related to deficient parameterization of convection and poor
presentation of surface processes over tropical areas (e.g., Berbery and Collini, 2000;
Chou et al., 2002; DeSales and Xue, 2006; Rojas and Seth, 2003) that is absent in

analogous simulations with the Emanuel scheme (Seth et al., 2006).

3.3.2 Model setup and free parameters

The goal of this study is to quantify the impact of Andean uplift on South Amer-
ican climate dynamics. Our model domain ranges from 100°W to 15°W and 12°N
to 45°S. Previous studies have shown that large domains are necessary to accurately
simulate sensitivity to forcings within the domain (Seth and Giorgi, 1998; Seth and
Rojas, 2003). For this reason, a large domain, extending over parts of the Atlantic
and Pacific Ocean, was chosen (Fig. 3.1). To this end, we designed experiments to
account for different Andean elevations without changing other parameters. In total,

five experiments were completed with discrete Andean elevations (AE). The 100%
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AFE simulation assumes a present-day Andean elevation that is based on a global digi-
tal elevation model from the USGS with elevations regularly spaced at 30-arc seconds
(USGS, 1996). Unlike previous GCM studies of the region, our simulations resolve
the high elevations (exceeding 4,000 m) and narrow extent of the Andes (Fig. 3.1).
The 75, 50, and 25% experiments simulate the climate when the Andes were reduced
to three quarters, one half, and one quarter of the modern Andean elevation, respec-
tively. For the no Andes case (0% AE), Andean elevations were specified as 250 m.
In other regions of South America, the topography was maintained at modern eleva-
tions. In this study, we do not account for global climate change during the Cenozoic.
Trace gases (i.e. 355 ppmv COs, 1714 ppbv CHy, 311 ppbv NOy), SST, vegetation
cover, solar luminosity, and orbital parameters were specified to represent modern
conditions and remain constant in all experiments. The influence of these factors on

the Cenozoic evolution of South American climate will be addressed in a future study.
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Figure 3.1: Model domain with topography and land cover in South America. (a) Present day eleva-
tions used in RegCMS3 are from the United States Geological Survey (USGS). Solid box indicates the
domain for the Andean plateau region; dashed box shows the profile location for height/pressure-
longitude plots. (b) Land surface description used in RegCM3 is based on the Global Land Cover
Characterization dataset and defined by BATS (Biosphere Atmosphere Transfer Scheme). Box
indicates the domain for the Amazon Basin.
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3.4 Modern climatology

A comparison between simulated and observed data indicates that RegCM3 per-
forms very well in capturing the general climatology in South America. The model
performance for modern precipitation is assessed by using independent precipitation
observations from the Global Historical Climatology Network (GHCN) data base
(Figures 3.2a, b) (NOAA/NESDIS/NCDC, 2003). We interpolated the mean sea-
sonal precipitation from climate stations in South America with records of monthly
precipitation exceeding 10 years. The model captures the distribution of summer
(DJF, December; January; February) precipitation across South America, including
regions of maximum precipitation in the central part of the Amazon Basin and along
the eastern flanks of the central Andes, as well as arid conditions over northeast
Brazil, Venezuela, northern Chile and southern Argentina (compare Figures 3.2a,
b). The modeled summer precipitation over the Amazon Basin is approximately
30% higher than the observed precipitation in this area. We attribute the over-
estimate of precipitation to the land surface model that likely overestimates the
moisture component that is recycled over the Amazon Basin, resulting in high pre-
cipitation rates. Preliminary experiments with RegCM coupled to the Community
Land Model (CLM), with an improved canopy integration scheme and a better sim-
ulation of the hydrological cycle, yield lower precipitation rates in line with obser-
vations. In addition to overestimating Amazon precipitation, the modeled summer
precipitation along the eastern flank of the Andes and on the Andean plateau is more
pronounced than in the observed pattern with the Andean plateau region receiving
several mm/day rainfall that is not observed in the station data. However, seasonal

variations in precipitation including the high rainfall associated with seasonal migra-
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tion of the SACZ (e.g., Horel et al., 1989; Wang and Fu, 2002) are well simulated by
RegCM3. Therefore, despite small discrepancies in the absolute amounts of precip-
itation over the Andean plateau region, the relative precipitation amounts between
different scenarios are most likely realistic.

