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Abstract
Climate change projections for the last 30 years of the 21st century, for boreal summer precipitation
in tropical America, have been made by developing a statistical downscaling (SD) model applied to
the SLP outputs of 20 GCMs of CMIP5, for present climate (1970–2000), and for future (2071–2100)
under the RCP2.6, RCP4.5 and RCP8.5 scenarios. For present climate, many SD GCMs faithfully
reproduce the precipitation field in many regions of the study area. For future climate, as the radiative
forcing increases, the projected changes intensify and the regions affected expand, with higher
coherence between models. The zone between central and southeastern Brazil registered the most
pronounced precipitation changes by a large number of SD models, even for the RCP2.6. Except for
this region in Brazil, in general, the changes in rainfall range from moderate (± 25%) to intense (from
±70% to ±100%) as the radiative forcing increases from the RCP2.6−RCP8.5. For this latter scenario,
all SD models present significant precipitation changes for more than 50% of the area, in some cases
reaching 75% of area with significant changes. For the ensemble mean, the results show three
extensive regions with significant changes under the three scenarios, the most highlighted changes
being for the RCP8.5: a northwest-southeast band that extends from northern Mexico to eastern
Brazil, crossing through northern Colombia, along with the regions in the south of the study area,
with generally moderate precipitation increases; and a band that extends from eastern Ecuador to
southeastern Brazil, with major decreasing changes. This pattern of change could be related with a
possible strengthening in frequency in terms of La Niña events for the end of the century.

1. Introduction

The impact of climate change will differ and have
greater or lesser severity depending on the region of
the world. Tropical regions, which account for 50% of
the earth’s surface (between 30◦N and 30◦S), harbor
some 75% of the world population (Thompson 2000).
This region has rich biodiversity and presents unique
meteorological and climatological features (Garreaud
and Aceituno 2007), so that major shifts could be
more devastating than in other areas. The seasonality
of precipitation in the area is associated with the ITCZ

migration, with boreal summer having large amounts
of rainfall in Central America and northern South
America, and minimum rates for central-eastern Brazil
(Durán-Quesada et al 2012).

Climate change adaptation strategies involve future
projections using climatic variables at local scales. Gen-
eral Circulation Models (GCMs) are the most suitable
tools for modelling future global climate change. Cur-
rently, the Coupled Model Intercomparison Project
Phase 5 (CMIP5, Taylor et al 2012), provides simu-
lation results of more than 50 models. However, at
the regional scale these models present a coarse spatial
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resolution. Downscaling techniques are required to
provide high-resolution climate change scenarios
(Christensen et al 2007, IPCC 2013a). Among these,
the statistical downscaling (SD, Zorita and von Storch
1999, von Storch et al 2000) explores the statisti-
cal relationships between local variables (predictands)
andobserved large-scale atmospheric variables (predic-
tors). One of the most commonly employed methods
in SD includes principal component regression (PCR,
Kistler et al 2001, Sankarasubramanian et al 2008,
Palomino-Lemus et al 2015), applied to the predic-
tor field, in which the leading principal components
(PCs) are fed into a multiple linear regression model to
generate the SD model, overcoming multicollinearity
problems. There are several methodologies to obtain
the leading PCs: by projecting the EOFs from calibra-
tion period using observational data onto the GCMs
outputs (Li and Smith 2009, Palomino-Lemus et al
2015, 2017) or using common EOFs (Benestad 2001
2002). The fitted SD model is applied to the results
from the GCMs outputs, providing high-resolution
projections (Wilks 2006, Benestad et al 2008, Li and
Smith 2009, Eden and Widmann 2014, Song et al 2014,
Palomino-Lemus et al 2015, Mtongori et al 2016).
An effective technique to reduce potential uncertain-
ties in the projections is the use of the multi-model
ensemble (Benestad 2002, Palmer et al 2005, Thomson
et al 2006, Semenov and Stratonovitch 2010, Wilby and
Harris 2006, Maurer 2007).

