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Abstract

Precipitation deficits remain a concern to the rural population in the southern Peru-
vian highlands and knowledge about their occurrence is lacking because of scarce
data availability. For mountainous regions with sparse station networks, reanalyses
can provide valuable information; however, known limitations in reproducing pre-
cipitation are aggravated due to unresolved topographical effects. In this study, we
assess in a first step the representation of precipitation during the rainy season
(January—February—March) in seven reanalysis data sets in comparison to a newly
generated gridded precipitation data set for Peru. In a second step, we assess sum-
mer precipitation deficits in Peru during the second half of the 20th century.

In the reanalyses data sets, we find biases strongly influenced by the topography of
the models and low correlations for the rainy season. Thus, reanalyses do not solve
the problem of data scarcity for this region either. Furthermore, we confirm that El
Nifo is not a sufficient stratification criterion for precipitation deficits during the
rainy season (JEM) in the southern Peruvian highlands. Based on observational
records and reanalyses, a considerable fraction of inter-annual variability of precipi-
tation can be explained through upper-tropospheric zonal wind anomalies. Westerly
wind anomalies, often related to the warming of the troposphere during an El Nifio
event, lead to dry conditions, but not all El Nifio events produce these westerly wind
anomalies. Atmospheric simulations indicate differences between precipitation defi-
cits in central Pacific and eastern Pacific El Niflo flavours, which cannot be
addressed in observations due to reduced record length: Droughts in the southern
Peruvian Andes during eastern Pacific El Nifio events seem to be related to a stron-
ger warming in the troposphere above the central Pacific ocean, whereas this is not
the case for droughts during central Pacific El Nifio events. These results, however,

need to be further corroborated by model studies and palaeoclimatological research.
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1 | INTRODUCTION

Precipitation deficits during the rainy season in austral sum-
mer (January—February—March) have been impairing local
population and the agriculture sector in the southern Andes
of Peru throughout the last century. For this region, summer
precipitation is the main water resource, contributing to
around 60% of annual precipitation, followed by spring and
autumn with both around 20% (Thibeault et al., 2011; Perry
et al., 2014). Especially for the agricultural sector, informa-
tion about precipitation variability or monitoring of the cur-
rent drought conditions is important as it enables adaptation
or mitigation measures on long and short timescales. Provid-
ing such information for the agricultural sector is a goal of
Climandes-2, a twinning project between the National
Weather Services of Peru (SENAMHI Peru) and Switzerland
(MeteoSwiss) during which the presented analyses have
been performed. In this paper, we focus on the pilot regions
of the project, that is, Cusco, Puno and Junin (CPJ) located
in the southern Andes of Peru.

Reanalysis data sets may provide valuable information
about precipitation in regions with sparse station networks
such as in CPJ. In the current global reanalyses, limitations
in the representation of precipitation are however common
for areas with complex topography and low amounts of
assimilated data (Diro et al., 2009; Blacutt et al., 2015). A
systematic evaluation of reanalyses against observational
data is therefore necessary. For Peru, such a systematic eval-
uation has not been conducted yet and a first attempt is pres-
ented in this paper.

In addition to direct information about precipitation,
reanalyses provide information on the mechanisms causing
precipitation or lack thereof. This information is relevant in
the context of climate change scenarios, which indicate a
decrease of precipitation in the central Andes for the coming
century (Minvielle and Garreaud, 2011; Thibeault et al.,
2011; Neukom et al., 2015). Minvielle and Garreaud (2011)
and Thibeault et al. (2011) find an increase in westerly
winds at 200 hPa and deducted thereof a decrease in precipi-
tation of 10-30%. Neukom et al. (2015) shows that even
under an emission scenario with strong greenhouse gas
reduction, precipitation reduction in the central Andes will
be outside pre-industrial natural variability. Because general
circulation models (GCMs) show only limited abilities in
simulating precipitation, these studies use the relationship
between precipitation and upper-level winds for their
projections.

The upper-level circulation is seen as a main mechanism
for subseasonal, annual and inter-annual precipitation vari-
ability (Lenters and Cook, 1999; Vuille, 1999; Garreaud and
Aceituno, 2001; Garreaud et al., 2003; Garreaud, 2009).
Stronger easterly (westerly) winds at 200 hPa are related to

wet (dry) conditions, as these upper-level winds favour (hin-
der) the transport of moist air from the Amazon basin
(Garreaud, 1999; Falvey and Garreaud, 2005). During sum-
mertime, as a consequence of the build-up of an anticyclonic
pressure system, the Bolivian High, easterly winds blow
over the central Andes. However, during El Nifio situations,
increased westerly wind anomalies are present over the cen-
tral Andes as a result of the winds being in geostrophic bal-
ance with the meridional baroclinicity caused by the
warming of the troposphere (Garreaud, 2009).

Depending on the spatial pattern, temporal evolution and
amplitude of anomalous sea surface temperatures (SSTs)
warming, El Nifio events are differentiated into three types
or flavours, Eastern-Pacific El Nifio (EP or canonical El
Nifio), Central-Pacific El Nifio (CP or El Nifilo Modoki) and
a mixed EP/CP type (Kao and Yu, 2009; Yu et al., 2012)
with distinct effects on atmospheric circulation and precipi-
tation in South America (Tedeschi et al., 2013; Tedeschi and
Collins, 2016). EP events are characterized by strong surface
westerly wind anomalies throughout the tropical Pacific and
an eastwards shift of the ascending branch of the Walker cir-
culation. For CP events, westerly wind anomalies are present
mainly in the western and central Pacific with a more west-
wards location of enhanced convectivity and maximum
water vapour increase compared to EP, consequently affect-
ing patterns such as the Intertropical Convergence Zone
(ITCZ) and South Pacific Convergence Zone (SPCZ;
Capotondi et al., 2015; Hu et al, 2016; Andreoli
etal., 2017).

