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Abstract The eastern flanks of the Central Andes are char-
acterized by deep convection, exposing them to hydrome-
teorological extreme events, often resulting in floods and a
variety of mass movements. We assessed the spatiotemporal
pattern of rainfall trends and the changes in the magnitude
and frequency of extreme events (>95th percentile) along
an E-W traverse across the southern Central Andes using
rain-gauge and high-resolution gridded datasets (CPC-uni
and TRMM 3B42 V7). We generated different climate indi-
ces and made three key observations: (1) an increase of the
annual rainfall has occurred at the transition between low
(<0.5 km) and intermediate (0.5-3 km) elevations between
1950 and 2014. Also, rainfall increases during the wet sea-
son and, to a lesser degree, decreases during the dry sea-
son. Increasing trends in annual total amounts characterize
the period 1979-2014 in the arid, high-elevation southern
Andean Plateau, whereas trend reversals with decreasing
annual total amounts were found at low elevations. (2) For
all analyzed periods, we observed small or no changes in
the median values of the rainfall-frequency distribution,
but significant trends with intensification or attenuation in
the 95th percentile. (3) In the southern Andean Plateau,
extreme rainfall events exhibit trends towards increasing
magnitude and, to a lesser degree, frequency during the
wet season, at least since 1979. Our analysis revealed that
low (<0.5 km), intermediate (0.5-3 km), and high-elevation
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(>3 km) areas respond differently to changing climate con-
ditions, and the transition zone between low and interme-
diate elevations is characterized by the most significant
changes.
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1 Introduction

Extreme hydrometeorological events are important drivers
for a variety of natural hazards, including floods, landslides,
and other mass movements (White and Haas 1975; Caine
1980), often associated with severe damages and high
costs. In light of a suspected worldwide increase of such
events, it has been argued that this trend may be a result
of global warming (e.g., Trenberth et al. 2003; Seneviratne
et al. 2012). Several studies have shown an increasing mag-
nitude and/or frequency in extreme rainfall events in a wide
variety of environments (e.g., Haylock and Nicholls 2000;
Goswami et al. 2006; Malik et al. 2011). This is partly in
agreement with predictions and future climate projections
in the context of continued global change (e.g., Trenberth
et al. 2003; Giorgi and Lionello 2008).

High-elevation regions are particularly sensitive to the
effects of global warming and are considered the sentinels
of climate change, since they are thought to respond rapidly
and intensely to changing environmental conditions (e.g.,
Beniston et al. 1996; Pepin et al. 2015; Vuille et al. 2015).
Several synoptic-scale studies have addressed changes of
rainfall extremes in areas including mountain ranges, such
as the Himalaya and the Andes, from which fundamen-
tal impacts on the landscape and the human habitat can
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be expected (Marengo 2004; Penalba and Robledo 2010;
Espinoza et al. 2012; Barros et al. 2013; Skansi et al. 2013;
Robledo et al. 2015; Malik et al. 2016). However, these
studies are generally limited to station data recorded at
low elevations aimed at capturing mainly synoptic-scale
spatial patterns at low resolution (>100 km). Furthermore,
synoptic-scale studies cannot provide reliable insights
into the spatiotemporal specifics of climate variability in a
mountain belt, since the pronounced orographic and relief
gradients strongly impact both total and extreme rainfall
patterns.

Moreover, several recent studies have analyzed extreme
rainfall events in the Central Andes, (Romatschke and
Houze 2010; Boers et al. 2014a, 2015b; Rohrmann et al.
2014; de la Torre et al. 2015; Espinoza et al. 2015). How-
ever, none of these investigations have addressed changes
in rainfall patterns at the scale of the entire mountain belt,
although the Central Andes comprise the catchments for
the Amazon and La Plata rivers, including the most popu-
lated and economically relevant areas in South America
(Tucci and Clarke 1998; Berbery and Barros 2002; Lavado
Casimiro et al. 2013; Gloor et al. 2013).

Our study provides a comprehensive analysis of rain-
fall variability and trends in the subtropical Central Andes
of NW Argentina, comparing changes in extreme, total
annual and seasonal rainfall along an E-W oriented eleva-
tion transect across the Andes. We test if the spatiotempo-
ral rainfall pattern has undergone statistically significant
changes during the last six decades (1950-2014), and if so,
to which degree magnitude and/or frequency of heavy rain
and extreme events account for precipitation variations at
annual and seasonal scales. Carefully taking into account
both strengths and limitations of the different datasets, we
integrate (1) daily, high-quality rain-gauge time series for
the period 1950-2014, including stations located both at
low and high elevations, and (2) high-spatiotemporal res-
olution gridded datasets for the period 1979-2014, based
on interpolated ground-station observations or remotely-
sensed estimations. We define a set of climate indices rel-
evant to both extreme and total rainfall and we analyze
their spatiotemporal changes for different time periods
starting in 1950. We perform rigorous statistical analyses
on rainfall time series, focusing on changes in magnitude
and frequency of extreme events using quantile regression
(Koenker and Bassett 1978; Cade and Noon 2003), with a
particular emphasis on the 95th percentiles.

2 Climatic and geographic setting
The study area lies at the eastern flank of the southern

Central Andes between 16° and 32°S (Fig. 1), across
the boundary between the tropics and subtropics. This
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region is characterized by strong contrasts in topography,
with lowlands in the east at about 0.5 km asl and high-
elevation areas in the west with peaks in excess of 6 km.
The western study area is part of the internally drained
Andean Plateau, the second largest plateau on Earth, with
a mean elevation of about 4 km asl and low topographic
relief (Fig. 1). The Andean Plateau can be divided into the
northern Andean Plateau (Altiplano), located in the trop-
ics, and the southern Andean Plateau (Puna de Atacama)
in the subtropics, roughly below 20°S. In contrast, the
area between the eastern low and western high elevations
constitutes a region with steep topographic gradient and
high relief.

We distinguish between three main topographic areas
with distinctive climatic environments that we define as fol-
lowed from east to west: (1) the low elevations (<0.5 km)
with low topographic slopes and low relief values; (2) the
intermediate elevations (also referred to as the mountain
front) describes the area with steep slopes and high relief
values that abuts the eastern low elevations of the Andean
foothills with elevations roughly between 0.5 and 3 km; (3)
the high elevations above 3 km to the west of the mountain
front with steep slopes and high relief. The intermediate
elevations are characterized by a very dynamic surface-pro-
cess regime, where steep topographic, environmental, and
climatic gradients coincide.

The rainfall pattern in the southern Central Andes is
controlled by the interaction between topography and the
large-scale atmospheric circulation (Gandu and Geisler
1991; Campetella and Vera 2002; Bookhagen and Strecker
2008; Garreaud et al. 2010; Insel et al. 2010). Moisture
transport along and into the southern Central Andes occurs
during the wet season, dominated by the South American
Monsoon System (SAMS) (Zhou and Lau 1998; Vera et al.
2006; Silva and Carvalho 2007; Marengo et al. 2012). Due
to the orographic effect of the Andean orogen, moisture
is partly released in form of intense rainfall at the eastern
flanks of the tropical Andes and partly advected southward
by the South American Low-Level Jet (SALLJ), towards
the subtropical areas of South America (Gandu and Silva
Dias 1998; Marengo et al. 2012; Boers et al. 2015b). Trig-
gered by the interaction between moisture-laden wind and
the orographic barrier, intense precipitation occurs also at
the eastern flank of the subtropical southern Central Andes
in NW Argentina, resulting in a steep E-W rainfall gradi-
ent between the humid low-elevation and semi-arid to arid
high-elevation regions (Fig. 1). Here, on average, about
80 % of the total annual rainfall occurs between December
and March, when the SAMS is at its mature phase (Roh-
meder 1943; Halloy 1982; Bianchi and Yanez 1992; Boers
et al. 2015b).

