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Abstract

Several temperature and precipitation indices, with special focus on extremes,

were analysed in different sub-regions of southern South America during

1979–2017 using multiple reanalyses, the CPC gridded data set and the most

extended network of meteorological stations employed in regional climate

studies up to date. Reanalyses generally well represented the spatial patterns

of the indices, although they showed some differences in extreme indices over

large portions of southern South America and tended to overestimate precipi-

tation maximums, especially in southern Chile. Furthermore, ERA-Interim

presented clear difficulties in reproducing precipitation near the Andes Moun-

tains, exhibiting the largest overestimations. This seemed to be improved in

the new generation of ERA reanalyses (ERA5). When evaluating the long-term

changes, most of the data sets agreed in general warming conditions, stronger

and more homogeneous for the maximum temperature. NCEP1 and NCEP2

reanalyses showed contrary temporal changes in almost all the temperature

indices. Precipitation indices exhibited less consistent changes among

reanalyses, although significant upward trends were detected for precipitation

extremes in southeastern South America and downward trends were detected

in southern Chile in the observational data sets. In addition, most of the data

sets agreed in drier conditions in the arid diagonal region of Argentina as

reflected by significant positive trends for dry spells and negative trends for the

total annual precipitation. In terms of the inter-annual correspondence,

reanalyses usually presented good correlations to the stations reference in the

regional averaged series, mainly for temperature indices and more variable for

precipitation indices. Overall, no reanalysis was found to perform best. The

use of reanalyses data to perform regional climate studies should consider the

existent differences among them and with observational data. Moreover, using

multiple sources of information is strongly recommended to account for obser-

vational uncertainty, especially in regions like southern South America, where

data availability and its resolution are often limited.
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1 | INTRODUCTION

Southern South America (SSA) (roughly between 22–
57�S and 49–74�W) is an extended region that presents a
wide variety of climates and has been characterized by a
changing climate (Saurral et al., 2016; de Barros Soares
et al., 2017; Burger et al., 2018). Temperature and pre-
cipitation indices are useful tools for monitoring when
changes in climate occur and have been commonly used
for the evaluation of climate change around the world
and also in SSA (Marengo et al., 2010; Skansi
et al., 2013; Donat et al., 2016; Lovino et al., 2018).
Although trends highly depend on the region, general
warming signals have been documented over SSA,
whereas region-dependent drying and wetting signals
have been recorded, with significant increases particu-
larly in extremes (Re and Barros, 2009; Quintana and
Aceituno, 2012; Vicuña et al., 2013; Rusticucci
et al., 2016; Olmo et al., 2020).

The study of climate variability and the understand-
ing of global and regional climate change is strongly
linked to the available information over a region. Particu-
larly, observations from meteorological stations play a
critical role in performing climate studies. However, their
temporal and spatial coverage strongly depends on the
region. In-situ observations in SSA are not always spa-
tially and temporally sufficient, and they often have gaps
in their temporal series and errors that need to be evalu-
ated before performing any climate study, evaluation or
model validation over the region. It is therefore that other
state-of-the-art products are commonly employed in
these procedures, such as gridded data sets from multiple
sources, satellite data and reanalyses. Nevertheless, it is
important to understand their advantages and
limitations.

Reanalysis-based products are currently some of the
most used data sets, providing global information over
long time periods of the different levels of the atmosphere
at regular intervals, which make them convenient for the
evaluation of climate models, for attribution studies and
further purposes. These data sets are produced by data
assimilation, based on both observations and model-
based forecasts (Parker, 2016). The typical reanalysis data
sets include surface and upper-air direct observations and
also satellite products in the data assimilation system.
The assimilated meteorological variables include temper-
ature, pressure and wind speed, but not precipitation,
which is estimated according to model physics and

parameterizations (Maraun and Widmann, 2018). Gener-
ally, the assimilated variables can be expected to be very
close to reality, whereas not-assimilated variables such as
precipitation may present substantial biases (Widmann
and Bretherton, 2000). The density of observed data are
key in this regard, that is, the disagreement between two
distinct reanalysis data sets is strongly linked to observa-
tional coverage (Sterl, 2004).

Moreover, reanalyses are frequently used as input
sources for the assessment of the past and present cli-
mate, in the construction of different observational data
sets and in the assessment of the added value in regional
climate modelling (Weedon et al., 2014; Sun et al., 2018;
Falco et al., 2019; Gutiérrez et al., 2019). Hence, these
products need to be evaluated against observations before
being implemented into various applications (Wang
et al., 2019).

Reanalyses performance in reproducing surface vari-
ables has been widely evaluated in several studies
(e.g., Donat et al., 2014; Lindsay et al., 2014; Isotta
et al., 2015; Yang and Zhang, 2018; Wang et al., 2019;
Krauskopf and Huth, 2020; Sheridan et al., 2020). Jones
et al. (2013) pointed out that reanalysis products often fail
in reproducing precipitation, especially at a daily time
scale. Even more, they have a larger degree of variability
than other types of precipitation data sets (Sun
et al., 2018). For surface temperature, Luo et al. (2019)
identified cold biases in complex terrain areas, correlated
with the differences in elevation between the stations
observations and the reanalysis models. In East Africa,
Schmocker et al. (2016) compared station data with
reanalyses and found that some products well reproduced
the rainfall climatology and some the spatial trend pat-
tern, but no product reproduced both. Over SSA, few
studies have compared their performance against in-situ
observations. Rusticucci and Kousky (2002) compared
the NCEP/NCAR reanalysis versus information from
about 20 stations during 1958–1998 for minimum and
maximum temperature. The authors found good agree-
ment over the low-elevation regions in central and east-
ern Argentina and poorer correspondence in the vicinity
of the Andes mountains. Also using NCEP/NCAR, Dufek
et al. (2008) analysed precipitation and temperature cli-
mate indices in several portions of South America and
detected some regional differences in their trends when
compared with gridded observational data, mainly for
precipitation indices in northern Argentina. Further-
more, Rusticucci et al. (2014) found good skills and some
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limitations of the ERA-Interim reanalysis performance
on regional winter climate in the southern-central Andes,
in comparison with gridded products containing in situ
observations. Schumacher et al. (2020) compared ERA-
Interim and MERRA2 reanalyses against in situ observa-
tions in reproducing precipitation and temperature in the
Chilean Andes and detected larger mismatches in north-
ern and southern portions of Chile for precipitation,
whereas higher disagreement was observed for tempera-
ture in central Chile. However, intercomparison studies
among different reanalyses in SSA are more limited. In a
global study, Donat et al. (2014) analysed changes in cli-
mate extremes considering gridded observations and sev-
eral reanalyses and found differences in the patterns of
change in South America and pointed out the need for
high-quality observational data in the region. Thus, eval-
uating reanalyses ability to perform regional climate
studies is still not a fully addressed task in SSA. There-
fore, providing a reference about uncertainties between
observational data and reanalyses is of key importance
for the region.

