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1 | INTRODUCTION

High-mountain regions are expected to be warming hot-
spots due to mechanisms such as decreasing snow albedo
and surface-based feedbacks (Pepin et al., 2015). For the
central Andes, a warming trend of more than 0.2°C per
decade has been observed in temperature records
between 1981 and 2010, which is stronger than in coastal
areas to the west of the mountains (Vuille et al., 2015).
The temperature trends have a clear dependence on ele-
vation, with the strongest warming found at higher eleva-
tion as shown for land surface temperature from satellite
data (Aguilar-Lome et al, 2019). This elevation-
dependence is also seen in station observations, but only
for maximum temperature (Vicente-Serrano et al., 2018).
Minimum temperature shows a weaker warming at
higher elevations. For the future, climate models project
an intensified warming of 2-7°C until the end of the cen-
tury depending on location and season (Urrutia and
Vuille, 2009; Seiler et al., 2013). Besides these ongoing
and expected temperature increases, precipitation
decreases have been projected until mid-century for the
Central Andes (Minvielle and Garreaud, 2011; Neukom
et al., 2015). In high-mountain regions such as the south-
ern Andes of Peru, temperature and precipitation
changes have manifold significant effects on the liveli-
hoods of people, for example, due to retreating glaciers
(e.g., Salzmann et al., 2013; Vuille et al., 2018; Yarleque
et al., 2018) and decreasing snow cover which are impor-
tant freshwater resources during the dry season (Buytaert
et al., 2017). Such changes affect the small-scale and rain-
fed agriculture, which is the main source of income in
the study area (Meteoswiss and Senamhi, 2020). Due to
limited coping capacities, farmers are highly vulnerable
to extreme events or climatic changes (e.g., Sietz
et al., 2012). A good understanding of the climate vari-
ability and of changes in the recent period is therefore

temperature are larger than trends in minimum temperature. Maximum tem-
perature exhibits strong trends in austral winter and spring, whereas minimum
temperature trends are strongest in austral winter. We hypothesize, that these
trends are related to precipitation changes, as decreasing (increasing) precipita-
tion in spring (summer) may enhance maximum (minimum) temperature
trends through changes in cloud cover. El Nifio Southern Oscillation (ENSO),
however, has modifying effects onto precipitation and temperature, and
thereby leads to larger trends in maximum temperatures.

climate, seasonal, observational data analysis, physical phenomenon, mountains, agrometeorology,

vital for regional adaptation policies and planning. Con-
sidering the importance of agriculture for the region,
knowledge on the climate in the transition seasons,
spring (September-October-November) and autumn
(March-April-May) is especially important since precipi-
tation and temperature in these seasons determine sow-
ing dates as well as the length of the growing season.

The southern Peruvian Andes consist mainly of a pla-
teau, with a mean elevation of 3,800 m situated at a climatic
border, where the Andes act as a barrier between the year-
round humid Amazon Basin in the east and the very dry
Pacific coast in the west (Figure 1). On intra-annual scales,
the climate of the region is characterized by a dry (May-
October) and wet season (November-April), related to the
position of zonal mid- and upper-level winds (Garreaud
et al, 2003; Garreaud, 2009). During the winter months
(June-August), the subtropical jet stream is at its northern-
most position and hinders regional moisture import from the
Amazon region due to the prevailing westerly winds over
the Altiplano (the highlands in Bolivia and partly in Peru),
thus leading to dry conditions in the study area. Towards
austral summer, the jet stream weakens and shifts south-
wards. At the same time, deep convection that is connected
to the intertropical convergence zone (ITCZ) increases over
the Amazon area. This change in the subtropical jet stream
and the forming of the Bolivian High (due to latent heating
from the Amazon and sensible heat release of the Andes)
lead to increased easterly winds and moisture transport
towards the Altiplano (Lenters and Cook, 1999; Vuille, 1999;
Garreaud et al., 2003), resulting in precipitation over the Alti-
plano region. Temperatures on the contrary, show only a
weak annual cycle due to the low variations in solar irradi-
ance throughout the course of the year with larger daily
amplitudes than annual amplitudes (Hardy et al., 1998).

On inter-annual time scales, the El Nifio Southern
Oscillation (ENSO) is known as the dominant feature
leading to dry or wet years at the northern Peruvian coast
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FIGURE 1 Topography and
station locations of the study area.
Stations symbols show the
availability of temperature or
precipitation data. The four regions
NW, CW, C and E are divided by thin
grey lines. The panel in the top right
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corner shows the location of the
study area in South America. Lake

-14

Titicaca is shown as lightblue
filled area
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(Takahashi, 2004; Lagos et al., 2008; Bazo et al., 2013).
This signal is opposite and less pronounced in the south-
ern Andes of Peru. During El Nifio, precipitation is
reduced in the southern Andes (Vuille, 1999; Lavado
Casimiro et al., 2012) and dry spells are significantly
more likely to occur (Sulca et al., 2015; Huerta and
Lavado-Casimiro, 2020), though the effect is not very pro-
nounced. Temperature variability is more strongly modu-
lated by ENSO and follows the sea surface temperature
variations of the equatorial central Pacific with a lag of
1-2 months (Vuille et al., 2000). Segura et al. (2016) show
that on decadal to interdecadal timescales, hydrological defi-
cits occur, that are related to the oscillation of central-
western Pacific sea surface temperature and upper-level
winds. For the northern Altiplano of Peru and Bolivia,
including parts of our study area, Andrade (2018) provide a
comprehensive overview of the mean climate and extremes
of temperature and precipitation indices, describing the
harsh climatic conditions. Analyses of annual mean temper-
ature for the western South American Coast by Vuille
et al. (2015), show a warming trend at higher elevations.
Other studies report positive yearly temperature trends also
for the Peruvian Andes during the last decades (Lavado
Casimiro et al, 2013; Salzmann et al, 2013; Skansi

