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Changes in the summer rainfall and 200-hPa zonal winds (U200) in the South American
Altiplano are studied from 1902 to 2018 using three different reanalysis datasets
and simulations from 14 climate models of the fifth phase of the Coupled Model
Intercomparison Project (CMIP5). No significant trend in rainfall was identified from GPCC
reanalysis data over that period. On the other hand, regional U200 trends estimated from
20C and ERA20C reanalyses and from CMIP5 Historical simulations are significant and
positive over the 1902-2005 period. However, the trends seem to be dependent on the
reanalysis dataset and period considered. While no significant U200 trend is detected
in simulations forced only by external natural sources, the mean trend is positive and
significant in simulations forced only by the increment of anthropogenic greenhouse
gas emissions. Therefore, a signal associated with the anthropogenic forcing of climate
change has been detected in U200 trends in the Altiplano, but it is weak as compared
with the internal climate variability. Singular value decomposition analyses based on
both reanalyzed and simulated data were performed to describe the co-variability
between rainfall in the Altiplano, regional U200 and global sea surface temperature
(SST). The analysis confirms that negative rainfall anomalies in the Altiplano, associated
with positive U200 anomalies, are related with positive SST anomalies mainly in the
tropical Pacific-Indian Oceans. Simulations can reproduce observed relationships and
confirm that natural variability explains the observed year-to-year variability. Simulations
also confirm that anthropogenic forcing is a necessary condition to explain the positive
trends detected in the co-variability between tropical SST and regional U200 anomalies.
However, the large influence exerted by the South American Monsoon over the region
can also affect sign and magnitude of the changes in the Altiplano. No significant
relationship was found from CMIP5 simulations between poleward displacements of
the global Hadley cell and regional U200 changes. Instead, South American Hadley cell
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displacements are significantly correlated with regional U200 changes. The latter might
be an additional evidence of the combined influence of both tropical surface ocean
and South America Monsoon on the circulation changes in the Altiplano in the global

warming context.

Keywords: Andes, Altiplano, rainfall, climate change, sea surface temperature, wind, CMIP5

INTRODUCTION

The South American Altiplano is characterized as a plateau of
more than 4,000-m altitude, located in the Andes between 15°
and 25°S. A distinctive seasonal cycle characterizes the rainfall in
this region, with a wet season during austral summer (December-
January-February, DJF) in association with the South American
Monsoon System (e.g., Vera et al, 2006). Easterly moisture
influx from the Amazon region into the Altiplano has been
identified as the main moisture source (e.g., Garreaud, 1999).
Rainy and dry episodes can be explained by circulation anomalies
driven locally by the conditions of the Bolivian High, part of the
South American Monsoon System, or remotely driven by tropical
convection (Garreaud, 1999). Rainfall in this Andean region
also exhibits significant variability on interannual, decadal, and
interdecadal timescales. Rainfall anomalies are strongly related
to upper-level wind anomalies, which in turn are at least partially
explained by sea surface temperatures (SST) anomalies over the
tropical sectors of both Pacific and Indian Oceans, including
the El Nino-Southern Oscillation (ENSO) (e.g., Garreaud and
Aceituno, 2001; Segura et al., 2016).

Tree-ring based rainfall reconstructions have documented
that since the 1930s the large year-to-year rainfall variability
over the Altiplano has been combined with a persistent
negative trend that is unprecedent in the record (Morales
et al, 2012). On the other hand, no consistent trend has
been identified over the last 100 years from instrumental
rainfall records (e.g., Neukom et al, 2015, and references
therein). The lack of sufficiently dense enough networks of
long-term instrumental observations has limited the long-term
trend studies in the region. Despite these limitations, recent
studies have used the well-known relationship between upper-
level tropospheric zonal wind anomalies and precipitation
anomalies in the Altiplano to assess climate changes in the
region, using either reanalysis or climate model simulations
(e.g., Minvielle and Garreaud, 2011; Neukom et al., 2015).

The lack of observational records of zonal winds at 200
hPa (U200), that is upper levels, over periods longer than 60
years, also prevents the study of its variability and trends.
Nevertheless, such study can be done using long-term climate
model simulations. Diaz and Vera (2018) assessed the ability
of a set of climate models from the fifth phase of the Coupled
Model Intercomparison Project (CMIP5, Taylor et al.,, 2012)
to represent the differences in the climate conditions over the
Altiplano between the paleoclimatic period between 1650 and
1699, and the recent Global Warming Period (1951-2000). While
models have limitations in describing the Altiplano precipitation
changes identified in previous studies (e.g., Morales et al., 2012),

they can to some extent simulate the regional upper-level wind
changes. Combining paleoclimatic reconstructions, instrumental
observations, gridded datasets, and CMIP5 model simulations,
Neukom et al. (2015) confirmed a significant relationship
between precipitation anomalies in the Altiplano and U200
anomalies in the present climate (1965-2002), and also projected
a precipitation reduction in future climate change scenarios.

The main physical processes explaining climate changes in
the Altiplano are not fully understood. Some studies (e.g., Vuille
et al., 2008) suggest a relationship between an intensification of
the Hadley cell identified during the last part of twentieth century
over South America and enhanced descending motion in the
subtropics. However, considering the large influence that SST
variability in the tropical oceans exerts on the regional climate
in the Altiplano and that SST exhibit significant positive trends
in association with global warming (e.g., IPCC, 2013), it is an
open question whether changes in SST-related processes have an
influence on climate trends in the Altiplano. In addition, there is
high confidence in the expansion of the South America monsoon
area in global warming scenarios (Christensen et al., 2013).
However, it is not evident yet how those projected monsoon
changes could affect the Altiplano region.