In this context, the main objective of this study is to
evaluate the performance of several reanalysis data sets
in reproducing the spatial and temporal variability
(including trends) of temperature and precipitation indi-
ces in southern South America during the recent period.
This assessment was carried out using in-situ and gridded
observations to account for the observational uncertainty
across the region. In this work, we set up the most
extended data set of meteorological stations used for
regional climate studies over southern South America up
to date, with a fine balance between the spatial and tem-
poral coverage of stations measuring both daily extreme
temperatures and accumulated precipitation. The
reanalysis and observational databases are described in
Section 2, while Section 3 shows the performance results
and Section 4 presents a discussion of them and final
conclusions.

2 | DATA AND METHODOLOGY

2.1 | Data

Daily accumulated precipitation, minimum and maximum
temperature (TN and TX, respectively) observed at meteoro-
logical stations over SSA were considered during the period
1979–2017 (Figure 1). Data were provided by the National
Weather Services of Argentina, Brazil, Paraguay and Uru-
guay, the National Institute of Agricultural Technology and
the National Water Institute of Argentina and the Center
for Climate and Resilience Research of Chile. Most of the
meteorological stations used in this study presented less

than 5% of missing data during the period of study for each
of the three variables. Only a few stations located in south-
ern Brazil with missing data up to 20% were considered for
the analysis to guarantee spatial coverage.

A quality control was performed for each selected sta-
tion based on the recommendations of Penalba and Var-
gas (2004) and Rusticucci and Barrucand (2001) for the
region considering, among other aspects, the complete-
ness of the station records, the evaluation of possible out-
liers in their time series (which were evaluated
individually and compared with information from nearby
stations) and the consistency of daily extreme tempera-
tures (TX > TN). In those cases, the daily values were
removed. Figure 1 shows the location of the 232 meteoro-
logical stations considered around SSA. Of all stations,
111 belong to Argentina, 56 to Chile, 38 to Brazil, 20 to
Uruguay and 7 to Paraguay. The list of meteorological
stations used in this study with the web pages of the data
sources and the information about the data available to
download were included in Table S1. Most of these sta-
tions were employed by the research group in previous
studies (Olmo et al., 2020). Despite the lack of stations
with long records in some particular areas, the distribution

FIGURE 1 Meteorological stations used over SSA during the

period 1979–2017, sub-regionalized by colours and numbered R1 to

R5. Shaded colours indicate SSA elevation (from the ERA-Interim

reanalysis) expressed in meters [Colour figure can be viewed at

wileyonlinelibrary.com]
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of station points is relatively homogeneous. This database
resulted in the most extended network of meteorological
stations implemented in regional climate studies over SSA
up to date. Note that, although other stations are available
over some parts of the region, records of such in situ obser-
vations are not long enough to perform a trend analysis
and many of them do not encompass the three variables of
interest (daily precipitation, TN and TX).

Addressing climate studies of spatial and temporal var-
iability require long records of high-quality observational
data sets. This kind of studies should also consider differ-
ent sources of information for the sake of a comprehensive
spatio-temporal characterization and to account for obser-
vational uncertainty as well. This is particularly important
for regions like SSA, where data availability is often lim-
ited. In this regard, the CPC Global Unified Gauge-based
analysis of daily precipitation and CPC Global and CPC
global daily temperature data sets from the NOAA Climate
Prediction Center (Xie et al., 2007) were also considered
during the period 1979–2017 for the analysis (available at
https://psl.noaa.gov/data/gridded/). It is important to
highlight that this is one of the few observational gridded
data sets available at a daily scale for SSA at 0.5� × 0.5�

grid resolution that includes the three variables of interest
(daily precipitation, TN and TX).

The different reanalyses used at a daily scale are listed
in Table 1. A brief description of these data sets are
included below:

• ERA-Interim is a global reanalysis produced by the
European Center for Medium-Range Weather Fore-
casts (ECMWF) initiated in 1979 (Dee et al., 2011).
This data set is carried out with a 4D-Var data assimi-
lation system with a 12 hr analysis window, making
more complete use of observations collected between
analysis times than in previous reanalyses from the
ECMWF (Fujiwara et al., 2017). The horizontal resolu-
tion of the data set is near to 79 km (TL255 spectral
grid) on 60 vertical levels up to 0.1 hPa;

• ERA-5 is the fifth generation reanalysis from ECMWF
(Hersbach and Dee, 2016) at �0.25� spatial resolution,
providing several improvements compared with ERA-
Interim such as better representation of tropospheric
processes, better global balance of precipitation and
evaporation and more consistent sea surface tempera-
tures and sea ice content (Hersbach and Dee, 2016;
Hoffman et al., 2019). The analysis is produced with a
1 hr time step, using a significantly more advanced 4D-
Var assimilation scheme. Data are provided on 137 ver-
tical levels up to 0.01 hPa. In contrast to ERA-Interim,
ERA5 includes a lower-resolution 10-member ensem-
ble of data assimilations that brings additional infor-
mation on the uncertainties in the reanalysis and their
spatio-temporal changes (Hoffmann et al., 2019);

• JRA-55 (Kobayashi et al., 2015) is a global reanalysis prod-
uct with a spatial resolution of �0.56� created by the
Japan Meteorological Agency (JMA) released in 2013.
JRA-55 uses a 4D-VAR with variational bias correction for
satellite radiances (Wang et al., 2019). This data set has a
resolution of about 55 km (TL319) and, in addition to the
surface level, includes other 60 more levels up to 0.1 hPa;

• NCEP-R1 (Kalnay et al., 1996; Kistler et al., 2001)—first
released in 1995—is produced by the National
Centers for Environmental Prediction and National Cen-
ter for Atmospheric Research system with extended tem-
poral coverage from 1948. It is generated using a
modified version of the NCEP forecast model and a 3D-
Var scheme in the assimilation system (Fujiwara
et al., 2017). The horizontal resolution is T62 Gaussian
grid with 192 × 94 grids of the overall data set (� 1.875�);

• NCEP-R2 (Kanamitsu et al., 2002) was released in 2000,
covering the satellite era and using a version of the
same model with corrections for some notable errors
and limitations identified in NCEP1. Although both
reanalyses remain in use; these systems have some limi-
tations such as relatively low top levels (3 hPa) and
coarse vertical resolutions (28 levels). This reanalysis is
available at a � 1.875� horizontal resolution.

TABLE 1 Specifications of the reanalysis used in this study during the period 1979–2017

Data set Labels
Horizontal
resolution Center Reference

ERA-Interim ERA.INTERIM �0.75� European Center for Medium-Range Weather
Forecast (ECMWF)

Dee et al., 2011

ERA-5 ERA5 �0.25� Hersbach and Dee, 2016

JRA-55 JRA55 �0.56� Japan meteorological agency (JMA) Kobayashi et al., 2015

NCEP-R1 NCEP1 1.875� National Center for environmental prediction and
National Center for Atmospheric Research
(NCEP/NCAR)

Kalnay et al., 1996, Kistler et al., 2001

NCEP-R2 NCEP2 1.875� Kanamitsu et al., 2002
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A fair comparison between station points and gridded
products is often a challenge, and there is no specific pro-
cedure recommended for it (Maraun et al., 2010). In this
work, all data sets were resampled into the stations net-
work irregular grid (considered as the reference data set)
by considering the closest grid cell of each data set in its
native spatial resolution similar to the procedure adopted
by other studies (e.g., Acharya et al., 2019; Krauskopf
and Huth, 2020; Sheridan et al., 2020). However, a sensi-
bility study on the comparison procedure was initially
performed by resampling all data sets into a regular grid
with different methods (bilinear interpolation and
nearest neighbour). This analysis showed coherent
results among approaches and therefore will not be
shown in the present work.