In addition to the precipitation distribution, RegCM3 also captures other impor-
tant climatological features over South America. For example, simulated summer sur-
face temperatures agree well in structure and magnitude with the Climatic Research
Unit (CRU) derived temperatures, with maximum values in Northern Argentina,
northeast Brazil, and Venezuela (Fig. 3.2¢,d). The Chaco Low, a low pressure sys-
tem observed in central South America during the summer, is well developed. The
modeled low-level (800-mbar) circulation over South America, with strong easterlies
in the northern part of South America and an anticlockwise rotation of winds over
the central part of the continent, resembles NCEP reanalysis winds at the same level
(compare Figures 3.2e and 3.2f). Moreover, the upper-level (200 mbar) circulation,
including the Bolivian High (see Section 3.5.3), an intense quasi- stationary anticy-
clone (e.g., Horel et al., 1989; Lenters and Cook, 1997; Virji, 1981) that forms in
a region of high precipitation in response to condensational heating (e.g., DeMaria,
1985; Lenters and Cook, 1997; Silva-Dias et al., 1983), is simulated. Our simulation
places the center of the anticyclone at around 20°S and 65°W (Fig. 2g), in good
agreement with data obtained from geostationary satellite images that locate the

Bolivian High at 17°S and 65°W (Virji, 1981) and NCEP reanalysis data (Fig. 3.4).
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Figure 3.2: Comparison of modeled data versus observations for precipitation, temperature, and
winds. All plots show summer conditions (December, January, February). (a) RegCM3 modeled
modern summer precipitation in South America. (b) Observed summer precipitation, based on
precipitation time series from the Global Historical Climatology Network (GHCN) database. In-
terpolated monthly precipitation data are from climate stations that recorded more than 10 years
of precipitation for each month to ensure the relevance of the data. (c) RegCM3 modeled summer
temperature. (d) Same as ¢, but interpolated from CRU data. (e) RegCM3 modeled winds at
800 mbar sigma level. (f) Same as e, but interpolated from NCEP reanalysis data. (g) RegCM3
modeled winds at 200 mbar sigma levels. (h) Same as g, but interpolated from NCEP reanalysis
data. Small discrepancies between the climatologic fields from modeled data and reanalysis data
are based on the different horizontal resolution of the datasets. Note that the RegCM3 model
simulated climate parameters with a horizontal resolution of 60 km, the CRU data are based on a
0.5 x 0.5° grid, while the NCEP data are from a global grid with spatial resolution of 2.5 x 2.5°.
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3.5 Results

3.5.1 Precipitation and low-level circulation for simulations with modern Andes

Precipitation in South America is highly seasonal with ~50—80% of precipitation
falling in austral summer. Summer precipitation in South America is focused in the
Amazon Basin, along the eastern flanks of the northern and central Andes, and the
SACZ (Fig. 3.3a). Precipitation maxima are generally ~15 mm day~' for all three
regions. Most of the precipitation is convective in origin, but the climatological con-

ditions that promote convection differ between regions.
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Figure 3.3: Simulated precipitation in South America during the summer (averaged over December,
January, February). (a) Total precipitation for simulations with modern Andes. Boxes represent
the Amazon Basin (AB), the Andean plateau (AP), and the South Atlantic Convergence Zone
(SACZ), respectively. (b) Same as a, but for simulations with no Andes. (c) Total precipitation
over the Andean plateau region (15-26°S) for different Andean heights (in percent from modern
elevation). Solid gray line represents modern topography

In the Amazon Basin, precipitation is nearly uniform throughout the year. Con-
vection over the Amazon Basin is triggered by convergence of moisture-laden north-
easterly trade winds across the basin with the North Atlantic Ocean as the primary
moisture source (Fig. 3.4a). Transport of moist, warm air by zonal winds and strong
evapotranspiration (not shown) due to rainforest vegetation and high soil moisture

provide additional conditions that favor vigorous convection over the Amazon Basin.

Convection in the lower and middle troposphere is indicated by the development of
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thick clouds to ~400 mbar (not shown). In the extratropics, simulated precipitation
is highly seasonal. The model captures the summer precipitation maxima over east-
central South America associated with the SACZ (Fig. 3.3a). This precipitation is
predominantly convective, as indicated by the presence of high clouds (Fig. 3.5a).
The formation of convective precipitation in this region is related largely to the sea-
sonal strengthening of the South Atlantic High, which directs low-level flow from the
tropics to the subtropics (Fig. 3.4a). The convergence of this warm moist air from
the Amazon Basin provides the moisture and energy for deep convection and precipi-
tation. A significant seasonal precipitation cycle exists in the Andean plateau region
with strong summer precipitation (Fig. 3.3a) and very dry conditions during the win-
ter. Seasonality in Andean precipitation is related to the seasonal insolation cycle
over South America and the associated migration of the inter-tropical convergence
zone. As indicated by a strong southward component of wind directions, moisture is
supplied by transport of water vapor from the Amazon Basin up the eastern slopes
of the Andes (Fig. 3.4a). Through orographic lifting, the Andes trigger condensa-
tion, latent heat release, and strong convective updrafts during the summer. The
formation of high clouds that extend into the lower stratosphere up to 150 mbar is
symptomatic of these convective updrafts (Fig. 3.5a). Deep convection provides 65%
of the simulated precipitation. A smaller portion of the precipitation results from
the passage and orographic lifting of frontal systems, i.e., large- scale precipitation.
Orographic and convective lifting along the eastern side of the Andes is evident by
the strong negative vertical velocity (omega) (Fig. 3.6a), indicating upward airflow.

