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Abstract Bolivia is a low-latitude, developing country
at grave risk to the deleterious effects of human-induced
climate changes. Due to the complexity of the topography
in Bolivia, it is difficult to capture future impacts of the cli-
mate change on the regional scale with the coarse resolution
of current GCMs. A robust strategy has been developed to
dynamically downscale the GCM outputs to a more appro-
priate temporal and spatial resolution for impact studies.
Prior to downscaling, however, evaluation of the GCMs used
to provide large-scale forcing is a necessary step to ensure
physically meaningful results from regional climate models.
This study represents the first part of a broader project on
evaluating climate change impacts over Bolivia. We exam-
ined precipitation, temperature, wind patterns and moisture
transport to evaluate the performance of eight CMIP5 GCMs
in simulating the continental and regional climate patterns.
Phenomena including the seasonal and monthly positions of
the intertropical convergence zone, South Atlantic conver-
gence zone, Bolivian high, Chaco low and South American
low-level jet, were analyzed. Our results confirm that, in
general, all the GCMs do reasonably well in simulating the
basic patterns of the variables with some discrepancies in
magnitude across models, especially in the regional scale.
Some models outperform the others for the variables and the
region of our interest. Finally, the results of this research will
help improve quantifying the uncertainty range of further
regional downscaling outputs.
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1 Introduction

According to the Fifth Assessment Report (ARS5) of the
Intergovernmental Panel on Climate Change (IPCC 2013),
the world’s growing demand for food and biofuels has led
to ongoing land cover change and increasing agricultural
expansion in regions experiencing rapid development,
including South America. Regional feedbacks of land
surface-atmosphere interactions due to altering the natural
ecosystems, along with the anthropogenic climate impacts
owing to greenhouse gas emissions pose a significant threat
to countries susceptible to water scarcity.

Bolivia is one of these vulnerable countries expected to
face increases in temperature and dry spells, although of
varying intensity and with different degrees of confidence in
different regions of the country (Wheeler 2011). The country
already appears to be suffering from global climate change
impacts. Retreating glaciers in the Andes pose a threat to the
regions with limited water resources over the Andes (Cook
et al. 2016), and there is evidence of more frequent extreme
events such as drought and flooding in regions such as Alti-
plano and La Plata basin in recent decades (Vicente-Serrano
et al. 2014; Marengo et al. 2014; Ovando et al. 2016).

Local and regional land surface-atmosphere interac-
tion can also exacerbate the anthropogenic global warming
impacts. According to a Food and Agriculture Organization
report (FAO 2010), among the countries in South America,
Bolivia has the second highest rate of deforestation in its
lowland tropical rainforests after Brazil. The lowlands in
eastern Bolivia are also facing other stressors such as cat-
tle ranching, agricultural expansion by indigenous colonies
and urbanization. Studies show that the dry tropical forests
of South America presently cover only approximately 40%
of their former extension. The dry tropical forests of Chiq-
uitano in southern Bolivia have also undergone extensive
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deforestation, largely by conversion to croplands rather than
to a tree plantation/crop mix as in Brazil (Sanchez-Azofeifa
and Portillo-Quintero 2011; Salazar et al. 2015; Grau and
Aide 2008). The negative impacts of combined anthropo-
genic and land use change can cause large-scale water imbal-
ances, which in turn can result in significant feedbacks in the
regional climate that may not be captured by coarse resolu-
tion global circulation models (GCM).

The complicated topography and high elevation of much
of the country pose particular challenges, as these effects
cannot be suitably resolved at the approximately 100 km
spatial resolution of current global models. To assess any
potential impacts of future climate change at a local scale,
downscaling efforts are needed to describe these future
climate changes better and to provide better input into the
development of adaptation strategies. Even though regional
climate models like the weather research and forecasting
(WRF) model can depict local features more accurately, they
are still dependent on their parent GCMs to simulate the
larger scale climate patterns properly. Henceforth, selecting
the proper GCM would be the first step for any downscaling

Fig. 1 Topography of Bolivia.
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job, and that motivates this study in advance of downscaling
GCM:s for Bolivia.

