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MELHORIAS NO MODELO SWAT PARA APLICACAO EM REGIOES DE
CLIMA MOJ\ISONICO, ALTA DENSIDADE POPULACIONAL E ESCASSEZ
HIDRICA: Um estudo de caso no Distrito Federal brasileiro

Autor: Welber Ferreira Alves
Orientador: Henrique Llacer Roig
Co-Orientador: Latif Kalin

RESUMO: A gestéo dos recursos hidricos torna-se cada vez mais dificil e necessaria,
haja vista o cenério de indicios de mudancas/varia¢des climaticas que tem ocorrido no
Mundo e no Brasil, somado aos fendmenos de expansdo demogréafica e ocupacao
desordenada em areas metropolitanas que acabam gerando conflitos por esses recursos
e alteracfes em seu ciclo natural. O cenario de escassez hidrica no Brasil tornou-se
mais comum na vida de muitos brasileiros, principalmente em grandes cidades como
Séo Paulo e Fortaleza, e, mais recentemente, em Brasilia, uma cidade planejada com
pouco mais de 60 anos de fundacdo. Localizada no Centro-Oeste brasileiro, com
sazonalidade climatica bem definida, secas prolongadas e chuvas concentradas, a
Capital brasileira vive diante desse cenario, despontando entre os anos de 2016 e 2018
para uma situacdo de estresse hidrico, que conduziu a varias a¢cfes como racionamento
semanal e obras emergenciais para captacdo em novas fontes. Nesse sentido, tanto uma
compreensdo ampliada dos fendmenos hidrolégicos, como também uma politica de
planejamento no uso desses recursos que permita a inclusdo de analises hidrologicas
mais representativas é de grande urgéncia. Diante desse quadro, urge a necessidade do
desenvolvimento de sistemas/modelos que permitam ao tomador de decisdes uma
analise mais consistente da disponibilidade hidrica frente a atual e as futuras
demandas, com o objetivo de fazer planejamentos exequiveis e sustentaveis. Este
estudo pretendeu desenvolver melhorias no SWAT (Soil and Water Assessment Tool),
um modelo hidrolégico amplamente consagrado na literatura, a fim de que trouxesse
melhores resultados nas aplicacfes de gestdo de recursos hidricos em regides de
moncdes. As melhorias foram implementadas junto com o programa de calibracéo de
modelos, SWAT CUP (SWAT Calibration and Uncertainty Program). Para tanto, o
presente trabalho foi desenvolvido em quatro fases. A primeira verificou que, para a
regido e periodo estudados, ndo havia evidéncias significativas de tendéncia de
reducdo ou aumento das chuvas, principalmente nas areas de abastecimento humano.

Foram analisados 21 pluvidmetros, anualmente e em periodos hidrolégicos (DJF,



MAM, JJA e SON), por meio de quatro testes estatisticos: Mann-Kendall (MK), Cox-
Stuart (CS), Spearman (SP) e Wald- Wolfowitz (WW). Os resultados gerais indicam
que a percentagem de medidores / periodos apresentando tendéncias pelo MK foi de
10,48%, CS 9,52%, SP 12,38 e WW 8,57%. Além disso, apenas uma estacdo
apresentou tendéncia de reducéo das chuvas no periodo DJF, e ndo estd em uma regiao
voltada para o abastecimento humano. Os demais pluvidmetros que apresentaram
tendéncia decrescente, apresentaram-no para o periodo JJA, que apresenta valores de
chuva insignificantes para gestdo hidrica. A segunda fase adaptou o médulo de gestéo
de reservatorios do SWAT a realidade de regides que apresentam grande variabilidade
no consumo humano. Isso é relevante, pois 0 SWAT aceita apenas o consumo médio
mensal historico de d&gua. O modelo modificado obteve NSE de 0,71 para volume do
reservatorio em contraste com o uso do modelo padrdo que obteve NSE de - 0,18,
aplicado na bacia de Santa Maria. A terceira determinou a melhor fonte de dados de
precipitacdo, bem como o padrdo de distribuicdo para geracdo de dados hidroldgicos
para uso no SWAT. Foram utilizados dois pluvidometros (em trés abordagens: em
conjunto, apenas um e usando a média aritmética de ambos), buscando a melhor
composicdo para a modelagem. Também foram verificados dois produtos de
estimativa que combinam dados de satélite e estacdes terrestres, CHIRPS e MSWEP.
CHIRPS, MSWEP e a média aritmética das duas estacfes obtiveram um desempenho
“satisfatorio” com base em NSE, R? ¢ PBIAS durante a etapa de calibragdo. No
entanto, para a etapa de validacdo, apenas o CHIRPS obteve um resultado
“satisfatorio” para as trés fungdes objetivo. Os outros dois métodos falharam em
relacdo ao R2. As estacOes, tanto juntas quanto isoladas, ndo apresentaram resultados
satisfatorios com o R2 na calibracéo e apresentam baixo desempenho na validagdo. A
quarta etapa fez duas adaptacGes no cddigo-fonte do SWAT, alterando o método de
calculo do escoamento de base, além de incorporar a possibilidade de calibrar as
abstracdes iniciais para estimar o escoamento superficial, utilizando o0 modelo SCS-
CN. O modelo acoplado com essas duas modificagdes demonstrou melhor
desempenho na previsao de vazao para uma bacia hidrografica de moncéo coberta por
vegetacdo de cerrado. As Modificagbes permitiram uma representacdo mais realista e
precisa dos processos fisicos presentes na bacia do Rodeador. Embora tanto o modelo
de fluxo de base, quanto aquele que permite a calibracdo das abstracGes iniciais,

individualmente, tenham mostrado beneficios para a bacia estudada, o modelo



combinado apresentou melhores resultados. A titulo de comparacdo, o modelo
contendo as duas modificacdes apresentou NSE de 0,66 para as duas etapas de analise
(calibracdo e validacdo), enquanto o modelo padrédo apresentou 0,59 e 0,57,
respectivamente. Com relacdo ao indice de verificacdo das simulacdes realizadas, o
fator p, 0 modelo combinado obteve 0,93 e 0,85, enquanto o modelo padréo registrou
0,39 e 0,34, tanto para as etapas de calibracdo quanto para verificacdo,
respectivamente. Em ultima anélise, a tese também apresenta, uma proposta de sistema
de gestdo de recursos hidricos focado na otimizagdo dos recursos hidricos, auxiliado
pelas mudancas desenvolvidas no modelo hidrolégico SWAT, para regides com a
sazonalidade climatica acima mencionada. O sistema segue um fluxo de trabalho em
que o usuario é responsavel por inserir principalmente dados climéticos, consumo de
agua e uso / cobertura do solo, que convergem para disponibilizar os resultados em um
painel. Através da integracdo destes dados, bem como as melhorias desenvolvidas no
SWAT, este projeto também visa apresentar uma proposta de um sistema eficaz de
gestdo dos recursos hidricos, permitindo a criacdo de possiveis cenarios e
desenvolvimentos futuros, tanto de natureza hidroldgica, considerando possiveis
longos periodos de escassez, bem como fatores sociais, como 0 crescimento

populacional e / ou mudanca de habitos de consumo.

