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RESUMEN

La modelacién hidrolégica se emplea, entre otras razones, para conocer los
caudales circulantes por los rios, estableciendo los recursos disponibles para los
distintos usos posibles del agua. Estd basada en ecuaciones fisicas que resuelven los
problemas de las abstracciones iniciales — considerando dentro de ellas tanto la
intercepcién vegetal como la del terreno —, la infiltracién, el proceso lluvia-escorrentia,
en el que se determina la cantidad de agua que por cada unidad espacial se va
aportando a los cauces principales y la propagacién de caudales, por el que el agua se

acumula y desplaza a través de los canales fluviales.

Las variables climaticas, junto con las caracteristicas del terreno (orografia y tipo
de suelo) y las coberturas vegetales o usos del suelo, resultan fundamentales para
poder alimentar los modelos hidrolégicos y obtener resultados que respondan de
manera coherente al comportamiento de la cuenca. Para ello sera necesario,

adicionalmente, conocer los caudales circulantes por el rio.

La falta de esta informacién tanto a nivel espacial como temporal constituye un
limitante tradicional a este tipo de estudios y ha condicionado su aplicabilidad en
cuencas no aforadas. Sin embargo, en la actualidad existen productos, basados en el
reandlisis de imagen satelital, que ayudan a mejorar el conocimiento de alguna de estas
variables de manera distribuida y con diferentes temporalidades, llegando en algunos

casos a proveer series de mas de 40 afios y con variabilidad infradiaria.

En la presente investigacion se ha empleado el modelo hidrolégico semi-
distribuido SWAT para simular los caudales diarios y mensuales en dos cuencas

estratégicas de la Republica de El Salvador, en Centroamérica.

La primera de ellas, la cuenca del rio Guajoyo (GRB), es una cuenca en estado
natural afectada por importantes figuras de proteccion medioambiental que le
confieren un especial interés para llevar a cabo el estudio de la afectacion del cambio
climatico en este tipo de cuencas tanto por los problemas derivados de las
inundaciones como los relativos a las sequias. A partir del estudio realizado se pudo
observar como los incrementos de temperatura se asocian en estas latitudes con un
descenso de la precipitacion media anual, lo que conlleva una mayor duracion e

intensidad de las sequias.

Por otro lado, se han realizado dos estudios diferenciados en la cuenca del rio
Grande de San Miguel (GSM), uno dirigido a determinar la aplicabilidad de un
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producto que establece los caudales medios diarios a partir de reandlisis de imagen
satelital para la calibraciéon de modelos y otro dedicado a evaluar la validez de cinco

productos satelitales de precipitaciéon para la modelacién hidrolégica de la cuenca.

Dentro de esta cuenca se utilizaron los registros de estaciones meteoroldgicas y
de estaciones de aforo que permitieron calibrar y validar los modelos hidrol6gicos de
ambos estudios, pudiendo comprobar la bondad de los distintos productos para
cumplir con los objetivos marcados, que ademdas de la determinacién de caudales
perseguian: establecer la capacidad de los mismos para detectar distintas intensidades
de lluvia; ajustar los pardmetros de los modelos hidrolégicos y comprobar la validez
del producto GloFAS para representar los caudales circulantes; asi como, comparar los
productos satelitales de precipitacién entre si y con los registros de las estaciones para

determinar los que resultan mas convenientes para modelar la cuenca.

Entre los distintos estudios se ha podido comprobar como los productos
satelitales de precipitacion tienden a sobreestimar el nimero y la intensidad de los
eventos de precipitacién; si existe una correlaciéon entre las series de precipitacion
provenientes de reandlisis y los valores observados en la cuenca, los caudales
provenientes de GIoFAS son adecuados para la calibracién de modelos hidrolégicos; y,
el empleo de productos satelitales de precipitaciéon en la modelacién hidrolégica de

cuencas fluviales presenta resultados aceptables en las cuencas de los rios GRB y GSM.

Palabras clave: SWAT, modelacién hidrolégica, General Circulation Models,
Gridded Precipitation, productos satelitales, Climate Change Toolkit, cambio climatico.
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ABSTRACT

Hydrological modelling is used to know the river discharge, among other
reasons, and to establish the resources available for the different possible uses of water.
It is based on physical equations that solve the problems of the initial abstractions —
considering within them both the canopy and the soil surface interceptions —, the
infiltration, the rainfall-runoff process, in which the amount of water contributed to the
main channels per spatial unit is determined and the propagation of flows, by which

the water accumulates and moves through the fluvial channels.

The climatic variables, together with terrain characteristics (orography and type
of soil) and the vegetation cover or land uses, are essential to feed the hydrological
models and obtain results that respond in a coherent way to the behaviour of the
watershed. Additionally, it will be necessary to know the circulating flows to the main

channel.

The lack of this information, both at a spatial and temporal level, constitutes a
traditional limitation to this type of studies and has conditioned its applicability in
non-gauged basins. However, currently there are products, based on satellite image
reanalysis, that help to improve the knowledge of some of these variables in a
distributed manner and with different temporalities, in some cases providing series of

more than 40 years and with infraday variability.

In this research, SWAT semi-distributed hydrological model has been used to
simulate daily and monthly flows in two strategic watersheds of the Republic of El

Salvador, in Central America.

The first of them, the Guajoyo river basin (GRB), is a basin in a natural state
affected by important environmental protection figures that give it a special interest to
carry out the study of the impact of climate change in this type of basin both due to the
problems derived from floods and those related to droughts. From the study carried
out, it was possible to observe how temperature increases are associated in these
latitudes with a decrease in average annual precipitation, which leads to a greater

duration and intensity of droughts.

On the other hand, two differentiated studies have been carried out in the Rio
Grande de San Miguel (GSM) basin, one aimed at determining the applicability of a
satellite product that establishes the average daily flows from image reanalysis for the
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calibration of models. and another dedicated to evaluating the validity of five satellite

precipitation products for the hydrological modelling of the watershed.

Within this basin, the records of climate stations and stream gauges were used
for calibrating and validating the hydrological models of both studies, being able to
verify the goodness of fit of the different products to meet the objectives, which,
besides the determination of discharges, pursued: to establish their capacity to detect
different rainfall intensities; to adjust the hydrological models parameters and to check
the validity of the GIoFAS product to represent the main river discharges; and finally,
to compare the GP products among them and with the records of the gauging and
streamflow measurements stations to determine those that are more convenient to

model the watershed.

From the different studies, it has been possible to verify how the gridded
precipitation products tend to overestimate the number and intensity of precipitation
events; if a correlation between the precipitation series from reanalysis and the values
observed in the gauges of the watershed exists, the flows from GIloFAS are suitable for
the calibration of hydrological models; and, in the end, the use of satellite precipitation
products in the hydrological modelling of river basins presents acceptable results in
the GRB and GSM watersheds.

Keywords: SWAT, hydrological modelling, General Circulation Models, Gridded
Precipitation, satellite products, Climate Change Toolkit, climate change.
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I- INTRODUCCION

I.1  JUSTIFICACION DE LA INVESTIGACION

La modelaciéon hidrolégica se utiliza para evaluar una serie de problemas
relacionados con las masas de agua, como son el cambio climatico, los cambios de
usos del suelo, la predicciéon de eventos extremos de inundacién y sequias, o la

planificacién y gestion de recursos hidricos (Pfannerstill, Guse y Fohrer, 2014).

La precipitaciéon es un pardmetro fundamental en la simulacién numérica
de la respuesta hidrolégica de una cuenca fluvial. Una reproduccién precisa de la
variabilidad espacio-temporal de la misma es crucial para simular con precisién

los procesos hidrolégicos.

Sin embargo, en muchos casos la informacién hidrometeorolégica no esta
disponible en la resolucién y con la cantidad de registros necesaria, lo que puede
conllevar una mala respuesta de los modelos hidrolégicos para la evaluacién de
recursos hidricos. Este hecho es bastante frecuente en los paises en vias de
desarrollo y en las areas remotas, donde la disponibilidad de estaciones de
medicion, tanto de variables climaticas como de caudales, es inferior a la
necesaria o es inexistente. En estos casos, ademds, aunque existan datos, en
muchas ocasiones son muy pobres o su acceso estd restringido debido a una

politica de difusién muy estricta (Duan et al., 2019).

El método tradicional de obtencién de series de precipitacion es a través de
la red convencional de estaciones hidrometeorolégicas, que en regiones con baja
cobertura de estaciones suelen requerir de interpolacién para llevar a cabo la
modelacion hidrolégica, lo que a menudo introduce mayor incertidumbre en los
modelos (Woldemeskel, Sivakumar y Sharma, 2013) e incluso diferencias
significativas entre la precipitacion real y la estimada (Senent-Aparicio et al.,
2018b). Adicionalmente, las estaciones hidrometeoroldgicas no siempre son
dispositivos precisos en la medicién de la precipitacion real, pudiendo producirse
desviaciones por la presencia de viento en el entorno del orificio de medicién,

defectos en la instalacion del dispositivo, pérdidas por humectacion y
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evaporaciéon en sus paredes y otro tipo de errores (Jimeno-Sdez et al., 2020;
Sevruk, 1996). Por tanto, existe una necesidad evidente de mejorar la recoleccién

de informacién y/o explorar alternativas mas precisas que los registros terrestres.

En este contexto, una fuente de informacién alternativa que puede ser de
especial utilidad en zonas con baja o nula cobertura de estaciones
hidrometeoroldgicas son los productos globales de precipitacion (GP, por sus
siglas en inglés) que proveen registros continuos de precipitacion con amplia
cobertura espacial y mucha mejor resolucién que las estaciones terrestres (Soo et
al., 2019).

Tan y Yang (2020) demostraron que la ausencia de registros de precipitacion
en més de un 20% de la serie afectaba de manera significativa a la simulacién de
caudales en climas tropicales. Para contrarrestar la escasez y mala calidad de los
registros de observacién, un gran nimero de estudios han comparado los GP con
los registros existentes para evaluar su aplicabilidad para la modelacién
hidrolégica en cuencas hidrograficas alrededor del mundo (Dhanesh et al., 2020;
Mazzoleni, Brandimarte y Amaranto, 2019; Yin et al., 2021; Usman et al., 2021).

De igual modo, de manera adicional a la precipitacion, la consideracién de
la temperatura condiciona los resultados en la modelacién hidrolégica, debido,
principalmente, a su relacién directa con la evapotranspiracién potencial. A pesar
de ello, no son muchos los casos en los que se ha analizado esta variable en
profundidad (Tan et al., 2021). Ejemplos de este tipo de estudios son Tan et al.
(2017) en el Sudeste asiético; y Duan et al. (2019) en Etiopia, empleando en ambos
casos registros satelitales de precipitacion y temperatura para desarrollar la

modelacién hidrolégica.

Tal y como se ha referido, contar con registros suficientemente extensos y
con la adecuada cobertura espacial de las variables climaticas es fundamental
para obtener buenos resultados en la modelaciéon hidrolégica, puesto que
permiten obtener estimaciones madas precisas de los parametros del modelo
durante los procesos de calibracién y validacion de este, comparando sus

resultados con los caudales observados en el rio.

Sin embargo, en muchas ocasiones los registros de caudales no estan

disponibles en muchos puntos de la cuenca, especialmente en paises en vias de
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desarrollo, en donde, ademads, el nimero de estaciones operativas decrece

rapidamente por la falta de mantenimiento de las mismas.

En este contexto, la existencia de productos climéticos provenientes de
sensores remotos como los referidos con anterioridad, ha permitido la modelacién
hidrolégica a escala global y con ella, la proliferacion de productos que estiman
los caudales circulantes por los cauces principales (Harrigan et al., 2020; Ghiggi et
al, 2021; Balsamo et al.,, 2011). Evaluar las condiciones de uso de este tipo de
productos y su aplicabilidad en paises en vias de desarrollo resulta de sumo

interés para la calibraciéon de modelos hidrolégicos.

En otro orden de cosas, el dltimo siglo ha experimentado un incremento
dramético en las emisiones de gases de efecto invernadero. Estos incrementos en
las concentraciones de diéxido de carbono y otros gases de efecto invernadero en
la atmosfera terrestre afectan de manera directa a la temperatura (Verma et al.,
2015) y, en consecuencia, el calentamiento global es causante de mayores tasas de
evapotranspiracion que conllevan cambios en los regimenes de precipitacion a

nivel global.

Un cambio climatico de tal magnitud afecta de manera significativa al ciclo
hidrolégico y a los regimenes de caudales, especialmente a escala de cuenca
(Zhang et al., 2016), lo que afecta de manera directa a los ecosistemas, la
seguridad hidrica y las actividades econémicas relacionadas con éstos,
principalmente en los sectores agricola, forestal y energético — a través de la

produccién hidroeléctrica.

Algunas de las consecuencias del cambio climético, tales como las
inundaciones y sequias son inevitables (Chattopadhyay y Jha, 2016). Sin embargo,
si que es posible cuantificar los impactos que el cambio climatico puede tener
sobre los recursos hidricos a escala de cuenca, para definir estrategias de

adaptacion y mitigacion de los impactos negativos (Batha et al., 2019).

Segtn el Panel Intergubernamental del Cambio Climéatico (IPCC, 2007) se
espera que casi todas las regiones del mundo experimenten impactos negativos
debidos al cambio climatico, siendo los paises en vias de desarrollo mas
vulnerables que los paises desarrollados, debido, entre otros motivos, a la

dependencia de sus economias de la agricultura, la escasez de infraestructuras y
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la falta de recursos para llevar a cabo medidas de adaptacion (Fischer et al., 2005;

Tubiello y Rosenzweig, 2008).

Tanto para validar el potencial de uso de los productos satelitales de
precipitacion, temperatura y caudal, como para explorar los potenciales efectos
del cambio climaético sobre los recursos hidricos, es necesario emplear un modelo
hidrolégico (Parajuli, 2010; Kiros, Shetty y Nandagiri, 2015; Krysanova y
Srinivasan, 2015). El modelo Soil and Water Assessment Tool (SWAT) ha sido
ampliamente empleado en estas tareas, por lo que se ha optado por su uso para

llevar a cabo la presente investigacion.

.2 OBJETIVOS

Esta investigacion se centra en la mejora creciente de los modelos
hidrolégicos con la disponibilidad de informacién climatica proveniente de
sensores remotos, lo que permite aumentar la precisiéon de sus resultados y con
ella mejorar los estudios de planificaciéon y gestion de recursos hidricos,
especialmente en regiones con escasa cobertura de estaciones

hidrometeorolégicas.

Dentro de esta tesis se abordan dos temas principales: (1) el uso de
productos satelitales de precipitacion, temperatura y caudal para la calibracién y
validaciéon de modelos hidrolégicos; y (2) el estudio del impacto del cambio
climatico y las sequias.

Ambos asuntos se abordan en dos cuencas seleccionadas de la Reptublica de
El Salvador — i.e. rio Grande de San Miguel (GSM) y rio Guajoyo (GRB) — en las
que la cobertura espacio-temporal de las estaciones climéaticas es escasa y los
problemas derivados del cambio climatico ponen en compromiso la forma de

vida y las figuras de proteccién ambiental existentes en la actualidad.
En este contexto se presentan los siguientes objetivos generales de la
investigacion:
e Evaluar el comportamiento de los productos satelitales de

precipitacion y temperatura en la modelacion hidrolégica.

e Comprobar la capacidad que los productos satelitales de

precipitacion tienen para simular caudales mensuales observados.
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e Investigar el potencial que el producto de caudales GloFAS-ERA5
proveniente de reandlisis de imagen satelital tiene para la calibracién
de modelos hidrolégicos. Asi como su relacion con los productos

satelitales de precipitacion y temperatura.

e Evaluar los impactos del cambio climético sobre los procesos
hidrolégicos a partir de las proyecciones de temperatura y
precipitacion extraidas de GCM y para dos escenarios de emisiones,

con ayuda de la herramienta CCT.
e Investigar el impacto del cambio climatico sobre las sequias.

La modelacién hidrolégica se ha desarrollado con el modelo SWAT vy la
informacién necesaria para llevar a cabo la modelacién, incluyendo los datos
observados, ha sido facilitada por el Ministerio de Medio Ambiente y Recursos
Naturales (MARN).

El trabajo englobado en la presente tesis aporta dos avances importantes a
la modelacién hidrolégica: (1) el uso de productos satelitales de precipitacion y
temperatura para la calibracion y validacién de los modelos es de aplicacion en
Centroamérica, donde la cobertura de estaciones terrestres es escasa o inexistente;
(2) el potencial que el registro de caudales proveniente de GloFAS-ERAS tiene
para la calibracion de modelos en cuencas donde el acceso a registros

convencionales es muy limitado.

1.3 ESTRUCTURA DEL DOCUMENTO

La presente tesis por compendio de publicaciones se estructura en seis
capitulos diferenciados y un apéndice. El Capitulo I, comprende la introduccion
del documento en la que se incluye la justificaciéon de la investigaciéon y los
objetivos principales; en el Capfitulo II se presentan los antecedentes y estado del
arte de la modelacién hidrolégica de recursos hidricos, los productos satelitales
de precipitacion y las herramientas de obtencién de escenarios de cambio
climatico; en el Capitulo III se introducen las zonas de estudio y la metodologia
de trabajo; en el Capitulo IV se reproducen las tres publicaciones que integran la
tesis, junto con una sintesis de los resultados principales y la discusion de los

mismos; en el Capitulo V se exponen las conclusiones extraidas de la
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investigacion y se establecen las lineas futuras de trabajo; y en el Capitulo VI se
reproducen las referencias bibliograficas que han sido manejadas durante la

elaboracion del documento.

De manera adicional se presenta en el Apéndice la informacién sobre la
calidad de las revistas en las que han sido presentadas las tres publicaciones de la
presente tesis.
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II- ANTECEDENTES Y ESTADO DEL ARTE

El presente capitulo desarrolla la revision bibliogréfica que enmarca la
teoria de la investigacion realizada, incluyendo, tanto el estado del arte de la
modelacion hidrolégica, como el relativo al uso de GCM vy la herramienta de

cambio climatico CCT para usos compatibles con ella.

La modelaciéon hidrolégica se utiliza para evaluar la influencia que los
cambios en el clima, los usos del suelo, la topografia, la geologia, la cobertura
vegetal y los suelos tienen sobre los procesos hidrolégicos (Kiros, Shetty y
Nandagiri, 2015; Krysanova y Srinivasan, 2014; Sing y Woolhiser, 2002). Todas
estas variables comparten la caracteristica de la no uniformidad en su
distribucién, temporalidad y respuesta, lo que acaba repercutiendo en la
complejidad de los modelos fisicos que persiguen explicar la hidrologia de una
cuenca (Srivastava et al., 2006; Singh y Woolhiser, 2002).

Su aplicacién en el mundo de la ingenieria civil es diversa, ya que estan
relacionados con los problemas de gestiéon de recursos hidricos, tales como disefio
de captaciones de agua potable y sistemas de riego, presas y embalses, canales y
conducciones o sistemas de saneamiento, entre otros; y con el disefio de
infraestructuras lineales, tales como carreteras y ferrocarriles, que precisan de

obras de paso o puentes para salvar los cursos de agua.

Con anterioridad a la década de 1960, la modelizacién hidrolégica estaba
orientada al desarrollo de teorfas y modelos que pudieran representar las
componentes individuales del ciclo hidrolégico, tales como la evaporacién, la
infiltracion, el flujo superficial, o el flujo base (Singh y Woolhiser, 2002).

Desde entonces hasta la actualidad, se han desarrollado numerosos
modelos, sus tipologias se han multiplicado, sus aplicaciones practicas se han
extendido, y la propia teoria de modelacion ha sido objeto de avances sustanciales
(Cabezas, 2015; Jodar-Abellan, Pla-Bru y Valdés-Abellan, 2019) gracias, en parte, a
la proliferacion de los ordenadores y al aumento de la potencia de cémputo. En
este sentido, la situacion se ha revertido por completo, pasando de
aproximaciones someras de la realidad mediante modelos individuales de las

distintas componentes del ciclo hidrolégico, a contar con mayor capacidad de
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cdmputo que datos disponibles, lo que alienta a la necesidad de mejorar las redes
y sistemas de recogida de datos para poder tener modelos mds precisos y

representativos de la realidad (Cabezas, 2015).

El primer ejemplo extendido de modelacion conceptual del ciclo hidrolégico
fue el Stanford Watershed Model (Crawford y Linsley, 1966) y desde entonces, las
dos siguientes décadas fueron muy prolificas en su generacién, destacando
(segtin Arnold et al., 1998) los siguientes: SSARR (Rockwood, Davis y Anderson,
1972), el modelo Sacramento (Burnash, Ferral y McGuire, 1973), el modelo de
tanque (Sugawara et al., 1976), HEC-1 (HEC, 1981), HYMO (Williams y Hann,
1973), RORB (Laurenson y Mein, 1983), TOPMODEL (Beven y Kirkby, 1979),
CREAMS (Knisel, 1980), SHE (Abbott et al., 1986) y ARNO (Todini, 1996).

Con la mejora del poder de célculo, las leyes fisicas y las ecuaciones se han
ido complicando, desde la resolucién de ecuaciones diferenciales en diferencias
finitas de leyes hidrdulicas simplificadas o relaciones empiricas algebraicas, a la
consideracién de la variacién dinamica de la humedad del suelo y su relaciéon con
la escorrentia superficial, o la mejora en la consideracién del flujo subsuperficial.

Y en este sentido han ido evolucionando los modelos anteriores.

Sin embargo, no ha sido hasta la llegada del S. XXI con las grandes mejoras
en computacion y desarrollo de software — en especial con la aparicién de los
Sistemas de Informacién Geografica (GIS) y el desarrollo de bases de datos —
cuando se ha logrado considerar la distribucién espacial existente en el territorio,

proliferando los modelos distribuidos fisicamente basados.

Dentro de esta categoria, destaca a nivel cientifico — segtin Jodar-Abellén,
Pla-Bru y Valdés-Abellan (2019) en 2017 el articulo de referencia contaba con
2,391 citas, quedando muy por encima de los articulos equivalentes de otros
modelos hidrolégicos — el modelo Soil and Water Assessment Tool (SWAT;
Arnold et al., 1998), que fue desarrollado por el Servicio de Investigacién Agricola
del USDA y en la actualidad cuenta con casos de estudios repartidos por todo el
mundo sobre tematicas muy diversas, tales como la evaluacién de recursos
hidricos, calidad del agua, cambio de usos del suelo, o la evaluaciéon del impacto
del cambio climéatico (Krysanova & White, 2015).

Para alimentar estos modelos, tradicionalmente se ha obtenido la

precipitacion a partir de las estaciones meteoroldgicas existentes en el entorno de
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la cuenca. Sin embargo, en 4reas con baja densidad de las mismas, la
interpolacién de datos es necesaria con la correspondiente incertidumbre que ello
conlleva (Woldemeskel, Sivakumar y Sharma, 2013) e incluso la no existencia de
correlacién entre la precipitacion observada y la estimada (Senent-Aparicio et al.,
2018b).

Adicionalmente, los pluviéometros no siempre son buenos instrumentos
para medir la precipitacion real, debido, entre otras cosas, a los efectos del viento
sobre el dispositivo de medicién, defectos en la instalacion, imprecisiones por los
procesos de humedad y evaporacion en las paredes del dispositivo, y otro tipo de
errores (Jimeno-Saez et al., 2020; Sevruk, 1996; Centella-Artola et al., 2020). Por
tanto, hay una necesidad evidente de mejora en la recopilacién de datos y/o en la
bisqueda de alternativas de informacién con una mayor representatividad

espacial que las estaciones hidrometeoroldgicas.

En la regiéon Centroamericana y Caribe, donde existen multitud de paises e
islas dispersas y en los que ha habido diferentes conflictos armados durante la
segunda mitad del Siglo XX, la red de estaciones de precipitacién no cuenta con
registros continuos ni ha tenido el mantenimiento necesario, con lo que la

necesidad de alternativas de informacioén es muy evidente.

Sin embargo, hay muy pocos estudios que evalten la precision de los GP en
el drea de interés (Centella-Artola, et al. 2020). Jury (2009) estudi6 la habilidad de
varios GP para representar la distribucion espacial y la intensidad media de
precipitacion en el periodo 1979-2000; propuso una metodologia para la
comparacion entre productos de precipitacion basada en la identificacion binaria
(si 0 no) de fendmenos conocidos y destacé que, a pesar de las diferencias
existentes en la representacion espacial de las precipitaciones en la mitad Este de
las islas caribefias segun el producto utilizado, los productos satelitales de alta
resolucién eran razonablemente representativos. Desde entonces, muchos GP han
sido actualizados y han aparecido otros con mayores resoluciones espacio-

temporales.

Desde entonces, el uso de GP en los estudios de precipitaciones o su empleo
en la modelacién hidrolégica parte de la premisa de que el producto satelital es el
mejor disponible o el que mas razonablemente representa el clima regional

(Centella-Artola et al., 2020). Entre estos trabajos destaca la revision realizada por
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Jones et al. (2016), en la que se aborda la evolucion de los estudios climatolégicos
desde mediados de la década de 1950 en la region Caribe, y como se ha pasado de
la comparativa de valores medios mensuales de precipitacion y el establecimiento
de relaciones climaticas con valores observados en el resto del continente
americano — e.g. Grandes llanuras de E.E.U.U., fenémeno de El Nifio, etc. —, al uso
de GP tanto para el estudio de la climatologia como para la modelacion
hidrolégica.

En la regiéon Centroamericana, Jones et al. (2016) destaca el trabajo de
Magafia, Amador y Medina (1999) en el que se elabora un producto de
precipitacion a partir de registros de estaciones para el periodo 1958-1995 con una
resoluciéon espacial de 1°x1° y con el que se pudo justificar la importancia del

fenémeno de la canicula estival en la modulacion del clima en Centroamérica.

En cuanto al uso de productos satelitales de precipitaciéon en la modelaciéon
hidrolégica son muchas las referencias existentes (e.g. Stisen y Sandholt, 2010;
Bitew y Gebremichael, 2011; Skinner et al., 2015; Li et al., 2018; Zhu et al., 2018;
Maggioni y Massari, 2018; Deng et al., 2019; Senent-Aparicio et al., 2021) y ofrecen
una alternativa prometedora a los métodos tradicionales de monitoreo, con una
escala global y resoluciones espacio-temporales cada vez de mayor detalle (Jiang
y Wang, 2019).

En términos generales, la capacidad y el desempefio de los GP para la
modelacion hidrolégica se ven muy afectadas por las diferencias existentes en la
topografia, clima, estacion del afio, tamafio de la cuenca y la seleccién del modelo
hidrolégico y GP (Zhu et al., 2018; Maggioni y Massari, 2018; Bitew y
Gebremichael, 2011). En este sentido, resulta fundamental la realizacién de un
estudio estadistico que compruebe la coherencia de resultados entre productos y
las estaciones climéticas existentes en las distintas épocas del afio, detecte las
desviaciones sistemdticas y los errores aleatorios y seleccione los productos
satelitales que mejor se adapten a la zona de estudio (Stisen y Sandholt, 2010;
Bitew y Gebremichael, 2011; Deng et al., 2019; Jiang y Wang, 2019; Senent-
Aparicio et al., 2021).

Entre los ejemplos de uso de estos productos para la modelacion
hidrolégica se tienen casos de estudio en Africa (Stisen y Sandholt, 2010; Bitew y
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Gebremichael, 2011), China (Zhu et al.,, 2018; Deng et al., 2019), Europa (Senent-
Aparicio et al., 2021) y América del Sur (Falk et al., 2015).

Sin embargo, hasta donde se tiene conocimiento, este tipo de productos no
han sido empleados para realizar estudios de modelacién hidrolégica en la region

Centroamericana.

Por otro lado, Harrigan et al. (2020) presenta la herramienta Global Flood
Awareness System (GloFAS-ERAS) para la estimacién de caudales a partir de
reandlisis de imagen satelital. La gran novedad de este producto es que los datos
estan actualizados con tan sélo de dos a cinco dias de retraso respecto del tiempo
actual, lo que confiere a GloFAS la posibilidad de estudiar los eventos que se

estan produciendo en la actualidad.

La serie de GIoFAS se inicia en enero de 1979, en consonancia con el
producto satelital ERA5, del que extrae las condiciones climaticas para el calculo
de la escorrentia, aplica el modelo hidrolégico LISFLOOD (Burek, van der Knijff y
de Roo, 2013) para realizar el balance hidrico y obtiene la serie de caudales que

constituyen el modelo GIloFAS.

GIoFAS realiza predicciones diarias con una escala temporal diaria e
incluye dos productos principales: (1) GloFAS 30d, establece la probabilidad de
excedencia de determinados caudales en una secciéon de cauce para los 30
préoximos dias; y (2) GloFAS-Seasonal que realiza proyecciones climéticas de 4

meses, que presenta una vez al mes y con una escala temporal semanal.

Aunque existen algunos ejemplos de aplicacién de productos satelitales de
precipitacion en modelacién hidrolégica — Sikder et al. (2019) los emplearon para
la gestion de cuencas transnacionales en el Sur y Sudeste asiatico y Lakew et al.
(2019) los aplicaron en un estudio de gestiéon de recursos hidricos en la cuenca del
rio Nilo, en Etiopia — GIoFAS es un producto de reciente creacién y su aplicacion
para la calibracion de modelos hidrolégicos no estd documentada hasta la fecha.

Finalmente, Vaghefi et al. (2017) presenta la herramienta Climate Change
Toolkit (CCT) para la reduccién de escala y correccién del sesgo de los GCM
seleccionados dentro del proyecto Inter-Sectoral Impact Model Intercomparison
Project (ISI-MIP5), constituyéndose como una plataforma de referencia para la

sistematizacion de estudios de cambio climatico.
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Durante la presentacion del producto, Vaguefi et al. (2017) emplea como

caso de estudio la Peninsula de Baja California.

Magris et al. (2019) estudia la cuenca baja del rio Doce, en el Sudeste de
Brasil, donde en 2015 se produjo la rotura catastréfica de un embalse que produjo
el vertido de lodos contaminados con metales pesados y utiliza la herramienta
para extraer los escenarios de bajas emisiones (RCP2.6) y las proyecciones de

corto plazo de las variables precipitacion y temperatura.

Pérez-Sanchez et al. (2020) emplea la herramienta para la descarga y ajuste
de escala de los distintos GCM en la cuenca del rio Eo, en el Norte de Espafa,
para el estudio de los riesgos ecolégicos e hidro-geomorfolégicos para distintos
escenarios temporales, teniendo en cuenta los escenarios de emisiones RCP4.5 y
RCP8.5.

Gulakhmadov et al. (2020) estudia la influencia del cambio climatico en la
cuenca del rio Vakhsh de Asia Central para el abastecimiento de agua a las
poblaciones ubicadas a lo largo de su cauce. Se trata de un rio de caudal
condicionado por los aportes de la nieve al derretirse y que integra también la
producciéon de energia dentro de sus usos. Los autores emplean SWAT para la
simulacién hidrolégica de la cuenca vertiente y CCT para evaluar los escenarios
de cambio climético, considerando los escenarios de emisiones RCP4.5 y RCP 8.5

para la evaluacion del clima en los horizontes temporales 2022-2060 y 2061-2099.

Lopez-Ballesteros et al. (2020) aplica el modelo SWAT de manera conjunta
con el indicador de alteracion hidrolégica (IHA) en la cuenca del rio Aracthos, al
Noroeste de Grecia. El trabajo utiliza el periodo de largo plazo (2070-2099) para
evaluar la influencia que el cambio climatico tiene sobre el ciclo hidrolégico de la
cuenca, empleando para ello los escenarios de emisiones RCP4.5 y RCP8.5. Los
datos climaticos regionalizados se obtienen con ayuda de la herramienta CCT.

Finalmente, Akoko, Kato y Tu (2020) estudia la influencia que el cambio
climético va a tener en el cultivo de arroz en la cuenca del rio Mwea en Kenia.
Para ello, emplea la herramienta CCT para la extraccién y ajuste de escala de los
GCM seleccionados — i.e. GFDL-ESM2M, HadGEM2-ES y NorESM1-M -,
obteniendo los valores para los periodos 2020-2060 y 2061-2099 y los escenarios de
emisiones RCP2.6, RCP4.5, RCP6.0 y RCP8.5; SWAT como modelo hidrolégico en
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el que realizar la evaluacién; y CropWat para evaluar los requerimientos de agua

de los cultivos en los distintos espacios temporales y escenarios considerados.

Por tanto, al igual que en el caso de los productos GP, existen casos de
estudio en diversos paises a nivel mundial del uso de la herramienta Climate
Change Toolkit (CCT) para la descarga, ajuste de escala y correcciéon del sesgo de
los datos climaticos provenientes de los GCM seleccionados en el proyecto ISI-
MIP5. Sin embargo, no se han encontrado ejemplos de aplicacion de la
herramienta para la obtencién de proyecciones climdticas en Centroamérica, lo

que convierte al presente estudio en pionero en ese sentido.
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II- METODOLOGIA DE INVESTIGACION

El presente capitulo de Metodologia de investigacion estd organizado en
cuatro apartados principales. En el apartado III.1 se describen las caracteristicas
principales de las zonas de estudio. En el apartado III.2 se presenta el modelo
hidrolégico SWAT, con el que se estudia la validez de los productos satelitales y
la evaluacién de recursos hidricos en las cuencas seleccionadas para escenarios de
cambio climatico. En el apartado III.3 se introducen los escenarios de cambio
climético considerados en la presente tesis — i.e. GFDL-ESM2M, HadGEM2-ES,
IPSL-CM5A-LR, MIROC y NoerESM1-M - al tiempo que se presenta la
Herramienta de Cambio Climatico para la obtencién y reduccién de escala de los
mismos. Finalmente, en el apartado III.4 se presentan los productos satelitales de
precipitacion y temperatura empleados en las distintas publicaciones que
integran esta tesis —i.e. CFSR, CHIRPS-CHIRTS, ERA5, MSWEPv1.1, PERSTANN-
CDR y CMORPH.

III.1 CARACTERISTICAS DE LAS ZONAS DE ESTUDIO

La seleccién de las zonas de estudio se realizé de manera consensuada con
el Ministerio de Medio Ambiente y Recursos Naturales (MARN) de El Salvador,
dentro del convenio de colaboracién suscrito con ellos por el que se puso a
disposicion del presente trabajo de investigaciéon la siguiente informacién
hidrolégica:

e Mapas de usos del suelo.
e Modelo Digital de Elevaciones (DEM, por sus siglas en inglés).
e Registros de precipitacion, temperatura y evapotranspiracion.

e Estudio del Plan Nacional de Gestion Integrada del Recurso Hidrico
de El Salvador, con Enfasis en Zonas Prioritarias, PNGIRH (2017).
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Para el estudio de la disponibilidad de recursos hidricos y sequias bajo
escenarios de cambio climatico se seleccion6 la cuenca del rio Guajoyo (GRB),
situada al Oeste de la Reptblica de El Salvador.