The 5th Climate Change Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC ARS5)
concludes that both atmosphere and ocean have significantly
warmed during the Twentieth and Twenty-First centuries (IPCC,
2013). The recent global warming, combined with natural climate
variability, has therefore significant implications for the water
cycle at both global and regional scales. Through the assessment
of different numerical experiments available in the CMIP5
dataset, the IPCC (2013) concluded that the recently observed
global warming is likely related to the increasing anthropogenic
emissions of greenhouse gases (GHG). However, it is still not
clear why a negative precipitation trend would be expected in
the Altiplano in association with an anthropogenically forced
global warming. To our knowledge, no attribution studies of the
anthropogenic forcing on the climate changes detected in the
Altiplano have yet been made.

Therefore, the purpose of this paper is to study the changes
in rainfall and U200 in the Altiplano during austral summer
described by reanalysis datasets and CMIP5 simulations during
the twentieth century and the beginning of the Twenty-First
century. The study includes an assessment of the role of both
anthropogenic and natural climate forcing in explaining the
regional changes. In addition, an exploration is carried out on
the role of the climate drivers in the Altiplano associated with
tropical ocean conditions, as well as with the South American
Monsoon System and Hadley cell, in explaining the changes. The
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paper is organized as follows: Data and Methods are discussed
in section Data and Methods, section Trends describes the trend
assessment, section Leading Patterns of Co-Variability discusses
the leading patterns of co-variability between regional climate
and tropical ocean conditions, while the changes in the mode
activity are discussed in section Changes in Leading Patterns
of Co-Variability. The influence of Hadley cell changes on
regional climate is discussed in section Hadley Cell Changes, and
conclusions are presented in section Discussion and Conclusions.

DATA AND METHODS

Data
The study is based on global gridded monthly means of
tropospheric zonal and meridional winds from 1949 to 2018
with a spatial resolution of 2.5° obtained from NCEP-NCAR
reanalysis datasets (Kalnay et al., 1996) as well as monthly mean
precipitation fields from 1902 to 2018 derived from the Global
Precipitation Climatology Centre (GPCC) dataset with a spatial
resolution of 1° (Schneider et al., 2011). An exploration of the
historical precipitation records assimilated in the GPCC gridded
dataset over the Altiplano region shows that it includes very few
observations during the early decades of the period under study
(Figure S1). Therefore, caution is taken in its use at local scales.
Nevertheless, previous studies (e.g., Vera and Diaz, 2015) showed
that this dataset can describe the main features of precipitation
variability and change in South America reasonably well. Global
gridded monthly-mean SST from the NOAA/ERSSTv5 dataset
(Huang et al., 2017) from 1902 to 2018 are considered to describe
surface ocean conditions with a spatial resolution of 2°.

Previous works have identified the regional U200 anomalies
as a reliable proxy of rainfall anomalies in the Altiplano (e.g.,
Minvielle and Garreaud, 2011). Therefore, U200 anomalies are
also used in this study as a proxy of Altiplano precipitation
anomalies. Considering the limitations that reanalysis data can
exhibit in describing the winds in the Altiplano, because it is
a region with few available meteorological stations and with
a very complex topography, two additional reanalysis datasets
have been considered besides NCEP-NCAR reanalysis: ECMWF
twentieth century reanalysis (ERA 20C, Poli et al., 2016), available
from 1902 to 2010 with a spatial resolution of 1°, and the
Twentieth century Reanalysis (20CR, Compo et al, 2011),
available from 1902 to 2014 with a spatial resolution of 2°.
The comparison among the results obtained with the three
reanalysis datasets provides a better assessment of the uncertainty
levels associated with the estimation of observed changes.
However, it is important to consider that different numerical
methodologies have been used to develop each of these reanalysis
datasets that influence the spatial and temporal evolution
of the reanalyzed U200 wind data. NCEP-NCAR reanalysis
assimilates observations of winds, geopotential heights, surface
pressure and temperature from in-situ stations, rawinsondes, and
satellites, into an ocean-atmosphere fully coupled model. 20C
reanalysis dataset only assimilates surface pressure observations
into an ensemble Kalman filter based on an atmospheric model
constrained by precomputed global estimates of SST and sea-ice
concentrations. ERA20C reanalysis only assimilates observations

of surface pressure and marine surface winds into an atmospheric
general circulation model. It is then evident that NCEP-NCAR
reanalysis is based on actual wind observations while ERA20C
and 20C are not. On the other hand, while ERA20C and 20C
reanalyses are extended over more than 100 years, NCEP-NCAR
reanalysis encompasses 70 years only.