Palavras chave: Modelagem, SWAT-CUP, Hidrologia



IMPROVEMENTS IN SWAT MODEL FOR REGIONS WITH A
MONSOON CLIMATE, HIGH POPULATION DENSITY, AND WATER
SCARCITY: ACASE STUDY IN THE FEDERAL DISTRICT OF BRAZIL

Author: Welber Ferreira Alves
Advisor: Henrique Llacer Roig
Co-advisor: Latif Kalin

ABSTRACT: Management of water resources is becoming increasingly challenging
and necessary, due to growing evidence of climate variations around the world,
including Brazil. This disruption to natural water cycles along with demographic
expansion, and often disorderly occupation in metropolitan regions, has resulted in
conflicts over these resources. Water scarcity in Brazil has become a reality for many
Brazilians, especially in larger cities such as S&o Paulo and Fortaleza, and more
recently in Brasilia, the planned capital city just over 60 years old. Located in the
midwest of the country and with well-defined climatic seasonality, punctuated by
prolonged droughts and concentrated rains, the capital city has emerged through 2016
and 2018 years as a water stressed location, resulting in various actions such as water
rationing, and emergency projects aimed at the capture of new sources. This situation
urgently requires both a amplified understanding of hydrological phenomena, as well
as a planning policy for the use of these resources with the inclusion of more robust
hydrological analyses. In light of this situation, systems must be developed that enable
decision-makers to more consistently analyze water availability based on current and
future demand, and that results in more feasible and sustainable planning. This study
intended to develop improvements in SWAT (Soil and Water Assessment Tool), a
hydrological model ingrained in the literature, in order bring better results in water
resources management applications in monsoon regions. The improvements were
associated along with the model’s calibration program, SWAT CUP (SWAT
Calibration and Uncertainty Program). To this end, the present work has developed in
four phases. The first verified that, for the studied region and period, there was no
significant evidence of reduction trends or increase in rainfall, principally in areas used
for human supply. Twenty-one rain gauges were analyzed, both annually and in
hydrological periods (DJF, MAM, JJA and SON), using four statistical tests: Mann-
Kendall (MK), Cox-Stuart (CS), Spearman (SP) and Wald-Wolfowitz (WW). The



overall results indicate that the percentage of gauges/periods displaying trends by the
MK was 10.48%, CS 9.52%, SP 12.38, and WW 8.57%. Besides, only one station
showed a tendency for rainfall reduction in the DJF period, and it is not in a region
focused on human supply. The other rain gauges that showed a decreasing trend,
presented it for the JJA period, which presents insignificant rain values related to water
management. The second phase adapted the SWAT hydrological reservoir module to
the reality of regions that have high variability in human consumption. This is relevant
since SWAT does accept only historic average monthly water consumption. The
modified model achieved NSE of 0.71 for volume of the reservoir in contrast to the
use of the standard model that obtained NSE of - 0.18, applied in Santa Maria basin.
The third determined the best source of rainfall data as well as the distribution pattern
for generation of hydrological data for inclusion in the SWAT model. Two rain gauges
were used (in three conditions: together, only one, and using arithmetic mean), seeking
the best composition for the modeling. It was also verified two estimation products
that combine satellite data and ground stations, CHIRPS and MSWEP. CHIRPS,
MSWEP, and arithmetic mean of the two stations achieved a “satisfactory”
performance based on NSE, R2 and PBIAS during the calibration step. However, for
the validation step, only CHIRPS achieved a “satisfactory” result for the three
objective functions. The other two methods failed with respect to R2. The stations, both
together and isolated, did not show satisfactory results using R2 in the calibration, and
present low performance in the validation. The fourth made two adaptations to the
SWAT source code, changing the method of calculating base flow, as well as
incorporating the possibility of calibrating initial abstractions to estimate surface
runoff, using the SCS-CN model. The coupled model demonstrated a better
performance in the forecast of flow for a monsoon hydrographic basin covered by
savanna vegetation. The Modifications allowed a more realistic and accurate
representation of the physical processes present in the Rodeador basin. Although both
the base flow model, as well as the one that allows the calibration of the initial
abstractions, individually, have shown benefits for the studied watershed, the
combined model showed better results. As a comparison, the model containing the two
modifications presented an NSE of 0.66 for the two stages of analysis (calibration and
validation), while the standard model presented 0.59 and 0.57, respectively. With
respect to the verification index of the performed simulations, the p-factor, the



combined model obtained 0.93 and 0.85, while the standard model registered 0.39 and
0.34, both for the calibration and validation steps, respectively. Ultimately the thesis
also presents a proposal of a water resource management system focused on
optimization of water resources, aided by changes to the SWAT hydrological model,
for regions with the above mentioned climatic seasonality. The system follows a
workflow in which the user is responsible for inputting especially climatic data, water
consumption and land use/land cover, that converges to make dashboard results
available. Through integration of this data as well as the improvements in the SWAT
model, the project aims to present a proposal of an effective system for the
management of water resources, enabling creation of possible future scenarios and
developments for both hydrological nature, considering possible long periods of
scarcity, as well as social factors, such as population growth and/or changing

consumption habits.

Keywords: Modeling, SWAT-CUP, Hydrology
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SUMMARY

The idea of this work originated in the water crisis experienced by the Federal
District in the period from 2016 to 2018, in which there were low rainfall rates, added
to a historical and rapid population expansion in the region, leading the main rivers
and reservoirs of human supply to critical levels. At the time, a simple management
system was developed, based on historical data of flow and rainfall, generating rule
curves for each of the reservoirs. Because of the weaknesses observed related to the
applied methodology, the inexistence of a more advanced and robust method, and the
possibility that similar events may happen in the future, the need for changes in this
system has become indispensable, mainly from a more detailed investigation on the
rainfall distribution in the region. From the existing SWAT hydrological model, the
necessary improvements associated to runoff, baseflow and reservoir operation for
adaptation and adjustments to the study region were developed. Thus, the chapters that
make up this study were developed to deal with these procedures, as well as with the
deepening of the investigation concerning rainfall. This study improved hydrological

management tools, especially in response to critical events in monsoon regions.

This thesis followed a structure focused on development of a proposal to a
Water Resource Management System and is divided into chapters that address the
system as a whole, and other chapters that have become articles dealing with individual
parts of the system. The first three chapters are structural in the sense that they
introduce the theme and describe the purpose of the system, thereby forming part of
the group of chapters focused on the system as a whole. The remaining chapters, with
the exception of the last, are articles developed during the research that detail elements
that served to improve the proposed system. The last chapter and final considerations
describe the system and are part of this group of structural chapters. Figure 0-1 details

this structure.
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1. INTRODUCTION

Demand for water dates back to the earliest years of civilization and increases
are usually associated with population growth and the necessities thereof (Biemans et
al., 2011). Over the years, different types of demands for water resources have
increased substantially and, despite growing need, water is a limited resource due to
natural issues in space-time (Cirilo, 2015; Janssen, 1996; Telles, 2013; Tundisi, 2008).

Population growth, urbanization processes, and expansion of agricultural
frontiers, for example, have resulted in increasing conflict over water resources,
particularly in areas with multiple uses and low water availability (Tucci et al., 2001;
UNWATER, 2015; USAID, 2017).

Conflicts over water use and availability become even more serious in regions
with higher population density (Biswas & Gangwar, 2020; Kookana et al., 2020).
Many urban centers, including some large Brazilian cities, have already experienced
water scarcity events (ANA, 2016; Dziegielewski, 2003; Santos et al., 2012; Telles,
2013; Tundisi and Tundisi, 2015; UNWATER, 2015; USAID, 2017). Additionally,
over the last several years, human activity and modifications to the environment have
altered the water cycle, and these climate changes have brought with them a need for
improved approaches to water resource management (Wang et al., 2018; Wu et al.,
2013).

The situation described above presents a challenge for most institutions,
directly or indirectly, related to the use and management of water resources, especially
concerning reservoirs responsible for supplying cities as those principal water sources
serve, both, human consumption and other purposes such as agriculture-related
activities. These water stores, as well as their tributaries, end up suffering impacts
related to anthropic action due to proximity to urban centers, particularly when
urbanization happens in a disorderly way, leaving cities vulnerable to extreme
hydrological events (UNWATER, 2015). This has been observed in water crises in
S&o Paulo (Marengo and Alves, 2015), Rio de Janeiro (Targa & Batista, 2015) and in

northeastern Brazil (Santos, 2012).