et al., 2013; Rosas et al., 2016; Hunziker et al., 2018) and sea-
sonal temperature trends have been shown to be stronger in
austral summer than winter (Lopez-Moreno et al., 2016).
While for temperature existing trend analyses are coherent
in space, precipitation trends are weak and show a high spa-
tial variability. Haylock (2006) find decreasing annual pre-
cipitation and Salzmann et al. (2013) decreasing
precipitation in all four seasons albeit low significance and
considering only a single station in the study area and some-
what shorter periods. More recent studies based on a similar
area find no spatially consistent trend pattern for annual
data (Heidinger et al., 2018) and the extended wet season
(November-April) (Huerta and Lavado-Casimiro, 2020).
These previous studies focus on larger regions, consid-
ered only a few stations or specific time aggregations. A
detailed view on the climate variability of all seasons
looking at both temperature and precipitation and their
interrelation has, however, not been performed for the
southern Andes of Peru. A possible reason is the scarcity
and quality of the available historical data in the region
(Rosas et al., 2016; Gubler et al., 2017). In the course of the
Climandes project, a cooperation project between the
weather services of Switzerland and Peru (Rosas
et al., 2016), a carefully quality-controlled and homogenized
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data set has been produced. Furthermore, gridded tempera-
ture and precipitation data sets have been generated by the
Peruvian weather service and are available for the period
since 1981 (Huerta et al., 2018; Aybar et al., 2019). These
new data sets allow for a comprehensive analysis of the sea-
sonal climatology and trends for both precipitation and
temperature in the southern Peruvian Andes, which is pres-
ented in this study.

2 | DATA

2.1 | Station observations

The climate observations used in this study stem from man-
ual station observations provided by the Peruvian weather
service SENAMHI (Figure 1 and Table S1). For a period
from 1965 to 2013, maximum and minimum temperature
and precipitation time series were carefully selected, quality
controlled, and homogenized (e.g., Gubler et al., 2017) in
the two projects Climandes (Rosas et al, 2016) and
DECADE (Hunziker et al., 2017). For quality control, a
standard quality control software (Zhang and Yang, 2004)
in combination with a visual inspection has been used, as
the data suffered from errors, which standard software often
fails to detect (Hunziker et al., 2017). Within the Climandes
project, homogenization has been performed with the state-
of-art, semi-automatic =HOMER software (Mestre
et al., 2013), whereas within the DECADE project the fully
automatic ACMANT method (Domonkos and Coll, 2017)
has been applied. To provide an updated trend analysis, the
homogenized time series have been extended with the most
recent observations for the years 2014-2018. The data after
2013 is, thus, not homogenized, but we were not aware of
any changes in stations and a visual inspection of the data
did not reveal any breaks.

Not all of the stations considered in this study cover the
full period since 1965. Hence, the climatological analysis is
based on a total of 10 (11) stations for minimum (maximum)
daily temperatures and 23 stations for daily precipitation
sums, covering a standard 30 year climatological reference
period from 1981/82 to 2010/11. The trend analysis is per-
formed for the longer period from 1965/66 up to 2017/18, cov-
ering 53 years. Compared to the climatological analysis, the
station network is thus somewhat reduced. For daily mini-
mum (maximum) temperature, 10 (9) stations and for daily
precipitation sums 21 stations are available (see Table S1).

2.2 | PISCO gridded dataset

For Peru, gridded datasets of daily precipitation and daily
minimum and maximum temperature, PISCO (Peruvian

Interpolated data of SENAMHI'S Climatological and
Hydrological Observations), are available since 1981 at a
resolution of ~10 km X 10 km. These gridded datasets
have recently been developed and are provided by the
national weather and hydrological service of Peru
(SENAMHI) and can be accessed online (http://iridl.ldeo.
columbia.edu/SOURCES/.SENAMHI/.HSR/.PISCO/).

The gridded precipitation dataset PISCOp 2.1 is a
blended product of three sources: quality-controlled and
gap-filled station observations of precipitation, TRMM
2A25 satellite precipitation and CHIRP (Climate Hazards
Group InfraRed Precipitation) gridded dataset (Aybar
et al., 2019). The generation involves a climatological cor-
rection of CHIRP on monthly scales using TRMM and
station measurements. This product provides the basis
for the daily and monthly merging of precipitation using
Kriging and Inverse Distance Weighting, respectively. A
monthly correction factor is added in order to provide
higher spatial consistency to daily estimations and to
ensure that the monthly aggregation of the daily product
matches the monthly product. An independent validation
and a comparison to the water balance evidence that the
precipitation estimates are reasonable, but a more spe-
cific evaluation for the southern Andes of Peru is not yet
available.

The gridded temperature dataset PISCOt1.1 includes
minimum and maximum temperatures. It is based on
quality-controlled, gap-filled, and homogenized station
observations for minimum and maximum temperature,
on surface temperature from the MODIS satellite and on
a set of topographic predictors (Huerta et al., 2018). The
generation of the gridded product involves the estimation
of a normal climate using weighted regression Kriging
and the estimation of monthly and daily anomalies using
regression splines. The two products are summed
together leading to the final product. Cross-validation of
PISCOt1.1 in the southern Peruvian Andes shows low
mean absolute errors (MAE in the range of 0-0.5°C) and
small biases that are close to zero for maximum tempera-
tures. For minimum temperatures, the MAE are higher
(up to 3°C) and the biases also show a larger range (-3
to +3°C).

In this study, the gridded data products are only used
for a climatological description of the spatial variability
of temperature and precipitation. Inhomogeneities inher-
ent in the merged product impede its use for trend
analyses.

2.3 | Study region

In order to facilitate a comparison between stations, the
study area is subdivided into four regions based on
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geographic features, the distance to the Amazon and
topography (Figure 1). The four northern-most stations
of the study area form the northwest region (NW) and lie
at elevations between 3,070 and 3,690 m. The four west-
ern stations form the central-west region (CW) located at
elevations between 3,660 and 4,450 m. The eastern region
(E) contains the stations north and east of Lake Titicaca
with elevations between 3,320 and 4,350 m. All other sta-
tions west and northwest of Lake Titicaca form the cen-
tral region (C) located at elevations of around 3,900 m.
These regions are compared against each other based on
regional means calculated from the indices of each
station.