Through the eastwards shift of the Walker circulation and
the alteration of the winds over the central Andes, El Nifio
affects the mechanisms governing precipitation variability in
the southern Peruvian highlands. The two El Nifio indices
NINO1+2 and NINO3.4 both correlate negatively with pre-
cipitation sums in the area of southern Peru during the aus-
tral summer months December, January and February
(Lagos et al., 2008). Morales et al. (2012) show that precipi-
tation reconstruction has a clear El Nifio-Southern Oscilla-
tion (ENSO)-like pattern at inter-annual to multi-centennial
timescales for the Altiplano of Bolivia. Seiler et al. (2013)
find EI Nifo to lead to drier and more variable conditions in
the Andes of Bolivia. For the Mantaro River basin, a region
close to CPJ, dry spells are significantly more likely to occur
during El Nifio than La Nifia (Sulca et al., 2016). For Peru,
Sulca et al. (2017) find that the two indices E (eastern
Pacific) and C (central Pacific) describing SST anomalies in
the central and eastern Pacific (see Sulca et al., 2017 for
description of the indices) are both related to weaker upper-
level easterly wind over Peru and that the position of the
SPCZ influences rainfall over western Peru and the Bolivian
Altiplano. A separation into different flavours of El Nifio is
therefore important for the evaluation of drought occurrence.
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In a first step, this study evaluates the abilities of differ-
ent reanalyses in representing the precipitation patterns,
inter-annual variability and the annual cycle in order to
assess the use of reanalysis for drought monitoring. Then,
we analyse the relationship between summertime precipita-
tion and tropical Pacific SST in the reanalysis JRA-55
together with observations and climate model simulations to
gain further insights about the SST—drought mechanism. We
specifically look at the difference in upper-level atmospheric
conditions of El Nifio events (EP or CP) and how this is
related to the occurrence of droughts in the southern Peru-
vian Andes.

Our paper is organized as follows: Section 2 explains the
data sets and methods. In section 3, we present our results
and discussion, and section 4 gives a conclusion of our
findings.

2 | DATA AND METHODS

2.1 | Data

As a reference for the evaluation of reanalyses, we use two
observational data sets: (a) monthly Peruvian-interpolated
data of the SENAMHI's climatological and hydrological
observations, PISCOpv2.0 (Aybar et al., 2017), which is a
gridded data set generated from station and satellite data,
and (b) a regular observational data set from rain gauges
(Figure 1a). The PISCOp data set is available at a
0.05 % 0.05° resolution on a monthly basis for the period
1981-2016. The generation of PISCOp has been facing mul-
tiple constraints, such as low station density in an area with
complex topography, low quality of station data and inherent
biases in satellite data sets. For example in the Amazon

FIGURE 1 (a) Mean daily (a)

of Climatology

lowland regions, the station density is low and thus PISCOp
consists mainly of CHIRPMm, a modification of CHPclim
based on the climatology of TRMM2A25 (Aybar et al.,
2017). For CHIRPS (which already includes a station merg-
ing), a validation with reference data showed low correlation
values and high bias ratios for the northern lowlands of Peru
(Funk et al., 2015). Nevertheless, PISCOp is the first high-
resolution gridded data set for Peru, and thus, provides a
valuable source of information so far not available.

The observational records are a quality controlled and
homogenized data set (without gap filling) spanning the
period from 1964 to present provided by SENAMHI Peru
(Rosas et al., 2016). For the generation of the gridded data
set, a gap filled station data set has been used, containing
more stations, than the herein used station data set. Thus, at
stations location, station and the gridded data do not
completely agree, but show correlations of 0.71-0.95 for
JFM precipitation.

The evaluated reanalyses include four data sets covering
the last decades: MERRA (Rienecker et al., 2011), ERA-
Interim (Dee et al., 2011), NCEP/NCAR R1 (NNR; Kalnay
et al., 1996) and JRA-55 (Kobayashi et al., 2015). NNR and
JRA-55 are the only two reanalyses with a full assimilation
system spanning the complete period of station observations,
thus incorporating the satellite and pre-satellite era. NNR is
evaluated despite its old model vintage as it is a widely used
reanalysis for research and application in South America.
Furthermore, we evaluate three surface-only reanalyses
spanning the 20th century: 20CRv2c (Compo et al., 2011),
ERA-20C (Poli et al., 2016) and CERA-20C (Laloyaux
et al., 2018). 20CRv2c assimilates surface pressure, while
ERA-20C and CERA-20C also assimilate marine winds.
CERA-20C is a coupled ocean—atmosphere reanalysis.

(b)

precipitation of JEM from PISCOp and
station data for 1981-2016. Filled circles
show station measurements. At station

0°

location, the gridded data set and the
stations correlate with values between 0.71 -5°
and 0.95. (b) Pearson correlation for
PISCOp (colours) and stations (circles)
with NINO3.4. and with NINO1+2

(contours). Solid/dashed contours contours

10°

indicate significantly negative/positive
correlation areas. Only significant
correlations at a 95% significance level are 15°
shown. 1,000 m a.s.l shown as black

contour line. Lake Titicaca is shown in the

0°

—5°

—10°

4—15°

south of the Peruvia Andes [Colour figure
. . - —-80°
can be viewed at wileyonlinelibrary.com]
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TABLE 1 List of data sets for precipitation evaluation and drought composite study
Data sets Time period Resolution Scheme Model vintage Source
Reanalyses
MERRA 1979-2016 0.5 X 0.667° GEOS IAU 2009 Rienecker et al. (2011)
ERA-Interim 1979-2011 T255L60 4DVAR 2006 Dee et al. (2011)
NCEP/NCAR R1 1948—present T62L.28 3DVAR 1995 Kalnay et al. (1996)
JRA-55 1958—present T319L60 4DVAR 2009 Kobayashi et al. (2015)
20CRv2c 1851-2014 T62L.28 EnKF 2009 Compo et al. (2011)
ERA-20C 1901-2010 T159L91 4DVAR 2012 Poli et al. (2016)
CERA-20C 1900-2010 T159L137 4DVAR 2016 Laloyaux et al. (2018)
Model simulations
ERA-20CM 1899-2010 T159L91 2012 Hersbach et al. (2015)
Observations
Station data 1964—present Senamhi Peru (Rosas et al., 2016)
Gridded products
PISCOP 1981—present 0.05 x 0.05° Aybar et al. (2017)

ERA-20C is a single-member reanalysis, while 20CRv2c
and CERA-20C are ensemble products. Specific information
about all data sets is summarized in Table 1.