These consequences demand closer inspection of how changes caused by

human actions affect the water balance in hydrographic basins and their impact on the
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dynamics of reservoirs associated with their multiple uses. Management of water
resources undergoes a series of analyses that include economic, political, social, and
environmental aspects (Pahl-Wostl, 2006; Su et al., 2020).

Over the past decades, mainly from the 1960s forward, use of hydrological
models has gained prominence as a tool for supporting decision-making in water
management (Fatichi et al., 2016). However, only rather recently, especially after the
nineties, it was possible to achieve integrative management visions (space-time) for
water resources, due to incorporation of geotechnologies, especially the Geographic
Information Systems (GIS) and the Geographic Database Management System
(GDMS) (Mckinney and Cai, 2002; Nagraj and Gosain, 2013; Tsihrintzis et al., 1996).
This way, in following decades a sort of hydrological models were developed using
GIS as essential support tool (Singh & Frevert, 2006). However, besides these general
models, there is no universal model (WMO, 2009), each situation requires appropriate
management processes tailored to the specifications of the region and that always

consider global impacts, as previously pointed out by Christofoletti (1999).

In general, when looking at Latin America, water management still lacks this
integrative approach, with the concept being very incipient or almost nonexistent in
some countries, as pointed out by San Miguel (2018). This author also identified that
Brazil has recognized the importance of water resource management, and by
introducing related policies and adopting a national management system, stands out
positively among other countries in the region in this regard. The creation of law 9.433
of 1997 (the Brazilian Water Law), which established national water resources policy
along with the national water resources system was the beginning of an innovative
process in the country, inspired by the French model of integration, based on economic
and planning instruments (Veiga and Magrini, 2013). It brought together elements that
helped with integration, such as management of each individual hydrographic basin,
however fell short in considering how the management processes would effectively
take place. The passage of this legislation must be recognized as a first and significant
step towards the management of water resources in the country as suggested by San
Miguel (2018).
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In the Federal District of Brazil (FD), the chosen region for this study, there is
an existing legal apparatus that replicates federal law, as well as a local regulatory
agency responsible for management of water resources. The same way the water
resource management system proposed by the federal law to Brazil, it is reproduced
in the FD through water committees, environmental governmental institutions, and
non-governmental organizations (LEI N° 2.725, DE 13 DE JUNHO DE 2001)

There are some peculiarities in the Brazilian capital, that will be addressed
later, citing as an example water availability associated with the low flows of its rivers,
as well as its reservoirs (GDF and SEMA, 2012; Lima et al., 2018; Lorz et al., 2012).
A clear discrepancy exists between their storage capacities when compared to other
reservoirs that supply major capital cities (regions) in the country as S&o Paulo State
and Ceard State. The water management process is correlated with usage grants, where
the process for concession is based on statistical analysis of historical data of rivers,
generating reference flows such as the Qgo, Qmmm, and remaining flow that would
represent the minimum amount of water of rivers should maintain. In this way, the
quantity of water destined for the grants is subtracted from the reference flow so long
as there is sufficient availability to meet the remaining flow (Distrito Federal, 15 de
Agosto de 2017). Within this process, management seeks to satisfy users respecting
human demands and environmental necessities. However, there is no integrated and
dynamic vision of the hydrological cycle, as recommended by most modern
management studies and processes (Pahl-Wostl, 2006; Su et al., 2020). Criteria are
based solely on the history of registered flows, without considering future projections
such as trends of the springs, either due to climatic variations or changes in land use.
Nor do they consider projections of increased demand and are as such essentially static
analyses. According to Stevovi¢ & Nestorovi¢ (2016), such approaches may lead to
flawed decision-making in the water resource management process, as was made clear
by recent water scarcity crises in Brazil (Marengo and Alves, 2015; Santos et al.,
2012). The existence of a tool allowing for projection of future scenarios in accordance
with reality and capable of adjusting for developments, such as the creation of new
neighborhoods or eminence of climatological phenomenon such as El Nifio, can be

highly beneficial for the management of water resources in these large areas.

In order to better understand the situation in FD, it is worth mentioning again
its current water storage capacity compared to, for example, the states of Ceara and
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Séo Paulo where metropolitan regions have experienced recent crises. In Ceara State,
the main reservoir (Castanhao), has a usable volume of 6.7 billion m3 to supply more
than 4 million inhabitants (de Souza et al., 2017; IBGE, 2020; Pereira & Cuellar, 2015)
and in S&o Paulo State, the Cantareira reservoir has 952 million m3 and supply 8
million inhabitants (SABESP, 2018). Conversely, FD holds a volume of 72 million m3
in the Descoberto reservoir, 61 million m3 in Santa Maria (GDF, 2017) and 7 million
m3 in Paranod Lake to supply 3 million inhabitants (the Paranod Lake volume
represents the average available volume based on legal restrictions)!, representing
much lower water storage capacity. This is an important element to consider,
especially when confronting a lasting water scarcity situation, making this
understanding fundamental to urban planning. This same analysis of water availability
was undertaken by the United Nations Development Program (UNDP) for some
countries in the world, correlating volume of water available with number of
inhabitants. The study had, as an ideal parameter, an average annual value of
approximately 1,700m3 per person to address agriculture, industry, energy, and the
environment. Values below the ideal parameter were classified as worrying, following
a scale in which below 1000m? would represent scarcity, and below 500m3, absolute
scarcity (UNDP, 2006). This study highlights the need to analyze volumes of water
available to meet demands of the population. In Brazil, if we look at available volumes
for each state needed to serve their respective metropolitan areas, and divide these
volumes by their estimated populations for 2018, the water availability per inhabitants
is 97 m3 (1,944 hm3/21 million inhabitants - SABESP, 2018) for Séo Paulo State and
3,700 m3 (11,351 hm?/3 million inhabitants - Funceme and COGERH, 2018) for Ceara
State. Based on this information Sdo Paulo can be classified as a location with absolute

scarcity, while Ceara appears to be in a better situation.

When this same analysis is carried out for the Federal District, based on the
volume of its reservoirs (Santa Maria, Descoberto and Paranoa), a total of 140hm3, and
an estimated population of 3 million inhabitants (IBGE, 2018), there is only 46 m3 of
storage available per inhabitant. These estimates shine light on the precarious water

situation in the Federal District. The same kind of analysis for example done in the

1 Paranoé Lake volume was obtained in other project linked to this research.
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Middle East of Brazil would register volumes of 1,200 m3 per person, putting the
Federal District in a more fragile situation than countries in that region. This presents
decision-makers with a complex and urgent challenge as, in addition to this limited
water storage capacity (GDF, 2017), there is estimated future population growth
(IBGE, 2018).

Water scarcity has become more evident recently, with unprecedented
phenomena compared to over 40 years of data, following 3 consecutive years with low
rainfall index, around 2/3 of the average (GDF, 2017). This fact, associated with
population growth of 1 million inhabitants in just 15 years (PDAD, 2015), has led to
an unprecedented water crisis in the capital and led to government actions such as
implementation of contingency tariffs, pressure reduction in pipes, weekly rationing,
emergency construction of new pipelines, reactivation of small water collection
systems, emergency abstraction from an urban lake (Paranoa Lake), and the
acceleration of a capture project from a reservoir in the neighboring State of Goias (the
Corumba IV reservoir projected to finish in 2021, but as of yet not materialized, when
it is estimated to supply 2.800 L/s and their volume is 3700 hm3) (CAESB, 2020,
CORUMBA S. A., 2021; GDF, 2017).

Given these issues, it is clear that development of an integrated water resource
management system is becoming increasingly important as a way of planning and

implementing public policies to avoid or mitigate crises.

