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Abstract

This study describes the performance of five gridded data sets in reproducing
precipitation and/or temperature over the complex terrain in the high Chilean
Andes. The relationship of instrumental observations and the gridded data sets
with climate modes of variability and the trends of indices of climate extremes
are also explored between the period 1980-2015. The mismatches between
gridded data sets are larger in northern and southern regions in relation to pre-
cipitation, while for temperature, disagreement is higher in central region.
However, better results are delivered by the Climatic Research Unit and Global
Precipitation Climatology Centre followed by Re-Analysis Interim Project. The
El Nifio Southern Oscillation and Pacific Decadal Oscillation indices are well
correlated with precipitation in North and South Chile. Additional, trend ana-
lyses reveal a significant downward (upward) tendency for precipitation (tem-
perature), especially in central region, delivered by observed and the majority
of gridded data sets. Furthermore, the consecutive number of dry days is
increasing in all regions at the annual scale. This study allows a better under-
standing of the capacity of global data sets and thus contributes to further cli-
mate research within this Andean region.
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population, including the densely populated Metropoli-
tan Santiago region, as well as important sectors of the

Due to its complex topography and latitudinal extent,
Chile exhibits different climatic zones, from tropical to
extratropical featuring desertic, volcanic, lacustrine and
icy landscapes that define extreme gradients, including
the arid north in Atacama and the extreme precipitation
in Southern Patagonia (Garreaud, 2009; Sarricolea
et al., 2017). Central Chile concentrates the country's

economic activity. In this region, millions depend on
steady water availability to support hydropower genera-
tion, and activities associated with agriculture, industry
and tourism, especially during the dry season (Masiokas
et al., 2012). As water availability depends on the local
climate variability, changes in temperature and precipita-
tion may affect future water resources and availability in
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several regions in Chile (Bradley, 2006; Sarricolea and
Romero, 2015; Boisier et al., 2016).

As a number of studies indicate that the behavior of
glaciers and river flows in high Andes are sensitive to
warming trends and precipitation changes under ongoing
climate change (Vuille et al, 2008; Urrutia and
Vuille, 2009; Rabatel et al., 2013; Neukom et al., 2015;
Ragettli et al., 2016), it becomes evident that the charac-
terization of these meteorological variables is crucial to
understand how climate change may impact these
regions. On the other hand, despite recent encouraging
initiatives (Alvarez-Garreton et al., 2018), obtaining con-
tinuous and accurate weather information in the Andean
mountain range is still a difficult task (Manz et al., 2016).
The Andean complex orography makes it difficult to
maintain and expand the network of meteorological sta-
tions and the development of reliable measurements of
the spatial and long-term historical observations (Cowtan
and Way, 2014).

In this context, gridded data sets are useful tools to
overcome the dearth of observations, allowing the devel-
opment of long-term climate analyses and monitoring
(e.g., Gu and Adler, 2019). Among several applications,
gridded data sets are utilized for data assimilation, com-
parison with observations, forcing data for global and
regional models, and to investigate atmospheric process
and climatic variability during recent decades (Lorenz
and Kunstmann, 2012; Cortés et al., 2016; Huang
et al., 2016; Zazulie et al., 2017; Serrano-Notivoli
et al., 2018). Reanalyses products also have been widely
used for statistical, dynamical and hydrologic downscal-
ing (Soares et al., 2012; Bieniek et al., 2016; El-Samra
et al., 2017). These downscaled climate fields can be used
as input in other climate models, especially in complex
terrain of the Andes, helping to understand the physical
and dynamic processes in regions of irregular topography
(Fernidndez and Mark, 2016; Comin et al., 2018).

However, the performance of these applications
depends on the accuracy and ability of the gridded data
sets to reproduce local climatic features. Indeed, gridded
data sets have shown great performance on the global
scale, but the improvements needed for these data sets to
be accurate at the regional scale are important due to
large uncertainties (e.g., Angélil et al., 2016). This is more
critical in mountain areas, where complex terrain
induces large biases and gradients of precipitation and
near surface temperature (Silva et al., 2011; Schauwecker
et al., 2014, 2017).

Some studies have evaluated temperature and precipi-
tation changes in the Southern Hemisphere at the
regional scale and using different gridded products
(e.g., Bromwich et al., 2011). Although gridded data sets
have been subjected to diverse evaluations worldwide

(Morice et al., 2012; RapaiC et al., 2015), there is a lack of
studies focusing on the complex Chilean terrain. Nearby
areas have been studied, however, such as the case of a
comparison of precipitation depicted by CFSR and
MERRA reanalyses and combined products over basins
in Bolivia, show overestimation of precipitation over the
Altiplano basin (Blacutt et al., 2015).

This study aims to presents the results of the perfor-
mance of five widely used global gridded data sets in rep-
roducing precipitation and surface temperature along the
Chilean Andes between (~17°-40°S for the period
1980-2015). This study also includes an analysis of cli-
mate indices associated with precipitation using the
observational and gridded data sets, as well as the rela-
tionship of the gridded products with climate modes of
variability that are known to be important in this region.
Section 2 describes the data and methods utilized. Sec-
tion 3 presents results of the performance of the gridded
data sets: (a) mean annual, (b) seasonal value and
(c) spatio-temporal trends of precipitation and near sur-
face temperature relative to instrumental observations.
Finally, in Section 4, we draw conclusions of our
findings.