To explore the influence of SST on circulation and pre-
cipitation amounts in the CPJ region, we use the ERA-
20CM simulations (Hersbach et al., 2015). ERA-20CM is
an “AMIP-type” (Atmospheric Model Intercomparison Pro-
ject) model simulation with an ensemble of 10 model inte-
grations spanning 1899-2010. The above mentioned ERA-
20C reanalysis and ERA-20CM are based on the same
model configuration, but ERA-20CM does not assimilate
observations. Whereas ERA-20C is based on the first
(mO) of 10 random drawings from the HadISST2.1.0.0 data
set for boundary conditions, ERA-20CM is based on 10 reali-
zations of SST and sea-ice cover (SIC). These realizations
are considered as the most plausible SST fields and their var-
iations reflect the uncertainty of observations in the bound-
ary conditions in addition to the initial conditions (Titchner
and Rayner, 2014). The SST data from HadISST2.1.0.0 are
based on in situ SST observations and satellite data
(AVHRR and retrievals of ARC-ATSR reprocessing).

For 2-m temperature, the evaluation of ERA-20CM
ensemble mean and spread shows a good representation of
short-term variability, such as the cooling after volcanic
eruptions and warming during El Nifio. De Boisséson et al.
(2014) show that ERA-20CM captures changes in the tropi-
cal wind circulation and Hegerl er al. (2018) find a good rep-
resentation of the Pacific Walker circulation in ERA-20CM.
As the ERA-20CM model simulations are SST driven, the
two results suggest the dependence of these winds on SST.
In comparison, CMIP5 models generally do not allow for a
year-to-year comparison (Hersbach et al., 2015) and do not

capture changes in the tropical wind circulation (England
et al., 2014). The ERA-20CM simulations thus provide a
statistical estimate of the model climate and ensemble mean
and spread allow for conclusions as to the effect of boundary
conditions, most importantly SST. Due to the comparability
to reanalyses, the SST variations reflecting uncertainty in
observational records and the good representation of El Nifio
short-term variability, the ERA-20CM proves to be a suit-
able model for the herein conducted analysis.

For a measure of El Nifio, we rely on the widely applied
Oceanic Nifio Index (ONI) based on ERSSTv4 data (Huang
et al., 2015) provided by the Climate Prediction Center
(CPCQ). In addition, we calculate correlations with the two El
Nifio SST indices NINO3.4 and NINO1+2 from HadISST1
data set (Rayner et al., 2003).

2.2 | Evaluation of reanalyses and model
precipitation

Monthly and seasonal precipitation is evaluated using two
common measures for the overlapping period of PISCOp
and reanalysis (1981-2010): bias (mean of reanalysis minus
mean of PISCOp) and Spearman correlation rho. For com-
parison, the finer grid of PISCOp is interpolated to the dif-
ferent reanalyses grids. Evaluation with the station
observations is conducted using a distance weighted average
of the four closest grid points, as this yields similar results to
using the best correlating grid point. We analyse the
reanalyses for the rainy season January—February—March
(JFM). For comparison purposes, we further use an area
mean of the evaluation measures for an area around 12°-

16°S and 74°-69°W covering the southern highlands station
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FIGURE 2 Evaluation of JEM precipitation from reanalysis data sets with PISCOp (colours) and stations (circles) for 1981-2010. (a—¢) Bias
(reanalysis — observations), (f—j) Spearman correlation of precipitation anomalies. 1,000 m a.s.l. shown as grey contour line. The polygon in ERA-

20CM depicts the area used for SPI calculations in the composite study. The dashed rectangle depicts the area used for calculating the evaluation

metrics of every reanalysis excluding coastal and lowland area [Colour figure can be viewed at wileyonlinelibrary.com]

(dashed box denotes this area in Figure 2). Due to the differ-
ent grid resolutions, this area varies slightly for every
reanalysis.

2.3 | Measures of drought and El Nifo

In order to distinguish rainy seasons with droughts and rainy
seasons without droughts, we rely on the standardized pre-
cipitation index (SPI; McKee et al., 1993; 1995). This index
is recommended (in addition to other indices) to national
meteorological services for drought monitoring to character-
ize meteorological droughts due to its simple calculation and
effectiveness in describing both dry and wet periods (World
Meteorological Organization, 2012). It is based on a trans-
formation of precipitation values to a normal distribution
using an equal-probability transformation. We choose a two
parameter mixed gamma distribution for precipitation,
because this produces good relative fits across different
accumulation periods and climatic regions (Stagge et al.,
2015). We focus on the 3 months from January to March as
this is the period of highest precipitation and important for
agricultural production.

For defining moderate meteorological droughts, the two
thresholds of —1 or less (—0.84 or less) have been suggested,
associated to the non-exceedance probability of .159 (.201)
(McKee et al., 1995; Agnew, 2000). The threshold of —1 or
less is also recommended in the WMO guidelines for the

SPI droughts (Zargar et al., 2011; World Meteorological
Organization, 2012). Based on a drought severity classifica-
tion, the US National Drought Mitigation Centre reports an
SPI value of —0.8 to —1.2 as moderate drought. Their cate-
gory includes first damage to crops or pastures and is thus
interesting for agricultural climate services. For defining
droughts in our study, we adopt this threshold of —0.8 or
less. This corresponds to a non-exceedance probability of
.212. This is reasonable, as impacts of dry conditions may
already start earlier than at a threshold of —1 or —0.84. How-
ever, specific impacts on agriculture associated with this
threshold still need to be evaluated for the southern high-
lands of Peru. Analyses with other thresholds do not deviate
substantially from the here presented results. Sanabria et al.
(2018) calculate precipitation anomalies for two different
time periods (1964-1977 and 1978-2016) taking into
account the climatic shift in the Pacific Ocean during the
1970s (Trenberth and Stepaniak, 2001). We made SPI calcu-
lations for the two options using one reference period for
1964-2016 and using two different reference periods as
stated above. Here, we only present the results using the ref-
erence period 1964-2016 for observations and the reference
period 1964-2010 for ERA-20CM.