Section 2 provides an overview of the study area, the
models, and observational datasets, and the general meth-
odology for evaluating the climate models. In Sect. 3 we
analyze the climate model depictions of continental and
regional climate patterns of precipitation, air temperature,
moisture budget and wind patterns in both lower and upper
atmospheric levels. In Sect. 4 we discuss each models’ abil-
ity to simulate the circulation patterns of the area, and in
Sect. 5 we provide a summary of the study.

2 Data and methodology

2.1 Study area

Bolivia is a tropical country extending roughly from 10°S
to 24°S in latitude and 56°W to 72°W in longitude (Fig. 1).

Topography mainly dominates the climate in Bolivia in
a way that according to Koppen climate classification,
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lowlands in the northern and southeastern Bolivia have equa-
torial and dry tropical savanna types of climate, respectively.
Higher valleys of the Cordillera Real, Cordillera Occidental
and Altiplano in the middle are dominated by cold semi-arid
to cold desert climate.

2.2 Models and observations

The coupled model intercomparison project phase 5
(CMIPS; Taylor et al. 2012) multi-model experiment pro-
vides climate data on which to examine climate predictabil-
ity and assess climate change and variability. We evaluated
one ensemble member for each of eight different CMIPS5
GCMs from their historical runs. This subset of GCMs was
selected based on their documented performances in gen-
erating realistic climate patterns in South America (Seiler
et al. 2013a, b; Chou et al. 2011; Vera et al. 20064, b; Jones
and Carvalho 2013). Table 1 summarizes the eight chosen
models, along with their spatial resolutions.

In this paper, we focus on the wet and dry months of
January and July, respectively. The GCM outputs are veri-
fied using observational model reanalysis datasets of ERA-
Interim for temperature, wind patterns and the moisture
budget of the atmosphere, and the gauge-based product of

Table 1 CMIP5 models evaluated, and their attributes

global precipitation climatology project (GPCP) dataset for
precipitation (summarized in Table 2) during 1979-2005.

The key question we address is the extent of each model’s
ability to reproduce the large-scale atmospheric features in
terms of several statistical measures including mean, vari-
ability and pattern correlation. We first evaluate the sea-
sonal climatology of these variables: precipitation, surface
temperature, the lower level and upper level wind fields,
and the moisture budget of the atmosphere. Finally, we
summarize overall model performances in a matrix against
all variable relative biases. All the statistical calculations
have been done over two regions; one covering boundaries
of Bolivia (8.4-24°S and 55.8-72.2°W as shown in Fig. 1)
and the second one covering a larger area representing the
continental-scale circulation (56°S—14°N and 31-84°W as
shown in Fig. 3).

3 Results

3.1 Continental and regional climatology

While the Altiplano and western Cordillera receive limited
amount of precipitation in wet months due to the complex

topography of the Andes (Garreaud et al. 2003), the por-
tion of Bolivia located to the east of Andes receives a large

Model name Spatial resolution Center and references

CanESM2 2.8x2.8 Canadian Center for Climate Modeling and Analysis, Canada (Arora et al. 2011)

CcCcsSM4 0.94x1.25 National Center for Atmospheric Research, United States (Gent et al. 2011)

CNRM-CM5 14x1.4 Centre National de Recherches Météorologiques/Centre Européen de Recherche et Formation Avancée en
Calcul Scientifique, France (Voldoire et al. 2012)

HadGEM2-ES 1.24%x1.8 Met Office Hadley Centre (additional HadGEM2-ES realizations contributed by Instituto Nacional de

Pesquisas Espaciais), United Kingdom (Jones et al. 2011)

IPSL-CMS5A-LR 1.875%3.75

Institute Pierre-Simon Laplace, France (Dufresne et al. 2013)

Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental

Studies, and Japan Agency for Marine-Earth Science and Technology, Japan (Watanabe et al. 2010)

Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute (The

University of Tokyo), and National Institute for Environmental Studies, Japan (Watanabe et al. 2011)

MIROCS 1.4x1.4
MIROC-ESM 2.8x2.8
MPI-ESM-LR  1.875x1.875

2012)

Max-Planck-Institut fiir Meteorologie (Max Planck Institute for Meteorology), Germany (Zanchettin et al.

