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Abstract:

Estimates from 3 statistically downscaled General Circu-
lation Models (GCMs) from version 6 of the Coupled
Model Intercomparison Project, namely the EC Earth3,
GFDL ESM4 and MPI ESM1 2 HR are used in the HBV
hydrological model to estimate design streamflow projec-
tions with 20, 50, and 100-year return periods for the
selected main basins of Costa Rica. The changes in these
streamflows were computed between the baseline period
(1985-2015) and the mid-century projection (2035-2065)
for the SSP5-8.5 scenario. The novelty resides in being the
first study that explores the magnitude of climate changes
in design flows of Costa Rica, a tropical country. Although,
calibration and validation statistics are generally good for
most of the basins, only around one quarter of the simula-
tions reproduce the observed distribution of the 3-day
annual maximum flows. Results show that the MPI model
presents lower sensitivity with changes of different sign
depending on the basin studied and the other two models
suggest only significant increases in the design flow in
most of the basins. Results of the model’s ensemble sug-
gests a great concern, as there is a general increase in the
design flows, and the magnitudes of the changes are large,
especially in the Pacific slope.
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INTRODUCTION

From 1988 to 2018 in Costa Rica, it was estimated that
floods caused 3.1 billion (2015-constant) US dollars of
damage; conversely, damage due to droughts was estimated
at 0.2 billion US dollars and earthquakes resulted in 1.2
billion US dollars in damage (Ministerio de Planificacion
Nacional y Politica Economica, 2019). Even if considering
that Costa Rica is situated in a very active seismic zone, it
is important to note that extreme floods represented the
largest source of damage, contributing to 69% of the accu-
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mulated cost of these three types of impacts. This is the
product of the high natural climate variability associated
with the influence of climate processes in surrounding
oceans (Duran-Quesada et al., 2020; Maldonado et al.,
2018), the effect of anthropogenic climate change (Hidalgo
et al., 2019; 2021; Alfaro-Cordoba et al., 2020; Pascale
et al.,2021), and the increasing vulnerability of the popula-
tion (Quesada-Roman et al., 2020; Quesada-Roman, 2022).
Examples of natural climatic processes in the area are the
teleconnections with El Nifio-Southern Oscillation and the
Pacific Decadal Oscillation in the Pacific Ocean plus the
Atlantic Multidecadal Oscillation and the variations of the
North Atlantic Subtropical High in the Caribbean/Atlantic
(Duran-Quesada et al., 2020; Maldonado et al., 2018).

It is important to note that floods studies in tropical
regions are generally scarce (some exceptions in Asia can
be found in Das et al., 2022; Pandey et al., 2022; Mahato
et al., 2022), and in Central America the availability of
regional/country studies is even rarer (for Costa Rica see
Mendez et al., 2022). In higher and mid latitudes, the main
control on hydrology can be related to other physical pro-
cesses, for example snow, which produces a very different
streamflow seasonal cycle (and flood characteristics) com-
pared to places without snow, as in the former case the pre-
cipitation is stored as snow during the winter and released
in a smoother peak during the spring. Climate change in
these regions can affect both processes: higher percentage
of precipitation falling as rain, but also an earlier spring-
time peak (Huang et al, 2020; Stewart, 2009). In Costa
Rica where the hydrology is not controlled by snow, there
is another, more general reason that can explain the
increase in the rainfall intensity associated with global
warming. It is thought that a warmer world linked to the
effect of anthropogenic climate change would result in an
increase in the water holding capacity of the atmosphere, a
holding potential predicted by the Clausius-Clapeyron rela-
tionship (Clapeyron, 1834; Clausius, 1850). Likewise, in
regions where there is a large prevalence of convective pre-
cipitation (P), the humidity from surrounding regions can
add to the local water available and increase the intensity
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predicted by the Clausius-Clapeyron relationship (Adam,
2023). This is important as Costa Rica is characterized by
the influence of convective storms and tropical cyclones.
An example of how tropical cyclones can increase almost
twice the intensity predicted by the Clausius-Clapeyron
equation can be found in Reed et al. (2022).