Summertime, low-level flow over the Amazon Basin, the SACZ, and Andes is
dominated by northerly winds. Along the eastern flanks of the Andes, this low-level

flow organizes into a fast-flowing low-level jet (LLJ). A cross section of meridional
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Figure 3.4: Low- level (800 mbar) moisture transport/winds in South America. (a) Moisture
transport during the summer for simulations with modern Andes. H represents the South Atlantic
High. (b) Same as a, but for simulation with no Andes.
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Figure 3.5: Simulated clouds over South America between 15 and 26°S latitude during summer.
(a) Height/Pressure-longitude profile for clouds over the Andean plateau region and the SACZ for
simulations with modern Andes. (b) Same as a, but for simulations with 50% Andean heights. (c)
Same as a, but for simulations with no Andes

wind at 15-26°S, depicted in Fig. 3.7a, illustrates the well-develop jet, which has
maximum northerly velocities of over 8 m s~! and monthly average peak velocities
up to ~11 m s~!. The LLJ is also a region of high specific humidity (Fig. 3.7b)and
high relative humidity (Fig. 3.7¢). In fact, it is this large southward transport of
water vapor that defines the LLJs role in South American climate. The southward-
transported vapor provides the latent heat and moisture source for precipitation
along the Andean flanks. In support of this view, strong convection, cloud formation

(Fig. 3.5a) and upward motion (Fig. 3.6a) correspond with regions of maximum
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latent heating and near-surface convergence (Fig. 3.8a) along the eastern margin of
the Andes. In contrast, the subtropical Pacific on the western side of the Andes does
not contribute substantial amounts of moisture or latent heat, because the low-level
flow is blocked by the steep Andean topography and large-scale subsidence (Figs. 3.6a
and 3.7a).

In sum, our model results indicate that the role of the Andes in precipitation
processes is not only due to orographic lifting. Rather, the Andes influence precipi-
tation through dynamical processes involving the development of the LLJ, moisture

transport, and the development of deep convection.
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Figure 3.6: Simulated vertical velocity (omega) across South America between 15 and 26°S latitude
during summer. Height/pressure-longitude profile with negative values indicating a strong upward
air component. (a) Simulations with modern Andes. (b)Simulations with 50% Andean heights. (c)
Simulations with no Andes.

3.5.2 Effects of uplifting topography on precipitation and low-level circulation

In the previous section, we describe on the basis of climatological relationships
that the modern Andes play an important role in modulating low-level circulation,
moisture transport and precipitation. To explicitly demonstrate the interplay be-
tween the Andes, convection, and precipitation, and to improve our understanding

of how and when Andean topography influences local and regional processes, we
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explore changes in South American climatology over a range of prescribed Andean
elevations.

The Andes have a substantial impact on precipitation across much of western
South America. When the Andes are absent, precipitation along the eastern flanks
of the central Andes is extremely low with ~2—4 mm day~' (Fig. 3.3b). With
increasing Andean plateau height, precipitation increases continuously to ~15 mm
day~! for the modern Andes (Fig. 3.3c). The reduction in Andean precipitation is
related to a decrease in moisture transport and suppression of convection.

Moisture transport along the central Andes is strongly affected by the removal
of topography. Without an orographic barrier, the LLJ and its transport of rela-
tively warm, moist air disappears (Figs. 3.7g and 3.7h) and latent heat along the
flanks of the Andes is low (<100 W m™2; Fig. 3.8b). With a deficit in moisture
and latent heat, convective processes are suppressed, evident by a reduction in high
clouds over the central Andes (compare Figs. 3.5a and 3.5¢). In the absence of the
Andes, prevailing winds over the plateau region are sourced from the Pacific Ocean
(Fig. 3.4b). The southwesterly flow is characterized by low water vapor content (<6
g kg™!) and low relative humidity (<0.5) (Figs. 3.7g-i) due to low surface tempera-
tures associated with the Humboldt Current along the west coast of South America
and subtropical atmospheric subsidence (e.g., Rutllant and Ulriksen, 1979). More-
over, without a barrier, the lifting mechanism disappears and vertical velocities in
the lower atmosphere are strongly reduced (Fig. 3.6¢).