The use of hydrological models, especially computational mathematical ones,
has developed into important tools for decision-making in crisis scenarios (Fatichi et
al., 2016). There does, however, exist a knowledge gap between the management
process and understanding of computational hydrological models, demonstrating a
lack of integration as reinforced by Basco-Carrera et al. (2017). The authors point out
that much research has been done to engage the various actors involved in the decision-
making and planning process, however, not much has been done on how to integrate
computationally based models into this participatory process. This is further
corroborated by the analysis of Loucks et al. (2005), in which a gap was also found
between what researchers in water resource modeling produce and what managers find
useful. For sufficient, integrated analysis in the management process, multidisciplinary

integration is needed, combining various expertises to configure and prepare future
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scenarios, as well as the ability to easily understand them. As Swain et al. (2015)
highlighted, even though many participants in this process understand the results of
hydrological modeling, they sometimes lack capacity to elaborate on these
configurations. Loucks et al. (2005) summarized the need for this convergence
between academia and resource managers, pointing out that when objectives are not
clear and there is not sufficient scientific understanding of proposed questions,
practical application of sophisticated methodologies and mathematical models may
fall short.

This research aims to do improvements on SWAT model that permits the
development of an integrated system allowing for management of water resources,
utilizing both time-based geographic databases (space-time), as well as a water balance
model. In this way, the proposed system can facilitate more efficient management of

water resources, enabling decision-makers to make better, reality-based, decisions.

A series of procedures were developed in order to build the proposed system. First,
the SWAT model was chosen as the hydrological model to be used, particularly
because of its robustness (Bressiani et al., 2015a; Gassman et al., 2014; Tan et al.,
2019) and the fact that various studies have been developed previously in the Federal
District (Castro, 2013; Ferreira and Uagoda, 2016; Ferrigo et al., 2011; Ferrigo, 2014;
L. de A. Salles et al., 2018). Second, there was a necessity to build a local geodatabase
related to soils and plant characteristics as a basic input for the SWAT model. This
yielded better performance for the SWAT model (Lima et al., 2013; L. de A. Salles et
al., 2018; Strauch and Volk, 2013; Teodosiu et al., 2009). Some other studies were
used to help in this process (Ferrigo, 2014; Lima et al., 2013; Maia et al., 2018; Reatto
et al., 2003; Strauch and Volk, 2013).

Next, an analysis was performed on a series of rainfall data (21 rain gauges spread
throughout the Federal District) in order to provide information about the presence of
trends or lack thereof. The results identified some decreasing trends. This observation
should be considered when generating future scenarios. A comparison was made
between rain measure datasets and remote sensing data (CHIRPS and MSWEP).
CHIRPS produced better results, however, the study showed that, depending on the

application, a different set of rain measurements may yield better performance.
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The SWAT model was then modified to allow for variations throughout the
simulation period concerning withdraws in the reservoir. The default method, that
assumes average monthly demand is constant during all simulated years, was
substituted for an approach where the decision-maker can test different demand values

for each day or month for all analyzed years.

Finally, the monsoon conditions observed in the Federal District and the
interactions with the SWAT model were evaluated for groundwater and surface flow.
Three modified versions of the SWAT model were developed in order to asseverate
good agreement between observed and simulated streamflow. The version that used a
modified recharge function and a new approach for the Curve Number Method (SCS-
CN), produced significant improvements and should be considered in the application
of the SWAT maodel for this region.

All these studies were fundamental in designing the proposed system which
should meet the needs of the Federal District related to water management process
(WMO, 2009a).

This study was guided by the hypothesis that an integrated system developing
hydrological modeling based on data distributed within the local reality will allow for
calculation of water balance in a more appropriate way resulting in more efficient
management of water resources. This process should consider in a dynamic
perspective water offers and demands of a given region combined with more detailed

knowledge of variables impacting the hydrological system and water balance.

Brazil’s capital city, the chosen area of study, experienced critical water crises in
recent years and prompt solutions were developed in order to provide information to
decision-makers (Barcellos et al., 2018; Mello et al., 2018). In the present study,
besides the improvements in the renowned SWAT model, a new DSS was proposed
utilizing the cited model and the optimization program SWAT Cup in order to improve
water management for the city. The proposed system incorporates both solutions in an
integrated approach considering generated streamflows and reservoir volumes. Of
principal focus for this project lies in the quest for the reduction of the gap between
theory and application found in many models around the world (Becker and Serban,
1990).
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1.1. Objectives

The general objective of the study was to develop improvements in SWAT
model to enhance its application in monsoon climate areas, having high population
density and water scarcity. Also, it was designed a conceptual model related to a
system based on hydrological modeling to be used in the water resource management
process that can be applied across different regions. This system aims to adapt the
model to local specificities, as well as provide an analysis of the region's water balance,
in order to contribute to generation of robust indicators that, when associated with

future scenarios, will assist in planning and management of these resources.
Specific objectives of this research were:

e Analyzing the precipitation series available for the region;
e Analysis of ideal rainfall settings as data entry for regions with low
density of monitoring stations;

e Adaptation of the SWAT model to the local reality regarding use of

reservoirs in simulations;

e Adaptations to hydrological calculations of the model referring to

surface flow and baseflow.
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2. STATE-OF-THE-ART

As previously mentioned, management of water resources goes through a
series of analyses that involve economic, political, social, and environmental aspects,
and over the last several decades, beginning principally in the 1960s, use of
hydrological models started to gain prominence as a support tool for decision making
(Fatichi et al., 2016). As Abbott and Refsgaard (1996) suggested, water resources
management based on scientific tools and efficient technologies is required as water
resources challenges increase. This review sought to discuss the state of the art by
analyzing three major areas: management of water resources as a whole, making use
of international examples and their application in Brazil; the methodological principle
that guides this management, based mainly on the concept of water balance; and the
hydrological models themselves. In addition to these three themes, characterization of

the study area was also done, focusing on main sources used for human supply.

2.1. Management of water resources

The main subject of this work is the management of water resources, whose
guiding principle is balancing both management of multiple demands and water
supplies (Munoz, 2000). Therefore, it is necessary to look at current management of
water resources. Regarding international management of water resources, during the
8th World Forum event that took place in Brasilia in March 2018, the author of this
work along with representatives from other participating nations sought to verify how
this management took place in different countries. In general, there were solutions
associated with climate forecasting such as the Flood Forecast System used in the
Netherlands with focus on integrating climate predictions into warning systems (Kroos
& Slomp, 2017; Verlaan et al., 2005). Governmental solutions were observed, as in
eWater Source, a hydrological modeling platform used in Australia, where the focus
IS on integrating water resource management with public policies and governance
capacity (Australian Goverment: Bureau of Meteorology, 2021; Carr & Podger, 2012;

Rassam et al., 2013). Another governmental solution, K-water Hydro Intelligente
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Toolkit (K-HIT), was presented by South Korea, as a proposal for total integration,
bringing together several platforms, from dam operation and power generation to
monitoring and warning stations (Integrated Water Resources Management Dept.,
2021; Yi et al., 2020). Around the world it is possible to find so many other solutions.
Thailand also developed a system, Thailand 4.0, where the model development plans
adhere to the principle of integrated river basin structures and sustainable water
management, taking into account government policies and national economic and
social development plans (Apipattanavis et al., 2018). Some efforts also can be found
in South Africa, Burkina Faso, India, and Peru (Everard et al., 2021; Nkosi et al., 2021)

For a broader look at water management in other countries, especially with a
focus on Latin America and Europe, it is recommended to read the work of San Miguel
(2018), who sought to produce a more detailed analysis of both continents, comparing
their developmental stages. And Aradjo et al. (2015), where it was focused in Rio de
Janeiro and Portugal. Also, it is recommended Cosgrove & Loucks (2015) and Kumar
(2015), where it is analyzed in both works needs and challenges about water

management around the world.