The IPCC AR5 (IPCC 2013a, 2013b) suggests both
increases and decreases in rainfall for Central and South
America by 2100, depending on the region, although
with high uncertainties. However, few studies address
climateprojections in tropicalAmerica, and thoseavail-
able are either focused mostly on particular areas of
South America (Ramı́rez et al 2006, Solman and Nuñez
1999, Mendes and Marengo 2010, Teichmann et al
2013, Guimberteau et al 2013, Palomino-Lemus et al
2015, 2017), based on GCM outputs (Giorgi and
Bi 2005a, 2005b), or are dedicated to the intercom-
parison and validation of RCMs (Roads et al 2003,
Rauscher et al 2007).

In the present study, we perform high-resolution
projections in boreal summer precipitation over
tropical America. For this, gridded observational pre-
cipitation data, sea level pressure (SLP) from NCEP
reanalysis data, and SLP data from 20 CMIP5 GCMs
have been used to develop a statistical downscaling
model, for each grid point, to project the future changes
of precipitation for the late 21st century, under three
different emission scenarios.

2. Data and methods

The datasets employed were: (1) boreal summer (June–
July–August average, JJA) observed precipitation over
tropical America [30◦N−30◦S, 120◦W−30◦W] from
the Global Precipitation Climatology Centre, GPCC

version 6.0 (Schneider et al 2014), with a spatial resolu-
tion of 0.5◦ × 0.5◦, covering the period 1950–2010 (2)
The mean monthly sea level pressure (SLP) from the
National Center for Environmental Prediction (NCEP
reanalysis project, Kalnay et al 1996), covering a more
extensive area [30◦S−30◦N, 180◦W−30◦W] for the
same period. The seasonal JJA SLP was also computed.
(3) The SLP outputs from 20 CMIP5 (Taylor et al
2012) GCMs (table S1 in supporting information avail-
able at stacks.iop.org/ERL/12/124011/mmedia). These
data include simulations with historical atmospheric
concentrations and future projections for the represen-
tative concentration pathways RCP2.6, RCP4.5, and
RCP8.5 (Moss et al 2010, Taylor et al 2012). In the
present study, the predictor variable is the SLP, the
predictand is summer precipitation from GPCC, the
period 1971–2000 is taken as representative of present
climate, and 2071–2100 is used for generating climate
change projections for summer precipitation. (4) For
an additional validation of the precipitation predic-
tions,TRMMmonthlyprecipitationdata (Shimizu et al
2001) for the period 1998–2015 has also been used.

Following the scheme proposed by Li and Smith
(2009) and Palomino-Lemus et al (2015), a statisti-
cal downscaling based on the Principal Component
Regression (PCR) method is employed to achieve
statistical relationships between the large-scale predic-
tor (NCEP summer SLP) and regional rainfall. The
PCs accounting for a high percentage of explained
reanalysis SLP variance, and presenting significant cor-
relations with precipitation (see text S1 and figure S1
in the supporting information for details) were con-
sidered as predictors in a multiple regression model,
for each precipitation grid point, to establish the sta-
tistical downscaling (SD) model, using 1950–1993 and
1994–2010 as the calibration and validation periods,
respectively.TheSDmodel formulatedwas recalibrated
using the total period 1950–2010 to take into account
the more recent variability of the fields.

The SD model established was applied to the histor-
ical SLP outputs from the CMIP5 models for the period
1971–2000, and the skill of these SD GCM simulations
for the present climate was examined by computing the
differences between the simulated and observed precip-
itationvalues.Then, theSDmodel established is applied
to the future SLP outputs from the CMIP5 GCMs, for
the period 2071–2100, under the RCP2.6, RCP4.5, and
RCP8.5 scenarios. The non-parametric rank sum test
of Wilcoxon-Mann-Whitney (von Storch and Zwiers
2013) was applied to analyze the significance of the
projected changes. Finally, as a means of improving
the reliability of the projected precipitation changes by
reducing simulation errors and uncertainties (Lambert
and Boer 2001, Palmer et al 2004, Hagedorn et al 2005,
Nohara et al 2006, Koriala et al 2014) the coherence
of the results between the SD GCMs was analyzed,
and the multi-model ensemble mean was computed
using the arithmetic average of the 20 SD GCMs for
each of the three scenarios considered.
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(a)

(c)

(b)

Figure 1. Spatial distribution of the significant correlation coefficients between observed JJA precipitation and one predicted by the
SD model for each grid point during: (a) 1950–2010 recalibration, and (b) 1971–2000 periods. (c) Difference in percentage between
the observed JJA and the SD-modelled precipitation for the period 1971–2000.

