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Abstract
Ecuador is likely to experience significant impacts associated with future changes in climate, but future projections for this region
are challenging due to the complex topography and a wide range of climatic conditions. Here we use the Weather Research and
Forecasting (WRF) model run at 10 km horizontal resolution over a domain encompassing all of Ecuador to investigate future
changes in temperature and precipitation for the middle of the twenty-first century (2041–2070) under a low (RCP4.5) and a high
(RCP8.5) emission scenario. The model was validated by running 30-year control runs for the present climate, driven both by the
Climate Forecast System Reanalysis (CFSR) and the CCSM4 General Circulation Model. Bias and different correlation coef-
ficient metrics were employed to compare the present-day model results with gridded (CRU TS v 4.03 and CHIRPS v 2.0) and in
situ meteorological observations. Detailed hydrometeorological analyses over the Andes in both space and time domains show
that WRF accurately simulates temperature variability. The precipitation seasonal cycle and interannual variability are also
adequately simulated, but the model shows a general dry bias over the lowlands and a significant wet bias along the eastern
Andean slopes. Results from future projections show that Ecuador could warm by an additional 1–2 K by the middle of the
century compared with the end of the twentieth century. This warming is highly elevation-dependent, subjecting the highest
peaks of the Andes to the strongest future warming. Bias-corrected future precipitation changes document a drying trend along
coastal areas in RCP4.5 and increased future precipitation along the eastern Andean slopes in both scenarios.

1 Introduction

Ecuador is characterized by a complex climate, resulting from
a combination of factors, which include the Andean topogra-
phy, the interactions of Hadley and Walker circulations near
the equator (Hastenrath and Lamb 2004), the constantly high
solar radiation receipts at near-equator latitudes, and the influ-
ence of climate modes associated with Pacific and Atlantic sea
surface temperature anomalies, including—but not limited
to—the El Niño–Southern Oscillation (ENSO) phenomenon
(Vuille et al. 2000; Francou et al. 2004; Recalde-Coronel et al.
2014; Morán-Tejeda et al. 2016; Vicente-Serrano et al. 2017;

Quishpe-Vásquez et al. 2019). The multiple interactions be-
tween these different systems in both space and time lead to
one of the most diverse sets of climates over a fairly limited
domain that encompasses Ecuador. The continuous barrier
formed by the Andes further interacts with and modulates
the atmospheric circulation, producing synoptic and meso-
scale phenomena, which generate contrasting climates along
the Andean slopes and the inter-Andean valleys (Mora and
Willems 2012; Tobar and Wyseure 2018.).

The climate in Ecuador, however, is rapidly changing due
to anthropogenic forcing associated with the increasing con-
centration of greenhouse gases in our atmosphere, as mani-
fested by increasing temperature, changing rainfall patterns,
glacier retreat, and ecosystem changes (Francou et al. 2004;
Buytaert et al. 2011; Jacobsen et al. 2012; Rabatel et al. 2013;
Michelutti et al. 2015; Morueta-Holme et al. 2015; Vuille
et al. 2015, 2018; Morán-Tejeda et al. 2016; Tobar and
Wyseure 2018). Assessing how such changes in radiative
forcing will manifest themselves on local to regional scales
over a region such as Ecuador, which is influenced by so
many climatic factors, is thus a massive challenge. Data pro-
duced within the framework of the Intergovernmental Panel
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on Climate Change (IPCC) by the Coupled Model
Intercomparison Project Phases 5 (CMIP5) and 6 (CMIP6)
are not sufficiently resolved, neither horizontally nor vertical-
ly, to reproduce key aspects of Ecuadorian climate, especially
as it relates to topographically forced phenomena (e.g., the
elevation-dependent warming; Pepin et al. 2015), in particular
at a local scale and over topographically complex regions such
as the Andes. Therefore, it is necessary to downscale the in-
formation provided by GCMs to obtain higher-resolution pro-
jections of climate scenarios for studies at regional scales.

Some studies of climate and climate change over Ecuador
relied on GCMs (e.g., Buytaert et al. 2009; Campozano et al.
2017), while others employed Regional Climate Models
(RCMs) to study aspects of climate or climate change over
Ecuador (e.g., Urrutia and Vuille 2009; Buytaert et al. 2010;
Ochoa et al. 2016; Heredia et al. 2018; Campozano et al.
2020). Urrutia and Vuille (2009) developed regional climate
change projections over the tropical Andes using an RCM, the
PRECIS model, over a domain that included Ecuador, while
McGlone and Vuille (2012) used the same RCM to study the
influence of varying boundary conditions on the simulations.
Buytaert et al. (2010) also analyzed the PRECIS performance
by focusing on precipitation over the Ecuadorian Andes, with
mixed results.

The main objective of this study is to assess the capabilities
of a different RCM, the Weather and Research Forecast
(WRF) model (Skamarock et al. 2008), commonly used in
weather and climate research, to adequately simulate the
present-day climate of Ecuador, with a special emphasis on
the Andean region. An additional goal is to investigate how
precipitation and temperature might change in different re-
gions of Ecuador by the middle of this century under two
different emissions scenarios, giving special attention to future
differential warming as a function of elevation in the Andes.

To achieve this goal, we conducted a series of simulations
with WRF for both present day and the mid twenty-first cen-
tury (2041–2070). We chose WRF because it is an open-
source software, which makes it easily configurable for differ-
ent case studies (e.g., Rasmussen et al. 2011; Rasmussen et al.
2014; Letcher and Minder 2017; Minder et al. 2018). The use
of WRF is also appealing because it has already been used
widely over South America to analyze atmospheric dynamics
and in particular precipitation processes. Solman and
Blasquez (2019), for example, recently documented that the
WRF model systematically adds value to the simulation of
South American precipitation when compared with the driv-
ing GCM, performing the best out of the all RCM’s analyzed
within the CORDEX-SA framework.

