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Abstract

This study aims to simulate the watershed of the Mindanao River Basin (MRB) to enhance water resource management
for potential hydropower applications to meet the power demand in Mindanao with an average gBo@#h afinually.

The soil and water assessment tool (SWAT) model was used with inputs for geospatial datasets and weather records at
four meteorological stations from DOSFIAGASA. To overcome the lack of precipitation data in the MRB, the
precipitation recats were investigated by comparing the records with the global gridded precipitation datasets from the
NCDC-CPC and the GPCC. Then, the SWAT simulated discharges with the three precipitation data were calibrated with
river discharge records at three stagiam the Nituan, Libungan and Pulangi rivers. Due to limited records for the river
discharges, the model results were, then, validated using the proxy basin principle along the same rivers in the Nituan,
Libungan, and Pulangi areas. ThéwvRlues from thevalidation are 0.61, 0.50 and 0.33, respectively, with the BOST
PAGASA precipitation; 0.64, 0.46 and 0.40, respectively, with the NCIPC precipitation; and 0.57, 0.48 and 0.21,
respectively, with the GPCC precipitation. The relatively low model perfacesain Libungan and Pulangi rivers are

mainly due to the lack of datasets on the dam and water withdrawal in the MRB. Therefore, this study also addresses the
issue of data quality for precipitation and data scarcity for river discharge, dam, and wadeawal for water resource
management in the MRB and show how to overcome the data quality and scarcity.
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1. Introduction

Among the developing countries, the Philippines faces a considerable challenge regarding development due to the
continuous increase in electricity demands, with an annual average rate of increase[bf.AIB%power demand of
the Mindanao island group in the Philippines has increased by 3.8% annually over the pasti2edadysril 2017,
the maximum power peak demand in Mindanao reached approximat@g/NI\& [3]. However, the Mindanao water
resources contributed 38%r 1,947 GWh, of the gross power generation from hydropower in June [3D17
Regardless of the current contribution of water resources to renewable energy, the power demand continues to outpace
the supply. Thus, to address this emerging problem, assessment for a potential source of sustainable renewable energy
is needed The purpose of this study is to enhance water resource management for hydropower application in
Mindanao to improve the electrification situation and support the implementation of the Renewable Energy Act of the
Philippines.
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The renewable energy resouwsda the Philippines are geothermal, wind, solar, biomass, ocean and hydropower
resource$l]. However, mmong these options, hydropower is more sustainable in this country due to the abundance of
water resources in its 18 major basjds Hydropower has the greatest potential, with an estimated contribution of
13.31% of the energy needs of the cour[B}. Therefore, to maximize the utilization of water resources for
hydropower, assessment of available water resources has to be carried out in the major basins of the country.

On the other hand, water resources are alsaedilifor irrigation for agricultural productivity; these irrigation
systems cover 52.0% and 38.6% of the Philippines and Mindanao, respg@jvetence, the Mindanao irrigation
service covers a total of 20,212.71 ha, contributing to the primary ingemerating agriculture industriy].
Moreover, water resources play an importaole in the community; for instance, only 82.6% and 86.8% of
households have access to safe water supplies in 2011 in the Philippines and Mindanao, respectively. This low rate of
access to potable water results in outbreaks of diseases carried bjgjvater

The concerns of water resgermanagement in Mindanao are severely affected by geological and hydrogeological
hazards due to the physical environment. Mindanao is vulnerable to disasters induced by natural hazards such as storm
surges, typhoons, earthquakes, tsunamis, droughtscantsfi, 8].

In 2011, Tropical Storm Washi (known as Tropical Storm Sendong in the Philippines) made landfall in the
northern part of Mindanao and caused a heavy rain that led to overflow of the Cagayan Basin, resulting in calamitous
flooding in Cagayarde Oro and lligan City and in 14 provinces, with an estimated danfagyd7 million USD to
agriculture and 0.78 million USD to fisheri¢8, 10]. In addition, Typhoon Bopha, caused damage in eastern
Mindanao with an overall estimated cost to agriculture of 645 million (S Furthermore, flooding events occur
due to extreme rainfall, tropical cyclones from Monsoon windktha dynamic climate of tropical cyclones with low
pressure$’].