La cuenca tiene una superficie de 156 Km? aguas arriba de la estacion
foronémica de Piedra Cargada, empleada en la calibracion del modelo
hidrolégico y que define el desagiie de la zona de estudio. La pendiente media es

del 16% con valores de elevacion que oscilan entre los 1,517 m y 425 m.

El rio Guajoyo es tributario del rio Lempa, una cuenca tri-nacional que se
extiende en los territorios de Guatemala, Honduras y El Salvador, y constituye
uno de los rios mas importantes de la Region Centroamericana, siendo el mds
importante en la Reptublica de El Salvador. Presenta un clima tropical con dos
periodos bien diferenciados (MARN, 2017a), una estacién seca — i.e. de Mayo a

Octubre — y una estacién himeda —i.e. de Noviembre a Abril.
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Figura 1. Mapa de localizacién de la cuenca del rio Guajoyo: (a) Ubicacién de la
Reptblica de El Salvador en Centroamérica; (b) Posicién de la cuenca del rio Guajoyo
dentro de El Salvador; (c) Subcuencas, DEM, hidrografia y localizacién de estaciones

hidrometeorolégicas dentro de la cuenca
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La precipitacion histdrica anula varia entre los 863 y los 1,834 mm/afio en el
periodo de 1970 a 2017, con un valor medio de 1,373 mm/afio. La variable
temperatura varia principalmente con la altura, presentando pequefios cambios a
lo largo del afio — los valores maximos se alcanzan entre Marzo y Abril; y los
valores minimos entre Noviembre y Diciembre —, y un valor medio anual de 23
C.

En cuanto a tipologia de suelos, dominan los andosoles, de origen
volcanico, con alta permeabilidad y fértiles (Wada, 1985; Levard y Basile-Doelsch,
2016). De igual modo, en cuanto a tipologia de usos del suelo destacan los
terrenos de cultivo, que ocupan el 51% de la superficie de la cuenca; y los pastos,

que cubren un 30% de la misma.

La cuenca GRB tiene especial interés desde el punto de vista
medioambiental debido a las figuras de proteccién que presenta, tales como (1) El
Complejo Giijja, incluido en la lista Ramsar de la Convencién de Humedales
desde el afio 2010, y que se ubica en la desembocadura del rio Guajoyo, en su
confluencia con el Rio Desagtie; (2) El Area de Proteccion Natural La Montadita,
conformada en 2010 en la parte alta de las quebradas Las Marias y San Marcos,
tributarias del GRB, donde estd presente el bosque tropical seco; y (3) La Reserva
de la Biosfera de la UNESCO Trifinio Fraternidad, designada en 2011 y ubicada
entre los paises de El Salvador, Guatemala y Honduras, que garantiza el
abastecimiento de agua a las comunidades locales, al tiempo que ejerce un papel
principal en el desarrollo de la regién a través del agroturismo y la plantacién de

cultivos como el café.

Y para los estudios del impacto que los productos satelitales de
precipitacion tienen en la simulacién de caudales en cuencas con escasez de
estaciones de aforo y el del analisis del potencial que el producto GloFAS-ERA5
de estimacion de caudales por reandlisis de imagen satelital tiene para la
calibraciéon del modelo SWAT se seleccion6 la cuenca del rio Grande de San
Miguel (GSM).

La cuenca del rio GSM se encuentra en el este de la Republica de El
Salvador y ocupa una superficie de 2,377 Km? hasta que alcanza el puno de

desagiie del modelo. Se trata de una de las cuencas mas grandes del pais, con un
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rango de altitudes que oscila entre el nivel del mar y valores superiores a los 2,000

m en el Volcan de San Miguel.

Al igual que en el caso de la cuenca GRB, la cuenca del rio GSM esté
sometida a un clima tropical, con elevadas tasas de precipitacién — con valores
anuales medios de 1,700 mm -, distribuidas de manera muy diferenciada — en
torno al 90% de la precipitacion se produce entre Mayo y Octubre (Blanco-Gémez
et al. (2019); Wobad y Jobel (1970) — en una época lluviosa y otra seca. Por su

parte, las temperaturas oscilan entre los 17 °C y los 37 °C.

En lo relativo a la tipologia de suelos, dominan los andosoles, phaeozems y
regosoles. Los andosoles cubren la superficie alrededor del Volcan de San Miguel,
son de origen volcénico, con alta permeabilidad y con condiciones ideales para el
cultivo (Levard y Basile-Doelsch, 2016). Los regosoles estin compuestos por
material no consolidado, de granulometria fina, y son comunes en d&reas
montafiosas; siendo dominantes en la parte Norte de la cuenca. Finalmente, los
phaeozems son comunes en la parte Este de la cuenca y en ellos se albergan
pastos himedos y superficies boscosas por tratarse de materiales muy porosos y
fértiles, lo que los convierte en un terreno excelente para la agricultura (FAO,
2008). De igual modo, en cuanto a tipologia de usos del suelo destacan los pastos
(43%), terrenos de cultivo (32%) y bosques (17%).

La ciudad de San Miguel, la segunda mds habitada en El Salvador, se
encuentra en el centro del 4rea de estudio. La cuenca es muy sensible
ecolégicamente y algunos de sus ecosistemas poseen figuras de proteccion
internacional. Tal es el caso de las zonas protegidas de Tecapa-San Miguel y la
Bahia de Jiquilisco. La zona de Tecapa-San Miguel es conocida por sus
plantaciones de café, sus lagunas costeras — algunas incluidas en la Convencién
Ramsar de Humedales — y sus crateres volcanicos. Por su parte, desde 2005 la
Bahia de Jiquilisco — situada en la desembocadura del rio GSM - estd catalogada
como sitio Ramsar y una reserva mundial de la biosfera por la UNESCO.

Segiin MARN (2017a), la contaminacién de las aguas y la necesidad
potencial de aumentar la agricultura son las mayores presiones medioambientales

en la cuenca del rio GSM.
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Figura 2. Localizacion de la cuenca del rio Grande de San Miguel: (a) Posicién de la cuenca

del rio GSM dentro de Centroamérica; (b) Subcuencas, DEM, hidrografia y localizaciéon de

estaciones meteorolégicas dentro de la cuenca; (c) Mapa de suelos; (d) Mapa de usos del

suelo
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II1.2 MODELO HIDROLOGICO SWAT

El Soil and Water Assessment Tool, SWAT (Arnold et al., 1998; Neitsch et
al., 2011), es un modelo hidrolégico a escala de cuenca fisicamente basado, semi-
distribuido y de simulacién temporal continua — i.e. no estd disefiado para la
simulacién de un evento de crecida o inundacién. Fue desarrollado por el Dr. Jeff
Arnold en el Departamento de Agricultura de los Estados Unidos con la

Universidad de Texas a principios de la década de 1990.
SWAT precisa de un modelo digital de elevaciones (DEM, por sus siglas en

inglés), un mapa de suelos y un mapa de usos del suelo para la division
hidrolégica de la cuenca. La integraciéon de esta informacién espacial se realiza
con ayuda de sistemas GIS, contando con complementos especificos en ArcGIS y
QGIS.

En primer lugar se lleva a cabo el cdlculo de la cuenca drenante a partir de
la definicién del punto de desagiie del modelo, el célculo de la red hidrogréafica y
la divisién en subcuencas dependiendo de las ramificaciones de la red de drenaje.
SWAT integra la informacién hidrografica con las caracteristicas del terreno y los
usos del suelo a través de las unidades de respuesta hidrolégica (HRU, por sus
siglas en inglés), en las que se agrupan las superficies de terreno dentro de cada
subcuenca con caracteristicas homogéneas.

De acuerdo a Neitsch et al. (2011) la simulacién hidrolégica en SWAT
distingue dos fases diferenciadas: (1) la fase terrestre o de produccién y (2) la fase
de propagacion de caudales y transporte de materiales.

La fase de produccién esta fundamentada en el balance de agua y en ella se
determina la cantidad de agua y las cargas de sedimentos, nutrientes y pesticidas

que son aportadas al canal principal de cada una de las subcuencas.
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Figura 3. Representacion gréfica de la fase terrestre del ciclo hidrolégico (Neitsch et al.,
2011)

Mientras que la fase de propagacion de caudales queda definida por el
movimiento del agua, el transporte de sedimentos, la transformacion fisico-
quimica de las sustancias transportadas por la corriente y presentes en el fondo
del cauce, etc. a lo largo de la red hidrografica, entre cuencas, hasta alcanzar el

punto de desagiie.

La ecuacién fundamental del modelo se corresponde con el balance hidrico

para cada HRU y tiene la siguiente expresion (Neitsch et al., 2011):

T

SW, = SW, + Z(R"‘V ~ Quurt~ Ea =~ Waeep — Q) @

i=1
donde, SWtes la cantidad final de agua en el suelo (mm), SWoes la cantidad
inicial de agua en el suelo en el dia 7/ (mm), t es el tiempo (dias), Ray es la
precipitacion del dia 7/ (mm), Qsur es la escorrentia superficial en el dia 7 (mm), Ea
es la evapotranspiracion del dia 7 (mm), wseep es la cantidad de agua que percola el

dia 7/ (mm) y Qgwes el flujo de retorno del dia 7 (mm).
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Los aportes de humedad y energia que controlan el balance hidrico se
introducen a través del médulo de clima. Las variables climdticas definidas en los
modelos de SWAT son la precipitacion diaria, la temperatura maxima y minima

del aire, la radiacién solar, la velocidad del viento y la humedad relativa.

Una vez evaluado el balance a nivel de HRU, se inicia la propagaciéon de
caudales a lo largo de los canales que definen la red de drenaje. SWAT plantea el
transporte de agua a través de una red de canales trapezoidales en los que el agua
circula en lamina libre. La velocidad de flujo se calcula mediante la ecuacién de
Manning y la propagacién se realiza mediante el método de enrutamiento de
almacenamiento variable o el método de Muskingum. De este modo, el flujo que
se genera en cada HRU se agrega a lo largo de la red de drenaje hasta que alcanza

el desagtie del modelo.

I11.2.1 Componentes hidrolégicas del modelo SWAT

El agua precipita desde la atmosfera y parte de ella es interceptada por la
vegetacion o queda retenida en la superficie terrestre. Otra parte, se infiltra a
través del suelo alcanzando el acuifero subyacente o forma un flujo, superficial o
subsuperficial, que por escorrentia alcanza los principales canales de agua,
contribuyendo de este modo a aumentar el caudal de los rios. Adicionalmente,
parte del agua infiltrada quedara retenida en el suelo rellenando los huecos y
ocupando parte de su capacidad de campo.

Todos estos procesos constituyen las componentes de la modelacion
hidrolégica con SWAT, que seguidamente se describen en mayor detalle (Neitsch
etal., 2011).

1I1.2.1.1 Escorrentia superficial

La escorrentia superficial se corresponde con la cantidad de agua
precipitada que excede la capacidad de infiltracién del suelo. En SWAT se puede
calcular la escorrentia superficial aplicando dos métodos distintos: el método del
nuimero de curva (CN, por sus siglas en inglés) del Soil Conservation Service
(SCS) de Estados Unidos (SCS) (USDA-SCS, 1972) y el método de infiltraciéon de
Green & Ampt (1911). En los modelos hidrologicos de la presente tesis se ha
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empleado el método del nimero de curva para el calculo de la escorrentia

superficial.

El ndmero de curva varia de forma no lineal con el contenido de humedad
en el suelo y disminuye conforme el suelo se acerca al punto de marchitez
permanente, de manera que valores cercanos a cero se corresponden con suelo
con una muy alta permeabilidad y valores préximos a cien se corresponden con

suelos saturados o muy impermeables.

111.2.1.2 Intercepcion de agua en la superficie vegetal

El almacenamiento de agua en la cubierta vegetal estd relacionado con el
agua disponible para que se produzca la evaporacion. Cuando se emplea el
método del nimero de curva para el cdlculo de la escorrentia superficial, la
intercepcion de agua en la superficie vegetal se emplea en el balance de
escorrentia. En SWAT se define el valor maximo de agua que puede ser
almacenada en la cubierta vegetal para cada tipo de cultivo, siendo esta agua la

primera que desaparece cuando se considera la evaporacion.

111.2.1.3 Infiltracion

La infiltraciéon es la cantidad de agua que entra en el suelo desde la
superficie. Conforme el agua va penetrando en el terreno, éste se vuelve cada vez
mas himedo, agotando su capacidad de almacenamiento de agua (o capacidad de
campo) y disminuyendo la tasa de infiltracion que se puede producir desde la
superficie, hasta que alcanza un valor estable. La infiltracién se determina como
la diferencia entre la cantidad de precipitacion y la de escorrentia superficial que

se produce.

111.2.1.4 Evapotranspiracion

La evapotranspiracion comprende todos los procesos por los que el agua en
estado liquido o sdlido que se encuentra en la superficie terrestre o en sus
proximidades, se convierte en vapor de agua. El concepto engloba tanto la
evaporacion proveniente del terreno desnudo o superficies vegetadas, o la

provenientes de las aguas superficiales; la transpiraciéon producida por la
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superficie foliar de las plantas; y la sublimacién de las superficies nevadas o
heladas.

En SWAT es posible calcular la evapotranspiracion potencial aplicando tres
métodos distintos, a saber: Penman-Monteith (Monteith, 1965), Hargreaves
(Hargreaves, Hargreaves, & Riley, 1985) y Priestley-Taylor (Priestley &Taylor,
1972).

En el caso del método de Penman-Monteith es necesario conocer la
radiacion solar, la temperatura del aire, la humedad relativa y la velocidad del
viento para determinar la evapotranspiracion. Por su parte, en el método de
Priestley-Taylor son necesarios los datos de la radiacién solar, la temperatura del
aire y la humedad relativa; y finalmente, para el caso de Hargreaves solo es
requerida la temperatura del aire (temperatura maxima y minima). Debido a la
mayor facilidad de acceso a los datos de partida, es habitual el calculo de la
evapotranspiracion mediante los métodos de Hargreaves y Penman-Monteith,

como sucede en los modelos realizados en la presente tesis.

111.2.1.5 Flujo subsuperficial

El flujo subsuperficial se origina en la zona no saturada, generalmente en
los dos primeros metros de suelo y constituye una aportacién directa al caudal de
los cauces de aguas superficiales. En SWAT se calcula mediante un modelo de
almacenamiento cinematico en cada una de las capas que constituyen la zona no

saturada conforme al modelo de Sloan et al. (1983).

111.2.1.6 Percolacién profunda

La percolacién profunda, al igual que el flujo subsuperficial, es calculada
para cada capa del suelo en la zona no saturada. El flujo gravitacional, o
percolacién, se produce cuando la capacidad de campo de cada capa del suelo se
ve excedida —i.e. se satura —y la capa subyacente no estd saturada, de manera que
el movimiento del agua esta gobernado por la conductividad saturada de cada

perfil del suelo.

La temperatura es un factor determinante en este proceso, de manera que,
para temperaturas inferiores a 0 C, el agua del terreno esta congelada y no se

produce el flujo.
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111.2.1.7 Estanques

Los estanques son estructuras de almacenamiento de agua ubicadas en una
subcuenca y que interceptan la escorrentia superficial. Se ubican fuera de la red

de canales principales y no reciben agua de ellos.

111.2.1.8 Canales

Se consideran dos tipos distintos de canales en SWAT: (1) la red de canales
principales; (2) los canales tributarios o secundarios. Los canales tributarios se
encargan de recoger las escorrentias superficiales de una porciéon de las
subcuencas y conducirla a la red de canales principales. El flujo subsuperficial en

SWAT se conecta directamente con la red principal.

De igual modo, los atributos de los canales secundarios se emplean para

calcular el tiempo de concentracion de cada una de las subcuencas.

Para determinar las pérdidas a través del lecho del cauce, SWAT emplea el
método de Lane descrito en USDA-SCS (2007), en el que las pérdidas de agua son

funcién de la forma (ancho y largo) del canal y del tiempo de flujo.

111.2.1.9 Recarga acuifera

El flujo base es el aporte de caudal a las aguas superficiales proveniente de
las aguas subterrdneas. SWAT divide las aguas subterrdaneas en dos sistemas
acuiferos: (1) un acuifero poco profundo y no confinado, que aporta el flujo base a
las corrientes superficiales de la cuenca; y (2) un acuifero profundo y confinado
que aporta el flujo base a las corrientes superficiales fuera de la cuenca (Arnold,
Allen, & Bernhardt, 1993).

De manera adicional al flujo base, el agua almacenada en el acuifero poco
profundo contribuye a la reposicion de humedad en el perfil del suelo en

condiciones muy secas o es consumida por la vegetacion.
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II1.2.2 Analisis de sensibilidad, calibracion y validacion del modelo
hidrolégico SWAT

El ajuste de los parametros definitorios del ciclo hidrolégico en SWAT se
realiza a través de un procedimiento de calibracién consistente en tres etapas

diferenciadas: (1) analisis de sensibilidad, (2) calibracién y (3) validacién.

Al tratarse SWAT de un modelo con multitud de pardmetros es
recomendable la calibraciéon automadtica y para ello se ha empleado en los
distintos modelos desarrollados en la presente tesis el algoritmo SUFI-2

implementado en el paquete de software SWAT-CUP.

Llegados a este punto, cabe destacar que la calibracién de los modelos de
cuenca es subjetiva y que ningtiin algoritmo de calibracién puede reemplazar el
conocimiento de un hidrélogo y su andlisis de la hidrologia de la cuenca y del
proceso de calibracién (Abbaspour et al., 2015). Por ello no deberia de realizarse
ningun proceso de calibracién sin haber realizado un andlisis de la sensibilidad de

los parametros del modelo.

El proceso de calibracién del algoritmo SUFI-2 queda descrito en los

siguientes pasos (Abbaspour, Johnson and van Genuchten, 2004):

1. Definicién de la funcién objetivo dependiente de los objetivos del
proyecto — e.g. buena representacion de los caudales punta y del
flujo base, consideracion de varias variables al unisono, tales como

flujo y concentracion, etc.

2. Establecimiento de los rangos de variacion de los pardmetros en

base a las caracteristicas fisicas de los mismos.

3. Andlisis de sensibilidad de los pardmetros seleccionados en el
modelo. Para cada pardmetro se fija el resto en un valor realista y se
divide el rango de variacién del mismo en diez intervalos iguales, de
manera que cada uno de los intervalos evalte su respuesta en el
modelo hidrolégico y se representen sus resultados frente a los
valores observados, valorando de este modo la sensibilidad del

parametro.

4. Asignacion de los valores iniciales de los parametros de calibracion.
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5. Ejecucion de n simulaciones (siendo n un valor relativamente alto:
1,000-2,000), guardando los resultados del modelo para cada una de

ellos, incluyendo los siguientes pasos:

a. Calculo de estadisticos — i.e. RMSE —, pesos y funcién

objetivo de cada simulacién.

b. Desviaciéon tipica, intervalos de confianza del 95% vy
sensibilidad relativa (cuando el resto de pardmetros también

varian) para cada pardmetro.

c. Calculo del 95% de la sensibilidad de la predicciéon (95PPU),
resultando un modelo satisfactorio cuando el 90% de los
datos medidos se encuentran en el intervalo 95PPU, la
distancia media entre el valor més alto y mas bajo de 95PPU

es menor que la desviacién tipica y R? es mayor que 0.8.

6. Definicion del nuevo rango de parametros y repeticion de las

simulaciones hasta conseguir el ajuste deseado.

El algoritmo SUFI-2 emplea el estadistico p-value en el andlisis de
sensibilidad de cada uno de los pardmetros, de manera que en el correspondiente
andlisis de regresiéon multiple se comprueba la veracidad de la hipétesis nula por
la que el coeficiente de regresion es igual a cero. De manera que, cuanto menor es
el estadistico p-value (valores inferiores a 0.05), mas sensible es el parametro
considerado (Abbaspour et al., 2007).

Una vez detectados los pardmetros mds sensibles se inicia el proceso de
calibraciéon y validaciéon de pardmetros, dependiendo en muchos casos los
resultados de los valores iniciales de los mismos. Para reducir la influencia de
éstos, se emplea el tiempo de calentamiento, en el que durante un periodo inicial
se evalta el modelo buscando su estabilizacion, adoptando como valores iniciales

los alcanzados por los parametros al final del periodo de calentamiento.

El modelo se calibra de manera automatica con ayuda del algoritmo SUFI-2

y se obtienen los valores alcanzados por los parametros definitorios del problema.

Finalmente, se seleccionan datos de entrada y de salida — e.g. series
climaticas y caudales de salida, respectivamente — de un periodo distinto al

considerado en la fase de calibracién y se valida el comportamiento del modelo
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con los parametros obtenidos en la calibracion. De este modo se garantiza la

validez del modelo en condiciones distintas a las de la fase de calibracion.

III.3 MANEJO DE ESCENARIOS DE CAMBIO CLIMATICO

Segun IPCC-AR®6 (2021) los cientificos estdn observando cambios en el clima
de la Tierra en todas las regiones y en el sistema climético en su conjunto. Muchos
de los cambios observados en el clima no tienen precedentes en miles, sino en
cientos de miles de afios, y algunos de los cambios que ya se estdn produciendo,
como el aumento continuo del nivel del mar, no se podran revertir hasta dentro

de varios siglos o milenios.

Los Modelos del Sistema Terrestre (ESM, por sus siglas en inglés)
constituyen actualmente los modelos mas complejos que contribuyen a los
estudios de cambio climético (IPCC-AR6, 2021). Se fundamentan en las
ecuaciones matemadticas de las leyes naturales que gobiernan la evolucién del
clima, tales como: atmoésfera, océanos, criosfera, tierra, biosfera y el ciclo del
carbono (Flato, 2011).

El ntcleo central de cada ESM estd compuesto por Modelos de Circulacion
General (GCM, por sus siglas en inglés) que se encargan de la representacion de
las dindmicas de los sistemas atmosférico y ocednico (IPCC-AR6, 2021). El
desemperio de los GCM no esta limitado a la modelacién a escala Global, sino que
su uso es de aplicacién en modelos a escala regional, donde fenémenos locales —
e.g. condiciones de contorno, orografia, etc. — condicionan el comportamiento de

los modelos.

Por tanto, los estudios de cambio climatico requieren del procesado de
enormes bases de datos con gran resolucién espacial y largas series temporales
(Ahmed et al., 2013). Esta informacién precisa de su adaptacién a los sitios de
estudio mediante la correccion del sesgo y la reduccion de escala de los GCM, lo
que convierte los estudios de cambio climético en repetitivos y tediosos (van
Vuuren y Carter, 2014).

La Herramienta de Cambio Climatico (CCT, por sus siglas en inglés) fue
desarrollada por Vaghefi et al. (2017) para sistematizar el proceso de reduccion de
escala de los modelos GCM y poder emplearlos en los modelos hidrolégicos
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desarrollados con SWAT. Los principales objetivos para los que fue concebida

son:

1.

Manejo de grandes series de datos, como las que son requeridas en
los estudios de cambio climético, sobre todo cuando se trata de

estudios de gran escala y con largas series temporales.

Facilitar y sistematizar el proceso de adaptacion de la informacion
para los estudios de cambio climatico, tales como el formateo de los

datos, interpolacién, reduccion de escala y correccién del sesgo.

Proyeccién futura de eventos histéricos extremos mediante el

reconocimiento de patrones de eventos pasados.

I11.3.1 Herramienta de Cambio Climatico (CCT)

La Herramienta de Cambio Climético funciona en MS Windows y estd

compuesta por 6 médulos diferenciados con las siguientes caracteristicas (Vaguefi

et al., 2017):

Descarga de informacién. Disponible desde la siguiente web
(http://www.2w2e.com/, consultado el 18 de agosto de 2021) el

usuario define las coordenadas de descarga de la informacién y

obtiene la informacién climatica disponible en un base de datos de

formato MS Access.

Extraccion de informaciéon. En este modulo se selecciona un
poligono que esté contenido en los datos descargados, y en caso de
querer emplear datos observados, los GCM deben regionalizarse a
las coordenadas de observacién, para lo que la herramienta requiere
de la ejecucién en dos pasos, una para el periodo seleccionado de
datos histéricos (GCM-historical) y otra para el periodo de datos
futuros (GCM-future).

Gestion de la informacion climatica Global (GCDM, por sus siglas en

inglés). En este médulo se realizan los siguientes calculos:

o Medias mensuales y anuales de las variables climaticas

seleccionadas.
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o Medias a largo plazo y deteccion de anomalias en las

estaciones climaticas.

Correccién del sesgo usando reduccién estadistica de escala (BCSD,
por sus siglas en inglés). En este médulo se realiza la reduccion de
escala por correccion del sesgo de los datos en la region
seleccionada. Es aqui donde los datos correspondientes al periodo
futuro (GCM-future) corrigen su sesgo respecto de los datos

observados.

Interpolaciéon espacial de datos climéticos. Los datos son
interpolados en el poligono seleccionado por el método de
Ponderaciéon de Distancia Inversa (IDW, por sus siglas en inglés)

para adaptarlos al tamafio seleccionado de malla.

Analizador de dias consecutivos criticos (CCDA, por sus siglas en
inglés). Emplea un enfoque personalizado de mineria de datos para
reconocer patrones en determinadas variables climéticas - i.e.
temperatura, precipitaciéon y humedad del suelo — para identificar la
frecuencia de ocurrencia simultanea en un determinado periodo. De
igual modo, el CCDA puede ser emplea para identificar eventos
hidrolégicos extremos mediante el calculo continuo de los periodos

de dias secos y hiimedos.
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Figura 4. Proceso de trabajo de la Herramienta de Cambio Climatico (CCT) (Vaguefi et al. 2017)

I11.3.2 Escenarios de cambio climatico

La comprension cientifica del sistema climético terrestre, incluido su
comportamiento frente a las perturbaciones ocasionadas por la actividad humana,
queda capturada en los GCM y ESM (Jones et al., 2011).

En la fase 5 del Coupled Model Intercomparison Project (CMIP5) se
estableci6 un protocolo experimental estdndar para el estudio de los resultados de
los modelos de circulacién general (GCM) en los que se evaluaba de manera
conjunta el comportamiento ocednico y atmosférico — en inglés, coupled ocean-
atmosphere GCM. CMIP5 proveia una infraestructura de soporte para el
diagndstico, validacion, comparacién, documentacién y acceso a los datos de los
modelos climéticos que surgié como respuesta de las cuestiones cientificas del
Cuarto Informe de Asesoria del IPCC (AR4) y sirvi6 para la realizacion de los
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modelos de cambio climatico del Quinto Informe de Asesoria del IPCC (AR5). Los
objetivos de la modelacién de CMIP5 eran (Jones et al., 2011):

e Evaluar cudn realistas eran los modelos en la simulaciéon del pasado

reciente.

e Desarrollar proyecciones futuras de cambio climético para dos
escalas temporales diferenciadas: (1) corto término (hasta el entorno

de 2035); y (2) largo término (hasta 2100 o posterior).

e Entender algunos de los factores responsables de las diferencias
entre las proyecciones de los modelos, incluyendo la cuantificacion
de factores relevantes como los relacionados con las nubes y el ciclo

del carbono.

Algunos de los experimentos propuestos en CMIP5 fueron novedosos
respecto de los estudios antecedentes, incluyendo la consideracién de escenarios

de emisiones provenientes del ciclo de carbono en los ESM.

Posteriormente, se plante6 el proyecto Inter-Sectoral Impact Model
Intercomparison Model (ISI-MIP) para definir un protocolo comun intersectorial —
i.e. disponibilidad de agua, inundaciones fluviales, inundaciones costeras,
agricultura, ecosistemas y demanda energética — para la medicién de los impactos
del cambio climatico. Los objetivos especificos de ISI-MIP son (Warszawski et al.,
2014):

e El andlisis cuantitativo de los impactos del cambio climatico a nivel

global de manera consistente para diversos sectores.

e Estimacion de la sensibilidad de los modelos basada en la
cuantificacion de las variaciones para los GCM y los modelos de
impacto globales.

e Iniciar el desarrollo coordinado de la mejora en la modelacién y

evaluacién de impactos.

El producto se lanz6 a tiempo para que el IPCC contase con los primeros
resultados para la elaboraciéon del Quinto Informe de Asesoria (AR5). En la
actualidad cumple con la doble funcién de facilitar el conocimiento y la capacidad
de modelacién de impactos entre la comunidad cientifica y arrojar resultados

cuantitativos disponibles para los actores relevantes y la sociedad en general.
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Los datos del producto ISI-MIP5 contienen una correccion diaria del sesgo
para las variables consideradas (Hempel et al., 2013) — i.e. temperatura media,
maxima y minima; precipitacion total; nieve; radiacion de onda corta y larga;
viento (velocidad y direccién); presion superficial. Se seleccionaron los cinco
modelos de cambio climético que disponian de informacién para las variables
objetivo en el periodo 1950-2099 dentro del proyecto CMIP5 — incluyendo tanto
los datos histéricos como los referentes a todos los Representative Concentration
Pathway (RCP), relativos al escenario de emisiones correspondiente (Moss et al.,
2010).

Los datos climéaticos disponibles se interpolaron espacialmente hasta
conseguir una malla de 0.5° x 0.5°, al igual que los datos temporales, con los que
se obtuvieron los valores diarios de toda la serie. Los GCM que integran el

proyecto ISI-MIP5 son:
e HadGEM2-ES.
e [PSL-CM5A-LR.
e MIROC-ESM-CHEM.
e GFDL-ESM2M.
e NorESM1-M.

En la presente tesis se ha realizado una descarga de esta informacién con
ayuda de la herramienta CCT para el estudio del impacto del cambio climatico y
sequias en la cuenca GRB. A continuacién, se describen las caracteristicas
principales de los GCM integrados en ISI-MIP5:

111.3.2.1 HadGEM2-ES

El modelo Hadley Centre Global Environmental Model version 2 Earth
System configuration (HadGEM2-ES) tiene una resolucién espacial de 1.25 x
1.875 en la componente atmosférica y 38 niveles verticales y una resolucién de 1
en el océano (Good et al., 2013). Las componentes principales del modelo son
(Collins et al., 2011):

e Ciclo de carbono terrestre, mediante el esquema dindmico TRIFFID
de vegetacion.
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Ciclo de carbono oceanico, mediante el esquema bioldgico diat-
HadOCC.

Quimica atmosférica, mediante el esquema UKCA de la troposfera.

Aerosoles, considerando el carbono orgénico derivado de

combustibles fésiles, amonio, polvo, aerosoles organicos biogénicos.

111.3.2.2 IPSL-CM5A-LR

El modelo Institut Pierre Simon Laplace Climate Model version 5A Low
Resolution (IPSL-CM5A-LR) tiene una resolucién espacial de 3.75 x 1.875 y sus

componentes principales son (Dufresne et al., 2013):

Ciclo de carbono terrestre, mediante el modelo ORCHIDEE de suelo
y vegetacion.
Ciclo de carbono oceédnico, mediante la combinacion de los modelos

NEMO y PISCES.
Quimica atmosférica, basada en el GCM atmosférico LMDZ5 y

considerando las variables quimicas mediante el modelo
REPROBUS.

Aerosoles, mediante el modelo INCA.

111.3.2.3 MIROC-ESM-CHEM

El modelo Model for Interdisciplinary Research on Climate Earth System
Model with an atmospheric CHEMistry component (MIROC-ESM-CHEM) tiene
una resolucién espacial de 2.8125 x 2.7906 y sus componentes principales son
(Watanabe et al., 2011):

Ciclo de carbono terrestre, mediante el modelo SEIB-DGVM de

suelo y vegetacion.
Ciclo de carbono ocednico, mediante el modelo ocean GCM.
Quimica atmosférica, mediante el modelo COCO.

Acerosoles, mediante el médulo SPRINTARS.
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111.3.2.4 GFDL-ESM2M

El modelo Geophysical Fluid Dynamics Laboratory Earth System Model
version 2M (GFDL-ESM2M) tiene una resolucién espacial de 2.5 x 2.0225 y sus

componentes principales son (Dunne et al., 2012 y 2013):

e (iclo de carbono terrestre, mediante el modelo Land Model version
3.0 (LM3.0) de suelo y vegetacion.

e C(Ciclo de carbono oceanico, mediante el modelo Climate Model
version 2.1(CM2.1).

e Quimica atmosférica, mediante el modelo TOPAZ2.

111.3.2.5 NorESM1-M
El modelo Norwegian Earth System Model (Nor-ESM1-M) tiene una

resolucion espacial de 2.5 x 1.8947 y sus componentes principales son (Iversen et
al., 2013):

e Ciclo de carbono terrestre, mediante el modelo CCSM4 de suelo y

vegetacion.
e Ciclo de carbono oceénico, basado en el modelo MICOM.
e Quimica atmosférica, mediante el modelo CAM4.
e Aerosoles, mediante el modelo CAM4-Oslo.

Finalmente, los estudios climaticos requieren de unos escenarios comunes
de emisiones, concentraciones y usos del suelo que permitan evaluar los costes y
beneficios de las distintas medidas que se puedan plantear, en definitiva el
planteamiento de los Representative Concentration Pathways (RCP).

Para su establecimiento el IPCC requiri6 a la comunidad cientifica su
desarrollo, quedando fuera de los objetivos del panel. Los criterios que se
establecieron para la definiciéon de escenarios fueron los siguientes (van Vuuren et
al., 2011):

e Los RCP deben basarse en escenarios existentes en la literatura,
desarrollados de manera independiente entre los distintos grupos de
modelacion y ser representativos en términos de emisiones y
concentraciones — estableciendo a su vez una descripciéon del futuro

plausible y consistente.
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e Los RCP deben presentar informacién de las distintas componentes
de esfuerzos radiactivos necesarias para la modelacién climatica y
de la quimica atmosférica — i.e. emision de gases de efecto
invernadero, contaminantes del aire y usos del suelo. La

informacién generada deberd estar disponible geograficamente.

e Los RCP deben partir de una base comuin de asunciones para las
emisiones y los usos del suelo para tener una transicion suave entre

los andlisis de datos histdricos y los periodos futuros.

e Los RCP deben cubrir hasta el afio 2100, aunque la informacién debe

estar disponible para los siglos venideros.