Several studies have also investigated the performance of
WRF over the Andes, including its sensitivity to model reso-
lution, domain choice, and how well it simulates mountain
circulation and orographic precipitation processes (e.g.,
Moya-Alvarez et al. 2019). Most of these studies concluded

that the performance of WRF over complex terrain tends to
improve with increasing resolution and when aggregated over
longer, monthly time scales, but that in general precipitation
along the Andes is overestimated byWRF (Ochoa et al. 2016;
Mourre et al. 2016; Junquas et al. 2018; Saavedra et al. 2020),
although some studies also came to opposite conclusions
(Heredia et al. 2018). Other studies investigated how WRF
improves on the driving boundary conditions over the Andes
(Ochoa et al. 2016; Posada-Marin et al. 2019) and how well
WRF can simulate teleconnections between precipitation over
the Andes and remote sea surface temperature (SST) fields
(Martinez et al. 2019). Most recently, WRF was also
employed to assess future drought projections for Ecuador
based on three different CMIP5 models (Campozano et al.
2020).

To our knowledge, however, no studies exist, which have
assessed the capability of the WRF model to reproduce ob-
served climate variability at high resolution over all of
Ecuador when driven with the CESM (CCSM) General
Circulation model and with CSFR reanalysis data, one of the
most commonly employed reanalysis-WRF combinations
(e.g., Meyer and Jin 2016; Norris et al. 2019; Toride et al.
2019). Similarly, no studies have assessed future trends in
temperature at high elevation in the Andes at sufficient spatial
resolution to resolve specific elevation-dependent feedbacks
that could lead to elevation-dependent warming, even though
WRF is well suited for this task (e.g., Letcher and Minder
2017; Minder et al. 2018).

Here we present the results from four 30-year simulations
over the domain of continental Ecuador. Two simulations cor-
respond to the downscaling of historical and present-day climate
spanning the late twentieth century and are forced with a GCM
(CCSM4) and reanalysis data (CSFR), respectively.We validate
these two simulations with several station-based and gridded
observational data sets to highlight the potential and limitations
of these high-resolution simulations to represent the present-day
climate in Ecuador. When analyzing the results from these sim-
ulations, more weight was given to the results over the Andes
region, as it has the most complex topography, thereby
representing a major challenge for climate models, but also be-
cause elevation-dependent warming (EDW; Pepin et al. 2015) in
the Andes is an area of major concern (Vuille and Bradley 2000;
Vuille et al. 2015). Finally, we conducted two WRF experi-
ments to simulate future climatic conditions, spanning the period
2041–2070, again driven by CCSM4 and following the
Representative Concentration Pathway (RCP) 4.5 and 8.5 sce-
narios, respectively (van Vuuren et al. 2011). We analyze the
resulting projected future changes in mean temperature and pre-
cipitation for different seasons and apply a bias correction, based
on the prior model validation. Finally, we investigate the
elevation-dependent warming (EDW) for both eastern and west-
ern Andean slopes under bothmedium (RCP4.5) and high emis-
sion (RCP8.5) scenarios.

O. Chimborazo, M. Vuille



2 Methods and data

2.1 WRF model setup

Here, we used the Advanced Research WRF (ARW) version
3.7.1 (Wang et al. 2016) as an RCM that covers entire
Ecuador with a horizontal grid resolution of 10 km and 51
vertical levels from surface to 10 hPa.We perform model runs
forced by both the Community Climate SystemModel version
4 (CCSM4; Gent et al. 2011) and with the Climate Forecast
System Reanalysis (CFSR; Saha et al. 2010a,b) to asses dif-
ferences in the performance ofWRFwhen driven with a GCM
versus reanalysis data.

The model domain of our simulations is shown in Fig. 1. In
this study, we refer to the simulation domain and the study
domain. The former is the region described by the geograph-
ical limits in the configuration file of the WRF model, and the
latter is a smaller subset region of the simulation domain. The
study domain is smaller than the simulation domain as lateral

boundary effects that might arise in the simulation have to be
taken into account. Performing the reanalysis-forced simula-
tions only required a single domain to achieve the downscaled
target resolution of 10 km, since both experiments used CFSR
as boundary conditions, which already has a fairly high reso-
lution of 50 km. On the other hand, a two-step downscaling
process was needed for the GCM-forced simulations, because
the resolution of the GCM is about 1° (~ 111 km). Therefore,
for the GCM downscaling experiments, a parent domain of
50 km resolution and a nested domain of 10 km resolution
were set. Figure 1 shows the configuration of these three
domains.

Since different combinations of the available parameteriza-
tions in WRF will produce different results, and running an
ensemble of different model configurations is not practical,
Chimborazo (2018) performed a series of sensitivity tests to
assess which combination of parameterizations best represents
temperature and precipitation variability over the Ecuadorian
territory. Based on these results, we implemented the NCAR

a

b

c

Fig. 1 Domains used in the different experiments. (a) Blue square indi-
cates the parent domain of 50 km horizontal resolution used in the GCM-
forced simulations (CCSM4-WRF). It has 100 × 100 grid cells, and it is
centered at 1.77° S and 78.10° W. (b) Green square is the nested domain
in the GCM-forced simulation, and it is almost identical to the single
domain in the Reanalysis-forced experiments (CFSR-WRF) which is also
centered at 1.77° S and 78.10° W. The negligible difference between the
nested and the single domain in CFSR is due to the downscaling step used
in the nested domain which results in small differences in the coordinates