Bold-italic models are the ones ultimately chosen for the purpose of downscaling

Table 2 Observational and reanalysis datasets

Observational dataset Spatial resolution

Source and references

GPCP, precipitation 25x%x25
ERA-Interim, temperature 0.75 x 0.75
ERA-Interim, wind components and 0.75x0.75

specific humidity

World Climate Research Program, International (Adler et al. 2003)
National Center for Meteorological Research, France (Dee et al. 2011)

National Center for Meteorological Research, France (Dee et al. 2011)
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amount of precipitation in the summer months (DJF, with
the peak in January) interacting with the South American
Monsoon System (SAMS; Zhou and Lau 1998; Raia and
Cavalcanti 2008; Marengo et al. 2012; Nogués-Paegle et al.
2002) and that is why we are mainly focused on the eastern
side of the Andes. The significant seasonal change in the
wind regime over South American tropics and subtropics as
part of this monsoon system is responsible for the seasonal
variability of rainfall (Wanzeler da Costa and Satyamurty
2016) which brings little to no precipitation to Bolivia in the
austral winter (JJA, with July as the driest month).

The circulation around the subtropical high pressure in
Atlantic Ocean (South Atlantic Subtropical High; SASH)
drives warm and moist air via the trade winds to the north-
eastern part of South America (Arraut and Satyamurty 2009;
Marengo et al. 2012), leading to precipitation in most of
the Amazon basin, including Bolivia’s northern lowlands
(Fig. 2). Closer to the eastern Andes, the near surface wind
is channeled between the tropics and mid-latitudes into the
South American Low Level Jet (SALLJ: Campetella and
Vera 2002; Liebmann et al. 2004; Marengo et al. 2012).
This low-level jet reaches its maximum at 1-2 km above the
surface, with the strongest winds observed over Santa Cruz
de la Sierra in Bolivia (Vera et al. 2006b). The SALLJ is a
characteristic of the warm monsoonal season and plays an
important role in transporting moisture from the tropics to
the higher latitudes, bringing convection and rainfall at the
exit region of the jet (Haylock et al. 2006). Several studies
have shown that the dynamical modification to the mean
circulation introduced by the Andes sustains the maximum
wind over Bolivia all year round (Vera et al. 2006a, b; Byerle
and Peagle 2002).

The latent heat released from the Amazonian precipi-
tation during the wet months and the seasonal heating of
Altiplano combine to give rise to an upper level anticyclone

Fig. 2 Schematic of the
large-scale circulation features
that affect Bolivia’s regional
climate during the wet months.
SASH represents South Atlantic
Subtropical High. Red straight
arrows show the trade winds
blowing to the continent from
northeast. The narrow red
curved arrow depicts low-level
jet, while the thick red arrow
shows the northern branch of
SASH. The counter-clockwise
circulation over the Andes
pictures the Bolivian high and
dashed black lines illustrate
intertropical convergence zone
(ITCZ) and South Atlantic
convergence zone (SACZ)
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known as the Bolivian high (Lenters and Cook 1997, 1999;
Zhou and Lau 1998). At the surface, a thermally driven
low pressure system (i.e., the Chaco low) strengthens over
southeastern Bolivia and northern Paraguay which, along
with the strengthened low-level jet, increases downstream
moisture advection from the Amazon basin towards La Plata
basin (Marengo et al. 2004; Salio et al. 2007; Liebmann and
Mechoso 2011; Vera et al. 2006b; Berbery and Barros 2002).

Moisture-laden counterclockwise circulation around
the Atlantic subtropical high pressure accompanied by
the Chaco low’s clockwise circulation, creates convergent
winds and a northwest-southeast oriented region of clouds
and precipitation known as South Atlantic convergence zone
(SACZ; Carvalho et al. 2011; Marengo et al. 2012; Lieb-
mann et al. 2004). In July (austral winter), this thermal low,
the Bolivian high and the SACZ all dissipate. This results
in reduced moisture transport from the Amazon basin to
the Bolivian lowlands, causing less rainfall in the interior
of the continent. As the ITCZ (intertropical convergence
zone) travels northward and westerly winds replace easter-
lies in the upper troposphere over Bolivia, moisture transport
is inhibited from the lowlands to the Andes, causing pre-
cipitation to be limited to the northern part of the country
(Garreaud et al. 2003). Figure 2 shows a schematic illustra-
tion of atmospheric circulations during the austral summer
(January).