To define droughts based on observational data, the mean
SPI from 16 observational records in the southern Andes of
Peru is calculated between 1964 and 2016 using the same
period as reference period. All considered stations lie at an
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TABLE 2 Selection of El Nifio (ENSO+) and La Nifia (ENSO-) years for the JRA-55 composite study based on ONI values from ERSSTv4
data for the period 1964-2016 and distinction into CP and EP events
Drought No drought
Year ONI Type Year ONI Type
ENSO+ 1973 1.16 EP
1964 0.56 CP 1977 0.62 EP
1966 1.04 CP 1995 0.69 CpP
1969 0.95 CP 1998 1.80 EP
1983 1.80 EP 2003 0.69 Cp
1987 1.19 EP 2005 0.63 Cp
1992 1.51 CP 2010 1.16 Cp
2016 1.99 EP 2015 0.51 CP
ENSO- 1968, 1971, 1974, 1975, 1976, 1985, 1989, 1996, 1999, 2000, 2006, 2008, 2009, 2011, 2012

elevation above 3,200 m a.s.l. All rainy seasons with a mean
3-monthly SPI in JEM of —0.8 or less are then defined as
droughts. This threshold is also reinforced, because the areal
mean of the 3-month SPI for JFM only reaches a value of
below —1 three times.

To define droughts in the ERA-20CM model simulations,
SPI values are calculated as described above with total pre-
cipitation for all ERA-20CM members individually (i.e., no
observations). We use an area covering the 16 observational
records using a reference period from 1964 to 2010 exclud-
ing coastal areas and lowlands (red area in Figure 2e).

For the distinction into El Nifio events, we rely on
established definitions: El Nifio events are defined when the
ONI (based on 3-monthly running mean SST anomalies in
the NINO3.4 region) is equal or above 0.5°. We focus on
events where this threshold is met during our period of inter-
est, that is, January—-March (Table 2). For EP and CP El
Nifio events, we adopt the “consensus” between different
calculation methods evaluated by Yu et al. (2012). Using
this consensus, we also include events, where the ONI is not
equal or above 0.5° in our period of interest and we do not
consider the mixed EP/CP type of events.

2.4 | Composite study

Atmospheric conditions during El Nifio and drought events
are analysed performing two individual composite studies,
one using the reanalysis JRA-55 and the second using ERA-
20CM ensemble members. In both studies, statistical signifi-
cance of the differences between the composites is assessed
with a Student’s ¢ test (Wilks, 2011). In the following, we
briefly describe the two composite studies.

1. To establish the relationship between El Niflo, atmo-
spheric circulation and droughts, we use the JRA-55
reanalysis to make composites of wind and geopotential

height (GPH) at 200 hPa for El Nifio years with droughts
and El Nifio years without droughts. JRA-55 covers the
full period of observational records and is thus suitable
for this purpose. The composites are then based on rainy
seasons with an ONI equal or above 0.5°C and a SPI of
—0.8 or less. As a reference we make composites of the
same variables for El Nifio (ONI > 0.5°C) and La Nina
(ONI <-0.5°C) for the 1964-2016 period irrespective
of SPL

2. To test whether the relationship found is due to the effect
of SSTs, we then used the 10 ERA-20CM simulations
for the period 1964-2010 (model simulations are only
available until 2010). With the model simulations we
make composites of wind and GPH at 200 hPa for EP
(CP) events with droughts minus EP (CP) events without
droughts. SST perturbations within the ERA-20CM
members are minor; hence, we use the same EP/CP dis-
tinction for all members of the same year. The droughts
are defined as stated in section 2.3.

3 | RESULTS AND DISCUSSION

3.1 | Evaluation of reanalysis and model
precipitation

Seasonal sums of precipitation (JFEM) in the southern Peru-
vian highlands show a spatial pattern highly influenced by
the complex topography of the Andes through orographic
processes and low-level winds (Figure la; Espinoza et al.,
2015). This topographic precipitation pattern as it is seen in
PISCOp is not fully reflected by the different reanalyses. For
the austral summer season, the higher-resolved reanalyses
(ERA-Interim, JRA-55 or MERRA) overestimate precipita-
tion along the Andes, mainly along the eastern slopes, but
slightly underestimate it in the eastern adjacent lowlands
below 1,000 m a.s.l. (Figure 2, upper row and Table 3 for



IMFELD ET AL.

International Journal RMetS

TABLE 3  Areal mean of RMSE, Spearman correlation and bias
for the seven evaluated reanalyses in the area in the southern Peruvian
Andes (12°-17°S and 75°-69°W excluding coastal areas and areas in
the Amazon basin) for the rainy season JFM

Spearman
RMSE correlation Bias,
Reanalyses (mm/day) (rho) mm/day (%)
MERRA 1.40 0.17 5.07 (109.80)
ERA-Interim 1.67 0.45 6.27 (128.96)
NCEP/NCAR R1 1.72 0.11 —1.89 (—=32.08)
JRA-55 1.27 0.37 3.33 (72.37)
20CRv2c 3.09 0.24 9.91 (168.28)
ERA-20C 1.1 0.35 4.05 (71.54)
CERA-20C 1.01 0.35 3.38 (85.77)
(ensemble mean)
ERA20CM 0.77 0.39 3.37 (66.37)

(ensemble mean)

area values). This pattern is best visible for MERRA
(Figure S1b, Supporting Information) and ERA-Interim and
to a lesser degree for JRA-55, whereas NNR does not show
such a spatial bias pattern (Figure 2b—d). In our study area,
NNR has mostly negative biases, with less precipitation
compared to PISCOp and 20CRv2c shows grid cells with
biases of above 10 mm/day next to grid cells with biases of
—2 mm/day (Figure Sla). For the ensemble mean of ERA-
20CM, we find as well high biases along the Andes decreas-
ing towards the west (Figure 2e). Different to ERA-20C,
biases in the eastern lowlands (the Amazon basin) are mostly
negative. The areal means of the bias for the southern Andes
show low values for JRA-55 (3.33 mm/day) and for CERA-
20C (3.38 mm/day; Table 3 and Figure Slc). The lowest
value is found for NCEP/NCAR R1 (—1.89 mm/day), but its
sign is negative. The highest bias is found for 20CRv2c
(9.91 mm/day). Excluding NCEP/NCAR R1 and 20CRv2c,
biases corresponds to around 70-130% of the mean value of
JFM precipitation in PISCOp. ERA-20CM shows a compar-
atively low bias of 3.37 mm/day (66.37%) and the lowest
RMSE (0.77 mm).