values (less than ~ 10−5°, ~ 10−3 km). In both experiments, these domains
have 130 × 130 grid cells. (c) Red square represents the study domain for
CFSR-WRF and CCSM4-WRF experiments, and it is a subset of the
nested domain having 80 × 80 grid cells. The topography corresponds
to the model topography interpolated to 50 km and 10 km resolution for
the parent and nested domain, respectively. Note the transition zone
(smoothed) in the nested domain over the Andes close to the northern
and southern boundaries
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Community Atmosphere Model (CAM) version 5.1 micro-
physics scheme (Eaton 2011; Neale et al. 2012), and the
New Tiedtke cumulus scheme, which is a modified version
of the one proposed by Tiedtke (1989) and implemented by
Zhang et al. (2011). The longwave and shortwave radiation
inputs were set to be solved by new versions of the Rapid
Radiative Transfer Model (RRTM; Mlawer et al. 1997)
schemes, which have been used in several studies in South
America (e.g., Mourre et al. 2016; Junquas et al. 2018;
Martinez-Castro et al. 2019; Moya-Alvarez et al. 2019;
Campozano et al. 2020). The planetary boundary layer
scheme used here is the one developed by Yonsei University
(Hong et al. 2006) and has also been widely used in WRF
simulations over the Andes of Peru and Ecuador (Mourre
et al. 2016; Junquas et al. 2018; Moya-Alvarez et al. 2018,
2019; Martinez-Castro et al. 2019; Campozano et al. 2020).
The selected land-surface model is the Unified Noah model
(Tewari et al. 2004; Chen and Dudhia 2001), which has been
successfully applied in WRF simulations over the tropical
Andes (Mourre et al. 2016; Junquas et al. 2018; Moya-
Alvarez et al. 2019; Martinez-Castro et al. 2019;
Campozano et al. 2020). The atmospheric surface layer
scheme used here is based on the Monin-Obukhov similarity
theory, which was equally successfully applied to WRF sim-
ulations over the tropical Andes in prior studies (Junquas et al.
2018; Campozano et al. 2020). A summary of the main pa-
rameterization employed in this study is shown in Table 1.

2.2 The CFSR-WRF simulation

The driving boundary conditions for the reanalysis-based sim-
ulation were obtained from the Climate Forecast System
Reanalysis (CFSR; Saha et al. 2010a,b), a coupled atmo-
sphere–ocean–land surface–sea ice system with 38 km hori-
zontal resolution and vertical spacing at 64 pressure levels. To
our knowledge, this is the first study applying this reanalysis
data set over the region of interest, since most prior RCM
studies that focused on present-day climate over the tropical
Andes relied on the European Centre for Medium-Range
Weather Forecasts (ECMWF) reanalysis (ERA-40 or ERA-

Interim) (McGlone and Vuille 2012; Martinez et al. 2019).
However, several studies have shown that CFSR reproduces
the precipitation annual cycle over the Andes reasonably well
(Silva et al. 2011; Eichler and Londoño 2013; Blacutt et al.
2015) and it is routinely being applied with good results in
WRF-based downscaling studies over North America (e.g.,
Meyer and Jin 2016) and regions with complex terrain (e.g.,
Norris et al. 2019). Downscaling CSFR in WRF also appears
to outperform other reanalysis products, such as 20CRv2c or
ERA20C, when simulating daily precipitation, and it has been
shown to faithfully reproduce precipitation in WRF with only
a small bias (Toride et al. 2019).

With the parameters selected in Section 2.1, we carried
out a 30-year simulation using CFSR as boundary condi-
tions for WRF (CFSR-WRF). The period of simulation
ranges from 1979 to 2010. The first year of the simula-
tion was discarded to allow the RCM to spin up the soil
temperature (e.g., Bruyère et al. 2015). This simulation
was then analyzed in detail by comparing it to in situ
observations of temperature and precipitation, in order
to validate the model’s ability to faithfully reproduce ob-
served changes in climate over Ecuador, both in space
and time.

2.3 The CCSM4-WRF simulations

All models produce results with an associated uncertainty that
is inherently related to the mathematical formulation of the
equations that describe the atmospheric processes implement-
ed in the model and to the numerical methods used to solve
these equations. One way to reduce this uncertainty is to
consider an ensemble result from multiple models. As
Buytaert et al. (2010) suggested, it would be ideal to imple-
ment an ensemble of RCMs driven by most of the Coupled
Model Intercomparison Project Phase 5 (CMIP5; Taylor et al.
2012) or CMIP6 models. This approach, however, is imprac-
tical at this moment in time, because of the high computational
demand that a set of such simulations would require. There are
more than 40 CMIP5/6 models, several of them with different
flavors or members. Also, each member consists of one

Table 1 List of the physical
parameterizations used in the
WRF simulations

Physical process/variables Parameterization Reference

Cloud Microphysics CAM V5.1 Eaton (2011)

Longwave radiation RRTM Mlawer et al. (1997)

Shortwave radiation RRTM Mlawer et al. (1997)

Surface layer MM5 similarity/Monin-Obukhov Jiménez et al. (2012)

Land surface Noah land surface model Chen and Dudhia (2001)

Planetary boundary layer Yonsei University Hong et al. (2006)

Cumulus parameterization New Tiedtke Zhang et al. (2011)
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historical run and 3 or 4 future scenarios. Hence, taking into
account only one member per model and 2 future scenarios
would require carrying out 120 long simulations (covering at
least a couple of decades).

Here we chose a different approach by selecting a GCM
which comes with several advantages when performing re-
gional climate studies. This GCM is the member 6 of the
Community Climate System Model version 4 (CCSM4;
Gent et al. 2011), which is a subset of the Community Earth
System Model (CESM). The CCSM4 simulations of global
temperature and precipitation patterns are ranked among the
top CMIP5 models when compared with observations (Knutti
et al. 2013; Bruyère et al. 2015). Furthermore, a post-
processed product from this GCM was specifically designed
to conduct RCM experiments with WRF (Bruyère et al.
2015). This data set, known as the NCAR CESM Global
Bias-Corrected CMIP5 Output to Support WRF/MPAS
Research (Monaghan et al. 2014), corresponds to the member
6 of CCSM4, and it has been bias-corrected and post-
processed to drive the WRF model (Bruyère et al. 2015).
Chimborazo (2018) compared member 6 of CCSM4 for the
Ecuadorian region under the RCP8.5 scenario, for the period
2041–2070, with the results from 42 other CMIP5 models,
comprising a multi-model ensemble of 98 members. They
were able to show that CCSM4 member 6 simulates future
changes in temperature and precipitation that are close to the
median and mean values of the CMIP5 multi-model ensemble
over Ecuador. Hence, we are confident that the results provid-
ed by the CCSM model are close to the median of all CMIP5
models over Ecuador and can be considered representative of
a broader multi-model ensemble.