3.2 Precipitation climatology

Figure 3 compares the climatology of the modeled and
observed precipitation for January and July, respectively,
for the period of 1979-2005. All the models simulate the
large-scale spatial patterns of precipitation fairly well, with
higher precipitation in the Amazon region during January,
and mainly drier conditions in July over central parts of the
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Fig. 3 Precipitation climatology (1979-2005) for CMIP5 models and GPCP dataset a January and b July. The model data are shown at their
original spatial resolution. Units are in mm/day
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Fig. 3 (continued)
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continent (Zhou and Lau 2001; Vera et al. 2002; Gan et al.
2004; Grimm 2011; Blacutt et al. 2015). Though the GCMs
are broadly similar at the largest scales, there are substantive
differences at regional scales. In the wet season most of the
models get the ITCZ and SACZ’s geographical locations
and extensions close to observations (the exceptions being
CanESM?2, MPI-ESM-LR and CNRM-CM5), though the
intensity of the precipitation differs between models. Dur-
ing the austral winter (Fig. 3) which is the dry season for
most of the study area, the regions of maximum precipitation
are confined to the northern parts of the continent, asso-
ciated with the northward shift of ITCZ, and southeastern
South America, reflecting the role of synoptic phenomena
and frontal passages (Raia and Cavalcanti 2008; Vera et al.
2002).

The main difference among the models is in the simulated
intensity of the precipitation. All of the models overestimate
precipitation to some extent over the Andes during the wet
months (as shown in Table 3; Fig. 3), a common behavior of
the models over elevated terrains which is likely due to defi-
ciencies in capturing the actual extent of the real topography.
This may also be in part due to the precipitation underesti-
mation in gridded observations, especially over mountainous
regions where the reliability of the gridded observational
datasets is questionable. According to the observations,
higher rainfall occurs in the northern lowlands of Amazonia
with lower amounts of rainfall at higher elevations. Table 3
represents the spatially averaged biases in modeled precipi-
tation divided by the observation (% of observed mean).

Figure 4 charts the seasonal cycle of precipitation in
Bolivia. All of the eight GCMs reproduce the seasonal
pattern of precipitation very well in terms of the timing of
the maximum and minimum precipitation. However, some
discrepancies occurs among models for the magnitude of
precipitation. All of the models except MIROC-ESM over-
estimate the amount of precipitation to some degree during

Table 3 Mean biases percentage (bias/observation) for CMIP5 simu-
lated precipitation relative to GPCP observations in months of Janu-
ary and July averaged over Bolivia and a larger region representing
the continent

Model Bolivia Continent
Jan Jul Jan Jul

MPI-ESM-LR 10.51 —12.89 -7.22 —68.44
MIROC-ESM -7.93 —48.56 —4.96 —57.87
MIROCS 35.65 —45.57 9.72 —52.38
IPSL-CM5A-LR 17.53 —82.51 5.06 —80.66
HadGEM2-ES 40.42 159.26 18.91 34.00
CNRM-CM5 -2.15 —28.84 —15.05 —43.83
CanESM2 -9.14 -58.29 —20.38 —53.65
CCSM4 347 —44.67 10.29 —48.92

the wet months, but simulate the precipitation in drier
months closer to that observed except the HaddGEM2-ES.
Figure 5 shows the frequency distribution of rainfall over
Bolivia in the month of January. As it is evident in this fig-
ure, some models, including MIROCS, IPSL-CM5A-LR
and HadGEM2-ES, show some skewness towards a higher
amount of precipitation compared to observations, in agree-
ment with Figs. 3 and 4. That shows the abovementioned
models underestimate the frequency of lighter precipitation
and overestimate moderate to heavier precipitation events
(Solman et al. 2013).

3.3 Surface air temperature

Figure 6 depicts the January and July temperature clima-
tology for the GCMs and observations over the period
1979-2005. Following the terrain, lower temperatures are
observed in the higher elevations (Cordillera Real, Cordil-
lera Occidental and Altiplano), with higher temperatures in
the lowlands (Solman et al. 2013). During the warm season,
all the models simulate the basic large-scale spatial pattern
of the temperature—warmer over the lowlands and cooler
over the mountains. In July, models follow the observation
with highest temperatures over the Amazon region with a
well-defined North—South temperature gradient.

In January there is also a local temperature maximum
in Chaco region (southeastern Bolivia and northern Para-
guay) due to the presence of the thermal Chaco low which
is replaced by cold air in the winter (Garreaud et al. 2009).
There are warm biases over the Andes in most of the models,
especially in July, likely due to the coarse resolution of the
GCMs that cannot resolve sufficiently the vertical extent of
the mountain ranges.

