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ABSTRACT

Drylands represent some of the most vulnerable ecosystems to climate change and
anthropogenic activities. Hydrological modeling, particularly through tools like the Soil and
Water Assessment Tool (SWAT), serves as an essential instrument for addressing practical
challenges such as supporting decision-making in water resource management and hydrological
forecasting for drylands. However, there remains substantial scope for evaluating the
performance of such models in dryland watersheds, especially those characterized by dense
reservoir networks, and assessing their behavior during consecutive years of drought as well as
during years with extreme rainfall events. Furthermore, during periods of extreme aridity,
particularly severe droughts, the models face significant challenges in accurately representing
crucial processes, including runoff transmission losses, evapotranspiration rates, and
anthropogenic influences. This thesis aims to advance the application of the SWAT model in
dryland catchments by addressing its ability to simulate the hydrological processes of these
regions, particularly in the context of dense reservoir networks and their impact on water
retention across interannual drought and flood scenarios. Additionally, the thesis evaluates the
model's performance during an extended drought and their hydrological recovery period in a
more arid and warmer climate decade, subsequent to a previously calibrated time series. The
study was conducted in the Concei¢ao River Catchment (3,347 km?), located in Ceara,
northeastern Brazil. This catchment contains 230 reservoirs (0.068 reservoirs per km?), with
storage capacities ranging from less than 0.01 hm? to 52 hm?*. The analysis was based on a 40-
year dataset of climate and observed runoff, with 30 years used for model calibration and an
additional 10 years for extending the time series to include an extreme drought period. The key
findings of this research are as follows: (i) The model's daily performance was found to be
acceptable (Nash-Sutcliffe Efficiency = 0.63, Kling-Gupta Efficiency = 0.81 and Percent BIAS
= 0.53%), demonstrating reliability in representing peak flows during wet years, periods of no
flow, and the rising limb of the hydrograph. While small reservoirs (less than 0.01 hm?) were
found to reduce streamflow, their overall impact on catchment retention was minimal, with
water retention rates of 2% in wet years and 9% in dry years; (i1) The reduction in runoff due
to the increased number of small reservoirs was more pronounced during dry years (up to 30%)
compared to wet years (up to 8%). This reduction also escalated over consecutive years of
drought, a result obtained in the scenario analysis, considering reservoir densities ranging from
0 to 3 reservoirs per km? within the catchment, potentially exacerbating the effects of prolonged

droughts; (iii) Despite the model's strong performance over a 30-year climatic series, which



included periods of severe drought, it struggled to accurately predict streamflow during the
extreme drought and the subsequent recovery phase, showing a marked decline in performance
during these critical periods. Even after adjusting the most sensitive parameters related to key
hydrological processes, the model's performance did not significantly improve. The SWAT
model proves to be an acceptable model in dryland modeling for non-extreme drought events,
and the methodology proposed in this study is highly transferable for different catchments
worldwide. Overall, this thesis provides valuable insights into enhancing dryland modeling,
bridging the gap between scientific research, modeling, and water resource management. These
advancements are critical for improving the accuracy of scenario predictions and, consequently,

for enhancing strategies to manage water resources in regions vulnerable to scarcity.

Keywords: dryland modeling; SWAT model; high-density reservoir network; hydrological

connectivity; extended droughts.



RESUMO

As regides aridas e semiaridas representam alguns dos ecossistemas mais vulneraveis as
mudangas climaticas e as atividades antropogénicas. A modelagem hidrologica, especialmente
por meio de ferramentas como o SWAT (Soil and Water Assessment Tool), serve como um
instrumento essencial para enfrentar desafios praticos, como a previsao hidrolégica e o suporte
a tomada de decisdes no gerenciamento dos recursos hidricos nessas regides. No entanto,
importantes questdes cientificas ainda sdo alvo de estudos, relativos ao desempenho desses
modelos em bacias hidrograficas de regides aridas e semidridas, especialmente aquelas
caracterizadas por redes densas de reservatorios, sendo analisado ainda o comportamento dos
modelos durante anos consecutivos de seca e em anos com eventos extremos de precipitagao.
Além disso, durante periodos de secas severas, os modelos enfrentam desafios na representacao
de processos importantes nas regides aridas e semiaridas, como perdas por transmissado, taxas
de evapotranspiragdo e a inclusao das influéncias antropogénicas. Esta tese tem como objetivo
avancar no entendimento da modelagem em bacias hidrograficas de regides secas, abordando a
capacidade do modelo SWAT em simular os processos hidroldgicos dessas regides,
especialmente no contexto de redes densas de reservatorios e seu impacto na retencao de agua
em cenarios interanuais de secas e enchentes. Adicionalmente, os estudos buscam avaliar o
desempenho do modelo na representacao de secas prolongadas e periodo posterior de
recuperacdo hidrologica, ambas em uma década mais seca e quente, subsequente a uma série
temporal previamente calibrada. O estudo foi realizado na bacia hidrografica do Rio Concei¢ao
(3.347 km?), localizada no Ceara, nordeste do Brasil. Essa bacia contém 230 reservatorios
(0,068 reservatorios por km?), com capacidades de armazenamento variando de menos de 0,01
hm?® a 52 hm?. A andlise foi baseada em uma série de 40 anos de dados climaticos e de vazao
observada, sendo 30 anos utilizados para a calibracdo do modelo e 10 anos adicionais para a
extensdo da série, incluindo um periodo de seca extrema. Os principais resultados desta
pesquisa sdo os seguintes: (i) O desempenho didrio do modelo foi considerado aceitavel (Nash-
Sutcliffe Efficiency = 0,63, Kling-Gupta Efficiency = 0,81 and Percent BIAS = 0,53%),
demonstrando confiabilidade na previsao de picos de vazao durante anos imidos, na previsao
de periodos sem vazao e no aspecto de subida dos hidrogramas de cheia. Embora os pequenos
reservatdrios (menores que 0,01 hm?) tenham atuado na retengdo das vazdes, seu impacto geral
foi pequeno, com taxas médias de retengdo de 4gua de 2% em anos imidos e 9% em anos secos;
(i1) A reducao no escoamento devido ao aumento do numero de pequenos reservatorios foi mais

acentuada durante anos secos (até 30%) em comparacdo aos anos umidos (até 8%). Essa



reten¢do também se intensificou ao longo de anos consecutivos de seca, um resultado obtido na
analise de cenarios, considerando densidades de reservatorios variando de 0 a 3 reservatorios
por km? na bacia hidrografica, sugerindo um aumento potencial de retencdo devido aos
pequenos reservatorios durante secas prolongadas; (iii) Apesar do bom desempenho do modelo
ao longo de uma série climéatica de 30 anos, que incluiu periodos de seca severa, ele apresentou
dificuldades para prever com precisdo o escoamento durante uma posterior seca extrema
(prolongada) e sua subsequente recuperacdo hidrolégica, mostrando uma queda acentuada no
desempenho durante esses periodos criticos. Mesmo apds ajustes nos pardmetros mais sensiveis
relacionados aos processos hidrologicos chave o desempenho do modelo ndo foi considerado
aceitavel. O modelo SWAT se provou como um modelo aceitavel para modelagem de regides
secas com densas redes de reservatorios e as metodologias aplicadas nessse trabalho podem ser
replicadas para diferentes bacias hidrograficas em outras regides secas ao redor do mundo. De
modo geral, esta tese oferece valiosas contribuigdes para o aprimoramento da modelagem de
regides aridas e semiaridas, conectando a pesquisa cientifica, a modelagem e o gerenciamento
de recursos hidricos. Esses avangos sdo fundamentais para melhorar a precisao das previsoes
de cenarios e, consequentemente, para fortalecer as estratégias de gestdo dos recursos hidricos

em regides vulneraveis a escassez de agua.