2 | DATA AND METHODS

2.1 | Station observations

Station observation of precipitation and surface tempera-
ture were used to evaluate gridded data sets. These mea-
surements are maintained by the Chilen Water
Directorate (Direcciéon General de Aguas) and the Chil-
ean Weather Directorate (Direccion Meteoroldgica de
Chile) and are available through the Climate Explorer of
the Center for Climate and Resilence (http://explorador.
cr2.cl). In this study, high Chilean Andes climatology
with complex topography is represented by all weather
stations above 500 m a.s.l. To achieve the most represen-
tative and consistent data for verification, we selected
only daily data with less than 10% of missing days in each
monthly series for the period. Individual records were
considered outliers and discarded when monthly totals
exceeded four times the SD above the mean. No interpo-
lation method was attempted to fill gaps. Beyond these
considerations, we believe that these data sets are a good
representation of Chilean observations without interfer-
ence by interpolation and data filling.

Given that the distribution of data in Andes is very
sparse for a long-term climatic assessment, measure-
ments were selected considering two periods from 1980
to 2015 and from 1990 to 2015, since little stations span
between 1980 and 2015 intervals. The observations
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consist of a total of 116 (34) stations for precipitation
(near-surface temperature), 44 (5) located in North,
55 (21) in Central, and 17 (7) in South Chile (see
Figure 1). From Figure 1, we detected two relatively large
strips where no instrumental records exist. The first,
approximately between latitudes 24° and 27°S and a sec-
ond between 34° and 35°S (34°-36°S for temperature).
For the sake of clarity in the description of results, we
therefore used those spatial gaps to define a northern
region (~17°-24°S), a central region (~27°-34°S), and a
southern region (~35°-40°S). Maximum elevations of the
records of precipitation and temperature are, respectively
4,576 and 3,010 m in the north. For central, the highest
altitude is 3,160 m and 1,043 m in the southern region.
Additionally, homogeneity in the annual series of pre-
cipitation and temperature was tested by Buishand's test
(Buishand, 1982). The null hypothesis (Hy) for the tests is
that data are independent, identically distributed random
quantities, and the alternative (Ha) is that a change point
in the mean (a break) is present. If such step cannot be
determined in the time series data, the null hypothesis of
homogeneity is not rejected. The null hypothesis was
tested at 5% significance level. The test allowed identify-
ing in-homogeneities in just 3 of the 91 precipitation time
series from 1980 to 2015, and 5 of the 25 stations from
1990 to 2015. For temperature, 7 of the 23 stations from
1980 to 2015, and 2 of the 11 temperature time series
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from 1990 to 2015. These in-homogeneities were not
corrected or discarded, but we have been checked that
the main results are not altered by the inclusion of these
stations (not showed).

2.2 | Gridded data sets

Five global gridded data sets were used—namely, (a) The
Global Precipitation Climatology Project (GPCP) monthly
analysis (New Version 2.3) provided by the National Oce-
anic and Atmospheric Administration (NOAA/OAR/
ESRL PSD) (https://www.esrl.noaa.gov/psd/). The GPCP
is a merger of various satellite-based rainfall estimates
over both ocean and land, combined with the precipita-
tion gauge analyses over land (Adler et al., 2003). (b) The
Global Precipitation Climatology Centre (GPCC) Full
Data Monthly Product Version 2018 (V8) available at
https://www.esrl.noaa.gov/psd/. The GPCC product is
based on in situ observations from rain gauges in order to
provide gridded high-quality and high-resolution land
surface precipitation analyses (Schneider et al., 2018).
(c) Climatic Research Unit (CRU) time series version 4.01
available at http://badc.nerc.ac.uk/data/cru/. The CRU
provides monthly mean precipitation and surface air tem-
perature and merges observations at meteorological sta-
tions across land areas using angular distance weighting
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interpolation (Harris et al., 2014). CRU data set includes
about 44 stations used in precipitation analysis, and no
stations for temperature analysis. Both GPCC and CRU
are based on ground stations, in addition to the difference
in spatial resolution between them; the main sources
used for construction are different. CRU is obtained
through the national meteorological agencies (NMAs),
the World Meteorological Organization (WMO), the Cen-
tro Internacional de Agricultura Tropical, the Food and
Agriculture Organization (FAO) and others. GPCC
includes NMAs, WMO, FAO, GHCN at the National Cen-
ters for Environmental Information, data collections from
international regional projects, as well as the global data
collections of the CRU (Sun et al., 2018). (d) Re-Analysis
Interim Project (ERA-I), which is a global atmospheric
reanalysis produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF) that can be
accessed from https://apps.ecmwtf.int/datasets/. The
ERA-I is produced using a sequential 4D-VAR data
assimilation scheme (Dee et al., 2011), and (e) Modern-
Era Retrospective analysis for Research and Applications
Version 2 (MERRA2). The MERRA2 is the newest
reanalysis product from the NASA Global Modeling and
Assimilation Office (GMAO), generated using the God-
dard Earth Observing System Model, Version 5 data
assimilation system (Bosilovich et al., 2017) available at
https://gmao.gsfc.nasa.gov. Additional information of the
gridded data sets is presented in Table 1. Further details
about data assimilation techniques and physical pro-
cesses represented in these data sets are summarized in
Fujiwara et al. (2017).