Highest positive Spearman
reanalyses and PISCOp are found along the western Andes
(Figure 2, lower row) in all data sets except NNR. High cor-

correlations  between

relation values between reanalyses and PISCOp are to some
degree congruent with higher correlation values between
NINO3.4 (or NINO1+2) and JEM precipitation for areas that
show positive as well as negative correlations with El Nifio
(Figure 1b). In the eastern highlands, correlation values
between reanalyses and PISCOp are drastically decreased,
with some areas in ERA-20C, JRA-55, MERRA and ERA-
Interim even showing slightly negative correlations
(Figures 2, lower row and Sle). Similarly, ERA-20CM

of Climatology

shows higher positive correlations with PISCOp in the
Andes compared to the coast and the lowlands, where cer-
tain areas even show negative correlations. For most
reanalyses, areas with high biases correspond to the areas
where correlation values are decreased. For the areal mean
of austral summer, highest Spearman correlation is found for
ERA-Interim (0.45) and JRA-55 (0.37). The ensemble mean
of ERA-20CM shows a correlation of 0.39 with precipitation
from PISCOp.

To some extent, monthly values for correlation and bias
show different results throughout the course of the year
(Figure S2). ERA-Interim, MERRA as well as NNR show
higher correlations during winter and summer months, and
slightly decreased values during the transition months in
spring and autumn. As noted above, JRA-55 performs better
during the dry season, that is, the austral winter months, than
during the summer months. For RMSE and rho, the two
reanalyses ERA-Interim and JRA-55 show the best perfor-
mance throughout the year. The correlation values between
0.4 and 0.6 are however still rather low for applications, for
example for drought monitoring. Regarding the bias, NNR
sticks out, as its bias shows the opposite behaviour com-
pared to the other evaluated reanalyses, with overestimation
during the dry season and underestimation during the wet
season compared to PISCOp. 20CRv2c shows a much
higher bias during the rainy season compared to the other
reanalyses.

In regions with few assimilated data and in complex
topography, precipitation from reanalyses is known to have
considerable caveats. Blacutt er al. (2015) conducted an
evaluation of precipitation for the Bolivian Andes and found
a positive bias for the Andes’ eastern facing slopes and neg-
ative bias in the lowlands in MERRA and CFSR. They relate
this to an insufficient representation of topography in the
models for Peru and Bolivia. As topography is very complex
and highly variable in the Andes, orographic lifting and pre-
cipitation may occur on small spatial scales. Even higher
resolved models such as JRA-55 or MERRA cannot repro-
duce the steep gradients between the Amazon and the
Andes, and thus may cause the underestimation and respec-
tive overestimation along the Amazon—Andes interface.

Espinoza et al. (2015) identified a rainfall hotspot situ-
ated at the eastern flank of the Andes in station observations
and TRMM satellite data which is also visible in PISCOp
(Figure 1a at 14°S and 70°W). They link this rainfall hotspot
to topography—low-level wind interactions, that is, oro-
graphic effects of the South American low-level jet, SALLJ.
ERA-Interim shows a perpendicular angle between low-level
winds at 850 hPa and topography leading to orographic
uplifting and rainout. As topography in ERA-Interim (and in
other reanalyses) is considerably lower compared to a high-
resolution model of topography, the positive bias of ERA-
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Interim precipitation (and other reanalyses) on elevations
above 1,000 m a.s.l. may come from the uplifting process in
the model bringing rain further into the highlands than in
reality. According to Espinoza et al. (2015), these low-level
winds transport moist air towards the mountains in summer
and winter, explaining the positive bias in the mountains
occurring in both seasons. Chavez and Takahashi (2017)
also explain precipitation hotspots along the Amazon—Andes
interface, where reanalyses underestimate precipitation com-
pared to PISCOp, with an interaction between topography
and the SALLJ, but additionally discuss triggering of con-
vection by downslope winds during night-time. Such effects
might not be reproduced properly in reanalyses due to the
low resolution and could further contribute to the noted shift
in reanalysis' precipitation maximum mountainwards. In
conclusion, biases seem mostly related to model resolution
and corresponding topography. For the purpose of looking
at dry periods in the central Andes using a SPI, a relatively
good correlation with observations, which is the case for
ERA-20CM, is more important than a small bias.

For various applications in the agricultural or water sec-
tor, daily precipitation data are needed and thus an evalua-
tion of daily precipitation data would be crucial. Here, it has
been omitted due to the already low performance on
monthly basis, but it may be important for new reanalysis
products with higher resolutions, which are currently under
development.

3.2 | ENSO and drought in the southern
Peruvian highlands

3.2.1 | Time series analysis

In the period 1964-2016, eight drought events have been
registered for the rainy season months January—March based
on the station data from the CPJ area (Figures 3a and S3).
Apart from the drought in 1990, all drought events took
place during El Nifio years. This 1990 drought event with an
SPI of —1.13 and thus a rather strong drought can not be
related to El Nifio, though strong westerly wind anomalies
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FIGURE 3 (a) Mean 3-monthly SPI time series from station observations for 1964-2016. Grey area represents the spread of the observation

data. (b) 3-monthly SPI time series from ERA-20CM ensemble mean and spread (grey area). EP/CP El Nifio events for 1964-2010 are marked as
triangles/diamonds based on the calculation of Yu et al. (2012). (c) Mean and spread of 200-hPa zonal wind anomaly for ERA-20CM for the area
10-19°S and 71°-80°W during 1964-2010. (d) NINO1+2 and NINO3.4 SST indices. For visual clarity, El Nifio events with an ONI > 0.5° in JFM
are marked with a darkgrey/lightgrey bar when occurring together with a drought/without a drought. The 1990 drought without El Nifio is marked
with an asterik. EP/CP events without bars did not show an ONI > 0.5° in JFM
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TABLE 4 Contingency table of El Nifio and drought events for
the period 1964-2016 only looking at the months January—February—
March