Climate Model Simulations
Global climate simulations resulting from different CMIP5
numerical experiments are also used. The experiments
considered are as follows: (i) “Historical,” forced by both natural
sources and anthropogenic sources (consistent with observed
estimations of anthropogenic emissions of greenhouse gases
and aerosols, and of land-use change); (ii) “Historical GHG,
forced by the same varying GHG emissions as in Historical (iii)
“HistoricalNat,” forced by the same varying natural sources as in
Historical. The simulations resulting from the three experiments
are available over the period 1850-2005. As in Vera and Diaz
(2015), 14 different CMIP5 models with their corresponding
available members were considered to quantify the uncertainties
resulting from both model differences and internal climate
variability, respectively (Table 2).The inter-model dispersion is
computed as the standard deviation of the model trends with
respect to the multi-model ensemble mean (MEM) trend. To
determine the uncertainty associated with the internal variability
of the climate system for each model, the variance associated
with the model member trends is first computed. These variances
are then averaged over all those models with more than one
member per experiment (Table 2), and the corresponding square
root is considered to describe the overall uncertainty associated
with the internal variability.

All simulations considered are or have been interpolated into
a regular grid with a spatial resolution of 2.5°. The study is based
on austral summer conditions described by DJF means. The term
“anomalies” refers to DJF seasonal anomalies, and each year is
named based on that corresponding to February.

Variability and Trends

Long-term trends are estimated through linear regression
analysis and their associated significant levels are tested using
the Student’s t-test. The co-variability between U200 and/or
regional precipitation anomalies with global SST anomalies are
explored through singular value decomposition (SVD) analyses.
The temporal variability of each mode is described by the
time series of the expansion coefficients obtained for each
variable considered in the SVD analysis (hereinafter called SVD
time series).

RESULTS

Trends

The temporal evolution of precipitation anomalies derived
from the GPCC dataset is analyzed in the Altiplano region
(22.5-12.5°S, 85°-75°W, green box in Figure 1A) from 1902
to 2018. Figure 1B shows that precipitation anomalies exhibit
considerable interannual and decadal variability throughout the
period considered, in agreement with previous studies that
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TABLE 1 | Linear trends of U200 anomalies computed from the three reanalysis
A 0° datasets.
5% 1 Reanalysis Trend (p-value) Trend (p-value)
10°s (available period) (1902-2005)
15°S o 20C 0.57 (1.1e-06) 0.71 (1.1e-08)
20°5 - (1902-2014)
ERA20C 0.22 (0.053) 0.21 (0.088)
25°5 - (1902-2010)
30°5 NCEP-NCAR ~0.18 (0.36) -
90°W  80°W  70°W  60°W  50°W (1949-2018)
B Significant values are bolded and underlined. Units are m/s/decade.
E 450 - = 1902-1948
E — 1949-2018
e . depicts the U200 anomalies over the longest period available for
2 each of the three datasets. All of them exhibit considerable year-
£ 350 to-year variability. A multitaper singular spectrum analysis (Ghil,
2 00 2002) identifies dominant periodicities at around 2-3 years and
& on multidecadal timescales.
E—' 250 The correlation values among the three timeseries were
T T T T T T . . . . .
1905 1925 1945 1965 1985 2005 computed over the longest periods in which they are coincident,
Year and all of them are statistically significant (20C-NCEP =
c 0.54, ERA20C-NCEP = 0.58, 20C-ERA20C = 0.52). However,

s NCEP-NCAR
—20C
m— ERA20C
T T T T T T
1905 1925 1945 1965 1985 2005

Year

U 200 hPa (m/s)
o
o
| I N T N N N N N A |

FIGURE 1 | (A) Regions identified for the analysis: Central Andes region from
Segura et al. (2016) (purple box), region used to compute SVD for precipitation
anomalies in Altiplano (green box) and region considered to compute SVD for
U200 anomalies (red box). (B) Temporal evolution of DJF precipitation
anomalies, derived from GPCC dataset, in the Altiplano region. Black line
indicates 1902-1948 period and blue line indicates 1949-2018 period. Units
in mm. (C) Temporal evolution of DJF U200 anomalies, computed from
NCEP-NCAR (black), 20C (blue), and ERA20C (red) reanalyses over the purple
box displayed in (A). Units in m/s.

considered similar or different periods of the instrumental record
(e.g., Neukom et al, 2015 and references therein). On the
other hand, the estimated linear trend is 0.3 mm/season/decade
which is not significant (p-value = 0.75). In agreement, Neukom
et al. (2015) concluded that no spatially consistent trend can be
derived from the instrumental precipitation datasets available in
the region.

The temporal evolution of U200 anomalies, as depicted by
the three reanalysis datasets considered, has also been analyzed
in the Altiplano. U200 anomalies were averaged over the
area encompassed between 15°-20°S, and 73°-63°W (blue box,
Figure 1A), which was previously used by Segura et al. (2016)
to study the hydroclimatic variability in the region. Figure 1C

important differences are evident among the different datasets
regarding the magnitude and sign of the anomalies. The latter
could be related with the differences in the methodologies and
input observations that have been used to develop each dataset
(briefly described in the previous section).

Linear trends of U200 anomalies were first estimated
considering the longest period available for each reanalysis
dataset (Table 1). The U200 timeseries derived from 20C
reanalysis is the longest available, extended over 113 years
and the associated positive trend is statistically significant. On
the other hand, the trend derived from ERA20C timeseries
that encompasses 109 years is positive but not statistically
significant. Furthermore, the timeseries derived from NCEP-
NCAR reanalysis over 70 years has a non-significant negative
trend. It is then evident that the U200 trends estimated from
reanalyzed data strongly depend on both the reanalysis dataset
and the period considered.