2.3 | Methods

To compare the gridded data sets with observations, we
interpolated the data sets (with simple bilinear interpola-
tion) to the station location, to reduce the error in spatial
position “and not to”overcome the mismatch in scale.
The bilinear interpolation method uses the distance-

weighted average of the four nearest grid values to give
an estimate at a point of interest. This grid-to-point meth-
odology has been applied satisfactorily in previous studies
(e.g., Bromwich and Fogt, 2004; Bao and Zhang, 2013;
Ebrahimi et al., 2017; Mayor et al., 2017; Meher and
Das, 2019). The bilinear interpolation has been chosen
due to its more realistic local interpretation instead of
using the coarse grid value. This simplified method with
two-dimensional interpolation allows assessing improve-
ments and uncertainties (Uddin et al., 2008; Caroletti
et al., 2019). An attempt of interpolation of the observa-
tions would involve large uncertainties given the lack of
high-density weather stations database along the complex
terrain (Rivera et al., 2018).

The evaluation of the gridded data sets to represent
annual and seasonal features associated with precipita-
tion and surface temperature over high Chilean Andes,
included computation of several validation statistics: dif-
ference (bias), root mean square error (RSME), the Pear-
son correlation coefficient (CC), and Willmott index of
agreement (Skill). The positive values of bias indicate an
overestimation of the precipitation or temperature of
the gridded data sets in relation to observed, whereas
negative values indicate underestimation. The RSME
provides information on the standard metric errors,
where 0 is the best score. The CC indicates a linear rela-
tionship between the gridded data sets and observations,
where 1 is the perfect match. Willmott's index is a stan-
dardized measure of the degree of data set temporal-
prediction error and varies between 0 and 1, where
value of 1 indicates a perfect match, and 0 indicates no
agreement.

The Sen Slope and the Mann-Kendall test are used to
estimate annual and seasonal trends in time series.
Trends are considered to be statistically significant at the
10% significance level. A more detailed description of
these methods can be found in Mann (1945), Ken-
dall (1975) and Wilks (2006). The gridded data sets were
compared for annual, summer (December-February,
DJF) and winter (June-August, JJA) periods.

TABLE 1 Spatial horizontal resolution of the gridded data sets used in this study
Gridded data Variables Resolution Description References
GPCP P 2.5°% 2.5° Centre: GSFC NASA Adler et al. (2003)
GPCC P 1° x 1° Centre: DWD Schneider et al. (2018)
CRU Pand T 0.5° x 0.5° Centre: UEA Harris et al. (2014)
ERA-I Pand T 0.75° x 0.75° Centre: ECMWF Dee et al. (2011)
MERRA2 Pand T 0.5° X 0.625° Centre: NASA GMAO Bosilovich et al. (2017)

Note: P indicates precipitation and T indicates temperature.

Abbreviations: CRU, Climatic Research Unit; ERA-I, Re-Analysis Interim Project; GPCC, Global Precipitation Climatology Centre; GPCP, Global Precipitation
Climatology Project; MERRA2, Modern-Era Retrospective analysis for Research and Applications Version 2.
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In order to explore the influence of climate indices
onto precipitation and temperature variability, Pearson's
correlation was performed between climate indices and
the time series of observations and gridded data sets. The
indices are: Nifio 1.2 (0°-10°S; 90°-80°W) and Nifio 3.4
(5°N-5°S; 170°-120°W), the Pacific Decadal Oscillation
(PDO), and the Antarctic Oscillation (AAO). The time
series of the climate indices are provided by the NOAA
website (https://www.esrl.noaa.gov/psd/data/
climateindices).

To further illustrate the representation of long-term
trends associated with some precipitation and tempera-
ture extremes in the high Chilean Andes, daily precipita-
tion/temperature data from station observation and
gridded data sets (GPCP available from 1996 to 2015 at
https://www.ncdc.noaa.gov/cdr/atmospheric, GPCC
available from 1982 to 2015 at https://www.dwd.de/EN/
ourservices/gpcc/gpcc.html, ERA-I and MERRA2) for
annual and seasonal scales are used to analyze spatio-
temporal trends of precipitation and surface temperature.
For this, two precipitation-related indices were used: the
maximum number of consecutive wet days (CWD) and
consecutive dry days (CDD). The CWD is defined by the
maximum length of wet spell (daily rainfall >1 mm)
whereas CDD by the maximum length of dry spell (daily
rainfall <1 mm). And two temperature-related indices:
the number of warm days (TX90p) and cold days
(TX10p). The TX90p is defined by the maximum length
of warm spell (daily temperature > 90th percentile)
whereas TX10p by the maximum length of cold spell
(daily temperature < 10th percentile). Both indices
expressed in days.

3 | RESULTS AND DISCUSSION
3.1 | Annual and seasonal precipitation
analyses

The annual precipitation regime is characterized by a
contrast among the three regions in Chile (Figure 2a). In
the north, some records near the coast show annual pre-
cipitation lower than 10 mm-year '. These values con-
trast with increasing precipitation to the east, where the
highest values are observed in the elevated areas
(>3,000 m) (Figures 1c and 2a). This zonal gradient high-
lights the orographic precipitation over the windward
slope (Garreaud et al., 2017).

There is also a clear latitudinal pattern of gradual
increase of precipitation, with maximum annual mean
precipitation concentrated southward to 35°S, with
values above 1,000 mm. During summer, precipitation
increases in northern and decreases in central region,

of Climatology

whereas in winter, precipitation decreases in northern
and an increase in central region (Figure 2b,c). The sum-
mer season is responsible for up to 80% of the rainfall
occurring in the northern region, in contrasts with the
central and the south regions, where about 40-80% of
precipitation falls during the winter season.