With respect to Brazil, at first glance it is important to highlight the Brazilian
water law, law no. 9.433/1997 (Brazil, 1997), laying out some principles of water
resource management in the country. This legislation has significantly increased the
country’s concern and the policy instruments for water resources, representing a major
advance for the period, particularly due to the institution of several tools aimed at
management of water resources. As an example, we can mention management of
demands from a multiple-use perspective, prioritization of human consumption; the
use of the hydrographic basin as foundation for implementation of policies and
planning, depoliticization of the issue; implementation of the water use right grant,

which transfers responsibility for water management to management bodies.

Despite these advances, this important law faces some problems (Veiga and
Magrini, 2013), such as the fact that water management is purely and strictly related
to the topographic limits of the basin. In hydrology, hydrographic basin defines an area
where all rainwater, as well as all surface and underground contributions, tend to
converge on the same point (Tucci, 2005). However, this information is imprecise,

given that underground conformations may have divisions that are not visible and
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superficial contributions may be affected by human actions. (Loucks et al., 2005). The
urbanization of basins also changes the hydrogeological and geometric characteristics
of a basin, whether due to the waterproofing of the soil or the construction of works
such as rain drains, effluent transport ducts, and human supply systems, where
distribution of water originating at these points is due to a water system that does not
prioritize the return of water to the bodies, where they would naturally be related. As
a result, the water measured at the convergence point of the basin, taking into account
topographic formation and flow of rivers in the region, may not be as expected.
Another point worth highlighting is the fact of omission in the sense of how control of
use licenses should be granted. This has resulted in generation of several positions in
the different Units of the Federation, and as a general rule granting according to
availability in relation to flows reference and residual (Cardoso da Silva and Monteiro,
2004).

What stands out is, despite existing legal apparatus, the need for more dynamic
and efficient management, given that many Brazilian municipalities are already
suffering from some type of water scarcity. This can be seen in Figure 2-1, which
shows the large number of cities affected by rationing actions throughout the year, that
is, experiencing periods of water deprivation. This data was extracted from the SNIS
(National Sanitation Information System) from the Ministry of Cities (2018), based on
a 2008 survey, in which several challenges facing Brazilian municipalities, such as the
absence of treated water, were verified by example. That said, tools to support

decision-making can be instrumental in mitigating situations like this.

Despite the questions presented, Law 9.433 of 1997 was indeed an important
step in the process of managing water resources in Brazil, providing general guidelines
and instruments promoting guidance to both decision-makers and users. It should be
noted that in Brazil, the national institution responsible for water management is the
National Water Agency (ANA), however, it is only legally responsible for
management of federal rivers, due to issues related to dominance present in the
Brazilian Constitution. ANA also has the role of promoting management at the
regional level, subsidizing the action of states and municipalities, but ultimately
management of state rivers is the responsibility of local government in collaboration

with basin committees formed by representant from all society sectors (ANA, 2011).
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Figure 2-1: Number of municipalities by Federation Unit (UF) who undergo some
type of rationing per year, based on data from SNIS (Ministry of Cities, 2018) and
IBGE (2018)

Due to dominance issues and political divisions within the country, each unit
of the federation chose different entities to manage water. In some states, this function
is carried out by institutes and in others through environmental departments or, more
specific water entities. With respect to the Brazilian Federal District, the institution
responsible for managing water resources in the capital is the Regulatory Agency for
Water, Energy and Basic Sanitation of the Federal District - ADASA (Distrito Federal,
2015). To implement the tools established by Law 9.433 of 1997, ADASA developed
the Integrated Water Resources Management Plan of the Federal District - PGIRH
(ADASA, 2012), a regional plan establishing both general and specific guidelines for
water management in the capital. The plan implemented a model in which the region
was divided into 40 units of analysis (Hydrographic Units), or micro basins, where
reference flows, the Qmmm (average of the monthly minimums), were calculated for
each. Through this instrument, it was established that the sum of all grants given for a
hydrographic unit will be limited to 80% of its Qmmm, thus maintaining remaining

flow corresponding to 20% of the reference flow (Distrito Federal, August 15, 2017).
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This rule applies to all water bodies within the domain of the district. The maximum
value for the granting of water abstraction, when in reservoirs, is defined based on the
regularization flow of the reservoir basin, having a limit of 90% of the reference flow
for funding human supply, and 80% for other funding (Distrito Federal, August 15,
2017). In general, studies for concession of the use of water resources are carried out
with the understanding that statistical analysis of historical data will serve as basis for
management. A new Water Resources Plan (Plano de Recursos Hidricos das Bacias
Hidrograficas dos Afluentes distritais do Rio Paranaiba — PRH/Paranaiba) was
released in 2019 where the most important water supply basins were evaluated. This
plan verified water diagnosis and simulated prognosis related to water supply
identifying scarcity scenarios where FD is prominent dependent on new water sources

in order to avoid a future water crisis (ADASA & Engeplus, 2020).

2.2. System, Model, and Simulation

The need for water resource management presents several challenges for
decision-makers, one of which is understanding of hydrological phenomena, which
can be improved by environmental systems and equated through mathematical models.
However, for compatibility and adequate comprehension of this theoretical
framework, it is necessary to address some relevant concepts, such as system, model,
and simulation, as Tucci (2005) pointed out in his work on hydrological models. This
is because, frequently, the pragmatic processes of those responsible for water resource
management systems are not satisfactorily conceptualized or do not meet the
requirements for scientific research. It is noteworthy that there is no universal vision
for these terms (Christofoletti, 1999), hence the need to contextualize the themes from

the perspective of water resources.

One concept of a system was brought up by Tucci (2005) and Dooge (1973),
in which the second pointed out that after consideration of a series of definitions, he
proposed in general terms, and presented here in brief, that a system is a structure that
correlates inputs and outputs in a given time reference. The author understands that
the hydrological cycle is a system, in which water transits or is stored throughout its
phases, and this flow can be represented through subsystems such as evaporation,

precipitation, superficial flow etc. Abbott & Reffsgaard (1996) classified the
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hydrological cycle or parts of it as a natural system, and the hydrological model is its

representation.

Following this line, Dooge (1973) states that a model can be defined as a
system capable of reproducing some, but not all, properties of a prototype. This
concept was summarized by Tucci (2005), in which the model is a representation of a
system. Dooge (1973) exemplified the model with the schematic representation of
inputs and outputs of the relationship between rain, evaporation, infiltration, etc, in
other words, mathematical understanding of the elements of the hydrological cycle.
Aditionally, Abbott & Reffsgaard (1996) described it as a hydrological model

determination based on the time-varying description of the natural system.

With respect to simulation, Dooge (1973) believed that it is a work of
analogies, and Tucci (2005) added that simulation is nothing more than the process of
using the model. With the aggregation of these concepts, it is interesting to consider
Ford's position (1999) on mathematical models, in which they are built to capture key
interrelationships within the system and, currently, due to new technologies, have been

transformed into space-time computational models, streamlining use of time.

2.3. Decision Support System

In 1997, the World Meteorological Organization (WMO) published a series of
documents analyzing the world’s freshwater resources. Estimates suggested that by
the year 2025 two-thirds of the world’s population would be suffering from water
stress (WMO, 1997) with the most severe consequences in developing countries as
urban occupation surpasses that of developed countries coupled with the fact that these
regions lack necessary infrastructure to meet that demand (Kjellén and McGranahan,
1997). Padowski and Gorelick (2014) demonstrated that 31 cities with more than
750,000 inhabitants will reach water vulnerability by 2040, which means that there is

urgent need for better management of these resources.

Historical requirements of multiple purposes concerning water resources,
especially to prevent water scarcity led to construction of dams, aqueducts, pipelines,
and other structural engineering projects, beginning in ancient times and greatly
expanding throughout the 20"-century (Biemans et al., 2011; Gleick, 2003). The
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allocation of water demand and storage required development of complex
management systems demanding implementation of mathematical models. (Porto et
al. 2003). In general, these models were created to improve understanding of the
environment's behavior as well as to control it (Hipel, 1993), however, models usually
present some uncertainties (Beven and Freer, 2001). To counteract the intrinsic
deviance and enhance the model’s performance, optimization of simulation models
was attempted (Loucks, 1993), such as the Decision Support Systems (DSSs)
developed especially to asseverate representation of a model and allow for its
operation (Loucks and Van Beek, 2017).