The U200 trends were also estimated over the period 1902-
2005 considering the 62 simulations from the 14 different climate
models described in Table 2. Figure 2A shows that the mean
trend resulting from the multi-model ensemble mean (MEM)
for the Historical experiment is positive, that means eastward,
with a significant magnitude of 0.039 m/s/decade (p-value =
0.0088). Although there is a large dispersion in the magnitude
of the trends among members and models, 77% of the individual
simulations display a positive trend. The simulated trends were
compared with those derived for the same period but using
the reanalysis datasets. Table 1 shows that the trends derived
from 20C and ERA20C are positive and significant over the
period 1902-2005. While all simulated trends (Figure 2A) are
smaller than that resulting from 20C (Table 1), few of them are
comparable to that derived from ERA20C (Table 1).

The influence of the anthropogenic climate forcing on the
U200 trend was assessed using the other two types of CMIP5
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TABLE 2 | CMIP5 Models and experiments used in the study.

Model name Institutes Resolution H members Hnat HGHG
(°lat x °lon) members members
BCC-CSM1.1 Beijing Climate Center, China Meteorological Administration ~2.81 x 2.81 3 1 1
CanESM2 (%) Canadian Centre for Climate Modeling and Analysis ~2.81 x 2.81 5 5 5
CCSM4 (%) National Center for Atmospheric Research ~0.94 x 1.25 6 4 3
CNRM-CM5 (*) Centre National de Recherches Meteorologiques/Centre Europeen ~1.41 x 1.41 10 5 6
de Recherche et Formation Avancees en Calcul Scientifique
GFDL-CM3 (%) Geophysical Fluid Dynamics Laboratory 2x25 5 3 3
GFDL-ESM2M Geophysical Fluid Dynamics Laboratory 2x25 1 1 1
GISS-E2-H (%) NASA Goddard Institute for Space Studies 2x25 6 5 5
GISS-E2-R (%) NASA Goddard Institute for Space Studies 2x25 6 5 5
HadGEM2-ES (*) Met Office Hadley Centre ~1.24 x 1.88 4 4 4
IPSL-CM5A-LR Institut Pierre-Simon Laplace ~1.88 x 3.75 6 3 1
MIROC-ESM-CHEM Japan Agency for Marine-Earth Science and Technology, ~2.81 x 2.81 1 1 1
Atmosphere and Ocean Research Institute (The University of
Tokyo), and National Institute for Environmental Studies
MIROC-ESM Japan Agency for Marine-Earth Science and Technology, ~2.81 x 2.81 3 1 1
Atmosphere and Ocean Research Institute (The University of
Tokyo), and National Institute for Environmental Studies
MRI-CGCM3 Meteorological Research Institute ~0.1231 x 0.13 3 1 1
NorESM1-M Norwegian Climate Centre ~1.87 x 2.5 3 1 1

Models denoted with (*) are those considered to estimate the uncertainty levels associated with the internal variability in Figure 2D.

numerical experiments described in section Data and Methods.
It was found that the U200 trend resulting from the ensemble of
HistoricalNat simulations (Figure 2B) is negligible, meaning that
natural climate forcing by itself cannot explain the eastward U200
trend. On the other hand, 88% of the U200 trends resulting from
the ensemble of HistoricalGHG simulations are positive, with a
statistically-significant mean value of 0.099 m/s/decade (p-value
= 3.05e-07) (Figure 2C).

The mean trend and associated dispersion ranges for
the three experiments are further compared in Figure 2D.
The trends derived from the Historical simulations (that is,
all forcings considered) are not statistically different from
those forced only by natural sources at 95% significant level,
but they are significantly different at 90% significant level.
Trends derived from Historical GHG simulations are statistically
different from those obtained from HistoricalNat simulations
and from Historical simulations at 95% significant level. It
can be then concluded that the anthropogenic forcing due to
GHG increase is a necessary condition to explain the eastward
U200 trends and, consequently, the negative rainfall trend
in the Altiplano. However, these results also point out the
importance of simulating correctly the internal variability of the
climate system.

Leading Patterns of Co-variability

The influence of the variability and trend of the global surface
ocean on climate anomalies in the Altiplano is studied by
considering the leading modes identified from different SVD
analyses computed over the 1949-2018 period (Table 3). The
variables considered for the SVD analysis are: (i) SST anomalies
averaged in the 45°N—45°S domain, (ii) U200 anomalies (from

NCEP-NCAR reanalysis) averaged over the red box in Figure 1A
(U200 SVD box), and (iii) precipitation (PR) anomalies averaged
over the green box in Figure 1A. The U200 anomalies over the
U200 SVD box essentially display the same variability as that
found in the smaller box considered in the previous section
(purple box in Figure 1A). The correlation between both time
series is 0.97 (significant at 95% level).

The three SVD analyses considered (Table 3) are intended
to describe different aspects of the remote and local sources of
regional climate variability. The leading mode resulting from the
SVD analysis between SST and PR anomalies (hereafter called
SST_PR mode) describes the remote tropical ocean influence
on regional precipitation, as the SVD mode between SST and
U200 anomalies (hereafter called SST_U200 mode) does for
the ocean influence on the regional upper-level winds. On the
other hand, the leading mode from the SVD analysis between
U200 and PR anomalies (hereafter called U200_PR mode)
describes mainly the local relationship between circulation and
precipitation variability.