Figures 3 and 4 are boxplots that summarize the over-
all performance of the gridded data sets in reproducing
the annual and seasonal precipitation through the calcu-
lation of bias, RSME, CC and Skill. In Northern Chile,
positive biases in GPCP and ERA-I indicate overestimate
precipitation, whereas for GPCC, CRU and MERRA2 a
median close to zero bias, although MERRA2 is slightly
more negative. In central region, GPCC shows an
improvement by lower median and quartile values.
Southward 35°S, all data sets underestimate precipitation
in relation to observations. It is worth mentioning that
MERRAZ2 tends to be drier across the whole study area
(Figure 3a-c); however, the median values of MERRA2 is
almost the same as some of the other data sets.

All gridded data sets show smaller RSME in Northern
and Central Chile, on the other hand, a larger RSME is
noted in Southern Chile (Figure 3d—f). In general, GPCC
and CRU match observations in the north, with median
and quartile values smaller than 10 mm-year ', while
GPCC and ERA-I perform better in the south, with
median values smaller than 100 mm-year '. The data sets
do a good job in central region, with smaller bias as well
as RSME values. Most of the data sets show a high corre-
lation, with CC values greater than 0.8, particularly in
central region. MERRA2 shows poor agreement com-
pared to other data sets due to extreme negative bias
values. The good agreement in Central Chile is also
shown by the Skill index between gridded data sets and
observations, particularly by CRU in North and Central
Chile (Figure 3j,k). On the other hand, lower Skill index
is reported for all data sets in the south. Both north and
central regions have relatively low biases, however, in
the arid north, the agreement with observations by CC
and Skill is generally low; this might be related to the
inherent dynamics of precipitation in the region: rainfall
usually occurs as a few extreme events (e.g., Pendergrass
and Knutti, 2018; Meseguer-Ruiz et al., 2019), which are
more difficult to reproduce.

Figure 4 depicts seasonal precipitation statistics
between gridded data sets and observations for summer
and winter. In summer, gridded data sets reproduce simi-
lar annual bias variability in North and Southern Chile;
however, biases are higher in the northern region and
lower in the south. Differences between data sets are
noted in central region, where all data sets appear to be
positively biased relative to observations. GPCP and
ERA-I overestimate precipitation with maximum values
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FIGURE 2 (a) Spatial distribution

of the annual mean accumulation of
precipitation. (b) Summer (DJF) fraction
of the annual total and (c) winter (JJA)
fraction of the annual total. DJF,
December-February; JJA, June-August
[Colour figure can be viewed at
wileyonlinelibrary.com]
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above 15 mm, whereas GPCC, CRU and MERRA2 show
smaller bias (Figure 4b). Concerning winter precipitation
bias, once again GPCC, CRU and MERRA2 close match
with observations, depict smaller biases in Northern
Chile. In central region, variability of gridded data sets is
similar to what already seen for annual bias, with ERA-I
and GPCP overestimating precipitation (Figure 4n), and
southward 35°S all gridded data sets underestimate
observed precipitation (Figure 4c-o).

For RSME, larger values are found in northern and
southern regions during summer, while in winter large dis-
agreement occurs over central and the southern regions
(Figure 4e(f,q,r). In northern region, GPCC and CRU
(GPCC and MERRA2) have a smaller RSME,
<30 mm-year . (<5mm-year !, quartile and median
values) in summer (winter), whereas, about median values,
all data sets, except ERA-I, have a RMSE <30 mm-year .
In general, the errors associated with each gridded data set
are accompanied by the magnitude of bias; the larger
(lower) the bias, the greater (lower) the error in relation to
the observations. In terms of the bias and RSME values,
GPCC and CRU show the best performance.

The values of CC and Skill index show a better agree-
ment between gridded data sets and observations in
Northern Chile during summer (less spread), except to
MERRA2. Maximum CC values are delivered by CRU in

all regions. For Central Chile, GPCC and CRU have a
good agreement, and GPCC and ERA-I for Southern
Chile (Figure 4g-1). In winter, the CC and Skill show that
all data sets provide a good agreement to observed precip-
itation over central region. Conversely, poor perfor-
mances are delivered in Southern Chile in line with
strong negative correlation (Figure 4u,z).

Analysis of the performance of gridded data sets rep-
roducing the annual and seasonal precipitation shows
that GPCP and ERA-I overestimate observations in the
north, while MERRA?2 underestimates the annual as well
as seasonal precipitation. Better match is given in Central
Chile (27°-34°S) with higher CC, Skill and smaller bias.
However, in general, the data sets are very close when
comparing the median per region and season.

It can be argued that in northern region, differences
among the data sets are related to orographic forcing pro-
cesses, whereas changes in the south (35°-40°S) may be
induced by differences in meso-scale processes, such as
the maritime advection of water vapor, as well as the per-
formance of each data to reproduce the strength and fre-
quency of cold frontal systems (Barrett et al., 2009). As
discussed by Justino et al. (2011) and Van den Broeke
et al. (2005), misrepresentation of regions with steep
slopes modifies the wind pattern, changing the tempera-
ture and consequently resulting in unrealistic contrast.
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It can be argued that GPCC and CRU reasonably
reproduce the annual and seasonal mean precipitation in
most parts of the studied region, as they are based on in
situ rainfall observation data. The CRU data are interpo-
lated directly from station observations, including algo-
rithms that account for the effect of elevation (New
et al., 2000). Conversely, GPCP is less skilled reproducing
instrumental precipitation over steep terrain and high
elevation due to its relatively coarse resolution, despite
merging observation and satellite data. It is also possible
that satellites cannot capture key processes. GPCP relies
on passive microwave and infrared retrievals of precipita-
tion, which are unable to represent an orographic
enhancement. These differences between gridded prod-
ucts suggest that higher horizontal resolution results in
more accurate representation in this complex Andean
terrain (Figure 1c). However, it is important to note that
these data sets may perform better when compared with

observations in flatter terrain below our 500-m altitude
criteria.