This weather dynamic is very important to consider for the developoheveter resource management because of
its direct influence on the watershed. For instance, high precipitation intensity may cause a flood because of the direct
impact of precipitation on river runoff and slow ground absorption. Thus, more precipitatiolisrin a higher
possibility of flooding[12]. Therefore, the assessment of the sustainability of the water supply for hydropower
application mainly depends on theachcteristics of precipitation.
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Figure 1. Study area of the Mindanao island group, Philippines: (a) the 17 regional administrative boundaries of the
Philippines; (b) the population at the provincial level; (c) Mindanao, showing the population at the munipality/city level;
and d) the major basins, weather stations and gridded precipitation points in Mindanao used in the SWAT simulations. The
dashed lines in Figire 1(d) are the four points used for the estimation of rainfall patterns from the precipitatio datasets.
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Thus, this study carefully investigates the precipitation inputs in watershed modelling by comparing the
observational data from the DOSFIRGASA with the global gridded precipitation datasets from the NCIPC and
GPCC.In addition, water management can include agricultural water footprint analysis by considering increasingly
complex indicators, such as multiple climate variables, soil characteristics, and crop properties, to simulate the water
cycle[13]. Therefore, weatheaelated events must be understan terms of their possible effects on the watershed
since hydropower generation is driven by river discharges. Moreover, SWAT considers other climate variables such as
temperature, humidity and solar radiation, while soil characteristics and crop E®pegt some of the inputs to the
hydrologic response unit (HRU) of SWAT4].

Therefore, the objectives of this study are to evaluate the observed rainfall data with gridded global precipitatio
datasets to overcome the present data scarcity and to simulate the river discharges of the MRB for water resource
management and future hydropower development. The literature review on watershed modelling with SWAT is
presented in Section 2. The studgarmaterial and method are presented in Section 3, 4 and 5, respectively. The
results and discussion are described in Section 6 and 7, respectively, followed by conclusion in Section 8.

2. WatershedModeling with SWAT in the Available Literature

The SWAT madel was developed in the early 1990s by Jeff Artipt], and it has been recognized worldwide as
an effective tool in water resource management for assessing the impact of the climate on water supplies and non
point sources of pollution in watersheld$, 16]. Moreover, SWAT is a scientific tool used to evaluate streamflow,
agricultural chemicals and sediment yield in a large Hasih For insance, SWAT was applied to a seanid climate
in India for rainfaltrunoff modelling of river basingl8]. SWAT wasalso applied to shoterm climate data fothe
assessment of potential hydropower in Assam, Ifidia Correspondingly, the climate change impact on hydropower
safety in Dak Nong, Vietnam, was carried out using SVJ/20I.

Similarly, hydrological modellingf the Hoa Binh reservoir in Vietham was conducted to optimize the utilization
of flood control and hydropower generatidrheresultsrevealeda significant reduction in the peak flood downstream
duringtherainy season and a stable reservoir level during the dry sgidorlowever, the hydrological model the
upper MekongBasin identified a significant variation from the normal seasonal characteristieraflischarges since
the hydropower began operatif2R]. Moreover, water balance analysis in SWAT was used to quantify agricultural
water demand fothe subarid Mediterranean watershd@d3]. SWAT modellingwas carried out in a snowy area of
Istanbul, in both Asia and Europe, to evaluate the watdgets of water resourcesthre context of uncertainties due
to climate change and populati growth in urbanizedreas[24]. Land use change was evaluated using SWAT by
simulatingthe streamflow of MurchisoBay in Uganda to further estimate sediment yield anttientloss for water
resource managemeft5]. The groundwater analysis tife Taleghan Dam in Irawasalso analysed by simulating
the runoff river simulation using SWAT26]. In addition, SWAT was used to demonstrate the importance of
precipitation inputs athe main cause of uncertainties during the simulatiothefAdige River basin in Italy, using
multiple types ofprecipitationinputs[27]. Researchers found that monthly simulation produced better results than
daily simulation in the ungauged Tonle Sap Basin in Camia8ija Furthermore, SWAT was introduced to simulate
runoff of the Mekong River to evaluate the hydrological application of tools in large [28]ns

In some parts of the Philippines, SWAT is utilized in differapplications, such as for assessment of potential
hydropower in the Visayd80], Misamis Occidentd5], and the Agusan River badiBil], for predicting runoff in an
ungauged watershed in Mabad&2], and for simulating sediment yield in the Layawan watershed in Mindanao, to
investigate land use chanfis].