Figure 3 shows for each leading SVD mode (Table 3)
its temporal evolution and spatial distribution. The latter is
described by using maps of homogeneous and heterogeneous
correlation, defined as the linear correlation computed between
the SVD expansion coefficients of a given variable against
the anomalies of that the same variable, and against those of
another variable, respectively. Significant interannual, decadal,
and multi-decadal variability dominates the activity of the
three modes between 1949 and 2018, with no significant trend
(Figures 3A-C). In agreement with the results of the previous
section, the 70-year period considered in this analysis based
on the availability of NCEP-NCAR reanalysis data seems
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FIGURE 2 | Central Andes region U200 trends (units in m/s/decade —1) for all CMIP5 model simulations considered (cyan crosses) and multi-model mean (red cross),
for (A) Historical simulations, (B) HistoricalNat simulations and (C) HistoricalGHG simulations. Red bar in multi-model mean indicates the dispersion between models.
(D) Simulations multi-model means U200 trends (blue bars), inter-model dispersion (black bars), and the uncertainty due to internal climate variability (red bars),
computed as described in section Data and Methods.

too short to describe any significant trend. However, it was
decided to use this dataset for this exploration considering
that this reanalysis is the only one from the three reanalyses
considered that uses as input the largest and most comprehensive
set of observations from different variables including
upper-level winds.

The SST_PR mode (Figure3A), explaining 57% of the
co-variance, describes negative precipitation anomalies in the
Altiplano in association with a generalized surface ocean
warming at tropical latitudes, which maximizes over the central-
eastern Pacific and Indian Oceans (Figure3D). The mode
signal in the precipitation anomalies in the Altiplano that is
explained by the SST variability (Figure 3G) is significant but
weaker than that explained by the local precipitation variability
itself (Figure 3]). The latter might indicate that other factors
besides those associated with SST anomalies explain the regional
precipitation variability.

TABLE 3 | List of SVD analyses performed including the variables and domains
involved and the names given to each leading mode.

SVD leading mode  Variable 1 Variable 2

200-hPa zonal wind
(27.5°-7.5°S, 80°-60°W)

SVD1_SST_U200 SST (45°N—-45°S)

SVD1_SST_PR SST (45°N—45°S) Precipitation (22.5-12.5°S,
85°-75°W)

SVD1_U200_PR 200-hPa zonal wind Precipitation (22.5-12.5°S,
(27.5°-7.5°S, 80°-60°W)  85°-75°W)

The SST_U200 mode (Figure 3B), that explains 68% of the co-
variance, is associated with a similar pattern of SST anomalies
(Figure 3E) as the previous mode. The latter confirms not only
the well-known influence of the tropical Pacific Ocean over the
Altiplano, but also that the mode describes a significant role of the
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FIGURE 3 | (A) SVD time series of SST (blue) and rainfall anomalies (red) over Altiplano from reanalysis datasets for the period 1949-2018. (D) Homogeneous
correlation map between the SVD time series of SST and SST anomalies. (G) Heterogeneous correlation map between the SVD time series of SST and rainfall
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Contours indicate 95% significance level.

SST anomalies in the tropical Indian Ocean. Moreover, the mode
signal in the U200 anomalies explained by the SST variability
is positive westward of the Altiplano and part of an alternant-
sign correlation pattern extending across the South Pacific from
equatorial to subpolar latitudes (Figure 3H). The latter resembles
the Pacific-South American (PSA) pattern, a name usually given
in the literature to the atmospheric teleconnections that can
develop in the circulation anomalies of the South Pacific (e.g.,
Mo, 2000). The teleconnections originated individually from
tropical Pacific and Indian Ocean basins can synergistically or
destructively influence the circulation anomalies in the vicinity
of the Altiplano. On the other hand, the mode signal in U200
anomalies explained by the regional U200 variability shows a
similar spatial distribution over the South Pacific, except over the
Altiplano, where it exhibits a larger and more extended positive
correlation center over the region and a negative center poleward

(Figure 3K). The latter essentially describes variations of the
Bolivian High circulation that have been previously identified
as a local source of precipitation variability in the Altiplano
on interannual time scales (Garreaud and Aceituno, 2001).
Therefore, this mode shows that U200 anomalies influencing the
Altiplano can be modulated by the tropical Pacific-Indian Ocean
interannual variability and by the variations of the Bolivian
High, in turn directly related to the activity of the South
America Monsoon System (Vera et al., 2006). The U200_PR
mode (Figure 3C), that explains 85% of the co-variance, confirms
the strong relationship between large zonal-wind anomalies
associated with the Bolivian High variations (Figure 3F) and
precipitation anomalies in the Altiplano (Figure 31I).

The comparative analyses among the three modes confirm
a significant relationship between positive SST anomalies in
the central-eastern tropical Pacific and western tropical Indian
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Oceans with positive U200 anomalies and negative precipitation
anomalies in the Altiplano. But it also shows that variations in the
South America monsoon circulation can reinforce or weaken the
tropical SST remote influence.