En base a estas premisas se seleccionaron distintos escenarios de la
literatura que fueron procesados para obtener los RCP de manera secuencial: (1)
seleccion de cuatro escenarios de la literatura disponible; (2) actualizacién de
escenarios para homogeneizar los periodos de emisiéon y la informacién de usos
del suelo; (3) armonizacién de usos del suelo y reduccién de escala; (4) idem para
los datos de emisiones; (5) conversién de los datos de emision en datos de
concentraciéon mediante el modelado del ciclo de carbono para los gases de efecto
invernadero y un modelo quimico de la atmésfera para las sustancias reactivas de
corta duracion; (6) extensiéon simple de los RCP en el periodo 2100-2300; y (7)

disponibilidad de la informacién a través de un repositorio.

Los RCP reciben su nombre en funcién del nivel de energia radioactiva para
2100 en relacién a los valores previos a la Revolucién Industrial. Los escenarios

finalmente establecidos son:

e RCP2.6, referente a un nivel de energia muy bajo que alcanza lo 3
W/m? antes de finalizar el S.XXI y desciende hasta 2.6 W/m? en
2100.

e RCP4.5, escenario de estabilizacion bajo que alcanza los 4.5 W/m?
en 2100.

e RCP6, escenario de estabilizacion medio que alcanza los 6 W/ m? en
2100.

e RCP8.5, referente a un nivel de energia muy alto que alcanza los 8.5
W /m? en 2100.



IIT- METODOLOGIA DE INVESTIGACION 65

En la presente tesis se seleccionaron los RCP 4.5 y 8.5 para evaluar el cambio

climético en la cuenca del rio GRB en El Salvador.

Para seleccionar los GCM que mejor representan los datos climatolégicos
histéricos se emplea el indicador Id, que mide la bondad del ajuste del GCM
regionalizado a partir del andlisis de la media y la desviacion tipica. La

formulacién empleada es la siguiente:

2
Idi: E Id:‘(vusm)

nm=1

| | | @)
[(V”Sm)g - (VnSm)Lxm]/ (V”Sm)ijsf
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donde el subindice 7 hace referencia al producto GCM regionalizado y el
subindice ; al mes correspondiente del afio medio de estudio. V; es la variable
precipitacion y Ves la variable temperatura, siendo S; el valor medio mensual y

5y1a desviacion tipica de cada GCM regionalizado.

Del mismo modo, tanto los registros de los GCM como los valores
observados en las estaciones climéticas fueron sometidos a test de Mann-Kendall
y Sen para analizar las tendencias anuales y mensuales de las variables
precipitacion y temperatura, empleando para ello la hoja de MS Excel
MAKESENS (Version 1.0).

III.4 PRODUCTOS SATELITALES DE PRECIPITACION Y TEMPERATURA

Las variables climaticas de precipitaciéon y temperatura son el pardmetro
principal de entrada de los modelos hidrolégicos y los estudios de cambio
climatico.

Tradicionalmente, la obtencién de ambos datos se ha realizado a partir de
estaciones meteoroldgicas, que permiten registrar — tanto de manera manual
como automatica — las variables climaticas con diferentes frecuencias de escritura.
Sin embargo, este tipo de registros presenta limitaciones espaciales y temporales,
ya que la heterogeneidad espacial de los fenémenos climatolégicos es muy
grande y los registros tradicionales tienen una cadencia temporal insuficiente

para el estudio de determinados fenémenos hidrolégicos — i.e. en muchos casos
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no es posible realizar estudios de crecidas a partir de datos diarios de
precipitacion.

Posteriormente, a partir de la Segunda Guerra Mundial comenzaron a
desarrollarse los primeros dispositivos basados en sensores remotos, en este caso,
el radar meteorolégico, que ha tenido una implantacion adecuada en los paises
maés desarrollados, como Estados Unidos o China, pero que sigue presentando
problemas de coberturas inadecuadas y de falta de implantacién en los paises en

vias de desarrollo.

En este contexto, tiene especial relevancia el uso de productos satelitales
para la observacién de las variables climaticas, puesto que amplian la cobertura
espacial y temporal de los productos referidos con anterioridad y el recabado de

su informacién se produce de manera continua y uniforme.

A continuacién, se describen las caracteristicas principales de los productos
satelitales de precipitacion y temperatura que han sido empleados en la

modelacién hidrolégica de los distintos articulos que componen esta tesis.

I11.4.1 ERA5

El producto satelital del Centro Europeo de Predicciones Meteoroldgicas a
Plazo Medio (ECMWFEF, por sus siglas en inglés) es el ERA5. Se trata de un
producto reciente que mejora y sustituye a ERA-Interim, que se mantuvo en
produccién hasta el 31 de agosto de 2019. La resolucion espacial es de 31 Km y el
producto incluye una gran cantidad de variables climaticas desde enero de 1950
hasta la actualidad (Hersbach et al., 2020).

Dentro de la presente tesis se han empleado las series horarias de
precipitacion y temperatura descargadas desde la aplicacion del Copernicus
Climate Data Store (CCDS, disponible en https://cds.climate.copernicus.eu,

accedido el 3 de septiembre de 2021) y agregados a valores diarios.

II1.4.2 CHIRPS y CHIRTS

La informacién del producto satelital del Climate Hazards group Infrared
Precipitation (Temperature) with Stations (CHIRPS/CHIRTS) es resultado de la
colaboracién entre el USGS y la Universidad de California. La malla de referencia
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tiene una resolucion especial de 0.05° y combina informacion satelital con datos

recabados en estaciones hidrometeorolégicas existentes.

La base de datos fue creada a partir de las siguientes fuentes de datos (Funk
et al., 2015):

e El producto Tropical Rainfall Measuring Mission (TRMM) 3B42 de
la NASA.

e La precipitacion mensual climatolégica (CHPClim).

e El modelo atmosférico de campos de precipitacion del National
Oceanic and Atmospheric Administration (NOAA) Climate Forecast
System version 2 (CFSv2).

e Las observaciones satelitales geoestacionarias de infrarrojo de dos
Fuentes de la NOAA.

e Precipitacion observada in situ.

De manera més reciente, un producto satelital con valores de temperatura
ha sido desarrollado a escala diaria con idéntica resolucién que CHIRPS, para ello
parte de los valores mensuales y desagrega sus valores empleando las
temperaturas de ERA5 para obtener los valores diarios (Verdin et al., 2020).
CHIRPS v2.0 y CHIRTS v1.0 pueden obtenerse desde la web del Climate Hazards
Group (https://www.chc.ucsb.edu/data/, accedido el 5 de septiembre de 2021).

II1.4.3 CFSR

El producto satelital Climate Forecast System Reanalysis (CFSR) fue
desarrollado por NCEP (Saha et al.,, 2014) y combina métodos avanzados de
asimilacién de datos e informacion proveniente de una red global de estaciones
climaticas y productos satelitales. La informacién de CFSR tiene una resolucién
espacial de 0.30 y esta disponible desde 1979 hasta 2014, pudiendo descargarse
desde la web de SWAT (https://globalweather.tamu.edu/, accedido el 5 de
septiembre de 2021).
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I11.4.4 MSWEP

El producto Multi-Source Weighted-Ensemble Precipitation (MSWEP) fue
desarrollado por GloH2O (Beck et al., 2017), tiene una resolucién temporal de 3 h
y proviene de la combinacién de informacién proveniente de estaciones
meteoroldgicas, datos satelitales y datos provenientes de reandlisis. La
informacion de MSWEP v1.1 tiene una resoluciéon espacial de 0.25 y esta
disponible desde 1979 hasta 2015 (www.gloh20.org, accedido el 6 de septiembre
de 2021).

II1.4.5 PERSIANN-CDR

El producto satelital Precipitation Estimation from Remotely Sensed
Information wusing Artificial Neural Networks - Climate Data Record
(PERSIANN-CDR) fue desarrollado por la NOAA (Ashouri et al., 2015) y es un
producto de precipitaciéon a partir de reandlisis que presenta los resultados a
escala diaria con una resolucién especial de 0.25, estando disponible desde 1982

hasta la actualidad (https:/ /www.ncei.noaa.gov/data/precipitation-

persiann/access/, accedido el 6 de septiembre de 2021).

II1.4.6 CMORPH

El producto satelital Climate Prediction Center (CPC) MORPHing method
(CMORPH) fue desarrollado por la NOAA (Joyce et al, 2004) y estima la
precipitacion a partir de microondas observadas a partir de satélites
geoestacionarios de datos infrarrojos. La resolucion espacial es de 0.0728 y la
temporal es de 30 min. Sus datos estan disponibles desde 1998 hasta la actualidad

(https:/ /www.ncei.noaa.gov/data/cmorph-high-resolution-global-precipitation-

estimates/access/, accedido el 6 de septiembre de 2021).
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IV- PUBLICACIONES

Dentro de este capitulo se encuentran las publicaciones que integran la

presente tesis. Se trata de una secuencia de tres etapas, en la que cada una de ellas

concluye con un articulo publicado. El denominador comtn de todas ellas es el

empleo del modelo SWAT para la evaluacién de recursos hidricos en cuencas en

un contexto tropical y con escasez de informacién climatolégica y foronémica.

Publicacién 1: El inicio de esta investigacion se orientd a la
evaluacién que los cambios en temperatura y precipitaciéon tienen
sobre la disponibilidad del recurso hidrico y las sequias. SWAT se
empled por primera vez en El Salvador para el estudio del cambio
climético en la cuenca GRB, que presenta un alto interés ecoldgico y
medioambiental. El software CCT se utiliza para preparar la
informacion de los productos GCM de precipitacion y temperatura
con la correccién estadistica del sesgo para la escala de cuenca. De
entre los GCM evaluados, se seleccioné el modelo HadGEM2-ES
para los escenarios climéticos de emisiones RCP 4.5 y 8.5 por ser el
que mejor reproduce el clima histérico (1975-2004). Los resultados
de este periodo fueron comparados con los obtenidos por los
escenarios climéticos para los periodos futuros 2040-2069 y 2070-
2099. A partir de un analisis de tendencia se puede comprobar como
en ambos horizontes se produce un descenso en la precipitacion y
un incremento en la temperatura, mas acusados en el escenario de
emisiones RCP 8.5, que conllevaran un impacto negativo en la
disponibilidad de recursos hidricos debido al cambio climatico.
Adicionalmente se emplearon los indices SPI y SRI para medir el
impacto del cambio climatico sobre las sequias, observando como en
un futuro las sequias serdn mas pronunciadas que las actuales,

destacando por su mayor intensidad y duracion.

Publicacién 2: La siguiente etapa de esta tesis se centra en la
aplicabilidad que los datos de descargas del producto satelital
GIoFAS tienen para la calibracion de modelos hidrolégicos en
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regiones en las que la informacién climatica y de aforos de caudal es
escasa o inexistente, siempre y cuando existe una buena correlacién
entre la temperatura y precipitaciéon proveniente de reandlisis y las
observadas en la zona de estudio. El estudio se llevd a cabo en la
cuenca del rio GSM y evalu6 los productos de reanalisis ERA5,
CHIRPS-CHIRTS y CFSR, que demostraron una capacidad aceptable
para detectar la producciéon de precipitacion y, en algunos casos,
excelente para representar a la temperatura. De manera que los tres
modelos climéticos quedaron habilitados para realizar el estudio
hidrolégico empleando los caudales de GloFAS como valores de
calibracion. Tras emplear los caudales provenientes de GloFAS para
la calibracién de los modelos hidrolégicos se pudo comprobar el
buen desempefio de los mismos respecto de los realizados con los
caudales observados — para ello se emplearon los estadisticos R?,
NSE, PBIAS y KGE.

Publicacién 3: Finalmente, la tltima etapa de esta tesis se centra en
profundizar sobre los productos satelitales de precipitacion (GP)
como datos de entrada en la modelacién hidrolégica con SWAT.
Para ello se emplea nuevamente la cuenca del rio GSM para la
evaluacion de cinco GP. En primer lugar, se realizé una comparativa
entre ellos y las mediciones observadas en las estaciones
climatolégicas de la zona de estudio. Seguidamente se realizé un
modelo SWAT con cada uno de ellos como dato de entrada y se
comprob6 como en todos los casos se conseguia simular
adecuadamente los caudales observados, lo que demuestra el
potencial de los GP para la simulacién hidrolégica en regiones en las

que hay escasez de informacion.
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IV.1 PUBLICACION 1: IMPACT OF CLIMATE CHANGE ON WATER BALANCE
COMPONENTS AND DROUGHTS IN THE GUAJOYO RIVER BASIN (EL SALVADOR)

Blanco-Gémez, P.; Jimeno-Séez, P.; Senent-Aparicio, J.; Pérez-Sédnchez, J.

Impact of climate change on water balance components and droughts in the
Guajoyo River Basin (El Salvador). Water 2019, 11, 2360.
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Abstract: This study assessed how changes in terms of temperature and precipitation might translate
into changes in water availability and droughts in an area in a developing country with environmental
interest The hydrological model Soil and Water Assessment Tool (SWAT) was applied to analyze the
impacts of climate change on water resources of the Guajoyo River Basin in El Salvador. El Salvador is
in one of the most vulnerable regions in Latin America to the effects of climate change. The predicted
future climate change by two climate change scenarios (RCP 4.5 and RCP 8.5) and five general
circulation models ((GCMs) were considered. A statistical analysis was performed to identify which
GCM was better in terms of goodness of fit to variation in means and standard deviations of the
historical series. A significant decreasing trend in precipitation and a significant increase in annual
average temperatures were projected by the middle and the end of the twenty—first century. The results
indicated a decreasing trend of the amount of water available and more severe droughts for future
climate scenarios with respect to the base period (1975-2004). These findings will provide local water
management authorities useful information in the face of climate change to help decision making,

Keywords: SWAT; hydrological modeling; climate change; Guajoyo River; El Salvador

1. Introduction

The last century has seen a dramatic increase in greenhouse gas emissions. These higher
concentrations of carbon diowide and other greenhouse gases in the Earth's atmosphere increase
the greenhouse effect and directly affect global temperature [1]. Consequently, global warming has
caused higher evapotranspiration rates kading to changes in precipitation worldwide. Such global
climate change significantly affects the hydrological cycle and streamflow regimes, espedally at the
basin scale [2], which directly affects ecosystems, water security and economic activity, mainly in the
agricultural sector, in forestry and energy generation by hydroelectricity. Some of the consequences of
climate change, such as an increase in extreme floods and droughts, maybe unavoidable [3]. Therefone,
quantifying the climate change impact on water availability is essential to watershed management as
well as to the formulation of adaptation strategies to mitigate its negative impacts [4].

According to the Intergevernmental Panel on Climate Change (IPCC) [5], it is expected that almost
all regions of the world will experience a negative impact on climate change. Specifically, developing
countries are more vulnerable to climate change than developed countries, due to increased exposure
to extreme hydrometeorological events, the predominance of agriculture in their economies, poor
infrastructure and less capital for developing adaptation measures [5,7]. This study explores local
responses to climate change-related perturbations through one case study in a rural area of El Salvador,
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the Guajoyo River Basin. El Salvador is in one of the most vulnerable regions in Latin America to
the effects of climate change, as it is located within a band of hurricanes and low-lying coastal aneas,
among other particularities [5,8]. Numerous publications have evaluated the impact of climate changes
on the hydrological cycle in Latin America and the rest of the world. However, few studies focused on
the evaluation of streamflow changes in El Salvador. Maurer et al. [¥] studied the hydrologic impacts
of climate change to the Lempa River Basin, one of the largest basins in Central America, covering
portions of Guatemala, Honduras, and El Salvador. Imbach et al. [10] evaluated the likelihood and
magnitude of the impacts of climate change on potential vegetation and the water cycle in El Salvador
and the rest of Central America. Other studies that analyzed climate change near the study area, albeit
without focusing on the study of water availability, were: Campos et al. [8] explored local adaptation
strategies to mitigate climate change-related perturbations through two case studies in rural areas
of Mexico and El Salvador; and A guilar et al. [11] assessed climate vulnerability and adaptation to
climate change of rural inhabitants in the central coastal plain of El Salvador.

Hy drological models are the prindpal tools used to explore the potential effects of climate change
on water resources [12]. The hydrological model Soil and Water Assessment Tool (SWAT) has been
sucoesstully and widely used all over the world to simulate basin hy drology under different climate
change scenarios [13-15]. However, to the best of our knowledge, no previous works have been found
applying the SWAT model in El Salvador and so far no study has been carried out in the Guajoyo River
Basin in relation to the impact of climate change onwater resource availability under climate change
conditions in particular.

The Guajoyo River Basin presents an environmental interest in terms of international protection
figures, such as (1) the Complejo Giiija, part of the Ramsar List of the Convention of Wetlands
since 2010, located in the mouth of the river Guajoy o where it flows into the river Desagiie; (2) the
Montafita Protected MNatural Area, designated in 2010, in the upper part of the tributary catchments
Cuebrada Las Marias and Quebrada San Marcos, where the dry tropical forest stands; and (3) the
Trifinic Fraternidad area designated as a Biosphere Reserve by UNESCO in 2011 and located between
Fl Salvador, Guatemala and Honduras, which guarantees water supply for local communities, whilst
playing a key role in regional development through agro-tourism and coffee activities.

As a result of its environmental interest, the hydrologic balance of the Guajoyo River Basin
becomes crucial in order to maintain or enhance the sustainability of the area while coping with the
human and climate change pressures. Therefore, the main objective of this paper is to assess the impacts
of climate change on hydrological processes, such as water balance components of the basin, using
five future general circulation models (GCMs) climate projections of temperatures and precipitation
under different emission climate scenarios, downscaled for use as an input in a SWAT model of the
Guajoyo River Basin, located in northwest El Salvador. Also, the potential impacts of climate change
on droughts in this basin weme evaluated. The results obtained in this study are expected to provide
more insight into the future water availability in this developing country, where these types of studies
are scarce, to help local water management authorities make wise and rational decisions to meet
and owvercome water challenges and plan water resources management in the basin in the context of

climate change.
2 Materials and Methods

21. Study Area

The headwaters of Guajoyo River Basin ame situated in the West of El Salvador and cover about
156 km?, with terrain elevations of between 425 and 1517 m (Figure 1). The average slope in the basin
is 16%., with steep slopes characterizing the highlands and relatively gentle slopes being predominant
in the lowlands. The Guajoyo River is a tributary of the Lempa River, the largest and most important
river in El Salvador. The studied basin, as the region in general, has a tropical climate and experiences
a wet season followed by a dry season [16].
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Figure 1. Location map: (a) Location of El Salvador in Central America; (b) Location of the Guajoyo
River Basin in El Salvador; (¢) Subbasins, Digital Elevation Data (DEM), river and hy dro-me teorological
stations of Guajoyo River Basin.

The annual historical precipitation in this area ranges from 862 to 1834 mmyyear, with the average
annual precipitation from 1970 to 2017 being 1373 mm/year. The wet period from May to October is
clearly distinguishable, with an average rainfall of 1249 mm, equivalent to 91% of the total annual
rainfall, and the dry period from November to April with a rainfall of 124 mm representing 9%.
Temperature values vary mainly with elevation and show few seasonal changes, with maximum
values in the months of March and April and minimum values in the months of November and
December. The average annual temperature in the basin is 23 °C. The dominant soils are andosols,
which are of volcanic origin, highly permeable and fertile [17,18]. The basin is covered by sixteen land
use types (Table 1), being dominated by cropland, which accounts for 51% of the total area, and by
pastureland (30%).
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Table 1L Land use type of the Guapyoe River Basin.

Land Use Type Agea (km?) % Coverage
Conumerexal 0.66 042
Sug 0.68 043
Range—(rasses 097 062
Residential-High Density 170 L
Forest-Deciduous 200 128
Fone st-Mived 235 1.50
Southwestern US (And) Range in 206
Meadow Bromegrass ixn 206
Fomest-Evergreen EE. 245
Residential-Medium Densaty 117 274
Corfbes 575 369
Shrubland 1151 7.3
Pasture 1247 T
Range—(rasses 3144 2015
Dreyland cropland and pastune 3444 207
Agricultural Land-Generic 752 405

2.2 Dwata Sources

The SWAT model requires input of Digital Elevation Data (DEM), land use, soils, and meteorological
data, such as daily precipitation, maximum and minimum temperatures, solar radiation, relative
humidity and wind speed. The terrain data were obtained from the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model (GDEM) version 2, with
a resolution of 30 x 30 m [19]. Land use maps, precipitation and streamflow data were obtained from
Ministry for the Environment and Natural Resources of El Salvador (MAEM). The rainfall station is
located on Lake Giiija at an altitude of 485 m a.s.L. The streamflow data are monthly data from 2006 to
2012 for a gauge station called Fiedra—Cargada that is Incated at the outlet of the basin. Soil data were
taken from the Harmonized World Soil Database [20]. Due to the poor quality and scarcity of measured
data, other weather data (maximum, and minimum air temperatures, average wind speed, solar
radiation, and relative humidity) were derived from the Climate Forecast System Reanalysis (CFSE)
data set developed by the Mational Centers for Environmental Prediction (MCEP) in the USA [21],
with a grid data of size 38 by 38 km (see Supplementary Materials, Tables 51 and 52). The CFSR
data were obtained from the SWAT team at Texas A &M University (httpsy/globalweather tamuwedu/).
Global atmospheric neanalysis such as CFSE are commonly used to provide basin-scale hydrological
simulations with the required climate data, especially where measured data are scarce [22].

In this study, the software Climate Change Toolkit (CCT) (described by Vaghefi etal [23]) had
been used to prepare the data for the climate change scenarios. CCT is a platform which allows the user
to extract and prepare data needed in a climate change study for application to hydrology. Data for
different climate change scenarios wemne prepared using the CCT softwamne. CCT database involves
five sets of global (L.5% x 0.5° grid GCM data from Inter-Sectoral Impact Model Inter comparison
Project (ISI-MIP5) [24]. Historical (1975-2005) and future data (2(06-2099) for temperatune (*C) and
precipitation (mm) from five GCMs (GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LE, MIROC, and
MoerESM1-M) were downloaded (made available at hittp:fwww. 2w Ze.com). CCT software uses a
statistical bias correction method to downscale metecrological variables from GCMs. The RCTP 45
and 8.5 emission scenarios were used to quantify climate change on the hydrologic regime of Guajoyo
River Basin.

2.3, Conceptual Model

The aim of this study is to quantify the future climate and its impact on the streamflow of
the Guajoyo River Basinn A SWAT model was used to develop different model setup scenarios.
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Under different climatic conditions in the future, specifically with respect to rainfall and temperature,
the response of the basin was evaluated. The potential impact of cdimate change on hydrology is
analyzed in two different time horizons: mid future (2040-206%), and far future (2070-2099). The 30-year
pericd from 1975-2004 was used as a baseline. The methodology used in this study is presented in
Figure 2. It includes the following steps: (1) configuration, calibration and validation of hydrological
maodel using SWAT; (2) spatial and temporal extraction of GCMs data, bias correction and statistical
downscaling of these data using CCT software; (3) analysis and comparative assessment of downscaled
GCM projections according to their ability to reproduce historical climatology for the selection of
GCM; (4) obtaining the results in SWAT for each scenario considered; (5) assessment of the impact of
climate change in the basin by simulating the new climate conditions in the calibrated SWAT model
and drought analysis.

[ Bias camecton
¢ GCMS date. o e ard stastical | - Selection of
A - downscaled of downscaled GCM
GCs .

T S e §
Figure 2. Flowchart for the methodolegy adopted in the poesent study.

24 The SWAT Hydrological Model

The hydrological modelling of Guajoyo River Basin was carried out using SWAT. The SWAT model
is a semi-distributed physically based hydrmological model, operating on a daily time step and used for
continuous long-term simulations of a variety of processes. The major simulated hydrological variables
of the SWAT model consist of surface runoff, soil and root zone infiltration, evapotranspiration, soil
and snow evaporation, and return flow [25].

The SWAT model works on the principle of dividing the basin into a multiple sub-basins based on
the river network and topography; subsequently; sub—basins are divided into hydrologic response units
{HEUs) which have unique soil, slope and land use properties [26]. SWAT simulates the hydrological
cycle based on the water balance using the following equation:

t
SWi = SWinz + 3Ry (1) — Quurp (1) — Ea(f) — Waaep(f) — Qgw(i)) M
e |
whene SW; is the final soil water content {mm), $Wg,z is the initial soil water content (mm), f is the time
in days, Ryg(f) is the amount of precipitation on day § (mm), (JqgA1) is the surface runcff (mm), Eg{f) is
the evapotranspiration (mm), We.e(1) is the percolation (mm) and Gg,(i) is the retumn flow (mm).

2.4.1. Model Setup

The SWAT mode] requines three physically based inputs to characterize a watershed: a soil map, a
land cover/use map, and a DEM. The first step in SWAT mode] setup for a particular area are defining
the watershed boundaries and analyze the drainage patterns of the terrain using a DEM of 30 m x 30m
grid size. The landuse data contains use and crop specific digital layers, suitable for use in Geographic
Information System (GI5) and are one of the most important factors that control events such as runoff,
evapotranspiration, sediment deposition and soil erosion [27]. The area under each landuse type and
SWAT classification system are presented in Table 1. Soil maps were used to characterize each soil type
from information on soil texture, hydraulic conductivity and available water confent, among others,
and includes one type of soil for the study area. Due to high elevation differences in the basin, four
categories of slope weme defined ((-5%, 5-10%, 10-20% and =20%) which cover 23, 4, 18, and 50 of
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the watershed, mespectively In SWAT, land use, soil and slope maps were overlaid to create the HRUs.
To have a better estimation of streamflow of the basin and so as to avoid unnecessary large number
of HRUs, a threshold level of 10°% was established to simplity model processing and remove minor
slopes, soils and land uses for each sub-basin. Finally, the Guajoyo River Basin has been divided into
11 sub-basins and 85 HRUs.

The main required climate inputs for SWAT are ®mperatures and precipitation, which are the
ultimate climate drivers of the runoff process [28]. In this study, the SCS curve number method
developed by the Soil Conservation Service [29] was used to estimate surface runoff from precipitation.
The FAQ Penman-Monteith method [30] was adopted to calculate the daily potential evapotranspiration.
The Penman-Monteith method is recommended as the sole standard method by the United Nations
Food and Agriculture Organization (FAQ) and requines solar radiation, air temperatumne, relative
humidity and wind speed [31]. Finally, once the meteorological data were loaded, the SWAT model
run was started.

2.4.2. Model Calibration and Validation Procedures

The SWAT model has been calibrated and validated against observed discharge data from a
gauging station using the SUFE-2 algorithm of SWAT-CUP (Calibration and Uncertainty Programs) [32].
Eleven widely used flow calibration parameters and their ranges were selected based on available
literature and our previous experience, incorporating aspects of groundwater flow, runoff and soil data.
To reach an acceptable calibration, three iterations (each iteration representing 500 simulations) were
performed as recommended by Alemayehu et al. [33] and Pomedn et al. [34] The parameter ranges
wene updated after each iteration. Among the incomplete and non-continuous measured stream flow
data and considering five years as warm-up, the periods 2006-200% and 2010-2012 were selected as the
calibration and validation periods, respectively. Follow ing the recommendations of Arnold etal. [35],
the selected calibration period includes dry and wet periods to ensune that it reflects the range of
conditions under which the model is expected to operate.

The model wasevaluated on a monthly scale and the Nash-Sutcliffe Efficiency (NSE) was chosen
as the objective function. The performance of the mode] for the monthly flow was evaluated according
to the recommendation and performance ratings proposed by Moriasi et al. [36]. Further efficiency
criteria used in this study were the R2, PBIAS, RMSE, and RSE. These statistics are defined in Table 2.

Table 2 Performance metnes [36,37].

Performance Metric Equation Range
Mash-Sutcliffe o Hiciency TGS
. NSE =1- -
ceeficient (NSE) ™ (0-0) [~ea, 1]
R =
2
Coefficient of determination (R2) L (O-T)5-5) [0, 1]
EY E¥
(00| {riais5)’)
Pescent bias (PRIAS) PEIAS = Sl al i [—e0, 2]
Root mean squated ecror (RMSE) RMSE = I ;':'3'5.1'3 [0, c]
RMSE—observations standard _ yELaO-5F
deviation ratio (RSR) RaR = N [0, eo]

3 is the Fth observed :l.!ta,aist'h: mean of the observed data, 5 is the Hth :hnulatzddnmvgi: the mean of the
simulated data and 1 is the total number of obsenyations.

25 Climate Change Scenarios and Predictions

After the SWAT model was calibrated and validated under current conditions, the simulation of
streamflow corresponding to future climate change were carried for future periods in two time horizons,
mid future (2040-20649), and far future (2070-2099), for both RCP 4.5 and RCP 8.5 climate scenarios.
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Firstly, historical and future GCMs climate data was extracted from GFDL-ESM2M, HadGEM2-ES,
IPSL-CM5A-LE, MIROC, and MoerESM1-M models. Second, it was necessary that GCMs products
be regionalized to a specific area to obtain a meaningful interpretation of the impacts of dimate
change on a local scale. In addition, biases need to be corected to eliminate existing biases in
climate data [35]. In this study bias correction using statistical downscaling was used for the GCM
future data, which were bias corrected against the observed data. The performance of statistical bias
correction methods to downscale the meteorological variables of the GCMs is considered satisfactorny
in different hydro-climatelogical studies [39]. The observed data for the period 1975-2004 used as the
base period were also corrected according to Sofaer et al. [40] (see Supplementary Materials, Tables 53
and 54). Data download, spatial downscaling and bias correction of GCMs and the observed data
were carried out in the CCT softwane. The CCT downscaling module searches for the measured data
stations and finds the one closest to the GCM grids to apply the cormection factor In this method, an
additive and multiplicative correction factor has been applied to each month for temperature and
precipitation, respectively.

The mext step in this study was to perform a comparative analysis of GCMs products, previoushy
downscaled and bias corrected, to select the better model according to their ability to reproduce
historical climatology of the study area. The methodology used in this task is the one proposed by
Pulido-Velazques et al [41]. This method consists of comparing means and standard deviations for
a mean year on a monthly basis for historical precipitation and temperature time series and control
series derived from the regionalized GCM (RCM) over the same period, in this study from 1980 to
2004, For this purpose, an indicator (1d) given by Equation (2) measures the goodness of adjustment
obtained using each RCM for two statistics, mean and standard deviation, of both climatic variables:

Id; = f Id;{ Van5m )

p . . @)
1d;( Vo 5m) = _zl|ivn5m]; — (Vi ) [/ (VS

i

wheme the subindex I is employed for a specific RCM and superscript j for the months for a mean year.
Vy is the precipitation variable, V3 is the mean temperature variable, 51 the mean monthly value, 52
the monthly standard deviation for a specific RCM;.

Afterward, once the four Id indicators have been obtained for each RCM, cormesponding to
the mean and standard deviation of both series, the best models in terms of goodness of fit to the
observed time series weme selected. Finally, the simulation results from the selected RCMs such as
daily precipitation, and maximum and minimum temperature data of both scenarios were used as
input for the SWAT model to generate the future flows.

Trend Analysis Methods

In this study, the Mann-Kendall test for the detection of trends of annual and monthly precipitation
and mean temperature, and Sen’s method for estimating of the slope of linear trends were used.
Both non-parametric methods have been applied using the Microsoft Excel template application
MAKESENMNS (Version 1.0} (more details can be found in Salmi et al. [42]). The Mann—Kendall test
is one of the most widely used non—parametric tests for detecting trends in hydroclimatic series,
which, contrary to parametric methods, it does not require the data to be normally distribuied,
requires only that it the data be independent. In addition, it has a low sensitivity to abrupt peaks
due to inhomogeneous time series [43]. The presence of a statistically significant trend is evaluated
using the test statistic . A positive value of £ indicates an upward trend and a negative value
indicates a downward trend. In MAKESENMS, the tested significance levels are 0,007, (001, 0,05 and 0.1.
Details about the formulation of Mann-Kendall test can be found in Partal and Kahya [44]. The Sen's
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method [45] is another very useful index that estimates the magnitude of the trend and is given for the
sample of N pairs of data by:

o mcdum[ ) fori=1,...,N @)

where X; and 1; are the data values at time j and k (j > k), respectively.

2.6. Drought Analysis

In this study, the standardized precipitation index (SPI) [46] and the standardized runoff index
(SRI) [47] were used to characterize the meteorological and hydrological droughts, using observed
precipitation and model derived runoff data for the baseline period and future simulation periods.
In this study, 12-month SPI (SP1-12) and 12-month SRI (SRI-12) values were calculated using SP1
Generator software developed by National Drought Mitigation Center (NDMC) [48]. A drought event
is a period where SPI or SRI values are continuously negative. A drought event begins when the
SP1 or SRI reaches an intensity of —1.0 or less and ends w hen the SPI or SRI reaches a positive value.
The duration of a droughtevent is the total number of months from the beginning to theend of the
episode. The intensity of the drought event is calculated as the mean of all absolute monthly SPI or SRI
values over that duration [49].

3. Results and Discussion

3.1. Performance of the SWAT Model

As discussed in the previous section, a total of 11 SWAT-parameters were optimized using the
SUFI-2 algorithm of SWAT-CUP. The calibration was performed over a period of 4 years, from 2006 to
2009. The final ranges used and the final fitted values of these parameters are given in Table 3.