Palavras-chave: modelagem de terras secas; modelo SWAT; redes densas de reservatorios;

conectividade hidrologica; secas prolongadas.
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1 INTRODUCTION

1.1 General Introduction

Drylands are regions characterized by average rainfalls less than the potential
moisture losses through evaporation and transpiration. The aridity index (Al) is a numerical
value that measures how dry a climate is at a specific location. It is calculated by dividing the
long-term average of water supply by the long-term average of water demand. The term
"dryland" encompasses a wide range of environments, usually categorized in the literature as
hyper-arid (Al < 0.05 and average rainfall < 200 mm), arid (0.05 < AI < 0.20 and average
rainfall < 400 mm), semi-arid (0.20 < AI < 0.50 and average rainfall < 600 mm), and dry-
subhumid regions (0.50 < AI < 0.65 and average rainfall < 800 mm) (Huang et al., 2017). The
combination of limited rainfall and high evaporation rates results in minimal chemical
weathering, contributing to generally poor soil development in these areas (Qader et al., 2021).
The vegetation in drylands is typically adapted to low water availability, manifesting as
scattered plant clumps in arid regions or scrubby vegetation and grasslands in semi-arid zones
(Abel et al., 2023). These inherent characteristics pose significant challenges to agricultural
development and food production (Chimwamurombe and Mataranyika, 2021). Drylands cover
approximately 40% of the Earth's surface and are home to over 2 billion people, predominantly
in developing countries, who are frequently vulnerable to water scarcity and food insecurity
(Stavi et al., 2021; Wang et al., 2023). Figure 1.1 illustrates the global distribution of drylands.

Drylands are among the most sensitive ecosystems to climate change and
anthropogenic activities. The rate of warming in these regions is 20% to 40% higher than in
humid areas, despite greenhouse gas emissions being approximately three times higher in
humid regions. This heightened warming rate suggests an accelerated expansion of drylands,
accompanied by an increased risk of desertification. Consequently, many regions worldwide
are likely to face significant challenges in water resource management, with growing
uncertainties in their ability to meet water demands (Guan et al., 2016; Huang et al., 2016; Sun

etal., 2022).
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Figure 1.1 — Distribution of drylands around the world
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Human activities have profoundly impacted dryland environments through
processes such as population growth, urbanization, agricultural expansion, and overgrazing.
These activities have led to significant alterations in landscape patterns, which in turn affect the
water cycle, carbon cycle, thermal processes, and biodiversity. As a result, the study of land
cover change, soil characteristics, biodiversity, vegetation dynamics, and patterns of
temperature, precipitation, potential evapotranspiration, and streamflows in drylands has
become essential for understanding global environmental change (Wang et al., 2023; Huang et
al., 2017; Zhang et al., 2024). Hydrological models are an efficacious instrument for water
resources management, solving practical problems such as hydrological forecasting,
hydrological analysis, and calculation (Cai et al., 2023; Duethmann et al., 2022).

The combination of climatic characteristics and human intervention in the
catchments increases the challenges in understanding the hydrological dynamics of drylands.
Due to the importance of these ecosystems, much recent research has been carried out in the
area of hydrological modeling, using software to represent the main processes of rainfall-runoff
transformation, groundwater movement, sediment transport and nutrient propagation, such as
WASA/WASA-SED (Model of Water Availability in Semi-Arid), MODFLOW, QUALZ2E,
CE-QUAL-W2, MGB, and SWAT/SWAT+ (Soil and Water Assessment Tool), helping
improve knowledge about impacts of climate change, water-efficient irrigation, changes in crop

pattern, water management to meet water demand, water and sediment retention, and nutrients
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routine from soil to rivers and reservoirs, as well as many other areas of study in drylands (Cai
et al., 2023; Rabelo et al., 2022; Rocha et al., 2023). The primary challenges in hydrological
modeling include the scarcity of observational data, the poor quality of available data, concerns
regarding simulation accuracy, and the inherent technical limitations of the models (Samimi et
al., 2020). Furthermore, many of these software tools were initially developed for humid or
temperate regions and were subsequently adapted for application in dry regions, often
necessitating the incorporation of additional modules to account for the distinct processes
occurring in different climatic conditions. Moreover, in standard hydrological model calibration
methods, the calibration process often relies on a single variable, typically runoff, which can
introduce parameter uncertainty and cast significant doubt on the accuracy of subprocess
calculations and simulations (Cai et al., 2023; Lopez-Ramirez et al., 2021).

In recent years, many authors have conducted research on dryland topics. A search
on the Web of Science for the term “dryland” identified 8,270 articles and review papers
published between 2005 and 2024 in fields related to dryland in water related areas. Figure 1.2
illustrates the annual evolution of published articles, highlighting the growing research interest
in dryland regions. A refined search further revealed that 558 of these articles explicitly
mentioned dryland modeling in their keywords. Figure 1.3 presents the distribution of these 252
articles across predefined categories, including hydrology, ecohydrology, agriculture, climate
change, climate and atmosphere, carbon cycle, droughts, floods, nutrient cycle, remote sensing,
sediments, and surface and groundwater hydrology.

A growing research focus in dryland hydrology is the modeling of dense reservoir
networks, with studies employing models such as ResNetM (Peter et al., 2014), WASA-SED
(Medeiros et al., 2010; Malveira et al., 2012; Aratjo and Medeiros, 2013; Medeiros et al.,
2018), mass balance approaches (Fowe et al., 2015; Nascimento et al., 2019), and even field-
based models (Lima Neto et al., 2011). These studies have identified key effects, including
water retention in upstream reservoirs, reduced sedimentation in large strategic reservoirs,
decreased soil erosion, and lower energy demand for pumping. However, most of these models
employ lumped approaches to represent dense reservoir networks, often relying on monthly or
annual time steps. One of the challenges of this study is to improve the representation of dense
reservoir networks by incorporating their horizontal connectivity, enabling a more detailed

analysis of dryland hydrology at a daily time step and capturing all aspects of the hydrographs.



Figure 1.2 — Number of publications identified by the Web of Science Core Collection for
drylands from 2005 to 2024
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Figure 1.3 — Distribution of categories for dryland modeling publications which is explicitly

highlighted in the keywords identified by the Web of Science from 2005 to 2024
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Additionally, the modeling of severe drought periods is another crucial area for
drylands. During severe and multi-annual droughts, the use of conceptual models tend to exhibit
a decline in performance, especially in catchments where shifts in the rainfall-runoff
relationship are observed (Saft et al., 2016; Trotter et al., 2023). In this context, there is an
opportunity to analyze the performance of distributed and semi-distributed models that
represent catchments with dense reservoir networks and their hydrological connectivity during
extreme drought years.

Hydrological models have obtained satisfactory results in reproducing wet and dry
periods in different catchments. Among the hydrological models, SWAT has considerable
advantages and application potential in water resources evaluation and is diffusely applied in
different catchments all over the world (Rabelo et al., 2022; Samimi et al., 2020; Song et al.,
2022). SWAT is a semi-distributed model whose calculation basis is the hydrological cycle in
the watershed, with its main elements shown in Figure 1.4, and works as follows: the catchment
is initially divided into sub-basins after its delimitation; files with information on land use, soil
type and slope are inserted; these three pieces of information are combined to generate the
fundamental unit of the model: the hydrologic response unit (HRU) — Figure 1.5; within each
sub-basin, HRUs are generated that have the same combination of land use, soil and slope;
hydrological calculations are carried out for each HRU, and then processed for the rivers, ponds,
wetlands and reservoirs in each sub-basin. Figure 1.6 shows a flowchart with the chain of
command executed by the program to simulate the hydrological processes in the HRUs. In
addition to the basic model structure, many modelers deal with the challenges of dryland
modeling by combining data from different sources, using supplementary tools to estimate
missing data and evaluate model performance, trading off simulation accuracy when the main
objective of the study has not been undermined, and developing modular codes, tools and
algorithms to expand model capabilities and improve process representations (Rabelo et al.,
2021; Samimi et al., 2020).

Exploring the uncertainties within the SWAT model is pivotal for enhancing the
precision and predictive capabilities of hydrological simulations. The SWAT model stands as
a robust tool for simulating and replicating regional ecological and hydrological processes. It
effectively forecasts the impacts of diverse land use and cover scenarios, management practices,
and soil conditions on regional hydrological dynamics, even in the face of complex subsurface
conditions and limited regional data availability (Cai et al., 2023; Serrao et al., 2022;
Zahabiyoun et al., 2013). However, there remains considerable scope for evaluating the

performance of the SWAT model in dryland watersheds characterized by dense reservoir
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networks, as well as its behavior during consecutive years of drought and in years with extreme
rainfall events, which result in significant river discharge peaks. Moreover, during periods of
extreme aridity, particularly severe droughts, the model encounters significant challenges in
accurately representing critical processes such as runoff transmission losses, evapotranspiration
rates, and the anthropogenic influences (Bruno et al., 2024; Kumar et al., 2022; Wada et al.,
2017).