3.2 |
trends

Annual and seasonal precipitation

Station observations show that negative trends in annual
total precipitation are widespread in the Central and South
Chile (Figure 5a). This is consistent with earlier findings of
Quintana (2012). Few exceptions are observed in Northern
Chile, with negative trends in high altitudes and positive
or no trends in low altitudes, which 20% of trends are sta-
tistically significant and 59.5% nonsignificant.

The number of observations that have no trends are
dominant between 21° and 34°S in the summer season,
and during winter northward to 25°S (Figure 5fk). Non-
significant positive trends are observed, northward to
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(DJF) (a-1) and winter (JJA) (m-w) precipitation

[Colour figure can be viewed at
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FIGURE 5 Annual and
seasonal trend of precipitation from
stations observations and gridded
data. The _lled circles are related to
statistically signi_cant trends at the
10% level [Colour figure can be
viewed at wileyonlinelibrary.com]
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21°S and southward to 36°S during the summer season,
whereas in winter there are positive trends southward to
35°S. These positive nonsignificant trends for summer

and winter may be associated with the increase of
extreme rainfall events (Pfahl et al., 2017). However,
observed negative trend signal during winter corresponds
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TABLE 2 Correlation coefficients between time series of annual and seasonal precipitation from observed and gridded data sets with

climate indices

Nifol.2 Nino3.4 PDO AAO
Data Season N C S N C S N C S N C S
Obs. Annual -0.11 0.49 0.13 -0.17 0.53 046 -0.15 0.30* 0.12 0.1 -0.19 -0.23
DJF —0.29 035 -0.15 -049 033 —-045 -0.15 -0.02 —0.27* -0.2 0.14 0.48
JJA 0.34 0.45 0.19 0.42 0.60 0.34 0.36 0.26 0.11 0.13 -0.09 —0.26
Annual -0.11 0.40 0.18 -0.18 0.44* 045 -0.01 0.23 0.37 0.08 —0.25 —0.45*
GPCP DIJF —0.39 0.14 -0.09 -0.40 0.12 0.12 0.11 0.13 —0.07 0.11 -0.39 —0.33
JJA 0.32*  0.35 0.13 039 0.3 0.30* 0.22 0.16 0.39 016 —0.08 —0.02
Annual —0.18 0.44 0.19 -0.26 0.49 044 —0.09 0.29* 0.27* 0.19 —-0.28* —0.40
GPCC DIJF —0.36 —0.04 -0.18 —-0.45 -0.09 —0.01 0.05 —-0.30* -0.24 0.08 0.13 -0.13
JJA 0.25 0.40 0.14 0.46 0.57 0.24 0.24 0.22 0.28* 0.15 —0.08 0.01
Annual —-0.12 0.47 0.21 -0.09 0.49 047 —-0.15 0.29* 0.18 0.03 —-0.25 —-0.33
CRU DIJF —0.27 0.23 -0.18 —0.40 0.14 —0.02 —0.15 0.16 —0.27* 0.14 -0.26 —0.18
JJA 0.41 0.46 0.26 051  0.60 0.31* 0.07 0.25 0.19 0.02 -0.08 -0.01
Annual —0.08 0.44 0.13 -0.03 0.46 0.38 0.02 0.32* 0.25 0.08 —0.26 —0.40
ERA DJF —-0.35 —0.05 -0.06 —0.44 -0.20 0.08 0.03 -033 -0.19 0.06 —0.06 —0.06
JJA 0.23 0.42 0.15 0.41 0.53 0.21 0.28* 0.32* 0.22 0.06 —0.05 0.01
Annual —-0.09 0.35 0.13 0.06 0.46 0.34 0.13 0.30* 033 -025 -0.34 —0.32*
MERRA2 DIJF —0.16 —0.01 -0.19 -0.13 -0.05 —0.04 0.14 —0.14 —0.25 0.37 034 -0.13
JJA 0.28* 0.29* 0.17 0.37 0.54 0.20 0.17 0.27 036 -0.06 -0.12 0.01

Note: Columns are organized according to northern (N), central (C) and southern (S) regions. Bold numbers indicate statistically significant correlations at the

5% level and bold with asterisks are significant at the 10% level.

Abbreviations: CRU, Climatic Research Unit; DJF, December-February; ERA, Re-Analysis Interim Project; GPCC, Global Precipitation Climatology Centre;

GPCP, Global Precipitation Climatology Project; JJA, June-August.

to 53% of the stations, which 14% are significant
(Figure 5m). This is consistent with previous drought
linked to decreasing frequency of winter precipitation in
this region (Boisier et al., 2016; Garreaud et al., 2017;
Polade et al., 2017).

Annual precipitation trends delivered by gridded data
sets show good agreement with the observed pattern,
with frequent negative trends throughout the region
(Figure 5b-f). Southward 25°S, all data sets indicate
reduction in precipitation. A slightly less coherent pat-
tern is detected in northern, where GPCP, GPCC and
CRU present some locations with positive trends, oppo-
site to the corresponding station observations. This likely
comes from the effect of precipitation trends delivered by
both data sets for summer (Figure 5k,1). Between 27° and
35°S the annual trend is a response to winter conditions
because no trends are detected in summer from observa-
tions and also delivered by CRU. In the southernmost
part of the region, there is no dominant season (DJF,
JJA) in the annual trend. It is important to note that the
dry bias delivered by MERRAZ2 results in a negative trend
in both summer and winter conditions (Figure 5Lr).