Table 3. Calibration of SWAT parameters for the Guajoyo River Basin

Parameter ! Description ﬁ:;‘g‘,;:.::’ Fited Value  Final Value
r_CN2Zmgt SCS runoff curve number -02t002 -0 [63.40-75.17] %
Vv_ALPHA_BEgw Baseflow alpha factor (days-1) 0 to 065 o am
2 GW_DELAY.gw  Groundwater delay time (days) =10t &) -290 287
Thaeshold depth of water in the
2 GWOMN gw shallow aguiser for return flow to 200 to 1500 140770 240770
oocur (mm)
v_GW_REVAPgw  Groundwater mvap coefficent Q0200015 (1§ k] a3
a_RCHRG DPgw  Deep aquifer percolation fracti -0.02 to 0.03 am o
Thashold depth of water in the
< shallow aquiser for revap or 3 &
a_REVAPMN gw peccolation ko @ derp auiles b5 150 to 150 8530 6645
oocur (mm)
v_CANMX_hru Maximum canopy storage (mm) 1to 10 1447 447
v_EPCObsn Plant uphkc compersation factor 05w 1 oas7 o087
v_ESCO.bsn Sotl evaporation compensation factor 030009 (11 o
rSOL AWCsal Availsblewater capacily of the sail -0.02to 0.02 -0m [0.06-0.10]*

layer (mm HyOQf mm sol)
'Tl: lifier (r_) refers to relative ch ie, the must be multipbied by (1 + the value cbtained
mcﬂlibntmn).(v)mmthattb:vahzof&!exmmsparmmuﬁbe:plamdbytl’!valugobhurudm
calibrabtm.and(;_) zhntoabuoluu change, ie., the fitted value must be added to the existing value of the
parameter. * Varies by HRU. ? Varies by soil layer

Figure 3 shows the results of the SWAT model plotted against the observed values of streamflow
during model calibration and validation. As seen in the regression graphs (Figure 3), the model
results showed that a systematic error of the SWAT model was the inability to simulate the peak flows.
This problem seems to be common in many studies [5(0~52] and is a source of uncertainty that has
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been taken into account. Despite this drawback, model calibration and validation provided globally
satisfactory performance statistics {Table 4), according to the criteria given by Moriasi et al. [36].
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Figure 3. Regression plots of observed versus simulated monthly streamflows for the (a) calibration
period (2006-2009), and (b) validation period (2010-2012).

Table 4. SWAT model performance of calibration and validation.

Performance Metric  Calibration Validation
NSE 0.6 063
R? 0.69 064
PBIAS (%) -9.04 —8.80
RMSE (m3/s) 235 12
RSR 0.58 061

The model performance of the monthly streamflow simulation was summarized in Table 4. For the
calibration period, the SWAT model simulated the streamflow reasonably well, and also proved
satisfactory for the validation period. For both periods, a NSE greater than (.5, a PBIAS less than 25%
and an RSR less than 0.7, indicated a suitable calibration and validation with respect to the water
balance [36]. Values of R? greater than (.6 also showed an acceptable model fit. These reasonable results
in monthly streamflow simulation, considering the scarcity of data available in the area, allowed the
SWAT model to be considered suitable for assessing hydrological responses to medium- and long-term
climate change in the Guajoyo River Basin. This evaluation will be presented in the follow ing sections.
In order to demonstrate the model's goodness-of-fit, the calibrated model was run using CHIRPS
(Climate Hazards Group InfraRed Precipitation with Stations) rainfall satellite data for the period
2006-2012. The CHIRPS dataset was acquired through website (http://chg.geog.ucsb.edu/data/chirps/)
and has a spatial resolution of 0.057. With these data, good statistics were also obtained for the period
2006-2012: a NSE of 0.74, a R? of 0.78, a PBIAS of —23.55, a RMSE of 2.29 and a RSR of 0.51.

3.2 Selection of Climate Change Models

Once the information was extracted and prepared for the study area of the five GCMs
(GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC, and NoerESM1-M) using CCT software, the
mode] that best reproduced the changes for the average year for the key monthly statistics was selected.
To make this selection, the Id index, defined as the sum of the absolute value of the relative difference
between the statistics of the historical series and the control scenario during the 12 months of an
average year, was calculated. Table 5 shows the 1d; index of each RCM; on a monthly scale in the period
1980-2004. Each Id; represents the distance between the means (Ax) and the standard deviations (Ao) of
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the historical and control scenarios. The models with higher Id are inferior in terms of goodness—of—fit
to the observed time series. Of the five regionalized GCMs, the HadGEM2-ES model obtained a smaller
Id (Id; = 12.10) so fitted betier to the historical series of precipitation and temperature. Using this
validation-based approach, we are assuming that a model’s ability to simulate an observed baseline
climate will be representative of the same model’s ability to project future climate. The selection of
(GCMs has been analyzed in a number of studies (e.g., [41,53,54]). However, there is not yet sufficient
scientific consensus with respect to both the identification of unsatisfactory models, and the relation
between apparently poor performance to the plausibility of future projections [55] As discussed by
Owerland et al. [56], the elimination of some GCMs may narrow the range of uncertainty represented
by the remaining models, but it is also true that a falsely narrow range of projections may lead to over
confidence and maladaptation. In this study, and due to the big differences between the fit of this
mode] and the others, only the HadGEM2-ES model was selected for the evaluation of the impacts of
climate change.

Table 5. Id index of each RCM.

Monthly Series
RCMs FPrecipitation Temperature 1d
Id (Ax) Id (A o) Id (A Id (Aw)
1 GFDL-ESMIM 214 1118 122 a7e 1430
2 HadGEM2-ES 178 595 163 274 1210
3 IPSL-CMSA-LE 1.51 1093 123 415 17.82
4 MIROC 265 9.30 121 917 2233
5 MNoer ESM1-M 152 8.13 123 545 16.33

3.3, Changes in Climate Variahles under RCP Scenarios

Changes in average monthly streamflows attributed to climate change, such as temperature and
precipitation changes, in the mid-century and late-century periods, as compared to the baseline period
for the Guajoyo River Basin for the HadGEM2-ES model, are presented in Figure 4.

0 EL]
T 0 ,."\ e = i}
£ EL U £
5| 4 5T
FREE : 1'“.’;/ i =
ﬁ 100 1 ) £ *
£ \ TR
# 7 22 4
a4 r . . a0
= [ = & i E & = b = £ S B @ o >oU
585533523383 % §f§XIR35=358¢84
(a} (b)
e P63 ACF 4.5 = F0R]-3053 ROF 4.5 PH0-F063 AP .5 = 2070-2099 R 85 = wa== Baseling period

Figure 4 Comparisen of monthly mean (a) preapitation and (b) tenype ratuse between baseline period
{1975-2004) and mid and far futume under RCP 4.5 and 8.5 for the HadGEM2-ES model.

Figure 4a shows the bimodal distribution of precipitation of the rainy summer season for the
baseline and future periods, with the maximum values in the months of June and SeptemberOctober
and the relative minimums in July and August. This relative minimum is known as the “Mid-Summer
Drought” (M5 [57] which is considered one of the most important regional climate variability
modulators [58]. Ona monthly scale, considering the dry season, precipitation isexpected to increase in
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both scenarios and in both future periods for Movember and December. Specifically, for the regionalized
Had(GEM2-ES model, precipitation will increase by around 20% in November. However, during the
rainy season (between May and October), the changes obtained show decreases in precipitation, except
in October, when precipitation is expected to increase by around 27% in the medium term and 41% by
the end of the century. The results show that the decrease in precipitation during the months of the
wet season could oocur with greater intensity in the months of July and August, with reductions of
about 35% in the medium term and 61% in the long term, producing an intensification of the MSD.
On the other hand, Figure 4b shows the results for the average temperature. The greatest increases
in mean femperature were obtained during the summer months (July, August and September), with
average increases of 3.1 °C (RCF 4.5) and 3.3 °C (RCT 8.5) by mid-century and 4 °C (RCP4.5) and 6.7 °C
(RCP 8.5) by theend of the century. Similar trends of these climatic variables in Fl Salvador were found
in the work carried out by the MARN (2017) [58].

Table & summarizes average annual climate variables for the baseline as well as under both
emissions soenarios and both future periods of the HadGEM2-ES model. On an annual scale, the
results show that precipitation will follow a decreasing trend under future conditions, whilst average
temperatures will follow an increasing trend. Owerall, the maximum decrease in precipitation of up to
36% isexpected under RCP 8.5 in late century compared to the baseline precipitation of 1435. 60 mmy/'year,
in accord with the study of CEPAL (2010) [59], in which it was predicted that rainfall in El Salvador
will decrease between 27% and 32%. In addition, the highest average temperatures are expected at the
end of the century, with temperatures 12% and 21% higher than the base emperature of 26,12 *C for
RCP 4.5 and 8.5 respectively The results obtained are consistent with the findings of Conde-Alvares
and Saldafia—Zorrilla [60], which indicated that warming in Latin America by the end of the century,
according to different models, will be from 1 to 6 °C for different emission scenarios.

Table 6. Average chmate variables changes.

Model 5 . Time Pericd Precipitation {mm} Temperature (")
Value Change with Respect Value Change with Respect
to Hase lime to Baselime
Baseline 19752004 1435 60 - W12 -
Mo 2060 171812 21648 -15%) A5 +1E (+0%)
- RCPAS M- 112962 — .58 (-21%) .30 +318 (+12%)
HadGEM2 - HMO-H6 1332 64 ~ 10286 - 7%) mes +284 (+11%)
HF0-209 807 51653 {~36%) .49 +R38 (+21%)

Figume 5 shows the average yearly precipitation and temperature in the basin from 2040 to 2099,
Figure 5a shows how the future trend of precipitation is decreasing, In the medium term, the predicted
decrease is greater in the RCP 4.5. However, in the long term, the predicted decrease in precipitation is
higher for RCP 8.5, as shown in Table 6. Future temperature trends (Figure 5b) show that Guajoyo
River Basin will likely experience warmer conditions in the futume, the largest increase being for the
RCF 8.5 scenario.
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Figure 5. Temporal variations of the projected chimatic vanables under RCP 4.5 and 8.5: (a) preapitation
for 2040-2099 and (b) temperatun: for 2040-2099.

Trends in the Climatic Variables

The results of the Mann-Kendall and Sen’s slope analysis of precipitation and mean temperature
for the period 2040-2099 are provided in Table 7. As shown, the majority of the trends in the monthly
precipitation series were downward, with a significant decrease in the summer months. In the case of
monthly temperatures, the majority of months showed significant upward trends in both scenarios.

Table 7. Trend analysis results for monthly and annual precipitaion and mean temperatuse.

TP Prcipitation RCP 4.5 Tempenature RCP 45 Precipitation RCP 85 Tempenature RCP &3

TestZ Sig. Q; TestZ Sig. Q; Test Z Sig. Q; Test Z Sig. o
January -049 -0t 378 hery [ili ) 0lé o 779 L ral il
February 010 0 498 [ od i) -056 -001 757 .. o7
March -0.17 -0t 40 hor o -054 -003 112 e a7
April 081 0z 331 0’ om -043 -0 753 oy o7
May ~-0u7 —008 L10 a0l -238 i -119 £.96 o 07
June -0.12 -00s 2498 e o2 -350 ond -246 76 hod s
July -191 + -5 256 9 o -553 s -2583 4841 N, 011
August -15% —0%4 391 0% (ilic) -53% e 202 929 o, 010
Scptember  -253 * -1LM 44 e om -5m - -266 90 =l
October 084 042 41 band [ilic] 124 075 509 o 008
November 047 -4 317 - o 117 018 783 - 07
December Lo o 445 e om -032 -00 7.6 e o7
Annual -1 + -370 524 908 am -68 e 1317 934 oo 008

TestZ is the Mann-Kendall (MK) test statistic; (k is the Sen’s slope estimator; + indicates a signi level of 0.1; *

indicates a significance lkevel of 0.05; ** indicates a significance level of 0.01; *** indicates a significance level of 0.001.

The trend analysis showed a decrease in annual precipitation of 3.70 mm/year with a significance
level of 0.1 and 13.17 mm/year with a significance level of 0.001 for RCP 4.5 and RCP 8.5 scenarios,
respectively. The annual mean temperature indicated a significant upward trend (0.001 level of
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significance). The temperature increased (.02 °C/year for the RCP 4.5 scenario and 0.08 °Clyear for the
RCP 8.5 scenario.

3.4. Changes in Water Balance under RCP Scenarios

The impact of climate change on water availability was assessed according to the climate change
scenarios for the basin. In this study, it was assumed that future land use change was constant in order
to investigate the impact with respect to change in climate variables, keeping all other factors constant.
After the SWAT hydrological model was calibrated and validated, the downscaled future precipitation
and temperature predictions of the HadGEM2-ES model under two emission scenarios were used as
input to explore streamflow responses to projected future climate change scenarios. Table 8 summarizes
the response of basin’s water balance components (precipitation, evapotranspiration, total water yield
and groundwater recharge) under two RCP scenarios in terms of average annual values and percentage
change from the baseline condition.

Table 8. Annual SWAT water balance components for Guajoyo River Basin

Scenario Time Period Plmm) ET (mm) ET/P ) DARCHG

(mm) (mm)
Baselne 1975-2004 1435.6 5239 0.36 72072 27.95
60870 450.33
2 %
RCPAS 2040-2069 :E::%IS (+16%) 0.50 - 37%) 15.85 (—43%)
613,80 359.47 g
2070-2089 (lifl)ﬂgj (+17%) 0.54 (~50°%) 12.55 (-55%)
626.40 522.18
RCP&S 2040-2069 'l(ii%i (+19%) 047 ~27%) 18.66 (-33%)
A70-2009  919.47 (ngo 060 (2_6:3'5.7 819 (-71%)
(_%%) Jo, ‘o,
P = precipitati =evap piration, ET/P = evap piration/precipitation, WYLD = the net amount
of water that ibutes to flow (surface runoff ibution to flow + lateral flow + groundwater
ibution to flow — ission losses) and DA_RCHG = amount of water entering deep aquifer from
oot zone.

It was apparent from this table that with an increase in temperature and a decrease in precipitation,
there will be an increasing trend in the ET and in the ET/P ratio but a decreasing trend in the WYLD
and DA_RCHG. ET will increase in both future scenarios. As a consequence of climate warming, the
midcentury ratio of ET/P could be between (.47 and (.50, and at the end of century could be between
0.54 and 0.60. The annual water yield for the basin for baseline period was 72072 mm. The WYLD
for midcentury is likely to decrease under the projected climate scenarios and it could vary between
450.33 mm and 522.18 mm. Also, a considerable reduction in recharges to deep aquifers is also predicted.
On the other hand, end-of-century water yield can be predicted as a drastic decrease of approximately
50% (359.47 mm) and 63% (268.87 mm) for the RCP 4.5 and RCP 85 scenarios. The results obtained in
this study were in accord with previous researches such as the study of CEPAL (2010) [59], in which
it was predicted that the total availability of renewable water could decrease between 35% and 63%
by the end of the century, with El Salvador being one of the most affected countries. Maurer etal. [9]
projected an increase of the average temperature and a reduction of average precipitation that imply a
reduction, on average by 13 to 24%, in inflows to major reservoirs of the Lempa River Basin for end of
the 21st century. Also, a decreasing runoff across all Central America, even in areas where precipitation
increases, was obtained in the work of Imbach et al. [10].
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3.5 Future Projections of Drought

The 5P1-12 and SRI-12 values are given in Table 9 and weme calculated to quantify the effects
of ohserved changes under historical climate variability and projected future climate change on
meteorological and hydrological drought

Table 9. Drought analysis of the Guajoyo River Basin,

HRascline ECPas RCPas
Characteristics of drought 11575-2004)

2402069 HITO-2099 IO 2065 T O-3059

5P SRl 5P SRl 5F1 5Kl

5P
Numsber af droaght events 4 5 4 i i & 7 3
Longgest duratian of drought events {msonths) 26 I i 4 H S » 5
Average dutation of drought events (monthe) 12 14 ] X 13 4 1= pL ! E
Avetage drought nbersity &)  1ss 215 201 Ly 1 1@ L]
Mol by dronghd niepsity 252 gd 288 248 My 218 242

The number of meteorological and hydrological drought events was 9 and 5, with an average
duration of 12 and 14 months, and an average intensity of 1.60 and 1.95 respectively for the baseline
pericd. The mid-century RCF 4.5 scenario indicated that the number of meteorclogical and hydrological
drought events will be fewer but will be of greater duration and intensity. For this scenaria, the number
of drought events will increase for both types of drought in the long term, but with less intensity
than for the baseline period. In the case of meteorological droughts, drought events will be longer.
In RCP 8.5 scenario, the number of drought events was lower, but with an increase of duration in both
meteorological and hydrological droughts, and the intensity only in the meteorological type. This is
consistent with the study of Esquivel et al. [61] which indicates that future droughts will be mone
proncunced than current droughts, both in terms of the amount of resources available and the duration
of events. Also, the IPCC-ARS (2014) [62] reported that long-term changes in rainfall in Latin America
will cause longer periods of drought

4. Conclusions

The Guajoyo River Basin is located in an area of environmental interest in terms of international
protection figures which guarantees water supply for local communities, as well as being important in
regional development through agro-tourism and coffee activities. In the present study, the impacts
of a climate change on meteorological variables (ie., precipitation and temperature) have been
analyzed, as well as on the main hydrological variables (ie., ET, WYLD and DA_RCHG) and on the
droughts of the Guajoyo River Basin. The future projections of precipitation and temperature of five
GCMs (GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LE, MIROC, and MNoerESM1-M) were considered.
After the analysis and comparative evaluation of these projections, the best model was selected
according to its ability to reproduce the historical climate. The physically based semi-distributed
SWAT model was employed to quantify the impacts of future climate variations on the hydrological
processes driven by a regionalized Had GEM2-ES for RCP 4.5 and RCF 8.5 climate scenarios. SWAT
acceptably simulated monthly streamflow despite data scarcity, and the results in the basin for the
historic baseline were compared with future periods (2040-206% and 2070-2059).

The results of this analysis indicated an annual decrease in precipitation of 15% (RCF 4.5) and 7%
(RCP 8.5) during mid-century and 21% (RCP 4.5) and 36% (RCF 8.5) during the end of the century
with respect to the base period (1975-2004). The annual mean temperatune showed an increase for
the midcentury period of 9% and 11% and an increase of 12% and 21% for the late century period,
under RCP 4.5 and RCP 8.5 scenarios, respectively. The Mann-Kendall analysis indicated for the
future period (2040-209Y) a significant downward trend in annual precipitation and a significant
upward trend in annual mean temperatures for both emission scenarios. For the hydrological cycle,
the results suggested that the impact of climate change will be negative in the medium and long
term. The availability of water will experience a decrease. As for WYLD, a decrease of 373 (RCF 4.5)
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and 7% (RCP 85) was obtained for the medium term and 50%: (RCP 4.5) and 63% (RCP &.5) for the
end of the century Similarly, a reduction of aquifer recharge was predicted by 43% and 33%. for the
middle of the century and by 55% and 71%: at the end of the century, under RCF 4.5 and RCP 8.5
respectively. The ET/P ratio showed an increasing trend, going from (136 in the base peried to 0.54
(RCP 4.5) and 0.6 (RCP 8.5) in the long term. Additionally, the impact of climat change on droughts
has been analyzed using two drought indexes, SP1 and SEL In both studied scenarios it was obtained
that in the future the droughts will be more pronounced than current droughts, being more intense
and of longer duration.

This study supports and raises awareness of the possible future impacts of climate change on the
water balance and on the droughts of this river basin. The results show that the availability of water
will be significantly affected in the medium and long term, and therefore, policies must be developed
to adapt to climate change to ensure environmental and economic sustainability of this area.

Supplementary Materials: The following are available online at httpyf s mdpreom207 3-4441/11/11/2360/51,
Table 51: Climatic stations used in the basin, Table 52 Monthly data used for model calibration and validabion
{2001-2012), Table 53 Modelled past data. Annual data for baseline period (1975-2004), Table 54 Mode led futbune
data Annual data for fuluse period 2040-2009,
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Supplementary Table 51. Climatic stations used in the basin.

Staion Latitude Longitude  Elevation Number of sub-
No. Cate basins using the
Name *N) W) {m) gy T
1 G 1423 8947 455 R 1
2 42894 1421 8938 U6 T 2
3 f42897 1471 8969 585 T g

Note: The alphabets of F and T stand for rain gauge station and CFSE temperature data, respectively.

Supplementary Table 52. Monthly data used for model calibration and validafion (2001-2012).

Station
Date Gitija r142-5594 1142-897
P Tmax Tmin Tmax Tmin

mm} Q) QO QO
Jan-01 14 261 154 264 148
Feb-01 0 s 1B e 173
Mar-01 0 318 152 320 149
Aprl 59 3Be 192 31 186
May0l 1474 324 189 319 188
Jun-01 359 35 185 2E9 154
Jul-01 2835 301 183 2E9 178
Aug-01 1362 3% 190 92 186
Sep-01 247 a4 171 268 72
Oct-01  1BBE 271 10 7l 7.7
Now-01 0 7 16k o 160
Dec01 0 2Bs 178 2E8 171
Jan-02 0 38 170 /I 164
Feb-02 46 02 173 302 166
Mar-02 05 331 174 329 167
Apr{2 292 B0 190 338 151
May{2 2628 308 198 30.6 191
Jun-02 2274 289 186 283 154
Jul-02 2059 288 189 31 154
Aug-02 2054 299 188 30.1 183
Sep2 2523 X2 176 2.4 7.5
Oct-02 817 265 180 265 175
Now-02 6.8 249 169 47 165
Dec02 0 267 172 267 166
Jan-03 0 3BE  1leXl M0 157
Feb-03 0 31 170 308 164
Mar-03 507 323 176 318 72
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2
Apr-m 12 M3 13.3 38 178
May{3 1411 328 194 27 191
Tun-03 1633 4 178 73 178
Jul-03 2344 74 185 75 181
Aug—ﬂﬁ 2482 7 134 286 180
Sep{3 337 i 3 1534 72 179
Ont-03 1209 26 179 %7 176
MNow-03 139 7 176 73 171
Dec03 [i] ME 154 285 150
Jan-D4 0 i | 159 75 156
Feb-& 03 165 302 160
Miar-0d 0 ns 185 310 180
Apr-m e 326 17.7 327 174
May{d 1409 03 1938 29 194
Tun-04 1874 281 139 78 187
Tul-04 1603 281 182 il 177
Aug-4 1514 300 1838 04 183
Sepd 2948 29 130 M5 175
Ont-02 1192 72 175 ro 172
Thjow-0d 71 %3 174 b4 168
Diec-04 0 %2 1638 263 163
Jan-05 0 %5 159 b6 152
Feb-05 0 310 165 307 159
Mar-05 41 325 131 320 175
Apr{5 193 Nl 194 H5 190
May05 1814 315 194 311 192
Tun-05 4774 21 139 284 187
Jul-05 M3z 74 131 %9 181
Aug-05 2118 74 1534 i} 181
Eepm 35012 %8 134 264 183
Ot-05 2083 2472 176 239 172
MNow-05 9 2472 165 M43 161
Diec-05 3 70 1638 %9 163
Jan-0& 0 %6 167 26.5 161
Feb-06 0.3 284 let 2B6 159
Miar-0e 119 323 1638 321 160
Apr-06 &ld 326 176 330 173
May-os 2418 3z 19.3 306 120
Tun-0& 3675 %3 139 260 185
Jul-D& 3167 i 3 19.0 72 186
Aug-06 1169 283 139 79 154
E-EP-OE Wl Xe 136 268 182
Oict-06 1792 i 3 179 il 176
MNow-06 1207 %8 las 56 161
Diec-06 2 %8 177 %9 171
Jan-07 0 73 130 75 173
Feb-07 0 315 171 310 164
Mar-07 0.6 313 131 34 173
Apr{7 1381 M3 1838 M7 185
May07 95 336 194 332 192
Tun-07 1274 92 19.0 284 186
Jul-07 162 7 183 2 179
Aug-07 1732 281 177 75 174
Sep07 3149 i | 178 %7 174
Ont-07 72 249 167 M5 165
Now-07 0 3 174 235 168
Diec-07 0 262 1ot b4 158
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Jam-08
Feb-08
MMar-D8
Apr-08
May-08
Tun-08
Jul-D8
Aug-08
Sep-0E
Cict-08
o068
Drec-08
Jan-02
Feb-09
Mar-09
Apr-(9
May-09
Tun-09
Jul-09

g7
1731
1251
98

1145

11E5
b L
3704
2357

268
305
3z
333
313
e
Tl
i
%69
39
241
47
%5
%9
Be
335
ok
285
83
32
285
83
Tl
T3
3z

327
306
Tl
%8
%3
.
0
X9
E0
288
X8
303
3z
T4
48
%3
%3
e 1.3

e 1.3
s
Be
315
303
264
54
%9
54

-

%69
30.4
311
M0
310
269
264
r3
222
37

48
%5
269
Be
338
X3
7e
vy
vy
B0
9
269
B4
o

305

329
30.0
265
2
k7
M8
249
58
249

-
.y

30.1
30.4
30.0
7e
249
52
51
50
235
59
2
B8
308
313
30.0
261
58
vy
55
263

160
163
165
178
186
183
181
174
172

171

155
155
160
154
177
189
175
185
183
180
169
167
159
151
164
167
191
198
187
175
179
177
163
150
138
161
163
163
182
19.0
186
177
177
176
170
164
165
162
171
170
182
19.0
175
172
174
173
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Cnt-12 1762 248 lad a7 172
To-12 4] 245 152 2560 165
1 B 149 2E3 16.1

Supplementary Table 53. Modelled past data Arnmual data for baseline period (1975-2004).

Station

Giiija t142-554 t142-597

P Tmax Tmin Tmax Tmin
(mm) "C G (O O
1975 1e025 324 197 321 193
1976 14123 326 194 323 19.0
1977 12066 332 198 329 194
1978 1F522 323 20 321 196
1979 16752 324 197 32z 193
1980 1eDd4 325 191 323 187
1981 15252 321 191 39 187
1982 11697 338 193 336 159
1983 14993 320 192 37 1838
1984 10BD4 333 196 3351 192
1985 130 335 201 33z 19.7
1986 13620 332 201 329 19.7
1987 13222 335 198 33z 194
1988 15172 331 199 328 195
1989 11410 332 198 33.0 194
1990 9244 339 196 336 192
1991 147222 328 195 316 19.1
1992 14892 321 196 31s 192
1993 11482 336 196 333 192
1994 16616 324 19.6 32z 192
1995 15517 327 199 325 195
1996 9649 341 199 339 195
1997 1e927 326 198 314 194
1998 14378 332 199 33.0 195
1999 1Feed 326 201 314 19.7
2000 13858 332 201 329 19.7
2001 15395 30 201 337 19.7
2002 17697 331 205 s 01
2003 16193 330 200 327 196
2004 14057 331 19.9 329 195

Duate

Supplementary Table 54. Modelled future data Anmal data for fubure period 2040-2099.

:

Station
Giiija t142-394 t142-897

P (mmj} Tmax (*C) Tmin (*C) Tmax (*C) Tmin (*Ch
BCP45 RCPES RCOP45 RCPSS RCP45 ROPES RCP45 RCPES ROP45 ROPES

AEEEEREEREE

17328 15191 338 350 213 pa i) 334 347 209 B
13728 15230 1 M1 211 214 339 338 207 20
12326 14533 356 350 2 2o 354 348 1B e
13751 14174 353 M7 221 el 351 344 217 e
13741 16768 33 M7 214 21 M0 344 210 a7
14038 12479 354 M1 20 s 32 338 2le az
Bee7 13726 36.2 He 219 pa i) 6.0 343 215 B
9270 13736 36.0 ME 20 2o &7 346 16 e
7i54 12862 371 361 221 a3 36.8 359 217 a9
10894 10720 36.0 364 23 e 37 362 219 nz
14782 12793 35.0 57 219 7 B 355 215 23
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11544
1478.1
14723
1779.3
5129

1320.6
1199.1
1260.7
7535

12207
1055.0
1580.7
10706
1769.3
1526.2
10779
1119.9
6359

6875

1782
1025
1258.7
1245.3
9147

1086.0
1108.9
il i)
10631

9282
1360.2
10725
1202.3
1176.4
11507
12485
14493
1480.7

9377
1283.0

9769
11764
10671

L
i i)
10671
13709
1971

9921

13582
12867
10625
14381
1476 B
12441
D553
11128
15361
13325
11325
15539
12096
14583
12685

13719
13936
13681
D136
1100.0
11321

1080.3
12503
10659
12
nsz2z
10945
108
BEL3
bDEe
12297
11423
B45.3
10364
6758
5244
670.0
5168
Beg.4
470
BELT
7179
6e0.5
7E3E
bole
6056
DBE.9

35.0

M8
333
36.3
353
32
355
36.6
358

355
359
5
e
36.1
358

m———

oL
36.1
36.6
6.0
36.7
36.5
371
6.0
362
36.7

———

oL
356
358
358
364
358
36.1
358
358
369
362
36.7
364

370
359
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362
36.9

56
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360
B3
B2
358
365
368
367
362
71
360
363
54
367
368
365
364
361
79
74
e
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e
74
e

380
3Bz
385
31
3Be
5
wI
389
354
33
401
He
=
389
387
39
39
=
=
31
He
33

45

47
E0
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x5
x5
E0
x5
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x5
5B
.
5B
Le
54
5B

54
359
358
351

355
362
365
365
360
368
358
361
352
364
365
363
361
358
376
37z
373
375
373
371
373
380
378
380
383
389
384
373
370
386
382
390
398
393
395
387
384
386
386
394
394
389
393
381

N2
2

s

244

48
244
241
139
43
e
48
51
51
e
51
48
51
x4
48
x4
X2
X0
54




98

PABLO BLANCO GOMEZ




IV-PUBLICACIONES 99

IV.2 PUBLICACION 2: EVALUATING THE POTENTIAL OF GLOFASERA5 RIVER
DISCHARGE REANALYSIS DATA FOR CALIBRATING THE SWAT MODEL IN THE
GRANDE SAN MIGUEL RIVER BASIN (EL SALVADOR)

Senent-Aparicio, J.; Blanco-Gémez, P.; Lépez-Ballesteros, A.; Jimeno-Saez, P.
Evaluating the Potential of GIoFASERADS River Discharge Reanalysis Data for
Calibrating the SWAT Model in the Grande San Miguel River Basin (El Salvador).
Remote Sens. 2021, 13, 3299.
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Abstract: Hydrological modellng requires accurate dimate data with hagh spatal-temporal sesolu-
ten, which is often unavailable in certamn parts of the world—such as Central America. Numerous
studies have previously demonstrated that in hydrological modelling, global weather meanalysis
data provides a viable altemative to observed data. However, calibrating and validating models
fequires the use of observed discharge data, which s also frequently unavailable. Recent, global-scale
applicabions have been developed based on weather data from seanalyss; these apphcations allow
streamilows with satisfactory sesolubion to be obtamned. An example is the Global Flood Awameness
System (GloFAS), which uses the hfth generation of eanalysis data produced by the European Centre
for Medium-Range YWeather Forecasts (ERAS) as inpul. It provides discharge data from 1979 o the
present with a sesolution of (.17, This study assesses the potential of GloFAS for calibrating hydro-
logical models in ungauged basina. For this purposs, the quality of data from ERAS and from the
Chmate Hazards Group InfraRed Precpitabion and Temperabuse with Station as well as the Climate
Forecast System Reanalysis (CFSR) was analysed. The focus was on flow simulabion usmg the Soil
and Walter Assessment Tool (SWAT) model. The models werne calibrated wsing GloFAS discharge data.
Cher pesults indicate that all the reanalysas datasets displayed an acceplable Gt with the observed
precipitation and lemperature data. The correlation coefhcient (CC) bebween the reanalysis data and
the observed data mdicates a strong relationship at the monthly level all of the analysed stations
(CC = 0.80). The Khng-Gupta Effciency (KGE) also showed the acceptable performance of the
calibrated SWAT models (KGE = 074). We concluded that GloFAS dalta has substantial potental for
calibrating hydrelogical models that estimate the menthly streamflow in ungauged watersheds. This
approach can aid waler fesource management

Keywords: SWAT; sakellite weather dataset; ERA-5; GloFAS; hydrological modelling; El Salvador

1. Introduction

Hydrological models are commonly used to understand changes in hydrological
processes due to changes in the climatic or the land use [1,2]. Such changes in land use
and climatic conditions are especially important in Central America. Recent studies have
highlighted deforestation as the main land-use change in this area [3]. However, climate
change can also strongly affect the hy drological oycle by altering the timing and intensity
of rainfall, recharge and runcff. This change has intensified the mid-summer drought
characteristic of Central America’s weather [4].

In addition to forecasting and estimating the quantity and quality of water for decision-
makers, hydrological models can assist local authorities in forecasting the effects of natural
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and anthropogenic changes on water resources. Furthermore, they can characterise the
temporal and spatial availability of water resources to enable the design of appropriate
strategies to mitigate water-related hazards. These includes droughts, floods and the
discharge of pollutants.

Several conceptual and semi-distributed models have been applied at grid scale in
tropical climatology. Srivastava et al (2017) [5] successfully implemented the variable
infiltration capacity (VIC) model for the Kangsabati River Basin and obtained satisfactory
evapotranspiration estimates at the monthly scale. Srivastava etal. (2020) [6] companed
two models, namely VIC and the medel for the identification of unit hydrograph and
components flows from rainfall, evapotranspiration and streamflow (IHACRES). They
concluded that IHACRES is a very useful model for data-scarce regions. Pauletal. (2018) [7]
similarly reported the successful implementation of a modified time-variant spatially
distributed hydrograph technique integrated into the satellite-based hydrological model
(SHM) for the Kabini River Basin

The distributed 5o0il and Water Assessment Tool (SWAT) model has also been widely
used in tropical basins [B]. Darbandsari and Coulibaly (2020) [4] demonstrated the useful-
ness of lumped hydrological models for simulating hydrological processes in data-scarce
watersheds. However, in the current study, the distributed SWAT model is used, because
once calibrated, it allows further analyses related to land-use changes. SWAT is one of
several models employed to assess the influence of land use and land management changes
on water resources [10].

Accuracy in simulating a basin’s water resources fundamentally depends on the input
data used for modelling and on the capability of the hydrological medel. Primary input
data are meteorological and geographical data (e.g., precipitation and temperature as well
as data from digital elevation models and land-use and scil maps). In recent years, several
ready-to-use global-scale maps have been developed that provide good results and make
the SWAT model application easier [11]

The application of hydrological models is usually limited by the sparse distribution of
rainfall observation stations. In most watersheds, the actual density of a rainfall network is
notably lower than the values recommended by the World Meteorological Organization.
CGround-based precipitation observation is also unevenly distributed in many countries
due to economic constraints [12], and this issue can affect model estimates of streamiflow
performance. Missing values in rainfall data negatively affect the quality of hydrological
modelling. Tan and Yang (2020) [13] demonstrated that missing values of mome than

. significantly affected the streamflow simulation for tropical climates. To overcome
limitations arising from the scarcity of data or from poorquality observations, numerous
studies have compared gridded rainfall datasets with local datasets. The aim is to assess
their suitability of those datasets in various hydrological models [14-17] for watersheds
around the world.