There are many studies that have determined changes in
floods with varied return periods at regional and global
scales using different combinations of climate models,
downscaling/bias-correcting methods and hydrological
models (e.g. Bian et al., 2021; Paudel ef al., 2023; Meresa
et al., 2022; Zhu et al., 2017; Wang et al., 2022; 2023;
Sante et al, 2021; Hirabayashi et al., 2021; Gu et al,
2022). These studies usually suggest that streamflows with
return periods of 100 years (Q,,) for example, will shorten
this return period in the future, implying higher frequency
of floods in many regions (including Central America in
the global studies); however, global scale studies have
determined that there are places where models project
reduced frequency of historical Q,,, flows, for example in
higher latitudes in North America, Eurasia and higher lati-
tudes in South America (Hirabayashi et al., 2021). Also,
global scope studies have demonstrated increased future
extreme flood fractions associated with hot-flood events in
all climate regions of the world but the largest increase in
the fractions occur in tropical regions (Gu et al., 2022).
These studies are very useful for producing a global per-
spective of flow frequencies, however higher-resolution
studies are needed due to high spatial variability of Central
America, associated with the presence of a complex topog-
raphy and their interaction with prevailing winds.

In the Central America region in general, and in Costa
Rica in particular, most of the studies of climate change
impacts have been produced by analyzing projected
changes in meteorological parameters such as precipitation
and temperature (e.g. Karmalkar et al., 2008; Stan ef al.,
2020; Castillo and Amador, 2020), while fewer studies
have used the climate model precipitation and temperature
projections as input in hydrological models (e.g. Hidalgo
et al., 2013; Imbach et al., 2012; Moreno et al., 2019;
Mendez et al., 2022). These previous studies do not charac-
terize daily variability from the models. In particular, the
most recent study by Mendez et al. (2022) which analyzed
climate change hydrological projections for 5 selected
Costa Rican subbasins is different to our study, not only in
the details of datasets used, but also in a very fundamental
way as the authors used monthly instead of daily data and
the delta downscaling method they applied consisted in
shifting the observational dataset variability with a pertur-
bation of the future monthly GCM-RCM anomalies with
respect to the baseline period. This is different to the appli-
cation of the daily downscaling method that we are present-
ing, which is based in conserving the daily variability of the
bias-corrected GCMs. The daily variability is necessary for
determining the changes in floods frequencies, as the type
of floods that we observed are short lived of a few days.
For example, in terms of floods it is not the same to
observe a run of 7 days of 10 mm uniformly, as to observe
a run of six dry days followed by one daily rainfall event of
70 mm. If in both cases, if the rest of the month is com-
posed of dry days, the monthly accumulations would be the
same, but the way it rains is not, which is important to

flooding. In this way, monthly accumulations could not be
used to identify changes in the frequency of floods using
traditional flood frequency analysis. While changes in the
monthly climatologies of streamflows are useful to deter-
mine water balance (volume) changes, they do not ade-
quately express the changes in extreme events at shorter
time scales. To our knowledge, our study is the first to esti-
mate the magnitude of the changes in design flood under
climate change for main basins in Costa Rica. It is also the
first study to adapt the Navarro-Racines et al. (2020)
method for downscaling daily GCM data.

It is important to determine future changes in streamflow
that would allow better planning for extreme hydromete-
orological events and for designing climate-resilient infra-
structure for the future. Previous work in other regions of
the world using General Circulation Models (GCMs) have
determined future changes in the streamflow flood fre-
quency curve, affecting streamflow with return periods
used in the design of hydraulic structures (Das ef al., 2011;
Yin et al., 2018). This approach has been applied by Das
et al. (2011) for California in the United States, but for
snow-controlled basins. In this work, we will investigate
changes in streamflow from the main 34 basins in Costa
Rica using 3 GCMs and a hydrological model. The objec-
tive is to provide information for planners and infrastruc-
ture designers about future changes in design streamflow
estimates, based on the SSP5-8.5 that represents the high
end of the range of future pathways. We choose one single
scenario to account for the more pessimistic outcome to
validate our methodology. We wanted to present the flow
correction factors for this case, considering that the design
of structures would be performed using the most conserva-
tive case.