This work seeks to contribute to the use of the SWAT model to advance modeling
in dryland watersheds, evaluating points such as the model's ability to represent the
hydrological processes of semi-arid lands, the inclusion of dense networks of reservoirs and
their impact on water retention for interannual scenarios of droughts and floods, as well as
evaluating the model's performance in representing extended droughts and their hydrological

recovery periods.

Figure 1.4 — Main elements of hydrological cycle in the SWAT model
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Figure 1.5 — Schematic representation of the combination of subbasin, land use, soil type, and

slope maps for HRU generation in the SWAT Model
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1.2 Objectives

1.2.1 General Objective

The main objective of this thesis is to advance in the hydrological modeling for
dryland catchments as well as to improve the understanding of high-density reservoir networks
influence and the impact of severe droughts on the performance of the model for streamflow

estimation in the watershed.

1.2.2 Specific Objectives

e To develop a modeling methodology with detailed representation of large and
small reservoirs in the SWAT model.

e To carry out an extensive analysis about the cumulative impact of small
reservoirs on the horizontal hydrological connectivity for large-scale dryland
catchments.

e To assess the influence of high-density reservoir network on the interannual
runoff variability.

e To evaluate model performance during extreme droughts and its hydrological

recovery afterwards.

1.3 Thesis Organization

This thesis is composed of three contributions in dryland modeling, based on the
SWAT model of a semiarid meso-scale catchment in northeast of Brazil. Each contribution is
presented in a separate chapter. Following is a brief introduction to each chapter.

Chapter 2 describes the potential of SWAT to model dense reservoir networks
(DRN) for dryland catchments, presenting an innovative way of implementing the DRN, with
detailed representation of large and small reservoirs, and an extensive analysis about the
cumulative impact of small reservoirs on the horizontal hydrological connectivity. The efforts
in the parameterization of reservoirs and aggregation of ponds allowed a better analysis of the
hydrological processes and their impacts in the catchment, and the results of the cumulative

impact of small reservoirs were relevant for a better understanding of hydrology in dryland
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catchments, and can be applied to catchments in similar climatic and socio-economic
environments.

Chapter 3 describes the impact of the augmentation in the number of small
reservoirs in dryland catchment, evaluating the annual flows generated at the outlet for the
dryland watershed for scenarios with different densities of small reservoirs (number of
reservoirs per area). This study enhanced the understanding of the interannual variability of
flow retention and the potential impacts of future increases in the number of small reservoirs,
particularly concerning DRN in dryland catchments.

Chapter 4 describes the performance of the model to simulate a severe drought and
its hydrological recovery afterwards. The model calibration developed in chapter 2 (from 1979
to 2010) was utilized to simulate streamflow in a later drier and warmer climate decade (2011
to 2022), encompassing the record drought from 2012 to 2017 in the study region. There is a
knowledge gap regarding the reliability of hydrological models in simulating severe droughts
and this chapter provided a broader scientific discussion on the need to improve hydrological
modeling of streamflow during extreme drought events.

Chapter 5 presents some general conclusions and recommendations for future

research.
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2 REPRESENTING A DENSE NETWORK OF PONDS AND RESERVOIRS IN A
SEMI-DISTRIBUTED DRYLAND CATCHMENT MODEL!

2.1 Introduction

Dryland environments are home to the world’s water poorest populations and,
during recent decades, have been subjected to increases in population, partial rise in living
standards, development of irrigated agriculture, and new activities — especially tourism — that
have drastically changed water and land use. These populations are vulnerable to the adverse
consequences of environmental changes and in need of regional hydrological studies for better
water resources management and water-scarcity risk reduction (Gutiérrez et al., 2014;
AghaKouchak et al., 2015; Mallakpour et al., 2018; Samimi et al., 2020; Yao et al., 2020). To
overcome the mismatch between natural water availability and demand, dams of different sizes
have been built with the purpose of storing large amounts of water during the wet season, which
may then be used during the dry season and dry years (Simmers, 2003; Mamede et al., 2012;
Mady et al., 2020).

The increase in population in dryland regions and the consequent growth in water
demand for human activities expanded the number of large, medium and small dams distributed
along the catchments (Mady et al., 2020; Samimi et al., 2020). The federal and state
governments of dryland regions have promoted the construction of large reservoirs, which
mainly serve to provide for the water demand of industries, urban regions and large-scale
irrigation agriculture (Aratjo and Medeiros, 2013). Additionally, small-scale reservoirs have
been used for a long time, mainly in dryland regions, as a complement to meet the water demand
of small municipalities, rural communities and farmers. The small-sized and seasonal
freshwater system play an important role in reducing inequalities for rural populations,
providing sustainable development for rural communities and farmers. Due to their reduced
cost and availability of many favourable locations, the number of small reservoirs has increased
in recent decades (Araujo and Medeiros, 2013; Berhane et al., 2016; Yaeger et al., 2017; Habets
et al., 2018).

'A paper based on the content of this chapter has been accepted for publication in the Journal of Hydrology,

ScienceDirect, as Rabelo et al. (2021), and is available online at: https://doi.org/10.1016/j.jhydrol.2021.127103.



30

The spatial density of small reservoirs varies across different regions, with
catchments in India with 4.2 reservoirs per km?, Northeastern Brazil with 0.2 reservoir per km?
and Australia with values between 0.15 to 6.1 reservoirs per km?, for example. The advances
of remote sensing techniques in obtaining important information from satellite images have
allowed a better identification of the dimensions and uses of small reservoirs and assessing their
global distribution (Lima Neto et al., 2011; Carluer et al., 2016; Mady et al, 2020; Paredes-
Beltran et al., 2021). The small reservoirs (medium to micro-dams) are usually built
disregarding the potential impact on the water availability of downstream communities. This
has led to the generation of a chaotic system, which is referred to as a high-density reservoir
network (Lima Neto et al., 2011; Mamede et al., 2012; Abouabdillah et al., 2014). On the one
hand, such a reservoir network ensures a more equally distributed use of the water resources
among the population of the river basin, as it reduces the concentration of water in large
downstream reservoirs and enhances an even spatial distribution (Mamede et al., 2012; Fowe
et al., 2015; Zhang et al., 2016). This has also positive effects such as decreasing sedimentation
in the large strategic reservoirs (Lima Neto et al., 2011; Berg et al., 2016; Mamede et al., 2018),
decreasing soil erosion (Abouabdillah et al., 2014) and decreasing the energy demand for
pumping (Nascimento et al., 2019). On the other hand, as the smaller dams are also designed to
maximize storage and the flow in tributaries is rare, the spilling frequency of the reservoirs is
low, increasing hydrological discontinuity (Aratjo and Medeiros, 2013; Abouabdillah et al.,
2014; Peter et al., 2014).

The cumulative impact of the small reservoirs on downstream water availability are
not simple to estimate because they are not necessarily the sum of individual effects of each
small reservoir. These reservoirs may be inter-dependent and the cumulative effect can be
greater or less than the sum of the individual effects, depending on their dimensions, uses and
locations (Habets et al., 2018). However, there is evidence that the cumulative impact of the
small reservoirs can be considerable, as the inflow to the large downstream reservoirs is reduced
(Malveira et al., 2012; Aradjo and Medeiros, 2013; Fowler et al., 2016). Some modeling
approaches have been developed to assess the effects of small reservoirs in a basin. Most of
them reported a decrease on the annual stream discharge, with a wide range from 0.2% to 36%
and decreases in low flow and peak flow (Neal et al., 2002; Schreider et al., 2002; Nathan et
al., 2015; Callow and Smettem, 2009; Hughes and Mantel, 2010; Nathan and Lowe, 2012; Fowe
et al., 2015; Ayalew et al., 2017; Habets et al., 2018; Zhang et al., 2020a).