DSSs are inserted into the system concept proposed by Dooge (1973). DSSs
have been discussed since the 1960s across diverse scientific areas, including water
resources (Mass et al., 1962), primarily as a result of rapid population growth in urban
centers and the consequent need for hydropower and stable water supply (Fredericks
and Labadie, 1995; Labadie, 1993; Rocha et al., 2015).

Labadie and Sullivan (1986) recognized a common question understood in
those decades which can be synthesized in how the management and operation of
complex water systems can be improved, especially due to the unstable and, often,
confusing field of Information Technology (IT). As emphasized by Fick and Sprague
(1980) during that time, the need to improve efficiency and effectiveness of
organizations initiated a search for IT solutions. Despite the complexity of challenges
sounded by water resources managers some experiments related to DSSs started to
appear (Fick and Sprague, 1980). Sprague (1980) organized the concepts that existed
at that time into essential features related to a general DSS: a focus on underlying
problems, the use of models with data access and retrieval functions, ease of use for
people not computer savvy, and flexibility to adapt to changes. The author also
suggests that the main point of DSS is improving the performance of decision-makers.
From a water resources perspective, Yeh (1985) demonstrated that the key points for
DSSs concerning reservoirs were development and adoption of optimization
techniques for planning, design, and management. Fredericks and Labadie (1995)
added that DSSs should maintain two function groups: database/model base
management, and dialog/interface management. Turban et al. (2007) defined DSS
application as a methodology for supporting decision-making to solve complex
problems, with an interactive, flexible, and adaptable computer-based information
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system. Finally, Loucks and van Beek (2017) summarized the DSSs in two key points:
a friendly interface, where manipulation, understanding, and visualization of the data

IS easy; possibility to control operations of the model.

DSSs can play a significant role as a support tool for generating future
scenarios (Ahmadi et al., 2020) and in reducing the model’s uncertainties (Su et al.,
2020). This process is an important functionality for decision-makers that provides
reliable information about trends related to water resources based on changes in
climate, land use, and water demand, for example (Dong et al., 2013). Based on
expected water scarcity scenarios (Padowski and Gorelick, 2014; VVérosmartry et al.,
2000) and the necessity for comprehension of models and water demands, DSSs were
created and have been improved upon over the years (Qian et al., 2011; Teodosiu et
al., 2009).

Because water resource management is specific to each country/region, a
particularity of DSSs are their relationships to local characteristics, based on elements
such as culture, geography, history, and economy (Jonch-Clausen, 2004). This
condition advanced development of many DSSs around the globe (Qian et al., 2011,
Teodosiu et al., 2009). Different models used in DSSs have been developed and
implemented, based on various regional criteria (Devia et al., 2015; Tomlinson et al.,
2020). Hence, the development of a DSS supported by local data, using a well-known
model that has proven reliable in the study area is fundamental (Mohammed et al.,
2018; NASEM, 2018; Qi et al., 2018).

In general, as pointed out by Beven (2007), as technologies change, models
and their use should change as well. Thus, with regard to proper management, Loucks
and van Beek (2005) detailed in Figure 2-2 that computational models can perform
several functions in a decision-making system, either as simply a data generator or
through automatic decision-making, as is the case, cited by the authors, of the
automatic closing of floodgates in the port of Rotterdam. The authors point out that an
essential element of the system is the interactive interface, where both the entry and
the display of data, as well as the control of model operations, are permitted in an easy

and meaningful way.
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Data Data options Decision Decision Approach to decision-
provided by | analysed by | generated by selection by | implemented by making

1 Decision-maker Completely unsupported
2|GIs /DB Decision-maker Information supported
3|GIs /DB Model Decision-maker Systematic analysis
4|GIS / DB Model | Decision-maker Sys. Analysis alternatives
5|GIS /DB Model |Deci5ion—maker System with over-ride
6|GIS /DB Maodel Automated

Figure 2-2: Phases of the Decision Support System. Adapted from Loucks et

al. (2005).

2.4. Hydric Balance

One of the main bases for the development of hydrological models is the
calculation of the water balance, or the relationship between all water inputs and
outputs in a given environment, in which the sum of all inputs tends to be equal to all
outputs (Brutsaert, 2005; Hooper, 2005). This principle has been used since the 1940s
(Thornthwaite, 1948) and has undergone several revisions over time (Xu and Singh,
1998). The general formula for the calculation is given by equation 1 (Oke, 1987):

p=E+Ar+AS (1)

Where: p is precipitation, E evaporation, Ar variation change in runoff and AS
represent changes in the volume of a reservoir, which for the proposed case would be

soil moisture.

Brutsaert (2005) provides an adaptation for reservoirs given by equation 2:

E=P+ [(Qri + Qgi) - (Qro + ng)] - % (2)

Where: E is the average rate of evapotranspiration in an area, P is the average
rate of precipitation, Qri and Qro are total inflows and outflows from the surface of
the river systems, Qro and Qgo correspond to total inflows and groundwater exits, per
unit area, and finally dS/dt corresponds to variation of water volume in the

environment.

Each variable that makes up the water balance therefore, represents, in itself,

hydrological phenomena, and for these, several works have been done to understand
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each of these phases in isolation (subsystems). As an example, we can mention: the
recharge of aquifers (Naik et al., 2008); soil infiltration rates (Assouline, 2013);
pluviometry (Ahrens, 2009); and evapotranspiration (Douglas et al., 2009).

Another important approach is the study of the phases of the hydrological cycle
in a given area, such as those been done previously in the Federal District and
surrounding areas: Hydrogeology (Campos, 2004; Fiori et al., 2010; Silva and Kato,
1998); Pluviometry (Alves et al., 2015; Baptista, 1998; Borges et al., 2016), and
Evapotranspiration (L. F. C. de Oliveira et al., 2001).

This can be further subdivided according to use of the territory, such as urban and
rural for example. In relation to urban environments, the works of Grimmond et al.
(1986), Cleugh et al. (2005), Mitchell et al. (2003), and Mitchell et al. (2007), sought
to understand dynamics promoted in the means of water circulation by human action,
adding new elements to the hydric balance such as water collected for human supply,

sewage and storm drainage.

2.5. Computational Hydrological Models

The use of algorithms for modeling of water resources can be observed since
the 1960’s. In parallel with the evolution of computers, these applications have
improved in terms of performance and solutions (space-time for example), including
with regard to the possibility of control through graphical interface (Arnold et al.,
1998). Thus, there is a wide variety of computational models used in the area of water
resources, as pointed out by Loucks et al. (2005). Several authors have reviewed these
studies (Abbott & Refsgaard, 1996; Becker & Serban, 1990; Devia et al., 2015; Fatichi
et al., 2016; Singh & Frevert, 2006; Sood & Smakhtin, 2015; WMO, 2009) and here
we will focus on the model that will be used in this current research, the SWAT.