Initial uplift of the Andes to less than 50% of modern elevations leads to an
increase in precipitation, specific humidity and relative humidity over the plateau
area and along the eastern Andean flanks (Figs. 3.3c, 3.9a, and 3.9b). An increase

in water vapor content over these regions during initial uplift of the Andes is re-
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Figure 3.7: Simulated meridional winds, water vapor and relative humidity across South America
between 15 and 26°S latitude during summer. (a) Simulation with modern Andes indicate the
formation of a low-level jet (LLJ) with a strong northerly component along the eastern flanks of
the Andes, (b) bringing high water vapor content (c) and results in high relative humidity. (d), (e)
and (f) show meridional wind, water vapor and relative humidity for simulation with 50% Andean
heights. (g), (h), and (f) same as d, e, f, but for simulation with no Andes.
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lated to a strengthening of the Chaco Low over central South America that redirects
the moisture flux from lower to higher latitudes (not shown). The increased mois-
ture transport increases surface latent heating from ~60 W m=2 to >140 W m~2
(Fig. 3.9c). With increasing moisture and latent heat release, clouds start to form
along the eastern flanks of the Andes (Fig. 3.5b) causing the reflection of incoming
solar radiation to space. The reduction in surface heating results in a decrease in
sensible heating from ~120 W m~2 to less than ~60 W m~2 (Fig. 3.9d).

When the Andes reach 50% of their modern elevation, the LLJ is initiated (Fig. 3.7d).
Atmospheric dynamics similar to modern are established and amplify as the Andes
rise to their modern elevation. At 50% of their modern elevation, the Andes block
the dry westerly flow and drastically change zonal and meridional moisture trans-
port. The deflection of easterly winds originating over the Amazon Basin results in
the establishment of strong northerly airflow along the eastern flanks of the Andes
that transport moisture from the tropics to the central Andes, increasing the surface

water vapor and the relative humidity (Fig. 3.7d-f).
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Figure 3.8: Simulated surface latent heat (shown in colors) and convergence at 800 mbar (arrows)
during summer. (a) Simulations with modern Andes. (b) Simulations with no Andes.



84

Water vapor content Surface Relative Humidity
0015 L L L L L L 5000 13 L L 'l 'l L L 5000
(a) = (b)
k=l
~ 0.0124 L 4000 ] [ 4000
g ¢ € .
= 3 E = E
° 0.009 4 = | 3000 5 B - 3000 é
5 B § g
- = 3 &
2 0.00647 000 8 T 2000 WD
2 o006 L W L
X =
= 5
[T}
0.003 4 L 1000 & - 1000
0000 T T T T T T 0 0.2 T T T L] L) Ll 0
70W 65W 70W B5W
Surface Sensible Heat Meridional Moisture Transport
5000 L L L L ' L 5000 E‘ ' 'l 1 1 L L 5000
] 5 (d) E e)
200 200 3‘!’ 0,03 . (
= = 4000 o = 4000
o 160 -g 1604 =Z
= - = - 0.00 4= -~
2 ’ “Fawo € " F oo E & E
= 120 E 12043 e ——— E &
$ 1 21 il Vo § 2 .03 g
L 2 = ¥ E 2 @ B
£ 50 wod g 2000 & & I
= = e 0%
= I o 0089 .. 255
404 I 1000 ~. | 1000 i . 50% - 1000
a2 ~=== T5%
2 0094 — 100%
n T T L] Ll L L) o 0 Ll T T T T L] o T T T T T T 0
70W B5W 70W B85W 70W B5W

Figure 3.9: Moisture and heat over the Andean plateau region (1526°S) for different Andes heights
(in percent from modern elevation) during summer. Solid gray line represents modern topography.
(a) Water vapor content at 800 mbar. (b) Surface relative humidity. (c) Surface latent heat. (d)
Surface sensible heat. (e) Meridional moisture transport (q x v) at 800 mbar. Positive values show
moisture transported from the south, negative values indicate northerlies.

Further uplift of the Andes to modern elevations causes a strengthening of the
LLJ (compare Figs. 3.7a and 3.7d) and increases the meridional moisture transport to
modern values of ~25 g kg™ m s™! at atmospheric pressures of 800 mbar (Fig. 3.9¢).
The significant increase in moisture flux due to the LLJ along the eastern flanks of
the Andes correlates with a substantial increase in relative humidity (Figures 3.7c
and 3.9b) and a significant increase in precipitation (Fig. 3.3c). Due to rainout
along the Andean flanks and enhanced subsidence on parts of the plateau, water
vapor amounts on the plateau decrease (Fig. 3.9a). Because most of the moisture
is transported to the central Andes at high atmospheric levels, surface latent heat
and sensible heat remain almost constant during the final stage of Andean uplift
(Figures 3.9¢ and 3.9d). Changes in Andean topography also modify precipitation

and moisture transport across the Amazon Basin. In the absence of the Andes, pre-
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cipitation in the eastern and central part of the basin is ~3—4 mm day~' higher
than under modern conditions (Fig. 3.10a). The higher precipitation magnitudes
are the result of enhanced low-level convergence over the Amazon Basin due to a
reversal of wind direction over the western part of the basin (Fig. 3.4b). Low-level
convergence of westerlies and easterlies focuses moisture convergence (Fig. 3.8b) and
deep convection over large parts of the basin. With increasing Andean elevations, the
eastern part of the Amazon Basin experiences a significant increase in zonal mois-
ture flux that transports water vapor to the west (Fig. 3.10b) and causes a decrease
in precipitation of up to 25% (Fig. 3.10a). The western part of the Amazon Basin
is characterized by a strong increase in north-south directed transport of moisture
from 25 to 90 g kg™! m s7! (Fig. 3.10c) and a change from predominant westerlies
to easterlies between three quarters and modern Andean elevations. The significant
increase in meridional moisture transport provides the source for increasing mois-
ture flux into the Andean plateau region, resulting in higher precipitation along the