The distribution of rainfall maxima at the windward
flanks of the tropical and sub-tropical Central Andes is
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Fig. 1 Topographic and climatic characteristics of the southern Cen-
tral Andes. a Topography is derived from SRTM data; boundary of
the internally-drained Altiplano (northern Andean Plateau) and Puna
de Atacama (southern Andean Plateau) is outlined in white. Major
rivers are marked in blue, black lines denote political borders. Black
box outlines the study area in NW Argentina (cf. Fig. 2), with low-
lands at <0.5 km asl in the eastern, the mountain front to the west

controlled by the geometry of the mountain range, its ori-
entation, and small-scale topographic structures, with
observed precipitation hotspots that may reach 6 m/
year (Seluchi and Marengo 2000; Garreaud et al. 2003;
Bookhagen and Strecker 2008; Giovannettone and Barros
2009; Espinoza et al. 2015). Intense rainfall events along
the eastern mountain flanks and on the central Andean
Plateau both in the tropical and subtropical parts of the
mountain range are mainly associated with mesoscale con-
vective systems (MCSs), forming locally and triggered
by orographic uplift or atmospheric instability (Maddox
et al. 1979; Garreaud 2000; Romatschke and Houze 2013;
Boers et al. 2015b). To a lesser degree, MCSs formed in
other source areas may propagate to the eastern flanks of
the Central Andes (Cohen et al. 1995; Durkee et al. 2009;
Boers et al. 2015b). For example, frontal systems originat-
ing from the central Argentine lowlands and fed by mois-
ture advected by the SALLJ generate intense rainfall events
in the subtropical drainage basins, including the Andean
Plateau.
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(0.5-3 km asl) and the high-elevation regions (<3 km asl) further
west near the drainage divide of the Andean Plateau, with peaks ele-
vations in excess of 6 km; b mean annual rainfall data derived from
TRMM 2B31 over the period 1998-2014 (Bookhagen and Strecker
2008; Bookhagen and Burbank 2010). Rainfall is characterized by

a pronounced gradient between low-elevation frontal areas and arid,
high-elevation areas of the internally drained plateau

The overall rainfall pattern can be modulated by the
interplay of different atmospheric features such as the
South Atlantic Convergence Zone (SACZ), the Bolivian
High or the Chaco Low (Gandu and Silva Dias 1998; Salio
et al. 2002; Carvalho et al. 2004; Vuille and Keimig 2004;
Boers et al. 2014c). Also, different climate disturbances
such as the Pacific Decadal Oscillation (PDO), the El Nifio
Southern Oscillation (ENSQO), or the Madden-Julian oscil-
lation (MJO) can substantially affect the overall rainfall
pattern during the SAMS, by controlling the strength of
the SALLJ (Madden and Julian 1971; Vuille et al. 2000;
Garreaud and Aceituno 2001; Mantua and Hare 2002).
Consequently, anomalously large amounts of moisture can
be transported toward subtropical South America, deeply
affecting the local rainfall pattern and often resulting in
flooding and mass-movement events at the eastern slopes
and in the intermontane valleys (Vera et al. 2006; Houston
2006; Boers et al. 2014a).

Hence, in this region any changes in the rainfall pat-
tern during the summer wet season will also have a strong
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impact on water-resource, infrastructure or hydrological
risk management. Therefore, in our study we focus our
analysis on the summer season (DJF) while the results for
the other seasons are available in the Online Resources.

3 Data and methods

We rely on daily-rainfall time series derived from both syn-
optic meteorological and hydrological stations from the
southern Andean Plateau, the eastern flanks of the moun-
tain belt, and the foreland (Fig. 2). To achieve higher spa-
tial and temporal resolution, we included both rain-gauge
derived and remotely-sensed gridded datasets retrieved
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Fig. 2 Topography of the study area and spatial distribution of 675
meteorological stations measuring daily rainfall (592 from SMN and
83 from BNH) in the provinces of Jujuy, Salta, Tucuman, Catamarca,
and Santiago del Estero in NW Argentina (for location see Fig. 1).
Unfilled red circles indicate the location of rainfall stations that have
been in operation during the period 1925-2014; Filled red circles
represent the location of 40 rainfall stations that have been operating
continuously between 1979 and 2014, among which 13 have continu-
ous rainfall time series back to 1950 (yellow filled circles). Graph in
right upper corner depicts temporal evolution of the number of active
stations operating in the target area during the last 90 years (blue
SMN; green BNH). Significantly less station data were collected
in the last two decades. The black rectangle denotes the area of the
swath profile in Fig. 3
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from multiple sources, with different characteristics in spa-
tiotemporal resolution. The data used in this study are:

1. Daily hydrological time series from 1925 to the pre-
sent, made available in NW Argentina by the Argen-
tine National Weather Forecast Service (Servicio
Meteorolégico Naciénal, SMN, 592 stations) and by
the Department of Water Resources (Subsecretaria
de Recursos Hidricos de la Nacién, Banco Nacional
Hidrico, BNH, 83 stations). Although most of the
recording stations are located at the Andean mountain
front, several stations also exist in the orogen interior.
Unfortunately, during the last two decades a majority
of the stations of the SMN network were abandoned
due to a reorganization of the monitoring network
(Fig. 2). Among a total of 675 rain gauges, a set of 40
high-quality time series was selected in the investi-
gated area. The selection depended on whether the data
were continuous with at least 80 % of the expected
number of data available over the last three decades
(1979-2014) (Haylock et al. 2006; Isotta et al. 2014)
and met the standard-quality requirements, assessed
using WMO validation standards (WMO 2008; Rodda
2011; Antolini et al. 2015). Time-series homogeneity
was tested by visual inspection (Haylock et al. 2006;
Longobardi and Villani 2009), since constructing a
suitable reference time series was often not possible,
given the excessive difference in elevation and/or rela-
tive distance between station locations. Among the 40
selected stations, 13 stations operated continuously
over the period 1950-2014 (Fig. 2). Table ESM 1 in
the Online Resource summarizes the selected station
locations and time-series duration in a metadata table.

2. Climate Prediction Center (CPC) unified gauge (CPC-
uni): the National Oceanic and Atmospheric Admin-
istration (NOAA) CPC unified gauge provides daily
rainfall values from 1979 to the present at 0.5° x 0.5°
spatial resolution over the global land areas (Xie et al.
2007; Chen et al. 2008). High-quality gauge reports
are collected from multiple sources and used to build
a daily analysis based on an optimal interpolation tech-
nique, which reprojects precipitation synoptic reports
to a grid. Several studies on rainfall climatology, test-
ing the performance of climate modeling or comparing
different rainfall datasets have used CPC-uni (Higgins
et al. 2000; Silva et al. 2007; Jones et al. 2012; Bom-
bardi et al. 2013; Jones and Carvalho 2014; Ruscica
et al. 2014; Rao et al. 2015).