3 | METHODS

3.1 | Climate analyses

Temperature and precipitation are analysed annually
(June-May) and for the four seasons JJA (June-July-
August), SON (September-October-November), DIJF
(December—January-February), MAM  (March-April-
May), covering the last climatological normal period from
1981 to 2010, for which station and gridded data both are
available for the entire period. A year is defined starting in
June and ending in May, as this best corresponds to the
annual occurrence of the dry and wet season and to the
ENSO cycle. Seasonal values are calculated accordingly:
JJA 1981-2010, SON 1981-2010, DJF 1981/82-2010/11 and
MAM 1982-2011. Climatologies are described by mean
values for both station and gridded data. The mean is, how-
ever, only calculated when less than 20% of the values at a
station or grid point are missing. To depict the seasonal dif-
ferences for minimum and maximum temperature spa-
tially, the temporal-mean seasonal anomalies with respect
to the annual means are calculated.

Seasonal and annual trends are estimated for station
data and for the regional-mean time series based on the
longest available time period lasting from 1965/66 to
2017/18 and using the same definition of a year as
described above. For continuous variables, a Theil-Sen
slope estimator (Theil, 1950; Sen, 1968) is applied because
it is more robust to outliers than ordinary linear regression
and does not assume an underlying distribution of the data.
The non-parametric Mann-Kendall test (Mann, 1945;
Kendall, 1975) is used to test the significance of the trend
at a 0.1 significance level (10%). Significant trends are mar-
ked, but non-significant trends are also discussed if they
are spatially consistent, as they still may be relevant. For
bounded count variables, such as frost days or dry days,
logistic regression is used and trends are calculated based
on the fitted trend line relative to the fitted value of the

of Climatology

year 1990 (i.e., the middle of the time series). In addition,
trends are calculated with moving-windows for all possible
periods within 1965/66-2017/18 covering at least 30 years
in order to assess the sensitivity of trends regarding the
selected period and whether they are related to some inter-
annual to decadal variability.

Because ENSO may affect trends, a lagged regression is
used for removing an ENSO-related part in the regional
mean-time series of the indices (Werner et al., 2012). ENSO
is described using the Southern Oscillation Index (SOI),
calculated from the sea level pressure difference between
Darwin and Tahiti (Ropelewski and Jones, 1987) and pro-
vided by the National Oceanic and Atmospheric Adminis-
tration (NOAA). Instead of using a fixed amount of lags
from the SOI, a stepwise backward regression is applied on
every time series (i.e., on every season and region indepen-
dently). To assess the impact of ENSO, trends are then cal-
culated on the residual time series of the regression and
compared to the trends of the original regional-mean time
series.

Lastly, a correlation analysis between the different indi-
ces is preformed. To this end, the Pearson correlation is cal-
culated for the different indices at station level using the
full period 1965/66-2017/18. The correlation values are
averaged for each region after applying a Fisher transforma-
tion to approximate a normal distribution (Wilks, 2011).

3.2 | Climate indices

The analyses focus on temperature and precipitation and
four related indices from the list of indices defined by the
Expert Team on Climate Change Detection (ETCCDI,
http://etcedi.pacificclimate.org/, Table 1). In order to

TABLE 1 Definition of indices
Name Definition Unit
Precipitation indices
Prcptot Total precipitation sum mm
RX5day Maximum 5-day mm
precipitation sum
R10mm Percentage of days with % days
>10 mm rainfall
Dry days Percentage of days with % days
<1 mm rainfall
Temperature indices
Mean tyax Mean maximum temperature °C
Mean tin Mean minimum temperature °C
Frost days Number of days with minimum % days

temperature <0°C
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provide a general characterization of the climate of the
study area, total precipitation (prcptot) and the mean of
minimum temperature (fy,;,, often corresponding to
nighttime temperature) and maximum temperature (¢,ax,
often corresponding to daytime temperature) are
analysed. In addition, an index describing precipitation
frequency (R10mm, number of days with more than
10 mm rainfall), and one describing intensity (RX5day,
maximum 5-day precipitation sum), the occurrence of
dry days (DD), as well as the number of frost days
(FD) are analysed. These additional indices are selected
because of the thematic orientation of the Climandes pro-
ject which focused on the agricultural sector.

In order to reduce the effect of missing data values on
the index calculation, each index is only calculated if less
than 20% of the values are missing during the aggregation
period. Since total precipitation is more sensitive to miss-
ing values than the other indices, this index is only calcu-
lated if at most 10% of the data is missing. Indices
counting the number of days (e.g., frost days or dry days)
are expressed as a percentage with respect to the non-
missing days in the respective aggregation period.

Depending on the index, the regional-mean time
series are calculated following different approaches. For
minimum and maximum temperature, the regional-mean
time series are calculated as the mean of all stations'
anomalies (with respect to the reference period
1981-2010) in one region. For total precipitation, a log-
transformation is applied to the station time series in
order to calculate the regional mean. For count variables
(e.g., percentage of frost days), calculating a mean on the
percentages leads to biased means. Thus, the data is
shifted to —1 to 1 and a Fisher transformation is applied
before calculating the mean. Because missing values also
affect the calculation of the regional-mean time series,
the missing values of the stations are replaced with the
mean of the previous/following 5 years for minimum and
maximum temperature and total precipitation.

All calculations are performed using the freely avail-
able R package ClimIndVis (www.github.com/
Climandes/ClimIndVis). ClimIndVis allows for calculat-
ing indices for different temporal aggregations and
includes a handling of missing values.

4 | RESULTS

4.1 | Precipitation climatology

In the southern Peruvian highlands, the long-term mean
of total annual precipitation ranges from 441 to 837 mm
for the different stations and is subject to a strong annual
cycle (Figure 2a,b). In winter (JJA), total precipitation

sums are very low with mean regional values of
11-19 mm, which corresponds bearly up to 3% of the
mean annual precipitation sum (Figure 3a and Table 2).
Climatologically, 66-81% of the total winter precipitation
in the southern Peruvian Andes are accounted for by a
mere 5-day precipitation period (Table S2). This corre-
sponds to the fact that on average around 95% of the days
are dry (~85 out of 90 days), that is, receive less than
1 mm of precipitation. Considering stronger precipitation
events, only every few winters a precipitation event of
more than 10 mm (median R10mm <0.5%) is registered.