eastern flanks of the Andes.
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Figure 3.10: Simulated moisture over the Amazon Basin (3°N to 9°S) for different plateau heights
(in percent from modern elevation) during summer. Solid gray line represents modern topography.
(a) Total precipitation. (b) Zonal moisture transport (q x u) at 800 mbar. Positive values indicate
moisture transported from the west, negative values indicate moisture transport from the east. (c)
Meridional moisture transport (q x v) at 800 mbar. Positive values show moisture transported from
the south, negative values indicate northerlies.

The SACZ is largely unaffected by changes in Andean topography. Precipitation

Elevation (m)
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across the SACZ stays almost the same; differences between modern and no-Andes
simulations are smaller than 1 mm day~!. Prevailing wind directions, water vapor
content, and moisture transport across the SACZ are also unchanged (not shown).
The absence of any significant changes is confirmation that this region is largely
controlled by the influence of the South Atlantic High, which is not substantially
affected by changes in Andean elevations.

Our results emphasize the influence of the Andes and their uplift on moisture
transport. A direct relationship is observed between the strength of the LLJ, pre-
cipitation, and moisture flux in the Amazon Basin and along the Andes. Moisture
transport via the LLJ is the dominant factor in triggering modern precipitation along
the Andes. Sensible heat is not the primary cause for modern convection over the

Andean plateau area.

3.5.3 Large-scale upper-level circulation

Previous studies have suggested that climate over the Andean plateau is closely
related to the upper-level circulation, because mid- and upper-tropospheric winds in-
fluence low-level circulations (e.g., Garreaud, 1999; Garreaud et al., 2003; Lenters and
Cook, 1999). Figure 3.11a emphasizes the strong correlation between 200-mbar zonal
winds and modern precipitation. Although our modeled maximum zonal flow exceeds
observational magnitudes (Garreaud et al., 2003), the relationship with upper-level
easterlies favoring high modern precipitation over the Andean plateau region, while
westerly flow causes dry conditions, is evident (Fig. 3.11a). Previous studies have
shown that easterly flow in the upper troposphere over the central Andes leads to
stronger than average upslope flow over the eastern slopes and easterly low-level

winds, increasing the moisture transport from the continental lowlands that feeds
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the convection over the Andean plateau region (Garreaud, 1999). Our simulations
reveal that the connection between upper- level flow and precipitation breaks down
when the Andes are absent. In the absence of the Andes, the direction and mag-
nitude of upper-level flow changes very little, while precipitation over the Andean
plateau area decreases significantly (compare Figures 3.11a and 3.11b). The dy-
namical link between the upper-level zonal wind and precipitation is weak, because

low-level winds are predominantly from the west.
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Figure 3.11: Inter-annual variations (J = June, D = December) in simulated upper-level (200 mbar)
circulation (red line) and precipitation (blue line) across the Andean plateau area (15°-26°S/71°
-62°W). (a) Total precipitation and zonal wind for simulations with modern Andes. (b) Same as a,
but for simulations with no Andes. Note that the easterlies exceed observational magnitudes, but
the correlation between zonal winds and precipitation can be still observed for modern simulations

Different factors have been proposed to influence the upper-air circulation, in-
cluding the strength and the position of the Bolivian High (e.g., Garreaud et al.,
2003; Lenters and Cook, 1997). The Bolivian High is the characteristic feature in
the modern upper-level circulation of South America (Fig. 3.12) (e.g., Lenters and
Cook, 1997; Virji, 1981). Although the center of the anticyclone is located close to
the Andean plateau (Figs. 3.1a and 3.12a), previous studies have shown that direct

mechanical effects of Andean topography on the Bolivian High are insignificant (e.g.,

Silva-Dias et al., 1983; Lenters and Cook, 1997; Schwerdtfeger, 1961). Our simula-
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tions are consistent with these findings and indicate that the Bolivian High also forms
in simulations with no Andes (Fig. 3.12b). The Bolivian High weakens and shifts
eastward when the Andes are absent. This shift is related to a shift in the low-level
convergence associated with the maximum latent heat release in the southern part
of the Amazon Basin for the no Andes case (Fig. 3.8) and implies that the Bolivian
High develops as a direct response to low- to mid-tropospheric heating. This is in
good agreement with previous studies that have shown that Amazonian heating is
the dominant driving force in generating the upper-level high pressure system over
South America, while the dynamic effect of the Andes is relatively unimportant (e.g.,

Silva-Dias et al., 1983; Lenters and Cook, 1997; Schwerdtfeger, 1961).