The influence of temperature data on hydrological balance and discharge in simulated
river basins has rarely been analysed (Tan et al, 2021). In Southeast Asia,
Tan et al. (2017) [18] recommended combining the Asian Precipitation Highly Resohred
Observational Data Integration Towards Evaluation (APHRODITE) dataset [14] with the
maximum and minimum temperatures from the Climate Forecast System Reanalysis
(CFSR) dataset [20]. The objective was to model ungauged or gauge-limited catchments. In
Ethiopia, Duam et al (2019) [21] recommended the use of Climate Hazards Group Infrared
Precipitation with Stations (CHIRIS) data [22] together with temperature data from CFSR
for hydrological modelling.

Dee to advances in satellite technology, many satellite weather products have been
developed to monitor weather conditions on a global scale. Some are called reanalysis
products; they combine satellite data with observed data to improve weather representation.
An example is the CFSR dataset. It is widely used for hydrelegical modelling in the
SWAT model, because—in addition to precipitation—it includes other meteorological
wvariables that are easily downloadable from the SWAT website [23]. Additional reanalysis
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datasets that include precipitation and temperature data for simulations have recently been
launched. For example, the CHIRPS precipitation dataset has recently been complemented
with Eemperature data to yield the Climate Hazards Center Infrafed Temperature with
Stations CHIRTS [24] This data is available for the global scale at a spatial resolution
of 0.05%,

Another recently launched dataset that includes precipitation and temperature is
the ERAS global reanalysis dataset [25). It provides data from 1950 to the present at
a spatial resolution of 31 km. It was released recently and has not yet been tested in
hydrological modelling for several areas of the world. However, Tarek et al. (2020) [26]
tested the potential of ERAS in hydrological modelling across North America. Their mesults
highlighted many advantages over the previous dataset, ERA-Interim, and demonstrated
a level of efficiency similar to that obtained in hydrological models that use observed
data for most of the territory analysed. Kolluru et al. (2020) [27] concluded that ERAS is
efficient for detecting rainfall patterns, whereas CHIRPS dysplays better flow simulation.
Jiang et al. (2021) [28] obtained highly varying results depending on the regions analysed
and identified the general underestimation of extreme rainfall

Model calibration and validation are key steps for obtaining accurate estimakes of
streamflow from hydrological models. These steps are generally performed using observed
data [29]. However, in situ flow data are commonly unavailable for much of the land area,
especially in developing countries, and the number of operational stations is decreasing
rapidly The recent availability of global-scale remote sensing climate products (such as
those discussed above) has led to the development of hydrological models that provide
discharge estimates at a global scale [30-32].

Ome such application is the Global Flood Awareness System (GloFAS), developed
by the European Centre for Medium-Range Weather Forecasts (ECMWE) in collaboration
with the University of Reading and the Joint Research Centre of the European Commission
This system couples the Hydrology Tiled ECMWF Scheme for Surface Exchanges over
Land (HTESSEL) [33] and LISFLOOD models [34]; it provides streamflow estimates at
a global scale from 1979 to the present, using ERAS as the climatological input data.
Global hydrological models are powerful tools for reconstructing components of the water
balance because they generate continuous data, which can be used in applications such as
hydrological model calibration [35]. Given the recent release of GloFAS, its poential has
not been fully explored.

Central America is an area in which remotely sensed data can be highly useful for
hydrological medelling to improve estimates of water resources [36]. Tan et al {2021) [37]
reviewed 123 articles regarding the use of alternative climate products in SWAT modelling,
The authors found only one study conducted in Mexico and no precedents of this type of
study for Central America.

In light of the above, this work may be of interest to stakeholders who model water-
sheds located in Central America. We selected the Grande San Miguel (GSM) Eiver Basin
as a case study, because many of the problems discussed above ocour there. These include
a low density of stations that provide precipitation and temperature records, a substantial
percentage of missing data, and difficulty in obtaining streamflow data to enable model
calibration. Using monthly flow data provided by the Ministry of Environment and Mat
ural Resources in El Salvador for the period 2005-201(0, we explored the potential of the
GLoFAS-ERAS river discharge reanalysis dataset for calibrating hy drological models in
ungauged watersheds. The use of mmotely sensed rainfall data for hydrelogical simulation
is common in recent literature [37]. However, the use of globally generated flow data from
remotely sensed data for calibrating a hydrological models is very novel because the release
of these products is so recent [38,39].

This paper addresses the following objectives (1) to evaluate the performance of pre-
cipitation and temperature variables using satellite reanalysis data such as CFSR, CHIRFS
and ERAS throughout the (G5M River Basin; and (2) to assess the GLoFAS-ERAS river
discharge reanalysis dataset’s potential for calibrating hydrological models and its relation
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to precipitation and temperature reanalysis data used as input data. To date, few stud-
ies [21,40] have analysed the effectiveness of reanalysis data that includes temperature
for simulating hydrological processes in a watershed. Most studies have considered only
precipitation data.

2. Study Area and Weather Data Sources
2.1. Study Area

The GSM River Basin is geographically located in the east of El Salvador; it covers
2377 km? up to the outlet control point (Figure 1). The basin is among the largest in El
Salvador The city of San Miguel is situated at its core and is El Salvador’s second most
populous city. The basin is ecologically sensitive in terms of international protection, such
as the protected zones of Tepaca-San Miguel and Jiquilisco Bay. Tecapa-San Miguel is
known for its coffee plantations, coastal plain wetlands, and volcanic craters; the area
includes several lagoons listed under the Ramsar Convention on Wetlands. Since 2005, the
Jiquilisco Bay—which is located at the mouth of the Grande de San Miguel River—has
been designated as a Ramsar site and a UNESCO biosphere reserve.
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Figure 1. The study area location: (a) location of the Grande San Miguel river basin in Central
Amenica, (b) digital elevation model (DEM), sub-basins, and river stream delineation in the Grande
San Miguel river basin, (¢) soil map, and (d) land-use map.



IV- PUBLICACIONES

105

Eemode Sens. 202, 13, 3299

Sof 20

Polluted water and the potential need for agricultural water are the two most pressing
challenges in the G5M River Basin. [41]. To propose effective governance methods to
mitigate the effect of these stress factors, the precise simulation of hydrological processes at
the basin scale is crucial.

This region’s climate is tropical, with high annual precipitation rates. However, the
intra-annual distribution is uneven, with 90% of precipitation falling during the rainy
season between May and October and scattered showers occurring during the dry season
between Movember and April [36,42]. According to weather station measurements, the
average annual precipitation is 1700 mm. The wettest months are from May to October
and the driest months are from November to April The basin is occasionally crossed
by hurricanes, especially in September and October, which cause substantial flooding,
Maximum temperatures are as high as 37 °C, and minimum emperatures drop to 17 °C.
The altitude ranges from sea level to higher than 2000 m at the San Miguel Volcano.

Andosols, phaeozems, and regosols are the three most common soil types in the area
(Figure 1c). The andosols that cover the area around the San Migueel Volcano are volcanic
soils, which are highly permeable and have ideal agricultural qualities [43]. Regosols are
unconsolidated materials with fine granulometry, common in mountainous areas. This
is the dominant soil type at the northern boundaries. By contrast, phaeozem soils are
abundant in the eastern part of the basin; they accommodate wet grasslands and forest
regions because they are porous and fertile, and they provide excellent agricultural land
(FAQ, 2008). Crassland and pastune (43%), crops (32%), and forest (17%) are the most
commeon land uses. The land-use map of the basin is shown in Figure 1d.

2.2, In Situ Rainfal and Temperature Data

Figure 1 shows the spatial distribution of rainfall stations in the GSM River Basin.
Most of the existing weather stations are located in the lowlands, between 100 m and
200 m above sea level. As indicated in Table 1, three of the four available meteorological
stations had more than 20% of data missing during the period under study (2005-2010).
According to Tan and Yang (20207 [13], missing data of mone than 20% significantly atfects
the simulation of flows in tropical climates. Given this fact and the low density of available
stations, we used observed data to analyse the performance of the rainfall and temperature
reanalysis data, but we did not simulate flow s based on observed data.

Table 1. Summary of the weather stations used mn this study.

Code Station Latitude (°) Longitude (*) Elevation (m) ”3“&‘:5,”““
MIG San Miguel 13,4690 88,1590 ™ 113/12
CHA Chapeltique 126424 88,2608 27 %4
DEL El Delisio 123274 88,1416 2 414

VIL Villerias 125187 88,1795 109 517

! At San M.igu:l station, daily Pu:cipit.:tinn and temperatne data are obtained The peroentages nfmin:'mﬁ data mpmdpih:ﬁun and
termnperature data are 11.3% and 1.2% respectivehy.

2.3, Reanalysis Precipitation and Temperature Datasets Used in This Study
2.3.1. ERAS Reanalysis Dataset

The ECMWF's most advanced reanalysis output is ERAS. This output was recently
mreleased with a resolution of roughly 30 km and can be used to compute many atmospheric
variables from January 1950 to near real-time [25]. In the current study, the ERAS hourly
rainfall and temperature were extracied from the toolbox available on the Copernicus
Climate Data Store website (https:/ /cds.climate .copernicus.eu, accessed on 1 April 2021)
and aggregated to the daily time step.
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2.3.2. CHIRPS and CHIRTS

The CHIRFS dataset is the result of a collaboration between the United States Geologi-
cal Survey and the University of California. It consists of a rainfall grid with a geographical
resolution of (L057 that combines data from satellites with data from on-site rainfall stations.
The dataset was created using the following sources [22]:

#  the Tropical Rainfall Measuring Mission (TEMM) 3542 product from NASA

#  the monthly precipitation climatology (CHPClim)

s  atmospheric model rainfall fields from the Mational Qceanic and Atmospheric Admin
istration (NOAA) Climate Forecast System version 2 (CF5vZ)

s quasi-global geostationary thermal infrared (IR} satellie observations from two

MNOAA sources
#  in situ rainfall observations

More recently, a temperature dataset with the same spatial resolution as CHIET'S has
been developed on a daily scale. It entailed merging the monthly CHIRTS and disaggregat-
ing the monthly data using daily temperatures from ERAS [24]. On the Climate Hazards
Group website (https:/ fwww.chc.ucsbedu/data/, accessed on 5 April 2021), users can
obtain daily CHIRPS v2.0 and CHIRTS v1.0 data.

233. CFsR

The CFSR product was developed by the National Centers for Environmental Pre-
diction (MCEP) [44]. It uses advanced data-assimilation methods and data from a global
network of weather stations and satellite-based products; it also draws on complex atmo-
spheric, oceanic, and surface modelling elements coupled with a resolution of 0.30% and
covering any land location in the world [20]. The available CFSE data is available for 1579
to 2014 and can be downloaded from the SWAT website (https // globalweather tamuwedu /,
accessed on 5 April 2021).

24. GIoFAS River Discharge Reanalysis Dataset

The GloFAS is part of the Copernicus Emergency Management Service (CEMS). The
dataset was developed through collaboration between the ECMWE the Joint Research
Centre of the European Commission and the University of Reading (www globalfloodseu,
accessed on 22 March 3021). The GLoFAS river discharge reanalysis dataset is a product of
CEMS and is produced by coupling surface and subsurface runoff data from the HTESSEL
surface model used forced by ERAS reanalysis data [25] with the Distributed Water Balance
and Flood Simulation {LISFLOODY) hydrological and channel routing model [34].

The model was calibrated using more than a thousand flow stations located in
&6 different countries. It achieved a median Kling—CGupta efficiency (KGE) values of (.67
and a correlation value of (L80 [35]. The river discharge reanalysis, with daily time steps
and (.17 spatial resclution, is freely available to download for the period 1979 until near-
present through the Copernicus Climate Data Store (hitps:/ /ods.climate.copernicus.eu,
accessed on 1 April 2021).

3. Materials and Methods

The methodological approach followed in this study is illustrated in Figure 2. It con-
sisted of two main steps: (1) a comparison of rainfall and temperature data from reanalysis
products with observed weather gauge data; and (2) an evaluation of the applicability of
the flow data available in GLoFAS for the calibration of the SWAT hydrological model on a
maonthly scale. In the latter step, the weather input data used were ERA S, CHIRPS-CHIETS
and CFSE
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Figure L Flowchart of the methodolegical approach used mn this study.

To perform the evaluation, streamflows were first assessed using each of the reanal
ysis products as input values; the monthly streamflows were simulated from the default
values of the parameters in the SWAT model. Second, each simulation was calibrated
independently using the GLoFAS data as the observed data. Finally, the accuracy of the
GLoFAS-calibrated models for reproducing the observed monthly flows was assessed.

3.1. SWAT Modd Description

The SWAT model is a physically based and distributed, and continuous, time model
It is used to model rainfall runoff at the basin scale [10]. Several global studies have
applied the SWAT model to investigate hydrological and water quality processes [45-47],
the impact of human pressure on water resources [45-5(], and the consequences of cli-
mate change [36,51-53]. The model’s GIS interface [54] allows for simple and quick data
processing, such as watershed delineation and spatial and tabular data handling

A watershed is divided into multiple sub-watersheds by SWAT. These are further
subdivided into hydrological response units (HREUs), which include homogeneous land
use, soil, and land slope. Water balance components, sediment tlow, plant development
and nutrient loss are some of the major processes that the model can replicate. To simulate
the water balance components, SWAT solves the following equation:

t

SW; = SWo + ) Rasy — Quarf — Es — Waeep — Qg ) M
=]l

whene SW; is the final scil water content (mm), SW; is the initial soil water content {mm),

t is the time in days, Rm is the precipitation (mm), Qm:,r is the surface runoff (mm), E;

is the evapotranspiration (mm), Wieep is the percolation (mm) and {Jg is the retum flow

(mm). Neitsch etal. (2012) [55] provide more information on the operation of the SWAT

hydrological model.



108

PABLO BLANCO GOMEZ

Remode Sems. 302, 13, 3299

8of 20

3.2. SWAT Modd Setup

We used the QGIS interface for SWAT, namely QSWAT version 3 [54], to build the
model with publicly available information. In this study, the spatial data for the SWAT
maodel includes a digital terrain model, land-use map, and soil map. For basin delineation,
we acquired the Advanced Spacebome Thermal Emission and Reflection Radiometer
Global Digital Elevation Model (ASTER GDEM) from the official website, with a resolution
of 30 m (Figure 1b). The Harmonized World Soil Database, published by the United
Mations Food and Agriculture Organization (using a grid size of 1 km = 1 km) was used to
extract soil data (Figure 1c). El Salvador’s Ministry of Environment and MNatural Resources
provided the land-use map (Figure 1d). Potential evapotranspiration rates were calculated
using the Hargreaves method [56] because it requires only temperature data.

3.3, SWAT Modd Calibration

Toevaluake the emote-sensing precipitation and temperature data and the monthly
flow simulation, we selected the pericds 2005-2008 and 20092010 were selected as the
calibration and validation periods, respectively. Precipitation and temperature data from
ERAS, CHIRPS-CHIRTS, and CF5R were available for a longer period, which allowed us
to use a three-year warming period (2002-2004) to drive the SWAT model to a steady state.
Twehlve egularly used flow calibration parameters and their ranges wene chosen, based
on past experiences with similar watersheds [36] to integrate the components of surface
runoff, groundwater, and soil data. The SWAT Calibration and Uncertainty Program
(SWATCUF) [57] includes the Sequential Uncertainty Fitting Procedure version 2 (SUFI-2)
optimisation method. We used this to perform monthly automatic calibration. The Nash-
Sutcliffe model efficiency coefficient (NSE) was employed as the objective function, and
2000 simulations were performed.

Table 2 shows the list of adjusted SWAT parameters. The range of variation and the
final values wene determined after calibration, as a function of the gridded dataset.

Table 2. Sengativity analysis of SWAT model parameters for the GSM River Basin,

- ERAS CHIRPSCHIRTS CFSR
Parameler Description - - -
Ranking p-Value  Ranking  p-Value  Ranking  p-Value

CINZ mygt SCS runodf curve number 1 0,000 1 (00 1 0000

ALPHA BEgw  Baseflow alpha factor (day —1) 10 0.551 11 0794 7 [.552
Theshold depth of water in

GWOMMN. gow the shallow aquifer for retum 2 0.003 4 024 2 0.002

flimar b oo (oum)
Groundwater rey

GW_REVAFEgw efficent ap 5 0114 B 0229 4 0.068

RCHRG_DEgw Deep “‘3“‘&{ - M’J’*“”hm 11 1555 E- 0100 3 1032
Theeshold depth of water in
shiallone aquafer for revap or

REVAPMMN g peﬂ:ulal:im:lm dewp aquiter to @ 0.531 10 074 10 0.637

_ oocuf {mm)
CANMX hru Maimum canopy storage 12 0.573 12 0,900 & 0.564
EPCO.bsn Flant uptake comgpensation 8 0.451 7 0186 6 0.531
Soal evaporation

ESCO b=n - Giom Factor 4 0015 2 QL 5 032
Available water capacaty of

S01_AWC =0l the sonl layer {mm L0/ mm 7 0.202 5 [iTizo 11 0672

sonl)
LAT_TTIME hru Lateral flow travel tme (day) & 0175 L] (489 1z 0.806
SLSOILhru Slope length for lateral 3 0.012 3 0,006 9 0.610

subsurface flow (m)
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34. Performance Evaluation of the Reanalysis Datasets and Sinmulated Streamflow

Cur aim was to qualitatively compare the ERAS, CHIRPS, and CFSR reanalysis
datasets with the rain gauge observations. The following statistical indices for validation
were used: the cormelation coefficent (CC or B2), mean (M), standard deviation (SD),
mean error (ME), root-mean square error (EMSE), and relative bias (BIAS). The linear
correlation is indicated by CC, the average difference is shown by EMSE, and the average
error magnitude between the reanalysis precipitation and observed rain gauge data is
shown by ME. The systematic bias of the satellite precipitation is described by BIAS.

Rainfall detection capability was analysed using three categorical statistical indices:
(1) the probability of detection (PFOD; (2) the false alarm rate (FAR); and (3) the critical
success index (CSI). The POD is also known as the hit rate. This is the ratio of total rainfall
events that are successfully recognised by the reanalysis datasets. The FAR indicates the
percentage of falsely warned rainfall events among all warnings. The most balanced and
accurate detection statistic is the CSl, which is a function of POD and FAR [58]. The POD,
FAR, and C5I scores range between () and 1, with 1 being a perfect score for FOD and CSI
and ( for FAR. The formulas and further details about the indices appear in Jiang et al
(2018) [59].

To assess the SWAT model's accuracy; we included the coefficient of determination
(R, the Nash-Sutcliffe efficiency ratio (N5SE), percentage bias (PBIAS), observed data SD
ratio (RSE), and the Kling—Gupta efficiency ratio (KGE). These statistics are extensively
used in hydrological research [60]. At the monthly scale, when the PBIAS is below 25%,
and the N5SE and KGE are above (L5, and the ESK is below (0.7, the model’s performance is
considered to be adequate [61,62].

4. Results and Discussion
4.1. Comparison betem Observed and Reanalysis Datasets

Precipitation data from the three reanalysis datasets (CFSE, ERAS, and CHIRPSv2.0)
were directly compared to precipitation data from rainfall stations in the G5M River Basin
Daily precipitation data was collected from the reanalysis data grid cells closest to the
available weather stations; days with no observed data were omitted from the comparative
analysis. To enable conclusions regarding the flow simulation, we used the same period to
evaluate the accuracy of the precipitation data as the peried for which the flow data was
available {2005-2010).

The validation statistics for the GSM Eiver Basin are presented in Table 3. Among
the three reanalysis datasets, the CHIRI'S was more accurate; it yielded low ME values
together with higher CC and CSIvalues. Hence, it performed best in both accuracy and
detection capability. The results obtained from ERAS and CFSE were also acceptable. In the
case of ERAS, the correlation with observed data was slightly lower than that yielded by
CHIRPS. Of the three reanalysis datasets, ERAS achieved a monthly 5D most similar to that
of the observed data. However, ERAS presented the highest BLAS of the three reanalysis
datasets analysed, overestimating the rainfall values at some weather stations by more
than 40%. The higher amount of rainfall explained why ERAS yielded relatively high POD
and FAR values.

The CFSR yielded a smaller correlation with the observed data than CHIEPS and
ERAS. Conversely, the BIAS was lower than that shown by ERAS, which signified overesti-
mation or underestimation of the rainfall depending on the station analysed. The lower
BIAS value was related to a lower POD and FAR compared to the results obtained with
ERAS. On average, CS] was similar for both CFSE and ERAS, which implies a similar
detection capability.
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Figure 3 shows the probability density function of rainfall events on a daily scale.
It is evident that all the emofte-sensing data we analysed missed some rain events and
CHIEPS was most similar to the observed data in this regard. ERAS clearly overestimated
the amount of light and medium rainfall events (where light” refers to daily rainfall of
1-5 mm) and medium refers to daily rainfall of 520 mm). CF5E, despite overestimating
these rainfall events, was the reanalysis dataset that most cdosely reflected the observed data
for medium rainfall events. Among the three reanalysis datasets, CHIEFS best represented
light rainfall events, but it significantly cverestimated medium rainfall events. Fegarding
the highest intensity events (daily rainfall owver 200 mm), the three reanalysis datasets yielded
similar performances.

BO%
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Figure 3. Description of different rainfall inkensibes of the probability density function of ramfall events on a daily scale.

The general overestimation of the number of rainfall events and the volume of rainfall
may be due to the ability of satellites to detect strong convective events while having more
difficulty in detecting shallow and warm rains. In addition, the bias cormection techniques
generally used to correct satellite data often inflate the volume of rainfall in the detected
events to compensate for the missed events [63].

As evident in Figure 4, monthly observed rainfall and variations in rainfall patterns
were also analysed. In the left column, violin plots combine box plots and a kernel density
plot to simultanecusly represent the data distribution and probability density. Except for
MIG, the density distribution displayed a consistently more accurate adjustment when
using the CHIRPS data. The median prediction is shown as a white dot in the graphs,
and significant differences were detected. In general, ERAS overestimated the median
value, except at the CHA station (located at the highest altitude), where the reanalysis
data resulted in an undemrestimated median value. Similarly, ERAS, CHIRPS and CFSE
adequately reflected the inter-annual variation in precipitation; they indicated the existence
of a dry period from November to April and a wet period from May to October.
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Figure 4. Comparison of average monthly observed precipitation with ERAS, CHIRTS and CFSR datasets using violin
plots (left column), vanations m rainfall patterns (central column) and scatterplots (right column).

A characteristic aspects of the climate in the study area is a maximum monthly
rainfall that occurs between June and September, interrupted by a typical mid-summer
drought during the month of July [36,64]. This pattern was defected by all the products
we assessed. In addition, unlike CFSE, the ERAS and CHIRPS datasets overestimated
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the average monthly rainfall reported during the rainy season. We also found that the
scatterplots suggested a higher performance for the CHIRPS data, with an overall closer
fit with the observations. This finding was supported by the calculated CC values. Using
the CHIRFS data, the CC values for the tested weather stations ranged from (.86 to 0.93.
By contrast, for the CFSRE and ERAS datasets, the CC values ranged from (.84 to (.86 and
(.80 to (.86, respectively

The observed monthly temperatures weme compared to data from ERAS, CHIETS,
and CF5SE, as discussed in the previous section (Figure 5). Although the shape of the
density distribution and the monthly variations showed a good fit, we noted a significant
mverestimation of CHIRTS temperatures by 2-3 °C, depending on the month considered,
over the year For CF5E, an overestimation of the monthly mean temperature was also
detected for all months, which was far lower than that observed in CHIETS. At the MIG
station, which was the only station for which temperature data was available, the data
from ERAS provided the best fit
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Figure 5. Comparnson of average monthly obse rved temperature with ERAS, CHIETS, and CFSE datasets usang violn plots
(left column), variabons in rainfall patterns (central column) and scatterplots (right column).

4.2, Model Performance before Calibration

When data is missing from observations, the performance of an uncalibrated model
is an important indicator of how well the model performs [65]. The main purpose for
which the SWAT model was conceived was to model ungauged rural watersheds [10]. The
suitability of the different reanaly sis datasets was evaluated by simulating flows within the
SWAT model framework using default parameters.

Figure 6 shows the observed and simulated monthly minoff in the G5M River Basin for
the period 2005-2010. The criteria for evaluating the model performance are indicated in
Figure 5, from which it is evident that CFSR yielded the best results. This was as expected,
since this dataset contained the least biased reanalysis data. However, it is important
to note that on a monthly scale, all the reanalysis datasets yielded adequate CCs, which
ranged between (164 and (.74 These results suggest that after calibrating the most sensitive
parameters, the overall performance of the models may be acce ptable.
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Figure 6. Model pecformance comparisen for the default SWAT model usang ERAS, CHIRPS-CHIRTS, and CFSE datasets
for the input data tegether with monthly observed streamflonrs.

4.3. Model Calibration Using GLoFAS Discharge Data

As shown in Figure 2, we first compared the observed rainfall and temperature data
and the reanalysis data. Then we evaluated the performance of three datasets as inputs
for the SWAT model to simulate the observed flow in the GSM River Basin. For this
purpose, the SWAT model was calibrated for each of the reanalysis products, including
both predipitation and emperature. The SUFI-2 algorithm included in the SWATCUP
software was used to optimise 12 SWAT parameters. Farameter selection was based on
previous studies in nearby catchments in El Salvador [36], as mentioned in Section 3.3.

In addition, a sensitivity analysis was conducted to determine the most sensitive
parameters using each of the reanalysis datasets as input data and performing 500 model
runs. As shown in Table 3, regardless of the reanalysis data used, CMN2 was the most
sensitive parameter, followed by GWOMN and ESCOy; these parameters obtained the
lowest p-values. The pvalue for each parameter represents a test of the null hypothesis
that the regression coefficient is equal to zero. According to Abbaspour etal. (2007) [66],
the more sensitive the parameter, the smaller the p-value.

Table 4 shows the parameter ranges and the final calibrated values for each of the
reanalysis products. Among the calibrated parameters—and as demonstrated by the
sensitivity analysis, CMN2 was one of the most sensitive parameters as it is directly related
to runoff generation [67,68]. We thus expected that the calibrated CN2 values would be
substantially reduced to correct the overestimation of precipitation as detected using the
reanalysis data, with the expected reduction being between 11.7% and 19.9%.

Table 4 Cabbrated parameter values,

Calibrated Value
Pacametes Range ERAS CHIRFS-CHIRTS CFSR
CNZmgt —02to0l —199 —0117 —0157
ALPHA_BF gw 0.0l to 1 065555 15099 0.243%3
GWOMN. gw 010 5000 765 W75 195
GW_REVAPgw .02 o 0.2 01167 11026 00845
RCHRG_DP g 1ol 0315 0.065 78S
REVAPMN.gw 0 b 500 356.5 025 3305
CARMY hru 0 ko 100 0.9 987 295
EPCO ben Dol 0,409 0819 0.365
ESCO ban Dol 08155 0801 0861
SOL_AWC sol —03 1003 0055 —0.1974 —0.213
LAT_TTIME hru 0 1o 180 48.06 106.90 153
SLSOM_hru 0 1 150 4335 355 35.05
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In addition, ESCO was also reduced from the default value of (195 to values between
(.80 and (.86, which represents an increase inevaporation generated by the model. These
ESCO values are in line with those obtained in other tropical areas [36,69]. The largest
discrepancies between the fitted values and the reanalysis data were noted for the ground-
water parameters (ALPHA_BE GWOMN, GW_REVAF, RCHRG_DP and REVAFPMN). This
result might be attributable to the inherent complexity of the volcanic aquifers in Central
America; the aquifers display high permeability and fissure flows, making them very
complicated to study [70]. However, ALPHA_BF varied from .24 (for CF5R) to 0.85 (for
ERAS). The latter value indicates a faster recharge response [71], which is consistent with
the volcanic aguifers in the study amea.

The performance of the calibrated model for each of the input datasets is summarised
in Table 5. The statistics show that the SWAT model simulated the GloFAS discharge flows
reasonably well for both calibration (2005-2008) and validation (200%-2010) pericds. This
result was independent of the reanalysis data, since all the simulations had a CC ranging
between 076 and (.85, an NSE greater than (.50, and a KGE value between (184 and (.86,
As expected, the best results wene obtained using data from ERAS, which is used to obtain
the global-scale flows in GloFAS.

Table 5. SWAT model performance compared with GloFAS discharge data.

Datasel
Farameter ERAS CHIRPS-CHIRTS CFSR
Calibration Validation Calibration Validation Calibration WValidation
R? .88 .82 .78 .78 082 060
MNSE 0.87 081 077 .70 08l 054
PBIAS (%) —11.68 —1336 7.H —3070 329 —323
KGE 0.86 081 0.85 .65 IR 047

4.4. Evaluation of the Simmlated Monthly Streamflos for Various Scenarios

Finally, the simulated monthly scale flows obtained from the GloFAS calibration
were compared with the observed flows. The simulations performed using CHIRPS-
CHIKTS data showed the best fit, as evident in Figure 7. Nonetheless, all three simulations
performed using ERAS, CHIRPS-CHIRTS, and CFSE data showed an acceptable fit with
the observed streamflows.

ERAS

RJ NSE PBIM "GE - DbSE‘r\I'Qd “ERA5 "EHIRPS'CHIRTS "CFSH
056 048 | -495 | 073

CHIRPS-CHIRTS | 0.79 | 0.75 | 1.63 | 0.B5

250 CFSR

0.61  0.47 | -8.61 | 0.72

Streamflow (m?/s)
=

150

100

50
g 5=
2005

2008

2009 2010

Figure 7. Model performance comparison between simulated and observed monthly streamflows after calibration usang

GLoFAS discharge data.
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These esults demonstrate that when the ERAS reanalysis data show an adequate fit,
GloFAS discharge data could potentially be used to simulate the hydrological processes
of ungauged catchments at the monthly scale. This would allow the use of distributed
hydrological medels such as SWAT to analyse fundamental aspects in water resource
management—such as the impact of changes in land use or the climate. Similar to cur
findings, Eini et al (2019) [72] rezporbed that when precipitation reanalysis data represented
well-observed precipitation (B* higher than (.6) in a semi-arid basin in Iran, the result
was reasonable simulations for river discharge. However, these results should be viewed
with caution as they depend on the quality of the GloFAS adjustment to the observed
flows. In this regard, Harrigan et al. (2020) [30] demonstrated that the quality of the
GloFAS adjustment increased substantially along with the size of the catchment We
thus recommend that the methodology followed in our study should be replicated in
larger catchments.

4.5, Limitations and Future Research Directions

This study demonstrates that when remotely sensed weather data are accurate with
respect to observed climatological data, flow simulation is often accurate. Hence, the use of
discharge data, such as GLoFAS, contributes to the correct simulation of the hydrological
processes in a basin. However, several limitations need to be considered. Firstly, data from
a single flow-gauging station at the outlet of the basin was used to calibrate the model This
means there is the possibility of equifinality issues with some parameters having optimal
wvalues that are physically unrealistic. Future research should include additional calibration
with other variables that are available through remote sensing, such as evapotranspiration

Second, MSE has been used as the objective function. This coefficient usually presents
the problem of being weighted towards higher flows. The use of other objective functions
would return different results, and it would be interesting to study the effect of the selected
objective function on the results obtained.

Third, only the SWAT model was employed to test the methodelogical approach used
in this work. Future research and performance testing with different hydrological models
could help to clarify the limitations and strengths of our methodological approach. Finally,
if observed data is available, future studies could assess the performance of GLoFAS
discharge data on a daily and sub-daily basis.

5. Conclusions

This study evaluates the application of GLoFAS discharge data in model calibration
in El Salvador, Central America. This is a country in which climatological input data and
observed flow data for calibrating hydrological models is scarce or unavailable. GLoFAS
determines the streamflow by applying a global-scale hydrological model that uses ERAS
reanalysis data as the input data. This work tested whether the streamflow data from
GLoFAS provided a suitable option for calibrating hydrological models in ungauged
catchments, as long as there is a good fit between reanalysis precipitation and temperature
data and observed climatological data. Climatological reanalysis data (CHIRPS-CHIETS
and CF5R) were also evaluated. The following conclusions are presented:

(1) The statistical indicators (CC, RMSE, ME, and BIAS) allowed the accuracy of the
reanalysis data to be quantitatively evaluated. We found that CHIRPS performed
best in eproducing the observed precipitation, despite consistently overestimating
the rainfall.

(2)  Interms of rain detection ability, CHIRPS (CSI mnging from (1.52 to 0,63) displayed
the greatest daily accuracy in detecting the precipitation occurrences. The next best
weme ERAS and then CFSR. However, all three reanalysis datasets showed acceptable
rainfall detection capability.

(3) Among the three temperature reanalysis products, the performance of CHIETS was
the least accurate; it repeatedly ovemstimated mean temperature by 2-3 “C. By
contrast, ERAS and CF5R presented excellent agreement with the observed data.
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(4) Muodels that were calibrated using GloFAS data as the observed data, independently of
the precipitation and temperature data (ERAS, CHIRPS-CHIETS and CFSR) showed
acceptable model performance. This point was evident in the KGE values, which
ranged from .74 to (.79, and the R values of between (.57 and (.78,

Owerall, these findings demonstrate that reanalysis rainfall products can improve
hydrological process modelling for Central American watersheds, where poorly gauged or
ungauged watersheds are common. This research also highlights the GLoFAS dataset’s
potential for model calibration in catchments whene the availability of streamflow data is
limited. The availability of a calibrated hydrological model that adequately reflects the
hydrological processes of a basin provides decision-makers with a tool to quantify the
availability of water resources. The modelalso provides the basis for estimating the impact
of land use changes or climate change on water resources.
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Abstract In this shudy, five open aceess gridded preaipitation (GF) products (CFSE, MSWEPv1.1,
PERSIANN-CDRE, CMOEFPH, and CHIEPSv2.0) and local climate data wene evaluated over the
Grande de San Miguel (GSM) River Basin i El Salvador The main purpose was o identify optional
data sources of precipitation for hydrological modelling given that ground-based precipitabion gauges
in El Salvador ane scarce and their data mcludes important kemporal and spatial gaps. Firstly, a
disect comparison was made bebween the precipatation data from the five GP products and from the
rain gauges. Secondly, the SWAT model was used o simulate the steamflow regimen based on the
precipitabion datasets. The analysis of sesulls showed thal the models produced correct predictions,
and the accusacy increased as models were calibrated to each specafic precipilation product. Owerall,
PERSIANN-CDE produced the best simulation results, including streamilow predictions m the GSM
basin, and outperformed other GF products and also the pesults obtained from data precipitation
gauges. The findings of this research support the hydrological modelling based on open-access GP
products, particulady when the data from precpitation gauges ane scarce and poor.