Finally, taking into account that SSA is a wide region
with different climates, the total domain (TD) was
divided into five sub-regions based on the regionalization
of temperature and precipitation daily extreme events by
Olmo et al. (2020). This regionalization covers the three
regions selected in SSA by Iturbide et al. (2020) for the
IPCC updated climate reference regions and presents
more restricted sub-regions in order to better describe
their different climatic characteristics. The regions con-
sidered are northern Chile (32 stations), central and
southern Chile (20 stations), the arid diagonal region of

Argentina (34 stations), Argentinian Patagonia (28 sta-
tions) and southeastern South America (118 stations)
(R1 to R5, respectively, presented in Figure 1).

2.2 | Methodology

Since the aim of this study is to compare climatic charac-
teristics and changes of the above mentioned surface var-
iables represented in a set of reanalysis, a subset of
indices from the expert team on climate change detection
and indices (ETCCDI, Klein Tank et al., 2009) and two
other user-defined indices were evaluated (see Table 2 for
their description), covering the average and extreme
behaviours of daily precipitation, TN and TX. Precise
information on ETCCDI indices can be found on http://
etccdi.pacificclimate.org/indices.shtml. All indices were
calculated annually for every grid cell and for each mete-
orological station in SSA. Percentile-based indices were
constructed considering the base period 1979–2017. The
calculation of indices were implemented by using the R-
based climate4R open framework (Iturbide et al., 2019).

To determine the presence of monotonic upward or
downward trends in the regional average series, the non-
parametric Mann-Kendall test was implemented
(Mann, 1945; Kendall, 1975). The performance of the

TABLE 2 Temperature and precipitation indices analysed in this study

Index Definition Units Reference

CDD Maximum number of consecutive dry days
(RR < 1 mm)

Number of days ETCCDI (Klein Tank et al., 2009)

CWD Maximum number of consecutive wet days
(RR > = 1 mm)

Number of days

DTR Daily temperature range �C

PRCPTOT Total precipitation in wet days (RR > = 1 mm) mm

R10mm Count of days when RR > = 10 mm Number of days

R95p Total precipitation when RR > 95th percentile mm

Rx5day Maximum consecutive 5-days precipitation mm

TN10p Percentage of days when TN < 10th percentile %

TN90p Percentage of days when TN > 90th percentile %

TNn Minimum value of daily minimum temperature �C

TNx Maximum value of daily minimum temperature �C

TX10p Percentage of days when TX < 10th percentile %

TX90p Percentage of days when TX > 90th percentile %

TXn Minimum value of daily maximum temperature �C

TXx Maximum value of daily maximum temperature �C

TNm Mean value of daily minimum temperature �C User-defined

TXm Mean value of daily maximum temperature �C User-defined

Note: All indices were calculated annually during the period 1979–2017 (39 years).
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different data sets in representing the interannual vari-
ability was assessed using the Spearman's rank correla-
tion (Spearman, 1904) statistically tested at the 95% level
of significance (Wilks, 2011). The correlation was com-
puted using the linearly detrended time series. Note that
reanalyses are not long-term homogeneous and therefore
special caution must be taken when analysing trends
(Sterl, 2004; Thorne and Vose, 2010). However, it is
important to keep in mind that the purpose of this work
was to evaluate and inter-compare different aspects of
reanalyses, including trends, and not to estimate the
long-term climatic changes using reanalyses.

Additionally, Taylor diagrams (Taylor, 2001) were
used for summarizing the representation of the spatial
distribution of the climatological fields of PRCPTOT,
TNm and TXm. These diagrams quantify the degree of
statistical similarity between the reference observations
and the rest of the data sets, by reporting the Spearman
correlation coefficient, the ratio of the standard devia-
tions and the centred root-mean-squared-error (RMSE).

3 | RESULTS

3.1 | Mean fields: PRCPTOT, TXm
and TNm

The spatial mean and bias fields of the indices related to
mean conditions PRCPTOT (total annual accumulated
precipitation), TXm and TNm (annual mean TX and TN,
respectively) were initially compared (Figure 2a). Spatial
differences of these indices compared with the STN data
set were quantified through Taylor diagrams presented in
Figure 2b. Results indicated that reanalysis relatively well
represented the spatial distribution of the climatological
patterns in SSA (mean fields in Figure 2a). The spatial
structure of both extreme temperature mean fields, char-
acterized by a southwest-northeast gradient as conse-
quence of the Andes range, was successfully captured by
reanalyses. However, some differences could be observed
in the biases fields of Figure 2a. All reanalyses presented
an intensified SW–NE gradient for TNm, with warm
biases in southeastern South America (R5) and in the
north of Argentinian Patagonia (R4) and cold biases in
the southern portion of SSA (R2 and R4) and in the east
of the Andes mountain range. In the case of TXm, nega-
tive biases were observed in the southern tip of the conti-
nent and near the Andes range (R1 and R3). This was
detected in all reanalyses but especially in JRA55, NCEP1
and NCEP2, that presented generally the coldest biases
while exhibiting warm biases in the centre of R5. ERA.
INTERIM and ERA5 showed minor biases, except for the
portions of R1 and R3 near the Andes range. When

analysing the differences between the two observational
data sets, the largest biases in TXm and TNm mean fields
were observed near the Andes range, mainly in the sta-
tions close to central Chile at the south of R1 where CPC
tended to show lower values than STN, evidencing the
observational discrepancies in regions with such complex
topography.

In the case of the precipitation fields, although
reanalyses were able to place the maximum precipitation
areas in southern Chile and in southeastern South Amer-
ica (R2 and R5, respectively) (mean fields in Figure 2a),
overestimations were evident mainly for ERA.INTERIM,
ERA5 and JRA55 for the former region and near the
Andes in northern Chile and Argentina. Wet biases were
present in all reanalyses over the southern section of the
Andes Mountains, in southern Argentinian Patagonia
and in some portions of northern Argentina in the east-
ern side of the Andes. However, note that in regions R1,
R3 and R4 precipitation amounts are low and relative dif-
ferences may exacerbate the biases. In addition, some
overestimations were probably due to difficulties in rep-
resenting the physical mechanisms involved in the pre-
cipitation occurrence (Dulière et al., 2011), which was
particularly evident for orographic precipitations in SSA.
In particular, ERA.INTERIM differed from the rest of the
reanalyses in eastern and central Argentina (R3 and
south of R5) where this data set showed extended wet
biases for PRCPTOT. In the case of NCEP1 and NCEP2,
drier biases were observed in R5 and in central Chile.
Regarding the comparison between CPC and STN, the
largest differences were again observed along the Andes
range.