20S

40S

Figure 3.12: Simulated upper-level (200 mbar) winds during summer. (a) Winds for simulations
with modern Andes. (b) Winds for simulations with no Andes

3.6 Discussion

3.6.1 Interaction between the Andes and regional climate dynamics

Our results indicate that the Andes play an important role in modulating regional
atmospheric conditions. Previous studies have demonstrated that low-level northerly
flow develops due to diabatic heating over the Amazon Basin and the presence of a

subtropical high (e.g., Figueroa et al., 1995; Rodwell and Hoskins, 2001). Our results
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support this conclusion; northerly low-level flow over central South America and the
South Atlantic High are well developed in our no-Andes experiment. However, in our
simulations the establishment of the LLJ, which is a dominant factor in modern South
American climatology, is directly related to the elevation of Andean topography.
The LLJ represents the geostrophic response to the trade winds converging with
the front of the northern eastern Andes. The deflection of easterly trade winds and
the initiation of the LLJ occur once Andean elevations are 50% of their modern
heights. With further uplift of the Andes, the LLJ strengthens, as indicated by an
increase in southward velocities by nearly 100% on the eastern flank of the Andes.
Previous studies have indicated that the LLJ is mainly related to mechanical forcing
by the Andes (e.g., Campetella and Vera, 2002; Figueroa et al., 1995). Our results
certainly support the role of mechanical forcing in the development of the LLJ, but
also suggest that moist physics may be playing an important role in amplifying the
LLJ. Our results support the idea that the uplift of the Andes enhances low and mid-
tropospheric latent heating, increasing convergence at low levels and divergence at
upper tropospheric levels along the Andes (Fig. 3.8). In turn, the enhanced low-level
(zonal) flow perpendicular to the Andes (Fig. 2.13) drives a stronger LLJ, and further
moisture transport. However, a better understanding of the horizontal and vertical
structure of the LLJ and its relationship to convection is critical to quantify the
individual mechanisms responsible for the intensification of the LLJ. For example,
a strengthening of the modern LLJ has been associated with amplification of the
Chaco Low in northern Argentina (e.g., Salio et al., 2002). Yet, in our studies, the
Chaco Low is most intense when the Andes are low due to high sensible heating and
reduced cloud cover (not shown), whereas the LLJ forms at higher Andean elevation.

The LLJ is the key feature providing moisture and energy for convection and pre-
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Figure 3.13: Difference in zonal wind between simulations with modern Andes and 50% Andean
heights. Enhanced low- level zonal flow perpendicular to the Andes in the modern case intensifies
the LLJ and increases the moisture transport.

cipitation along the Andes. Therefore, the influence of the Andes on regional climate
is not purely mechanical through orographic lifting, but mainly due to modifications
of dynamical processes. Through their impact on low-level circulation, the Andes
not only influence the climate in immediate vicinity of the mountain range, but also
have a direct impact on the climatology of remote areas such as the Amazon Basin.
In the absence of the Andes, westerly winds can penetrate into parts of the Amazon
Basin resulting in an enhanced convergence of low-level flow, strengthening convec-
tion and precipitation over the basin. If the Andes are present, the LLJ draws in
moisture from the Amazon region and modifies the moisture flux within the basin.
Overall the formation of the Andes is a key aspect for driving the mechanisms

that control the regional wind pattern and precipitation over South America.
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3.6.2 Moisture transport from the tropics to higher latitudes

The transport of water vapor from the Amazon Basin to the central Andes is
critically important to Andean precipitation. Previous studies have suggested that
the Amazon Basin is an open system and that outflow of atmospheric moisture
from the basin may contribute an important input to the hydrological cycle in the
surrounding regions (e.g., Eltahir and Bras, 1994). However, evidence for potential
effects on moisture supply and precipitation in surrounding regions was missing.
Moreover, a few studies have suggested that moisture variability over the Andean
plateau region cannot be accounted for by moisture fluctuations over the eastern
lowlands (e.g., Garreaud et al., 2003; Garreaud, 2000). Our results indicate that
precipitation in the central Andes region is directly related to the moisture content of
the Amazon Basin. The LLJ is the dominant feature transporting moisture from the
tropics to higher latitudes. The moisture transported by the LLJ provides the latent
heat required to drive convective updrafts and enhances convection and precipitation
along the eastern flank of the Andes. The LLJ draws in water vapor from the Amazon
region and modifies the moisture flux within the basin. The strong moisture flux out
of the Amazon Basin is balanced by stronger moisture influx from the Atlantic Ocean
and slightly reduced convection and precipitation due to less pronounced convergence
of low-level winds over the basin. Therefore, the surface water vapor content over the
Amazon Basin remains constant and changes in surface latent heat over the region
are small (not shown) for different Andean heights.