Keywords: gridded precpitation products; data-scarce regions; hydrological modelling; SWAT;
streamilow; El Salvador

1. Introduction

Precipitation is a vital input in the numerical simulation of the hydrological responses
in a river basin. A precise reproduction of the spatiofemporal variability of precipitation is
crucial to accurately simulate hydrological processes. However, the limited availability of
observed hydro-meteorological data often hinders streamflow modelling efforts, particu-
larly in developing countries and in remote areas where measured data are unavailable
or non-existent. Even when measured data exist, their quality can be very poor and free
acoess to them may be limited due toa strict data transfer policy [1].

The traditional method of obtaining spatial precipitation data is through ground
observations from a network of rain gauges. However, in poorly monitored areas, data in-
terpolation is necessary and may produce uncertainty [2] and even significant mismatches
between actual and estimated precipitation [3]. Furthermore, rain gauges are not abways
accurate devices for measuring real precipitation. Specifically, disparities between the
measurements and real values of precipitation may be caused by the effects of wind above
the gauge orifice, flaws in the rain gauge installation, losses by wetting and evaporation on
the inside walls of the rain gauge, and other random and systematic errors [4,5]. Therefore,
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there is an evident need to enhance data collection and/ or explore more accurate alter-
natives to ground-based data from rain gauges. One useful alternative source of data for
poorly gauged and/or ungauged basins is the global gridded predpitation (GF) products
that provide continuous precipitation with extensive spatial coverage and much finer
spatial reesolutions than terrestrial rain gauges [6].

Several GP data ame operationally available and provide precipitation maps with
different ranges of spatial resolutions (from (L.05" = 0057 to 1° = 17) and time scales
(hourly, daily, and monthly). The following are some of the most widely used products
based on satellite data in the hydrology field: Multi-Source Weighte d-Ensemble Precip-
itation (MSWEP) [7], Precipitation Estimate from Remoely Sensed Information using
Artificial Neural Networks-Climate Data Records (PERSIANN-CDR) [8], National Oceanic
and Atmospheric Administration Climate Prediction Center morphing technique product
(CMORFPH) [9] and the Climate Hazards group Infrared Precipitation with Stations dataset
(CHIEPS) [10]. Other gridded meteorological products that have been widely used in
hydrological modelling include global reanalysis data, such as the Climate Prediction
System Reanalysis (CFSE) [11].

The wvalues of the precipitation grids may be subjected to various sources of error
including atmospheric effects that change the radiation field, limited correlation between
remote sensing signals and precipitation rates or gaps [12]. Therefore, exhaustive validation
is required, and in this sense numerous studies of precipitation grids have been conducted
to improve its use. Furthermore, efforts to deepen the knowledge on their uncertainties
have been carried out over different regions, increasing the accuracy of hydrological
medelling using these precipitation data products. The validation of GF products can be
conducted in two ways: by directly comparing the data with gauge rainfall [3,13-17] and by
analyzing their ability to reproduce observed streamflow using hydrologic models [3,15,17].

The Soil and Water A ssessment Tool (SWAT) model [18] is one of the most popular
maodels used at the basin scale. SWAT has been widely applied in numerous studies around
the world to resolve several processes, such as water balance, climate and land-use changes,
agricultural pellution from nonpoint sources, and land management [19-24]. Recent SWAT
studies [1,17,25,26] showed a growing trend towards the use of alternatives to rain gauge
networks. The calibration of hydrological models is subject to the type of precipitation
data source. In previous research conducted in a different area of El Salvador [27], good
statistics were cbtained in the SWAT hydrological model using CHIRPS as input. Many
previous studies [28,29] calibrated SWAT parameters with the monitored rainfall, and they
subsequently executed simulations with GI using these parameter values without any
additional calibration. However, if the observed data are not reliable, then the calibrated
madel will be inaccurate. Cther studies [25,30-32] considered the impact on the calibration
of each data source and the sensitivity of the associated parameters by calibrating the
SWAT model with each different precipitation source. However, the parameters forced on
each set of data may hide data errors. Notwithstanding, very few studies have used both
methodologies to validate the different precipitation products [33,34].

Despite the numerous studies around the world, knowledge about the abilities and
limitations of GF products in Latin America, a region where the scarcity of weather stations
is the norm, remains scarce and limited. Dinku et al. [14] found that the GI products were
poor at estimating the amount of daily precipitation but good at detecting the occurrence
of precipitation events over Colombia, with relatively good performance for CMORPH
and a low performance using PERSLIANN and TEMM 3B42KT. Blacutt et al. [35] assessed
two reanalysis datasets (Modern-Era Retrospective Analysis for Research and Applications
(MEERA) [36] and CF5R), a satellite product (TREMM3B42) [37], and a combined product
{(CoSch), which successfully eliminates satellite bias, in four areas of Bolivia.. Melo et al. [35]
found a low performance of TEMM 3B42v6 and 3B42v7 in daily and seasonal analysis
over Brazil Fambrano-Bigiarini et al. [39] evaluated seven satellite products for the
Chilean territory and found that CHIRPSv2.0, TRMM 3B42v7, and MSWEPv 1.1 provided
relatively good results. Baez-Villanueva et al [13] evaluated six satellite-based rainfall
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datasets {TEMM 3B42v7, TRMM 3B42RT, CHIRPSv2 0, CMORPH, PERSIANN-CDR, and
MSWEPy2) over three different basins in Latin America (Colombia, Chile, and Brazil),
and they showed that for the basin in Brazil, MSWEPv2 offered the best performance,
while CHIRPSv20 performed the best for the basin in Colombia, and MSWEPv2 and
CHIEPSv2.0 performed the best in Chile. Even fewer studies in Latin America evaluate the
ability of different GP products to reproduce the observed streamflow. Oliveira et al. [40]
used rainfall data from TEMM3B42V6 and V7 to evaluate the water balance of a Brazilian
region, and they found that the precipitation from 3B42V7 provided a lower overestimate of
stream discharge compared to the 3B42V6 dataset However, the use of alternative climate
products for hydrological purposes is widespread worldwide [41], such as in data-scarce
countries in Asia [17,42-44] or Africa [1,26,31,45,46].

This study provides an overview of the quality of different sources of precipitation
for hydrological applications in a poorly gauged Central American basin. In addition
to evaluating the replication of the streamflow regimen, a direct comparison was made
between the precipitation data from the five GF products and the precipitation data from
the rain gauges. This will also contribufe to contrasting not only the disparities between
ground-based data and GP products, but also the resulting water balances and the quality
and accuracy of the precipitation data products studied. Specdifically, the goals of this study
are (1) to assess the spatiotemporal performance of five high-resolution precipitation prod-
ucts and compare them with monitored precipitation data in a tropical climate basin in El
Sabvador at different time scales, and (2) to assess the ability of these precipitation datasets
to simulate monthly observed streamflow in SWAT using two calibration strategies: (a) cal-
ibrating with data from the observed precipitation and then running the simulations using
the GF, and (b) calibrating the SWAT parameters with each of the precipitation sources.

2. Materials and Methods

The methodology used for this comparative study of the different sources of precipita-
tion is shown below and summarized in Figure 1, as described previously.
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Figure 1. Flowchart for comparative study.

2.1. Study Aren

The GSM River Basin is located in eastern Fl Sabvador and covers an area of 2377 km?
up to the outlet control point (Figure 2). This basin is one of the most important and largest
river basins in El Salvador The city of San Miguel is located at its centre and is considered
demographically to be the second most important city in Fl Salvador The GSM River Basin
is regarded as a priority area (PA) within the National Plan of Integrated Water Resources
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Management of El Salvador [47]. Each PA is the object of special measures regarding water
resource management due to the hydrological problems identified. Specifically, the major
problems in the GSM River Basin are the pollution of surface water and the high irrigation
water demand, creating substantial stress on water resources [47]. An accurate under-
standing of the hydrological processes at the basin scale is necessary to propose efficient
manage ment strategies to minimize the effect of these stress factors. Furthermore, the city
of San Miguel has attracted environmental interest in terms of international protection
figures, such as the Tepaca-San Miguel and Jiquilisco Bay conservation areas. Tecapa-San
Miguel is characterized by shade-grown coffee plantations, an abundance of coastal plain
wetlands, and volcanic craters, including multiple protected areas such as the San Miguel
Volcano and the El Jocotal and Olomega lagoons, both of which are part of the Ramsar
List of the Convention of Wetlands. The Jiquilisco Bay located in the mouth of the Grande
de San Miguel River has been recognized as a Ramsar site since 2005 and as a UNESCO
biosphere reserve since 2007.

(b)
B Precipitation station
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Figure 2. (a) Location of GSM Rwver Basmn in El Salvador; (b) topography of the basin and location of hydro-meteorological

stabons; (c) soil map of the basin and (d) land wse map of the basin.
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While the region has a tropical climate with high annual rates of precipitation, the intra-
annual distribution is uneven. Specifically, 907 of the precipitation falls during the wet
season between May and October, and only scattered showers occur during the dry season
between Movember and A pril [27,48]. According to observations of the weather stations
and the GP analysed, the mean annual precipitation is around 1700-2000 mm, which is
consistent with previous studies [48]. The wettest months are August and September, with
average monthly rainfall values of 290 and 298 mm. January and February have the lowest
rainfall, with an average monthly rainfall of 2 mm. The average annual temperature in
the basin is 28 °C, with maximum and minimum values of 33 and 22 °C, respectively The
dominant soil groups in the region are classified as andosols, phaeozems, and regosols
(Figure Zc). The andosols that cover the area associated with the San Miguel volcano
are volcanic soils and have favourable properties for agriculture [49] The dominant
soil types at the northern boundaries are regosols, unconsolidated materials with fine
granulometry common in mountainous areas, whilst throughout the eastern part of the
basin, phaeomem soils are abundant and accommodate wet grasslands and forest regions
as they are characteristically porous, fertile, and excellent agricultural land [50]. Regarding
the basin hydrogeology, previous studies [51] indicate high permeability, fissure flows and
a faster recharge response [52]. The main land-use types are grassland and pastune (43%),
cropland (32%), and forest (17%). The land use map of the basin shown in Figure 2d is
based on RapidEye imagery satellite at 5 m spatial resolution [53].

2.1 Precipitation Daiasets

In this study, six datasets were selected. Table 1 summarizes the list of precipitation
products used, their spatial and temporal resolution, their available period, and their
spatial coverage. These precipitation datasets can be grouped into three categories: (1) one
observed precipitation dataset from ground precipitation gauges located within the GSM
River Basin; (2) one reanalysis gridded product (CFSR); and (3) four gridded satellite-based
precipitation datasets (MSW EPv1.1, PERSIANN-CDE, CMORPH, and CHIRPSv2.0).

Table 1. Last of precipatation datasets used.

Product Spatial Resolution Time-Step MB:'J{EDE'F Spatial Coverage
Gauge observabion Peant Daily 252010 Study anca
CFSR 0.307 x 0.30" (-38 km) Daily 19792014 Global
MSWEPv1.1 0.25" x 0.25" (-30 km) Daily 1979-2015 Global
PERSIANMN-CDR 0.25" x 0.25" (-30 km) Daily 1983-present Latitude band &0 N-5
CMORPH 0.25" x 0.25" (—30 km) Daily 1998-present Latitude band 607 N-5
CHIRPS 2.0 005" x 0.05" {-5.3 km) Daily 1981-present Latitude band 50 N-5

After intensive analyses of measured precipitation data, two stations within the basin
(P5-1 and P5-2 in Figume 2b) were selected from six existing stations in the area for the
study period (2005-2010). Four stations weme excluded following the Tan and Yang [54]
criterion for tropical basins, which states that rainfall gauges with more than 20% missing
data would significantly affect streamflow simulation. The missing values in '5-1 and P52
were 16%: and 8%, respectively. The hydrological model filled the missing weather data
automatically using SWATs built-in weather generator The gaps and scarcity of data in
this country; as mentioned in a previous study [27], was the main driver for this research
to explome the potential of open access alternative precipitation data. Details on the GP
products are available in the Supplementary Material.

2.3, Precipitation Conpar isomn

Daily precipitation information was extracted from the grid cells that contained the
gauge observation stations, and the days without observed data were excluded from the
gridded data in the comparative study. We evaluated the closest grid cell of each GFP
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product to the respective rain gauge. Itis to be noted that this is a limitation of the study,
as the different resolution of the GF products penalises the coarser datasets and may bias
the assessment. The period from 2005 to 2010 was selected to assess the accuracy of the
precipitation datasets.

The ability to detect the occurrence of rainfall events of each precipitation product
was assessed by using four categorical indexes: (1) the probability of detection (POD);
(2) false alarm ratio (FAR); (3) critical success index (CSI); and (4) bias score (BS). The
POD provides the capability of precipitation products to accurately capture the actual
precipitation occurrence. FAR assesses the fraction of false alarms detected by the products
of precipitation. The ability of the data to comprehensively detect true precipitation events
is measured by CSI. CSI is an accurate and balanced detection metric and is based on POD
and FAR. B5 is the ratio of the estimated to observed rain. Five quantitative performance
metrics were employed to measure the accuracy of the precipitation datasets in terms of the
amount of rain and time dynamics (three time scales: day, month, and year): (1) correlation
coefficient (CC); (2) EMSE-observations standard deviation ratio (RSR); (3) mean error (ME);
(4) relative bias (BLAS); and (5) annual mean precipitation (Mg ). The CC explains the degree
of linear cornelation between gauge observations and GF products. RSR incorporates the
benefits of error index statistics and includes a normalization factor ME provides an
assessment of the bias in the estimates, while BIAS indicates the degree to which the
observed value is overestimated or underestimated as a percentage. The formulae and
optimal values for each precipitation performance metric are presented in Table 2.

Table 2 Preapitabion performance metrcs,

Statistic Equation ! Unit Optimal Value
N
FOD 1;.I—wuqch - 1
FAR E'.T‘;"’ﬁ'.i - 0
e, T : 1
BS e - 1
cC 3 dﬁ'ﬁl%ﬁ ) - 1
VEL(O-T) /B (6T
RSE VEL -G - o
VEL (0T
ME LliG-0) mm o
ERa(G—0h) o
BIAS _};'_‘I[Tq_...']uu % 0

! Mot Ny mpesents the obsened precipitation that was cormecthy detected; Ny is the obsened precipitation not detected: Ny, is the

pe

d'pdlzl:icn detecied but not observed; O and G; are observed and G is the index of data and ¥ is the fotal number of measurements;
and T is the mean value of observed and GF

Additionally, the cumulative density function (CDF) of the daily precipitation distri-
bution was computed for the six datasets. The cumulative frequency was evaluated based
on the precipitation event classification of the World Metecrological Organization (WMO)
standard [55] as presented in Table 3.

Table 3. Precipitabion event classihcation based on daily raandall intensity.

Type of Event Daily Rainfall Intensity {mm/Day)
Tany ramn <1
Laght ran 1.2}
Loner mosdeerabe ram [2.5)
High moderate rain [5, 10}
Heavy ram [1iy, 50}

Vialent rain =50
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24, Precipitation Performance in Simulating Streamflonr

Since the results presented in the previous section were sensitive to the quality of the
observed data (which was questionable and of poor quality in this study area), a second
analysis was performed based on the simulation of stream flow.

In this study, the SWAT hydrological model was used to assess the meliability of
precipitation products in predicting the observed streamflow. The mode] assessed how the
different precipitation sources might affect the model calibrations and its performance and
the hydrological coherence of precipitation datasets with hydrological observations.

2.4.1. SWAT Hydrological Model

SWAT is a physically based hy drological model that operates on a watershed scale
in a semi-distribufed way and simulates the main components of the water balance con-
tinuoushy on a daily scale [15]. SWAT divides river basins into sub-basins according to
topography and the network of rivers; subsequently, sub-basins are subdivided into hydro-
logic response units (HEUs). HRUs group land areas with unique combinations of land
use, soil, and slope, describing the spatial heterogeneity within a watershed [56]. SWAT
simulates the hydrological cycle by calculating the runoff of each HEU individually and
then aggregating it to the sub-basin level based on the water balance.

2.4.2. Mode Set-Up and Sensitivity Analysis

The open-source QSWAT version 2012 [56], a QGIS interface for SWAT, was employed
to construct a model of the GSM River Basin. Multiple datasets were needed to model, cali-
brate and validate the SWAT model, including daily climatic data (precipitation, maximum
and minimum air temperature), geographic information (digital elevation model (DEM]),
soil properties, and land use fland cover data (LULC)), and hydrelogical datasets. The six
selected sources of precipitation are described in the previous section. The SWAT model
distributes the meteorological data to the sub-basins using the data from a single station or
cell data that are closest to the centroid of each sub-basin [57]. Figure 3 presents the spatial
resolution of the GP products with the centroids of the sub-basins of the SWAT model. Due
to the scarcity of measured data in this region, daily temperature records were derived from
the CFSE dataset. The topography of the basin was defined from the DEM to delineate
the basin boundary, determine the stream netw ork, and establish sub-basins. The DEM
{Figure Zb) used in this study had a resolution of 30 m and was downloaded from the Ad-
vanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation
Model version 2 (ASTER GDEM v2) by NASA (https/ /asterweb.jpl.nasa.gov/ gdem.asp
{accessed on 5 May 2021)). The soil and LULC data were important to define the HRUs. Soil
data (Figure 2c) were taken from the Harmonized World Soil Database (HWSI)) and can be
downloaded from http:/ fwww.fac.org/ land-water/ databases-and-software /hwsd fen /
{accessed on 5 May 2021). The LULC map (Figure 2d) and observed discharges were
acquired from the Ministry for the Environment and Natural Resources of El Salvador
(MARN). Using these data, the GSM River Basin was divided into 41 sub-basins (Figure 2b)
and 5% HRLU. The data of the monthly observed discharges are available from 1970 to
2012 in three hydrological stations (SG-1, 5G-2, and 5G-3), the locations of which are
shown in Figure 2b. The Hargreaves method [58] was used to calculate the potential
evapotranspiration using maximum and minimum daily air temperatures as input data.
The curve number (CM)} method of the Soil Conservation Service (S3C5) [59] was used to
compute the surface runoff and infiltration for each HRU using daily precipitation. After
rigorous analysis of the observed data, the period 2005 to 2010 was selected, for which all
the necessary data for SWAT calibration and validation were available. A two-year period
was used to warm up the model
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* SWAT subbasins centroids
s Precipitation station
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CMORPH Grids || L CHIRPSvLD Grids

Figure 3. Precipitation grids with the sub-basin centroids.
2.4.3. Model Calibration and Validation

The performance of SWAT models was assessed for each GP product with two different
strategies to consider the effect of each data source on the process of calibration and
sensitivity of the associated parameters. The first approach entailed the calibration of
the SWAT model using gauge observations, and then the best-fitted paramefers found
were used with each GP product as input without additional calibration. The second
approach was the calibration and validation of the SWAT model using each of the different
precipitation sources (Figure 1).

The calibration of models was performed using the SUFI-2 algorithm [60] in the
SWAT-CUP software [61]. The models were calibrated from 2005 to 2007 and validated
for the 2008 to 2010 period. According to the recommendations of Amold et al. [62], the
period of calibration and validation contained both dry and wet periods to ensure that they
reflected the range of conditions under which the model was expected to operate. Based
on the authors” previous experience and the available literature [27,28], some sensitive
hydrological parameters in the simulation of streamflow, and which incorporated aspects of
soil, groundwater, and surface water, were selected. Firstly, 500 mode] runs with the gauge
observation precipitation dataset were conducted and the least sensitive parameters were
excluded. Thereafter, two iterations of 1000 simulations were executed with the 16 most
sensitive parameters (Table 4), using the comesponding precipitation dataset as input, and
adjusting the range of parameters in the second iteration. The same 16 parameters wene
used to calibrate all SWAT models, using the same initial range (Table 4) for each of them
to allow a correct comparison and starting point.

The parameters were calibrated by comparing simulated streamflow with moni-
tored streamflow in the three stream gauges (Figure 2b), and the Nash-Sutcliffe Effi-
cency (NSE) [63] was used as the objective function. Four model performance metrics
defined in Table 5 werne calculated to assess the performance of monthly streamflow simus
lation for each SWAT mode] following the criteria and performance ratings suggested by
Moriasi et al. [64].
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Table 4. SWAT calibration parame bers.

Type Parameter ! Description Initial Range
Management L CMN2 S5 runoff curve numbsar [—0.2,0.2]
Groundwaters v_ALPHA_BF Baseflow alpha factor (days—1) [ 1]
Croundwater . CWOMN Thereshold depth of water in the :I_\al]uw aquaber for [0, 5000]

e turn o bo occur (mom)
Groundwater v_GW_REVAP Groundwater “revap” coefficient [0.02, 0.20]
Groundwaters v_RCHRG DP Dewp aquater percolation fracton [ 1]
Groundwaber v_SHALLST Initial depth of water mn the shallow aguifer (mm) [0, 15040]

HRU w_CANNX Maximum canopy storage (num) [, 50]

HRU r_ SLSUBBSN Average slope length [—0.5 0.5]

HRU r HEU_SLP Averape slope steepness [—0.5 0.5]

Basin v_ESCO Soil evaporabion compensation factor [01,1]

Basan v_SURLACG Surface runcff lag tume [u05, 24]

Routing v_CH_N2 Manmang's "n" value for the main channel [—0.07, 0.3]
Routing v CHLK2 Effective ]'r_'.-::l.fauh-:] ﬁi?:-lﬁ:ﬂy i maIn (.01, 150]

Sail £ SOL_AWC Ay ailable wamr}izgaﬁl:g;ublﬁ? scal layer (mum [—0.3, 0.3]

Seal r_S0L_BD Meast bulk densaty [—0.3,0.3]

Seal r_S50L_Z Deprth from soil surface to bottom of Layer [—0.3,0.3]

! r_ denotes the elative change (the current value must be mu]ﬁpli:d.'hfy 1+ the value obtained in calibration), and v_ indicades that the
existing value is mplaced by the value obtained in the calibration.

Table 5. Model performance mebrics.

Performance Metric Equation Range
Coeffcient of determination (R} {0053 } [, 1]
p A ru L
[ 0-0y] - [Eais-5)]
Mash-Suteliffe Efficiency (NSE) 1 LL%'; [0, 1]
LEa(0D)
Percent bias {FBIAS) (O S0 [, o0]
RMSE-observations standard deviation ratio (RSKE) YELG-5F [0, oo]
'.,'IL" [ O-T)

! Oy is the ith obaerved streamflow value, O is the mean of the observed data, 5 is the Ith simulated streamflow valoe, T is the mean of the
obaerved data and n is the total mamber of chesrvations.

3. Results and Discussion
3.1. Comparison and Evaluation of GP Products

Fegarding precipitation detection ability assessment, Table 6 provides precipita-
tion detection metrics (POD, FAR, CSl, and BS) for each GP product computed using
a1 mm/ day threshold.

Table 6. Preapitabion detection mebrics based on comparison with gauge observation at P51 station and at PS-2 stalion

P5-1 Station PS-1 Station
Precipitation Dataset

POD FAR 51 BS FOD FAR 51 BS
CFSR (i3 0.40 0.51 131 079 048 046 153
MSWEPv 1.1 093 0.41 057 L&7 0.1 046 051 Leg
PERSIAMM-CIDR 093 0.41 057 L5a 042 047 051 174
CMORFH [ik:0] 0.31 0.59 Ll& 079 0.30 059 113
CHIRPSw 20 [ik:31 0. 062 L1 079 0.35 0.55 12

POD values for all GP products were higher than 078, MSWEPv1.1 and PERSLAMNN-
CDR demonstrated the highest POD values due to their high number of rainy days against
the monitored data (Table 6). In the case of FAR, the values range from 037 to 048
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CHIRPSv2.00 and CMORPH precipitation data provided lower values of FAR. CSlvalues
showed a range of (151 to (L62 for the PS-1 station and (.46 to 0.59 for the PS-2 station. As
shown in Table 7, these low (Sl values were obtained due to the high number of rainy
days detected by all GP products compared to the observed data.

Table 7. Total number of days inwhich precrpitation exceeds 1 (FD1) or 10 (PTY0) o in the period

eof atudy {2005-2010).
; P5-1 Station PS5-1 Station
Frecipitation Dataset
FIm FIno P PDD

Gauge cbservabions GIH) 139 558 282
CF5R 788 I #54 245
MSWEPv1.1 42 30 a44 339
PEFSIAMM-CDE Q46 48 973 424
CMORFH H96 35 %] 289
CHIRPSvLO 12 439 ] L]

The BS result, ranging from 1.11 to 1.74, suggests that all GF products overestimate
the total number of chserved precipitation events. CHIRPSv2.0 and CMOEPH showed
the best BS values for both stations. When the threshold was adjusted to 10 mm, the
detection ability of all GP products for these heavy precipitation events demonstrated
better agreement with the observed data. In conclusion, no GP datasets are highlighted for
their ability to detect precipitation events in the studied basin.

Table & summarizes statistical indices for daily and monthly precipitation products
against gauge observation in both stations and the My, value for each precipitation dataset.

Table 8. Daily and monthly statistical indices of precipatation products against gauge observation at stations PS-1 and PS-2.

Station/Precipitation ce KSR ME Bas M, (mam)
Dataset Daily Manthly Dhaily Maonthly Dhaily Maonthly Dhaily Maonthly
PE-1
Gauge observations - - - - - - - - 1B33.55
CPsR 032 084 Los 0ED —115 —3464 —19.83 —19.83 1526.50
MSWEPvL] 31 0.8z nE3 059 11 i3 1e4 194 1BE7.66
PEESIANN-CDR 48 083 nEa 0.56 —0.03 —L02 —0358 —LE3 1E13.24
ChORPH 030 1F: o 56 050 —0.03 —L5 —0355 —L55 1B05.05
CHIRPSy20 035 0.8e nE3 050 .50 1505 BE2 B&2 HBRTS
P52
Gauge observations - - - - - - - 1553.04
CPSR 0Lx 0.B& L10 052 —0.25 —5.38 —5.49 —5.33 1537.81
MSWEPvL] ns2 088 R 05 ] 1226 1213 1226 73164
PEESIANN-CDR 047 g0 el 053 nE2 1798 17.68 1798 IBZ73
CMORFH 047 084 Lo 0.60 o2 0a5 073 085 1588.68
CHIRPSy20 033 094 el 0.45 &l 13.48 1334 13.48 1B47.27
! Mot Differences betwesn daily and monthhy BIAS amre due to gaps in gauge observation datasets. Only months with all daily data
av ailable wene compared.

Both stations showed daily CC values of approximately (1.5 and demonstrated that
CC walues of all precipitation datasets improved significantly on a monthly scale. High
monthly cormelations to observation were obtained, with values in the range of (L2 to (.94
The best daily and monthly CC values were found for CHIRPSv 2.0 precipitation at both
stations. A noticeable difference between the daily and monthly scales was observed for
RSE. The monthly RSE values of CHIRPSv2.0 wemre smaller than for the other GP products
in both stations. For the P51 station, the best ME and BIAS values were demonstrated
by CMORPH (daily ME of -0.03 mm, monthly ME of -0.9% mm, and BIAS of —(0.55%),
followed by PERSIANMN-CDR with similar values (daily ME of —(L.03 mm, monthly ME
of —1.09 mm, daily BIAS of —0.58% and monthly BIAS of —0.63%.). For the P5-2 station,
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the CMORPH again demonstrated the best values (daily ME of 0.02 mm, monthly ME
of (L85 mm, daily BIAS of (0.73%, and monthly BIAS of 0.85%:). The ME and BIAS values
for CFSK and PERSIANMN-CDR showed the greatest discrepancies with the observations
of the I'5-1 station and P5-2 station, respectively. Regarding My values, the greatest
differences compared to the observed data were obtained by CFSE (—307 mm), followed by
CHIRPSvZ.0(+225 mm) for the I'S-1 station and by CHIRPSv 20 (+294 mm) and PERSIANN-
CDRE (+275 mm) for the P5-2 station. Monthly precipitations were computed from GP
datasets and gauge observations to assess inter-annual variability. Figure 4 presents the box
plot comparison of monthly precipitation from gauge observations, CF5E, MSWEPv1.1,
PERSIANN-CDE, CMORPH, and CHIRPSv2.0 for the selected precipitation stations.
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Figure 4. Box plot with the temporal dastribution of the monthly precipitation of the gauge observations and of different GP
preducts mn (a) F5-1 station and (b) PS-2 station. Dots denole outhers.

GF products wemne similar to the gauge observations in both stations, reflecting the
inter-annual variation of precipitation with a clearly distinguishable wet period from
May to October and a dry period from Movember to April. Figure 4a,b also show the
bimodal distribution of the rainy summer season for most of the precipitation data, with
maximum mean values in June and September and a relative minimum in July knoewn as
“Mid-Summer Drought” (MSD) [65], which is recognised as one of the most significant
modulators of iegional climate variability [27]. GP products, except for CFSR, generally
mverestimate the mean monthly precipitation observed in the wet season
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Figures 5 and 6 show the CDF of daily precipitation in P51 and P52, respectively,

for the observed values versus the six GP studied. Regarding the probability of dry

days (rain = () mm)], both gauge stations and CHIRPSv2.0 provided a similar probability,

of approximately 65%. However, the other five GPs displayed lower probabilities that

ranged from 32 to 36%. (P51-PS2, respectively) in the cases of CFSRE and MSWEPv1.1 to

48 to 56% (P51-PS52) for CMORPH, which is an increase in the number of rainy events

compared to PSdata. In fact, the CDFs in both stations were greater than the GI curves
for precipitations below 10-20 mm due to the high percentage of days with no rain in P51

and P52, While minimal rain (lower than 1 mm) did not reach 1% in P51, MSWEPv1.1

and CMORPH exceeded 10% (13.4 % and 12%., respectively), and 20.5% was achieved

with CFSR, However, CHIRPSv 2.0 did not register minimal rain with either P51 or PS2

Similar values were provided by GP in P52, although the registered data in this station

exceeded 6%. Differences in light rain (between 1 and 2 mm) were reduced to around 1%
between the observed data in both stations and GF, except for CHIRPSy 2.0, which ranely

showed precipitation of this amount (0.2% and 0.3% in P51 and P52, respectively). The
disparities between PS and PERSIANN-CDR, CFSR and MSWEPv1.1 were doubled with

maoderate rain (between 2 and 10 mm), while CHIRPS2.0 and CMORPH values remained
relatively similar to observed data. CMORPH and CFSR reached similar values to PS (16%.

and 13% for P51 and PSZ, respectively) for heavy rain (between 10 and 50 mm), while
the remaining GPs increased observed values at approximately 50%. Violent rain (above

50 mm} was undemestimated for all GPs studied, except in the case of MORPH, which

halved observed percentages in P51 and PS2 (18% and 12%, respectively) or even without
detecting them, as in the case of FERSIANN-CDE. On the assumption that the observed

data in P51 and P52 are accurate, GP tended to underestimate extreme events on dry days

exoept for CHIRPSv2.0 and in extremely high rainfall except for MORIH. These percentage

differences also resulted in disparities in the remaining event ranges considered. However,
P performance varied substantially depending both on the segment of the amount of
rain and the dataset considered. CMORPH appeared to be the best fit GP for precipitation
above 1 mm. PERSIANN-CDR, CHIRPSv2.0 and MSWEIv1.1 overestimated precipitation
in moderat and heavy rain events. CFSR did not follow a specific pattern with regard to

the precipitation event classification, as shown in Table 3.

gl
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Figure 5. Dhstribubion of daily precipitabion values of the six precipatation inpuls at P5-1: (a) dasteibution of all precipatation
values; (b} distribubion of precipatation < 10 mm; (¢} distabution of 10 mm < precipitation < 50 mm.
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Figure 6. Distribution of daily precipitation values of the six precipitation inputs at PS-2: (a) dstribution of all precipitation
values; (b) distribution of precipitation < 10 mm; (¢) distribution of 10 mm < precaipitation < 50 mm.

The annual variability of the different datasets is shown in Figure 7. The results of
annual precipitation again show that CMORPH presented the smallest deviation from
the observed data, whilst CFSR was the dataset with the lowest precipitation for both
precipitation stations. The annual variability between the years 2005 and 2006, 2007 and
2008, and 2009 and 2010 were similar to those observed at station PS-1. At station PS-2, the
period 2007-2010 showed the same variability as the observed data. CMORPH showed the
same annual variability in all years as the observed data at station PS-1 and PERSIANN-
CDR and CHIRPSv2.0 at station PS-2. In the case of PS-2, 2009 was the driest year in
all cases. In contrast, the wettest year was 2010 for all data and both stations, except for
MSWEPv1.1 in the case of PS-2, where it was 2008,

(a) PS-1
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£ 20004 ~&— Gauge observations
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% Sl CESR
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§’°°°' ~e— PERSIANN-COR
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< 250+ #- CHIRPSV2.0

04
2005 2006 2007 2008 2009 2010 2005 2006 2007 2008 2003 2010

Year Year
Figure 7. Annual precipitation in: (a) PS-1 station and (b) PS-2 station.

The divergent results of the different global precipitation products demonstrate that
no particular GP product performs better in general. In other words, more research is
needed in the different hydro-climatic regions to explore and assess their usefulness as an
alternative to the observed data in data-scarce regions. Therefore, the different GP products
must be validated for each case study, which means that the simulation of streamflow is
mandatory in regions with poor data.
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3.2. Performnce of GP Products in Simulating Streamflow

During the second stage, the performances of the five GI products and the data from
the ground gauges were evaluated as an input to the SWAT model to simulate the observed
streamflow in the three stream gauges (SG-1, S-2, and 5G-3). In the first approach of
this study, the best-fit parameters found for the SWAT model with the precipitation gauge
observation data were used to simulate the streamflow with each GP product as an input,
and the results are illustrated in Table 2.

Table 9. Performance of SWAT simulations on a menthly scale derived with the best-fitted parameters calibrated with
predpitabion gauge statbions for calibration (2005-2007) and validatien (2006-2010) for three Fauge stations.