3.3 | Relationship of precipitation and
climate indices

For station, observed precipitation time series shows sig-
nificant positive correlations with El Nifio 1.2 and El
Nifio 3.4 indices, particularly in central region, in both
seasons (Table 2). The precipitation pattern in Northern
Chile is not affected by El Nifio Southern Oscillation
(ENSO) at the annual scale. On the other hand, seasonal
precipitation presents a strong relationship with ENSO in
Northern Chile, with negative (positive) significant corre-
lation in summer (winter). A similar response is also
detected in the southern region in relation to Nifio 3.4. It
is well known that El Nifio events induce wet (dry) con-
ditions in Central Chile in winter (summer), associated
with northward migration (southern permanency) of sub-
tropical anticyclone (Montecinos and Aceituno, 2003;
Valdés-Pineda et al., 2016).

Observations are more closely related to the El Nifio
3.4 index, with statistically significant higher correlations
(positive correlations) ranging from to 0.33 to 0.60. The
influence of the PDO and AAO is less noticeable, except
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FIGURE 6 As Figure 5, but for
annual and seasonal maximum number of
consecutive wet days (CWD) [Colour figure
can be viewed at wileyonlinelibrary.com|
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FIGURE 7 As Figure 5, but for
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data sets show significant trends in CWD for annual and
seasonal level (Figure 6), except for some significant posi-
tive trends over Northern Chile in the annual scale. Con-
versely, MERRA2 presents some negative trends in
several locations. Turning to annual CDD shows general
significant positive trends over the entire study area con-
cerning to station observations (Figure 7). This pattern is
well reproduced by GPCP and ERA-I, while GPCC and
MERRA2 have slightly more negative or no trends.
Observations deliver by about 81% of the stations have
positive trends, of which 28.5% are statistically signifi-
cant. Insofar as gridded data sets are concerned, GPCP
shows 75% of positive trends, GPCC with 59%, ERA-I

On the other hand, CDD during summer conditions
show negative trends in Northern Chile, standing out
as the only region with some detectable trends (22.5%)
(Figure 7f). GPCP delivers a widespread negative trend
whereas MERRA2 shows positive trends in most loca-
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FIGURE 8 Spatial distribution of the annual and seasonal

mean temperature from weather station observations [Colour
figure can be viewed at wileyonlinelibrary.com]

for annual and winter precipitation. The AAO index is
significant in the south region with correlation by up to
0.48 during summer.

The correlation based on gridded data sets shows a
different pattern for both indices (ENSO, AAO and
PDO) as compared to observations. The main differ-
ences between gridded data sets and observations are
link to the signal of the correlation. For ENSO indices,
GPCC, CRU and ERA-I are able to mimic the correla-
tion signal described based on instrumental observa-
tions. Table 2 shows significant values for CRU in JJA
for Nifio 1.2 and Nifio 3.4, and in DJF for Nino 3.4, for
ERA in DIJF for Nifio 1.2 and Nino 3.4, and in JJA for
Nifio 3.4.

The MERRA2 and GPCP show positive significant
correlations during winter (JJA) in Northern and Central
Chile, with both ENSO indices. In contrast to observed
data, gridded data sets do not show any significant corre-
lations between summer precipitation and ENSO indices
over Central Chile. Regarding the PDO and AAO, best
correlations for the gridded data sets relative to the sta-
tions data are found for the annual and summer seasons
for all study areas.

3.4 | Extreme precipitation indices

Figure 6 shows the trend in CWD for each station and for
each corresponding time series derived from the gridded
data sets. Neither instrumental observations nor gridded

tions during the summer season. In winter, observa-
tions and almost all gridded data sets show no change
of precipitation in northern region, conversely, positive
trend is found in Central Chile, except for GPCC. About
83% of stations deliver positive trends (8% statistically
significant), followed by GPCP with 87%, 54% for
GPCC, 94% ERA-I and MERRA2 with 77%. These
changes agree with the findings of others studies with
the increasing of CDD in Chile (e.g., Henriquez
et al., 2019).

3.5 | Annual and seasonal temperature
analyses

Figure 8 shows the distribution of annual and seasonal
mean surface temperature based on observations. The
mean annual temperature varies between 9 and 19°C.
Higher temperature values occur in Central Chile,
between 27° and 34°S. Mean summer temperatures
within the altitudinal range considered in our study can
reach up to 23°C. In winter, temperature fluctuates
around 12°C, southward to 35°S; the values are lower
and range between 3 and 7°C. In northern region (17°-
24°S) temperature presents lower seasonal variability,
with differences between summer and winter by about
4 and 8°C, varying with altitude.

Comparison between gridded data sets and observa-
tions for annual surface temperature is shown in
Figure 9. There is an overall cold bias in the whole
region, but more noticeable within in Central Chile. In
the north, smaller bias is depicted by MERRA2, with
median values close to zero and an interquartile range
between 0 and —2°C (Figure 9a). In Central Chile,
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MERRA2 also exhibits smaller bias followed by ERA-I
and CRU. On the other hand, Southern Chile presents
an inverse pattern with CRU having smaller bias and
MERRA?2 greater variability (Figure 9c). Data sets with
large biases tend to show by high RSME (Figure 9d-f).
Correlation analyses and the Skill index show a good
agreement between the data sets.