In spring (SON), when the transition from the dry to
wet season happens, precipitation amounts increase in
the whole study area, but with a considerable northeast-
southwest gradient. Areas located closer to the Amazon
(e.g., region E) obtain much more precipitation (143 mm)
than western areas (e.g., region CW), which only receive
around 54 mm (Figure 3b; note the different size of
breaks in the colorbar). For the wetter areas, these
amounts correspond to a fifth (21.3%) of the mean annual
precipitation sum. In the drier areas (e.g., region CW),
the precipitation falling in SON amounts to 9.8% of the
mean annual precipitation sum and is also manifested in
a higher amount of dry days (~14 dry days more) in the
drier area with a median of 89.3% of the days (Table 2
and Table S2). Precipitation sums, however, largely vary
from year to year, especially in the drier CW region, stan-
dard deviation of precipitation sum is as high as the
mean value (Table 2). The northeast-southwest pattern is
also present in the maximum 5-day precipitation and in
the number of rainy days above 10 mm.

Most precipitation falls in austral summer (DJF) with
314-388 mm, corresponding to 51.3-60.8% of total annual
precipitation (Figure 3c, Table 2). The interannual vari-
ability is less pronounced than in SON with a standard
deviation of around 30% of the mean value (Table 2). The
highest precipitation amounts are recorded in hot-spots
of the gridded dataset in the northwestern area, which
are located at the eastern slopes of the mountain chain
confining the plateau to the west. They could be related
to orographic effects that lead to higher precipitation
sums. In summer, it rains on average on half of the days
with a dry day percentage of around 46-49.5%
(Figure 30 and Table S2) and an average wet spell
length of 2-4 days. The amount of dry days anti-
correlates very well with the total precipitation sums.
The Pearson correlation coefficients range between
—0.72 and —0.94 in region NW, CW and C and are
slightly lower in region E (—0.49 and —0.87). Also, the
most frequent and intense precipitation events of the
year occur in summer. The maximum 5-day precipita-
tion totals increase to 55-71 mm on average (Table S2).
This corresponds to around 18% of the total summer
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FIGURE 2
available. Temperature axis is to the right and precipitation to the left. Whiskers extend to the most extreme precipitation sums. (b) Mean of
annual total precipitation, (c) mean of annual maximum temperature, and d) mean of annual minimum temperature for stations and

gridded data. Coloured circles represent station measurements. All graphs are based on the period 1981-2010. Black crosses denote stations,
where no mean has been calculated because more than 20% of daily values were missing. Lake Titicaca is shown as lightblue filled area and

the elevation as grey contour lines

precipitation. The amount of precipitation events with
more than 10 mm increases with a median of
11.3-15.9% days (Table S2).

The transition from the wet to the dry season takes
place in austral autumn (MAM). During these months,
precipitation sums in the study area decrease to
121-166 mm, corresponding to 21.5-25.9% of total annual

of Climatology
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(a) Climate diagram of mean monthly values based on stations where both temperature and precipitation data are

precipitation (Figure 3d, Table 2). In contrast to the other
transition season (SON), no southwest-northeast gradi-
ent of precipitation is seen. Dry days range between 72.1
and 76.8% days and are hence slightly less frequent than
in spring and 5-day precipitation events are more intense
(36-51 mm, Table S2). Compared to spring slightly more
events occur with daily precipitation lying above 10 mm
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sums, (e-h) maximum 5-day precipitation, (i-1) fraction of days above 10 mm and (m-p) fraction of dry days. Note the different scales on the
colour tables. Coloured circle represent measurements. Lake Titicaca is shown as lightblue filled area and the elevation as grey contour lines

(3.7-5.8%, Table S2 and Figure 3p). The sub-seasonal var-
iability between the different autumn months is, how-
ever, very high. The mean total precipitation of all
stations is above 100 mm in March and decreases to
below 15 mm in May (Figure 2a), and consequently, most
dry days occur in April and May.

4.2 | Temperature climatology

The annual averages of daily maximum and minimum
temperatures of the Peruvian Andes plateau stand out
from the much warmer temperatures in the surrounding
lower regions, that is, the Amazon and the coast
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TA B LE 2 Seasonal surr.ls of total JIA SON DIF MAM
precipitation for the four regions NW,
CW, C and E and the four seasons JJA, mm % mm % mm % mm %
SON, DIF and MAM based on the NW 15 27 113/29 200  314/64 557  121/42 215
regional-mean time series during the
. Cw 11 2.0 54/46 9.8 336/99 60.8 143/58 259
period 1981-2010
C 15 2.2 108/50 15.7 388/99 56.9 166/67 239
E 19 2.7 143/42 213 347/73 51.3 157/53 23.0

Note: The mean and standard deviation of seasonal total precipitation are shown in the first column of each season; the percentage contribu-
tion of each season to annual mean in the second column. For JJA, standard deviation of total precipitation is not shown, as the values are

much larger than mean values.

T{\.BLE 3  Mean maximum and JJA SON DIF MAM
minimum temperature for the three
regions NW, CW and C and four °C e Timin Tmax Tmin Timax Tmin Tnax Timin
seasons JIA, SON, DJF and MAM based NW 181 0.5 18.5 5.4 17.4 7.1 17.9 438
on the regional time series during the

. Ccw 15.3 —6.6 17.7 —2.7 16.3 1.6 16.0 —0.8
period 1981-2010

C 14.2 -5.9 16.3 -0.8 15.2 2.9 14.8 0.2

(Figure 2c,d). The highest annual and seasonal maximum
and minimum temperatures are found in the area of the
lower-lying NW stations. The annual cycles of maximum
and minimum temperature differ considerably
(Figure 2a). Maximum temperatures have only a weak
annual cycle with differences in the order of 1.1-2.1°C
between the seasons and with a peak in austral spring
(SON) occurring in all regions. Lowest maximum temper-
atures are registered in austral winter (Figure 2a, Table 3
and Figure 4a-d). Interestingly, the seasonal anomaly is
positive only during spring (SON) with anomalies up to
2°C, whereas for all other seasons the anomaly is slightly
negative. Contrary to the maximum temperature, mini-
mum temperature exhibits a more pronounced annual
cycle (Figure 2a), with mean differences of 6.6-8.8°C
between the seasons (Table 3). Lowest minimum temper-
atures occur in austral winter (JJA) when values below
0°C are prevalent. Consequently, the fraction of frost
days is close to 100% in the whole region except for the
lower-lying northwestern areas (Figure 4i-1, Table S2). In
austral spring, the seasonal anomalies of minimum tem-
perature (calculated with respect to the annual mean) are
noteworthy: the northeastern areas are already about 1°C
warmer than the annual average, whereas the southwest-
ern areas are still up to 1.5°C colder than the annual
average which may be related to the differences in cloud
cover (Figure 4f). In austral summer (DJF), minimum
temperatures are highest and lie between 1.6 and 2.9°C
in region C and CW and at around 7.1°C in region NW
(Table 3). Minimum temperatures in region C (CW) are
thus close to 0°C even in summer and frost days occur on