2.6. SWAT

The SWAT is a hydrological model, developed for semi-distributed modeling
with a temporal analysis scale that can be used alone, or with a graphical interface in
GIS (ArcGis or Qgis). It has the capacity to model hydrosedimentological data,
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pesticides, and nutrients. SWAT seeks to model subsystems of the hydrological cycle
such as evapotranspiration, surface runoff, baseflow, infiltration, etc. (Sophocleous et
al., 1999; Srinivasan et al., 1998). Its development began in the 1980s (Arnold et al.,
1998) and has been continually improved upon until today (Version 681 of June 2020).
It has proven effective and has been widely used in several areas of hydrology, both
quantitatively and qualitatively, with a multitude of published works (Douglas-Mankin
et al., 2010; Gassman et al., 2014; Tuppad et al., 2011). There are also some reviews
in the literature regarding the state of the art of this model, as well as its development,
such as the works of Gassman et al. (2007) and Bressiani et al. (2015). Besides the
cited elements, SWAT was chosen to be used in this research because some reasons:
it is considered a robust model with several satisfactory results, it is widely used in
many parts of the world, it is possible to find large documentation, and it is free and
open-source (Arnold et al., 1998; Bressiani et al. (2015); Douglas-Mankin et al., 2010;
Gassman et al., 2014; Tuppad et al., 2011).

Regarding use of SWAT in Brazil, the first date from 1999, however, its
application in a more effective way has only occurred recently. (Bressiani et al., 2015).
The broadest review on the use of SWAT in the country was done by Bressiani et al.
(2015), in which 102 publications were verified, between 1999 and 2014. The authors
found most studies were aimed at testing the possibility of using SWAT for specific
Brazilian basins and evaluating results according to different land-use scenarios.
Another interesting survey observed in the research concerns the focus of the studies,
in which the majority (48%) were concerned with the flow of rivers, and a large
percentage (36%) were also concerned with sediment transport. With respect to the
years following this review, 2014-2018, it was verified, using the research tool for
scientific works using the SWAT - Swat Literature Database for peer-reviewed Journal
Articles, that 63 works were published (in English and Portuguese) and applied in
Brazil. This number outlines the relevance of this type of model for hydrological

studies in the country.

Regarding the application of SWAT in the Federal District, it is possible to
find dissertations, theses, and articles that developed projects in the region, which will

be presented as hydrographic basins, due to the number of studies.
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In the Rio Descoberto basin, an important water resource in the region, the
works of Ferrigo et al. (2011) and Ferrigo et al. (2014) focused on production of
sediments in the basin, taking into account different land uses. In the same basin,
Ferrigo et al. (2015) applied SWAT to calculate water balance. In the Ribeir&o Jardim
basin, a study by Castro et al. (2016) sought to verify suitability of a small series of
data (2 years worth) for use of the model in the basin, identifying the need for a larger

study, mainly due to the necessity of more data for the validation process.

In the Paranod basin, works applied in the Riacho Fundo sub-basin can be
found in the literature, as proposed by Ferreira et al. (2017), who performed
hydrological modeling there, performing a sensitivity analysis on the alpha_bf
parameter. In the Gama sub-basin, hydrological modeling was carried out by Ferreira
and Uagoda (2016), which focused on analyzing the prediction of water balance in the
basin. In the Santa Maria sub-basin, Strauch & Volk (2013) performed hydrological
modeling focused on the growth process of native vegetation in the cerrado. Nunes et
al. (2020) used SWAT to model the entire Paranoa basin, and also determined the
water balance of Lake Paranod.

In the Ribeirdo Pipiripau basin, studies have been carried out, such as those by
Strauch et al. (2012) testing the impact of rainfall data from different sources for
analysis of uncertainty in the flow simulation in SWAT; Strauch et al. (2013) verified
impact of best management practices on the flow simulation and, finally, Salles et al.

(2015) who compared two results using two different soil bases as input.

With regard to the database, it should be noted that although SWAT comes
with a database, it was designed to be used for the soil and vegetation of the USA
(Arnold et al., 1998). Brazil, being a large country with a wide variety of soil classes
and many different types of natural vegetation (Bressiani et al., 2015), requires
creation of specific databases for each region of the country, as demonstrated by Salles
et al. (2015) and Baldissera (2005). Therefore, it is necessary to insert new soil and
vegetation classes or to adapt existing values in relation to the study area (Salles et al.
2015).

In recent years, different assessments have been done in the Federal District,
and a local database has been developed by Lima et al. (2013). They proposed a soil

database using information collected from 56 sampling points in a sub-basin at the
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head of the Rio Jardim basin, further tested later by Salles et al. (2015) in the Pipiripau
Basin, which yielded better results than when using the database built by Baldissera
(2005), which was created for the Cuiaba River in Mato Grosso. Ferrigo (2014) in turn
applied the database proposed by Lima et al. (2013) to the Descoberto River Basin,
where he also obtained good results. However, the development of this database was
based on samples collected in a small hydrographic basin of 104.86 km2, which may
not adequately represent the variety of soils that make up the Federal District (GDF
and SEMA, 2012).

Despite improvements observed in the results of these surveys, when values of
the parameters were verified, such as saturated hydraulic conductivity or depth of the
soil surface at the bottom (per layer), it is perceivable that these values present great
variability for several different points within the FD. For example, Saturated Hydraulic
Conductivity in Yellow Red Latosol was described by Lima et al. (2013) with an
average value of 1112.85 mm/hr, whereas Fiore et al., (2010) verified an average of
90.414 mm/hr. That said, the need for data from more diverse samples throughout the
capital is important, for creation of a range (range) of physically acceptable values to

be used in calibration steps of the hydrological model.

Another interesting point in the SWAT, identified by Strauch & Volk (2013),
was behavior of the plant cycle, in which they focused on understanding the process
of estimating the leaf area index (Leaf Area Index). They noted that plant growth
processes in the Federal District are not started by heat or on a specific date, as
suggested in the SWAT manual (Neitsch et al., 2011), but are directly related to the
beginning of the rainy season starting between September and November.
Consequently, Strauch & Volk (2013) created a modification to the SWAT source
code to deal with this situation. With respect to the database, the authors used the

original for SWAT, with adaptations for soils and vegetation.

Despite broad application of SWAT for hydrological modeling, with respect to
groundwater, the model presents some difficulties. Nguyen & Dietrich (2018) pointed
out that two of the greatest limitations are related to the non-spatial reference of the
HRU (Hydrologic Response Unit) concept and a simplified concept of groundwater.
These conceptions contribute to the low performance in the simulation of base flow

and its inability to simulate regional groundwater. Nam et al. (2008) stated that due to
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the fact that the model is semi-distributed, its groundwater component does not
consider, parameters such as hydraulic conductivity and storage coefficient, as being
distributed, and also equally difficult to calculate water distribution at the head and
abstraction rates, explaining this difficulty.

2.6.1. SWAT Theory

The SWAT model gathers a series of modules, each responsible for particular
processes related to water quantity or quality. The hydrologic model in SWAT can be
synthesized according to Equation 1:

SWt = SWO + Z§=1(Rday - qurf - Ea — Wseep — ng) (1)

Where SW, is the final amount of soil water (mm H,0), SW, is the initial soil
water (mm H,0), tis the time (days), R4, represents the amount of precipitation on
the day i (mm H,0), Qs signifies the amount of surface runoff on day i (mm H,0),
E, is the amount of evapotranspiration on day i (mm H,0), wg,,,, is the amount of
percolation water exiting from the soil profile bottom on day i and Q,,, is the amount

of water flowing to the rivers on day i (mm H,0) (Neitsch et al., 2011).

To estimate hydrological flow, the SWAT model requires five datasets as
climatological input data: temperature, air humidity, wind velocity, solar radiation,
and rainfall. The first four datasets are used to assess evapotranspiration with the
Penman-Montieth equation, and the last one is used as the main force in the model.
SWAT is based on daily steps and for each day the elements for Equation 1 are

assessed based on the processes described in Figure 2-3.

On day i for each HRU, the SWAT model assess the elements of Equation 1
following the order described in Figure 2-3, i.e., updates the CN (curve number) for
each HRU; estimates the amount of water released in the runoff process if precipitation
is larger than 0.1; estimates the infiltration; estimates lateral streamflow if infiltration
is higher than Field Capacity; estimates evapotranspiration, percolation, and baseflow.
This process representing the land phase in the SWAT model is depicted in Figure 2-4.