3. Results

3.1. Downscaling of summer precipitation for
present climate

Figure 1 presents the spatial distribution of the cor-
relationcoefficients betweenobserved JJAprecipitation
data and the SD modeled values during both the period
of recalibration (1950–2010, figure 1(a)), and for
the period considered as present climate (1971–2000,
figure 1(b)). Similar spatial structures are shown for
both periods, with high correlation values up to 0.8
over the Pacific coast from Central America to north-
ern Peru, Atlantic coast of Colombia and Venezuela,
Surinam, Guyana and French Guiana and several dis-
perse areasoverBrazil. Thegoodperformanceof theSD
model generated is verified infigure1(c),whichdisplays
the difference in percentage between the observed JJA
rainfall and the modeled one, for the period 1971–2000,
presenting differences not exceeding 5% in almost the
entire area. Additionally, in order to assess the qual-
ity of the data used in this work and to validate the
SD procedure, the TRMM database has been used
as independent base for validating the downscaling

model during the period covered by this database
(1998–2015). Figure 2(a) presents the differences in
percentage between the TRMM and the SD-modelled
precipitation for the period 1998–2015 in JJA, show-
ing errors lower than 20% in most part of the analyzed
region. Only for a region located at center and eastern
Brazil, the errors presents high values, probably associ-
ated with a low number of stations with data in GPCC
during last years. Therefore, this uncertainty source
should be taking into account in the analysis of the
results for this area. The agreement between TRMM
and the SD-modelled precipitation is also confirmed
by their correlation coefficients shown in figure 2(b).

Figure 3 shows the percentage of the signifi-
cant differences (at the 95% confidence level using
a Wilcoxon-Mann-Whitney test) between the SD
precipitation from 20 GCMs and the observed JJA pre-
cipitation for 1971–2000 period. The results show a
predominance of regions where the SD underestimates
the rainfall, although this underestimation is often not
significant. SD HadGEM2-AO (l), BCC-CSM1.1 (b),
and CESM1(CAM5) (e) are the models that best simu-
late summer precipitation, presenting significantly low

3
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(a) (b)

Figure 2. Differences in percentage (a) and correlation coefficients (b) between the TRMM and the SD-modelled precipitation for the
period 1998–2015 in JJA.

(a) (b) (c) (d)

(e) (f) (g) (h)

(q) (r) (s) (t)

(m) (n) (o) (p)

(i) (j) (k) (l)

Figure 3. Differences (%) between the SD precipitation from 20 GCMs and the observed JJA precipitation for 1971–2000 period. The
areas where the differences are significant at the 95% confidence level are marked by gray dots, and the numbers in brackets represent
the percentages of these areas.
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(a) (b) (c) (d)

(e) (f) (g) (h)

(q) (r) (s) (t)

(m) (n) (o) (p)

(i) (j) (k) (l)

Figure 4. Changes (%) in projected (2071–2100) JJA precipitation compared to the present (1971–2000) SD precipitation for each
GCM under the RCP2.6 scenario. The areas where the differences are significant at the 95% confidence level are marked by gray dots,
and the numbers in brackets represent the percentages of these areas.

differences (around 25%) only over northern Chile and
Paraguay, northeastern Argentina and some limited
areas of Brazil. On the other hand, there are many mod-
els with noticeable deficiencies over the region around
10◦S and between 60◦W–40◦W, previously mentioned
as a region with a low number of observational data,
with underestimations of around −90%. Generally,
there are no statistically significant differences for a
large number of models in many regions of the study
area, indicating that the SD model applied to the SLP
outputs of these GCMs has a strong ability to faith-
fully reproduce the precipitation field. The percentages
of area with significant differences between the simu-
lated and observed rainfall range from 8.46%−56.34%
for the SD GCMs. Meanwhile, for the simulations
performed directly by using non-downscaled outputs
of GCMs (see figure S2 in the supporting informa-
tion), these percentages oscillate between 73.41% and
91.91%. These strongly distort the precipitation field,
since these GCMs can reproduce neither the values nor
the spatial distribution of precipitation. Therefore, the
SD applied to the 20 GCMs significantly improves the
estimations of rainfall with respect to raw GCM results.