METHODS

Data from meteorological and hydrological stations were
used for calibrating and validating a hydrological model.
Data from GCMs were downscaled using a statistical
method. The downscaled daily projections of precipitation
(P) and temperature (7) for each of the 34 main basins of
the country from the GCMs were used in the calibrated
meteorological model to obtain future floods. The floods
with return periods of 20, 50 and 100 years were estimated
from a flood frequency analysis. Details of the procedure
can be found in the supplementary information.

RESULTS AND DISCUSSION

Figure 1 shows the annual average distribution of P and
T for Costa Rica. As can be seen, the more arid region is
the north Pacific, and the wettest places are in the
Caribbean slope and the south Pacific. Even in the most
arid regions, and because Costa Rica is in a tropical region,
the annual accumulations of around 1800 mm, are not
insignificant, but their seasonal distribution in the Pacific
slope is far from uniform, as during the dry season
(November to April) there is hardly any rainfall at all
(Maldonado et al., 2018; Alfaro, 2002). T follows the influ-
ence of a complex topography characterized by lower tem-
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Figure 1. Annual average P accumulations and air temperature for Costa Rica from the WorldClim dataset. Period 1970—

2020

peratures in the inland mountain ranges and warm coastal
temperature averages (an elevation map is shown in Figure
S1). Figure 2 shows the distribution and names of the main
34 basins in the country. Morphometrical characteristics of
each of the basins can be found in Ministerio de Ambiente,
Energia y Telecomunicaciones (2011). Although we per-
formed the analysis for the 34 basins which are the official
main divisions that cover the entire country of Costa Rica,
some of the figures show examples of the analyses for four
major basins in the Pacific (Tempisque, Tarcoles and
Térraba) and the Caribbean (Reventazon) slope due to their
economic importance for the country in terms of irrigation,
hydropower, and/or their close location to large population
centers.

Calibration and validation statistics of the hydrological
model can be found in tables SII and SIII, respectively, and
in Table SIV a Kolmogorov-Smirnov test (K-S; Wilks,
2019) was performed for each basin and GCMs to test the
hypothesis that the 3-day maximums of the observed and
modeled runoff series belong to the same distribution. As
can be seen from tables SII, SIII and SIV, there are basins

that perform better than others, and although the calibration
and validation results are very good for most of the basins,
the K-S test fails in many cases, supporting the idea that
reproducing the distribution of streamflow extremes in
some basins is a challenge for the suite of models used. As
such, this suggest that, in general, the hydrological mod-
elling is not the main source of uncertainty, but other uncer-
tainties such as the GCM limitations and other sources of
uncertainties that will be mentioned at the end of this para-
graph can be affecting the results also. The results for those
basins should be interpreted carefully. In the case of the KS
test (Table SIV) it can be seen that, in general, basins tend
to present similar results (whether the hypothesis is
accepted or rejected) for the three GCMs, and the models
gave good results in approximately one quarter of the
basins. Other factors could be adding to the uncertainty of
the results such as the complexity of each basin’s topogra-
phy, basin size (as this may affect for example the represen-
tativeness of the use of basin-wide time series of P, T, PET
and runoff in a lumped hydrological model), morphometric
characteristics of the basin, poor density of the precipitation
and stream gauge networks in a particular location used for
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Figure 2. Main 34 basins in the country with their names.
Four major basins of great economic importance in the
Pacific and Caribbean slope are highlighted