The water coming from rain moves through the different reservoirs in the SWAT
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conception. Main water flows used to generate streamflows come from runoff,
subsurface flow (lateral flow), and baseflow. Infiltration, percolation, and recharge are

vertical fluxes that regulate the quantity of water available for those flows.
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Figure 2-3: Hydrological flux in the SWAT
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Figure 2-4. Representation of the land phase in the SWAT Model

Additionally, comprehension of the water flux’s order is essential to
understand the model, especially when there is a need to alter any internal functionality
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in the SWAT. Therefore, identification of all individual process codes within the
source code is important. Figure 2-5 describes the most important codes executed daily

for every HRU during the simulation.

Swat.exe Subbasin

C | main [C simutate l Percolation/Qlateral Excess water moving to upper layer

1 cumo | Calculate CN | and CN Il
/Dally, - ’
\\Lane:’

sim_initday  Zero daily variables ) i

If has some plant growing

> Percmain

Yes

Is FC overpassed?

Command Etot/  Evapotranspiration
Etact

Control Routing Process

Base Flow

precipday > 0.1?

L, Gwmed

Yes

Figure 2-5: Codes responsible for each process in the SWAT model

Understanding the flux depicted in Figure 2-5 is the key to proposing any
changes to the SWAT default model. Each box in Figure 2-5 represents a different
process in the source code. The SWAT structure was built to allow, in general, one
code for each process and/or sub-process which has been given in Equation 1. Each
code will be described following the arrows: Swat.exe is the SWAT model executable;
Main is the code responsible to guide the model; Simulate starts the daily loop for the
hydrologic processes; Sim_initday zeros all daily variables; Command controls the
routing process; Subbasin is responsible to start basin process; Curno calculates CN |
and CN I1; Surface control the process over the surface; Canopyint computes canopy
interception of rainfall; Dailycn calculates CN value for current day; if the amount of
precipitation is greater than 0.1 in the current day, Volq and Surqg_daycn will assess
Runoff; Percmain verifies if Field Capacity is exceeded; Percmicro and Sat_excess
estimate Percolation and Lateral Flow; Etpot and Etact assess potential and actual
evapotranspiration; the last process is Gwmod which is responsible for estimating
groundwater recharge and baseflow. The proposed study in this thesis made changes
to two codes, seeking improvement in three processes: runoff, recharge, and baseflow.

The modifications will be detailed in chapter 7.
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2.7. Federal District and its sources

The Federal District - FD - (Figure 2-6), the chosen study area, is located in the

central midwest region of the country delimited by parallels 15 ° 30 ' S and 16° 03 'S,

having, on the east, the Rio Preto and, on the west, the Rio Descoberto. The three main

sources for human water supply are Lago Descoberto, Lago Santa Maria and Lago

Paranod, as seen in Figure 3 7.
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Figure 2-6. Federal District with focus on basins used for human supply

The region is a focal point of the urban expansion process, as can be seen by

its central area, delimited by the Lago Paranoa Basin (Menezes et al., 2010), containing

the reservoir that gives name to the basin, was used for human supply due to the 2018

water crisis. It is surrounded by urban areas. In turn, the Santa Maria reservoir is

positioned within a permanent environmental protection area, the National Park of
Brasilia (BRASIL, 2000), but it is at risk of suffering from human action, due to the

occupation and soil use in its buffer zone, a phenomenon shown by Menezes et al.

(2010). This anthropic process can also be observed in the Rio Descoberto Basin,

where the reservoir of the same name is located and whose primary function is human

supply, although it occurs on a smaller scale. An important observation regarding the
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relevance of these last two reservoirs (Santa Maria and Descoberto), stems from the
fact that, together, both supply 82% of the population of FD (GDF, 2017)

Lake Paranod has become a reservoir of multiple interests, mainly due to its
geographical and urban positioning, transforming it into a landscape, and leisure
landmark. Its geographical position brings with it fragility regarding quality and
quantity of water due to the intense occupation of the margins and their contributing
basins. Studies at the turn of the century (Felizola et al., 2001; Unesco Brasil, 2002)
determined that, between 1954 and 1999, approximately 41% of the vegetation cover
of its lake contribution basin disappeared. Studies carried out by the team for this
project, especially Menezes (2010) and Menezes et al. (2010), updated use and
occupation data for 2009 and found the lake is subjected to high, constant anthropic
pressure, not only due to degradation of the tributaries' hydrographic basins but also
as a result of countless activities concentrated at its margins, which have invaded the
water mirror area, directly impacting useful volume. The growing urban expansion can

be seen in Figure 2-7, which shows growth of the urban area from 1973 to 2009.
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Figure 2-7. Land use and occupation in 1973 and 2009. Source: Adapted
from Menezes (2010).

There has also been in recent literature, studies that analyzed important points

related to the hydrological process of the region. Regarding anthropic influence in the
study region, we cite the work of Dias & Walde (2013), who analyzed changes in land
use and occupation over the years, Penna (2002), who dealt with the disorderly growth
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of the region, and Menezes et al. (2010) that correlated these advances with impacts

on runoff and detection of changes and evolution of the environment.

The Lago Paranoa Basin, the conservation unit in which the Santa Maria
reservoir is located, deserves attention, given that in addition to the factors mentioned
in terms of urban expansion in the basin, there is the presence of an uncontrolled
landfill. Some studies have assessed the contamination plume present in the region and
have even identified presence of structural flaws (Pereira et al., 1997), which can
accelerate the contamination process. Evidence of contamination was further
suggested by Campos et al (2014), who analyzed data from a monitoring well near the
landfill, in which high values of conductivity and chloride were observed, indicative

of contamination.

The Descoberto River Basin has been the subject of articles and theses over
the last few years, mainly due to various conflicts of land use (Nunes and Roig, 2016)
and human supply (GDF, 2017). Some works focused on carrying sediments (eg
BICALHO, 2006), others soil characterization (eg Reatto et al., 2003), and still others
on modeling and management of water resources (e.g. Ferrigo, 2014; Ferrigo et al.,
2015; F. da S. D. Oliveira et al., 2014). It is noteworthy that in addition to urban
expansion processes in the FD, this basin must be compatible with agriculture, which
represents an important economic driver for the region (Chaves et al., 2010; Mello,
2009).

The Corumba reservoir, despite not belonging to the Federal District, should
also be considered in any analysis of capital management, since it is used for shared
supply of the Federation Unit and some cities in the vicinity belonging to the State of
Goias (GDF, 2017). The reservoir also contains an HPP (Hydro Power Plant),
Corumbé IV (CORUMBA CONCESSOES, 2018) and is surrounded by cities whose
expansion is an influence, in addition to some tributaries already receiving effluents

(NoGbrega, 2005), which may present future problems.

The present study verified the delicate situation in the Federal District
regarding its water availability, reinforcing the need for more efficient management,
especially in the wake of crises experienced in recent years (2017/2018). A more
detailed analysis of the availability of water resources for the year 2018, furthering

that already described in the introduction, revealed a situation of extreme scarcity
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when compared to the parameter of 1,700 m3 per inhabitant used by UNP (UNDP,
2006). Taking the volume of the two main reservoirs on January 1, 2018 (Descoberto:
22 hm? and Sta Maria: 18.69), and adding flows estimated by ADASA for the current
year (ADASA Resolutions n° 08 and 12, both of 2018), a volume of 195 hm?3 was
presented, which would represent the total amount of water available for the entire
period. This value results in 65 m3 per inhabitant, and represents a major shortfall
compared to values used by UNDP. With this understanding, an integrative, efficient
support system can be a critical tool for strategic planning in the region. Also,
existence of measured data is fundamental to this process since this information is the
most important element in water modeling. Accurate modeling depends on precise
data and long history series (for most studies is recommended more than 30 years) in
order to get variations through the analyzed period and produce confident results.
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