Most of those models are, however, based on simple mass balance methods

developed for dryland environments. Thus, their application in a scenario of increase in the
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number of small reservoirs should be done with caution, due to specific water use and hydraulic
infrastructure patterns. Moreover, despite the importance of the small reservoirs for local needs
and their impact on water availability at catchment scale, the small reservoirs have been
neglected by water authorities, providing little technical information about them (Fowe et al.,
2015; Habets et al., 2018). Reservoir data scarcity hampers, therefore, successful hydrological
model application to drylands and semi-arid environments with high-density reservoir
networks, which already face both poor monitoring of streamflow and extreme precipitation
variation from year to year. The lack of information on small reservoirs characteristics and the
difficulty to estimate cumulative impact is a challenge to assess and to model the hydrology in
dryland environments.

The incorporation of reservoirs in hydrological models was carried out using
simplified approaches in several other studies to assess their impact in streamflow. In WASA
(Model of Water Availability in Semi-arid Environments) the reservoirs are grouped into size
classes according to their storage capacity, with reservoirs of a smaller size class located
upstream of reservoirs of a higher size class, and arranged in a cascade system, with only
reservoirs of the largest size class regarded explicitly in the model in daily or hourly steps
(Giintner, 2002; Giintner et al., 2004; Medeiros et al., 2018). The TEDI (Tool for Estimating
Dam Impacts) model also uses as model input the dam size distribution, subdivided into classes,
with computations on a monthly basis. TEDI assumes that reservoirs are connected in parallel,
and the excess water spilling from each reservoir is directly routed to the outlet of the catchment,
disregarding the spatial arrangement of the single reservoirs. Subsequently, the CHEAT
(Complex Hydrological Evaluation of the Assumptions in TEDI) tool was developed by Nathan
et al. (2015) and included information on the location of the reservoirs on the river network and
the network topology, thus differentiating between sequential and parallel arrangement of single
reservoirs (Nathan and Lowe, 2012; Fowler et al., 2016). However, the horizontal connectivity
of reservoir networks is often less investigated in large-scale catchment models.

The eco-hydrological model SWAT (Soil and Water Assessment Tool, Arnold et
al., 2012) has been applied worldwide for the simulation of catchments, in particular where
water extractions and agricultural water management are of major relevance (e.g., Uniyal et al.,
2019 with study areas in India, Chile, Vietham and Germany). Various SWAT applications
regarding the hydrology of dryland areas in China, Mongolia, Azerbaijan, Pakistan, Tunisia,
Algeria, Mexico and Brazil have been published (Abouabdillah et al., 2014; Bressiani et al.,
2015a, 2015b; Ghoraba, 2015; Molina-Navarro et al., 2015; Luo et al., 2016; Siqueira et al.,
2016; Sukhbaatar et al., 2017; Sun et al., 2017; Zettam et al., 2017; Santos et al., 2018a;
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Andaryani et al., 2019; Andrade et al., 2019). Despite this, there are few examples of studies
(e.g., Zhang et al., 2012; Liu et al., 2014; Nguyen et al., 2017) that investigate the impacts of
the combination of reservoirs of different types and levels of operation on catchment runoff
using SWAT. In fact, approaches that mimic the effects of a large number of reservoirs in
hydrological model structures have rarely been published. To achieve acceptable model
performance in dryland watersheds for daily time steps modeling, the implementation of the
reservoir network and its horizontal connectivity can be a key factor for or a more in-depth
analysis, with the detailed representation of large and small reservoirs enabling a better analysis
of their cumulative effects.

This paper investigates capabilities of the eco-hydrological catchment model
SWAT to represent dense networks of large and small reservoirs as common for many dryland
regions, as well as to gain in-depth understanding of hydrological processes and reservoir
storage for meso-scale dryland catchments. To accomplish this goal, a detailed approach for
dense networks of reservoirs is modeled for daily time steps in the eco-hydrological model
SWAT. A new modeling and parameterization strategy of ponds and reservoirs is developed
with detailed representation, focusing on the horizontal hydrological connectivity and the
cumulative impact of small reservoirs, together with the parameterization of transmission losses
and flood routing based on a modified SWAT version (Nguyen et al., 2018), with a corrected
Muskingum subroutine suggested by the authors. The catchment in the SWAT model is
evaluated using streamflow and reservoir water level series by a two-fold cross-validation
approach. Moreover, a reservoir scenario approach is performed to assess the impact of the
large and small reservoirs on the streamflow and storage volume, including different
combinations of small reservoir dimensions. The present study not only improves the
understanding of the hydrology of dense reservoir networks but also proposes a modeling

approach that can be applied to water resources management in dryland catchments.
2.2 Materials and methods
2.2.1 Study area: catchment
The region for application of the model is a dryland meso-scale catchment in Brazil.
The Conceicao River (catchment area: 3,347 km?) is located in the state of Ceard in the

Northeast of Brazil (Figure 2.1). The discharge from the watershed outlet is monitored daily at
the Malhada gauging station (ANA, 2024). The Concei¢do River is a tributary of the Upper
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Jaguaribe (Alto-Jaguaribe) River Basin (UJB), which is itself a sub-catchment of the Jaguaribe
River watershed. The Jaguaribe River flows through the entire state of Ceara disemboguing into
the Atlantic Ocean. The study area sits between the latitudes of -6.5° and -7.5°. The altitudes in

the region vary from approximately 300 to 870 m, with an average elevation of 550 m.a.s.l.

Figure 2.1 - Location of the study catchment with the main rivers and reservoirs. The numbers
17 and 123 represent the largest main private reservoirs for Bengué catchment and Poco da
Pedra catchment, respectively. The numbers 46 and 146 represent the two main private

reservoirs with the largest drainage area and the largest storage volume, respectively.
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According to Koppen the climate of the region is defined as semi-arid dry and hot
(“Bsh”) (Aratjo and Medeiros, 2013). It is characterized by a clear distinction between a rainy
and a dry season. The rain period lasting from January through May accounts for about 80% of
the total annual precipitation. The annual precipitation ranges from 500 to 1000 mm (Aratjo
and Medeiros, 2013), amounting to 700 to 800 mm on average (Malveira et al., 2012). The dry
season, however, is characterized by water scarcity as the potential evaporation exceeds
precipitation by up to four times annually (Gatto, 1999). The prevailing climatic conditions
with high interannual precipitation variability cause regular droughts, which may even occur in
several consecutive years. Climate data and its pre-processing are presented in the Appendix
A.

The vast majority of the region is covered by steppe-like savannah (Gatto, 1999).
The predominant natural flora is the so called arboreal caatinga, a vegetation type found only
in the Northeast of Brazil being composed of trees, shrubs and cacti, which are characterized
as tropical xerophytic deciduous broadleaved plants (Malveira et al., 2012; Gatto, 1999). The
caatinga presents a spatially rather continuous vegetation cover only with slight variations in
density. The trees have densely branched stems and firm foliage, which dries out and falls off
shortly after the rainy season (Giintner, 2002).

Geologically, 80% of the UJB is composed of crystalline bedrock (Eudoro, 2009),
which is characterized by shallow overlying soils with low hydraulic conductivity and porosity
(Silva et al., 2007). Therefore, the subsurface water storage (vadose zone and groundwater) in
the catchment is limited (Eudoro, 2009). Along the principal rivers and tributaries, alluvial
depositions may be found composed by young sandy-clayey sediments. These alluvial bodies
present rather high permeability (Feitosa, 1998; Feitosa and Oliveira, 1998; Colares and
Feitosa, 1998). Soil mapping and its physical parameters derivation are presented in the
Appendix B.

The spatial and temporal variability in rainfall, combined with the low groundwater
storage capacity and high evaporation, creates an adverse environment with regard to natural
water availability, which is characterized by intermittent rivers and low runoff coefficients
(Aragjo and Medeiros, 2013; Malveira et al., 2012). Surface runoff generated in higher parts of
the hillslopes is likely to infiltrate into the soil when reaching lower unsaturated areas. If
produced at all, streamflow in upstream tributaries is of ephemeral nature, lasting only for short
periods (in the range of minutes). Only after several consecutive rainy days, the soil water
content is increased so that hydraulic connectivity is established on a catchment-scale and

streamflow occurs in the main rivers, continuing over longer periods (in the range of weeks)
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(Aratjo and Medeiros, 2013; de Figueiredo et al., 2016). In river reaches embedded in an
alluvium the flow regime is additionally influenced by channel transmission losses as a

consequence of infiltration through the river bed and banks (Costa et al., 2012, 2013).