The SST_PR mode was also computed over a more extended
period (1902-2018) and displayed in Figure 4. The mode exhibits
a similar spatial distribution of both SST anomalies and regional
precipitation anomalies to that obtained for the shorter period
(Figure 3B) but superposed with a generalized global surface
ocean warming signal (Figure 4B). Both time series exhibit large
year-to-year variability, but the SST time series is the only one
exhibiting a significant trend (Figure 4A). The latter agrees with
IPCC AR5 showing that while global-warming related trends are
being detected in surface temperature and at global domains,
regional climate trends are more difficult to detect because of the
large internal climate variability (Bindoft et al., 2013).

It is worth pointing out that the heterogeneous correlation
map between precipitation anomalies and SST SVD time
series associated with SST_PR mode displays positive values
in southeastern South America (Figure 4C). That relationship
agrees well with the results of Diaz et al. (2017), providing
additional confidence in the SVD analysis results despite the
low-quality of GPCC precipitation data in the Altiplano.

Changes in Leading Patterns of
Co-variability

IPCC AR5 concluded that the skill of climate models in
simulating the large-scale climate phenomena has increased.
Therefore they provide a better understanding of the processes
related which in turn enhances reliability on simulated regional
climate changes (Christensen et al., 2013). In agreement, previous
studies confirm that the climate models can reproduce to some
extent the main features associated with the large-scale wind
anomalies in the vicinity of the Altiplano (e.g., Minvielle and
Garreaud, 2011; Diaz and Vera, 2018).

The leading SVD mode describing the co-variability between
large-scale SST anomalies and U200 anomalies in the Altiplano
region was further analyzed over the period 1902-2005
using the CMIP5 experiments. The poor model performance
in representing the variability and change of precipitation
anomalies in the Altiplano (e.g., Diaz and Vera, 2018) prevents
us from including simulated precipitation in the study. Following
Diaz et al. (2017), each climate model is represented by the
average of the standardized anomalies computed from their
corresponding members.

The SST_U200 mode obtained from the Historical experiment
(Figure 5B) shows essentially the same spatial distribution of SST
anomalies as that obtained from reanalysis data over the period
1948-2018 (Figure 3B) but with a stronger global warming
signal superposed. The corresponding modes estimated from
HistoricalNat and Historical GHG (Figure 5, middle and right
column, respectively), also show similar SST spatial distributions.
The main difference is the lack of the global warming signal in the
SST homogenous correlation map derived from the HistoricalNat
experiment (Figure 5E).

The trends identified in the mode time series for both
SST and U200 from the three experiments are depicted in
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SVD time series of rainfall and rainfall anomalies. Contours indicate 95%
significance level.

Figures 6A,B, respectively. Trends are significant and positive for
both Historical and Historical GHG experiments, while they are
negligible and not significant for the HistoricalNat experiment.
These results confirm that the anthropogenic forcing associated
with GHG increase is necessary to explain the trends simulated
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in both global SST and regional U200 anomalies influencing the leading SVD mode (Figure 6B) shows that the latter are
the Altiplano. larger than the former for both Historical and Historical GHG

A comparison of the U200 trends obtained from the full  experiments. These differences could be due to the fact that
anomalies (Figure 2D) and those U200 trends derived from  trends computed by the full U200 anomalies include not only the
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contribution of the leading mode but also that of the other modes
of regional variability, in which internal climate variability might
be dominating.

Hadley Cell Changes

There is high confidence that global zonally-averaged Hadley
circulation has expanded during the last decades due to both the
anthropogenically forced global warming and ozone depletion
(e.g., IPCC, 2013). Moreover, Tao et al. (2015) show that
CMIP5 Historical simulations can reproduce the observed
poleward expansion of the global Hadley cell, although simulated
changes are weaker than observed. However, Kim et al. (2017)
found large geographical differences in the local Hadley cell
changes simulated by CMIP5 Historical experiments during
austral summer.

Southern Hadley cell displacements between 1902 and 2005
are analyzed in this study using CMIP5 simulations. The Hadley
circulation is described considering the zonal-mean mass flux
streamfunction, defined as the vertical integration between 500
and 10 hPa of the zonally averaged meridional wind (Ceppi and
Hartmann, 2013). The poleward edge of the southern Hadley
cell is determined in this study as the first latitude in which
the streamfunction at 500 hPa becomes zero. Timeseries were
smoothed through a 5-year moving average to improve depiction
of the longer-period variations.

Displacements are estimated for the Global Hadley cell
(defined averaging across all longitudes) as well as for the
hereafter called South America Hadley cell (defined averaging
only over the 110°W—50°W longitudinal band) and displayed
in Figure 7. Between 1902 and around 1970, the southern
edge of the global Hadley cell, as described by the CMIP5
Historical experiments, remains roughly at around 35.1°S with
no significant trend, while after the 1970s it experiences a
significant negative trend, leading to a location south of 36°S by
2005 (Figure 7A). Tao et al. (2015) estimated similar changes in
the location of the southern edge of the global Hadley cell for
the period 1970-2005, also using CMIP5 Historical simulations.
The analysis of the displacements of the South America Hadley
cell shows that between 1902 and the seventies its edge is located
roughly at around 40°S, and subsequently shifts poleward. The
poleward shifts identified in both global and South America
Hadley cell during the last decades are not present in the CMIP5
simulations including natural forcing only (Figure 7B).