Drought No drought Total
El Nifio 7 8 15
No El Nifio 1 22 23
La Nifia 0 15 15
Total 8 45 53

are found in the north of the study area. For this event, no
drought conditions are registered in the ensemble members
of ERA-20CM. The mean is around 0 and the spread is large
(Figure 3b). For eight El Nifio events during the 1964-2016
period, no drought conditions have been registered (Tables 2
and 4). During the El Nifio years 1973, 2003 or 2010, no
drought conditions have been registered for the JFM rainy
season in the study area, but normal or even above-normal
SPI conditions (Figure 3a). During the 1976/1977 and the
2005/2006 El Nifo, dry conditions were registered earlier in
the rainy season (in OND and NDJ), but as we focus on
JFM, these dry conditions are not part of the drought com-
posites. For 5 years, 1970, 1978, 1980, 1988 and 2007 El
Nifio conditions have been registered with an ONI above 0.5
before JFM (using ERSSTv4); thus, we did not include these
years. For the 1997/1998 rainy season, one of the strongest
El Nifio events of the last century, no drought conditions
have been registered. Precipitation was nevertheless below
average for the station mean (SPI of —0.34) in the study
area. In this year, areas in the lowlands east of the Andes
show much below average rainfall for the PISCOp data set
(not shown). Calculations splitting the reference period into
two parts in order to account for the climatic shift in the
Pacific Ocean increases the drought signal (SPI values are
lower) in the first few years 1964—1969. SPI values are
lower in the three drought rainy seasons 1964, 1966 and
1969. However, no additional rainy season is reaching the
threshold of —0.8 and due to the short period (1964-1977)
for calculating the SPI, we do not consider these results.
Applying Fisher’s exact test to check if the occurrence of
El Nifio and drought events are independent yields a p-value
of .0005. This suggests that the two events are not indepen-
dent. However, again our sample size is very small. The two
strongest El Nifio drought events happened in 1983 (EP/SPI
—2.37) and in 1992 (CP/SPI —1.93) during two different El
Nifio flavours. In the zonal wind anomalies of ERA-20CM
we see a large positive anomaly for both events, as well as
for the 1987 drought (Figure 3c). The two droughts in 1983
and 1992, however, both followed a volcanic eruption in the
Tropics, the El Chichén in April 1982 in Mexico
(17°21'36"N and 93°13’40"W) and Mt. Pinatubo in June
1991 in the Philippines (15°8'0"N, 120°21'0"E). Two
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studies found a significant decrease in precipitation after
large volcanic eruptions for the Amazon basin and the north-
ern half of the Andes using CMIP-5 and GCM simulations
(lles and Hegerl, 2014; Wegmann et al., 2014). Volcanic
eruptions lead to a decrease in global mean precipitation due
to a reduction of incoming short-wave radiation and thus, to
less evaporation and less condensation in a cooler atmo-
sphere (Iles and Hegerl, 2014). This aspect should not be
neglected when looking at the occurrence of drought events
in the southern Peruvian Andes.

For the most recent drought event in 2016, SPI values
were especially low for January with —1.32 but rose again in
the following months (Figure 3a,c). This El Nifio has been
described as an event in the middle of the continuum
between EP and CP events (L'Heureux et al., 2017; Paek
et al., 2017). It showed anomalies in NINO1+2, but the larg-
est amplitude of SST anomaly were found in the NINO3.4
region. None of the more recent and also more frequent CP
events since 2000 (McPhaden et al., 2011) have led to mod-
erate to severe droughts.

For our study area in the southern Peruvian highlands,
the two ENSO indices (NINO3.4 and NINO1+2) show areas
of significant negative correlation with precipitation values
from the PISCOp data set (we did not check for field signifi-
cance; Figure 1b). Along the western Cordillera of Peru, the
correlation with the precipitation sum is more significant for
NINO3.4 than for NINO1+2. The 3-monthly SPI time series
from observations correlates slightly stronger with NINO3.4
(=0.50) than NINOI1+2 (-0.42) (Figure 3a,d). For zonal
upper-level winds over the Peruvian Andes and precipitation
sums, correlation values are at the same order of magnitude
or slightly lower: ERA-Interim (—0.47), JRA-55 (—0.41) and
ERA-20C (-0.23).

Spearman correlation values between the ensemble mean
of the zonal winds from ERA-20CM and precipitation sums
reach —0.64, and they reach 0.75 (0.55) for NINO3.4
(NIN01+2). For the ensemble mean of ERA-20CM, we also
calculate a linear regression to check their linear depen-
dence: the two ENSO indices NINO3.4 (NINO1+2), explain
52.6% (19.8%) of this zonal wind’s variability over the cen-
tral Andes.

Based on station data, Lavado-Casimiro and Espinoza
(2014) find a stronger inverse influence of central Pacific
SST on summertime precipitation than of eastern Pacific
SST. Similarly, Sulca et al. (2017) find precipitation along
the western Cordillera of Peru significantly negatively corre-
lated to the C index, which describes SST anomalies in the
central Pacific. For the E index, which describes SST anom-
alies in the eastern Pacific, they find high negative correla-
tions mainly for an area west of Lake Titicaca (Figure 1b).
Sulca et al. (2017), however, use an earlier version of the
PISCOp data set. In their study, the significant correlations
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for the E index in the southern Peruvian Andes become
insignificant when the two extreme years 1983 and 1998 are
removed.

These studies and our preliminary findings thus reaffirm
that El Nifio is important, but is also not a sufficient criterion
for the occurrence of seasonal precipitation deficits in the
southern Peruvian Andes.

3.2.2 | Drought/non-drought composites
during El Nifio events

In the first composite study encompassing JRA-55 data for
200-hPa winds and GPH, we compared the El Nifo situa-
tions with droughts and without droughts recorded in station
data during the rainy season months January—March.

During Fl Nifio situations, stronger easterly winds prevail
over the equator at 200 hPa throughout the Pacific as a result
of the reversal of the Walker circulation (Figure 4a). North
and south of the equator westerly winds are stronger com-
pared to neutral conditions as they balance the stronger tem-
perature gradients between the Tropics and higher latitudes.
The opposite is found for La Nifia (Figure 4b). During La
Nifia, we find an increase in westerly winds compared to
neutral conditions along the equator and stronger easterly
winds over the central Andes.

The JRA-55 composites for El Nifio rainy seasons with
droughts and without droughts (Figure 4c,d) both show these
typical El Nifio conditions over the Pacific Ocean, but they
differ noticeably over the central Andes. For drought years,
significant upper-level southwesterly wind anomalies are
present in a large area over the central Andes, whereas for El
Nifio years without droughts, winds show no westerly anom-
aly over the central Andes. Yet, they show a significant
northwesterly component south of the central Andes and
south of Bolivia towards the southern Atlantic. Throughout
the Pacific, polewards from 40°S, El Nifio drought years
show easterly wind anomalies, whereas for El Nifio years
without droughts, in this area no explicit pattern is visible.
Also, zonal wind anomalies are stronger over the Pacific
Ocean for droughts compared to years without droughts.