However, most of the applications in developing countries face a lack of precipitation and river discharge data,
resulting in reliabilityissuesin the validation proceg84]. Therefore, weattemptedo address how to overcome the
data scarcity in the selected studga Thus, this work used three types of precipitation datasets. Two are gridded
datasets with a resolution of-CRCda¢abetitadd dedl @t bé¢ u
the GPCC dataset, as presentedTeble 1 Hence, precipitation datasets were assigned to four stations to
proportionally represent large areas of the MRB. Moreover, the calibration was conducted for 3 rivers: the Nituan,
Libungan and Pulangi rivers. Then, validation of the calibrated models was conthrctiggh the proxy basin to
facilitate data scarcity. Finally, the SWAT interface was implemented in ArcGIS to carry out a watershed model of the
MRB despite the limited hydrological datasets available for validation.

3. Study Area
3.1 The Philippines and Mindanao

The Philippines is situated in Southeast Asia and includes three major zones: Luzon, Visayas and Mindanao, as
shown inFigure 1(a) Mindanao is located in the southern Philippines and is the séaayesbt group of islands, after
Luzon[35]. The Philippines had a population of 100,981,437 during the 2015 d&hsuml includes a total of 7,107
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islands with a land area of 300,000 %(Rigure 1(b)) [36]. Moreover, the Philippines comprises 17 regions, 80
provinces, 143 cities, 1,491 municipalities, and 42,028 barangays (vil[@§gsylindanao has a land area of 120,812
km? and had a population of 24,135,775 during the 2015usems shown in Fige 1(c) [8], and itis subdivided into
six administrative regions that further split into 27 provinces, 35 cities, and 422 municipaiies

The Philippines has 421 principal river basins and 18 major basins according to the National Water Regulatory
Board (NWRB)[30]. Additionally, the Philippines hafeur types of climate, as defined by the spatial distribution of
monthly rainfall, and experiences an average of 20 typhoons anfitiallrom 1990 to 2006520 disastersvere
induced by seven major natural hazards in this country, affecting 19,298,190 faapieex{mately95 million
people),who wererepeatedly hit by natural hazards such as tropical cyclones, floods and landslidesheitame
period [37]. Considering these characteristics, watsourcemanagement is very challenging in the Philippines
because of seasonal weather changes. Modelling is an alterapfivoach t@ccountfor the weather factors that
influence the watershed.

3.2 Mindanao River Basin (MRB)

The MRB is the seconldrgest basin in the countf$8], with a total area of 21,503 Kif89]. It lies in four regions
covering 72 municipalities and 1,732 villages in eight provinces, namely, Maguindanao, Lanao del Sur, Bukidnon,
Sultan Kudarat, Davao del Sur, Davao del Norte, North Cotabato, and South Cotabato, as showri38]Fgue to
the dependency on rain throughdlg year, the MRB climate was classified as Types 3 and 4 under the modified
Corona Climate Classification System of the PAGARBRA Moreover, the MRB includes major rivers, such as the
Mindanao River and the Tamontaka River, which enters the sea of the lowest part of Cotabato City in Maguindanao
[2]. The Pulangi River originates from Bukidnon Province. The Arflisduay River has its waterhead in Lanao del
Sur, and the Ala River navigates the Ala Valley in the s{]th

Moreover,the MRB is located at the coordinates of 27 6 3 5. 716 [°%0Mayl 7t .uCd6pd. MdREdtas7t u d e
three vast marshes, namely, the Ligawasan, Ebpanan, and Libungan marshes, located within the central and lower
parts of the basin. Thus, this large watesource in the MRB will be a potential asset to enhance hydropower
development in support of the economic growth of the nearby regions. Therefore, the main reason to choose this study
area is to maximize the application of the potential water resouocesustainable hydropower development in
Mindanao.
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Figure 2. (a) SARDEM for the MRB (10-m resolution), (b) land use and land cover map, (c) soil map and classification in
the study area, and (d) slope clad&ation in the HRU level
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