The assessment of the contribution of Hadley cell
displacements to explain U200 changes is very difficult since it
is not the only source of regional circulation changes. In both
reanalysis datasets and climate model simulations the Hadley
cell influence on regional atmospheric circulation is mixed with
that generated by other sources of variability. One methodology
to assess the individual contribution of one of those sources is
the linear regression analysis. Wilks (2011) identifies the linear
regression analysis as one of the objective methods for statistical
estimation of a certain variable (denoted as predictand or Y)
from the knowledge of another one (denoted as predictor or
X). Marshall et al. (2006) applied this methodology to assess
the contribution of the changes of the Southern Annular
Mode (SAM) to surface air temperature changes in Antarctic
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Peninsula. Therefore, in this study the contribution of Hadley cell
displacements to the explanation of the U200 trends identified
from the CMIP5 Historical simulations between 1902 and 2005
(Figure 2) is estimated using a set of linear regressions. The
U200 timeseries averaged over the green box in Figure 1C
was considered as the predictand (Y). The displacement of both
global Hadley cell and South America Hadley cell (Figure 7) were
considered separately as predictors (X). Regression coefficients
(B) were derived from detrended data (Table 4). The regression
equation, defined as Y = A + BX, provides a minimum value
for the regressed coefficients as it assumes that there is no link
between linear trends in predictors and predictands (Marshall
et al., 2006). The regression equations were then applied to the
undetrended predictor time series to assess the contributions
of the long-term changes of predictor to the U200 changes in
the Altiplano. The correlations between the U200 anomalies in
the Altiplano and those reconstructed by the linear regression
equations derived based either on the global Hadley cell changes
or that of the South America Hadley cell (Table4) provide
a measure of their relative contribution to explain regional
U200 changes.

Figure 8 displays U200 anomaly time series in the Altiplano
and the corresponding reconstructions derived from the linear
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TABLE 4 | Regression Coefficient between detrended Hadley displacements and
detrended U200 anomalies, and correlation between undetrended Hadley
displacement and U200 anomalies, for both no-smoothed and smoothed (with
5-year moving average) normalized data.

No smoothing Smoothing

Regression  Correlation with  Regression Correlation with
coefficient reconstruction coefficient  reconstruction
(detrended) (undetrended) (detrended) (undetrended)
Global 0.32 0.08 0.46 -0.19
Hadley
South -0.22 0.28 -0.25 0.49
America
Hadley

Data were derived from CMIP5 Historical simulations. Bold numbers indicate significance
at 95% level.

regressions based separately on the displacements of the
global Hadley cell (Figure 8A) and the South America Hadley
cell (Figure 8B), respectively. Both regressed coefficients are
significant, although the correlation between the undetrended
U200 anomalies and the two reconstructions are only significant
for the South America Hadley cell (Table4). In both cases
the regressed values do not represent correctly the magnitude
of the U200 anomalies. It is evident that U200 anomalies are
associated with large year-to-year variability that limits the
analysis of the slower variations detected over the decades.
Therefore, detrended timeseries of predictand and predictors
were smoothed through a 5-year moving average before
computing the linear regression equation to reduce the noise
associated with the short-period variability. The fact that the
timeseries are first smoothed and then normalized prevents a
direct comparison with the nonsmoothed ones. The regressed
coefficients obtained from the smoothed data are both significant,
but again the undetrended U200 anomalies are significantly
correlated only with the reconstruction based on the South
America Hadley cell displacements (Figures 8C,D; Table 4).

The fact that the positive U200 trends in the Altiplano
are significantly related to the South America Hadley cell
changes and not with those of the global Hadley cell, might
imply that other mechanisms independent of the global tropical
expansion are taking place. It is evident that the evolution of the
South America Hadley cell exhibits large year-to-year variability
(Figure 7A), in agreement with Saurral et al. (2017) that analyzed
it from NCEP/NCAR reanalyses. It seems then that variability
and trends of the Hadley cell over South America could be driven
by local sources associated with the South American Monsoon
System, as well as remotely by variations associated with the
tropical oceans.

DISCUSSION AND CONCLUSIONS

An assessment of the changes experienced between 1902 and
2018 by rainfall and U200 in the Altiplano during DJF was
made using both reanalysis data and CMIP5 simulations. The
study is very complex because of the presence of topography

that is challenging for climate models and because it is a
region associated with a very sparse network of poor-quality
meteorological observations. In addition, the amplitude of the
climate variability in this region is quite large and that challenges
the detection and attribution of anthropogenically-induced long-
term trends in the regional climate.

The limitations to detecting trends in present climate and
attributing it to human influences at local scales have been
extensively assessed in IPCC AR5 (Bindoff et al, 2013).
The report concluded that while human-caused warming is
already becoming locally obvious in tropical land regions,
local trends associated with other variables than land surface
temperature (e.g., precipitation and winds) are still very hard
to detect because in most locations the variability is quite
large. More recently, the IPCC special report on 1.5°C global
warming concluded that the detection of anthropogenically-
induced signals for precipitation is still very ambiguous in many
regions of the world, and especially in the monsoon regions
(Hoegh-Guldberg et al., 2018).

Considering the uncertainties associated with the internal
variability as well as with the errors associated with both
observations and models, the IPCC AR5 concludes that multiple
evidences resulting from different observations datasets, different
model simulations, and knowledge about the large-scale climate
influence at local regions can be combined to assess the human
influence on local climate during the last century (Mastrandrea
et al, 2011; Bindoff et al., 2013). Accordingly, the approach
followed in our study was to assess the trends of precipitation and
winds in the Altiplano, considering different reanalysis datasets
(NCEP-NCAR, ERA20C, 20C), and different multi-model multi-
member ensembles of CMIP5 simulations. The study is based on
the significant relationship previously identified, and confirmed
here, between precipitation anomalies and U200 anomalies
in the region, and complemented by a deep analysis of the
physical processes associated with local and remote sources of
regional variability.