3. Tropical Rainfall Measurement Mission (TRMM 3B42
V7): the TRMM Multi-satellite Precipitation Analysis
(TMPA) provides 3-h rainfall estimates from January
1998 to September 2014 at 0.25° x 0.25° spatial reso-
lution (Huffman et al. 2007). The gridded rainfall algo-



Rainfall variability and trends of the past six decades (1950-2014) in the subtropical NW...

<—i Puna Plateau La Plata Basin +——> I f I Bl Mean Total DJF
[ Mean Total MAM

4000 _ Il Mean Total annual 2000

= >
£ 3 £
- 3000 | 3 I 11500 E
() -

: =\ [ I\ n
S 2 TRMM 3B42 =
kel s I | £
® 2000 a | +41000 g
£ N V= S b~
w (]
1000 [ \ anti PP

1 TRMM 2B31
Ii 1

Il
-50 0 50 100

Il Il Il
150 200 250 300

W-to-E distance across the Eastern Flank on the Andes [km]

Fig. 3 Swath profile (100 km wide, 390 km long) showing longitu-
dinal variability of rainfall and topography (cf. Fig. 2 for swath loca-
tion). Rainfall data show annual average amounts from both station
data (CLINO 1981-2010) and gridded datasets (CPC, red, 1979-
2014; TRMM 3B42, magenta; and TRMM 2B31, blue, 1998-2014).
Note strong E-W rainfall gradient, best depicted by rain-gauge and
high-spatial resolution TRMM 2B31 data: mean annual rainfall
increases up to 2000 mm/year when the first orographic barriers are
reached at ~50 km distance from the drainage divide. Rainfall rapidly

rithm uses an optimal combination of TRMM 2B31
and TRMM 2A12 data products, SSM/I, Advanced
Microwave Scanning Radiometer (AMSR), and
Advanced Microwave Sounding Units (AMSI) (Kum-
merow et al. 1998, 2000). Here we used the research-
grade version, which is calibrated at monthly scale
using land-surface precipitation-gauge analysis based
on the GCPC dataset (Huffman et al. 2007). Previ-
ous studies used TRMM 3B42 data to analyze rainfall
variability providing high-quality estimates in South
America and other regions (Carvalho et al. 2012; Chen
et al. 2013; Xue et al. 2013; Boers et al. 2015a) to iden-
tify rainfall-extreme events and their impact on river
discharge, to develop a method for predicting extreme
floods in the eastern Central Andes. Furthermore, these
data were used to spatially characterize and identify
the origin of rainfall over South America (Bookhagen
and Strecker 2011; Boers et al. 2013, 2014a, b, 2015a,
b). TRMM 2B31 data with 5 km x 5 km spatial and
approximately daily resolution were also used to
relate topographic characteristics and orographic rain-
fall along the eastern Andes (Bookhagen and Strecker
2008).

A ~100-km-wide and 390-km-long longitudinal swath
profile (22°-23°S, 66°-62°W) shows the pronounced top-
ographic and rainfall gradients across the Andes, detected
by station data and CPC-uni and TRMM products (Fig. 3).
Previous studies showed that the TRMM 3B42 V7 and
CPC-uni data provide a statistically robust description of

decreases to <500 mm/year in the lee of the orographic barriers. Sea-
sonal contributions to annual mean totals for austral summer (DJF)
and autumn (MAM) show that these two seasons alone account for
at least 70 % of the annual totals. Quantitative and qualitative com-
parison reveals that TRMM 2B31 estimations are in good agreement
with station-derived values (Bookhagen and Strecker 2008, and this
study), whereas the lower spatial resolution TRMM 3B42 data is less
capable to correctly detect the location of rainfall maxima at the oro-
graphic barrier

the main features of the SAMS (Carvalho et al. 2012; Boers
et al. 2015b). However, there are significant uncertainties in
the characterization of extreme precipitation events using
the coarser gridded climatic datasets (Ensor and Robeson
2008; Carvalho et al. 2012).

Based on the collected data, we estimated annual and
seasonal values (SON, DJF, MAM, JJA) of several indi-
ces (Table 1), for the rainfall-data parent distribution and
for the extreme values, both at yearly and multi-decadal
scales [mean values for climatological normals (CLINO,
World Meteorological Organization 2011) 1961-1990
and 1981-2010] for different time periods (1950—, 1979,
1998-2014), for which the selected datasets were avail-
able. For the daily datasets, we define wet days as all occur-
rences larger than 0.5 mm/day and for the 3-h dataset wet
hours as those occurrences exceeding 0.1 mm/3 h. Our
statistical analysis was performed using years/seasons with
less than 20 % missing data. We focused our analysis on
the temporal evolution of these indices evaluating yearly
deviations from the CLINOs as absolute anomalies. Given
the index X, the yearly (annual/seasonal) absolute anomaly
is defined as AX; = X; — <X>, where X, are the annual/
seasonal estimation for X in the i-th year (i = 1, ..., N,
N = length of the time series in year), and <X> the relevant
CLINO estimation. We also analyzed normalized values of
the climate indices by the mean CLINO values to achieve
an unambiguous interpretation of differences in the rain-
fall pattern between wet and dry areas. In the following,
we will refer to mean-normalized anomaly as defined by:
ANX, = 100*AX;/<X> and expressed in %/year.
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Table 1 List of climate indices evaluated for analyzing climate spatiotemporal variability in NW Argentina

Abbreviation Parameter Units

TS Total amount mm/year

TSF (TSF %) Absolute (percentage®) fraction due to the seasonal totals to the annual amount mm/year (%/year)

#WD Number of wet days (>0.5 mm/day)/hours (>0.1 mm/3 h) #/year

MRd Mean daily/3-h rainfall for wet days/hours mm/day mm/3 h

IthPrct Ith percentiles of wet days (I = 1, 5, 10, 25, 50, 75, 90, 95, 99, 99.5 99.9) mm

#IthPrct (%IthPrct) Number (percentage with respect to the total number of wet days/hours) of wet days/hours #/year (%/year)
exceeding the Ith percentile

TPIthPrct (TP %IthPrct) Absolute (percentage®) fraction of TS accounted for by wet days/hours exceeding the mm/year (%/year)

Ith percentile

All indices were estimated at annual as well as seasonal (SON, DJF, MAM, JJA) scale

# The percentage is estimated dividing the absolute value by the relevant total amount (year/season)

Despite recent advances in the calculation of the distri-
bution of rainfall extremes (e.g., AghaKouchak and Nasrol-
lahi 2010; Papalexiou and Koutsoyiannis 2013; Serinaldi
and Kilsby 2014), drawbacks regarding the evaluation
of power-law exponents for these distributions still exist,
especially related to model regressions based on low-pop-
ulated samples. In our study, instead of evaluating distri-
bution fitting parameters, we applied quantile regression
analysis (Koenker and Bassett 1978; Cade and Noon 2003)
to the wet days subsets of the raw data, to detect if rain-
fall-frequency distributions underwent statistically signifi-
cant changes in the mean/median values as well as in the
higher extremes during the past decades. In the appendix a
short description of the quantile regression methodology is
provided.