The difference between the models and observations in
some areas exceeds 2—3 °C, and is most evident in MIROC-
ESM and CanESM2 overestimating the temperature in Janu-
ary over Andes and northern part of the continent, respec-
tively. There are also warm biases along the western coast of
the continent from Northern Chile to northern Peru in almost
all of the GCMs (the one exception being IPSL-CM5A-LR)
which shows that the models likely are underestimating the
intensity of the cold Peru/Humboldt current (Penven 2005).
Considering the fact that sea surface temperature exerts a
significant control on precipitation in regions adjacent to the
ocean, this warm bias then helps to explain the modeled wet
biases over the Andes. Table 4 summarizes the mean biases
of the temperature averaged over Bolivia and Continent
regions. By comparing the values between the two regions,
it is evident that reducing the size of the region increases
the averaged error due to improper physics of the GCMs at
a regional scale. This is further evidence that motivates the
authors for downscaling GCMs to study the impacts at a
local scale. MPI-ESM-LR, HadGEM2-ES and CNRM-CM5
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Fig. 5 Frequency distribution of monthly precipitation for January from 1979 to 2005, with higher values for precipitation in red and lower val-

ues in blue (in mm/day)

tend to underestimate the temperature over Bolivia while the
other models overestimate it.

The annual cycle of the temperature is shown in Fig. 7.
Most of the models follow the observed annual cycle of
temperature reaching a maximum in December—Janu-
ary and a minimum in July. However, the amplitudes vary
among models with some mainly underestimating the sur-
face temperature including HadGEM2-ES, CNRM-CM5

and MPI-ESM-LR while the rest of them overestimate the
temperature (Table 4).

3.4 Upper and lower level atmospheric circulation
patterns

Figures 8 and 9 show the lower (850 hPa) and upper

(200 hPa) level atmospheric mean circulation patterns for
January and July, respectively. In January (Fig. 8a), trade
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Fig. 6 Surface temperature climatology (1979-2005) for CMIP5 models and ERA-Interim dataset for January (a) and July (b). The model data
are shown at their original spatial resolution. Units are in °C
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Fig. 6 (continued)

@ Springer



744

A. M. Abadi et al.

Table 4 January and July biases in CMIP5 simulated temperature
relative to ERA-Interim observations averaged over Bolivia and a
larger region representing the continent

Model Bolivia Continent
Jan Jul Jan Jul
MPI-ESM-LR -0.84 -1.82 -0.15 0.06
MIROC-ESM 1.80 1.03 -0.53 -0.23
MIROC5 1.25 2.21 0.45 1.10
IPSL-CM5A-LR 0.55 -0.93 -1.28 -1.38
HadGEM2-ES -0.51 -2.33 -0.15 —-0.54
CNRM-CM5 -0.35 —-1.42 0.03 -0.38
CanESM2 1.16 1.61 0.51 0.30
CCSM4 0.62 1.62 0.05 0.21
260 | | | |
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Fig. 7 Observed and simulated seasonal cycle of monthly tempera-
ture averaged over Bolivia (in °C)

winds that blow onto the continent from the northeast are
channeled by the Andes, creating the SALLIJ. As described
earlier, the SALLJ carries tropical warm and moist air into
the central part of the continent, which then fuels deep con-
vective precipitation. In austral winter the ITCZ migrates
north, pushing the trade winds northward as well, which
leads to less moisture advection onto the continent (Fig. 8b;
Zhou and Lau 2001; Liebmann et al. 2004; Marengo et al.
2004, 2012). All the GCMs capture this wind pattern, with
some discrepancies among models in the magnitude of trade
winds. The greater the magnitude of the simulated winds, the
more moisture they will carry further south, leaving Amazo-
nia with less available water vapor. That might help explain
some of the dry biases over the Amazon basin and wet biases
further south toward the Andes during the summer in models

@ Springer

including CanESM2, CNRM-CMS5, IPSL-CMS5A-LR and
MPI-ESM-LR (bias maps not shown).