No significant trend has been identified in precipitation
anomalies derived from the GPCC dataset over the Altiplano
from 1902 to 2018, in agreement with previous assessments
of instrumental databases over the region (Neukom et al.,
2015). Moreover, a large spread was found between the U200
anomaly trends estimated from the three reanalysis datasets.
Trend estimations seem to strongly depend on both the reanalysis
dataset and period considered. Nevertheless, U200 trends
calculated from 20C and ERA20C over the period 1902-2005 are
both positive and significant (although the latter is not significant
over the period 1902-2010). Furthermore, 77% of the 62
simulations considered from the CMIP5 Historical experiment
(that is, all climate forcing simulations) exhibit positive trends
over the 1902-2005 period and the ensemble mean trend is
statistically significant. Therefore, through a collective analysis
of the multiple trends estimated from reanalyses and model
simulations, the study provides a stronger basis to support a
positive U200 trend. Although the signal is still associated with
high levels of uncertainty.

The CMIP5 experiments that simulate the response, either
only to natural forcing or only to GHG increases, are important
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for the attribution of climate change, as they provide a physically
consistent representation of processes at all scales involved
(Bindoft et al., 2013). It was found that most of the U200 trends
estimated from simulations forced only by GHG increase are
positive. Moreover, the associated mean trend is significantly
different of that obtained from the simulations forced by
natural sources only. Therefore, a signal associated with the
anthropogenic forcing of climate change has been detected in the
U200 trends in the Altiplano, but is not strong, as compared with
the internal climate variability.

The analysis of the large-scale climate influence exerted by
global SST anomalies on both winds and precipitation anomalies
in the Altiplano was made using reanalysis data. In agreement
with previous studies (e.g., Garreaud and Aceituno, 2001), it
was confirmed that rainfall and U200 anomalies in the Altiplano
exhibit significant year-to-year variability, in turn strongly related
with that observed over the tropical Pacific Ocean. In addition,
the SVD analyses clearly show that the variability of SST in the
tropical Indian Ocean can influence the region in an equivalent
or opposite way with the influence produced by the tropical
Pacific Ocean (including ENSO). Moreover, SVD analyses show
that such remote SST influence can also be modulated by the
variability associated with the Bolivian High that, in turn, is
related with the activity of the South American Monsoon System.

The SVD analysis clearly shows that negative precipitation
anomalies are linked to positive regional U200 anomalies, that are
induced by positive SST anomalies in both the tropical Pacific and
Indian Oceans as well as by a weakened monsoon. Considering
that not all the monsoon variability is explained by the tropical
SST anomalies, it is evident that both sources of variability, the
remote one associated with the tropical SST and the regional
one associated with the South American Monsoon, can work
synergistically or not, affecting the sign and magnitude of the
changes in the Altiplano.

The physical mechanisms linking global SST anomalies and
regional U200 anomalies were further explored using CMIP5
experiments. Results show that model simulations can reproduce
the remote and local drivers of U200 variability and change
associated with tropical SST and South American Monsoon
System, respectively. Furthermore, the U200 trends derived from
the leading SVD mode timeseries are positive and significant
for both Historical and Historical GHG experiments but not
for HistoricalNat. This result supports the conclusion that the
anthropogenic forcing associated with GHG emission increase
is a necessary condition to explain the positive trends identified
during the last decades in the co-variability between tropical
surface ocean conditions and U200 anomalies in the Altiplano.
Moreover, it was also found that for both all-forcing and
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GHG-forcing experiments, the U200 trends associated with
the leading SVD mode are larger than those trends derived
from the full U200 anomalies. It can be speculated that
the anthropogenically-forced signal in the U200 anomalies is
strongly related with that of the leading mode but weakened
by the activity of the other modes in which the internal
climate variability might be strongly dominating. Therefore, this
result has important implications for the determination of the
uncertainty levels associated with the internal climate variability
and with uncertainties associated with both observations
and models.

The potential role of Hadley cell displacements in explaining
the positive U200 changes identified from CMIP5 Historical
simulations was also assessed from CMIP5 simulations. It was
found that changes in the global Hadley cell are not significantly
related with the regional U200 changes. Instead, South America
Hadley cell displacements are significantly correlated with U200
changes in the Altiplano. However, the identification of the
physical mechanisms that might explain such a relationship is
beyond the scope of this study. The fact that it is the local Hadley
cell and not the global one that significantly influence the regional
changes allows speculation that physical processes related with
the asymmetric component of the circulation response to global
warming might be acting.

In summary, an attribution study is presented for the
first time confirming the influence of the anthropogenic
climate forcing in explaining the positive U200 trends, and,
indirectly the negative rainfall changes detected in the Altiplano,
during the last decades. The study also provides significant
evidence of the combined influence of both remote (tropical
ocean conditions) and local (South American Monsoon
System) climate drivers on rainfall changes in the Altiplano.
The latter confirms the complexity of physical processes
involved and the need of addressing them holistically without
excessive simplification.
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