We estimated several percentiles (Table 1) focusing on
extreme wet days and defined in the statistical sense low-
moderate and extreme rainfall events as those occurrences
below the 50th and exceeding the 95th percentiles, respec-
tively (Wulf et al. 2012; Boers et al. 2014a; Espinoza et al.
2015).

For deciphering and interpreting the evolution of both
rainfall-frequency and intensity for semi-arid to arid envi-
ronments, we estimated climate indices, including percen-
tiles, restricting the analysis to the wet days/hours subsets,
adopting the standard practice commonly applied to cli-
mate studies (e.g., Tank et al. 2009; Rajczak et al. 2013;
Sillmann et al. 2013; Kendon et al. 2014). Additional infor-
mation can be found in the Online Resource.

We analyzed the evolution of the percentiles of the wet
days/hours frequency distributions using normalized wet
days/hours subsets of data, to allow for a spatial compari-
son in a region characterized by pronounced spatial vari-
ability. We will refer to it below as median-normalized,
having divided each original wet days/hours sub-datasets
by the 1981-2010 median of the frequency distribution of
the wet days/hours. For the TRMM dataset (1998-2014)
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no CLINO values could be estimated and the normaliza-
tion was obtained using the 1998-2014 median values. We
emphasize that only in the case of the percentile indices the
median-normalization was performed.

Except for percentiles, trends associated with every cli-
mate index were estimated applying iteratively re-weighted
least squares with a bisquare-weighting function (Holland
and Welsch 1977; Huber 1981). In the following we will
refer to the latter analysis as robust regression. For all indi-
ces, including percentiles, trends are represented by the
slope of the regression line and the statistical significance
was verified applying a two-tailed t-Student test at the 95 %
confidence level (Gosset 1908; Yue and Pilon 2004).

4 Results
4.1 Trend analysis for the period 1950-2014

Rainfall time series are available for this time period only
from rain gauges. Although some time series start in the
1920s, we performed our statistical analysis starting in
1950, for which a sufficiently populated statistical ensem-
ble can be configured with 13 stations located in the humid
and arid regions. All analyses were conducted on annual
and seasonal time scales; in the data presentation DJF
trends are shown for all 13 rain gauges, revealing a com-
plex spatiotemporal pattern (additional data plots are in the
Online Resources, Figs. ESM 2-6).

Our study confirms that the steep orographic rain-
fall barrier in the southern Central Andes results in a
pronounced rainfall gradient across the Andean orogen
(Fig. 3) (Bookhagen and Strecker 2008; Rohrmann et al.
2014). The mean rainfall pattern in NW Argentina is asso-
ciated with strong seasonality, with summer and fall sea-
sonal totals (6 months) on average accounting for at least
70 % of the annual values (Fig. 3) (e.g., Vera et al. 2006;
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DJF Trend Analysis - 1950-2014
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Fig. 4 Trend analysis of daily rainfall estimation from rain gauges
for DJF for the period 1950-2014 (for this period 13 stations were
available). Black and white lines are elevation contours at 500 and
3000 m asl, respectively, roughly separating the eastern lowlands
from the intermediate and high-elevation areas to the west. Shown
are the mean-normalized climate indices a total amount, b number of
wet days, ¢ mean daily rainfall ((% year™']); the median-normalized

Bookhagen and Strecker 2008; Espinoza et al. 2015; Boers
et al. 2015b).

Approximately half of the analyzed stations provided
statistically significant (p < 0.05) trends for DJF (Fig. 4).

-0.05 []-0.05-0 [Jo-0.05 []0.05-0.25 [0.25-0.5 > 0.5

climate indices d 50th percentile, e 95th percentile ([yearfl]), and f
the mean-normalized number of events exceeding the 95th percentiles
([% year"]). Full circles are statistically significant trends at p < 0.05
confidence level, empty circles are non-significant values; approxi-
mately half of the stations presents statistically significant results (see
also Fig. ESM 6A)

The data show a rather coherent spatial pattern for DJF
total amount and number of wet days indices, with most of
the significant trend signal observed at the transition zone
between low and intermediate elevations (0.3—1.5 km)
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(Fig. 4 and Fig. ESM 5). Total amount and number of wet
days indices increased during the period 1950-2014 at the
transition zone between the low and intermediate eleva-
tions, whereas low elevations exhibited a more mixed pat-
tern (Fig. 4a, b). Mean daily rainfall showed positive trends
at high elevations, but there were negative trends at the
mountain front (Fig. 4c). Quantile regression indicated neg-
ative trend values for the 50th percentile at the transition
zone between the low and intermediate elevations and posi-
tive values at low elevations (Fig. 4d). Fewer stations pro-
vided significant trends for the 95th percentile, with posi-
tive trends at the northernmost stations at high elevations
and at the transition zone between the low and intermediate
elevations, whereas almost no trend is found for the fre-
quency of events exceeding the 95th percentile (extreme
events). In the following, we denote the area where the
northernmost stations are located as the northernmost NW
Argentine provinces. Though based on few stations, both
magnitude and frequency of the 95th percentile presents
non-significant trends at low elevations, whereas a positive
trend is found at high elevations (Fig. 4e, f).

4.2 Trend analysis for the period 1979-2014

Both rain-gauge time series (40 stations) and the CPC-
uni dataset (hereafter referred to CPC) are available for
this time period. Station data showed mostly no sig-
nificant trends for the total amount for DJF. On the con-
trary, the frequency of wet days exhibited negative trend
values at low elevations, a more mixed pattern at the
mountain front, and mostly no significant values at high
elevations (Fig. 5a, b). CPC indicated similar trend pat-
terns of the number of wet days at low elevations, with
mostly significant negative trends as low as —3 %/year
in the lowlands. CPC also exhibited large areas at high
elevations (between 20° and 17°S and between 30° and
25°S) with significant positive trends of up to 5 %/year
or more particularly for the total amount. For mean daily
rainfall, few stations provide significant results, exhibit-
ing a mixed pattern of significant trends at the mountain
front for the southernmost stations and negative trends at
high elevations for the northernmost ones. CPC for this
index showed positive trends both at low and high eleva-
tions, with more pronounced and coherent trends in the
high-elevation regions up to 5 %/year (Fig. 5c). Quan-
tile regression for rain gauges documented relatively low
trend values for the 50th percentile; the 95th percentile
exhibits a more mixed pattern with no significant trend
at low elevations, mainly negative at high elevations, and
positive in the transition between the low and intermedi-
ate elevations, where also the frequency of extreme events
showed positive trends (Fig. 5d—f). For CPC, we observed
that for DJF the 95th percentile trend pattern exhibits
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extensive regions characterized by positive trends both at
low and high elevations (up to more than 0.25-0.5 times
the value of the median in a year), associated with a less
coherent and more mixed trend pattern of the frequency
of extreme events (>95th Prct) for DJF (Fig. 5f). On the
contrary, the 50th percentile exhibited trend values of low
significance (Fig. 5d). Acceptable agreement is found
between rain gauges and CPC results at low elevations
and at the mountain front, but there are significant differ-
ences at high elevations (Fig. 5b, c, f).