Taylor diagrams of mean fields considering the total
domain as a whole (Figure 2b) showed that correlations
reached values around 0.9 for TNm and lower values for
TXm and PRCPTOT. In the latter, the spread in the cloud
of points increased and ERA.INTERIM showed the low-
est correlation values and also the highest RMSE. In
terms of spatial dispersion, depicted by the standard devi-
ation considered as a global metric across SSA, reanalyses
tended to underestimate it for the temperature variables.
In addition, all reanalyses generally exhibited a similar
behaviour for TXm and TNm, as it can be seen in the dif-
ferent clouds of points. As it was expected, CPC results
were better than the ones found for reanalyses as the dis-
tance to the observational reference was clearly shorter
for the three variables in the Taylor diagrams. It is inter-
esting to note that the agreement between CPC and STN
was very good for the three indices analysed, showing
closer points to the STN reference than the reanalysis
data sets particularly for PRCPTOT.

Note, however, that the evaluation of the Taylor dia-
grams in Figure 2b over the total domain may mask some
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misrepresentations by the different reanalysis data sets as
evidenced in the biases in Figure 2a. Taking this into
account, Taylor diagrams for these indices over each
region over SSA were included as supplementary

material to complement this analysis (see Figure S1). It is
important to mention that in some regions, the number
of station points considered to calculate the diagrams
metrics is low (and in some cases unevenly distributed)

FIGURE 2 Mean fields and biases compared with STN for TNm, TXm and PRCPTOT during the period 1979–2017: (a) spatial pattern;
(b) Taylor diagrams [Colour figure can be viewed at wileyonlinelibrary.com]
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and therefore the statistics cannot be considered robust
enough to give an exact measure of the reanalyses perfor-
mance. For instance, R4 consisted in 28 station points
notably dispersed over the whole region. Moreover, there
were 32 stations over R1, a region with large elevation
differences among nearby stations, many of them over
the highest areas of the Andes, which are commonly not
well represented by the closest grid cell of the reanalyses
due to poor spatial resolution. This was reflected in the
Taylor diagram of R1 due to low spatial correlations, even
negative in the case of TXm. Other discrepancies with
the total domain metrics were found particularly over R3
for the three indices—with lower correlations and larger
RMSE—and a larger cloud of points for PRCPTOT over
R2 and R4. R5 depicted congruent results to the total
domain (Figure S1), which was probably related to the
larger availability stations points (118).

These results evidenced, to some extent, the lack of
reliable high-quality observational data in SSA. Any
available observation-based record is only some approxi-
mation of the true state of atmospheric quantities due to
the different sources of uncertainties (Kotlarski
et al., 2019). Therefore, the use of multiple reference data
sets would be recommendable to assess reanalysis perfor-
mance. In this work, additionally to the stations network
(which was used as reference), the CPC data set was
included for comparison purposes. However, it is worth
mentioning that other satellite-based data sets are avail-
able for daily precipitation covering the whole SSA
domain (Condom et al., 2020), but unfortunately, they
are not available for daily temperatures, which limits
studies like the one proposed in the present work. In this
regard, Taylor diagrams provide objective measures of
observational uncertainties given by the distance between
CPC and the reference point (in this case STN) in the
cloud of points. Furthermore, large uncertainties among
all data sets were evident in northern Chile (R1) in the

three variables of interest (Figure S1) associated with
the complexity of this region in terms of topography. In
southern Chile (R2), large uncertainties were evident for
PRCPTOT as observed in the Taylor diagram of R2
(Figure S1) and the large biases over the region
(Figure 2), probably related to representativity issues of
rainfall measurements in a region of such complex topog-
raphy and high precipitation amounts. In turn, southeast-
ern South America (R5) is the region of SSA with the
largest number of available meteorological stations
(Figure 1) and also one with the lowest uncertainties in
the mean field of PRCPTOT, TNm and TXm (Figure S1).
In spite of this, large observational uncertainties were
reported in previous studies regarding the definition of
the location and intensity of extreme precipitation events
that characterized the region (Bettolli et al., 2020), indi-
cating that observational uncertainties were not only
related to spatial coverage of meteorological stations but
also with the physical nature of the climate phenomena
of interest.

3.2 | Spatial patterns: Extreme indices

As for the indices described in Section 3.1, the annual
mean indices and their biases compared with the STN
for the rest of the data sets are presented in Figure 3a
for TN extremes. Most of the data sets well captured the
latitudinal gradient of annual extremes in minimum
temperature observed in STN and CPC. For TNn, values
below zero extended from Argentinian Patagonia
(R4) up to subtropical latitudes east of the Andes,
whereas northern Chile (R1) and southeastern South
America (R5) presented temperatures above zero.
Meridional transport of air masses in both senses is
intense in the eastern side of the Andes due to the
mountains completely block the westerly flow in the

FIGURE 2 (Continued)
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lower troposphere and tend to channel the transport of air
masses in both senses (Seluchi and Marengo, 2000) all-
owing cold incursions from high latitudes to penetrate into
subtropical and tropical South America (Espinoza
et al., 2013). These features may be misrepresented by all
reanalysis data sets as per the extreme minimum tempera-
ture magnitudes. On one hand, both NCEP1 and NCEP2

generally underestimated this index resulting in a general-
ized colder pattern, particularly in the arid diagonal region
of Argentina (R3), southern Chile (R2) and in Argentinian
Patagonia (R4). This was highlighted in the biases, where
NCEP1 and NCEP2 presented the lowest temperatures in
those regions with underestimations of more than 5�C.
NCEP1 exhibited generalized negative biases except for

FIGURE 3 Annual mean temperature indices and biases compared with STN during the period 1979–2017, as obtained from the

different reanalyses and observational data sets: (a) minimum and maximum TN; (b) minimum and maximum TX [Colour figure can be

viewed at wileyonlinelibrary.com]
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the coastline portion of Southeastern South America. On
the other hand, ERA.INTERIM, ERA5 and especially
JRA55 overestimated TNn over large portions of SSA. Par-
ticularly, JRA55 presented positive biases in all regions,
except for a few stations in R1. In this index, CPC, pres-
ented differences with STN along the Andes mountain
range (R2 and R1).

For TNx, higher spatial agreement (in terms of the
sign of the biases) among the reanalyses was observed.

All reanalyses exhibited positive biases in R5 and in
northern Argentinian Patagonia (R4) while cold biases
in the southern part of SSA and in the arid diagonal region
of Argentina (R3). All of the reanalyses but NCEP1 pres-
ented warm biases of about 3�C over central Chile, more
pronounced in JRA55. In relation to CPC, this data set
presented slight positive differences with STN over most of
SSA, but typically smaller than the ones detected in
the reanalyses except for few stations over R4. In addition,

FIGURE 3 (Continued)
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colder TNx were found over the Andes mountain range in
R3 compared with the stations reference.