The GPH field at 200 hPa gives insight into the extent of
tropospheric warming during El Nifio events. For the El
Nifio composite, the positive anomaly in the tropical Pacific
Ocean with two maxima indicates the position of stationary
Rossby waves, forming as a result of increased convective
activity over the tropical Pacific (Figure 4e). In the El Nifio
situations stratified into years with droughts, the GPH anom-
aly is stronger to the south of the equator, whereas in non-
droughts years it is slightly more developed to its north
(Figure 4g,h). For the non-drought composites, the positive
anomaly in GPH extends more to the southeast compared to
the drought composite. Removing the strong 1997/1998 El

Nifio from the composites does not affect this pattern of
southeastwards extended positive GPH (figure not shown).
In El Nifio years without droughts, the area with significant
differences in the GPH fields compared to neutral conditions
extends all over the Tropics. Furthermore, for El Nifio
drought years, a much stronger negative anomaly of the
GPH field is found in the southern Pacific between 35°S and
60°S off New Zealand extending towards the western Chil-
ean Coast, compared to years without droughts.

The two composites based on the SPI-3 time series from
station observations and the JRA-55 data, however, include
a very small number of events; thus, the findings dependent
on these composites are not very robust. Nevertheless, the
drought composites confirm what has been reported mani-
fold. Stronger westerly wind anomalies over the central
Andes have been found to relate to dry conditions on inter-
annual, annual and subseasonal timescales for the Altiplano
(e.g., Garreaud and Aceituno, 2001; Garreaud et al., 2003;
Vuille and Keimig, 2004) as well as for regions north of the
Altiplano, for example, the Mantaro River basin (Sulca
et al., 2016). These westerly wind anomalies are related to
ENSO through tropospheric warming and the westwards dis-
placement of the Walker circulation. Garreaud and Aceituno
(2001) relate the occurrence of dry conditions in the Alti-
plano to the spatial extent of tropospheric warming. For
example, during the El Nifio 1972/1973, the tropospheric
warming reached around 30°—40°S. Thus, it did not influ-
ence the mean climatic flow with easterly winds related to
the Bolivian High, and to that effect led to (slightly above)
normal rainfall conditions in the Altiplano (Garreaud and
Aceituno, 2001).

During drought situations, the pattern found in the south-
ern Pacific resembles the Pacific South American (PSA) pat-
tern as described by Mo and Ghil (1987), especially its first
mode (PSA1). The PSA is seen as the Southern Hemisphere
response to ENSO in the inter-annual band (Karoly, 1989).
Mo and Paegle (2001) showed that during the rainy season
of South America, positive events of PSA1 are associated
with a predominant pattern of westerly moisture fluxes over
the central Andes, which (in comparison with previous stud-
ies and our results) is related to drought conditions over this
region. Under this premise, it is possible that a high response
of the PSA1 during El Nifio events is also necessary for
causing drought conditions over the southern Peruvian
Andes.

3.2.3 | Dry-wet composites during EP and CP
El Nifo events

The ERA-20CM members stratified into dry (drought) and
wet (without drought) conditions allow for a more robust
picture and a distinction into EP and CP El Nifio, but this
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stratification does not reduce the influence of strong events.
Based on the calculation of Yu et al. (2012), 10 CP and
7 EP El Nifio were recorded in the period 1964-2010. Using
this classification, the stratification of the ERA-20CM
ensemble members into dry (—0.8 or less) and wet members
leads to 36 (64) CP members with droughts (without
drought) and 17 (53) EP members with droughts (without
droughts).

EP events are characterized by positive SST anomalies
extending to the very east of the Pacific Ocean (NINO1+42
region). Strong easterly wind anomalies are present at
200 hPa along the equator and strong westerly winds to its
north and south, respectively. Over the central Andes, we
find westerly wind anomalies which are partly recurring
southwards when passing the Andes (Figure 5a). CP events
show a similar picture but with generally smaller anomalies
especially over the central Andes (Figure 5b). In the GPH
composites, both EP and CP show the two Rossby waves
north and south of the equator in the central Pacific, but the
southern Rossby wave is stronger developed in EP
(Figure Se,f).

The two composites for 200-hPa winds stratified into
dry-wet EP and CP events resemble the general El Nifio
events with dry situations related to stronger upper-level
easterly anomalies over the equatorial Pacific and, respec-
tively, stronger westerly anomalies to the south and north, in
both cases with stronger anomalies for EP (Figure 5c,d). Dry
situations show significantly stronger westerly winds over
the central Andes up to the northern parts of South America
for CP and EP events. To the south of the central Andes,
easterly wind anomalies are present in both composites,
though only significant in CP.

The dry minus wet composites of GPH show a more vari-
able picture between EP and CP events. During EP events,
dry situations in the southern Peruvian Andes are related to a
significantly stronger warming of the troposphere in the cen-
tral Pacific both north and south of the equator and a lower
GPH around 40°S (Figure 5g), that is, a stronger temperature
gradient in this area. During EP, we find significantly lower
values of GPH for dry situations south of the central Andes.
During CP events, dry situations show no significant differ-
ence in the central Pacific, but they show a significant differ-
ence for the surrounding areas, over and to the west of the
central Andes, in the Atlantic, and north and west of the cen-
tral Pacific (Figure 5h). Dry situations during EP events
therefore seem to be related to a stronger warming of the tro-
posphere over the central Pacific, that is, the convection over
the central Pacific stemming from stronger SST anomalies in
the central Pacific.

Regressing a convective index (based on outgoing long-
wave radiation) onto the 200-hPa wind field for the Alti-
plano, Garreaud and Aceituno (2001) found a picture similar

to our dry—wet zonal wind composites with westerly (east-
erly) flow anomalies in the north (south) over the central
Andes. They relate these flow anomalies to seasonal changes
in the position and intensity of the Bolivian High. This sug-
gests that our results are consistent with former studies and
that they reflect the same changes in the Bolivian High.
Sulca et al. (2016) found the same anomalous picture using
composites of dry spells (3.5-7 days) in the Mantaro River
basin located in the north of the CPJ region. They relate
these dry spells to a dipole system between the Bolivian
High and Nordeste Low, which is sensitive to convective
forcing over the Amazon, over the equatorial Atlantic and
subtropical Africa, as well as the western Pacific, and to
extratropical Rossby wave forcing (Sulca et al., 2016, and
references therein).