Uplift of the Andes and associated changes in the moisture transport across the
Amazon Basin and along the eastern flanks of the Andes have a very small influence
on the convection and precipitation across the SACZ. These results are in contrast

to previous studies that have suggested that the generation of the SACZ is the result
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from the combined action of an Amazonian latent heat source and the steep Andean
topography (Figueroa et al., 1995; Nogues-Paegle et al., 1998). An observed dipole
structure between the SACZ and the LLJ with a weak SACZ associated with stronger
LLJ and vice versa has been associated with intra-seasonal convective anomalies (e.g.,
Garreaud and Aceituno, 2001; de Goncalves et al., 2006; Lenters and Cook, 1999;
Nogues-Paegle and Mo, 1997). However, on the longer timescales investigated here,
we do not find a direct dynamical effect of the Andes on convective activity across
the SACZ or a correlation between the strength of the LLJ and the SACZ. Our
results lead us to conclude that convection and precipitation across the SACZ is
mainly related to the latent heat over the Amazon Basin and the strength of the
South Atlantic High that govern the low-level flux between the Amazon Basin and

the SACZ.

3.6.3 Implications for paleoclimate

Our results have implications for the paleoclimatic evolution of South America,
and show that modern climate is not representative of past climates when the Andes
were lower. In general, our experiments predict that uplift of the Andes results in
(1) a significant increase in precipitation along the eastern flanks of the Andes, (2)
more arid conditions along the western flanks, and (3) no significant precipitation
change over the Amazon Basin. These changes begin and intensify when the Andes
reach approximately one-half of its modern elevation.

Our results are consistent with observations inferred from geological observations
(Strecker et al. (2007) and references therein). For example, several studies have
proposed a climate shift from arid to humid conditions along the eastern flanks

of the Andes in Bolivia and Argentina during the Late Miocene (between 10 and
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7 Ma) based on changes in stratigraphic units, plant fossils and faunal assemblages
(e.g., Kleinert and Strecker, 2001; Starck and Anzotegui, 2001; Uba et al., 2005,
2006). Along the western flanks, a change from semiarid to hyperarid conditions has
been proposed for the middle Miocene (e.g., Alpers and Brimhall, 1988; Rech et al.,
2006). In the Atacama Desert, changes in soil composition between 19 and 13 Ma
(Rech et al., 2006) as well as the termination of supergene alteration and copper-
sulfide enrichment between 14 and 8.7 Ma (Alpers and Brimhall, 1988) and a strong
reduction in sediment transfer from the Andes to the western lowlands between 10
and 6 Ma (Hoke et al., 2004) have been interpreted to reflect a significant shift
towards more arid conditions along the western flanks of the Andes. In addition,
a decrease in modeled net precipitation (difference between total precipitation and
evapotranspiration) across the southern part of the Andean plateau is consistent
with observations that commonly link the onset of aridification over the plateau area
with the onset of internal drainage and the deposition of salt-bearing units between
24 and 15 Ma (Alonso et al., 1991; Vandervoort et al., 1995).

Although our model results are in good agreement with observations from the
Andean flanks and the Amazon Basin, a mismatch between model and observa-
tions exists over the northern part of the Andean plateau. Despite an increase in
evapotranspiration with increasing Andean heights, our simulations suggest an in-
crease in net precipitation over parts of the Andean plateau. The mismatch may be
due to the specific domain used for plateau interpretations, and/or prescription of
constant boundary conditions such as vegetation and sea-surface temperature. For
example, modeled changes in climate are interpreted for the entire Andean plateau
area between 15 and 26°S, while proxy data are often based on interpretations of

local observations. In addition, changes in vegetation across the Andes may influ-
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ence the moisture availability over the plateau area. Prescribing dense vegetation at
low Andean elevations in place of the modern desert biome could facilitate moisture
retention in the topsoil on the mountain slopes, potentially contributing to greater
local evapotranspiration and higher precipitation in the no Andes case.

Overall, our findings show how the tectonic evolution of the Andes has influenced
South American climate. This knowledge may help constrain the surface uplift his-
tory of the Andes by constraining minimum Andean elevations during the Cenozoic.
The onset of hyperaridity during the middle Miocene in the Atacama Desert has
been related to surface uplift and the creation of a rain shadow along the western
flanks of the Andes. Our results suggest that at least half the modern Andean eleva-
tion is necessary to block zonal flow and establish easterlies that bring moisture from
the Amazon Basin to the central Andes. These findings are in very good agreement
with estimated minimum Andean paleoelevations of >2 km prior to 12-15 Ma for the
central Andes (e.g., Alpers and Brimhall, 1988; Rech et al., 2006), but suggests an
earlier uplift history than that based on stable isotope paleoaltimetry (e.g., Garzione
et al., 2006; Ghosh et al., 2006). However, changes in amount and source of rainfall
reported here could have a substantial influence on the §'80 composition of rainwater
on the Andean plateau, significantly complicating paleoaltimetry estimates (Ehlers

and Poulsen, 2009).