4.3 Trend analysis for the period 1998-2014

TRMM 3B42 V7 data (hereafter referred to TRMM) were
used to analyze rainfall-trend patterns for the period 1998—
2014. TRMM were aggregated at daily scale (12UTC-
12UTC) to obtain the same time resolution of the stations
and CPC data sets, and the same methodology was applied
to both 3-h (raw-data time resolution) and daily rainfall
datasets. Daily and 3-h datasets exhibited analogous spati-
otemporal patterns (Fig. ESM 6C). In the following, results
obtained for the 3-h dataset will be shown. As in the pre-
vious cases, trend analyses were conducted at annual and
seasonal scale (Table 1) and results for the summer (DJF)
are shown (see Online Resources for complete results).

Total amount, number of wet hours, and mean 3-h rain-
fall climate indices display different patterns, especially at
high elevations (Fig. 6a—c): the total amount shows signif-
icant trends mainly in the northernmost part of the study
area (23°-17°S) and mostly positive (with values exceed-
ing 5 %/year), whereas the number of wet hours exhibits
significant trends mainly concentrated in the southern-
most area (below 23°S), and generally negative (with val-
ues <—35 %l/year). As a consequence, the mean 3-h rainfall
shows mainly positive trends, especially at high elevations
up to more than 5 %/year. In the low-elevation regions
few grid cells exhibited statistically significant trends for
these indices. In particular, total amount and number of
wet hours showed positive trends in the northernmost part
of the study area (above 23°S), whereas the southernmost
region (below 25°S) is characterized by mostly negative
trends.

For the wet hours frequency distribution, we observed
that during DJF the 50th percentile exhibits mostly no or
relatively low significant trends (Fig. 6d); in contrast the
95th percentile records a coherent trend pattern with large
regions characterized by positive trends, especially in the
high-elevation regions (up to more than 0.5 times the value
of the relevant percentile in a year, Fig. 6e). We observed
that the overall pattern of the 95th percentile generally
mimics mean daily rainfall (Fig. 6¢). During DJF the fre-
quency of extreme rainfall events (>95th Prct) exhibits few
significant, but mainly positive trends at high elevations.
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DJF Trend Analysis - 1979-2014
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Fig. 5 Trend analysis of daily rainfall estimation from rain gauges
for DJF for the period 1979-2014 (for this period 40 stations are
available) and CPC dataset. Black and white lines are elevation con-
tours at 500 and 3000 m asl, respectively, roughly separating the
eastern lowlands from the intermediate and high-elevation areas
to the west. Shown are the mean-normalized climate indices a total
amount, b number of wet days, ¢ mean daily rainfall ([% year‘l]); the
median-normalized climate indices d 50th percentile, e 95th percen-

tile ([year_]]), and f the mean-normalized number of events exceed-
ing the 95th percentiles ([% year™']). Rain gauges: Full circles are
statistically significant trends at p < 0.05 confidence level, empty cir-
cles are non-significant values; few stations provided statistically sig-
nificant results (approximately % of the stations). CPC dataset: only
statistically significant trends are shown (p < 0.05; blank grid cell are
non-significant trends); between 17 and 58 % grid cells provide sig-
nificant results (Fig. ESM 6B)
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DJF Trend Analysis - 1998-2014
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Fig. 6 Trend analysis of 3-h rainfall estimation from TRMM 3B42
dataset for DJF over the period 1998-2014. Black and white lines
are elevation contours at 500 and 3000 m asl, respectively, roughly
separating the eastern lowlands from the intermediate and high-
elevation areas to the west. Shown are the mean-normalized climate
indices a total amount, b number of wet days, ¢ mean daily rainfall

5 Discussion
5.1 Caveat

Gridded-rainfall data are a useful source of information for
several types of studies, particularly for an assessment of
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([% year™']); the median-normalized climate indices d 50th percen-
tile, e 95th percentile ([year_]]), and f the mean-normalized number
of events exceeding the 95th percentiles ([% year™']). Only statisti-
cally significant trends are shown (p < 0.05; blank grid cell are non-
significant trends); between 17 and 28 % grid cells provide significant
results

climate variability and climate-change analyses (Dai et al.
1997; Sen and Habib 2000; Sen Roy and Balling 2004;
Carvalho et al. 2012; Boers et al. 2014a, 2015b), because
they avoid the limitations of point observations with uneven
spatial distribution or missing data (Daly et al. 1994; Lieb-
mann and Allured 2005; Daly 2006; Ensor and Robeson
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2008). However, it has been long recognized that ground-
station based gridded rainfall data have limitations as well,
especially at high temporal resolution. In particular, the
spatial density of the original rain gauges is reflected in
the quality of the interpolated values (Ensor and Robeson
2008; Carvalho et al. 2012). For the CPC dataset it has been
observed that, besides good agreement between annual and
seasonal total amounts (TS), the frequency of low-magni-
tude events is overestimated, whereas both frequency and
magnitude of heavy-rain events are usually underestimated
(Ensor and Robeson 2008). This behavior will affect the
wet days frequency distribution, will shift the percentiles
towards lower values, and may also impact the total amount
at annual and seasonal scales. We argue that by shifting the
frequency distribution towards low values, lower variabil-
ity will characterize the rainfall gridded dataset, implying
potentially lower trends than provided by the original rain-
gauge time series. Although it is not the aim of this study to
test the degree of agreement between the rain gauges and
the CPC datasets, we still need to take into account these
limitations for correctly interpreting the outcomes of the
statistical analysis.

We also point out that, as a consequence of the lim-
ited number of measuring stations in remote mountainous
areas such as in our study area, the gridded and interpo-
lated rainfall patterns may be misrepresented, especially
at high elevations, including the Puna de Atacama Plateau
and mountain-front areas, characterized by steep climatic
and topographic gradients (Bookhagen and Strecker 2008,
2012). Figure 3 illustrates this constraint with a longitudi-
nal swath profile, highlighting the rainfall gradient across
the NW Argentine Andes. Visual inspection reveals that
the high-spatial resolution TRMM 2B31 estimations are in
good agreement with station-derived values (Bookhagen
and Strecker 2008). With decreasing spatial resolution,
however, we are less capable to correctly detect the loca-
tion of rainfall maxima at the orographic barrier. In particu-
lar, the CPC dataset is less precise in localizing the rainfall
maxima at the mountain front, and it overestimates rainfall
amounts in the arid, high-elevation region. Here, rainfall
peaks in the lee of the eastern ranges record values twice
as high as station estimates. We argue that trend-analysis
results based on the CPC dataset may be affected by lower
absolute trends and that spatial location of maximum and
minimum estimations may be misrepresented, particularly
within topographic transitions, compared to the rain-gauge
dataset.

Furthermore, although based on calibrated remotely-
sensed measurements, research-grade TRMM estimations
can be potentially affected by bias errors in remote high-
elevation regions as well. In fact, among other sources of
uncertainty affecting TRMM evaluations, the calibration
strongly depends upon the density of the ground stations

(Huffman et al. 2007), which is limited in high-elevation
areas. Several studies have addressed this issue (e.g., Con-
dom et al. 2011; Heidinger et al. 2012; Zulkafli et al. 2014;
Nerini et al. 2015; Wulf et al. 2016). Most of these stud-
ies analyzed the performance of satellite observations for
hydrological applications at drainage-basin scale, which
requires continuous and high-quality rainfall estimates.
It has been shown that TRMM data overestimate rainfall
compared to rain-gauge measurements in areas of pro-
nounced relief. Thus, post-processing and rainfall adjust-
ment in combination with ground observations are an
approach to rescale these data for hydrological applications
(e.g., Wulf et al. 2016). At the same time, the comparison
of the performance of TRMM with other rainfall-gridded
datasets reveals that TRMM sufficiently captures the major
features of SAMS with respect to the other datasets (Car-
valho et al. 2012; Boers et al. 2015a). Also, Boers et al.
(2015b) have shown that TRMM allows detecting the
propagation of extreme events from the southeastern sec-
tors of South America towards the eastern Central Andes,
whereas reanalysis datasets at coarser resolution, such as
ERA-Interim (Dee et al. 2011) and MERRA (Rienecker
et al. 2011), could not reproduce this mechanism. Thus,
depending on the specific application, particular caution
must be used to correctly interpret results based on TRMM
data. We emphasize that in the present study, we relied on
normalized indices to analyze changes in the rainfall field,
which should filter out systematic overestimations.