The resemblance with the PSA pattern (especially with
its first mode), we have noted in the GPH during El Nifio
years with droughts, is as well noticeable in the EP dry—wet
composite, but not in the CP composites. Furthermore, the
geopotential gradient between the central Pacific and the
southern Peruvian Andes is stronger during EP events with
droughts, similarly, as it is seen in the El Nifio—drought com-
posites. Thus, it seems that EP events with both of these fea-
tures, a PSA1 and the high geopotential gradient over the
region are important for leading to stronger westerly wind
anomalies and, therefore, to drought conditions. The positive
GPH anomalies for dry—wet EP events also suggest that
stronger EP events (possessing also strong SST anomalies in
the central Pacific) are related to drier conditions in the
Andes. For CP events, we cannot identify such patterns.

Interestingly, in the GPH composite of EP dry—wet, an
area located at the southern tip of the climatological position
of the SPCZ shows an increased north—south gradient during
dry events in the southern Peruvian Andes compared to wet
events (Figure 5g). Some studies have linked the SPCZ to
precipitation deficits during the rainy season in the central
Andes (Garreaud and Aceituno, 2001; Vuille and Keimig,
2004), and also on subseasonal timescales (Sulca et al.,
2016). Sulca et al. (2017) found a northwards displacement
of the SPCZ to be related to less precipitation over the south-
ern Andes of Peru. ENSO leads to a north and eastwards dis-
placement of the SPCZ with a more zonal component, or
even to a collapse to a zonal band during strong ENSO
events (1982-1983, 1991-1992, 1997-1998; van der Wiel
etal., 2016).

Classifying El Nifio into EP or CP is, however, not for
every event straight forwards and may depend on the chosen
methodology (Capotondi et al., 2015). Certain events are
classified as mix-typed El Nifio as the indices based on the
SST anomalies indicate both. The 2015/2016 El Nifio, con-
sidered as an extreme El Nifio similarly to 1997/1998, cau-
sed drought conditions in our study area, whereas during the
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1997/1998 El Nifo, only slightly drier-than-normal condi-
tions were recorded. A comparison study on these two
strong El Nifio events showed that the 1997/1998 event
followed the pure EP El Nifio dynamics, whereas in the
decaying stage the 2015/2016 event also involved CP
dynamics (with higher SST anomalies around the date line)
which depend on subtropical forcing (L'Heureux et al.,
2017; Paek et al., 2017). A lot of studies have been con-
ducted on the different effects and teleconnections of EP and
CP El Nifo (e.g., Kao and Yu, 2009; Yu er al., 2012;
Tedeschi et al., 2013; Alizadeh-Choobari, 2017), but the
processes behind the different SST anomalies are still not
fully clear. Mayer et al. (2013) consider the CP El Nifio
(El Nifio Modoki) as part of the ENSO evolution and as a
transition state between cold and warm phases and not as
two distinct types. Capotondi et al. (2015) summarize the
diversity of ENSO events as being neither solely EP or CP
but as linear combination of both ENSO flavours. This
should be kept in mind, when analysing the atmospheric
conditions leading to droughts for EP and CP events.

4 | CONCLUSION

Our study examines two aspects of precipitation and precipi-
tation deficits in the southern Andes of Peru: the representa-
tion of precipitation in reanalyses data sets and the
relationship between El Nifio, zonal wind anomalies and pre-
cipitation deficits. Seasonal (JFM) precipitation from
reanalyses for Peru show high spatial differences in their
representation of inter-annual variability and mean values of
precipitation. In the austral summer season, the higher-
resolved reanalyses overestimate precipitation along the
Andes, mainly the eastern facing slopes, but slightly under-
estimate it in the eastern adjacent lowlands (Figure 2, upper
row). This may stem from the simplified topography in the
reanalyses that does not hinder moisture flux towards the
Andes, producing underestimation on the Andes' eastern fac-
ing slopes (below 1,000 m a.s.l.) and overestimation of pre-
cipitation on the eastern facing slopes above 1,000 m a.s.l.
relative to PISCOp. Correlation values between the different
reanalyses and PISCOp are, for most reanalyses, higher
along the western part of the Andes and for the northern
coastal region of Peru. Overall, the widely applied NNR
reanalysis shows a very low performance and is not rec-
ommended for use in precipitation studies. In terms of corre-
lation, the best performing reanalyses are ERA-Interim and
JRA-55 for both rainy seasons.

Drought events recorded by station data develop during
El Nifio events, but an El Nifio does not necessarily lead to
drought conditions. In our time series, droughts occur during
central Pacific and eastern Pacific El Nifio events and the
drought event in 1990 also occurs, while no El Nifio was

registered. Strong El Nifio events do not always coincide
with a strong drought, illustrated by the example of the
1997/1998 El Nifio without a drought. The rainy season
1982/1983 stands out as it is the major drought of the last
century since 1964 with strong zonal wind anomalies over
the central Andes. But, the two particularly strong droughts
in 1983 and 1992 followed the two major volcanic eruptions
of El Chichén and Mt. Pinatubo. As shown by Iles and
Hegerl (2014) and Wegmann et al. (2014), major volcanic
eruptions lead to precipitation deficits over the central
Andes.

The composites formed from a small sample of seven
droughts confirm the relationship between 200-hPa westerly
wind anomalies during El Nifio events and precipitation def-
icits known for the Altiplano of Peru and Bolivia.

In order to evaluate the difference between central Pacific
(CP) and eastern Pacific (EP) El Nifio events, we rely on the
ERA20CM model simulations. For EP events, we find sig-
nificant differences in the GPH fields at 200 hPa in the tropi-
cal central Pacific, if we compare dry and wet situations.
Stronger developed Rossby waves in the central Pacific
(around 140°W) during EP lead to a stronger gradient
towards the southeast and increased upper-level winds. In
addition, we found a resemblance to a PSA1 for EP dry
events. These two ingredients we consider important for the
development of upper-level westerly wind anomalies and
thus drought conditions in the southern Andes of Peru.

For an improved understanding of drought occurrence,
further research is needed. In order to better understand
drought impacts on agriculture, studies are needed that eval-
uate drought indices and suitable thresholds thereof. Con-
cerning the understanding of drought mechanisms, on the
one hand, it is important to focus on moisture transport
towards the area and possible relationships to extratropical
and Atlantic forcing. On the other hand, further insights may
be gained, looking at the temporal evolution of SST anoma-
lies (and their location in the Pacific) and their relationship
to droughts.
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