average on 19.5% (29%—regional median) (Table S2). In
the transition season spring (SON), the distribution of the
frost day fraction for the regional mean of C ranges from
39.3 to 58.4% (interquantile range between the 10th and
90th percentile) and from 54.8 to 69.8% for region CW
(Table S2). This variability corresponds to a mean mini-
mum temperature in spring lying somewhat below 0°C
(Table 3). Lake Titicaca exerts a marked warming effect
on its surrounding areas during the cold and transition
season. This can be seen for instance in the reduction of
frost days near the lake compared to more distant loca-
tions (Figure 4j,1).

4.3 | Precipitation trends

The trends of the precipitation indices show a high spa-
tial variability within the four different regions and for
most of the seasons (Figure 5 and Figure S1). Spatially
coherent trends are only seen in spring and summer. In
spring, the CW region shows decreasing total precipita-
tion, significant with a p-value smaller than 0.1 for one
station. This tendency is also observed in the three other
precipitation indices for the same region (Figure S1). The
time series of the region CW, shows a non-significant
trend (p value: 0.11) with a magnitude of —9.42% per
decade, which corresponds to merely 4 mm per decade
due to the low mean precipitation in spring in this region
(Figure 6 and Table 4). In summer, total precipitation is
increasing in most of the area except for several stations
in region E (Figure 5). Strongest, positive, and mostly
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FIGURE 4 Seasonal temperature indices for the period 1981-2010 for station and gridded data. Minimum and maximum temperatures

are shown as anomalies with respect to the 1981-2010 annual mean to highlight the seasonal differences. (a-d) Maximum temperatures, (e-

h) minimum temperatures and (i-1) frost days. Coloured circles represent station measurements. Black crosses denote stations, where no

mean has been calculated because more than 20% of daily values were missing. Lake Titicaca is shown as lightblue filled area and the

elevation as grey contour lines

significant trends are found in region NW and CW,
whereas towards the east, the trends weaken and even
become non-significantly negative in the very east of the
study area. For the region CW, the regional-mean time
series for summer shows a non-significant positive trend
with a magnitude of 4.13% per decade which corresponds
to around 12 mm per decade (Figure 6). In region NW,
the regional-mean time series has a significant trend with
a magnitude of 6.3% per decade, whereas trends of the
regional-mean time series from region C and E are non-
significant negative (Table 4). The moving-window analy-
sis from 1965/66 to 2017/18 shows that the negative
spring and positive summer trends in total precipitation
have been manifesting in the trends of shorter periods
since 1970 (Figure S2). They are, thus, consistent in time

and not affected by the selection of time periods. Remov-
ing the ENSO-related signal from the time series of total
precipitation has different effects depending on region
and season. In summer, the total precipitation trend in
the NW region becomes larger, whereas it becomes wea-
ker for the regions CW and more negative for C and E
(Table 4).

In accordance with total precipitation sums, both
maximum 5-day precipitation sum and the number of
events with more than 10 mm rainfall are increasing in
summer in the majority of the study area, while the num-
ber of dry days is decreasing (Figure S1). The present ana-
lyses hence do not allow to attribute the increasing
precipitations sums in DJF to either changes of intensity
or frequency of precipitation, since both are increasing.
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FIGURE 5 Trends for (a—d) total precipitation sum, (e-h) maximum temperature and (i-1) minimum temperature for the period

1965/66-2017/18 for station data only. Stations with trends significant at the 0.1 level are marked with an upward or downward triangle to

denote positive and negative trends, respectively. When no trend could be calculated due to missing values, stations are marked with a black

cross. Note that for total precipitation in JJA, no trends are calculated, because of the low amount of precipitation. Lake Titicaca is shown as

lightblue filled area and the elevation as grey contour lines

In region E, where precipitation sums are slightly
decreasing, the fraction of dry days is also decreasing.
Histograms of the periods 1965-1990 and 1991-2017 for
stations in region E show an increase in low precipitation
events for the latter period, which explains these contra-
sting trends.

4.4 | Temperature trends

Trends of maximum temperature are spatially very consis-
tent. All stations throughout all seasons show increasing
and mostly significant trends with magnitudes ranging
between 0.13 and 0.34°C per decade for the regional-mean
time series (Figure 5e-h and Table 4). In all regions, trends

in maximum temperature are strongest in the drier seasons
(winter and spring), compared to summer and autumn.
Strongest trends of the regional mean are observed in the
region CW (Table 4). In this region, the trend in annual
maximum temperature is 0.27°C per decade (Figure 7) and
the largest trend is observed in winter (0.34°C per decade).
Spring (0.31°C per decade), autumn (0.25°C per decade)
and summer (0.24°C per decade) show lower but still sig-
nificant positive trends with p values below 0.01 (Figure 7).
In spring and winter, after the year 2005, maximum tem-
peratures mostly lie above the 1981-2010 mean. A notice-
able feature are the striking positive temperature
anomalies in summer and autumn, such as in 1982/83,
1997/98 or 2015/16, which are related to strong El Nifio
events (Figure 7d.e).
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The strong warming signal of day-time temperatures
and the seasonal differences in the strength of the trends
are also present in moving-windows analyses. In summer,
also shorter episodes of weaker trends have been recorded
(Figure S2). Removing the ENSO-related signal from the
time series leads to weaker trends with differences of up to
0.16°C, but the trends are still significantly positive in the
entire study area (Table 4). The largest reduction of trends
owing to the removal of ENSO occur in austral winter,
followed by austral spring, which are the seasons with larg-
est trend magnitude in the original time series.