Figure 3b exhibits the results for the annual extremes of
TX. Although the general structure of the mean fields were
captured by all data sets, some systematic biases were
observed. In the case of TXn, the index values over the cen-
tral part of the Andes mountain range and in the arid diag-
onal region of Argentina (R1 and R3) were underestimated
by all reanalyses. The pronounced negative biases in
NCEP1 and NCEP2 were more extended over Chile and the
arid diagonal region of Argentina (R3) in congruence with
the cold biases observed for TNn (Figure 3a). On the other
hand, in the north of southeastern South America (north-
ern R5), the reanalyses ERA.INTERIM, ERA5 and JRA55
slightly overestimated the value of TXn, being more notice-
able in JRA55. For this index, CPC showed generally nega-
tive differences with respect to STN, intensified over the
highest elevation areas of R3.

In the case of TXx (Figure 3b), the different data sets
showed a general agreement in the mean field, however
the spatial pattern of the biases pointed out the differ-
ences among reanalyses. In most of R5, NCEP1, NCEP2
and—to a lesser extent—JRA55 presented warm biases
(greater than 4�C in some areas), whereas ERA.INTERIM
and ERA5 tended to slightly underestimate TXx in this
region. Generally, cold biases were found in Argentinian
Patagonia (R4), intensifying the meridional temperature
gradient observed in the mean field, especially in NCEP1
and NCEP2. Over central Chile, NCEP1 overestimated
TXx, while both ERA reanalyses and JRA55 tended to
underestimate this index. In addition, CPC, exhibited a
higher underestimation of TXx in this portion of the
Andes, evidencing the complexity of the region.

Indices associated with precipitation are displayed in
Figure 4. For R10mm, STN indicated that in about 60–
80 days in a year, precipitation is higher than 10 mm in
both rainiest regions in SSA (R2 and R5) (Figure 4a).
ERA.INTERIM, ERA5 and JRA55 overestimated the
index in R2, while the first one also exhibited pro-
nounced wet biases in the arid diagonal region near the
Andes, with overestimations in the frequency of heavy
rainy days of more than 30 days. The same was found for
NCEP1 and NCEP2 that, in addition, presented wet (dry)
biases in the northeastern (southwestern) portion of R5.
In the case of R95p, which is associated with extreme
events in terms of the accumulated precipitation, large
differences were found alongside the Andes for ERA.
INTERIM, ERA5 and JRA55, that exposed greater accu-
mulated precipitation than the observations. Note that,
for both precipitation indices, CPC exhibited the closest
values to STN, although some differences were evident
near the Andes. NCEP1 failed to interpret the spatial
behaviour of R95p and generally underestimated it,

whereas NCEP2 tended to overcome this shortcoming
with lower underestimations in R5 but presented notable
wet biases along the mountains over R3 and also over
Argentinian Patagonia (R4). The latter was systematically
found in all data sets. ERA.INTERIM greatly over-
estimated the values of the precipitation indices over the
western area of R3 along the Andes mountain range,
however, this misrepresentation seemed to be improved
in the new generation of the European reanalyses, in
which wet biases were reduced and confined only to the
nearest area to the Andes.

Overestimations in R10 and R95p over southern Chile
(R2) were in agreement with the overestimations observed
in PRCPTOT over this region, particularly by ERA
reanalyses and JRA55 (Figure 2), indicating that large pre-
cipitation amounts in these reanalyses were due to more
frequent heavy and extreme precipitation over the region.
Southern Chile is one of the rainiest regions in South
America after the Colombian Andes and the Amazonian
region. It is influenced by westerly winds throughout the
year in such a way that moisture in Pacific air masses falls
upwind of the topographic barrier, with accumulated
annual values over 2000 mm (see PRCPTOT in Figure 2).
In this regard, although a process-based analysis is beyond
the scope of this work, these results suggest that ERA
reanalyses and JRA55 may have difficulties in reproducing
the physical mechanisms that lead to precipitation over this
region. In the same way, over southeastern South America
(R5) diverse forcings in different temporal and spatial scales
influence precipitation occurrence and intensity, associated
with extratropical synoptic activity, cyclogenesis and meso-
scale convective systems features that are dominant in the
different seasons of the year (Cavalcanti, 2012). The com-
plexity of the climatic features that lead to precipitation
over this region poses a challenge to dynamic modelling,
and in particular to reanalyses as shown here.

In the case of dry and wet spells (CDD and CWD,
respectively, in Figure 4b), all data sets indicated the larg-
est CDD in northern Chile and in the arid diagonal
region, in coherence with the characteristics of those arid
regions. However, NCEP1 presented higher CDD values
over R3, northern R4 and most of R5. Similarly, NCEP2
exhibited a less pronounced overestimation of the index
in southern South America (R5). Commonly, the rest of
the reanalyses tended to underestimate CDD over most
of SSA but more intensified in the highest elevation
areas. For CWD, all reanalyses presented a larger number
of days in R2 and also in R3 in the case of the ERA
reanalyses, in agreement with the overestimation found
in the previously described precipitation indices. More-
over, NCEP1 and NCEP2 showed the largest differences
in R5 with spells up to 80 days, which was not seen nei-
ther in STN nor in CPC. The largest differences between
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CPC and STN were found for the CDD index, especially
over central Chile.

3.3 | Trends

Kendall-Tau values as representative of trends of the
regional average series of all the indices indicated in

Table 2 are shown in Figure 5. Trends are presented by
data set, in the total domain (TD) of SSA and in each
region for the closest grid cell to each station (Figure 5).

Taking into account the total domain (TD) (Figure 5),
TXx and Tx90p were the only indices in which most of
the reanalyses agreed in positive and significant trends,
in accordance to STN and CPC. Similarly, TXm presented
positive trends in the majority of the data sets, but for this

FIGURE 4 Annual mean precipitation indices and biases compared with STN during the period 1979–2017 as obtained from the

different reanalysis and observational data sets: (a) R10mm and R95p; (b) CWD and CDD [Colour figure can be viewed at

wileyonlinelibrary.com]
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case not significant in JRA55. However, for these indices,
NCEP1 and NCEP2 presented contrary trends to the rest
of the data sets. These discrepancies were observed in
almost all the indices related to maximum and minimum
temperatures. For the particular case of TXx, Donat
et al. (2014) found trends of contradictory signs for
NCEP1 in South America when compared with different
data sets. The authors pointed out that this could be asso-
ciated with erroneous maximum temperatures in this

data set between the 1980s and the mid-1990s, which had
been already recorded in other regions by other authors
(Kharin et al., 2005; Sillmann et al., 2013). Furthermore,
Dufek et al. (2008) found a similar behaviour in NCEP1
for the frequency of cold nights (TN10p) in most parts of
Argentina during 1961–1990, and attributed this differ-
ence to model inefficiencies such as surface processes
representation, resolution and others. However, in the
present study a similar performance to NCEP1 was also

FIGURE 4 (Continued)
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observed for NCEP2 when considering the different indi-
ces associated with maximum temperature and minimum
temperature as well. These results will be discussed in
more detail in Section 3.4.