Figure 9 summarizes the observed and simulated features
of the upper level circulation in South America including
the effects of the Bolivian high. Excluding CanESM2 and
IPSL-CM5A-LR, the remaining models reproduce the
anticyclone’s location and intensity close to that in the rea-
nalysis dataset. The position and the intensity of the upper
level Bolivian high combined with favorable conditions
for convective development in the lower level atmosphere
(sufficient water vapor) play an important role (Garreaud
et al. 2003) in the heavy convective precipitation that takes
place during summer over the Altiplano. Insel et al. (2013)
showed that the upper level easterlies, resulting from the
northern branch of Bolivian high, not only can provide basic
horizontal moisture advection, but also can modulate and
strengthen upslope circulations, leading to even more mois-
ture transport into the Altiplano. Heating of the elevated ter-
rain also creates a regional up-slope circulation focused on
the eastern cordillera slopes, which helps transport moisture
to the Bolivian highlands. In winter (Fig. 9b), westerlies and
a stronger jet stream prevail in the upper levels, hindering
moisture transport from the lowlands to higher valleys, with
the impact on precipitation noticeable in Fig. 3.

3.5 Moisture budget of the atmosphere

To understand the above effects better, we investigated the
moisture budget of the atmosphere by examining the clima-
tology of moisture transport over the continent, especially
Bolivia, as well as the vertically integrated moisture flux
convergence for the period of 1979-2005 with a continued
focus on January and July. Newman et al. (2012), ignoring
relatively small interannual variations of precipitable water,
concluded that the vertically integrated moisture flux conver-
gence can be used to estimate the moisture budget, therefore
the imbalance between precipitation and evaporation. In the
same research, they also studied the contribution of transient
and low frequency eddies, as well as time-mean circulation,
to the total moisture transport and summarized the mean
moisture transport as

0=0"+0"+0

where the right hand side terms represent transport by the
time-mean flow, low frequency anomalies and synoptic
anomalies, respectively. Since their results show clearly that
the moisture transport is dominated by time-mean flow in
the lower latitudes, we have focused on the mean term in the
equation, for the present study. For analysis of the moisture
field climatology, horizontal wind components and specific
humidity fields from the surface to 300-hPa were extracted
from GCMs and ERA-Interim reanalysis datasets for the
period of 1979-2005.
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Fig. 8 Wind vector climatology (1979-2005) at 850 hPa for CMIP5 models and ERA-Interim in January (a) and July (b).
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Figure 10 compares the climatology of CMIP5 models’
vertically integrated moisture fluxes (vectors) and associated
convergences (contours) to the observational estimates from
ERA-Interim for the months of January and July. The mean
moisture flow over Amazonia during the warm season is
dominated by the interhemispheric northeasterly trade winds
which, as described above, is also associated with conver-
gence over the Andes. This transport is then deflected by the
Andes and intensified by SALLJ so the moisture can reach
La Plata basin (Marengo et al. 2004; Soares and Marengo
2009). In January, almost all the models compare well with
the reanalysis in the position and the intensity of the mois-
ture transport by trade winds and the subtropical high, with
the convergence mainly over Amazonia and the Andes,
where the maximum precipitation is observed in ITCZ and
SACZ, respectively. These results are consistent with other
studies in South America including Carvalho et al. (2011),
Wanzeler da Costa and Satyamurty (2016), Raia and Cav-
alcanti (2008), Satyamurty et al. (2013) and Berbery and
Barros (2002). The models also simulate the strong diver-
gence in the tropics and east coast of Brazil where the Bra-
zilian plateau blocks the low-level circulation. Comparing
the spatial patterns of the models and the observations, it
is clear that some models have deficiencies in simulating
the strength of the ITCZ, including MPI-ESM-LR, CNRM-
CMS5, IPSL-CM5A-LR and CanESM2, which was also
evident in the precipitation underestimation in the same
region (Fig. 3). The strong moisture convergences represent
the places where precipitation exceeds evaporation. These
regions act as a sink of atmospheric moisture and overlap
the regions with the maximum precipitation (Fig. 3). On the
other hand, places with strong divergence serve as moisture
sources to the atmosphere, with evaporation exceeding the
precipitation (Trenberth et al. 2011), which is the case over
Amazonia in the austral winter. There is a reasonable agree-
ment on the locations and intensities of precipitation and
convergence among all the GCMs.