3.6.4 Caveats

The objective of this study is to understand how the Andes influence regional
climate over South America and to analyze climate sensitivity to progressive Andean
uplift. The model setup is designed to provide the most straightforward assessment

of how climate responses to mechanical uplift of the Andes. We emphasize two
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important caveats to this work, one related to the modeling methodology and the
other related to the paleoclimate implications. First, results presented in this study
are from experiments with modern global reanalysis data as atmospheric lateral
boundary conditions. The advantage of this method is that boundary conditions are
based on assimilated observed data and do not include biases from global models.
We have previously run experiments with the regional model nested within a global
atmospheric climate model (Genesis.2.3.). The global model was run for different
Andean elevations and then predicted atmospheric variables were used as boundary
conditions to RegCM3. In this case, the atmospheric boundary conditions included
the effects of changing Andean elevations. In general, both methods show a similar
sensitivity of regional climate to different Andean elevations, indicating that the
boundary conditions at the model domain are not significantly affecting our results.

Second, our experiments are clearly idealized and are not meant to be simula-
tions of specific Cenozoic timeslices. The uplift of the Andes was not uniform, but
likely varied along the range (Allmendinger et al., 1997; Barnes et al., 2008; Mc-
Quarrie et al., 2008). Moreover, during the Cenozoic uplift of the Andes, additional
tectonic and climatic factors were evolving that may have influenced regional and
global climate including minor continental drift of South America, the glaciation
of Antarctica, changes in large-scale ocean circulation and SST, the decline of at-
mospheric pCO,, and evolution of land-surface characteristics. The influences of
modern SSTs and landsurface characteristics on South American precipitation have
previously been investigated (Cook and Vizy, 2008; Enfield, 1996; Lenters and Cook,
1995; Seth and Rojas, 2003). These studies have shown that despite an influence
of annual variations in SSTs and precipitation magnitude over the eastern parts of

South America (e.g. northeast Brazil), changes in the SSTs do not have a significant



96

effect on precipitation on the interior and western part of the Amazon Basin (e.g.,
Enfield, 1996; Lenters and Cook, 1995; Seth and Rojas, 2003). Precipitation over the
Andean plateau has been reported to be influenced by El Nino/ La Nina conditions
with a tendency towards below average summer precipitation during El Nino events
(e.g., Aceituno, 1988; Vuille, 1999).

Changes in the modern distribution of Amazon rainforest can have a large in-
fluence on precipitation in the basin (Cook and Vizy, 2008) and past changes may
have influenced the Amazon hydrological cycle. With vegetation and soil moisture
as important factors driving convection over the Amazon Basin more studies are
necessary to evaluate the effect of changing Amazon rainforest on precipitation in
the basin itself and its influence on moisture transport towards the Andean plateau
region. However, although the Amazon Basin is a dynamic environment, it has been
proposed that the Amazon rainforest existed throughout the Cenozoic (e.g., Colin-
vaux and Oliveira, 2001; Hoorn, 2006; van der Hammen and Hooghiemstra, 2000).
Marine incursions from the north have been reported to reach the western Amazon
Basin during the Miocene, but the spatial and temporal extent of these incursion is
still a matter of debate (Hoorn et al., 1996; Rasanen et al., 1995). The replacement
of rainforest land cover by a water body could result in an increase in moisture avail-

ability and transport, and requires future investigation.

3.7 Conclusions

We used a high-resolution (~60 km) limited-domain climate model with a rea-
sonable representation of Andean topography to investigate the effect of the Andes

on South American climate. The Andes have a direct mechanical influence on the
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climatology of South America by forcing orographic precipitation along the east-
ern flanks of the Andes, and blocking westerly flow from the Pacific. Importantly,
the Andes Mountains are critical to the development of the LLJ that draws in and
transports moisture from the Amazon Basin to the Andean region. When the Andes
are absent the LLJ is absent; southward moisture transport is low; convection is
suppressed; and precipitation decreases dramatically along the eastern flanks of the
Andes. The Andes also influence convection over the Amazon basin. The absence
of the Andes reduces moisture export from the Amazon, and leads to enhanced low-
level convergence and increased convection and precipitation in parts of the Amazon
Basin.

Our model results indicate that atmospheric flow and processes similar to modern
initiated once Andean elevations reached approximately 50% their modern heights.
At around 2000 m elevation the Andes start to block zonal flow, resulting in a
reversal of dominant wind direction and a change in water vapor source over the
western part of the continent. The LLJ starts to form and intensifies with further
Andean uplift due to enhanced latent heat release, increasing low-level convergence
and stronger low-level (zonal) flow perpendicular to the Andes. Local processes (local
latent heating) drive precipitation for Andean elevation lower than half the modern,
while regional-scale processes (transport of moist warm air from the Amazon) initi-

ate precipitation when the Andes are higher than 50% their modern elevation.
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