Station data from high-elevation environments have
inherent limitations as well, mainly related to uneven spa-
tial distribution of rain gauges, a problem often dictated by
maintenance and infrastructure conditions in these regions.
Despite the fact that rain gauges provide high-quality
observation, in some cases the rainfall stations used in our
study are located at valley bottoms, particularly in the tran-
sition between low and high-elevation areas. These stations
may not represent an area average, but are only representa-
tive of the climatic conditions for a restricted area.

In our analyses, we carefully took into account the
strengths and limitations of the various datasets. With these
boundary conditions in mind, we aimed at testing whether
trends in rainfall patterns in the NW Argentine Andes were
detectable and to what degree the collected datasets were
able to exhibit this signal.

5.2 Rainfall trend at seasonal scale during the period
1950-2014

We observed that total rainfall amount and number of rainy
days generally exhibit a positive trend during DJF at the
transition zone between the low and intermediate eleva-
tions. Importantly, this trend was also found for MAM (Fig.
ESM 6), implying that in this area the wet season tends to
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get wetter, with both increasing total amount and frequency
of rainfall events. On the other hand, we observed either no
change or a decrease of total amount and event frequency
during SON and JJA (Fig. ESM 6), suggesting that the dry
season tends to get drier, which is also evident when plot-
ting the seasonal trends versus elevation (Online Resources,
Fig. ESM 5). This behaviour has been defined as ‘the wet
get wetter, the dry get drier’ mechanism (Held and Soden
2006; Carvalho and Jones 2016). However, at the transition
zone between the low and intermediate elevations the net
annual budget exhibits the trend towards a wetter general
condition (Figs. ESM 5-6), in good agreement with results
obtained for South America from previous studies (Barros
et al. 2000; Haylock et al. 2006). Barros et al. (2000) found
positive DJF total amount trends for most of the Argen-
tine territory, more pronounced in the northern study area
and during the period 1956-1991, which they related to a
decrease of the mean meridional gradient of temperature
affecting atmospheric circulation. Their results were also
confirmed by Haylock et al. (2006) with a comprehensive
study of rainfall trends in South America during the period
1960-2000, suggesting wetter conditions at annual scale
for northern Argentina.

5.3 Rainfall trend at seasonal scale during the period
1979-2014

We have performed a trend analysis for a shorter period
(1979-2014), for which we could rely on a denser rain-
gauge network (40 stations) and on the CPC dataset. In con-
trast, for the period 1950-2014, station data show no trends
or a decrease of total amount and number of wet days both
at high and low elevations at annual and seasonal scales
for 1979-2014 (Fig. 5 and Figs. ESM 5). However, the wet
season (DJF and MAM) also exhibits a trend of increasing
rainfall (both total amount and number of wet days) at a
few localities at the mountain front (Fig. 5). These find-
ings are partially corroborated by the CPC trend analysis,
which displays the general trend towards drier conditions
for the same period (1979-2014) during DJF, except at
high elevations (Fig. 5), where we observed extensive areas
of increasing rainfall totals (between 17°S and 20° and
between 25°S and 30° and), in part on the Puna de Atacama
Plateau. Although for a shorter time period (1998-2014),
the TRMM dataset exhibits similar features at high eleva-
tions during DJF (Fig. 6), with an area of increasing rainfall
on the Puna de Atacama Plateau (between 23° and 20°S).
Unfortunately, no station data are available for these areas
at high elevation exhibiting significant trends. However,
since TRMM data show a coherent trend signal over a wide
region, we suggest that this signal represents a real trend
towards increasing rainfall at high elevations. Nevertheless,
we observed that the local maxima trend values shown by
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TRMM at high elevations appear to be displaced southward
compared to the CPC outcomes. Such dislocation in the
position of maxima and minima trend values is not surpris-
ing, since it was recognized that the CPC dataset is affected
by such limitations due to the scarcity of rain gauges in
the transition between the low and high elevations and the
Puna de Atacama Plateau (see Caveat section). Concerning
the remaining seasons, both station data and CPC datasets
document a trend pattern for Autumn (MAM), which mim-
ics the summer trend, whereas for the dry season (JJA and,
to a lesser degree, SON) the tendency towards drier condi-
tions was even more pronounced compared to the period
1950-2014 (Figs. ESM 5-6).

In summary, for the last three decades (1979-2014) we
observed a general trend towards drier conditions at low
elevations during the wet season and locally wetter condi-
tions at the mountain front. On the contrary, we found evi-
dence for extensive areas exhibiting a trend of increasing
total seasonal rainfall amount in the arid Puna de Atacama
Plateau region.

Interestingly, the aforementioned positive trend revealed
in our study appears to be in contrast with rainfall projec-
tions for a different emission scenario for the northern
Andean Plateau (Altiplano) obtained during recent studies
(Urrutia and Vuille 2009; Minvielle and Garreaud 2011;
Thibeault et al. 2012). In particular, Urrutia and Vuille’s
(2009) projections for DJF rainfall in the tropical Andes
during the period 2071-2100 exhibits a rather incoher-
ent pattern, with increasing, as well as decreasing total
rainfall amounts compared to the period 1961-1990. On
the Bolivian Altiplano the projection showed a significant
total-amount decrease. We emphasize that our study area
was only partially included in their investigated region.
Urrutia and Vuille (2009) suggest that the rainfall decrease
expected for DJF by the end of the century could be linked
to the weakening of the easterlies in the middle and upper
troposphere. It has been recognized that easterly wind
anomalies at high tropospheric levels are associated with
deep convection on the Altiplano by transporting moist air
from the interior of the continent. This phenomenon has
been called the ‘easterly/wet—westerly/dry relationship’
(Garreaud and Aceituno 2001; Thibeault et al. 2010). Min-
vielle and Garreaud (2011) analyzed the predicted change
in rainfall pattern in the Central Andes (15°-25°S) for the
end of the twenty-first century (2070-99), confirming a sig-
nificant decrease in total amounts linked to the change in
the middle and upper troposphere circulation with respect
to 1970-99. Unfortunately, their study does not include sta-
tistically significant results for NW Argentina. Thibeault’s
et al. (2012) projections also suggested a decrease of rain-
fall on the Bolivian Altiplano, starting already in 2020,
although the implications for the precipitation on the south-
ern Andean Plateau were not discussed.
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Fig.7 Trend analyses for rain gauges (only statistically significant
trends, p < 0.05, are shown): a mean daily rainfall (MRd) trends ver-
sus percentile (Prct) trends for the period 1950-2014. The rainfall
spatial variability exhibits a complex pattern, reflected both in the
mean daily rainfall and in the percentile analysis, with either positive
(intensification) or negative (attenuation) trends. All analyzed stations
show the same trend for their mean daily rainfall and the frequency