3.2. Projections of summer precipitation
Figures 4, 5, and 6 show the percentage of changes in
projected JJA rainfall (period 2071–2100) compared to
the present SD precipitation (period 1971–2000) for
each GCM under the RCP2.6, RCP4.5, and RCP8.5
scenarios, respectively. Some SD models show, even
for the RCP2.6 scenario, pronounced changes in pre-
cipitation over the region located between central and
southeasternBrazil. These changes intensify and extend
to more regions as the radiative forcing increases.
Thus, for the RCP8.5 scenario (figure 6), all mod-
els present significant precipitation changes for more
than 50% of the total area. Specifically, for some mod-
els [MIROC-ESM (p), FGOALS-g2 (h), GFDL-CM3
(j) and IPSL-CM5A-MR (n)] this percentage exceeds
75%, in some regions reaching 100%.

For the RCP2.6 (figure 4), nine models show small
areas (less than 20%) with significant changes, present-
ing usually moderate decreases (around 20%). The SD
models with more intense and extended changes are
the MIROC-ESM (p), GFDL-CM3 (j), and CanESM
(c), characterized by showing a wide region over cen-
tral Brazil with sharp decreases (100%) for the latter
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(a) (b) (c) (d)

(e) (f) (g) (h)

(q) (r) (s) (t)

(m) (n) (o) (p)

(i) (j) (k) (l)

Figure 5. As in figure 4, but for the RCP4.5 scenario.

two, and a slightly smaller for the first one (80%).
Inside this region for these SD models, some areas
with marked increases (surpassing 80%) also appear.
GFDL-CM3 (j) and MIROC-ESM (p) also present
a similar pattern for northern South America, Cen-
tral America, and eastern Brazil, with a predominance
of moderately significant increases (20%) in precip-
itation. The FIO-ESM (i) model, however, shows a
pattern which is almost the opposite of the previ-
ous ones, with major increases in central Brazil that
reach 100%.

For the RCP4.5 (figure 5), the aforementioned
patterns tend to expand, becoming clearer and more
intense for a greater number of models. Thus, 9 models
(c, g, h, j, l, n, o, p, s) present significant decreases over
the zone covering central to southeastern Brazil. Mean-
while, significant increases, around 20%–30%, appear
over a largepart of SouthAmerica andCentralAmerica.

For the RCP8.5 (figure 6), all models register a
large percentage of the area (≥50%) with significant
changes. An intensification of the above-described
change over Brazil is found. All models except the
FIO-ESM (i), present decreases in this area, moder-
ate as the case of BCC-ESM1.1(m) (a), or very intense
as MIROC-ESM (p), GFDL-CM3 (j) or CanESM2

(c). The SD models MPI-ESM-LR (q), MPI-ESM-MR
(r), CSIRO-Mk3.6 (g) or CanESM2 (c), show a more
uneven spatial pattern in this zone, with opposite
important changes (±100%) in nearby regions. The
signal towards increased precipitation in northern
South America and Central America can be also seen
more clearly for all models, with northeastern Mex-
ico being the most affected region, with increases of
around60%forCESM1(CAM5) (e), and80%–90%for
GFDL-CM3 (j) and NorESM1-LR (t). For the more
meridional area, to the north of Argentina, almost
half of the models predict increased precipitation, from
around 30% for the HadGEM2-ES (m), FIO-ESM (i),
and HadGEM2-AO (l) to around 90% for theCSIRO-
Mk3.6 (g) and MPI-ESM-MR (r).

A quantitative determination of whether the
changes found in precipitation are reliable requires a
study about the coherence of the results between the
20 SD models, which is also the base for the multi-
model ensemble mean. The percentage of models that
agree in the sign of the projected change, at each grid
point of the study area, was computed. The figure
7 depicts these results together with the changes pre-
dicted by the ensemble mean of the SD models.
Figure 7(a) shows that the projected changes are highly
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(a) (b) (c) (d)

(e) (f) (g) (h)

(q) (r) (s) (t)

(m) (n) (o) (p)

(i) (j) (k) (l)

Figure 6. As in figure 4, but for the RCP8.5 scenario.