Stream Gauge/Crileria CFSR MSWEPv1.1 PERSIANN-CDR CMORFH CHIRFPS«2.0
501 calibration (validation)
R 054 [L6E) 075 [0.65) 0.76 (0.72) (.63 (0.60) 0.80 (0.82)
NSE 0.3 (L63) AT (0.64) 0.69 (0.71) (.36 (0.58) 0.51 (0.80)
PBIAS 3187 (25.56) 1192 (11.57) 18.71 (6.03) 170 (0.78) =144 {—6.30)
ESE 078 [0.61) 057 (0.60) 0.56 (0.54) 0.80 (0L65) 070 (0.45)
52 calibration (validation)

R LB [L69) 077 (0.66) 0.78 (0.70) (L63 (0.60) 080 (0.82)
MNSE 042 [0L62) BT (0.63) (.68 (0.68) 0.34 (0.58) 0.50 (0.80)
PBIAS 399 (2673) 15,49 (16.46) 24.43(1231) 224 (7.21) —5.06 (—3.20)
ESRE 076 (0L62) 057 (0.61) 0.57 (0.56) 081 (L65) 0.70 (0.45)

S5G-3 calibration (validation)

Rz 062 [DLET) 078 [0.65) 0.79 (0.71) (.65 (i0.59) 082 (0.81)
NSE 044 [061) BT (0.63) (.68 (0.69) 0.34 (057 0.53 (0. 79)
PBIAS 192579 1608 (16.58) 25,546 (1263) 9.53 (7.46) —347 (-3M)
ESRE 075 [0L63) 057 (0.61) 0.57 (0.56) (.82 (0.65) 0.69 (0.46)

Mo relevant disparities in water balance were found between GFPs and the baseline
model using the best-adjusted parameters for gauge observations input. The mean ratio
of annually observed streamflow to annual precipitation was (.28 to compensate for the
GP overestimating precipitation. Most of the total streamflow in all the GP {around
87%) came from surface runoff, while aquifer recharge accounted for less than 2.5% of
total precipitation, reproducing the baseline model, with 2%. The mean ratio ET to total
precipitation was similar for all the GPs at approsdmately (.45,

In the case of models that use CFSRE and CMORFPH as the input, the indexes did not
deliver good results, despite the good statistics obtained with CMORPH when comparing
precipitation data. PBIAS for PERSIIAN-CDE and RSR for CHIRPS worsened considerably
in the calibration phase. CFSK presented the worst values of PBLAS against the other GF
products. MSWEPv1.1 showed better performance in terms of R?, NSE, and RSR in the
validation perind. Based on the criteria of Moriasi et al [64], the models simulated with
CF5R and CMORPH were unsatisfactory according to the NSE and RS indexes. However,
maodels driven by MSWEFPv1.1, FERSIANN-CDE, and CHIRISv2.0 were satisfactory except
for the PBLAS statistic with PERSIANN-CDR at station 53 which reached the limit value
of 25% in the calibration period. In conclusion, in the first approach, PERSIANN-CDE
and CHIRPSvZ. [ were the precipitation products that performed best in the streamflow
simulations during the validation perind. Given the large number of parameters involved
in model calibration, a second approach was additionally used to evaluate the GP products.
In this second approach, the SWAT model was calibrated for each of the precipitation
products. The values of the calibrated parameters in each case are shown in Table 10, Most
of the parameters show significant differences depending on the dataset used. While CN2
remained almost unchanged for CMORPH, there was a slight decrease in the initial value
for gauge stations and CFSR and reductions higher than 10% for MSWEPv1.1, CHIEPS»2.0
and PERSIAN-CDE. The latter reached 19%, characterizing the basin as having high
permeability. According to the ALPHA_BF values, the response to aquifer recharge is
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very low for gauge stations, CFSE, CMORPH and CHIEPSv2.0, unlike MSWEPv1.1 and
PERSIANN-CDR, which is in line with the hydrology of the basin. Similar conclusions can
be drawn when analysing RCHRG_DP fitted values. Parameters related to HRUs" slope
(SLSUBBSN and HRU_SLF) showed significant differences between datasets, which varied
in a wide range (—0.48-0.42). The resistance to flood flows in the main channel measured
by CH_M2 contributes (together with its hydraulic conductivity (CH_K2)) to water transfer
mechanisms and surface runoff. CMORPH and CHIRPSv2.0 provide abnormally low
roughness values ((L01). Furthermone, MSWEFv1.1 and PERSIANN-CDR show a moderate
loss rate, according to Lane et al. [66] (hydraulic conductivity below 25 mm/h), and
CMORPH and CHIRPSvZ. [ reach values above 75 mm /b, which indicate a high loss rate.
While this should cormespond with clean sand and gravel as a bed material in the channel,
it does not reflect the riverbed’s reality. Soil parameters were also significantly different
depending on the GF Thus, S0L._AWC increased the initial value in all datasets but CFSR
and MSWEPv1.1, and decreased the stream flow due to the ability of soil to retain more
water [67]

Table 10. SYWAT parameter v alues cabbrated with each of the precipatation souroes.

Parameter Values
Parameter
Precipitation Gauge Data CFSR MSWEPv1.1 PERSIANN-CDE CMORPH CHIRPSwL0

r CM2 —i{Lé —07 —0.14 —1% —.02 -1l
v_ALPFHA_BF 014 003 082 047 oz 2
w_GWONMMN 3568.33 3313 4475 75 47125 3385
v_GW_REVAFP 012 012 010 ls N nl2

v_RCHRG_DP 0.0 0l1s 0.54 044 ooz il
v_SHALLST 9233 50425 657 5X1.5 375 10625
w_CANMY 2R38 2855 2,05 16.57 3258 19.55
r_SLSUBHESM 042 023 —0.24 025 —0.28 —18
r_ HRU_SLP —48 —21 —0.45 —{nil 0.31 024
w_ESC0 085 0.58 0.40 054 07s 73
w_SURLAG 1266 7.9 1515 774 Q.26 579

w_CH_MNZ 013 003 0.24 ol 0ol il
v_CH_E2 3965 4414 8.65 16.15 11693 7745
r_S0L_AWC 0.07 —iis —0.02 [iX i3 0.l6 [iXir
r_SOL_BD —0L08 003 0.8 2 —0.13 —{Lié

r 501 _F —24 013 -0 —l& 02 i

Concerning the balance models obtained, the mean ratio of annual observed stream-
flow to annually precipitation for the studied period (2005-2010) was 0.32, ranging from
.21 to 0.40 for PERSIANMN-CDE and CMORPH, respectively: In the case of the SWAT model
for the predpitation gauge data, this ratio was 0.35 and 91% of the total flow came from
surface run-off. The proportion between surface run-off and base flow was more balanced
in PERSIANN-CDR, CHIRPSv 2.0 and MSWEPv1.1, where the percentages were around
60% and 407, respectively. Consequently, the highest differences in models were found in
the recharge to the aquifer, which was almost 0% in all models except in PERSIANN-CDR
and MSWEPv1.1, where the ratio of deep recharge to total precipitation was (L15 and
(.19, respectively. The latter is consistent with previous hydrogeological studies in Central
American aquifers [52,53], which indicated high permeability and faster response recharge.
No discrepancies were found regarding the ratio ET to total precipitation, which varied
from (.42 (gauge station and CHIRPSv2.0) to 0.50 (CFSR), highlighting the relevance of
precipitation data in water balance.

Table 11 shows the calibration and validation model results on a monthly scale with
each precipitation dataset. In general, SWAT simulations based on the best-fit parameters
for each GF product showed a better performance in terms of R, NSE, PRIAS, and RSE
compared to the simulation results using GF products with the best-adjusted parameters
for gauge cbservations input The performance indices were better in calibration and
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validation, except for the PBIAS index using CHIRPSw2.0. In concrete terms, the NSE
values increased slightly in calibration (approximately 0.15) and had minimal variation
in validation for the model driven by PERSIANN-CDE. On the other hand, in the model
driven by CHIRPSv2.0, there was a significant increase in the NSE values of about 0.31 in
calibration and a slight increase (about (L08) in validation. Similar results were obtained by
Bitew et al [33], who revealed significant improvements in the simulations when the mod-
els were calibrated with each of the precipitation products rather than with observed data.
In terms of R%, NSE, and RSR, the SWAT model with PERSIANN-CDR and CHIRPSvZ.0 as
inputs simulated the streamflow with the best results in both the calibration and validation
for the three stream gauges.

Table 11. Performance of SWAT samulations ata menthly scale based on the npul of different precipitation products for
calibration (2005-2007) and validaticn (2008-2010) for three stoeam gaupes,

Stream Precipilation FERSIANMN-
Ca Criteria Gmge Data CFSR MSWEPv1.1 CDR CMORFH CHIRPS«20
501 calibration (validation)
RZ 0.73{0.61) B8 [0T79) 0.76 (0.59) 0.83 {(0.T1) 058 (0.62) 0B2 (0.90)
NSE .70 {0.60) 062 (0T7) 071 (0.57) 0.82 {0.69) 056 (0.57) 079 (0.87)
PHIAS —7.48 (10.37) =103 [—6.41) 1663 (15100 —476(—1366) —13.36(—1358) —1452(-1215)
RSRE 0.55{0.63) 062 [0.48) 0.54 (0.66) 043 (0.56) 6T (0.66) 046 (0.37)
S5G-2 calibration (validation)
R* 0.77 (0.63) 074 (079) 078 (0.57) 0.85 {0.70) Lk (0.62) 084 (0.91)
NSE 0.76(0.61) 067 (0TE) 072 (0.56) 084 (0.69) Lk (0.58) 0LB3 [0.88)
PHIAS 1.13 (16.85) 00 [ —6.26) —13.82 (—11.52) 103 (-775) —5.60(—7.37) —8.50 (—12.53)
RSRE 045 (0.63) .58 [0.49) 0.53 (.66) 0.39 {0.55) 63 (0.65) 041 (0.35)
503 calibration (validation)
R* 0.77 (0.62) 076 (078) 078 (0.57) 0.85 {0.71) 62 (0.61) L85 (0.91)
NSE 0.76 {0.59) 06T (0T 3) 072 (0.56) 084 {0.70) 62 (0.58) (.84 (0.88)
PHIAS 31101734 — 010 [ —8.11) —1359 (—1231) 214(-7.67) —3.9% (—7.20) —6.39 (—14.24)
RSR 0,49 (0.64) 0.57 (0.52) 0.53 (.67} 0.39 (0.54) 062 (0.65) 040 (0.34)

The CF5R-driven simulation obtained the lowest PBIAS values for all three gauges,
except for SG-3 in the validation peried, where the best results were obtained using
the PERSIANN-CDR and CMORFPH datasets. The simulated streamflow driven by the
MSWEFv1.1 and CMORIH datasets obtained the poorest fits with the observed streamtlow:
In accordance with NSE, PBIAS, and RSE, SWAT's performances for all precipitation
inputs wene satisfactory (defined as NSE = (L5, PBIAS < £25, and RSR < 0.7 [52]), in
both the calibration and validation periods. Very good model performances (defined as
NSE > (L.75) were obtained for PERSIANN-CDRE and CHIEFSv2.0. Based on the results of
the four indexes, it is concluded that the results of the streamflow simulation on a monthly
scale driven by the PERSIANN-CDR and CHIEPSv2.0 products were better than those
obtained with the observed precipitation data, meaning that the use of PERSIANN-CDRE
and CHIRPSv2.0 was advantageous for the observed data. Notwithstanding, comparative
techniques similar to those undertaken must be carried out to avoid parameter overfitting,
Furthermaore, water balance analysis revealed that there was not aquifer recharge with
CHIRPSv 2.0, which is inconsistent with hy drological characteristics of the basin. Thus,
PERSIANN-CDE was the most stable and appropriate product to simulate the streamtlow
in the (G5M River Basin. Figure 8 presents a comparison of the streamflow simulations using
the best-fit parameters for the precipitation gauge observations data for the calibration
(2005-2007) and validation (2008-2004) periods. The streamflow simulation conducted by
CFSE, MSWEPv1.1, and PERSIANN-CDRE resulted in reduced wet and dry season flows,
underestimating the observed streamflow as shown in the PBLAS (Table 9).

Figure 9 shows the comparison of the streamflow simulations for each precipitation
dataset input with observed monthly streamflow using model paramefters calibrated for
each dataset.
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Figure 8. Comparson of simulated streamflow for different precipitation sources and observed monthly streamflow using
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The simulation based on precipitation gauge data input overlooked the highest peak
flows in the calibration and validation periods, which suggests that this dataset was
not able to captumre the precipitation events that produced these peaks. Momowver, the
streamflow simulated with the data from the precipitation gauges was lower than the
observed streamflow and the GF products. In all the simulations, the observed highest
peak flows of the validation period weme not reached. The maximum peak flows simulated
with GP products are produced by CFSR and CHIRPSv2.0 for all three gauges. Regarding
the modelling of low flows for the dry season, CFSR, MSWEPv1.1, and PERSIANN-CDR
modelled them well in general. However, CMORPH and CHIRPS 2.0 overestimated these
flows. The streamflow simulated with the CMORFPH and CHIRPSv2.0 products indicated
an increase in peak flows and a decrease in low flows compared with the first approach,
decreasing the differences with respect to the observed flows, as reflected in a decline in
PBIAS (Tables 9 and 11).

The advantage of using gridded versus the point data shown in the present study may
be due to the following [3): (1) observed historical data werne scarce and poor in the basin;
(2) these data may also be subject to error due to malfunctioning of installed equipment;
and (3) there are often significant differences between point scale meter information and
actual rainfall in an area. It is therefore advisable to use gridded datasets rather than a few
puoint scale mefers.

4. Conclusions

The spatial and temporal accuracy of predpitation data is crucial for the reliable
simulation of hydrological processes. Streamflow simulation in El Salvador basins is a
challenging task due to very sparse and unreliable ground-based precipitation information
This study assessed the capacity of five high-resolution GP products to provide reliable
precipitation information for the application of streamflow simulation in this region.

After a comprehensive analysis, the following conclusions were drawrn: (1) concerning
the comparison of precipitation sources, the divergent results demonstrate that no particular
GP product performs better in general; (2) in terms of the ability of the different datasets to
simulate streamflow, the simulations using the selected GF products provided realistic and
acoeptable models; (3) the results of the simulation of the streamflow driven by PERSIANN-
CDE and CHIRPSv20 products fitted better than those obtained from the data of the
precipitation gauges; (4) PERSIANMN-CDE was the most adequate and stable dataset to
simulafe the streamflow in the GSM River Basin; (5) the type of GP dataset significantly
influences mode] performance; (6) GP products have potential use for hydmology purposes;
(7) the performance of the models improves when they are calibrated with the specific
precipitation instead of a rain gauge input.

Despite the satisfactory results for most of the precipitation products evaluated in this
studied area, it is recommended to evaluate the datasets before using them for hydrological
studies in other specific sites. In future research, other and newer GP products can be
analyzed to determine whether the results can be improved. Moreover, lower timescales of
both precipitation and streamflow could be assessed.

The contribution of this study was particularly relevant, since itwas the first assess-
ment of the accuracy of GP datasets in the hydrological modelling of a poorly gauged
basin in El Salkador in Central America Water management, and climate change studies
could be more accurately conducted in data-poor regions with calibrated and validated GP.
This research can be performed in areas or countries with a similar problem relating to the
non-av ailability of data.
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Gridded Precipitation products
1.1. CF5R product
CFSE product was developed by the Mational Centers for Environmental Prediction
(MNCEP) [1]. CF5F. was developed through advanced data-assimilation methods using
data from a global network of weather stations and satellite-based products, as well as
very complex atmospheric, oreanic and surface modeling elements coupled with a reso-
lution of 0.30° resclution and covering any land location in the world [2]. The data avail-
able from the CESE cover the period 1979-2014 and is accessible in Global Weather Data

for the SWAT data portal (https://globalweather tamu edu/).
1.2. MISWEP product

MSWEPv1.1 is a global predpitation database available for the period 1579 to 2015
with a time step of 3 hours and a spatial resolution of 0.25° and spedfically developed for
hydrological modeling. MSWEF merges the highest quality predpitation data sources
available based on time scale and location and was generated as a data weighted combi-
nation of seven datasets: was penerated as a data weighted combination of seven datasets:
two products from reanalysis of mumerical weather prediction models, three derived from
satellite remote sensing | CMORPH, GSMaP-MVE, and TMPA 3B42RT) and two based on
interpolated gauge observations. The dataset incorporates a correction for topographic
effects and under-catch by deriving catchment-average precipitation from streamflow ob-
servations at 13762 stations around the world [3]. MSWEP can be downloaded in
http:/wwww.glohdo.org.

1.5, PERSIANN-CDE product

PERSIANN-CDRE is a product generated from the PERSIANN algorithm using the
historical GridSat-B1 IRWIN data to obtain daily predpitation estimates with a resclution
of 0.25°. The derived estimates are then bias corrected using menthly 2.5% data from the
Global Precipitation Climatology Project (GPCF), which contain the Global Precipitation
Climatology Centre (GPCC) gauge information [4]. The PERSIANN-CDR product is avail-
able to the public on the Data Portal of the Center for Hydrometeorology and Remote
Sensing (CHRS) at The University of California, Irvine (UCI) (httpo//chrsdata engud edu/
51}
14 CMORFH product

In the CMOEPH product, global half-hourly rainfall estimates are derived from pas-
sive microwave satellite scans and through movement vectors obtained from infrared

TS mdpi. mjcum:l-‘w:tzr
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data of geostationary satellites. The shape and intensity of predpitation characteristics are
adfusted by performing a time-weighted linear interpolation in the time between micro-
wave sensor scans to obtain complete spatiotemporal precipitation analyvses independent
of the infrared temperature feld [6]. CMORPH data were accessed from WCI portal, an
open-source project built by Plymouth Marine Laboratory's Remote Sensing Group

1.5. CHIEPS product

CHIRPS data was produced to assist the United States Agency for International De-
velopment Famine Early Waming Systems Metwork (FEWS NET) and consists of a pre-
dpitation grid with a spatial resolution of 0.05° merging data from satellites with data
from in-situ rain gauge stations. This dataset uses different data sources in its creation: the
Tropical Rainfall Measuring Mission (TEMM) 3B42 product from MASA, the monthly pre-
dpitation climatology (CHPClm), atmespheric model rainfall fields from the NOAA Chi-
mate Forecast System, version 2 (CF5v2), quasi-global geostationary thermal infrared (IE)
satellite cbservations from two NOAA sources, and in situ rainfall observations collectad
from different sources induding regional and national meteorological agencies [7]. The
daily data of CHIRPS +2.0 can be obtained from the Climate Hazards Group website
(httpsyfwww.cheuesh edu/data/chirps).
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IV.4 SINTESIS DE RESULTADOS Y DISCUSION

IV.4.1 Impacto del cambio climatico en las componentes del balance hidrico

El modelo SWAT para la simulacion de escorrentias en la cuenca del rio
Guajoyo (GRB) empled la siguiente informacién de partida: (1) El DEM se obtuvo
del Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
Global Digital Elevation Model (GDEM) version 2 de la NASA

(https://asterweb.jpl.nasa.gov/, consultado el 24/08/2021) con una resolucién

espacial de 30 x 30 m; (2) Los suelos provienen de la Harmonized World Soil
Database (Fischer et al., 2008) y los usos del suelo fueron facilitados por el
Ministerio de Medio Ambiente y Recursos Naturales (MARN) de la Reptblica de
El Salvador, correspondiéndose con el Mapa de coberturas y usos del suelo
nacional (2011) con una resolucién espacial de 5 x 5 m; (3) Los datos climéticos
fueron facilitados por el MARN, de la estacién convencional Giiija, aunque
debido a la falta de informacién para el cdlculo de la evapotranspiracién se
complet6 con el Climate Forecast System Reanalysis (CFSR) con una resolucion
espacial de 38 x 38 Km desarrollado por NCEP y obtenido de la aplicacion
desarrollada por la Texas A&M University (https://Globalweather.tamu.edu/,
consultado el 24/08/2021); (4) Los caudales medios mensuales fueron facilitados

por el MARN y se corresponden con los registros de la estacion Piedra-Cargada
en el periodo 2006-2012.

1V.4.1.1 Comportamiento del modelo SWAT

En base a los mapas de suelos, usos del suelo y DEM se construyé el
modelo hidrolégico en SWAT con ayuda de GIS, generando un total de 85 HRU y
11 subcuencas. Los principales datos climaticos introducidos fueron Ia
precipitacion y la temperatura y se emplearon los siguientes métodos de calculo:

e Numero de Curva del SCS para la estimacién del proceso lluvia-

escorrentia.

e La propagacion del flujo se establece mediante el método de
Muskingum.


https://asterweb.jpl.nasa.gov/
https://globalweather.tamu.edu/
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e La velocidad del agua en el cauce a través de la ecuacién de

Manning.

Se empled el algoritmo SUFI-2 de SWAT-CUP para la calibracién de los

pardmetros considerando la informacién correspondiente a los cuatro afios del

periodo de calibracion —i.e. 2006-2009. Después de 1,500 iteraciones se obtuvieron

los siguientes resultados de los once pardmetros mds sensibles que fueron

seleccionados:
Parameter ! Description FI.MI Ra.nge S_Jsed Fitted Value Final Value
in Calibration

r_CN2mgt SCS runoff curve number 0.2t 0.2 —-0.09 [63.40-75.17] 2

v_ALPHA_BEgw Baseflow alpha factor (days—1) 0 to 0.65 0.09 0.09

a_GW_DELAY.gw  Groundwater delay time (days) —10 to 60 -2.90 28.07
Threshold depth of water in the

a_GWOMN.gw shallow aquifer for return flow to 200 to 1500 1407.70 2407.70
occur (mm)

v_GW_REVAT' gw Groundwater revap coefficient 0.02to 0.15 013 0.13

afRCHRC?DP.gw Deep aquifer percolatiun fraction —0.02 to 0.03 0.02 0.07
Threshold depth of water in the

a REVAPMNgw  Shallow aquifer for revap or ~150 to 150 ~85.50 664.5
percolation to the deep aquifer to
occur (mm}

v_CANMX.hru Maximum canopy storage (mm) 1to10 447 447

v_EPCO.bsn Plant uprake compensation factor 05te1 0.87 0.87

v_ESCO.bsn Soil evaporation compensation factor 0.3t 09 079 0.79

SOL AWC sol Available water capacity of the soil _o0 _ 3
r_SOL_. .0l 02 to 0.02 0.m [0.06-0.10]

layer (mm H;O/mm soil)

! The qualiﬁer (r_) refers to relative change, i.e., the current parameter must be mull‘ip]ied by (1 + the value obtained
in calibration), (v_) means that the value of the existing parameter must be r'eplacecl by the value obtained in
calibration, and (a_) refers to absolute dmnge, Le., the fitted value must be added to the existing value of the
parameter. 2 Varies by HRU. * Varies by soil layer.

Tabla 1. Pardmetros de calibracion del modelo SWAT en Ila cuenca GRB

Se pudo comprobar la existencia de un error generalizado en la simulaciéon

de los caudales punta, tanto en la fase de calibracion como en la de validacion,

siendo un error destacado en numerosos estudios hidrolégicos (Jimeno-Saez et
al., 2018; Spellman, Webster y Watkins, 2018; Cerkasova, Umgiesser y Ertiirk,

2019). La siguiente figura representa la comparaciéon entre los caudales

observados y simulados en las fases de calibracion y validacion.
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Figura 5. Regresion lineal de caudales observados y simulados para los periodos de (a)
calibracién (2006-2009), y (b) validacién (2010-2012)

A pesar del referido contratiempo, los estadisticos de evaluacién del
desempefio del modelo calculados indican un comportamiento bueno en la fase
de calibracién y satisfactorio en la de validacién, segtn los criterios establecidos
por Moriasi et al. (2007). Teniendo en cuenta la escasez de datos en la cuenca, se
puede considerar que estos resultados son adecuados para la evaluacién de las
respuestas a medio y largo plazo de la cuenca con la consideracién de los

escenarios de cambio climatico.

Performance Metric Calibration Validation
NSE 0.67 0.63
R2 0.69 0.64
PBIAS (%) -9.04 —8.80
RMSE (m3/s) 2.35 3.12
RSR 0.58 0.61

Tabla 2. Estadisticos de evaluacién del modelo SWAT en las fases de calibracién y
validacion
Una segunda evaluacién del modelo calibrado fue realizada con los datos
de precipitacion de CHIRPS para el periodo completo — ie. 2006-2012 —
obteniendo un comportamiento bueno (segtin Moriasi et al. 2007): NSE de 0.74,
R2 de 0.78, PBIAS de -23.55, RMSE de 2.29 y RSR de 0.51.
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IV.4.1.2 Seleccion de los modelos de cambio climatico

Se empled el software CCT para la extraccion, reduccién de escala y
correccion estadistica del sesgo de cinco GCM - i.e. GFDL-ESM2M, HadGEM2-
ES, IPSL-CM5A-LR, MIROC y NoerESM1-M - seleccionando el modelo que mejor

representaba el afo medio para los estadisticos mensuales clave.

En este caso se utiliz6 el indice Id, que se define como la suma del valor
absoluto de la diferencia relativa entre la serie historica y el escenario de control
durante los 12 meses de un afio medio. Se realiz6 el calculo mensual para cada
GCM en el periodo 1980-2004, considerando las variables precipitaciéon y
temperatura y para cada una de ellas el Id de la media (Ax) y el de la desviaciéon
tipica (Ac). El modelo con un valor inferior del indice Id es el que presenta un

mejor ajuste con los datos observados.

Monthly Series

RCMs

Precipitation Temperature Id
Id (Ax) Id (Ao) Id (Ax) Id (Ao)
1 GFDL-ESM2M 2.14 11.18 122 3.76 18.30
2 HadGEM2-ES 1.78 5.95 1.63 2.74 12.10
3 [PSL-CM5A-LR  1.51 10.93 1.23 415 17.82
4 MIROC 2.65 9.30 121 9.17 22.33
5 NoerESM1-M 1.52 8.13 1.23 5.45 16.33

Tabla 3. Calculo del indice Id para cada RCM

En base al criterio descrito se seleccioné el modelo HadGEM2-ES por ser el

que presenta un menor indice Id.

IV.4.1.3 Cambios en las variables climdticas en los distintos escenarios RCP

La siguiente figura representa los cambios experimentados por las variables
climaticas de precipitacion y temperatura en la cuenca GRB para los escenarios de
emisiones seleccionados —i.e. RCP 4.5 y 8.5 — del modelo HadGEM2-ES para los
horizontes de mediados y finales del SiGlo XXI.
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Figura 6. Comparativa de los valores medios mensuales de (a) precipitacién y (b)
temperatura entre el periodo histérico (1975-2005) y los escenarios de medio y largo término

para RCP 4.5y 8.5 del GCM HadGEM2-ES

En el grafico de precipitacion puede apreciarse para los distintos escenarios
considerados la presencia de la canicula (MSD, por sus siglas en inglés), referida
por Magafia, Amador y Medina (1999), que constituye un descenso local en las
precipitaciones mensuales entre Julio y Agosto, presentando valores maximos
tanto en el mes de Junio como entre Septiembre y Octubre. Este fenémeno se vera
intensificado en los escenarios de cambio climético considerados, especialmente

en los valores previstos para final de SiGlo.

De manera genérica las precipitaciones disminuyen en el periodo himedo,
produciéndose un aumento de las mismas en los meses finales del afio — i.e.

Noviembre y Diciembre —, dentro del periodo seco.

Por otro lado, en cuanto a temperaturas puede apreciarse un aumento
generalizado de las mismas, siendo mds acusado en los meses de verano (Julio,

Agosto y Septiembre).
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Los valores medios anuales para los diferentes periodos y escenarios
quedan resumidos en la siguiente tabla, donde cabe destacar la correspondencia
de resultados con estudios antecedentes — i.e. CEPAL (2010) estima un descenso
en la precipitacién similar al obtenido para finales de SiGlo y Conde-Alvarez y
Saldafa-Zorrilla establecieron un rango del incremento de temperaturas de entre
1y 6 °C para final del periodo de estudio, consistente con los resultados del

presente estudio.

C : ]
Model Scenario Time Period Precipitation (mm) Temperature (°C)
Value Change with Respect Value Change with Respect
to Baseline to Baseline
Baseline 1975-2004 1435.60 - 26.12 -
RCP 45 2040-2069 1219.12 —216.48 (-15%) 28.45 +2.33 (+9%)
Had GEM2—ES ) 2070-2099 1129.62 —305.98 (-21%) 29.30 +3.19 (+12%)
RCP 8.5 2040-2069 1332.64 —102.96 (=7%) 28.95 +2.84 (+11%)
) 2070-2099 919.07 —516.53 (—36%) 31.49 +5.38 (+21%)

Tabla 4. Variacion de precipitacién y temperatura respecto del periodo histérico para los

escenarios RCP 4.5y 8.5

Finalmente se realiz6 un andlisis de tendencia de las variables climaticas
para el periodo 2040-2099 aplicando el test de Mann-Kendall y el método de Sen
mediante el uso de la hoja de célculo MS Excel con la aplicacion MAKESENS
(Version 1.0) descrita por Salmi et al. (2002).

Month Precipitation RCP 4.5 Temperature RCP 4.5 Precipitation RCF 8.5 Temperature RCP 8.5

Test Z Sig. Q; Test Z Sig. Q; TestZ Sig. Q; Test Z Sig. Q;
anua -0.49 -0.01 378 e 0.03 0.16 0.00 7.79 A 0.07

ry
February 0.10 0.00 498 e 0.03 -0.56 -0.01 7.57 b 0.07
March -0.17 -0.01 4.02 o 0.02 —0.84 —-0.03 8.12 b 0.07
April 0.91 0.27 3.31 e 0.02 —-0.43 -0.10 7.53 A 0.07
May -0.07 —-0.05 1.10 0.01 —2.38 * -1.19 6.96 b 0.07
June -0.12 -0.09 2.98 b 0.02 —3.50 R —2.46 7.67 A 0.09
ul -191 + -0.90 2.56 * 0.03 —-5.83 o —2.53 8.41 b 0.11
¥

August -155 —-0.94 3.91 i 0.03 -5.35 R -2.92 9.29 A 0.10
September  —2.53 * -1.34 446 e 0.03 —-5.02 . —3.66 9.00 b 0.11
October 0.94 0.42 41 ek 0.03 1.24 0.75 8.09 o 0.08
November  —0.47 —-0.04 317 b 0.02 117 0.18 7.83 A 0.07
December 1.00 0.02 445 e 0.02 -0.32 -0.01 7.69 b 0.07
Annual =179 + =370 5.24 e 0.02 -6.8 b -13.17 9.34 A 0.08

Test Z is the Mann-Kendall (MK) test statistic; ; is the Sen’s slope estimator; + indicates a significance level of 0.1; *
indicates a significance level of 0.05; ** indicates a significance level of 0.01; *** indicates a significance level of 0.001.

Tabla 5. Analisis de tendencia para resultados mensuales y anuales de precipitacion y

temperatura para el periodo 2040-2099
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Se observa como la mayoria de resultados para la precipitaciéon son
negativos, a excepciéon de los valores de final de afio (meses de Octubre a
Diciembre) en los que la tendencia es positiva, tal y como se habia concluido con
el andlisis anterior. En cuanto a temperaturas, se observa una tendencia al alza en

la serie completa para ambos escenarios de emisiones.

IV.4.1.4 Cambios en el balance hidrico en los distintos escenarios RCP

En el presente estudio se asumieron constantes todas las variables
hidrolégicas — e.g. usos del suelo — a excepciéon de las variables climéticas de
precipitacion y temperatura. Tal y como se ha visto con anterioridad, el modelo
SWAT fue calibrado y validado con las variables observadas en la cuenca y
posteriormente, con ayuda del software CCT, se emplearon las predicciones del
modelo GCM seleccionado, HadGEM2-ES para los escenarios RCP 4.5y 8.5, como
datos de entrada en el balance hidrico para explorar la respuesta en la generaciéon

de caudales por efecto del cambio climético.

De los resultados del modelo SWAT para los distintos periodos estudiados
se obtienen los siguientes valores de la respuesta hidrolégica (precipitacion,
evapotranspiracion, produccién total de agua y recarga acuifera) de la cuenca

GRB en valores totales (y variacién en %).

Scenario Time Period P (mm) ET (mm) ET/P WYLD DA_RCHG

(mm) (mm)
Baseline 19752004 14356 523.9 0.36 720.72 27.95
_ . 608.70 450.33 .
2040-2069 G )5 5.85 (—43%
RCP 4.5 040-206 %ﬂjlﬁ (+16%) 050 (a7 185 (=43%)
: 359.4 _
2070-2000 112062 01380 0.54 3947 1) 55 (—55%)
29. (+17%) (=50%)
(=21%)
, 626.40 522.18 _
2040-2069  1332.64 . . 66 (~33%
RCP 8.5 040-206 1('1 7“.._6)4 (+19%) 0.47 (=27%) 18.66 ( )
2070-2009  o1007 W0 0.60 268.87 8.19 (~71%)
oy G (—~63%)

P = precipitation, ET = evapotranspiration, ET/P = evapotranspiration/precipitation, WYLD = the net amount
of water that contributes to streamflow (surface runoff contribution to streamflow + lateral flow + groundwater
contribution to streamflow — transmission losses) and DA_RCHG = amount of water entering deep aquifer from
root zone.

Tabla 6. Componentes del balance hidrico con SWAT para los distintos escenarios y periodos

considerados
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Se observa como el incremento en la temperatura y el descenso en la
precipitacion conllevan una tendencia al alza en la evapotranspiracion y un
descenso de la produccién de agua y la recarga acuifera. Estas conclusiones y sus
valores cuantitativos son concordantes con los resultados de CEPAL (2010),
Maurer, Adam y Wood (2009) e Imbach et al. (2012).

IV.4.1.5 Proyecciones futuras de sequia

Se calcularon los indices SPI (de precipitacién) y SRI (de escorrentia) para
caracterizar las sequias meteoroldgica e hidrolégica, respectivamente, a partir de
la precipitaciéon observada y de la escorrentia calculada en SWAT, tanto para el

periodo histérico (1975-2004) como para las simulaciones futuras (2006-2099).

Baseline RCP 4.5 RCP 8.5

Characteristics of drought (1975-2004) 2040-2069 2070-2099 2040-2069 20702099
SPI SRI SP1 SRI SP1 SRI SPI SRI SPI SRI

Number of drought events 9 5 4 4 10 6 7 7 3 3

Longest duration of drought events (months) 26 36 47 46 34 34 22 24 54 53
Average duration of drought events (months) 12 14 22 27 13 14 15 14 36 36
Average drought intensity 160 1.95 215 2m 1.47 1.85 1.93 1.53 1.98 1.90
Maximum drought intensity 2.52 2.64 2.68 2.49 244 2.15 242 2.68 274 2.58

Tabla 7. Anélisis de sequias en la cuenca GRB

De la serie histérica se observa que la situacién actual estd caracterizada por
9y 5 eventos , con una duracién de 12 y 14 meses y una intensidad media de 1.60
y 1.95 para SPI y SRI, respectivamente. Del anélisis de los resultados se observa
como el nimero de eventos disminuye ara los periodos de mitad de SiGlo en el
caso del escenario de emisiones RCP 4.5 y el de final de SiGlo para el escenario
RCP 8.5. En ambos casos, la duracién de los eventos se verd incrementada de
manera considerable, asi como la intensidad media de precipitaciéon. Estos
resultados son consistentes con los reportados en IPCC-AR5 (2014) e IPCC-AR6
(2021) en el que se reporta un incremento en los periodos de sequia para las

proyecciones climaticas futuras.