As in the case for annual comparisons, seasonal dis-
aggregation indicates a cold bias in summer and winter
in all gridded data sets along this high Andean region,
except for CRU in Southern Chile during summer
(Figure 10c). Evaluation for RSME shows similar values
in summer as well as in winter, with large bias paired
with high RSME. The bias, RSME, CC and Skill values
show that all data sets provide a good approximation to
observed surface temperature over Northern Chile dur-
ing summer, and Northern and Southern Chile in win-
ter. In general, MERRA2 matches closely with
observations in Northern and Central Chile, while CRU
has a good performs in Southern Chile.

(c) FIGURE 9 Distribution of bias
(oC-year™) (a-c), RSME (oC-year™) (d-f),
CC (g-1) and Willmott's index of agreement
(Skill) (j-1) of annual mean temperature.
The line in the Box represents the median
(50%), the bottom and top of the Box
represent the first (25%) and third (75%)

(f) quartiles, the whiskers indicate variability
| outside the lower and upper quartiles. Note

that axis range for bias, RSME and CC

T
di_ers in each panel. CC, correlation
coefficient; RSME, root mean square error

T 1 [Colour figure can be viewed at

wileyonlinelibrary.com]
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3.6 |
trends

Annual and seasonal temperature

Figure 11a shows the trends in annual mean surface tem-
perature for station observations. Results indicate that
with few exceptions, there are significant positive trends
in the mean annual surface temperature. The warming
trends correspond to about 79% of observations, where
38% are statistically significant, with a maximum magni-
tude of 0.68°C-decade™ in Northern Chile, and
0.43°C-decade™" in Central Chile. It is important to note
that although 41% of the other stations do not show sta-
tistically significant changes, they are dominated by posi-
tive trends as well.

Significant warming trends are also identified in sum-
mer (71% of stations) and winter (65% of stations) with a
positive trend signal. About 26.5 and 20.5% are statisti-
cally significant trends for summer and winter observa-
tions (Figure 1le,i). This is consistent with earlier
findings for northern region (Meseguer-Ruiz et al., 2018)
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FIGURE 10 As Figure 9, but for summer

(DJF) (a-1) and winter (JJA) (m-w) temperature.

DJF, December-February; JJA, June-August
[Colour figure can be viewed at
wileyonlinelibrary.com]
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TABLE 3 Correlation coefficients between observed and gridded datA sets of annual and seasonal temperature with climate indices

Nifol.2 Nifno3.4 PDO AAO
Data Season N C S N C S N C S N C S
Obs. Annual 0.45 0.09 0.28*  0.56 0.35 0.2 0.15 —-0.04 —-0.005 0.11 0.09 0.2
DIJF 0.53 0.13 —0.13 0.65 0.11 —0.22 0.23 011 -0.15 0.08 0.01 -0.1
JJA 0.35 —0.06 0.13 0.40 0.27* 0.24 0.12 -0.07 0.11 -0.04 0.02 0.2
Annual  0.80 0.30* 0.35 0.81 0.45 0.24 0.46 0.21 0.014 0.09 0.23 0.19
CRU DIJF 0.70 —0.01 —0.06 0.60 —0.03 —0.19 0.28* 0.14 -0.22 0.09 —0.01 0.03
JJA 0.65 0.21 0.16 0.65 0.46 0.27 0.43 0.15 0.12 0.05 0.03 0.17
Annual 0.33 0.07 0.23 0.47 0.21 0.13 0.03 -0.2 —0.16 0.11 0.12 0.15
ERA DJF 0.65 0.16 —-0.06 0.66 0.15 -0.14 0.15 0.1 -0.19 0.04 —-0.09 -0.03
JJA 0.29* —0.06 0.1 0.36 0.27 0.23  -0.05 -0.06 -0.015 -0.05 0.008 0.15
Annual  0.34 —-0.05 0.11 0.52 0.12 —-0.04 0.17 0.28 0.23 0.31* 0.34 0.26
MERRA2 DJF 0.70 0.19 —0.13 0.70 0.28* —0.22 0.28* 054 —0.06 —0.16 —0.08 —0.02
JJA 0.18 —-0.19 0.05 0.45 0.07 0.05 0.02 0.09 0.26 —-0.03 0.05 0.14

Note: Columns are organized according to northern (N), central (C) and southern (S) regions. Bold numbers indicate statistically significant correlations at the

5% level and bold with asterisks are significant at the 10% level.

Abbreviations: CRU, Climatic Research Unit; DJF, December-February; ERA, Re-Analysis Interim Project; GPCC, Global Precipitation Climatology Centre;

GPCP, Global Precipitation Climatology Project; JJA, June-August.

as well as for Central Chile (Burger et al., 2018),
suggesting the end of the regional cooling trend that
occurred between 1979 and 2006. This cooling trend was
related to negative phase of the Interdecadal Pacific
Oscillation (IPO), allowing widespread warming trends
associated with an increase of sea surface temperature.
Patterns of annual and seasonal variability from
gridded data sets are similar to instrumental observations
pattern, with dominance of positive trends. Annual and
summer temperature trends diverge over central part of
the studied region where MERRAZ2 displays more stations
with no trend compared to the other data sets
(Figure 11d,h). In contrast, statistically significant
upward trends predominate in ERA-I. During winter sea-
son, there is an increase in the number of stations that do
not experience trends, in particular CRU and MERRAZ2.