consistent between the 20 SD models in most of the
area, with positive or negative changes depending on
the region considered but not the scenario. As radiative
forcing increases, the percentage of models showing
consistent changes, positive or negative, also does; for
the more extreme scenario, 100% coherence is reached
for many zones. Three well-determined regions can
be distinguished regarding coherence, ranging from
80%–100%. The first of these regions is a band that
extends from northern Mexico to the northeastern
Brazil, crossing Central America from the Pacific coast
towards northern Colombia, Venezuela, Guiana, Suri-
nam, and French Guiana, together with a second
region to the south of the study area, over northern
Argentina, both showing consistently increasing pre-
cipitation between models. Between these two regions
with consistent changes, a band of decreasing rain-
fall appears, extending from Ecuador to southeastern
Brazil, through Bolivia and Paraguay.

Figure 7(b) shows the percentage of changes in
projected (2071–2100) JJA rainfall compared to the
present (1971–2000) SD precipitation for the multi-
model ensemble mean under the RCP2.6, RCP4.5,

and RCP8.5 scenarios, respectively. The statistical sig-
nificance of the projected precipitation changes was
estimated as before. The results show that the pro-
jected changes are significant in most of the area,
covering from 58.91% of the total area, under the
RCP2.6 scenario, up to 89.24% under the RCP8.5. Pro-
jected changes are mostly mild (positive) or moderate
(negative) for the RCP2.6, covering extended regions
with the same sign, intensifying as the radiative forc-
ing increases. Under the most severe scenario, positive
changes in precipitation are mostly moderate while
negative changes aremore intense, reaching changeval-
uesof -100%insomeregions suchas the central-eastern
zone of Brazil, some coastal areas between Ecuador
and Peru, Peru and Chile, and some bordering areas
between Argentina and Bolivia, or Bolivia and Brazil.
These regions already register heavy changes also for
the RCP4.5, and to a lesser extent for the RCP2.6.
Maximum values for positive changes, reaching 75%,
are found for the RCP8.5 for northern Mexico, north-
ern Colombia, northeastern Brazil, southern Bolivia or
some areas in the coast of Ecuador and northern coast
of Peru.
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Figure 7. (a) Percentage of 20 SD GCMs that predict a positive or negative change in projected JJA precipitation with respect to the
present. The positive or negative sign of the percentage corresponds to an increase or decrease, respectively, in the projected change,
with a coherence higher than 55%. (b) Changes (%) in projected JJA precipitation compared to the present SD precipitation for the
ensemble multi-model. The areas where the differences are significant at the 95% confidence level are marked by gray dots, and the
numbers in brackets represent the percentages of these areas with positive (P), negative (N) and total (A) change.

4. Summary and conclusions

The goal of this work has been to project future changes
in boreal summer precipitation over tropical America
by using the statistical downscaling method based on
PCRapplied to theNCEPSLPdataof the reanalysis. It is
well known that modes of climate variability related to
the El Niño phenomenon can satisfactorily describe the
precipitation in a large part of the study region (Barros
et al 2000, Grimm et al 2002, Tedeschi et al 2013,
Córdoba-Machado et al 2015a, 2015b). The PC1 of the
tropical Pacific SLP, which is highly related with the
ENSO phenomenon, is one of the predictor variables
for the SD model developed. Other climatic modes
seemtoexert influenceonprecipitationover someareas
of the Tropical America (Kayano et al 2009).

The SD model performs properly over large areas,
presentingbias between the observed and the simulated
precipitation that do not exceed 5% in almost any of the

areas for the period 1971–2000. The results of the sim-
ulations considering the application of the SD model
to the historical outputs from 20 CMIP5 GCMs, indi-
cate a predominance of regions where the SD model
underestimates the rainfall, although these biases are
often not significant and much less pronounced than
in the raw GCM precipitation outputs. However, note
that the SD model only takes into account the SLP as
predictor, and therefore, only the dynamical forcing
is considered. I this sense, the inclusion of additional
parameters more related to the thermodynamic forc-
ing, such as the moisture or precipitation (Mtongori
et al 2016), could improve the predictive ability of the
SD model.