IV.42 Uso de la serie de caudales de GloFAS-ERAS5 para calibrar el modelo
SWAT

Para el establecimiento del modelo SWAT en la cuenca del rio Grande de
San Miguel (GSM) se emple6 el mismo modelo digital del terreno (DEM), el mapa
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de suelos y el mapa de los usos del suelo que en el estudio realizado en la cuenca
GRB.

De manera adicional, existen aforos mensuales en el desagiie de la cuenca
modelada para el periodo 1970-2012.

1V.4.2.1 Comparacion entre datos observados y los provenientes de reandlisis

En primer lugar se llevd a cabo la comparativa entre la precipitaciéon
proveniente de los productos de reandlisis de datos satelitales con la proveniente
de las estaciones de la cuenca del rio GSM - i.e. Chapeltique (CHA), El Delirio
(DEL), Villerias (VIL) y San Miguel (MIG). Para ello se seleccionaron las celdas de
la malla raster mdas préximas a las estaciones, los datos extraidos se corresponden
con el periodo en el que existen registros de caudal en la cuenca —i.e. 2005-2010 —

y los dias que no presentan datos fueron omitidos del andlisis comparativo.

Para realizar dicho andlisis se emplearon los indices estadisticos referidos
en Jiang et al. (2018): (1) Probabilidad de deteccién (POD, por sus siglas en inglés),
indicativo de la cantidad total de eventos de precipitaciéon identificados por los
datos provenientes de reanalisis, POD varia entre 0 y 1, siendo 1 el valor referido
a la coincidencia exacta entre las series de datos; (2) Ratio de Falsa Alarma (FAR,
por sus siglas en inglés), indica el porcentaje de avisos falsos de precipitacion
entre todos los avisos de precipitacion, FAR varia entre 0 y 1, siendo 0 el valor
6ptimo; (3) El Indice de Exito Critico (CSI, por sus siglas en inglés), es funcién de
POD y FAR con lo que se trata de un indice mas completo, al igual que POD, su

rango varia entre 0 y 1 y su valor 6ptimo es 1.

En base a este anélisis se pudo comprobar como CHIRPS fue el producto
que presentaba la mejor capacidad de deteccién de eventos de precipitacién (con
valores de CSI de entre 0.52 y 0.63 para las cuatro estaciones hidrometeorolégicas
existentes en la cuenca), obteniendo resultados aceptables y valores muy similares
los otros dos productos satelitales (ERAS5 varia entre 0.45 y 0.55; CFSR entre 0.43 y
0.51).

Posteriormente se analiz6 la funcién de densidad de probabilidad para
eventos de precipitacion a escala diaria, quedando patente el hecho de que los
distintos productos satelitales analizados no eran capaces de identificar todos los

eventos de precipitacion ocurridos.



156 PABLO BLANCO GOMEZ

En este sentido, nuevamente CHIRPS resulté el producto que se
comportaba de una manera mds parecida a los registros de las distintas
estaciones. Tanto CFSR como ERAb5 sobreestiman los valores de precipitacion de
los rangos [1,20] mm. Sin embargo, en el caso de CFSR es el producto, de los tres
evaluados, que mejor representa los datos del rango [5,20] mm. Finalmente,
respecto al rango de mayor precipitacion — i.e. por encima de 20 mm —, los tres

productos obtuvieron valores muy similares a los observados.

De igual modo se analizaron los patrones mensuales de precipitaciéon y
temperatura, en este caso mediante se representaron graficos de violin, que
combinan diagramas de caja con la representacién de la densidad kernel para
observar de manera conjunta la distribuciéon de los datos y la densidad de

probabilidad; la distribucién mensual de precipitaciones; y un grafico de

dispersion.
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Figura 7. Distribucién de la funcién de densidad de probabilidad por rangos para los

productos satelitales y estaciones consideradas en el proyecto
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Figura 8. Comparacion entre valores mensuales de precipitacién de los productos ERA5,
CHIRPS y CFSR vy los valores observados, mediante graficos de violin (izquierda),

variaciones mensuales (centro) y dispersion (derecha)

Excepto para la estacion MIG, los datos de CHIRPS fueron los que
representaron de manera mas precisa la distribucién de los datos y la densidad de

probabilidad, quedando ERA5, de manera genérica con valores més altos y una
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mediana mds alta en las cuatro estaciones evaluadas. Los tres productos
identificaron de manera correcta los periodos himedo (de Mayo a Octubre) y
seco (de Noviembre a Abril), incluso la presencia de la caracteristica canicula
(MSD, por sus siglas en inglés), a excepcién de ERA5 en los casos de CHA y VIL.
Adicionalmente, cabe destacar la sobreestimacion de valores maximos de los
datos de ERA5 y CHIRPS en la época lluviosa; aunque segin los gréficos de
dispersién y los resultados del estadistico R?, CHIRPS es el producto que mejor

ajuste presenta entre los datos simulados y los observados.

Respecto a la temperatura, los productos comparados fueron ERAS5,
CHIRTS y CFSR con los valores observados en la estacion MIG - por ser la tinica
que contaba con registro de temperatura. ERAS5 es el producto que presenta una
mejor representacion, destacando igualmente la sobreestimacién generalizada de

2-3 C que presentan los datos de CHIRTS.
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Figura 9. Comparacién entre valores mensuales de temperatura de los productos ERAS5,
CHIRTS y CFSR y los valores observados en MIG, mediante gréficos de violin (izquierda),

variaciones mensuales (centro) y dispersion (derecha)

1V.4.2.2 Comportamiento del modelo antes de la calibracion

Segtiin Peterson y Hamlett (1998), ante la falta de datos observados el
comportamiento de un modelo sin calibrar es un buen indicador del
comportamiento del modelo. De hecho, el modelo SWAT fue concebido para

modelar cuencas rurales sin estaciones climéticas (Arnold et al., 1998).

En este sentido, se evalu6 el comportamiento de los distintos productos de
reandlisis con los pardmetros por defecto del modelo SWAT, obteniendo los
resultados de la siguiente figura.
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Figura 10. Comportamiento de los modelos sin calibrar con datos de ERA5, CHIRPS-
CHIRTS y CFSR con los caudales mensuales observados

De los estadisticos calculados y mostrados en la figura se observa como el
mejor modelo es el realizado a partir de los datos de CFSR, lo cual es consistente
con el andlisis anterior en el que se observé que CFSR presentaba el menor sesgo.
En cualquier caso, a escala mensual todos los productos analizados presentan
resultados adecuados, tal y como indican los resultados de R2, Por tanto, es
esperable que tras la calibracién de los pardmetros mds sensibles del modelo

SWAT el comportamiento de los modelos sea aceptable.

1V.4.2.3 Calibracion del modelo con la serie de caudales de GIoFAS

El modelo se calibr6é usando la serie de caudales procedentes de reanélisis
de imagen satelital GIoFAS con los datos climaticos de los tres productos
climaticos satelitales evaluados. Para ello se emple6 el algoritmo SUFI-2 con
ayuda del software SWATCUP, referido en el estudio anterior, para la

optimizacion de doce parametros hidrolégicos del modelo SWAT.

Del estudio de sensibilidad de los pardmetros llevado a cabo con 500
simulaciones del modelo SWAT para cada producto satelital se obtuvo que CN2,
GWQMN y ESCO obtuvieron los menores valores del estadistico p-value en los
tres modelos, lo cual es indicativo de que se trata de los pardmetros mas sensibles
(Abbaspour et al., 2017).

CN2 es uno de los parametros mds sensibles puesto que directamente
corrige la generacion de escorrentia (Arnold et al., 2000; Marin et al., 2020), por lo
que las reducciones obtenidas tras la calibracion para corregir la sobreestimaciéon

de la precipitacion que habia sido detectada en la comparativa de las series, era
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esperada. Por su parte, la reduccién sufrida por ESCO se ajusta a los valores
obtenidos en otros estudios en zonas tropicales (Blanco-Gémez et al., 2019; da
Silva et al., 2018).

Las mayores discrepancias se presentaron en los pardmetros relacionados
con la recarga acuifera debido a la complejidad que presenta la alta
permeabilidad y fisuraciéon de los acuiferos volcanicos existentes en la region

Centroamericana.

La siguiente tabla muestra los resultados del modelo SWAT
correspondiente a cada producto satelital, obteniendo valores de los estadisticos
compatibles con una representaciéon razonablemente buena de los modelos, tanto
para el periodo de calibracién (2005-2008) como el de validacién (2009-2010).

Dataset
Parameter ERAS CHIRPS-CHIRTS CFSR
Calibration Validation Calibration Validation Calibration Validation
R? 0.88 0.82 0.78 0.78 0.82 0.60
NSE 0.87 0.81 0.77 0.70 0.81 0.54
PBIAS (%) —11.68 —13.36 7.34 —30.70 —3.29 —32.31
KGE 0.86 0.81 0.85 0.65 0.88 047

Tabla 8. Comportamiento del modelo SWAT comparado con los datos de caudal de
GIloFAS

1V.4.2.4 Evaluacion de la serie de caudales mensuales para varios escenarios

Finalmente, se compararon los modelos calibrados con los caudales de
GIloFAS con los de los caudales observados, obteniendo un ajuste aceptable en
todos los casos aunque destacando entre todos ellos el modelo elaborado a partir
de los datos climaticos de CHIRPT-CHIRTS.

Estos resultados demuestran la hipétesis de partida establecida en la que si
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E |CHIRPS-CHIRTS|0.74 -0.45 -75.43 [ -0.04|
= CFSR 0.670.43 | -19.29 | 0.61
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2
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Figura 11. Comportamiento de los modelos calibrados con datos de ERA5, CHIRPS-
CHIRTS y CFSR con los caudales mensuales observados
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el producto de reanalisis de imagen satelital ERA5 presenta un ajuste adecuado,
los caudales de GloFAS pueden ser empleados en la simulacién hidrolégica de

cuencas con escasez de informacion hidrometeorolégica a escala mensual.

Este hallazgo permitiria el empleo de modelos hidrolégicos como SWAT
para el estudio de los impactos derivados de los cambios en los usos del suelo o
del clima. En esta linea Eini et al. (2019) establecié que cuando la precipitacion
satelital presentaba una buena correlacion (R?> mayor de 0.6) se obtenian
resultados razonables en la simulacion de los caudales, todo ello en una cuenca
semidrida de Iran. Aunque estos resultados deben valorarse con cautela porque
depende de la calidad del ajuste de GIoFAS con los caudales observados. En este
sentido, Harrigan et al. (2020) demostré que la calidad del ajuste de GloFAS
aumenta sustancialmente con el tamafo de la cuenca, por lo que se recomienda
que la metodologia descrita en la presente investigacion sea empleada en cuencas

de gran tamafio.

IV.4.3 Impacto de los productos satelitales de precipitacion en la simulacion de
caudales en cuencas con escasez de datos de aforo

En este caso se estudiaron cinco productos satelitales de precipitaciéon — i.e.
CFSR, MSWEPv1.1, PERSIANN-CDR, CMORPH y CHIRPSv2.0 — y se contaba
con dos estaciones hidrometeorolégicas — i.e. PS-1 y PS-2 — para poder evaluar el

desempefio de los mismos.

1V.4.3.1 Comparacion y evaluacion de los productos satelitales de precipitacion
Para evaluar la capacidad de detecciéon de precipitaciones mayores a 1
mm /dia se emplearon los siguientes indices:
e Probabilidad de detecciéon (POD), establece la capacidad de los GP
para capturar de manera precisa la precipitaciéon observada.
e Ratio de falsa alarma (FAR), evalta la fraccion de alarmas falsas

detectadas por los GP.

e Indice de éxito critico (CSI), establece la habilidad de los GP para
detectar eventos reales de precipitacion. Esta basado en POD y FAR.
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e Puntuacion de sesgo (BS), es la relacién entre la precipitacion

estimada y la observada.

Todos ellos son adimensionales y sus valores oscilan entre [0,1] — a
excepcion de BS, donde los valores por encima de 1 son indicativos de que el
producto de referencia sobrestima a la precipitacién observada —, siendo 1 el valor
6ptimo de POD, CSl y BS; y 0 el valor 6ptimo de FAR.

La siguiente tabla muestra los valores obtenidos en las dos estaciones

estudiadas.
PS-1 Station PS-2 Station
Precipitation Dataset
POD FAR CSI BS POD FAR CSI BS
CFSR 0.78 0.40 0.51 1.31 0.79 0.48 0.46 1.53
MSWEPv1.1 0.93 0.41 0.57 1.57 0.91 0.46 0.51 1.69
PERSIANN-CDR 0.93 0.41 0.57 1.58 0.92 0.47 0.51 1.74
CMORPH 0.80 0.31 0.59 1.16 0.79 0.30 0.59 1.13
CHIRPSv2.0 0.81 0.27 0.62 1.11 0.79 0.35 0.55 1.22

Tabla 9. Indices de deteccién para los distintos GP en las estaciones hidrometeorolégicas

de referencia de la cuenca

Se observa como MSWEPv1.1 y PERSIANN-CDR obtienen los valores mas
altos de POD, mientras que CMORPH y CHIRPSv2.0 obtienen los més cercanos a
0 en FAR. De igual modo se observa como los valores de CSI se mantienen
alejados de 1 en todos los casos, oscilando entre [0.46,0.62]. Finalmente, el hecho
de que todos los GP presenten valores superiores a 1 en BS es indicativo de que
sobreestiman la precipitacion observada. Por tanto, ninguno de los productos

destaca por su habilidad en la deteccién de precipitacion.

Seguidamente se realiz6 un andlisis estadistico de la comparativa entre los
cinco GP y la precipitacién observada, tanto a escala diaria como mensual, asi

como de la precipitacion media anual, en ambas estaciones de referencia.



IV-PUBLICACIONES 163

1
Station/Precipitation cc RSR ME BIAS M, (mm)
Dataset Daily Monthly Daily Monthly Daily Monthly Daily Monthly
PS-1
Gauge observations - - - - - - - - 1833.55
CFSR 0.32 0.84 1.05 0.60 -1L15 —34.04 —19.83 —19.83 1526.50
MSWEPv1.1 0.51 0.82 0.88 0.59 0.11 3.39 1.94 194 1867.66
PERSIANN-CDR 0.48 0.83 0.89 0.56 —0.03 —1.09 —0.58 —0.63 1813.24
CMORPH 0.50 0.87 0.96 0.50 —0.03 —096 —0.55 —0.55 1805.05
CHIRPSv2.0 0.55 0.89 0.88 0.50 0.50 15.05 8.62 8.62 2058.75
PS-2
Gauge observations - - - - - - - 1553.04
CFSR 0.27 0.86 110 0.52 -0.25 —5.38 —5.49 —5.38 1537.81
MSWEPV1.1 0.52 0.88 0.90 0.57 0.55 12.26 1213 12.26 1752.64
PERSIANN-CDR 0.47 0.90 0.91 0.53 0.82 17.98 17.88 17.98 1827.73
CMORPH 0.47 0.84 1.03 0.60 0.02 0.85 0.73 0.85 1588.88
CHIRPSv2.0 0.53 0.94 0.91 0.45 0.61 13.48 13.34 13.48 1847.27

! Note: Differences between daily and monthly BIAS are due to gaps in gauge observation datasets. Only\ months with all daily data
available were compared.

Tabla 10. Estadisticos diarios y mensuales de la comparativa entre GP y la precipitacién

observada en las estaciones PS-1 y PS-2

Se pudo comprobar que los estadisticos mensuales eran mucho mejores que
los diarios y, nuevamente, que segtin el estadistico que se observe, el GP que
mejor representa a los valores observados varia. En este sentido, se observa como
para ambas estaciones los mejores valores de CC y RSR corresponden a
CHIRPSV2.0, tanto a escala diaria como mensual; al igual que pasa con CMORPH
para ME y BIAS; sin embargo, PERSIANN-CDR presenta unos valores adecuados
en todos los estadisticos para PS-1, pero presenta las mayores discrepancias en
ME y BIAS en PS-2; algo parecido pasa con CFSR en PS-1, aunque en este caso,
sus resultados en PS-2 son menos relevantes. En cuanto a la precipitaciéon media
anual, nuevamente CMORPH destaca por su proximidad en la prediccién en

ambas estaciones.

Se evaluo la variaciéon mensual de los distintos productos comparada con la
observada en las estaciones de referencia, obteniendo los siguientes diagramas de

caja para cada uno de los casos.
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Figura 12. Comportamiento de los modelos calibrados con datos de ERA5, CHIRPS-CHIRTS y

CFSR con los caudales mensuales observados

Los productos satelitales de precipitacion presentan un comportamiento
similar a los valores observados en ambas estaciones — lo cudl es consistente con
los estadisticos obtenidos en el andlisis anterior —, reflejando claramente los
periodos himedo (de Mayo a Octubre) y seco (de Noviembre a Abril) y la
aparicién de la canicula en mitad de la temporada lluviosa. Todos los productos,
a excepcion de CFSR sobreestiman de manera general el valor medio mensual de

precipitacion durante la temporada humeda.

Por otro lado, se evalué la funcién de densidad acumulada (CDF, por sus

siglas en inglés) de la precipitacién diaria en las dos estaciones de referencia,
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pudiendo comparar seis series de datos en cada una de ellas —i.e. los 5 GP y la
precipitacion observada. Para ello, se categoriz6 la precipitaciéon conforme a los

criterios establecidos por la Organizacién Meteorolégica Mundial (WMO, 2012a).

Type of Event Daily Rainfall Intensity (mm/Day)
Tiny rain <1
Light rain [1,2)
Low modeerate rain [2,9)
High moderate rain [5,10)
Heavy rain [10, 50)
Violent rain =50

Tabla 11. Clasificacién de eventos de precipitacion en funcién de su intensidad diaria
(DRI, mm/dia)

En cuanto a la probabilidad de encontrar dias secos (DRI = 0 mm/dia)
CHIRPSv2.0 obtuvo resultados similares a los de las dos estaciones. CMORPH
obtuvo los mejores ajustes con ambas estaciones por encima de 1 mm/dia. Para
lluvias moderadas y fuertes, [2,50) mm/dia, los productos PERSIANN-CDR,
CHIRPSv2.0 y MSWEPv1.1 sobreestiman la precipitacion. Por su parte, el
producto CFSR no sigue un patrén de precipitacion comparable con los de las

estaciones en toda la serie.

Finalmente, se comparé la variabilidad anual de los distintos productos
respecto a lo observado en las estaciones, pudiendo concluir que CMORPH es el
producto que mds se ajustaba a lo observado en ambas estaciones y que CFSR el

que menor precipitacién presentaba.

1V.4.3.2 Comportamiento de los productos satelitales de precipitacion en la simulacion de

caudales

En la segunda etapa de la investigacion se evalu6 la respuesta del modelo
hidrolégico SWAT para simular los caudales en las estaciones de aforos SG-1, SG-
2 y SG-3 empleando como precipitaciéon de entrada tanto la registrada en las
estaciones hidrometeorolégicas de la cuenca como los cinco productos satelitales
de precipitacion estudiados en la presente tesis.

En primera instancia se ajustaron los parametros de entrada del modelo
hidrolégico con los registros de precipitacion de las estaciones y se evalu6 el
comportamiento de los modelos asi calibrados empleando las precipitaciones de
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los distintos GP. El resultado en cada una de las estaciones de aforo de referencia

se muestra en la siguiente tabla.

Stream Gauge/Criteria CFSR MSWEPv1.1 PERSIANN-CDR CMORPH CHIRPSv2.0
SG-1 calibration (validation)
R? 0.54 (0.68) 0.75 (0.65) 0.76 (0.72) 0.63 (0.60) 0.80 (0.82)
NSE 0.39 (0.63) 0.67 (0.64) 0.69 (0.71) 0.36 (0.58) 0.51 (0.80)
PBIAS 31.97 (25.56) 11.92 (11.57) 1871 (6.03) 1.70 (0.78) ~10.49 (—6.30)
RSR 0.78 (0.61) 0.57 (0.60) 0.56 (0.54) 0.80 (0.65) 0.70 (0.45)
SG-2 calibration (validation)

R? 0.60 (0.69) 0.77 (0.66) 0.78 (0.70) 0.63 (0.60) 0.80 (0.82)
NSE 0.42 (0.62) 0.67 (0.63) 0.68 (0.68) 0.34 (0.58) 0.50 (0.80)
PBIAS 33.99 (26.73) 15.49 (16.46) 24.43(12.31) 8.24 (7.21) —5.06 (—3.20)
RSR 0.76 (0.62) 0.57 (0.61) 0.57 (0.56) 0.81 (0.65) 0.70 (0.45)

SG-3 calibration (validation)

R? 0.62 (0.67) 0.78 (0.65) 0.79 (0.71) 0.65 (0.59) 0.82 (0.81)
NSE 0.44 (0.61) 0.67 (0.63) 0.68 (0.69) 0.34(0.57) 0.53 (0.79)
PBIAS 34.19 (25.79) 16.08 (16.58) 25.56 (12.63) 9.53 (7.46) —3.47 (-3.24)
RSR 0.75 (0.63) 0.57 (0.61) 0.57 (0.56) 0.82 (0.66) 0.69 (0.46)

Tabla 12. Resultados del modelo SWAT calibrado con las estaciones hidrometeorolégicas

en las tres estaciones de aforos (SG-i) para los distintos GP evaluados

De acuerdo a los criterios de evaluacién de modelos establecidos en Moriasi
et al.(2007) los modelos simulados con la precipitacion de MSWEPv1.1,
PERSIANN-CDR y CHIRPSv2.0 fueron satisfactorios — a excepcion de
PERSIANN-CDR en la estacién SG-3 por obtener un PBIAS superior al 25% en la
fase de calibracion. Mientras que los modelos simulados con CFSR y CMORPH
no satisficieron las condiciones en términos de NSE y RSR - todo ello a pesar de
los buenos resultados que CMORPH present6 en la fase de comparacion de los

datos con los de las estaciones de la cuenca.

Posteriormente se llevé a cabo una segunda evaluacién de los modelos
hidrolégicos, ajustando en este caso los parametros para cada uno de los GP. En
términos generales, las simulaciones mejoraron en términos de R?, NSE, PBIAS y
RSR respecto a las obtenidas con los pardmetros calibrados para las estaciones
hidrometeorolégicas de la cuenca — estos resultados son consistentes con los
obtenidos en Bitew et al. (2012) en cuencas montafiosas de Etiopia. Los
estadisticos obtenidos se presentan en la siguiente tabla.
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Stream Precipitation . PERSIANN-

Gauge/Criteria Gauge Data CFSR MSWEPv1.1 CDR CMORPH CHIRPSv2.0
SG-1 calibration (validation)
R? 0.73 (0.61) 0.68 (0.79) 0.76 (0.59) 0.83 (0.71) 0.58 (0.62) 0.82 (0.90)
NSE 0.70 (0.60) 0.62 (0.77) 0.71 (0.57) 0.82 (0.69) 0.56 (0.57) 0.79 (0.87)
PBIAS —7.48 (10.37) —1.03 (—6.41) —1663(—1510) —4.76(—13.66) —13.36(—13.58) —14.52(-12.15)
RSR 0.55 (0.63) 0.62 (0.48) 0.54 (0.66) 0.43 (0.56) 0.67 (0.66) 0.46 (0.37)
SG-2 calibration (validation)
R? 0.77 (0.63) 0.74 (0.79) 0.78 (0.57) 0.85 (0.70) 0.60 (0.62) 0.84 (0.91)
NSE 0.76 (0.61) 0.67 (0.76) 0.72 (0.56) 0.84 (0.69) 0.60 (0.58) 0.83 (0.88)
PBIAS 1.13 (16.85) 0.20 (—6.26) —13.82 (—-11.52) 1.03(-7.75) —5.60 (—7.37) —8.50(—12.53)
RSR 0.49 (0.63) 0.58 (0.49) 0.53 (0.66) 0.39 (0.55) 0.63 (0.65) 0.41 (0.35)
SG-3 calibration (validation)
R2 0.77 (0.62) 0.76 (0.78) 0.78 (0.57) 0.85 (0.71) 0.62 (0.61) 0.85 (0.91)
NSE 0.76 (0.59) 0.67 (0.73) 0.72 (0.56) 0.84 (0.70) 0.62 (0.58) 0.84 (0.88)
PBIAS 3.11(17.34) —0.10(—8.11)  —13.59(— 1’> ".1) 214 (-7.67) —3.99 (—7.20) —6.39 (—14.24)
RSR 0.49 (0.64) 0.57 (0.52) 0.53 (0.6 0.39 (0.54) 0.62 (0.65) 0.40 (0.34)

Tabla 13. Resultados del modelo SWAT calibrado para cada GP en las tres estaciones de
aforos (SG-i)

Los modelos a escala mensual simulados a partir de las precipitaciones de
PERSIANN-CDR y CHIRPSv2.0 obtuvieron un comportamiento excelente — i.e.
NSE > 0.75 — mejorando incluso los realizados a partir de los datos de las
estaciones hidrometeorolégicas. En cualquier caso, todos los modelos evaluados
obtuvieron un comportamiento satisfactorio —i.e. NSE > 0.5, PBIAS < +25% y RSR
< 0.7, segtn Jang, Engel y Ryu (2018) — tanto en la fase de calibracién (2005-2007)
como en la de validacién (2008-2009).

Analizando los resultados del balance hidrico, se pudo comprobar como los
resultados de CHIRPSv2.0 no consideraban la recarga del acuifero, lo cual es
inconsistente con el tipo de terreno existente en la cuenca. Por tanto, PERSTANN-
CDR result6 el producto més apropiado para llevar a cabo la simulacion de

caudales en la cuenca del rio GSM.

Por dltimo, cabe destacar los motivos por los que los productos satelitales
son capaces de reproducir mejor la hidrologia de una cuenca que los propios
registros de precipitaciéon de la misma (Senent-Aparicio et al., 2018b): (1) los datos
observados eran escasos y con pocos registros en la cuenca; (2) es posible que los
equipos no estén recibiendo un mantenimiento adecuado y, en consecuencia, no
estén funcionando debidamente; y (3) hay diferencias significativas entre la
precipitacion puntual y la distribuida en una cuenca, por lo que ante la existencia

de pocos registros puede ser conveniente el empleo de un GP distribuido.
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IV.5 CONCLUSIONES Y LINEAS DE INVESTIGACION FUTURA

El uso del modelo SWAT en la modelacién hidrolégica estd ampliamente
extendido entre la comunidad cientifica y sus resultados son relevantes para la
toma de decisiones en la gestion de los recursos hidricos, especialmente en
contextos en los que el cambio climatico genera incertidumbres en cuanto a la
capacidad de producciéon de los cultivos, el abastecimiento a poblaciones o la
sostenibilidad de los ecosistemas medioambientalmente protegidos. Del mismo
modo, el uso de datos climéticos provenientes de reandlisis de imégenes
satelitales y la extraccién de datos de los GCM permite elaborar modelos para la
evaluacion de recursos hidricos en cuencas con escasa cobertura de estaciones

meteoroldgicas y foronémicas.

Se ha empleado la Reptblica de El Salvador como caso de estudio en la
presente tesis, debido a un convenio de colaboracién con el Ministerio de Medio
Ambiente y Recursos Naturales (MARN) en el que se ponia a disposicion de la
investigacion la informacion hidrometeorolégica existente en las dreas de estudio
seleccionadas — i.e. cuencas de los rios Guajoyo (GRB) y Grande de San Miguel
(GSM).

La Publicacién 1 evalia el impacto del cambio climatico en la gestion de
recursos hidricos y sequias en la cuenca del rio GRB. Se trata de un entorno de
estudio con distintas figuras de proteccion medioambiental y necesidad de uso
del agua para el abastecimiento de las comunidades locales y el desarrollo de

actividades primarias como el cultivo de café.

Para ello, se tuvieron en cuenta las proyecciones futuras de cinco GCM - i.e.
GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC y NoerESM1-M -y se
seleccion6 el modelo de circulacion Global que representa de mejor manera los
datos historicos, HadGEM2-ES, en el entorno de estudio. Los escenarios de
cambio climatico considerados fueron RCP 4.5 y RCP 8.5.

El modelo SWAT fue calibrado con éxito a pesar de la escasez de datos en la
cuenca, prevenientes de la estaciéon hidrometeorolégica del lago Giiija y de la
medicién de aforos en el desagiie de la cuenca - i.e. Piedra-Cargada -y se realiz6
una comparativa entre el modelo a partir de datos histéricos (1975-2004) y las
proyecciones futuras (2040-2069 y 2070-2099). Se pudo observar un decremento en

la precipitacion anual y un aumento de las temperaturas, mas acusados en las



IV-PUBLICACIONES 169

proyecciones de final de siglo y para los escenarios de emisiones maés severos. Del
mismo modo, la disponibilidad de agua va a verse reducida, pudiendo
comprobarse que las sequias futuras serdn mas pronunciadas que las actuales,

presentando una mayor intensidad y duracién.

La Publicacién 2 pone a prueba el potencial que los caudales provenientes
de reandlisis de imagen satelital del producto GloFAS tienen para la calibraciéon
de modelos hidrolégicos en regiones con escasez de informacién
hidrometeorolégica y foronémica, empleando para ello el caso de estudio de la

cuenca del rio GSM en El Salvador.

GIloFAS emplea los datos climaticos provenientes del producto satelital de
precipitacion ERA5 para la determinaciéon de caudales a escala Global. Sin
embargo, el presente trabajo parte de la premisa de que emplear GIoFAS en la
calibracion es adecuado siempre que exista un buen ajuste estadistico entre las
variables de precipitacion y temperatura provenientes de reandlisis satelital y los
datos climaticos observados, en linea con lo establecido por Eini et al. (2019); por
lo que de manera adicional a los datos climaticos provenientes de ERA5, se
evaluaron los de CHIRPS-CHIRTS y CFSR.

Se pudieron extraer las siguientes conclusiones: (1) De la evaluacién
estadistica de los datos se observa que CHIRPS es el que mejor reproduce la
precipitacion observada, a pesar de la sobreestimacion de los valores de
precipitacion del rango [5,20] mm; (2) CHIRPS es el que presenta la mejor
capacidad de detecciéon de los sucesos de precipitacion, presentando los tres
productos capacidad suficiente de deteccién; (3) En cuanto a temperatura,
CHIRTS sobreestima los valores de manera generalizada en 2-3 °C, presentando el
resto de productos una correlacién excelente con los datos observados; (4) Los
modelos calibrados con los caudales provenientes de GloFAS presentaron un
comportamiento aceptable, independientemente del origen de los datos

climaticos.

La sobreestimacién del nimero de eventos de precipitacion y el volumen de
precipitacion puede ser debida a la habilidad que presentan los productos
satelitales de detectar los eventos de mayor altura de precipitacion, frente a la
dificultad relativa para discernir la produccién en los eventos de menor entidad —

i.e. [520] mm. Adicionalmente, la correccion estadistica del sesgo empleada
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normalmente para corregir los datos satelitales eleva los valores de precipitacion
detectada para compensar el volumen de los eventos no identificados (Tian et al.,
2007).

De manera general, se observa como los productos satelitales de
precipitacion y temperatura son una solucién para la evaluacion de recursos
hidricos con escasez de datos climéticos. De igual modo, se subraya el potencial
de los caudales provenientes de GIoFAS para la calibracion de modelos en

cuencas no aforadas.

Se establecen como lineas de investigacion futura el uso de otras variables
hidrolégicas provenientes de reanalisis satelital, tales como la evapotranspiracion;
el uso de otros modelos hidrolégicos distintos a SWAT que puedan contrastar la
validez de la hipétesis de partida — i.e. el producto GloFAS es adecuado para la
calibracién de modelos hidrolégicos siempre y cuando exista correlacion entre los
valores climaticos observados y los provenientes de reandlisis —; en caso de
existencia de registros continuos de caudal aforado, la evaluacion de GloFAS a

escala diaria o infradiaria.

Finalmente, la Publicacién 3 concluye que la precisiéon espacio-temporal de
la precipitacion es crucial para la fiabilidad de los procesos hidrolégicos y que el
estudio de aportaciones en los rios de El Salvador es complejo por la falta de estos
datos. En este estudio se evalta la capacidad de cinco productos satelitales de
precipitacion para simular de manera fiable los caudales en la cuenca del rio
GSM.

Del estudio realizado se pudieron extraer las siguientes conclusiones:

e Respecto de la comparativa entre los GP no se puede asegurar que
alguno de los productos destaque en la representaciéon de la lluvia

observada.

e Los modelos hidrolégicos alimentados con los cinco GP obtuvieron
resultados aceptables y arrojaron informacion realista de los

caudales.

e Los modelos alimentados con la precipitacion de PERSIANN-CDR y
de CHIRPSv2.0 obtuvieron mejores resultados que los alimentados
con la precipitacion observada en las estaciones hidrometeorolégicas

de la cuenca.
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e El producto mas estable y adecuado para la simulacién de caudales
fue PERSTANN-CDR.

e Los productos satelitales de precipitacion demuestran un potencial
uso en la simulaciéon hidrolégica, aunque los resultados de
modelacién varian sustancialmente entre los distintos productos

analizados.

e Los modelos se comportan mejor cuando son calibrados con los
datos de precipitaciéon del GP que se use en lugar de con los datos de

precipitacion observada en las estaciones de la cuenca.

A pesar de las conclusiones satisfactorias del presente estudio, es
recomendable evaluar hidrolégicamente los resultados de estos u otros productos
satelitales de precipitacion antes de su uso. De igual modo, en futuros trabajos se
puede evaluar el uso de nuevos productos GP, asi como la capacidad que

tendrian para la simulacién de caudales con escalas diarias o infradiarias.

Se trata del primer estudio realizado en El Salvador sobre la precisién de los
productos satelitales de precipitacion en la simulacién hidrolégica, y queda
demostrada la capacidad de replicacion en otras areas que, de manera similar,
tengan falta de datos de precipitacion. De igual modo, se demuestra el potencial

de uso de estos productos en los estudios de gestion de agua y cambio climatico.
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