Here we conducted three long WRF simulations driven by
this data set, referred to as CCSM4-WRF. The first simulation
corresponds to the downscaling of historical and present-day
climate spanning the late twentieth century from 1975 to
2005. The other two experiments were driven by the
RCP4.5 and RCP8.5 scenarios respectively, spanning the pe-
riod 2040–2070. As in CFSR-WRF, the first year of the sim-
ulation was discarded before analysis.

The future climate change signal would be more pro-
nounced and significant, and therefore easier to detect and
analyze, if one were to focus on the climate response at the
end of the century, once the signal-to-noise ratio of the anthro-
pogenic signal would be much larger. Regional stakeholders
and decision-makers involved in climate change adaption,
however, do not plan or implement such measures with a
50- to 80-year planning horizon (e.g., Buytaert et al. 2010;
Vuille 2013). We therefore decided to focus on the mid-
century response (2041–2070), allowing for a 20- to 50-year
planning horizon. Campozano et al. (2020) in their analysis of
projected future changes in drought conditions over Ecuador
came to similar conclusions and also focused on this same
time period of analysis.

2.4 Observational data sets

The present-day model simulations of precipitation for both
CSFR-WRF and CCSM4-WRF were validated with gridded
daily precipitation data from the Climate Hazards Infrared
Precipitation with Stations (CHIRPS) data set version 2.0
(Funk et al. 2015). This data set is available at 0.05° × 0.05°
starting in 1981. Prior to comparison with the WRF model
output, the data was resampled to a 10 × 10-km grid.
CHIRPS data have been tested extensively over the Andes
region, with very good results (e.g., Rivera et al. 2018;
Segura et al. 2019, 2020) and have also been used for WRF
model validation over the Andes in previous studies (e.g.,
Heredia et al. 2018; Martinez, et al. 2019; Martinez-Castro
et al. 2019).

For validation of temperature we employ the Climatic
Research Unit—University of East Anglia (CRU TS v 4.03)
gridded temperature data (Harris et al. 2020). CRU data has
been employed to validate temperature in RCM simulations
over the tropical Andes by Urrutia and Vuille (2009) and
McGlone and Vuille (2012). The main deficiency in the
CRU data over the Andes is related not only to the reduced
station density (Vuille et al. 2003; McGlone and Vuille 2012)
but also to a warm bias at high elevations, when compared
with in situ station data, due to the lower elevation of the
topography underlying the CRU spatial interpolation scheme
(Urrutia and Vuille 2009). CRU TS v 4.03 data is provided at
0.5° resolution and was resampled to a 10 × 10-km resolution
prior to comparison with the WRF model output.

Finally, we also compared the simulated precipitation from
CFSR-WRF and CCSM4-WRFwith selected station data pro-
vided by the Ecuadorian National Meteorological and
Hydrological Service (Instituto Nacional de Meteorología e
Hidrología; INAMHI). While CHIRPS and CRU data are bet-
ter suited for the model validation in space, given that their
data is provided on a spatially complete grid, in situ stations
are still useful to assess the ability of WRF to accurately sim-
ulate the temporal evolution of precipitation and temperature
at specific locations on intraseasonal, seasonal, and interannu-
al timescales. In Chimborazo (2018), data from 42 in situ
stations were used for the model validation at individual loca-
tions. Here, we only show one example each from a station,
representative of low- and high-elevation sites in Ecuador,
respectively, to document the consistent temporal evolution
between observed and simulated precipitation and
temperature.

2.5 Model validation and bias correction

We calculate both Spearman’s and Pearson’s correlation co-
efficients and the bias between observations and model output
to validate the present-day simulations CFSR-WRF and
CCSM4-WRF. The bias was calculated as the average
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precipitation or temperature difference between the observa-
tion and the model data of the corresponding cell. In the case
of the gridded data sets CRU TS v 4.03 and CHIRPS, this
calculation was performed on corresponding grid cells, after
the observational data sets had been resampled to the WRF
resolution. In the case of station data, we chose the model grid
cell located closest to the station for comparison with the in
situ data. This calculation was performed separately for the
four seasons December–February (DJF), March–May
(MAM), June–August (JJA), and September–November
(SON). However, given the minimal thermal seasonality at
the equator, the temperature results are almost identical in
each season (not shown) and we therefore restrict the discus-
sion to the annual mean. When analyzing the bias or differ-
ences between future and present-day temperature or precipi-
tation fields, a Student t test was applied to highlight regions
where differences between observed and simulated climate
fields (bias) or between present-day and future climate fields
(changes in future projections) were statistically significant at
the 95% level. These regions are indicated by hatching in the
figures.

Since WRF exhibits a significant wet bias in simulated
precipitation over the Andes (see section 3.1), we applied a
bias correction to the CCSM4-WRF simulation for both the
RCP4.5 and RCP8.5 scenarios to obtain more accurate esti-
mates of future precipitation amounts. The wet bias along the
Andes is a well-known problem with RCM’s when applied
over the Andes and several approaches on how to correct for
such a bias in RCM’s over the Andes have been proposed
(e.g., Buytaert et al. 2010; Heredia et al. 2018). Here we
apply the Bias Correction (BC) method discussed in Ho
et al. (2012), which corrects the projected future (2041–
2070) daily precipitation in CCSM4-WRF RCP4.5 and
RCP8.5 using the differences in the mean and variability
between CCSM4-WRF and CHIRPS observations during
the present-day reference period (1976–2005). Hence, we
apply the more generalized version of this method, which
carries the advantage of not only correcting the mean
values, but also the temporal variability of the simulated
precipitation, in accordance with the behavior of the ob-
served CHIRPS precipitation (Ho et al. 2012). According
to this BC method, the future bias-corrected precipitation
PBC(RCP4.5;8.5) is calculated as follows:

PBC RCP4:5;8:5ð Þ ¼ POBS

þ σOBS

σWRF CTRLð Þ
PWRF RCP4:5;8:5ð Þ−PWRF CTRLð Þ
! "

ð1Þ
where POBS is the observed CHIRPS precipitation during
the reference period (1981–2005), and σWRF(CTRL) and
σOBS represent the standard deviation of the WRF-
CCSM4 and CHIRPS precipitation data during the

reference period, respectively. PWRF(CTRL) represents the
WRF-CCSM4 precipitation from the reference period,
while PWRF(RCP4.5;8.5) represents the simulated WRF-
CCSM4 precipitation for the future period under either the
RCP4.5 or RCP8.5 scenario.

We did not perform a bias-correction for the simulated
temperature fields, because we are mostly interested in the
relative future temperature changes and how they depend on
elevation (i.e., EDW analysis). For such an analysis, the ab-
solute future temperature is irrelevant. Furthermore, the appar-
ent bias documented in the temperature fields simulated by
CCSM4-WRF is largely an artifact of the higher-resolution
topography underlying the simulation (see section 3.1). In
addition, the CRU TS v 4.03 data used for validation suffers
from its own warm bias at high elevations and any attempt to
bias-correct the temperature fields would therefore likely in-
troduce additional uncertainty.

3 Results

3.1 Simulating present-day climate with CFSR-WRF
and CCSM4-WRF

Figure 2 shows a comparison between mean annual tempera-
ture in observations from CRU TS v 4.03 with CFSR-WRF
and CCSM4-WRF, respectively. Note that the two observa-
tional fields from CRU TS v 4.03 (Fig. 2a, d) are slightly
different due to the different time period of analysis (1981–
2010 for CFSR-WRF and 1976–2005 for CCSM4-WRF).
Both simulations show similar patterns, with a negative tem-
perature bias at low elevations and in the high Andes and a
positive bias along the lower elevations of the eastern and
western Andean slopes (Fig. 2c, f). Interestingly, the cold bias
in the lowlands is more pronounced in CFSR-WRF, while it is
small in CCSM4-WRF. While this cold bias at low elevations
is likely real, much of the temperature bias along the Andean
slopes and at high elevations can be attributed to the differ-
ences in resolution between the two products. After all, the
surface temperature depends on the underlying topography,
which is different between CRU TS v 4.03 and our WRF
simulations. Indeed, if one calculates the lapse rate based on
the underlying topography, it is quite similar between the dif-
ferent products but suggests that CRU TS v 4.03 (− 0.0048 K
m−1) has a slightly reduced temperature lapse rate compared
with CFSR-WRF (− 0.0052 K m−1) and CCSM4-WRF (−
0.0055 K m−1). This is consistent with results by Urrutia and
Vuille (2009) who documented that CRU exhibits a warm bias
over the Andes, when compared with in situ station data.
Hence, the apparent cold bias in the high Andes displayed
byWRF, is a combination of two factors: the higher elevation
of the Andes in the WRF simulations as compared with CRU
TS v 4.03 and a warm bias of CRU TS v 4.03 at high
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elevations. This notion is further supported by the fact that the
CFSR-WRF lapse rate (− 0.0052 K m−1) is identical to the
observed lapse rate in the tropical Andes, determined by
Urrutia and Vuille (2009) from station data (− 0.0052 K
m−1). Similarly, the warm bias along the Andean slopes also
results from the difference in resolution, and hence the shape
of the Andean topography between the two products. The
CRU TS v 4.03 topography is much smoother, with an
Andean mountain range that is considerably wider (Fig.
2a, d), while WRF more accurately resolves the true topo-
graphic characteristics of the steep and narrow Andean moun-
tain range (see differences in topography displayed by
contours in Fig. 2). As a result, the elevation of CRU grid
cells along the lower elevations on each side of the Andes is
too high, resulting in an apparent warm bias of the WRF
simulations.

Aside from the spatial representation of temperature in
WRF, we also considered the ability of the model to reproduce
its observed temporal variability. For this analysis, we chose
select stations from the INAMHI meteorological network that
are representative of coastal and Andean settings, respective-
ly. Pearson’s and Spearman’s correlation coefficients were
calculated to assess the skill of the model in reproducing the
observed temperature variability.

Figure 3 a and b show a comparison between simulated and
observed temperature at daily (Fig. 3a) and monthly resolution
(Fig. 3b) for station M0005 (Portoviejo-UTM, 1.04° S, 80.46°
W, 59 m a.s.l.), located in the coastal region. The temporal

structure of air temperature variability over the historical period
is adequately captured at both daily, monthly, and interannual
time scales. For instance, the similarity in the temporal evolu-
tion of the warming associated with El Niño events
(1982/1983, 1997/1998, and 2010) is evident at both daily
and monthly resolutions. We do not expect that the daily cor-
relation coefficient be high, due to the limited temporal predict-
ability of daily weather conditions in the model. However, at
monthly resolution, the influence of the lateral boundary con-
ditions, in particular Pacific sea surface temperature (SST),
becomes more notable, resulting in increased correlation coef-
ficients. Figure 3 c and d present a similar analysis for station
M0004 (Rumipamba-Salcedo, 1.02° S, 78.59° W, 2685 m
a.s.l.), located in the Andes, demonstrating the good perfor-
mance of CFSR-WRF in reproducing the observed temperature
variability in the Andes of Ecuador.