2.2.2 Study area: reservoir system

Reservoirs were distinguished between the large so-called strategic reservoirs,
constructed and managed by the state government, and the privately built, unmanaged
reservoirs of different sizes and shapes (Figure 2.1). The latter ones will be generally referred

to as small reservoirs.

2.2.2.1 Strategic reservoirs

Four strategic reservoirs, namely Po¢o da Pedra, Bengué, Mamoeiro and Do
Coronel, are located within the catchment (Figure 2.1) with a drainage area of 800, 1,062, 1,888
and 25 km?, respectively (Table 2.1). The daily storage volume and the flooded area for each
strategic reservoir are derived from the monitoring of water levels. The dam constructions
usually dispose of two different release facilities (Table 2.1): a drain unit with an adjustable
clasp device and an uncontrolled spillway.

Time series of the controllable releases are available for the two of the strategic
reservoirs (Pogo da Pedra and Bengué). For Pogo da Pedra no controllable released discharges
occurred for the entire period. The records for Bengué showed some days, during which water
was released. No regularity was discernible and the discharges were rather small (usually lower
than 100 L/s). As the controllable released discharges are negligibly small compared to the
observed streamflow and to the losses caused by lake evaporation (Glintner et al., 2004), they
were disregarded for the calculation of reservoir water balance. Differently from the
controllable water releases, the spillway overflow is quite relevant to estimate the reservoir

water balance, since large flood events were recurrent during the study period.
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Table 2.1 - Hydraulic structure of strategic reservoirs located in the study catchment.

Dam
e Poco da Do Bengué Mamoeiro
Pedra Coronel g
Operation year 1958 1946 2000 2012
Drainage area 8,000 25 1,062 1,888
[km?]
Capacity [hm?] 52.00 1.77 19.56 20.68
Flooded area at
— 8.320 0.5 3.479 3.691
. No Public Concrete Type Type
Spillway type Info Sill Creager Creager
Spillway width 60 24 150 30
(constant)
Height of spillway 2 13 18.54 18
crest
Controllable outlet yes no yes yes

Source: Secretary of Water Resources of the Government of Ceard — SRH, 2021

2.2.2.2 Small reservoirs

For previous studies on the reservoir network in the UJIB (Mamede et al., 2012;
Peter et al., 2014, Simshduser, ), a total number of 230 reservoirs distributed over a total
catchment area of 3,347 km? (1 reservoir per 14.5 km?) were registered in the Concei¢ao River
Catchment analyzing aerial images taken immediately after the rainy season of the three
comparatively wet years 2004, 2008 and 2009. This analysis allowed the estimation of the
maximum water surface and the corresponding perimeter of the lakes. In-situ measurements of
volume, area and height of the small reservoirs are not available.

As the flooded areas represent a moisture state shortly after the rainy season of
extremely wet years, it was assumed that they correspond to the maximum capacity, beyond
which water is spilled from a reservoir (Mamede et al., 2012; Peter et al., 2014). Hence, an
estimation of the storage volumes based on these surface areas was conducted to gain the input
data required by the hydrological model. Simplified approaches to estimate the storage capacity

and, additionally, the spillway width are shown as follows.
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Storage capacity estimation:

Molle (1994) conducted an extensive field study on the geometry of reservoirs in
four states of the semi-arid Northeast of Brazil, including the state of Ceard. Based on this work,
he developed the following equations 2.1 and 2.2 describing the relation between surface area,

height and volume of a reservoir as a function of two parameters:
V=k-h* (2.1)
A=k-a-h@D (2.2)

V: estimated reservoir volume [m?]
k: aperture coefficient

h: reservoir height / water stage [m]
& shape coefficient

At surface area [m?]

When combining the two equations, one obtains an expression (equation 2.3) for

the reservoir volume as a function of the surface area (Pereira, 2017):

a

V=k- (i)(ﬁ) (2.3)

ak

The two coefficients are site specific and vary depending on the prevailing
topography. Molle (1994) determined these coefficients for a sample of 420 reservoirs in four
states of the semi-arid of Brazil (Ceard, Rio Grande do Norte, Paraiba, and Pernambuco) with
capacities ranging from 0.03 to 0.66 hm?®. The mean value of the sample for a and the median
for k amounted to 2.7 and 1500, respectively. Using these parameters, the equation has been
commonly applied in many studies (e.g. Malveira et al. 2012, Peter et al. 2014).

In order to find mean values for the two coefficients of Molle’s equation that are
more representative for the reservoir dimensions found in the Conceicao River Catchment
(reservoirs with flooded area till 0.07 hm?), which are rather smaller than those from the sample
of Molle (1994), a sub-sample of 21 reservoirs in the catchment from a database published by
the Brazilian National Department of Constructions against Droughts (Departamento Nacional

de Obras Contra as Secas - DNOCS) (Pinheiro, 2004) was taken at hand. The average value for
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a, 2.7, and the median for k, 5046, of this sub-sample were determined and adopted for this
work. The estimated storage capacity of the small reservoirs detected by aerial images in the
catchment, based on Molle’s equation, ranges from 2,362 to 1,939,301 m3. The mean and
median storage capacity of the small reservoirs are 80,335 and 23,700 m?, respectively.

Spillway width estimation:

Not only the strategic reservoirs dispose of spillway structures, but the private non-
operated dams as well, even though their flood water release is generated in different manners.
The small reservoirs usually have a lowered sill made of compacted soil. Some reservoirs
simply spill via a natural or excavated so-called preferential flow channel. No information is
available on the width and the height of spillways of small reservoirs. So, in order to realize a
broad-scale assessment of the small-reservoir spillway widths, measurements based on satellite
images were conducted in Google Earth in cases where a spillway was clearly discernible from
the flight perspective.

After the satellite image analysis (Google Earth Pro images ranging from 1985 to
2020), only 21 measurements were considered, because in the majority of cases no clear
distinction between dam and spillway was discernible, mainly due to the fact that both
structures are made of earth and hence no difference in depth was recognizable. Additionally,
some of the larger reservoirs dispose of tubes integrated into the dam, which could also not be
assessed in the imagery. Aiming the estimation of all spillway widths, it was assumed that the
flood magnitude is related to the upstream drainage area. So, all 21 values of Google-Earth-
based spillway width were plotted against the upstream drainage area of each dam obtained
from a geographic information system (GIS). After removing three outliers, a linear function
was fitted to the plot with a coefficient of determination of 0.88. Based on the thus obtained
relationship, the width of the spillway of other small reservoirs could be approximately
determined entering the respective drainage area. With this width, the released discharge based
on the water stage over the spillway crest may be calculated. However, it must be stated that
the relation between width and drainage area represent only a very rough estimation. It presents
a source of uncertainty originating from the low resolution of the satellite images in some

regions, the potential misinterpretation of them and measuring imprecision.
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2.2.3 Model of the system of reservoirs and ponds

2.2.3.1 Catchment delineation including reservoirs

For simulating hydrological processes and reservoirs in the catchment, the model
SWAT was used. The delineation of the watershed and the definition of its river network
(Figure 2.1) were done in ArcSWAT based on a digital elevation model (DEM) with 90 m
resolution. Outlets of strategic reservoirs were incorporated as nodes. In this section, the model
development and parameterization of ponds and reservoirs is presented. Strategic reservoirs and
main private reservoirs along the river network were implemented into the SWAT model as
“Reservoir” during the watershed delineation, while the other small ones were added as “Pond”
as they are situated on tributaries off the main river network (Figure 2.1).

The classification of small reservoirs as “Reservoirs” or as “Ponds” was done
depending on their impact on the generated water runoff. Water impoundments were

implemented as Reservoir, if they meet all of the following criteria:

1. The water impoundment is caused by a dam construction built across the main
river reach;

ii. The upstream drainage area of the reservoir is substantially larger than the
average design sub-basin area (~20 km?);

iii. The estimated storage capacity of the water impoundment is larger than 0.01

hm?.

In the special case that the water impoundment was complying with the first two
criteria but not with the third one, it was assigned to the second category (Pond) for means of
simplification, even though it was receiving water from upstream sub-basins. By implementing
these water impoundments as Pond, as if they were located off the main channel, their water
retaining effect was not completely neglected.