The minimum temperature index TNx also exhibited
significant upward trends in the total domain for STN,
ERA5, JRA55 and ERA.INTERIM, whereas TN90p only

presented significant results in ERA5 and JRA55
(Figure 5). When evaluating cold extremes, TN10p and
TX10p showed significant downward trends in STN
and in CPC for the case of TX10p. Regarding the
reanalyses, these trends were only well represented by
ERA5. Trends of TNn and TXn were weaker and only sig-
nificant in CPC. DTR showed significant positive trends

FIGURE 5 Kendall-Tau values as representative of

trends on the regional average annual series of the

indices during the period 1979–2017. Significant trends
at the 90% level of significance are marked with an

asterisk [Colour figure can be viewed at

wileyonlinelibrary.com]
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in CPC, ERA.INTERIM and ERA5 but it was not signifi-
cant in the case of STN. NCEP1 and NCEP2, in contrast,
presented a negative and significant trend for this index.

In spite of NCEP1 and NCEP2 results for extreme
temperature indices, warming conditions were generally
found over SSA considered as a whole subcontinental
region, which may be explained by both changes in the
intensity and frequency of extreme temperature events.
These results were in line with the ones found by other
authors, mostly for TN90p and TN10p (Vincent
et al., 2005; Skansi et al., 2013; Donat et al., 2016; Olmo
et al., 2020). However, some contrary results were
obtained in the case of the indices related to TX. Donat
et al. (2016) analysed TXx and TX90p over the past cen-
tury and found no signal of warming in southern and
western South America. Furthermore, Skansi et al. (2013)
identified weak trends in SSA, negative for TXx in the
period 1960–2010, and positive for TX90p, especially in
Argentina. More generally over South America, the
authors distinguished a faster rate of warming in the TN-
based indices than in the TX-based indices. It is worth
noticing that this was not observed in the present study.
On the contrary, the indices associated with TX presented
predominantly higher and more homogeneous trends
than the TN-based indices (Figure 5). Olmo et al. (2020)
already addressed these discrepancies in SSA and men-
tioned that they could be related mainly to the sensitivity
of trends to the period of study, and also to the one used
to construct the percentile-based indices. Notwithstand-
ing, in the present study a sensitivity study was per-
formed changing the base period from 1979–2017 to
1981–2010, and differences within the series of the
percentile-based indices were negligible. This indicated
that our results were consistent considering a different
base period than the total period of study.

Trends in precipitation indices in SSA were less con-
sistent than for temperature indices (Figure 5). The pre-
cipitation indices PRCPTOT, R10mm, R95p and Rx5day
exhibited positive and significant trends in NCEP1 and
for the case of PRCPTOT in NCEP2 too. In particular,
STN (CPC) agreed with these trends only for R10mm
(R95p). On the contrary, ERA.INTERIM and ERA5
showed significant negative trends for PRCPTOT and
R10mm. In the case of CDD, both ERA reanalyses pres-
ented upward significant trends, while in NCEP1 and
NCEP2 negative and significant trends were observed. In
addition, CWD had no significant trend in STN, but pres-
ented negative significant trends in CPC and ERA5.

The analysis considering the different regions showed
that trends presented a notable spatial variability, except
for NCEP1 and NCEP2 that showed a systematic contra-
dictory behaviour, similar than in the total domain. The
arid diagonal region of Argentina and southeastern South

America (R3 and R5) presented similar results to TD, par-
ticularly in the indices related to maximum and mini-
mum temperatures (Figure 5). These regions are the most
extended over SSA and seemed to show similar signals in
the temperature indices trends. In these regions, the
majority of the data sets (including STN) agreed on posi-
tive and significant trends for TXm and TX90p and signif-
icant downward trends for TN10p and TX10p. Also, R3
and R5 exhibited significant upward trends for TNm and
TN90p. Furthermore, all regions presented positive
and significant trends for TX90p in STN and in most of
the data sets. These results were in agreement with previ-
ous studies during the recent period: Rusticucci
et al. (2016) identified significant increases (decreases) in
the frequency of warm (cold) daily extremes over the cen-
tral portion of Argentina (portions of R3 and R5),
whereas Olmo et al. (2020) also found these warming sig-
nals over other parts of SSA, such as southern Chile and
Argentinian Patagonia (R2 and R4).

For precipitation indices, R5 was the only region
where CWD, R10mm and R95p had a positive and signif-
icant trend in STN, also significant in the case of CPC for
R95p, while the rest of the precipitation indices showed
slight positive changes which were not significant. Sur-
prisingly, CPC presented an opposite significant change
in CWD than the stations reference. Whereas the total
annual precipitation did not present marked trends in
the recent period, there seemed to be an increase in the
frequency and intensity of extreme events. In particular,
the wetter signals found in this study as depicted by the
number of rainy days (both CWD and R10mm) and also
by the total precipitation due to extreme rainfall (R95p)
were in agreement with previous studies that, working
with different data sets and thresholds, also found pre-
dominantly upward trends in extreme precipitation
events in southeastern South America during the austral
warm season (Re and Barros, 2009; Penalba and
Robledo, 2010; Olmo et al., 2020). However, our results
in the annual series may not reflect the temporal changes
found by other authors predominantly during the warm
season, probably due to the annual estimation of the indi-
ces. These results exhibited the uncertainty in precipita-
tion trends over southeastern South America, in
agreement with results by Du et al. (2019). This uncer-
tainty may be associated with the different indices, base
periods and seasons considered when evaluating the
trends. On the other hand, in R3, the reanalyses ERA.
INTERIM, ERA5 and JRA55 agreed with CPC and STN
in the negative trend of PRCPTOT, though no signifi-
cance was found for STN. For CDD, a positive and signif-
icant trend was found in R3 in the majority of the data
sets in agreement with the results found by Skansi
et al. (2013).
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The north region of Chile (R1) according to STN pres-
ented a positive significant trend in TXm and TXx while
a negative and significant trend in TX10p. ERA5, ERA.
INTERIM and JRA55 agreed on these results for TXx.
Moreover, both ERA reanalyses and JRA55 coincided
with CPC in significant and positive trends for TNx, but
not with STN, which presented insignificant changes for
this index. In particular, CPC did not agree with the
trends observed in the STN in this region, showing signif-
icant trends only for TNn and TNx. STN also presented a
positive and significant trend for DTR in this region.
These results differ from the ones of Vincent et al. (2005),
who found a decrease in the diurnal temperature range
in several stations of northern Chile considering a former
period of study (1960–2000).

For southern Chile (R2), STN presented significant
upward trends for TN90p and TX90p, both well represen-
ted by JRA55 and, in the case of ERA.INTERIM, only for
the latter index. Schumacher et al. (2020), also found an
increase of warm days mainly during the winter season
in central Chile (R2) in the period 1980–2015. Even more,
the precipitation indices CWD, PRCPTOT and R10mm
had significant downward trends, whereas CPC also
showed the trend for R10mm and ERA.INTERIM for
PRCPTOT. These general downward trends in precipita-
tion over large portions of Chile were congruent with
results by other authors in terms of precipitation intensity
and frequency (Quintana and Aceituno, 2012; Skansi
et al., 2013; Olmo et al., 2020; Schumacher et al., 2020).