Figures 4 and 5 show the comparison of CFSR-WRF and
CCSM4-WRF with CHIRPS precipitation data, respectively,
for each season. Note that the time period of analysis is again
slightly different for the 2 simulations (1981–2010 for CFSR-
WRF and 1981–2005 for CCSM4-WRF). Therefore, the
CHIRPS results, while very similar, are not identical between
Figs. 4 and 5. The general march of the seasonal cycle with
enhanced precipitation in DJF and drier conditions in JJA and
SON along the Pacific coast, and a main wet season in MAM
and JJA over the Ecuadorian Amazon region is correctly
reproduced by both WRF simulations. In general, however,
the WRF simulations tend to produce a dry bias in the

a

d e f

b c
Fig. 2 a Observed annual mean
surface air temperature (in K)
based on CRU TS v 4.03 (1981–
2010). b as in a but for CFSR-
WRF. c Difference between CRU
TS4 v 4.03 and CFSR-WRF
(Bias). d as in a except for period
1976–2005. e as in b but for
CCSM4-WRF (1976–2005). f
Difference between CRU TS4 v
4.03 and CCSM4-WRF (Bias).
Hatching in c and f indicates re-
gions where bias is significant at p
< 0.05. Contour lines are shown
every 1000 m, starting at 2000 m
a.s.l. Note that CRU TS v 4.03
was resampled to match resolu-
tion of WRF prior to calculation
of the bias but is shown here in its
native 0.5° resolution to highlight
its reduced vertical and horizontal
resolution when compared with
WRF
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lowlands, especially in DJF and MAM but also in JJA on the
Amazon side. In the Andes, on the other hand, and especially
on the eastern slopes, the WRF simulations overestimate pre-
cipitation amounts. In general, both the dry and the wet bias
tend to be more pronounced in CCSM4-WRF.

Figure 6 shows the comparison between precipitation in
the CSFR-WRF model and observations for the same sta-
tions as in Fig. 3, documenting that the model, when driven
with reanalysis boundary conditions, is able to quite faith-
fully reproduce the seasonality and interannual variability
of precipitation. While the correlation at the daily time step
is quite low, the intraseasonal and interannual variability is
accurately simulated by the model as highlighted by the wet
anomalies during the 1982–1983 and 1997–1998 El Niño
events at the lowland station M0005.

3.2 Projected temperature change under RCP4.5 and
RCP8.5

Figure 7 shows the projected change in annual mean temper-
ature for the RCP4.5 and 8.5 scenarios, respectively. The
projected changes are calculated as the difference between
the annual mean temperature of the periods 2041–2070 and

1976–2005. In the RCP4.5 scenario a general warming over
the entire continental part of the domain is apparent, with
larger warming over the Guayas River basin (80–79° W, 1–
2° S) and along the Andes, reaching a maximum warming of
1.6 K. It is notable that the coastal ocean, which also influ-
ences the coastal land areas, is projected to cool by up to − 0.8
K. This cooling most likely reflects internal multi-decadal
variability in the particular CCSM4 simulation used to drive
the WRF model, which by the middle of the twenty-first cen-
tury is still able to dominate over the rather muted greenhouse
gas forcing in RCP4.5 (Deser et al. 2012; Thompson et al.
2015). Indeed, Pacific decadal variability has a very strong
influence on climate along the west coast of South America
with the recent cold phase of the Pacific Decadal Oscillation
(PDO) leading to a significant cooling trend in coastal areas of
the west coast of South America during the past three decades
(Vuille et al. 2015) and also significantly affecting precipita-
tion over Ecuador (Mora and Willems 2012). This aspect re-
inforces the notion that ideally future projections should be
based on large ensembles of climate change simulations to
cancel out internal variability, but as discussed above, in the
case of dynamical downscaling this is largely impractical. It is
also noteworthy, however, that a future cooling in the eastern

a

b

c

d

Fig. 3 Comparison between
simulated (CFSR-WRF) and ob-
served (station data) air tempera-
ture. Black line indicates obser-
vations at station M0005
(Portoviejo-UTM, coastal region,
59 m a.s.l.), and orange line
shows model data from grid cell
encompassing station M0005. a
daily resolution and b monthly
anomalies. Note that long-term
mean has been removed from
both data sets. rP and rS are the
Pearson’s and Spearman’s corre-
lation coefficients, respectively. c
and d as in a and b but for station
M0004 (Rumipamba-Salcedo,
Mountain region, 2685 m a.s.l.)
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Pacific is not necessarily inconsistent with a forced response
to increased greenhouse gas concentrations, as the increased
radiative forcing may result in a strengthened Southeast
Pacific anticyclone, stronger alongshore coastal winds, and
hence enhanced upwelling of cold water off the coast of
South America (e.g., Falvey and Garreaud 2009; Goubanova
et al. 2011). In either case, the influence of the cool SST off
the coast of Ecuador in the RCP4.5 scenario leads to reduced
warming along the coast, but does not seem to affect the
warming rate further inland. On the other hand, the tempera-
ture projection based on the RCP8.5 scenario shows signifi-
cant warming over the whole domain. Most of the coastal
region is subject to a warming of ~ 1.6 K, while in the
Andes, temperature would increase by more than 2.0 K, with
an apparent enhanced warming at higher elevations.