For an evaluation of the changes projected by the
endof the century, andas ameansof avoiding thebiasof
the SD GCM simulations with respect to the observed
real data, the differences, in percentage, between
the projected SD mean precipitation for the period
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2071–2100 and the simulated SD precipitation for the
period 1971–2000, were computed. The zone located
between central and southeastern Brazil shows the
greatest changes in precipitation by a large number
of SD models, even for the RCP2.6. However, note that
this region has the lowest data coverage and presents
the highest uncertainties in the DS model. As the radia-
tive forcing becomes more pronounced, the projected
changes intensify and the affected regions expand.
Hence, for the RCP8.5, all SD models present signif-
icant precipitation changes for more than 50% of the
total area, in some cases reaching 75% of area with
significant changes. Thus, with the exception of the
above-mentioned zone in Brazil, in general, the rainfall
changes range from moderate (±25%) to very intense
(ranging from±70% to±100%) as the radiative forcing
increases. Major sources of uncertainty in the projected
changes at the end of the century seem to come from
the disparity in the GCMs outputs, these being less
sensitive to the scenario considered. A detailed analy-
sis of the coherence of the results between the models,
shows that the projected precipitation shifts present
great consistency between the 20 SD models through-
out most of the study area, with positive or negative
changes depending on the region considered but not
the scenario. Moreover, as radiative forcing increases,
from RCP2.6−RCP8.5, the percentage of SD models
that show consistent changes, positive or negative, also
shifts, reaching the 100% of coherence between models
for many zones, for the most extreme scenario.

With this high coherence between SD models, and
the potential reduction of the simulation errors and
uncertainties through the use of the ensemble mean of
the members for multi-model projections, the ensem-
ble mean from the 20 SD GCMs was determined.
The projected changes found by the multi-model SD
ensemble mean are significant throughout most of the
area, covering from 58.91% of the total area, under
the RCP2.6 scenario and up to 89.24% under the
RCP8.5. Projected changes prove mostly mild (posi-
tive) or moderate (negative) for the RCP2.6, covering
extensive regions with the same sign, which intensify
as the radiative forcing increases. Three broad regions
can be distinguished for the three scenarios, with the
most highlighted changes for the RCP8.5: a northwest-
southeast band extending from northern Mexico to the
northeast of Brazil, crossing through northern Colom-
bia, with generally moderate increases in precipitation;
substantial decreasing changes over a band extending
from eastern Ecuador to southeastern Brazil; and the
regions in the south of the area of the study, again with
moderate increases.

In agreement with these results, Marengo et al
(2012) also found a similar pattern for the projected
precipitation in South America at the end of 21th
century, although with a displacement of the most
notable changes towards the northeast. Changes in
circulation patterns may explain some of the changes
projected in precipitation, mainly because they modify

the dynamical background on which the regional pro-
cesses develop. In this sense, figure S3 in the supporting
information shows the projected change for the SLP
field for the RCP8.5 using the ensemble mean from
the GCM outputs. A pressure increase appears over
the centre of the South Pacific and a light pressure
decrease expands over Brazil, according with the results
of Marengo et al (2012). This remarkable SLP increase
over the centre of the South Pacific could be related
with a significant strengthening in frequency in terms
of La Niña events for the end of the century, accord-
ingly with the results of the Keupp et al (2017). This
is supported in our results by the increase found for
the projected PC1 scores from present to RCP GCM
simulations. Note that Tedeschi et al (2013) associated
wet conditions in the north/northeast South America
and dry conditions mainly in southern Brazil during La
Niñaevents fromobservationaldata.Ourresultsofwet-
ter/drier/wetter pattern from north to south projected
precipitation in South America are in agreement with
the pattern found by Tedeschi et al (2016) associated
with an increase extreme precipitation in the north-
ern and southern South America and a decrease in the
eastern Brazil during La Niña events. Additionally, in
the regional study carried out by Marengo et al (2012),
moderate precipitation decreases in the Amazon and
Paraná Basins and a substantial decrease in São Fran-
cisco Basin are projected for the period 2071–2100, in
accordance with our results, particularly the marked
decrease over southeastern Brazil. A more compre-
hensible explanation of the projected changes in the
precipitation would require the analysis of other vari-
ables such as the wet-day frequency and the wet-day
mean precipitation and additional predictors (Mton-
gori et al 2016), in order to consider not only the
dynamic response in the atmospheric circulation, but
also the thermodynamic response such as moisture
changes.