In austral winter, with the subtropical high traveling fur-
ther north and west, southeasterly winds replace northeast-
erly trade winds in the northeastern part of the continent.
This southeasterly flow leaves Amazonia drier with less
moisture transport (Fig. 10b).

4 Discussion

We evaluated the credibility of eight CMIPS5 models in
terms of simulating the large scale circulation over South
America, with a particular focus on Bolivia and surround-
ing regions. Our emphasis is on the implications of these
large-scale circulation features for local temperatures and
precipitation at the surface. We presented the mean spatial
distribution of precipitation, surface temperature, upper

and lower level wind components, and the moisture budget
of the atmosphere. No one standard performance tool has
been found to apply for all types of evaluations (Sheffield
et al. 2013; Gleckler et al. 2008). For the purpose of this
study, therefore, we have focused on comparative assess-
ments including spatial correlations (Pearson correlation
coefficient) and standard deviations in the form of Taylor
diagram and normalized biases in the form of a matrix of
climate model credibility (Rupp et al. 2013).

A Taylor diagram (Fig. 11) compares the spatial cor-
relation (shown with regard to the azimuthal angle) and
the normalized standard deviation of the models’ simu-
lated January mean precipitations and temperatures versus
observation (radial distance from the origin) over Bolivia.
We choose January since it represents the rainy season for
most of our region of interest. Most of the models very
closely reproduce the spatial distribution of precipitation
and temperature over Bolivia, as the correlation is above
0.88 for all the models for both variables. However the
models are more successful in simulating the spatial dis-
tribution of temperature than that of precipitation (Oglesby
et al. 2016), with higher correlation values (>0.98).

The normalized standard deviation is the standard
deviation of the model data normalized by the standard
deviation of the observations, such that the closer a model
is to the observation point (ref point), the lower the RMS
error would be (Gleckler et al. 2008). The January diagram
shows that more than half of the models underestimate the
spatial variability of both precipitation and surface tem-
perature over the larger region, and the remaining mod-
els overestimate it. Among these models, MPI-ESM-LR,
IPSL-CM5A-LR, CNRM-CM5 and MIROCS stand out
as they have relatively high spatial correlations and lie
closer to the Ref point that indicates perfect agreement
with observations. In July (not shown), we find high cor-
relations on temperature among the aforementioned out-
standing models, with lower agreements on precipitation
among models, which is not surprising considering the low
amount of precipitation during this dry season.

Finally, Fig. 12 summarizes the model biases for precip-
itation, temperature and moisture convergence with respect
to the observations over the two regions, one focused on
Bolivia and the other a broader region covering most of
central South America so as to capture the larger scale.
The biases for each variable are normalized, as

B

i~ Pmin

-B

Score =
B

max min

where B, is the bias for model i for a certain variable and
B, and B, . are the minimum and maximum biases,
respectively, across all the models. Thus, a model gains a

score between 0 and 1 (Fig. 12) with a score closer to 0 (1)
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meaning a better (worse) performance of that model for that
variable (Sheffield et al. 2013). We conclude that MPI-ESM-
LR, MIROCS, CCSM4 are performing the best specifically
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for precipitation and temperature in the wet season and
IPSL-CM5A-LR and HadGEME2-ES are doing the worst.

S Summary

Bolivia is a country in South America with a historically
small contribution to global greenhouse gas emissions. Yet
the effects of climate change are already a reality for Bolivia.
This study is the first phase of a more comprehensive project
on climate change assessment on Bolivia. One source of
uncertainty in possible future climate change is related to
the parent GCMs used to drive high-resolution downscaling
models. In this research, we evaluated historical simulations
from eight CMIP5 GCMs, with the goal of selecting the
three best available models in terms of their performance
to provide large-scale forcing for dynamical downscaling.
In this analysis, only the impact-related variables of surface
temperature, precipitation, wind fields and moisture fluxes
were investigated and compared against reanalysis datasets.
Overall, the GCMs evaluated all perform reasonably well
over South America at the large scale while regionally they
differ.

Our major findings indicate that, in general, the selected
CMIP5 GCMs have more difficulty simulating precipitation
comparing to other analyzed variables, especially in the wet
months of the summer. Finally, the primary aim of this study
is to identify better performing GCMs in order to reduce the
inherited biases in the downscaling process. Future work
will focus on evaluating downscaled outputs from WRF for
present-day climate and future climate change in Bolivia.
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