To further analyze how future warming depends on eleva-
tion and whether the warming rates are comparable on both
sides of the Andes, we plot the projected future temperature
change at each grid cell as a function of the grid cell’s eleva-
tion in Fig. 8. We exclude data points below 500 m as they are
too far removed from the Andes and lead to large scatter at
very low elevations. We further distinguish between temper-
ature trends on the eastern and western Andean slopes, since
(a) they are influenced by different large-scale forcings, (b)
early observational studies detected different temperature
trends between the two slopes of the Andes (Vuille and
Bradley 2000; Vuille et al. 2003), and (c) it has been suggested
that the two sides might also see different future elevation-
dependent warming trends (Urrutia and Vuille 2009). As
shown in Fig. 8, temperature will increase by mid-century in
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Fig. 4 a Observed DJF
precipitation (in mm day−1) based
on CHIRPS (1981–2010). b as in
a but for CFSR-WRF. c
Difference between CHIRPS and
CFSR-WRF (Bias). d–f as in a–c
except for MAM. g–i as in a–c
except for JJA. j–l as in a–c ex-
cept for SON. Hatching in c, f, i,
and l indicates regions where bias
is significant at p < 0.05. Contour
lines are shown every 1000 m,
starting at 2000 m a.s.l
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both scenarios and there is a clear elevation-dependence of the
warming, with larger warming at higher elevation. In both
scenarios and on both sides of the Andes, the elevation depen-
dence (i.e., the slope of the EDW regression line) is signifi-
cantly different from zero (p < 0.01), indicating that the degree
of future warming does indeed depend on elevation.
Interestingly, the EDW is also significantly different between
the two slopes (p < 0.01) in both scenarios. The increase of the
warming with elevation is more pronounced on the western
side (RCP4.5: 0.11 K km−1; RCP8.5: 0.16 K km−1), while it
appears more muted to the east (RCP4.5: 0.07 K km−1;
RCP8.5: 0.09 K km−1). The elevation-dependent warming
simulated for the western side of the Andes is consistent with
findings by Urrutia and Vuille (2009) who found a similar
EDW effect in their analysis of a RCM run under a high-
emission scenario. However, in their study, the EDW effect

on the eastern side was restricted to elevations above 2000 m,
as the lowest elevations over western Amazon basin saw even
stronger warming. The results, however, are difficult to com-
pare quantitatively between the two studies, as the simulations
performed by Urrutia and Vuille (2009) encompassed a much
larger spatial domain, focused on the end of the twenty-first
century, were based on a different model with much coarser
resolution (50 km) and were forced with an older Special
Report on Emissions Scenario (SRES-A2) emission pathway.

3.3 Projected precipitation change under RCP4.5 and
RCP8.5

Figure 9 shows the projected future precipitation changes un-
der both emission scenarios. In the case of RCP4.5, precipita-
tion is projected to decrease over the coastal region, while
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Fig. 5 a Observed DJF
precipitation (in mm day−1) based
on CHIRPS (1981–2005). b as in
a but for CCSM4-WRF. c
Difference between CHIRPS and
CCSM4-WRF (Bias). d–f as in a–
c except for MAM. g–i as in a–c
except for JJA. j–l as in a–c ex-
cept for SON. Hatching in c, f, i,
and l indicates regions where bias
is significant at p < 0.05. Contour
lines are shown every 1000 m,
starting at 2000 m a.s.l

O. Chimborazo, M. Vuille



slightly wetter conditions are expected over the Andes, espe-
cially along the eastern range of the Andes during the JJA
season. The Amazon region is also projected to become slight-
ly wetter in DJF and MAM, but slightly drier in the other two
seasons. The coastal drying in RCP4.5 is consistent with the
cooling off the coast discussed above, as the increased stabil-
ity of the coastal atmosphere will trap moisture below a low-
level inversion, which will aid in significantly reducing con-
vective activity and moisture influx toward the inland areas
(García-Garizábal 2017). The RCP8.5 scenario shows a more

complex situation for the different seasons. The coastal region
is projected to become wetter than present in DJF and MAM,
while the western Andean foothills will experience little
change in DJF, but drying in MAM. No major changes in
precipitation are projected for JJA and SON over the coastal
region. Over the Andes, conditions are projected to become
more humid in DJF, MAM, and JJA, especially along the
eastern range of the Andes. SON is the only season, which
presents slightly drier future conditions in the Andes of
Ecuador. The Amazon region is generally not projected to
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Fig. 6 Comparison between
simulated (CFSR-WRF) and ob-
served precipitation from station
data. Black line indicates obser-
vations at station M0005
(Portoviejo-UTM, coastal region,
59 m a.s.l.), and orange line
shows model data from grid cell
encompassing station M0005 at a
daily resolution and b for monthly
anomalies. rP and rS are the
Pearson’s and Spearman’s corre-
lation coefficients, respectively. c
and d as in a and b but for station
M0004 (Rumipamba-Salcedo,
Andes region, 2685 m a.s.l.)

a b c
Fig. 7 Annual mean projected
temperature change for the period
2041–2070 for the CCSM4-WRF
simulations compared with the
present-day climate (a 1976–
2005) for bRCP4.5 and cRCP8.5
scenarios. Note that the plots have
different scales and an adjusted
color map for both scenarios in
order to improve readability.
Hatching in b and c indicates re-
gions where projected tempera-
ture change is significant at p <
0.05. Contour lines are shown
every 1000 m, starting at 2000 m
a.s.l
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undergo major changes in precipitation amounts, although
there is a slight drying projected for JJA and SON, while the
eastern Andean foothills display wetter future conditions ac-
cording to our simulations.

Given the significant precipitation bias produced by
CCSM4-WRF, especially along the Andean slopes, we also
present maps of bias-corrected future annual mean precipita-
tion totals. Figure 10 compares the observed present-day pre-
cipitation from CHIRPS with both the raw and bias-corrected
CCSM4-WRF precipitation fields for the middle of the
twenty-first century under both emissions pathways. The re-
sults suggest that the most significant future impact on precip-
itation in Ecuador under the low-emission scenario RCP4.5 is
restricted to northwestern Ecuador, where our simulation sug-
gests enhanced future drying (compare Fig. 10 a and c).
However, given that this result stems from the oceanic cooling
simulated by CCSM4-WRF, it should be interpreted with

caution. Precipitation amounts over the Andes and the
Amazon basin are not projected to change drastically. Under
the RCP8.5 scenario, the impacts on total annual precipitation
are rather minimal to the east of the Andes or in the Andes
themselves, while the lower elevations on the eastern Andean
slopes are projected to see an increase in future precipitation,
even after the model-induced wet bias over this region is re-
moved (compare Fig. 10 d and f).