determining the observed data for calibration, hydrological
and GCM model limitations and others such as the reduc-
tion of precipitation and peak flows due to spatial averag-
ing of gridded precipitation (Bardossy and Anwar, 2023).
The mean daily streamflow of the selected four basins is
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Figure 3. 11-day moving average of mean daily average of streamflow (m?/s) for selected basins, models and epochs. Solid
lines correspond to the historical (1985-2015) scenario for the three models; dashed lines correspond to the mid-century
SSP5-8.5 projection for the three models. Black and grey lines: EC Earth, dark and bright red: GFDL ESM4 and dark and

bright blue: MPI ESM1 2 MR

presented in Figure 3. As can be seen, the basins in the
Pacific slope have generally lower streamflow values dur-
ing the dry season (November to April), than the basin in
the Caribbean slope (Reventazon). This is characteristic of
the difference in the climate regimes of both slopes in the
country (Herrera, 1985; Solano and Villalobos, 1999;
Alfaro, 2002). It is interesting to note that in terms of their
climatology, their historical (baseline) scenario is similar
for the three models, but their future scenario is very differ-
ent from model to model. In terms of their streamflow sea-
sonal cycle, the EC Earth3 and the GFDL ESM4 tend to
suggest future drier conditions during the wet season, while
MPI ESM1 2 HR depicts a wetter future. As mentioned
before, however, this observation cannot be verified to be
reasonable or not, since the model selection was based on
past (baseline scenario) data and accuracy of future climate
sensitivities cannot be assessed with current information.

In Figure 4, examples of the flood frequency analyses for
selected basins and for the EC Earth3 model are shown.
The black lines are the analyses for the historical period
and the red lines for the mid-century SSP5-8.5 scenarios.
For this model, one can see that the streamflow with return
periods of 20, 50 and 100 years (Q,y, Qsp, Qo0 respec-
tively) tend to be higher in the future for the selected
basins. The Supplementary Information includes the Q,,,
Qs, and Q,, estimations for all models individually and for
the ensemble (see tables SV to SXVI), computed for the
two scenarios (historical and mid-century).

Inspection of the Q,, estimation for the selected major
basins (Figure 5) shows that the difference between the his-
torical and mid-century scenario for the MPI ESM1 model
is much lower than the difference in other models and
varies in sign for each of the basins. The other models,

especially GFDL ESM4, suggest consistently wetter Q,, for
the future. It is important to note these model-to-model dif-
ferences that are affecting the results. In all figures the
ensemble results calculated as the mean of individual mod-
els will be added.

In Figure 6, maps of the difference (%) between the mid-
century and the historical Q,,, Qs, and Q,,, estimations are
included. The individual models are shown, as well as the
ensemble. As can be seen, the mentioned lower sensitivity
of the MPI ESM1 model results in a lighter map. Overall,
the increase in the design floods in the ensemble maps,
especially for the Pacific coast is of great concern, as it sug-
gests larger flood volumes. The Pacific slope, has an
increasing exposure to positive extreme hydroclimatic
events, associated with tropical cyclone influence (Hidalgo
et al., 2020; 2023; Quesada-Roman, 2021; 2022; Quesada-
Roman et al, 2020). The magnitude of the changes is
another issue that warns us of large possible impacts for the
future, as in some of the cases the future floods are more
than double the historical estimates. These results deserve
more studies, and, monitoring of the streamflow in the
country should be a high priority.

CONCLUSIONS

Changes in design flows due to climate change have
been computed for the main 34 basins of Costa Rica. It is
evident, that simulating the correct distribution of 3-day
annual maximum floods is a challenge for different rea-
sons, from limitations of the climate and hydrological mod-
els to the lack of meteorological and hydrological data, as
well as other different systematic errors. Nevertheless, the
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model seems to calibrate and validate well for most of the
basins and for others the information provided can still be
useful. This suggests that the hydrological model may not
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ensemble of GCMs used in this study. Basins showing sig-
nificant changes (p = 0.05) are depicted with red borders
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be the main source of uncertainty, and other limitations can
have a greater influence. In general, there is a projected
increase of design floods in the country, that should be
taken into consideration, especially due to the large magni-
tude of the changes. This information can be useful to plan-
ners and for future adaptation studies.
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