Trends of minimum temperature are spatially more
variable and generally lower in magnitude compared to
maximum temperature with magnitudes between —0.03
and 0.17°C per decade (Table 4 and Figure 5). Largest
positive trends are registered in winter and autumn (0.16
and 0.12°C per decade), but only in winter they are statis-
tically significant. In spring, no trend in minimum tem-
perature is observed in region CW (Figure 7f-j). For frost
days, trends mostly correspond to trends of minimum
temperature with low magnitudes and few significant sig-
nals (Figure S1).
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Trends of regional time series for maximum and minimum temperature and total precipitation between 1965/6 and 2017/8

JJIA SON DJF MAM
Tmax Tmin Prcp Tmax Tmin Prcp Tmax Tmin Prcp Tmax Tmin Prcp
NW
1965/66-2017/18 0.23 0.17 — 0.24 0.13 3.21 0.18 0.15 6.3 0.13 0.16 1.54
No ENSO 0.07 0.16 — 0.16 0.07 2.97 0.1 0.08 9.7 0.09 0.09 -0.11
CwW
1965/66-2017/18 0.34 0.16 — 0.31 0 —9.42 0.24 0.08 413 0.25 0.12 0.8
No ENSO 0.19 0.06 — 0.17 0.01 —0.69 0.17 0.06 3.57 0.15 0.06 1.51
C
1965/66-2017/18 0.27 0.07 — 0.3 —0.03 0.68 0.2 0.06 —0.18 0.19 0.11 0.28
No ENSO 0.11 0.04 — 0.18 —-0.03 1.35 0.11 0.04 -2.26 0.11 0.01 -5.21
E
1965/66-2017/18 = = = = = -1.77 = = -1.40 — — -0.91
No ENSO — — — — — —4.25 — — —2.83 — — -34

Note: The lower row depicts trends, calculated on the residuals of a regression between the indices and SOI. Significant trends at the 0.1 level
are shown in bold italics. Temperature trends are shown in °C/decade. Precipitation trends are calculated relative to the mean of the time
series and shown as %/decade. For winter, JJA, no precipitation trends are shown, because the low precipitation sums can lead to high, but

misleading relative trends.

In contrast to maximum temperature, the moving-
window trend analysis shows, that minimum tempera-
ture trends have been much weaker for earlier periods
and only started to become positive when looking at the
most recent periods. For spring, most earlier periods in
fact show negative trends, which become close to zero for
the longest period from 1965/66 to 2017/18. Trends are,
however, not significant throughout (Figure S2). Remov-
ing the ENSO-related signal from the time series leads to
weaker trends of up to 0.1°C difference compared to the
original trends depending on season and region (Table 4)
and thus smaller effects compared to maximum tempera-
ture. For austral spring for example, trends are weaker
only by up to 0.01°C.

4.5 | Correlation of pairs of indices

Correlations between maximum temperature and total
precipitation are negative, lying between -0.34 and
—0.59, with lowest values in autumn (Figure 8a). Mini-
mum temperature and total precipitation, on the con-
trary, correlate positively between 0.45 and 0.66 for the
four seasons, with the highest correlation occurring in
spring. Likewise, frost days seem to coincide with low
total precipitation sums, as indicated by the negative cor-
relation values between —0.36 and —0.69 (Figure 8a). This
behaviour is strongest in spring, when the transition from

the dry to the wet season occurs. The same behaviour is
seen in the dry days index, which correlates positively
(negatively) with maximum (minimum) temperature
(Figure 8b). These correlations between precipitation and
temperature indices stand in contrast to the lower corre-
lation between minimum temperature and maximum
temperature, which lie between —0.18 and —0.39 for the
four seasons (Figure 8b). High maximum temperatures
are thus occurring along with low minimum tempera-
tures and low precipitation sums. The correlation analy-
sis is, however, sensitive to the selected period, for
example, correlations between minimum and maximum
temperature become more negative (up to —0.5) for the
shorter period 1981-2010.

5 | DISCUSSION
5.1 | The seasonal cycle of precipitation
and temperature

Precipitation in the southern Andes of Peru exhibits a
strong annual cycle, as has been shown by, for example,
Garreaud (2009) and Lavado Casimiro et al. (2013). In all
regions, the highest precipitation sums are observed in
summer (on average 57% of annual sum) while winters
are very dry (3% of annual sum). The high contribution
of maximum 5-day precipitation to the seasonal sum in
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FIGURE 7 Time series of maximum and minimum temperature anomalies for 1965/66-2017/18 with respect to the 1981-2010 mean
calculated for the regional time series of region CW. Left column shows maximum temperature, right column shows minimum temperature
during (a, f) annual, (b, g) JJA, (c, h) SON, (d, i) DJF and (e, j) MAM. The black line denotes the trend. Trends in °C/decade and p values are
shown in upper left corner. There are no missing values in the regional time series. If a bar is missing, this indicates that the temperature

anomaly is very close to zero

winter suggests that most of the precipitation in the dry
season actually falls within a few days. In contrast, during
the wet summer season (DJF), the contribution of maxi-
mum 5-day precipitation to total precipitation is much
lower (around 20%). In summer, precipitation is dominated
by frequency rather than intensity (Huerta and Lavado-
Casimiro, 2020), which is also confirmed by the high corre-
lations of dry days and total precipitation observed in this
study (Figure 8a). In austral spring (SON), precipitation is
higher in northeastern than in southwestern areas as also
shown by Andrade (2018), which may be related to the
later start of the rainy season in the southwestern areas.
Andrade (2018) further showed that the transition from
dry to wet season happens within October to November,
whereas the reverse transition from wet to dry takes place
much faster within April only. This abrupt end of the rainy
season is also seen in the annual precipitation cycle that
drops close to zero around May (Figure 2a).