To implement the remaining reservoirs as Pond, the following criteria were

checked:

1. The water impoundment is caused by a dam construction built across the river

reach;
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ii. The upstream drainage area of the reservoir is approximately equal or smaller

than the average design sub-basin area (~20 km?).

Fulfilling these criteria, a water impoundment was considered a pond according to
the SWAT definition. In case the upstream drainage area was larger than the designated
minimum sub-basin area (5 km?), the outlet was placed on the stream just downstream of the
lake, generating a sub-basin whose entire area drains into the pond allocated to it. Deliberately
placing certain ponds at the outlet of sub-basins simplifies further calculations for the
determination of their drainage fraction, which is a required input parameter for SWAT.

If no dam construction was detected, the water impoundment was disregarded in
the model. During a flood event, depressions in the landscape or flood plains may be inundated
and filled with water, being registered as a water impoundment through remote sensing. These
inundation lakes were neglected in the model as they show different topographic characteristics
than the lakes impounded by dams, which would lead to an overestimation of their storage
volume when applying the general method for volume estimation from flooded surface area
(see section 2.2.2.2). This would then cause a distorted impact on the surface runoff.

The model catchment delineation ended up with a total of 191 dams and 197 sub-
basins (Figure 2.1). The average sub-basin size amounted to approximately 17 km?. A total of
18 dams were implemented as Reservoir (4 strategic and 14 main private) and 79 sub-basins

contained dams that were either individually assigned or aggregated as Pond.

2.2.3.2 Aggregation of small reservoirs into ponds

SWAT allows only one single pond to be allocated to each sub-basin. After the
watershed delineation, however, many sub-basins ended up containing multiple small
reservoirs, that was considered a reservoir system, in which it was distinguished between a
cascade and a parallel arrangement of reservoirs (Figure 2.2). In the cascade arrangement, two
or more reservoirs are located one behind the other on the same river reach. Water being
released from the upstream reservoir will flow into the downstream reservoir. So, the filling of
a downstream reservoir depends on the amount of water held up by reservoirs further upstream
and thus on the storage capacities and drainage areas of all upstream reservoirs. In the case that
two or more reservoirs are arranged parallel to each other, the filling and spilling processes are

independent of each other. In the parallel arrangement, each reservoir is located on a separate
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river branch of the same order. Water being released from one reservoir does not flow into the
other. Each reservoir has a separate drainage area.

Based on the arrangement of small reservoirs and their drainage areas, certain
calculation rules were applied for the determination of the aggregated reservoir volume.
Drainage areas of downstream reservoirs were kept fixed, while the volumes were reduced if
necessary. In that way, it was guaranteed that only a fraction of the sub-basin contributes to
runoff production that actually does not drain into any reservoir. In the case that a pond is
located directly at the outlet, no outflow from the sub-basin will occur until the storage capacity
of the aggregated pond is exceeded.

Given the rarity and variability of runoff, it is reasonable to assume that in some
dry years, even the smaller reservoirs may not overflow. Therefore, it was aimed at estimating
the average storage volume required for water to begin flowing out of a network of small
reservoirs. This volume will be referred to as the equivalent capacity, while the system’s overall

impact on hydrology will be termed the storage effect.

Figure 2.2 - Schematic illustration of a sub-basin containing two small reservoirs configured in
a cascade (left) and a parallel (right) arrangement. DAtot: drainage area of the aggregated pond
defining the total drainage fraction of the sub-basin; Rd/R1 (red squares): downstream/first
reservoir; Ru/R2 (red squares): upstream/second reservoir; DAd/DAT (not hatched): drainage
area of downstream/first reservoir; DAu/DA2 (hatched in grey): drainage area of

upstream/second reservoir; Blue line: river reaches.

Source: The author
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Two extreme states may be distinguished with regard to the storage effect:

i. The state when the entire amount of generated runoff in the system is stored so
that no outflow occurs. This may be seen at the beginning of the rainy season.
Only if a certain threshold water volume is exceeded the system spills. This
threshold storage may be considered the effective capacity.

ii. The other state occurs after full saturation of the system (all reservoirs filled,
high soil moisture) after some consecutive rainy days. At this point, the system
only damps the outflow hydrograph, releasing the amount of water above the total

storage capacity of the system.

In other words, the effective capacity of the reservoir network determines whether
it spills, while the total storage capacity determines how much water is spilled. In order to
simulate a storage effect that will match the one in reality on average, it was to set the equivalent
storage capacity of the lumped pond to a value in between effective capacity and total storage
capacity.

If the relation of capacity to drainage area of an upstream reservoir is equal to or
smaller than that of the downstream reservoir (considering only the fraction of drainage area
beneath the upstream reservoir), the upper dam will spill first. Hence, the equivalent storage
capacity of the system amounts to the total capacity, the sum of both. This case corresponds to
the assumption of a positively constant relation between capacity and drainage area made for
other studies (e.g., Giintner et al., 2004; Zhang et al., 2012). In the case that this ratio is higher
for the upstream reservoir, the downstream reservoir will spill first. When assuming the
drainage area of the downstream reservoir, though, an addition of the single storage capacities
would lead to a strong overestimation of the effective capacity. Spilling from the sub-basin
would be simulated with delay or not at all. If only the downstream volume is considered the
threshold storage for spilling of the system would be matched but the total capacity would be
highly underestimated. In this case, the equivalent capacity is calculated as the sum between
the full capacity of the reservoir with the larger specific drainage area and the other capacity

reduced by the fraction of the two drainage areas.

V(Ry) < V(Rg)
DA, ~— DA,

Veq = V(Ry) + V(Ra)
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VR _ V(R

Y a, ~ Da,
. DAg
if DAy > DAg: Vog = V(Ry) +—2 - V(Ry)
DA,
. DA,
if DAy < DAg: Vog = V(Rg) + —2 - V(Ry)

DA,

- Veq: equivalent storage capacity of aggregated pond
- V(Ru): storage capacity of upstream reservoir

- V(RA): storage capacity of downstream reservoir

- DAu: drainage area of upstream reservoir

- DAd: drainage area of downstream reservoir

Accordingly, for a parallel arrangement of small reservoirs in the same sub-basin,
if the relation of capacity to drainage area of two reservoirs is equal both will spill at the same
time. Hence, the equivalent storage capacity of the system amounts to the total capacity, the
sum of both. This case corresponds to the assumption of a positively constant relation between
capacity and drainage area.

For the case that this relation is smaller for one of the reservoirs, this dam will spill
before the other one. Assuming the sum of both drainage areas as an upstream basin for the
lumped pond, the effective storage capacity would be overestimated. Considering only the
drainage area and capacity of the reservoir with the smaller ratio the threshold storage for
spilling would be matched, but the total capacity would be underestimated. In this case, the
equivalent capacity is calculated in the same way as for the sequential configuration, as the sum
of the full capacity of the reservoir with the larger specific drainage area and the other capacity

reduced by the fraction of the two drainage areas.

V(R V(Ry)
DA, DA,

Veq = V(R1) + V(Ry)
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V(R,) L V(R;)
DA, DA,

. DA,
lf DA]_ > DAZ: I/eq = V(Rl) + ﬁ - V(Rz)
1

. DA,
lf DA1 < DAZ: I/eq == V(Rz) + ﬁ - V(Rl)
2

- Veq: equivalent storage capacity of aggregated pond
- V(R1): storage capacity of first reservoir

- V(R2): storage capacity of second reservoir

- DA1: drainage area of first reservoir

- DA2: drainage area of second reservoir

By these calculation rules, it was considered that if the combined drainage area is
assumed, the storage effect of the reservoir with the larger drainage area is weighted higher for
the estimation of the joint storage capacity. In case that multiple small reservoirs are arranged
in the same configuration or that the two arrangements are combined in one sub-basin, it was
started with the most upstream reservoirs. Their volumes were aggregated according to the
respective rule, then this intermediate equivalent volume was again lumped with the small

reservoir further downstream and so on.
2.2.3.3 Parameterization of strategic reservoirs

In SWAT, a reservoir is basically described by the principal volume (Vpr), the
emergency volume (Vem) and the respective flooded surface areas (SApr and SAem). With
these parameters the surface-area-volume curve is calculated and the water release is
determined. The gradual flood water release from the strategic reservoirs may best be modeled
in SWAT with the target release for controlled reservoir function (IRESCO = 2). The outflow
routine allows a gradual spilling of the water volume above a certain target volume (Vtarg) and
under the emergency volume (Vem). The maximum storage capacity of each reservoir,
corresponding to a water level equal to the height of the weir crest, was set as Vpr. Considering
that the spillways of all reservoirs in the catchment are uncontrollable free weirs, Vtarg was

fixed as Vpr for all months. In order to guarantee a gradual water release over the spillway,
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Vem must be set substantially higher than Vpr so that it is possibly never exceeded. Vem and
SAem are available for strategic reservoirs by the state water agency.