In some aspects, our results also agree with the
review by Solman (2013) concerning the regional
climate modeling over South America. That author
concluded that most of the models reviewed presents
wetter conditions for north of South America and
drier conditions over the central-eastern zone of South
America by the end of the 21st century, for JJA, coin-
ciding with our results. On the other hand, there are
some discrepancies in the decrease obtained for the
north and south coast of Peru, where Solman indi-
cates a moderate increase of the precipitation. Also
there are disagreements in the increase in the north and
northeast of Brazil, where Solman indicates a sharp
decrease. Kitoh et al (2011) also obtain precipitation
projections by designing a modelling experiment that
forces a GCM by using projected sea surface temper-
atures, and also found, in agreement with our results,
a band of increased precipitation placed in the north
of South America, while precipitation in JJA is pro-
jected to decrease over most of Amazon by the end
of the century. However, note that the methodology
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(downscaling or experiment design) reviewed or used
in most of these works considers different regional cli-
mate models (RCMs), the scenarios used were not the
new RCPs, and the used GCMs are not those from the
CMIP5.

So, actually, comparing our results with those of
other authors is problematic and limited because of the
differences between the regions studied, the periods
selected, the seasons considered, and the GCMs and
scenarios analyzed. Additionally, the methodologies
used can differ, with most studies employing dynam-
ical downscaling and more focused on the climate of
some specific regions as Brazil, Ecuadorian Andes or
southern South America than on tropical America and
many of them for present climate (Buytaert et al 2010,
Johnson et al 2014, Valverde Ramı́rez et al 2006, Sol-
man and Nuñez 1999, Mendes and Marengo 2010,
Sánchez et al 2015). Therefore, the present study offers
the novelty of being one of the few works dedicated
to high-resolution change projections of boreal sum-
mer precipitation for tropical America using CMIP5
models. Also, it accurately reproduces the summer
precipitation at local scale for the study region, thus
proving to be a suitable technique for climate change
studies, with the added advantage of minimal compu-
tation requirement. Therefore, the results of this work
could be useful in developing control strategies focused
on change mitigation in this diversified area.
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Guimberteau M, Ronchail J, Espinoza J C, Lengaigne M, Sultan B,
Polcher J, Drapeau G, Guyot J-L, Ducharne A and Ciais P
2013 Future changes in precipitation and impacts on extreme
streamflow over Amazonian sub-basins Environ. Res. Lett. 8
014035

Hagedorn R, Doblas-Reyes F J and Palmer T N 2005 The rationale
behind the success of multi-model ensembles in seasonal
forecasting − I. Basic concept Tellus A 57 219–33

IPCC 2013a Climate change 2013: the physical science basis
Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change
ed T F Stocker, D Qin, G-K Plattner, M Tignor, S K Allen,
J Boschung, A Nauels, Y Xia, V Bex and P M Midgley
(Cambridge: Cambridge University Press) p 1535

IPCC 2013b Annex I: Atlas of Global and Regional Climate
Projections ed G J van Oldenborgh, M Collins, J Arblaster, J H
Christensen, J Marotzke, S B Power, M Rummukainen and T
Zhou Climate Change 2013 The Physical Science Basis
Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change
ed T F Stocker, D Qin, G K Plattner, M Tignor, S K Allen,
J Boschung, A Nauels, Y Xia, V Bex and P M Midgley
(Cambridge: Cambridge University Press) 1311–94

Johnson B, Kumar V and Krishnamurti T N 2014 Rainfall anomaly
prediction using statistical downscaling in a multimodel
superensemble over tropical South America Clim. Dyn. 43
1731–52

Kalnay E et al 1996 The NCEP/NCAR 40 year reanalysis project
Bull. Am. Meteorol. Soc. 77 437–71