Temperature shows only moderate seasonal varia-
tions (up to 8.8°C for minimum and 2.4°C for maximum
temperature) as extraterrestrial solar radiation varies less
than 30% from winter to summer (Hastenrath, 1978;
Hardy et al, 1998; Garreaud et al., 2003; Sicart
et al., 2016). Such variations are small compared to
higher latitude variations, where seasonal differences can
reach up to 20°C (e.g., Knutti et al., 2006). Maximum
temperature peaks in all regions in spring (Figures 2a
and 4b) and not, as could be expected, in summer when
incoming solar irradiance is highest. Andrade (2018) and
Lavado-Casimiro et al. (2013) attributed this to less cloud
coverage and hence stronger solar radiation in spring
than in summer. In region NW, the lowest maximum
temperature is indeed registered in summer, when the
cloud cover is largest.

In contrast, minimum temperature reaches highest
values in summer and lowest in winter corresponding to
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FIGURE 8 Mean Pearson correlation for different pairs of indices based on station time series in region CW and covering the full

period from 1965/66 to 2017/18. (a) Correlation for total precipitation with dry days, frost days, minimum and maximum temperature and

maximum 5-day precipitation. (b) Correlation between maximum and minimum temperature and with dry days, frost days

the annual changes of extraterrestrial solar radiation. The
amplitude of the cycle of minimum temperature is higher
than that of maximum temperature, likely because the
minimum temperature cycle is amplified by the marked
seasonality of incoming longwave radiation which itself
is related to clouds through the enhancement of
longwave emittance of the atmosphere in the wet period.
Since frost days are strongly related to incoming
longwave radiation (Garcia et al., 2007), the occurrence
of frost days follows the cycle of minimum temperature
cycle. Regionally, difference in the occurrence of frost
days are observed, for instance the percentage of frost
days is considerably reduced close to the border of Lake
Titicaca compared to the more distant areas. This indica-
tion of the warming effect of the lake on minimum tem-
perature is more pronounced in the transition seasons
SON and MAM when the mean minimum temperature is
close to zero.

5.2 | Seasonal precipitation and
temperature trends

For total precipitation, recent studies focusing on similar
areas found few significant trends and a high spatial vari-
ability for both annual and extended wet season time
series (November-April) for slightly different periods
within 1964 and 2013 (Haylock, 2006; Skansi et al., 2013;
Heidinger et al, 2018; Huerta and Lavado-
Casimiro, 2020). Neukom et al. (2015) argued that the

long-term decreasing precipitation trend they observed
comparing pre-industrial and present-day conditions may
be superimposed by the spatial variability on the short
period between 1965 and 2012. The east-west difference
seen in summer precipitation trends (positive in the west
and negative to the east of Lake Titicaca) was also
observed by Huerta and Lavado-Casimiro (2020) for the
extended wet season. However, the difference was less
prominent since they concentrate their study on stations
lying around Lake Titicaca. Based on principle compo-
nents of the CHIRPS precipitation product, Segura
et al. (2020) confirmed the significant increase in summer
precipitation for the period 1982-2018, which is also
found in the herein used longer period (and all other
periods since 1970 covering at least 30 years). Segura
et al. (2020) suggested that summer (DJF) precipitation is
also associated to upward motion over the western Ama-
zon, which has strengthened in the last decades, leading
to a moistened mid-troposphere, decreased atmospheric
stability and thus increased precipitation sums.

In agreement with previous studies on annual, sea-
sonal, and monthly scales for similar regions (Seiler
et al., 2013; Sulca et al., 2015; Lopez-Moreno et al., 2016;
Rosas et al., 2016; Hunziker et al., 2018; Vicente-Serrano
et al, 2018), trends in maximum temperature
(0.13-0.34°C/decade) are stronger than trends in mini-
mum temperature (—0.03-0.17°C/decade). Lopez-Moreno
et al. (2016) suggested local factors and microclimate as
an explanation for the weaker trends of minimum
temperature.
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The differences between the trends of maximum and
minimum temperature, however, become smaller when
removing the ENSO-related part of the temperature time
series. ENSO leads to larger maximum temperature, but
has less impact on minimum temperatures (e.g., Gubler
et al., 2020). When removing the ENSO signal, the stron-
gest reduction in trend magnitude is found for winter
maximum temperature. Winter maximum temperature
correlates more strongly with ENSO at lags of
5-12 months (not shown). Hence, the previous ENSO
cycle strongly influences winter maximum temperatures,
which can be seen in the shifted peaks of winter maxi-
mum temperature anomalies compared to the El Nifio
peaks in summer (Figure 7b). The positive trends for
maximum temperature thus are potentially amplified in
all seasons by the more recent El Nifio events that
occurred in 2009/10, 2014/15 and 2015/16.

Comparing the magnitudes of temperature trends
between the seasons, studies agree on stronger trends in
winter than summer for maximum temperature and
stronger trends in summer than winter for minimum
temperature (Salzmann et al., 2013; Seiler et al., 2013;
Lopez-Moreno et al., 2016). However, when the most
recent years up to 2017/18 are included, the trends of
minimum temperature become stronger in winter than
in summer.

5.3 | Is precipitation modulating
temperature through cloud cover?

The climatological descriptions of precipitation and tem-
perature patterns and the trend analyses suggest that pre-
cipitation is modulating maximum as well as minimum
temperatures through cloud coverage in time and space.
Low precipitation sums are related to a low cloud coverage,
which fosters higher maximum temperatures during the
day (because of high incoming solar radiation) and lower
minimum temperatures during the night (because of low
incoming longwave radiation) and vice versa. For maxi-
mum temperature, such effects of cloud cover (and sun-
shine duration) have been reported for various areas of the
world (Sun et al, 2000; Xia, 2013; van den Besselaar
et al., 2015; Scherrer and Begert, 2019) and may be even
more pronounced in high altitudes where the atmospheric
transmissivity is large. For minimum temperature, the rela-
tion between cloud-free skies with low incoming longwave
radiation and low temperature has been study in the Andes
(Lhomme et al., 2007; Saavedra and Takahashi, 2017). Fur-
ther, its relation to the occurrence of frost days is well
known (Garcia et al., 2007).