The parameter NDTARG, representing the number of days required for releasing
all excess water above Vtarg, determines the amount of water flowing out from the reservoir
on each day. It depends on the type and the width of the spillways. In order to find a value for
this parameter, daily spillway discharges for different excess volumes were calculated for each
strategic reservoir. The discharge over the spillway in SWAT was calculated according to the
commonly known weir overflow Poleni equation (Aigner, 2008), which depends on the width
and the form of the spillway (Table 2.1). The weir-type-specific overflow coefficients were set
according to the weir types: 2.1 for Bengué and Mamoeiro, 1.75 for Pogo da Pedra and 1.6 for
Do Coronel. Water levels were considered only up to a height slightly above the maximum
observed elevation in the provided time series of the reservoirs: 1 m above the spillway crest
for Bengué and Mamoeiro, 0.75 and 0.5 m for Do Coronel and Po¢o da Pedra, respectively.
Excess volumes were also calculated for water stages at 0.01, 0.05, 0.10, 0.25 and 0.50 m above
the spillway for all strategic reservoirs.

Therefore, the Poleni equation was solved for half-hourly time steps, readjusting
the water stage after each step based on the specific volume-elevation-curve. The amounts of
water released after each time step were added up, obtaining the total water volume released in
one day. The values for the excess volume, i.e., the volume above reservoir capacity, were then
plotted against the values for the calculated released water volume. Linear functions were fitted
to the plots (Figure 2.3), with NDTARG equal to the inverse of the slopes of the straights. The
straight lines presented high coefficients of determination (R* > 0.9), which led to the
conclusion that the spilling behaviour of such reservoirs could be suitably represented by the
function implemented in SWAT.

The obtained values for NDTARG reveal that all the excess water is released within
slightly more than one day for the reservoirs Bengué and Do Coronel. Mamoeiro spills all the
excess water in less than one day. For the excess water to be released from Poco da Pedra,
however, it takes more than two days. These statements are only valid for the assumption that
no water is entering the reservoir during this time. In reality, the spilling process is much more
dynamic. A simulation on hourly time steps would be much more precise, but would lead to
high computation time. As the simulation step in SWAT was set to one day due to data
availability limitations, the approach presented here was considered the most appropriate way

to estimate the daily released water volume.
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Figure 2.3 - Excess volumes corresponding to certain water stages (0.01, 0.05, 0.10, 0.25, 0.50,
0.75 and 1.00 m) above the spillway crest plotted against calculated daily released volume with
fitted straight line for Pogo da Pedra (top left), Do Coronel (top right), Bengué (bottom left) and

Mamoeiro (bottom right) Reservoir.
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The parameters [YRES and MORES (year and month, in which the reservoir was
built, respectively) were set according to the available information. The parameter EVRSV, the
lake evaporation coefficient, was set to 1, which represents the maximum value, to guarantee
high evaporation losses. The parameter RES K represents the hydraulic conductivity of the
reservoir bottom. It determines the losses through infiltration. Due to the professional planning
and construction of the governmental reservoirs, it was assumed that these dams were
sufficiently sealed and RES K was set to 0.

The initial reservoir volume (parameter RES VOL) for Bengué was obtained from
recorded values shortly after the reservoir became operational in 2000. The initial storage
volume represented about 4% of its capacity. For Mamoeiro, which became operational in 2012,
the initial volume was also set to 4% of its capacity. However, no further time series were
available for Mamoeiro. For Do Coronel, the observed storage volume on the first day of
simulation in 1979 was obtained from the available records.

The time series for Poco da Pedra showed a gap for the years around 1979. The

storage volume at that time was estimated based on all other values registered at the beginning
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of January in the other years and based on the rainfall measured in 1978. The mean annual
rainfall was calculated from five rain gauges inside the study catchment both for the year 1978
and for the entire simulation period. The annual rainfall in 1978 showed to be around 71% of
the mean annual rainfall of the entire simulation period. The average of registered reservoir
volumes at the beginning of January amounted to 46% of the total capacity. So, the initial
storage for Poco da Pedra was estimated with these percentages: RES VOL = 0.71 x 0.46 x
capacity. Table 2.2 summarizes the parameterization of reservoirs, with a description of all
parameters.

The representation of the withdrawal of water from the reservoirs was considered
in the model in a simplified approach: urban water supply and irrigation were represented by a
constant monthly water withdrawal based on state water agency data for each strategic
reservoir. For the small reservoirs, as the withdrawals are negligibly small compared to the
observed streamflow and to the losses caused by lake evaporation (Giintner et al., 2004), they

were disregarded for the calculation of reservoir water balance.

2.2.3.4 Parameterization of main private reservoirs

Except for the flooded areas measured through remote sensing at the end of the
flood season of extremely wet years, no data were available on the 14 main private reservoirs,
which were implemented as Reservoir into the SWAT model. As they typically dispose of some
type of spillway, it was assumed that the water storage effect of these dams was similar to that
of the strategic reservoirs. So, their implementation followed the same principle.

The measured flooded area was set as SApr and the respective volume, which was
therefore estimated using the Molle-based approach, was assumed as capacity and set as Vpr.
Moreover, the volume corresponding to a water level of 1.5 m above the crest of the spillway
was calculated and assumed as Vem. The height of 1.5 m was assumed as a reasonable value
for the average height between spillway and dam crest.

Assuming the same procedure of overflow analysis that was followed for the
strategic reservoirs and general simplifications of spillway geometric properties, it was found
that the excess water is spilled within less than one day for almost all small reservoirs, i.e., less
than the model calculation time step. The average NDTARG parameter was set as 1 for the

main private reservoirs.
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The application Google Timelapse was used to determine, in which year each
reservoir was built, setting [YRES accordingly. This Google function provides satellite images
of many regions from the years 1984 until 2017. If it was seen that a dam had been present
since 1984, it was assumed that it had been existing since 1979. In these cases, MORES was
set to January. In the other cases, MORES was set to November, the ending of the dry season,
assuming that the dams are constructed during the dry season.

According to Molle (1989), seepage does not occur in the flooded area of the
reservoir due to the underlying crystalline bedrock but rather underneath the dam along the
original river bed. In the study, the insufficient sealing and compaction of the dam structures
were concluded to be the principal reason for infiltration losses. So, the seepage process
implemented in SWAT, assuming a loss through the flooded area (Neitsch et al., 2009), does
not adequately represent the infiltration process happening in the field. In order not to neglect
seepage losses from small reservoirs, however, the SWAT parameter RES K (hydraulic
conductivity of reservoir bottom) was set according to the average seepage rate found in Molle
(1989), which amounted to 2.64 mm per day (0.1 mm per hour). For evaporation losses, the
same value of 1 for EVRSV was defined, as described for strategic reservoirs.

Reservoirs that were built during the simulation period were assigned 0 as initial
storage volume. For the other reservoirs, the initial storage was set according to the size class
(same as used in the studies presented here). Micro-dams (capacity < 0.1 hm?) were assumed to
be empty before the flood season (in January), small-sized dams (0.1 hm? < capacity < 1 hm?)
were assumed to be at 10 % of their capacity and the medium-sized ones (1 hm?® < capacity <
10 hm?®) were assumed to be at 20 % of their capacity. The remaining parameters were left as

SWAT default. A summary of the main private reservoir parameters can be found in Table 2.2.

2.2.3.5 Parameterization of ponds

The obtained equivalent capacity of a system of small reservoirs was set as the Vpr
of the aggregated pond of each sub-basin. The corresponding equivalent surface area was
determined according to the same calculation rules, setting it as the SApr of the lumped pond
of each sub-basin. With the single reservoir volumes corresponding to a water level of 1.5 m
above the spillway Vem and SAem of the aggregated ponds were calculated using the same
method.