To summarize, several studies have suggested a general
decrease of rainfall-total amount starting by 2020 for the
wet season in the tropical Central Andes. The authors are
not aware of similar studies extending their investigation
areas southward, including the Puna the Atacama plateau
(southern Andean Plateau) in NW Argentina, which has dif-
ferent climatic characteristics than the Bolivian Altiplano
(northern Andean Plateau), in particular concerning the
characteristics of rainfall convective systems (Romatschke
et al. 2010; Romatschke and Houze 2013; Rohrmann
et al. 2014). However, the CMPI5 projections for rainfall
in South America for the end of this century proposed by
Carvalho and Cavalcanti (2016) exhibit a more complex
pattern for the areas including the northern and south-
ern Andean plateaus. These projections show an overall
weak signal of change for the entire wet season (October—
March), a negative signal in the Chilean part, and locally
a positive signal on the Argentine side. Additionally, Car-
valho and Cavalcanti (2016) suggested an intensification of
the SAMS poleward of 20°, accompanied by a reduction
of up to 40 % of DIJF rainfall in Chile. This confirms the
different dynamic climatology of the northern Altiplano,
located in the tropics, and the subtropical Puna de Atacama
Plateau, although both areas are characterized by similar
elevations and orography.

Finally, we observe that for the period 1950-2014 there
is no clear pattern at low elevations, in contrast with the
coherent negative trend for the period 1979-2014. We
tested the hypothesis if this change in the trend pattern

Mean Daily Rainfall Trends [% yr-']

distribution percentiles, implying that an intensification of the mean
daily rainfall is accompanied by either no change or an intensifica-
tion of the uppermost percentiles. b Same as (a) but for the period
1979-2014, indicating similar features. In both periods, attenuation
is mostly associated with the dry season, whereas the wet season
reflects both attenuation and intensification of rainfall events

is related to the 1970s climate shift (Minetti and Vargas
1998; Rusticucci and Penalba 2000; Carvalho et al. 2011;
Jacques-Coper and Garreaud 2015); detailed information
on this test is provided in the Online Resource. However,
based on our station dataset it is not possible to unambigu-
ously identify the 1970s climate shift as a forcing factor of
the changing rainfall trend in our study region.

5.4 Trend of daily rainfall magnitude-frequency
distribution

As previously pointed out, daily station data showed that
DJF mean daily rainfall for the period 1950-2014 recorded
few significant values; they are negative at the transition
between the low and intermediate elevations, and positive
at high elevations (Fig. 4). In contrast, a rather incoher-
ent spatial pattern was observed for 1979-2014 (few sig-
nificant values, both negative and positive, Fig. 5). On the
other hand, both CPC and TRMM results exhibit a coher-
ent signal toward an intensification of the mean-rainfall
amount per event, which was particularly pronounced at
high elevations (Figs. 5 and 6). This intensification is asso-
ciated with a diffuse reduction in the frequency of rainfall
events, except for restricted areas at high elevations (see
Sect. 5.3). Thus, to decipher whether such changes in the
mean-rainfall amount per event are due to changes in mean/
median and/or to the extreme rainfall values, we analyzed
the trends of the different percentiles of the frequency
distributions.
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The spatial pattern of the percentile trends is in good
agreement with the trend shown by the mean daily rainfall-
climate index (for station data: Fig. 7, for CPC data: Fig. 5;
for TRMM data: Fig. 6). An intensification (or attenuation)
of the mean daily rainfall is accompanied by an intensifi-
cation (or an attenuation) of the percentiles at any order,
particularly at high orders (>90th Prct) (Fig. 7). We also
observed that often small or no changes in the median val-
ues of the wet days frequency distributions were associ-
ated with significant trends, either towards local intensifi-
cation or attenuation in the 95th percentiles (Fig. 7 and Fig.
ESM 3).

In the high elevations of the Puna de Atacama Plateau
in the northernmost NW Argentine provinces, DJF extreme
events (>95th Prct) increased in magnitude, but not in fre-
quency during the period between 1950 and 2014, whereas
the low-medium events (<50th Prct) exhibit no changes
(Fig. 4 and Fig. ESM 11). This results in increased mean
daily rainfall without strongly affecting the total amount
and frequency of wet days. At the mountain front, few sta-
tions provided significant results and the overall trend sig-
nal is mixed and not significant. Nevertheless, we observe
that, despite a decrease of low-medium events intensity, at
few locations in the northernmost NW Argentine provinces
both frequency and magnitude of extreme events increased,
which is reflected by the total amount and frequency of
rainy days. In the southernmost stations, both low-moder-
ate and extreme events exhibit a decreased magnitude, but
it is the increased frequency of low-moderate events (Fig.
ESM 11) that accounted for the increased total amount and
frequency of wet days. At low elevations, non-significant
patterns were detected. Taken together, these observations
suggest that in the northernmost NW Argentine provinces
for the period 1950-2014, extreme (>95th Prct) events
increased in magnitude at high elevations on the Puna de
Atacama Plateau and locally at the transition zone between
the low and intermediate elevations.

Except for minor discrepancies, the gridded data-
sets from the periods 1979-2014 and 1998-2014 record
increasing magnitude and frequency of extreme events
at the mountain front; these trends, do not affect the total
amount and number of wet days. Good agreement exists
also at low elevations, where the decrease of total amount
and number of wet days is not related to changes in extreme
events. At high elevations few station data show significant,
decreasing magnitudes of extreme events. This result con-
trasts with findings obtained from CPC and TRMM data,
documenting a coherent pattern of increasing magnitude of
extreme events for extensive areas on the Puna de Atacama
Plateau (between 22° and 20°S and below 24°S). Given
that station data provide few significant results for the
high elevations among mostly non-significant trends, we
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suggest that in this context stations represent only locally
the changing character of precipitation, whereas the grid-
ded dataset provides a regional-scale signal of changes of
the rainfall pattern.

In summary, our results suggest that at the transition
zone between the low and intermediate elevations and in
the semi-arid/arid high-elevation areas of the southern Cen-
tral Andes extreme rainfall events have been increasing
in magnitude and, to a lesser degree, in frequency during
the wet season beginning in 1979. Starting from 1950, we
found an increase in rainfall at the transition zone between
the low and intermediate elevations, partly reflected by
the magnitude of extreme events in the northernmost NW
Argentine provinces, whereas no trend signal was found for
the same period at low elevations.

These observations partially agree with previous stud-
ies, showing changing extreme rainfall events for Argen-
tina and other continental regions (Frei and Schir 2001;
Krishnamurthy et al. 2009; Penalba and Robledo 2010;
Skansi et al. 2013; Malik et al. 2016). In particular, Penalba
and Robledo (2010) analyzed the trend of the frequency
of rainy days and of events exceeding the 75th frequency
distribution percentile in Argentina. These authors found
a general positive signal for all seasons for the period
1961-2000, except for the austral winter (JJA). At conti-
nental scale, Skansi et al. (2013) reported increasing trends
in heavy precipitation events for the period 1950-2010,
accompanying a significant wetting and intensified rain-
fall. These findings are in agreement with our results at
the mountain front and at high elevations, but not at low
elevations, where we did not observe any significant trend
signal.