In Argentinian Patagonia, warm extremes exhibited
similar outcomes to R3 and R5 in STN and in some of the
data sets, like CPC, ERA5 and JRA55 for TXx (Figure 5).
This increase was in accordance with Rusticucci and
Barrucand (2004), who found similar results during the
second half of the 20th century in Argentinian Patagonia.
As observed in the arid diagonal region of Argentina
(R3), STN and most of the reanalyses were in agreement
in significant downward trends for CWD, and both ERA
reanalyses and CPC in upward trends for CDD.

3.4 | Series

In order to analyse the interannual variability as depicted
by the different data sets, correlation coefficients between
the linearly detrended regional averaged series of all the
indices and the STN reference are displayed in Figure 6.
In the total domain, most of the correlation coefficients
for temperature indices were lower for NCEP1 and
NCEP2, except for those associated with the absolute
minimum values (TNn and TXn) (Figure 6). The highest
correlations were observed in ERA5 and ERA.INTERIM
in almost all temperature indices, whereas CPC, JRA55

and both NCEP presented much lower correlations, par-
ticularly for TNx, TXx and TX90p. NCEP1 exhibited no
significant correlation for TXx and TXm. In the case of
precipitation indices, the interannual correspondence
between the different data sets and STN seemed to be
well represented, except for CWD. Regarding the
reanalyses, higher correlations values were observed in
ERA.INTERIM and ERA5 and particularly lower
in NCEP1 for the precipitation indices. Regionally, the
lowest correlation coefficients were observed in Argentin-
ian Patagonia (R4) and southern Chile (R2) in almost all
indices, and in northern Chile (R1) in temperature indi-
ces. In particular, CWD systematically showed low corre-
lations in all regions, except for R1. CDD also presented
very low correlation values in R2 and R4 in almost all
data sets, while, in the case of temperature indices, in R1
and R4, almost all data sets (including CPC) showed low
agreement for DTR. Again, NCEP1 and NCEP2 presented
the poorest performance in representing the interannual
variations in almost all regions and indices.

In order to visualize the temporal series, the original
regional averaged series for few selected indices are pres-
ented in Figure 7. Although a good interannual agree-
ment was observed for TXm and TXx (Figure 7a), all
reanalyses and CPC tended to underestimate the indices,
more noticeable in the TX mean annual values (TXm).
This was remarkable in southern Chile (R2), where all
reanalyses distinguished from STN and CPC showing
higher underestimations. It was worth noticing the tem-
poral behaviour of NCEP1 and NCEP2 indices, which
presented a jump towards colder temperatures around
1998. Although this inhomogeneity in the time series was
noticed in all regions and in both indices, it was more
evident in R1 and R3 (northern Chile and the arid diago-
nal region of Argentina). These abrupt decreases were
detected in Figure 5 as negative significant trends for
these indices based on NCEP reanalyses. On the other
hand, the significant upward trend detected in Figure 5
for TXx and TXm with general agreement among data
sets over the total domain and in regions R3 and, R5 for
the case of TXm, was visually evident in the temporal
series.

The time series of extreme temperature frequency
indices (TX10p and TX90p) displayed in Figure 7b
showed generally less dispersion among the different
data sets since by construction they are percentile-based.
The exceptions were NCEP1 and NCEP2, which stood
out from the rest of the reanalyses due to lower values
detected in the beginning of the period and higher
values in the end for TX10p, while the opposite was
observed for TX90p. As previously discussed, this misrep-
resentation by the NCEP reanalyses was probably the
reason for the significant trends of opposite signs shown
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in Section 3.3 in most of the regions, more remarkable in
TD and in northern Chile (Figure 5). As in TXx and
TXm, downward (upward) trends in cold (warm) days in
regions R3 and R5 were noticeable from this figure.

In the case of TN indices (see Figure S2a and S2b), a
larger spread among data sets was detected, and more
disparate results were found among regions, particularly
in TNx, which was also reflected in the low interannual
correlation values (Figure 6). As it was noted in the TX
indices, the jump exhibited in NCEP reanalyses was also
observed in TN indices.

In the case of the precipitation indices shown in
Figure 7c, the reanalyses performance in reproducing the

temporal variability thoroughly depended on the region
under consideration. Most of the data sets overestimated
R10mm and R95p throughout the Chilean territory
(R1 and R2), which was more evident in JRA55 and in
the new generation of ERA reanalyses (ERA5). Moreover,
in R3, ERA.INTERIM showed the highest overestima-
tions, especially in R95p, evidencing once more the diffi-
culties of this data set in representing the orographic
precipitation associated with the Andes mountains. A
smaller spread and greater agreement among data sets
were observed in R4 and R5 (Figure 7c), particularly in
the end of the period of study, which may be related to
an increase in the quality and/or quantity of assimilated

FIGURE 6 Correlation coefficients between the

different regional average annual series of the STN

reference and the rest of the data sets during the period

1979–2017. Non-significant values are marked with a

cross (95% level of significance) [Colour figure can be

viewed at wileyonlinelibrary.com]
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observed data. In R5, it was worth noticing the increase
in R10mm and R95p values during the last years of the
period (Figure 7c), which was consistent in all data sets,
although no significant trends were observed for these
indices in the case of the interpolated data (Figure 5). For
the dry and wet days spells indices (CDD and CWD,
respectively), reanalyses generally underestimated (over-
estimated) the duration of CDD (CWD) in almost all
regions, except for NCEP1, which seemed to overestimate
both indices in some regions (see Figure S2c).

4 | DISCUSSION AND
CONCLUSIONS

Reanalyses represent the observed evolution of weather
conditions and provide large spatial and temporal cover-
age of meteorological data, which make them a well-

accepted and useful tool for climate studies. Even more,
they are often used in model evaluation due to their
gridded output and similarity of scales represented
(Sillmann et al., 2013). Notwithstanding, they are affected
by inhomogeneities in the spatial patterns and temporal
evolutions, which may be related to the different pro-
cesses involved in data assimilation as well as to model
uncertainty (Parker, 2016). Hence, intercomparison and
evaluation studies against observational data become
necessary, particularly in regions like southern South
America, where data availability is often sparse (Condom
et al., 2020). A comparison across multiple data sets may
help to bring consistency and ascertain our confidence in
changes in extremes (Donat et al., 2016).

In this study, several temperature and precipitation
indices, with special focus on extremes, were analysed
during 1979–2017 using multiple reanalyses, the CPC
gridded data set and the most extended network of

FIGURE 7 Regional averaged annual series of the indices during the period 1979–2017: (a) TXm and TXx; (b) TX10p and TX90p;

(c) R10mm and R95p [Colour figure can be viewed at wileyonlinelibrary.com]
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meteorological stations used in regional climate studies
over southern South America up to date. This was done
by addressing the study of their spatial and temporal vari-
ability, in particular, the representation of spatial pat-
terns, long-term changes and inter-annual variability.
This paper focuses on the different behaviours of the
reanalyses rather in the physical and model-construction
processes that could be related to them. However, identi-
fying their shortcomings in representing surface variables
as well as regions and variables with large uncertainties
is a contribution for the understanding of models
inefficiencies.