In our case, this relationship gives an explanation to
why highest maximum temperature is observed in spring

and not in summer. We also suggest that it is the reason
for the larger amplitude in the annual cycle of minimum
temperature compared to maximum temperature. The
annual cycle of minimum temperature is likely amplified
due to the marked seasonality of incoming longwave
radiation due to clouds, that enhance the longwave emit-
tance of the atmosphere. In addition, spatial effects of
cloud cover on minimum temperature are visible. In
spring, seasonal anomalies (calculated with respect to
annual temperature) are lower in the southwestern
region and higher in the northeastern region. This corre-
sponds very well to the pattern of total precipitation
(Figures 3b and 4f), that is, lower minimum temperatures
occur in drier (and less cloudy) regions and higher mini-
mum temperatures occur in wetter (and more cloudy)
regions.

The same effects may provide a hitherto not discussed
explanation for the different seasonal temperature trends.
In the region CW, the decreasing precipitation potentially
leads to the strong positive trends in maximum tempera-
ture (0.34°C per decade) compared to the annual trend.
On the same time, the reduction in cloud cover counter-
act the trend in minimum temperatures (Figures 6 and
7). In summer, the positive precipitation trend goes along
with a slightly weaker trend in maximum temperature
compared to the annual trends whereas trends in mini-
mum temperature are of the same magnitude as the
annual trends. Another example provides the NW region
in summer. The significant positive trend in precipitation
potentially increases the trend in minimum temperature
and lower the trend in maximum temperature, leading to
very similar magnitudes. Pearson correlation further cor-
roborates this hypothesis. Correlations for precipitation
and minimum temperature are positive throughout the
year, whereas they are negative for precipitation and
maximum temperature, corresponding to the above
described mechanism. The correlation coefficients for
minimum and maximum temperature are, however,
comparatively small.

This relation between temperature and precipitation
should, however, not be seen as a concluding explana-
tion, but as one likely contributing factor explaining
spatio-temporal temperature patterns. More profound
studies would be needed to determine the effect of cloud
cover on temperature, along with possible other effects
such as surface albedo and soil moisture.

6 | SUMMARY AND CONCLUSION

This study provides a detailed climatological description
and trend analysis of maximum and minimum tempera-
ture, precipitation, and related indices for the southern
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Peruvian Andes based on homogenized station data and
newly available gridded data. It is the first study relating
the spatio-temporal patterns of precipitation and temper-
ature in this high mountain region. The region is known
for a pronounced annual cycle of precipitation with a
very dry winter and a wet summer. In spring, the transi-
tion from the dry to the wet season takes place, with sub-
stantial interannual variations and following a
northeast-southwest gradient. Maximum temperature
exhibits a weak annual cycle with the highest tempera-
tures occurring in spring and small differences between
the other seasons. Minimum temperature, on the con-
trary, shows a stronger annual cycle with a peak in sum-
mer and lowest values in winter following the annual
cycle of solar radiation. Frost days occur in most of the
study area year-round. In winter frost occurs almost
every day, whereas in summer, frost days are less fre-
quent but can still constitute around one-fifth of frost
days in certain regions.

Precipitation trends for the period 1965/66-2017/18
exhibits low spatial consistency, except for austral sum-
mer, when a majority of stations show increasing precipi-
tation. In austral spring, a consistent albeitnot significant
signal of decreasing precipitation is found in the central-
west region. Maximum temperature trends are sizeably
stronger than minimum temperatures trends and exhibit
considerable seasonal differences. Removing the ENSO-
related signal from the regional-mean time series leads to
weaker maximum temperature trends in all seasons and
regions. For minimum temperature, the trends of the
“ENSO-free” time series also become weaker compared
to the original trends, but the differences are smaller than
for maximum temperature, because ENSO has less influ-
ence on minimum temperature. For precipitation no con-
sistent effect can be observed, when removing the ENSO-
related signal.

The climatological description and trend analysis sug-
gest that precipitation can influence minimum and maxi-
mum temperature through cloud cover. Three different
effects of this relation have been observed:

1 We hypothesize that the annual minimum and maxi-
mum temperature cycles are modulated through the
pronounced dry and wet seasons in the region. In gen-
eral, the seasonal changes of the solar zenith deter-
mine temperature cycles. Therefore, the highest
maximum temperature should be expected in summer
when extraterrestrial incoming radiation is highest.
Due to a pronounced cloud cover in summer, however,
incoming solar radiation is reduced and maximum
temperatures are not highest in summer but in spring.
In contrast, annual changes in minimum temperature
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correspond closer to changes in the solar zenith. We
propose that the precipitation cycle might amplify the
minimum temperature cycle due to radiative cooling
in the dry season and increased incoming longwave
radiation in the rainy season.

2 During the transition season spring, precipitation is
higher in regions lying closer to the Amazon. This
northeast-southwest pattern is also observed in the
seasonal maximum and minimum temperature anom-
alies in spring. The maximum temperature is slightly
reduced in the regions with high precipitation
amounts, while in the same regions, the minimum
temperature is higher.

3 The decreasing trend of precipitation in spring in
region CW goes along with the strongest positive maxi-
mum temperature trend and no trend in minimum
temperature. In summer, when precipitation has
increased over the last 53 years, the maximum temper-
ature trends are weaker compared to annual trends,
whereas minimum temperature trends correspond to
annual temperature trends. As argued above, we pro-
pose that the increasing (decreasing) precipitation and
the related increase (reduction) in cloud cover in aus-
tral summer (spring) leads to a weaker (stronger) max-
imum temperature trend compared to the annual
trend, and vice-versa for minimum temperatures.

This relation between precipitation and temperatures
through cloud cover could be a relevant mechanism to
understand seasonal temperature variability in the south-
ern Peruvian Andes. Further studies may help to quantify
these relations between cloud coverage and day- and
nighttime temperature by the integration of cloud cover
and radiation data into the analyses. However, for these
variables high-quality and long-term data are scarce in
the study area, emphasizing the need for well-developed
monitoring networks and the importance of data rescue.
Investigating the relation between temperature and pre-
cipitation is especially important as decreasing precipita-
tion is predicted for the future (Minvielle and
Garreaud, 2011; Neukom et al., 2015), and hence maxi-
mum temperatures might rise even more strongly having
further implications on livelihoods of people, such as
enhancing water scarcity.
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