4 Discussion and conclusions

The main objective of this study was to contribute to the on-
going development of a modeling framework for studying
present and future climate change over Ecuador. Four 30-
year simulations were carried out with a high spatial (10 km,
51 vertical levels) and temporal (6h) resolution, allowing

a b
Fig. 8 Projected future
temperature change (2041–2070
minus 1976–2005) vs. altitude for
western (orange dots) and eastern
(green dots) slopes of the Andes
for a RCP4.5 and b RCP8.5. The
solid lines represent the linear
regression with slopes (m) shown
by the W m and E m values for
the western and eastern sides re-
spectively. Temperature trends
are significant at p < 0.05 at all
elevations

a b c d
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Fig. 9 Projected seasonal
precipitation changes for the
period 2041–2070 in the
CCSM4-WRF simulations com-
pared with the present-climate
(1976–2005) for RCP4.5 (top
row) and RCP8.5 (bottom row)
scenarios. Hatching indicates re-
gions where projected precipita-
tion changes are significant at p <
0.05. Contour lines are shown
every 1000 m, starting at 2000 m
a.s.l

O. Chimborazo, M. Vuille



detailed hydrometeorological analyses over the Andes in both
space and time domains.

Our simulations with CFSR-WRF document that the mod-
el exhibits reasonable skill in realistically simulating climate
variability from daily to interannual time scales over continen-
tal Ecuador. The comparison between temperature anomalies
from CRU TS v 4.03 and CFSR-WRF shows a large apparent
cold bias over the Andes, but much of this bias can be attrib-
uted to the differences in the underlying topography between
the two products; a result that was also documented in prior
studies (e.g., Urrutia and Vuille 2009). The temporal evolu-
tion of temperature is well simulated by CFSR-WRF on mul-
tiple time scales, as documented by the comparison with in
situ observations from both the coastal and Andean region.

The seasonal cycle of precipitation is also reasonably well
simulated over the coastal, Andean and Amazon regions of
Ecuador in both CFSR-WRF and CCSM4-WRF. The WRF
model does, however, underestimate precipitation in the low-
lands and shows a significant wet bias along the eastern
Andean slopes, especially when forced by CCSM4. This wet
bias over regions with steep orographic gradients is well docu-
mented in RCMs employed in the Andes and could potentially
be reduced in future studies by applying higher-resolution sim-
ulations (Mourre et al. 2016; Moya-Alvarez et al. 2019;
Saavedra et al. 2020). The temporal variability of precipitation
over Ecuador is reasonably well simulated by the WRF model,
both in the Andes and along the coast, especially on interannual
time scales, as the model adequately simulates precipitation
anomalies induced by ENSO.

Projections of future temperature and precipitation changes
document the importance of reducing greenhouse gas

emissions over the coming decades, as the warming over the
region is significantly reduced under the low emission scenar-
io RCP4.5, when compared with the high emissions scenario
RCP8.5. Our study also shows that the warming by the middle
of the twenty-first century can surpass an additional 1.5 or
even 2.0 K when compared with the end of the twentieth
century, especially at the highest elevations, where the
warming is most pronounced. This EDW effect is consistent
with earlier modeling studies in the tropical Andes (e.g.,
Vuille et al. 2003; Bradley et al. 2006; Urrutia and Vuille
2009), although the results are difficult to compare between
studies, given the differences in domain size, modeling ap-
proach, emissions scenarios, and time horizons considered.
Nonetheless, the study highlights the ability of WRF to simu-
late EDW in the tropical Andes, as documented previously for
other mountain ranges, such as the RockyMountains (Letcher
and Minder 2017; Minder et al. 2018). While diagnosing the
specific feedbacks that lead to EDW in this part of the world is
beyond the scope of this study, it points to the need of better
monitoring the highest elevations in the Andes, given the im-
portance of the environmental services provided by high-
altitude wetland ecosystems and glaciers (Buytaert et al.
2011; Viviroli et al. 2011; Huss et al. 2017; Vuille et al.,
2018).

Bias-corrected future changes in precipitation appear to be
rather modest in both RCP4.5 and RCP8.5, but indicate gen-
erally drier conditions along the coast in RCP4.5 and slightly
wetter conditions along the eastern Andean slopes in both
scenarios. Precipitation changes in the interandean valleys
are projected to be rather minimal. However, these WRF pro-
jections of future precipitation changes need to be interpreted

a b c

d e f

Fig. 10 Comparison of observed
annual mean precipitation for
present-day (CHIRPS 1981–
2005—left column), projected
annual mean precipitation for the
period 2041–2070 in the
CCSM4-WRF simulations (mid-
dle column) and bias-corrected
projected annual mean precipita-
tion for the period 2041–2070 in
the CCSM4-WRF simulations
(right column) for RCP4.5 (top
row) and RCP8.5 scenarios (bot-
tom row). Contour lines are
shown every 1000 m, starting at
2000 m a.s.l
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with caution, even though they are bias-corrected. Multiple
studies have documented that the simulated precipitation in
the Andes depends on the driving model, the WRF model
resolution and the implemented convective parameterization
(Mourre et al. 2016; Junquas et al. 2018; Moya-Alvarez et al.
2018; Campozano et al. 2020).

The skill that any model has in reproducing present
climate is critical to evaluate its ability to provide reliable
future projections. However, there are of course uncer-
tainties associated with the WRF simulations, which stem
from a combination of factors, including errors inherited
from its driving GCM, errors imposed by WRF and its set
of parameterizations, but also uncertainties that are related
to the choice of the future emissions scenarios.
Notwithstanding these limitations, WRF in particular has
proven to be a useful tool for understanding future chang-
es over regions of complex terrain (e.g., Minder et al.
2018) and outperformed other RCMs in intercomparison
studies over South America, adding value when compared
with the driving GCM (Solman and Blazquez 2019).
While the choice of the driving GCM will of course in-
fluence the outcome (e.g., Campozano et al. 2020), we
selected a GCM that simulates future temperature and
precipitation changes over Ecuador that are close to the
median of the CMIP5 multi-model ensemble, ensuring
that out future projections are unlikely to be outlier
results.
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