Reanalyses used in this study generally well represen-
ted the spatial patterns of most of the temperature and
precipitation indices (Figures 2 and 3). However, they
tended to overestimate precipitation maximums particu-
larly in southern Chile. ERA.INTERIM strongly over-
estimated all precipitation indices near to the Andes

mountain range. This may be due to an overestimation of
wet days frequency and intensity, probably associated
with a misrepresentation of the physical processes that
lead to orographic precipitation in the region. In the case
of temperature indices, NCEP1 and NCEP2 exhibited
cooler minimum temperature annual extremes in large
portions of southern South America, whereas ERA.
INTERIM, ERA5 and JRA55 presented warmer tempera-
tures over the region. Near the Andes mountain range,
all reanalysis systematically underestimated the tempera-
ture indices. This was also observed for CPC but only in
the portion of the Andes close to central Chile, highlight-
ing the large observational uncertainty in this region.

In terms of long-term changes, trends of the regional
average series of the indices were analysed (Figure 5). On
one hand, most of the data sets considered in this study
agreed in general warming conditions over southern
South America, more intense in the arid diagonal region

FIGURE 7 (Continued)
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of Argentina and in southeastern South America, in
accordance with previous studies (Vincent et al., 2005;
Skansi et al., 2013; Donat et al., 2016). However, this
warming was found to be stronger and more homoge-
neous in the different regions for the maximum tempera-
ture rather than for the minimum temperature, which
differed from results by Skansi et al. (2013) and Donat
et al. (2014). These discrepancies were also detected in
Olmo et al. (2020) during 1979–2015, and may be mainly
due to the different and more recent period considered
for the estimation of trends. On the other hand, NCEP1
and NCEP2 reanalyses presented contrary temporal
changes in almost all the temperature indices. Similar
results over different portions of South America were
found in NCEP1 for maximum and minimum tempera-
tures extremes by Donat et al. (2014) and Dufek
et al. (2008), respectively, which were probably associated
with model inefficiencies, poor representations of surface

processes and to resolution. In the present study, we also
found this misrepresentation of both extreme tempera-
tures by NCEP2.

In relation to precipitation temporal changes, trends
were less significant and consistent than for temperature
indices. Wetting signals were identified in southeastern
South America as depicted by significant positive trends
in the number of days with accumulated precipitation
above 10 mm and in the total precipitation above the
95th percentile in STN and also in CPC for the latter
index, but results for the rest of the precipitation indices
and the reanalyses were unclear. Precipitation trends
over southern South America still present uncertainty
(Du et al., 2019), although significant positive changes
were found in previous studies considering different
periods and thresholds, particularly in extreme events
during the austral warm season (Re and Barros, 2009;
Penalba and Robledo, 2010; Olmo et al., 2020). In this

FIGURE 7 (Continued)
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work the indices were built on an annual basis, therefore,
they may not reflect these temporal changes detected by
other authors. In the arid diagonal region, most of the
data sets agreed in drier conditions as reflected by signifi-
cant positive trends for dry spells and negative trends for
the total annual precipitation. For southern Chile, gen-
eral downward trends were found in the total annual pre-
cipitation and wet spells for STN and also in the number
of days with accumulated precipitation above 10 mm in
STN and CPC, although no clear changes were observed
in the reanalyses in those indices. These negative trends
in precipitation over large portions of Chile agreed with
results by other authors (Quintana and Aceituno, 2012;
Skansi et al., 2013; Olmo et al., 2020).

In this context, it was interesting to highlight that
trends in extreme indices were highly variable over the
different portions of southern South America and often
between data sets (Figure 5). Therefore, they should be
evaluated regionally for a better understanding of their
temporal changes. In this sense, CPC successfully
reproduced the observed long-term changes in spite of
the changing amount of stations over time used to con-
struct this data set (Xie et al., 2007). These results were
consistent with previous studies of trends in climate
extremes (Olmo et al., 2020).

When evaluating the inter-annual correspondence,
most of the reanalyses presented good correlations to the
linearly detrended regional average of the gridded sta-
tions reference, especially for temperature indices
(Figure 6). For precipitation indices, results depended on
the region and index of study, but the temporal variabil-
ity was generally well represented. Nevertheless, both
NCEP reanalyses exhibited much lower coefficients than
the other data sets in almost all the indices. Additionally,
the time series of few selected indices were shown for a
better description of the temporal variability (Figure 7).
Although a good agreement was generally found between
data sets, CPC and the set of reanalyses tended to under-
estimate TXm and TXx (Figure 7a). NCEP reanalyses
presented some inhomogeneities in their time series,
more evident in northern Chile and the arid diagonal
region of Argentina. In particular, a jump towards colder
temperatures around 1998 was detected, which was prob-
ably related to the negative significant trends for temper-
ature indices described in Figure 5. In the case of the
precipitation indices (Figure 7c), reanalyses tended to
overestimate R10mm and R95p in the Chilean territory
and the arid diagonal region of Argentina, particularly
for ERA.INTERIM. These results, in addition to the eval-
uation of the spatial patterns in these regions (Figure 4),
evidenced ERA.INTERIM had difficulties in representing
the orographic precipitation associated with the Andes
mountains. In Argentinian Patagonia and southeastern

South America, a greater agreement between data sets
was observed, especially in the last years of the period of
study, which could be associated to an increase in the
quality and/or quantity of assimilated observed data.

In conclusion, the use of reanalyses data to perform
regional climate studies should consider the existent dif-
ferences among them and with observational data. No
reanalysis was found to perform best in all the evaluated
aspects, but some general remarks could be reached. The
NCEP reanalyses failed in reproducing the observed
trends, but presented a better performance in rep-
resenting the interannual variability. The new generation
of ERA reanalyses, ERA5, seemed to better reproduce the
observed spatio-temporal variability than ERA.INTERIM,
which was probably related to its higher spatial resolu-
tion and model improvements. It also seemed to improve
the representation in complex topography areas, as it was
seen for the sectors near the Andes Mountain range. In
the case of JRA55, no remarkable behaviour was detected
compared with the other reanalyses.

Hence, considering multiple sources of information is
strongly recommended to account for observational
uncertainty, especially in regions like southern South
America, where data availability and its resolution are
often limited. A larger network of meteorological stations
with extended spatial and temporal coverage is needed to
assess the quality of the information provided by
reanalyses, especially in regions with few measurements
such as large portions of Argentina or the highest areas
of the Andes (Condom et al., 2020). Even more, results
found in this study bring out the need to develop down-
scaling techniques in order to improve the misrepresenta-
tions of surface variables identified in the reanalyses, as
well as to compare reanalyses performance in rep-
roducing atmospheric circulation variables, which was
probably associated to their differences found in the rep-
resentation of extreme temperatures and precipitation.

Finally, this work lays the groundwork for future
evaluations of the brand new global climate models in
reproducing the spatio-temporal variability of tempera-
ture and precipitation in southern South America.
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