The observed increase in rainfall, both in total amount
and extreme-event intensity, is consistent with the findings
by Hsu et al. (2011). These authors showed that total mon-
soon precipitation has had significant positive trends dur-
ing the past 30 years related to an increase in global mean-
surface temperatures. Carvalho and Cavalcanti (2016)
observed that the reanalysis products (CFSR and NCEP/
NCAR) indicate a progressive increase in low-level tropo-
spheric temperatures over tropical South America during
the monsoon season. This can potentially alter ocean-land
differential heating affecting the monsoonal circulation
and moisture transport from the tropics to the subtropics.
In fact, enhanced monsoonal circulation could affect the
strength of the SALLJ and/or the SACZ, which are the
most important features controlling moisture advection in
the subtropics and the precipitation systems affecting the
southern Central Andes. Interestingly, our results suggest
that mountain front and high-elevation areas in the southern
Central Andes respond more readily to changes in large-
scale circulation.
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6 Conclusions

We analyzed rainfall variability and trend patterns in the
southern Central Andes (70°-60°W, 16°-32°S) at differ-
ent spatiotemporal scales. We based our analysis on daily
rain-gauge observations (40 gauges) and two gridded data-
sets (CPC-uni, TRMM 3B42 V7). We defined a set of six
climate indices, covering the entire rainfall-frequency dis-
tribution at annual and seasonal scales, for three different
time periods: 1950-2014, 1979-2014, and 1998-2014. In
particular, we analyzed magnitude and frequency trends
of different rainfall events, from low-moderate (<50th
percentile) to the extremes (>95th percentile), and the
rate of change at annual and seasonal scales. We focused
our analysis on the wet season from December to Febru-
ary (DJF), contributing at least 40 % to the annual total
rainfall amount, but we furnish additional insights for
both the entire year and the dry season. Our study distin-
guishes between three geographic areas characterized by
pronounced topographic, environmental, and climatic dif-
ferences. These are the low-elevation regions in the eastern
part of the study area, the mountain front (intermediate ele-
vation) bordering the Andean mountain chain immediately
to the west, with elevations between 0.5 and 3 km, and the
high-elevation areas (>3 km) farther west in the southern
Andean Plateau. In the following, we summarize our key
findings:

1. Station data for the period 1950-2014 show an
increase of the annual total rainfall amount and wet
days frequency at the transition zone between the low
and intermediate elevations, accompanied by a trend
characterized by a wetter wet season and, to a lesser
degree, a drier dry season. For the period 1979-2014
rain-gauge measurements exhibit a significant trend
at low elevations towards decreasing annual rainfall
total amounts. Decreasing annual rainfall total amounts
were also detected at low elevations with the CPC
dataset for the period 1979-2014 and TRMM data
for 1998-2014. At high elevations, both the CPC and
TRMM datasets indicate that extensive areas on the
arid southern Andean Plateau (Puna de Atacama) as
well as at the mountain front (between 20° and 23°S
and between 25° and 30°S) record increasing annual
rainfall total amounts and, to a lesser degree, frequency
of wet days. At seasonal scale, we observed for the dry
season an even more pronounced trend towards drier
conditions, whereas for the wet season extensive areas
exhibited increasing trends in seasonal rainfall total
amount on the Puna de Atacama Plateau. This supports
previous findings of ‘the wet get wetter, the dry get
drier’ mechanism.

2. Daily rainfall frequency distribution analysis often
revealed small or no changes in median values of the
wet days/hours magnitude, but a significant tendency
towards either local intensification or attenuation in
the 95th percentiles (extreme rainfall events). This
observation holds true for all datasets and strongly
impacts the trends of rainfall total amounts. For the
period 1950-2014, rain-gauge measurements showed
that for the wet season extreme (>95th Prct) events
have undergone a significant increase in magnitude,
but not in frequency at the transition zone between
the low and intermediate elevations as well as at high
elevations in the northernmost NW Argentine Prov-
inces. This accounts for most of the rate of change in
the total amount, particularly at the transition zone
between the low and intermediate-elevation areas of
the southern Central Andes. Starting in 1979 at high
elevations on the Puna de Atacama Plateau, all gridded
datasets reveal large areas with increasing magnitude
of extreme rainfall events during DJF.

3. Discrepancies between the results of the three datasets
were found and are related to the magnitude of trends
and spatial localization of minima/maxima trend val-
ues. This is particularly true for the high-elevation areas
both for annual rainfall totals and extreme events. We
ascribe such discrepancies to the limitation of the CPC
dataset, characterized by relatively low spatial resolu-
tion and scarcity of rain-gauge measurements within
the transition between the low and high elevations, as
well as on the arid Puna de Atacama Plateau. Besides
these discrepancies, the CPC and TRMM datasets
showed similar rainfall patterns, both clearly record-
ing opposite trends between low and high elevations.
Analysis of CPC and TRMM datasets exhibited some
important similarities with the results obtained from
rain gauges. Although the rain-gauge measurements
do not display a strong coherent pattern as observed in
the gridded datasets, we detected indications pointing
toward an increasing magnitude of extreme rainfall at
the mountain front areas by the station dataset. We sug-
gest that the spatial inconsistency of the trend pattern
from the station dataset is the lack of coherent signifi-
cant results obtained at high elevations. Hence, the sta-
tion data only partly support the trend towards increas-
ing amounts and frequencies on the Puna de Atacama
Plateau as observed by the gridded CPC and TRMM
dataset.
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Appendix: Quantile regression

Quantile regression, which is often used in climate-related
studies (e.g., Friederichs and Hense 2007; Sankarasubra-
manian and Lall 2003; Elsner et al. 2008; Bremnes 2004) is
an extension of median regression based on estimating the
value of the parameter vector § from the set of allowable
vectors that minimizes the mean-loss function:

1 n
Le@y) = - ped vim (i) } (1)

i=1

where y; (i = 1, ..., n) are the response values, p is the esti-
mate of the t quantile, and x; and B are the covariate vector
(in our case the time) and parameter vector, respectively.
The loss function is p, (-), where:

p(2) =lzl{t - Iz>0)+1—-1)- I(z<0)} (2)

and I(-) is the indicator function, which is 1 when the argu-
ment is true and O, if not. The loss function is non-negative
taking a minimum value of zero only when z = 0. Given a
series of samples with p constant (intercept-only model),
the resulting value of f (a scalar in this case) that minimizes
the total loss function occurs only when p is equal to the t
quantile of the response. If the model fits well, a plot of fitted
versus actual values will show that t percentage of observed
values should be less than the fitted values, with 1 — T per-
centage of the observed values greater than that of the fitted
values (Yu et al. 2003). The total loss function is an unbiased
sample estimate of the expected value of p.[Y — u(x - B)],
and the minimization over § is a consistent estimate of the
minimization of this expected value. For the fit, we employ a
linear model for the regression function of the form:

P
w=po+> Bi-xi 3)
i=1

where X; is climate covariate i and there are p of them.
Uncertainties  associated with quantile regression
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coefficients at the 95 % confidence level were estimated
applying boot-strapping techniques with 200 minimum
numbers of iterations (Hahn 1995).
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