10

ftp://ftp.dwd.de/pub/data/gpcc/html/fulldata_v6_doi_download.html
ftp://ftp.dwd.de/pub/data/gpcc/html/fulldata_v6_doi_download.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.surface.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.surface.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.surface.html
http://cmip-pcmdi.llnl.gov/cmip5/
http://cmip-pcmdi.llnl.gov/cmip5/
https://orcid.org/0000-0003-1350-6150
https://orcid.org/0000-0003-1350-6150
https://orcid.org/0000-0003-1350-6150
https://doi.org/10.1002/joc.703
https://doi.org/10.1002/joc.703
https://doi.org/10.1002/joc.703
https://doi.org/10.1175/1520-0442(2002)015<3008:edmeta>2.0.co;2
https://doi.org/10.1175/1520-0442(2002)015<3008:edmeta>2.0.co;2
https://doi.org/10.1175/1520-0442(2002)015<3008:edmeta>2.0.co;2
https://doi.org/10.5194/hess-14-1247-2010
https://doi.org/10.5194/hess-14-1247-2010
https://doi.org/10.5194/hess-14-1247-2010
https://doi.org/10.1007/s10584-006-9211-6
https://doi.org/10.1007/s10584-006-9211-6
https://doi.org/10.1007/s10584-006-9211-6
https://doi.org/10.1016/j.gloplacha.2014.11.003
https://doi.org/10.1016/j.gloplacha.2014.11.003
https://doi.org/10.1016/j.gloplacha.2014.11.003
https://doi.org/10.1007/s00382-014-2232-3
https://doi.org/10.1007/s00382-014-2232-3
https://doi.org/10.1007/s00382-014-2232-3
https://doi.org/10.1080/02626667.2012.673723
https://doi.org/10.1080/02626667.2012.673723
https://doi.org/10.1080/02626667.2012.673723
https://doi.org/10.1175/jcli-d-13-00063.1
https://doi.org/10.1175/jcli-d-13-00063.1
https://doi.org/10.1175/jcli-d-13-00063.1
https://doi.org/10.1029/2005GL024288
https://doi.org/10.1029/2005GL024288
https://doi.org/10.1029/2005gl023002
https://doi.org/10.1029/2005gl023002
https://doi.org/10.1088/1748-9326/8/1/014035
https://doi.org/10.1088/1748-9326/8/1/014035
https://doi.org/10.3402/tellusa.v57i3.14657
https://doi.org/10.3402/tellusa.v57i3.14657
https://doi.org/10.3402/tellusa.v57i3.14657
https://doi.org/10.1007/s00382-013-2001-8
https://doi.org/10.1007/s00382-013-2001-8
https://doi.org/10.1007/s00382-013-2001-8
https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2
https://doi.org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.CO;2


Environ. Res. Lett. 12 (2017) 124011

Kayano M T, de Oliveira C P and Andreoli R V 2009 Interannual
relations between South American rainfall and tropical sea
surface temperature anomalies before and after 1976 Int. J.
Climatol. 29 1439–48

Keupp L, Pollinger F and Paeth H 2017 Assessment of future ENSO
changes in a CMIP3/CMIP5 multi-model and multi-index
framework Int. J. Climatol. 37 3439–51

Kistler R et al 2001 The NCEP–NCAR 50–year reanalysis: monthly
means CD–ROM and documentation Bull. Am. Meteorol. Soc.
82 247–67

Kitoh A, Kusunoki S and Nakaegawa T 2011 Climate change
projections over South America in the late 21st century with
the 20 and 60 km mesh meteorological research institute
atmospheric general circulation model (MRI-AGCM)
J. Geophys. Res. 116 D06105

Koriala S, Hirabayashi Y, Mahendran R and Kanae S 2014 Global
assessment of agreement among streamflow projections using
CMIP5 model outputs Environ. Res. Lett. 9 064017

Lambert S J and Boer G J 2001 CMIP1 evaluation and
intercomparison of coupled climate models Clim. Dyn. 17
83–106

Li Y and Smith I 2009 A statistical downscaling model for southern
australia winter rainfall J. Clim. 22 1142–58

Marengo J A et al 2012 Development of regional future climate
change scenarios in South America using the Eta
CPTEC/HadCM3 climate change projections: climatology and
regional analyses for the Amazon, São Francisco and the
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Palomino-Lemus R, Córdoba-Machado S, Gámiz-Fortis S R,
Castro-Dı́ez Y and Esteban-Parra M J 2015 Summer
precipitation projections over northwestern South America
from CMIP5 models Glob. Planet. Change 131
11–23
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