3.7 | Temperature and climate indices
Table 3 shows the temporal correlation between annual
and seasonal temperatures and climate indices. El Nifio
1.2 has a strong correlation with the observed annual sur-
face temperature pattern in Northern Chile, the El Nifio
3.4 correlation is lower for Central and Southern Chile.
This agreement between temperature and ENSO indices
in northern region is captured by all gridded data sets,
except for MERRAZ2 for El Nifio 1.2 during winter. It should
be mentioned that correlations shown by CRU in Central
Chile exhibit a similar behavior as those calculated from

observations. Annual and seasonal observed temperature do
not correlate with neither PDO nor AAO. ERA-I replicates
this behavior for these climate modes. Conversely, CRU pre-
sents a positive correlation with PDO, and MERRA2 with
PDO and AAO in Northern and Central Chile.

3.8 | Extreme temperature indices
Figure 12 shows the trend in TX90p for each station and
for each corresponding time series derived from the gridded
data sets. In general, no trends are found for the annual
scale from station observations (42% of stations) except for
some specific stations, mainly located in the central region,
with positive trend. Widespread no trend is depicted by
ERA-I and MERRA2. On contrary, negative nonsignificant
trends are noted in almost Chile (52% of stations) from sta-
tion observations during summer season, however, in the
central region some stations do not show a trend signal,
while others point to a statistically significant positive trend.
ERA-I shows a negative trend throughout Chile, on the
other hand, MERRA?2 shows a generalized pattern without
trend, except for some exception in the central region (posi-
tive trend) (Figure 12d,e). Turning to winter season, TX90p
shows general positive trends over the entire study area
concerning to station observations (76% of stations), while
ERA-T and MERRA 2 show different contrasts between
themselves and the observations.

About the TX10p at annual scale, similar pattern
with the TX90p is show from station observation and
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gridded data sets (Figure 13a-c). On the other hand,
about 70% of stations show a positive trend from station
observation during the summer season. A similar pat-
tern is depicted by MERRA?2, with 58% of stations point
to a positive trend, whereas ERA-I shows only 30% of

stations. For the winter season, the trend signal of
observations is more widespread, with 48% of the season
showing a negative trend, 45% no trend and 21% a posi-
tive trend, more concentrated in Central Chile
(Figure 13g-i).
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4 | CONCLUSIONS Andes. In addition, long-term trends are also analyzed

with focus on high-elevated areas from station observa-
In this study, we have evaluated the performance of five tions and gridded data sets.

gridded data sets in reproducing the observed annual and The ability of gridded data sets to represent the
seasonal mean precipitation, and surface temperature observed precipitation as well as temperature is variable, in
over Northern, Central and Southern over Chilean  part due to their coarse spatial resolution leading to
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misrepresentation of the complex topography in Chilean
Andes. Weaker performance was shown by GPCP very
likely related to coarsest spatial resolution compared to
other data sets. However, a coarser grid cell does not
always translate into good or poor performance. For
instance, GPCC superior performance in precipitation
achieved with only 1° grid-cell size, contrasts with the
lower skill of MERRA2 with a relatively fine spatial resolu-
tion (0.5°). This is important to mention that we are evalu-
ating global gridded data sets in which they are designed to
perform well over large areas; however, the add value and
performance of these data sets may be more outstanding
than regional reanalysis (e.g., Kaiser-Weiss et al., 2019).

The results demonstrated that the performance of
each data sets varies on the Andean regions analyzed,
fluctuating on overestimating or underestimating the pre-
cipitation and temperature. It has been demonstrated
that there are several differences between gridded data
sets and station observations. These differences are larger
in Northern Chile (17°-24°S) and southward of 35°S in
relation to total precipitation, whereas for surface tem-
perature disagreement is higher in Central Chile,
between 27° and 35°S. In general, good performance is
achieved by CRU, GPCC and ERA-I in most precipitation
analyses, whereas CRU and ERA-I do a good job for tem-
perature analyses. It is important to mention that the
number of stations located in Chile (and surroundings)
that goes into the gridded data set will have a large influ-
ence too. MERRA?2 tends to underestimate precipitation
and temperature mainly in the central and southern
regions, leading to greater mismatches with observation,
and greater disagreement in trend analysis.

It has also been investigated correlations between cli-
mate indices with precipitation and temperature patterns.
The response of precipitation to ENSO based on gridded
data sets are consistent in the sense that higher signifi-
cant correlations occur in Central Chile, being related to
the regions with higher number of observations. Addi-
tional to ENSO, this region is also affected by PDO, with
good agreement between observed and gridded data sets.
Our analysis also showed that the AAO plays a role in
summer precipitation in Southern Chile. On the other
hand, surface temperature depicted by observed and
gridded data sets are strongly correlated with ENSO in
northern sector, while PDO and AAO indices do not
seem to related with temperature, except by for CRU and
MERRAZ2 in north and central regions.

Our work evidences a significant reduction of annual
precipitation and warming trends in the high Chilean
Andes during the study period. Station observations and
most of gridded data sets show a decrease of winter pre-
cipitation, especially in Central Chile, as well as an
increase of the consecutive number of dry days is

detected in annually in all regions on this study, particu-
larly in Central Chile during winter season. Additionally,
an increase of warm days is observed mainly during the
winter season. This combination of increased tempera-
ture and reduced precipitation may contribute to intensi-
fication of extreme dry events in arid areas, critically
affecting the current availability of water resources in
Chile. Moreover, if these changes in temperature and pre-
cipitation continue, these can pose a serious threat to the
stability of the glaciers due to mass imbalance.
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