In SWAT, it is not possible to set the date when a pond came into being. So, it had

to be assumed that all ponds had been existing since the beginning of the simulation period,
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which adds another source of uncertainty considering the transient nature of the micro-dams
and looking at the development of dam construction in the region analysed in Malveira et al.
(2012).

Based on the considerations made for reservoir bottom percolation, the respective
parameter for infiltration through the pond bottom (K_POND) was set as 0.1 mm/h, too. From
the investigation about the spilling behaviour, it was found that only above the threshold value
of 0.01 for the ratio of capacity to drainage area of the single small reservoirs, it takes more
than one day for the excess volume to be spilled (NDTARG > 1.0). From the highest value for
NDTARG and the lowest one with the corresponding ratios, a linear relation was set up. Based
on this equation the NDTARG parameter was determined for all the small ponds that showed a
ratio higher than 0.01. In case the pond was located at the outlet of a sub-basin, the interpolated
value for NDTARG was assumed for the aggregated pond in the respective sub-basin. For the
remaining sub-basins with ponds, the parameter was set to 1.

Initial storages of the aggregated ponds were also set based on the single small
reservoirs located in the sub-basin, following the reservoir-size class as aforementioned. If at
least one small reservoir of a higher reservoir size-class (small- or medium-sized dam) is located
in a sub-basin, the initial storage was set as a fraction of the capacity of this reservoir,

accordingly. Table 2.3 summarizes the parameterization of ponds.

Table 2.3 - Parameterization of ponds (water impoundments implemented into the model as ponds). Sub-

basin numbers correspond to the IDs given automatically in ArcGIS.

(continued)
Drainage V(.)lufne Sgl;'f:ac : Volume S:‘:::‘: : Initial
c Principle .. Emergency NDTARG
SB No. Fraction (Vpr) Principle (Vem) Emergency | Storage
(SApr) (SAem)
[-] [10000 m?] | [10000 m?] | [10000 m?] | [10000 m?] | [10000 m?] [d]
2 0.1407 7.5238 8.6954 19.8279 16.2424 0 1
3 1 180.773 57.3379 245.2304 71.9404 36 1.35
5 0.4696 0.8167 1.8449 4.2163 5.1859 0 1
6 1 7.5132 9.6866 24.3122 23.3748 0 1
8 0.0391 3.7472 4.8147 10.7188 9.3316 0 1.23
10 0.4067 4.9495 7.3037 13.0763 15.9801 0 1
13 1 5.1694 5.8958 13.3848 10.7323 0 1
19 0.1458 0.8939 2.2837 5.4764 7.2734 0 1
23 0.0763 0.9053 1.9686 4.4619 5.374 0 1
25 1 1.2363 3.0887 7.26 9.4324 0 1
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Table 2.3 - Parameterization of ponds (water impoundments implemented into the model as ponds). Sub-

basin numbers correspond to the IDs given automatically in ArcGIS.

(continued)
Drainage V(.)lufne SZ‘;E‘: : Volume SZ?:: : Initial
SB No. . Principle . Emergency NDTARG
Fraction (Vpr) Principle (¥em) Emergency | Storage
(SApr) (SAem)

[-] [10000 m?] | [10000 m?] | [10000 m?] | [10000 m?] | [10000 m?] [d]
27 1 1.3203 2.4965 5.5348 6.1549 0 1
28 0.6053 1.5654 3.311 7.7935 9.624 0 1
33 1 0.3281 1.0389 2.6666 3.8864 0 1
34 0.3461 1.0677 2.184 4.8947 5.6966 0 1
36 0.2796 2.7783 3.9881 8.7843 8.2325 0 1
40 0.2456 0.2206 0.8092 2.2375 3.4799 0 1
43 1 2.3644 3.6029 7.9147 7.7095 0 1
46 0.8 0.6155 1.2528 3.2769 4.3561 0 1
59 0.8349 1.3593 3.6802 9.2813 12.9686 0 1
60 0.1041 0.1517 0.6393 1.9212 3.1614 0 1
61 1 5.4467 7.7014 17.1033 16.0336 0 1
64 0.3512 13.3103 10.6946 26.894 16.6532 1.3 1
65 1 5.1583 6.819 15.6876 14.6899 0 1
69 1 1.5008 4.0274 9.7324 13.1594 0 1
71 0.3748 1.1897 2.5641 6.0043 7.4319 0 1
72 0.819 1.7086 3.3212 7.5068 8.6277 0 1
74 0.4773 2.6592 4.4424 10.284 9.7641 0 1.22
75 0.0524 0.2017 0.8205 2.4195 3.9328 0 1
77 0.3162 2.9359 5.4036 12.6029 14.5969 0 1
79 0.2002 0.8926 2.127 4.9608 6.3172 0 1.02
80 0.4298 0.2251 1.0437 3.4006 5.8433 0 1
81 0.8215 0.6982 1.7436 4.1308 5.3995 0 1
82 0.7291 0.4968 1.5373 4.1508 6.2157 0 1
85 1 3.6826 4.7623 10.5934 9.2627 0 1
87 0.4025 2.9633 5.2069 11.8974 13.1948 0 1.05
88 0.95 0.7407 1.8059 4.2567 5.5043 0 1
90 1 1.5455 3.1587 7.5267 9.2915 0 1
93 1 7.5586 8.8378 20.4257 17.3195 0 1.02
95 0.7517 0.6823 1.6475 3.829 4.8805 0 1
98 0.4006 1.031 2.8662 7.3597 10.478 0 1
99 0.1782 0.7418 2.1364 5.2665 7.3392 0 1
100 1 29.5171 26.1075 64.7025 45.078 2.95 1.02
102 1 5.2178 7.5602 16.7197 15.8657 0 1
106 1 4.6885 5.7291 12.9448 11.0297 0 1
107 1 16.1602 13.5462 34.7797 24.2638 0 1
110 0.6358 6.8338 7.2609 17.1445 13.7023 0 1.04
112 0.0922 0.3418 1.066 2.7175 3.9329 0 1
113 0.3669 2.3219 5.0349 11.6349 14.25 0 1
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Table 2.3 - Parameterization of ponds (water impoundments implemented into the model as ponds). Sub-

basin numbers correspond to the IDs given automatically in ArcGIS.

conclusion)
Drainage V(.)lufne SZ‘;E‘: : Volume Sl:::: : Initial
SB No. . Principle . Emergency NDTARG
Fraction (Vpr) Principle (¥em) Emergency | Storage
(SApr) (SAem)
[-] [10000 m?] | [10000 m?] | [10000 m?] | [10000 m?] | [10000 m?] [d]
117 0.081 4.1549 5.797 12.799 11.7793 0 1
119 0.1587 2.3743 4.6125 10.3382 11.7731 0 1
120 1 6.3861 8.8767 19.733 18.2893 0 1.05
122 1 3.6661 6.3311 14.2447 15.3917 0 1
123 1 4.1293 6.2352 14.076 14.1237 0 1
124 0.9464 2.5164 4.4371 10.3236 11.7177 0 1
128 0.1765 0.3815 1.1425 2.8614 4.0627 0 1
131 0.1025 0.578 1.4841 3.5123 4.6224 0 1
132 0.191 2.0321 4.3421 9.9109 11.9397 0 1
134 1 9.3236 13.8683 31.2845 31.0957 0 1
135 1 31.3789 22.0259 59.2537 34.1384 3.14 1.02
137 0.2512 1.0437 2.5996 6.1387 7.9998 0 1
138 0.1997 0.4126 1.2002 2.9704 4.1595 0 1
139 1 3.279 4.4266 9.7989 8.819 0 1
142 1 3.8062 5.6076 12.4575 12.0347 0 1
144 0.9 0.7818 1.7949 4.1178 5.1092 0 1
149 0.2237 0.1046 0.5058 1.6715 2.8961 0 1
150 0.5671 0.3025 0.9872 2.5698 3.7969 0 1
153 0.1916 25.1365 15.9595 44.4581 22.853 2.51 1.15
154 0.0536 0.0951 0.4765 1.6162 2.8355 0 1
157 0.1087 0.6223 1.8313 4.6474 6.6331 0 1.05
159 1 0.304 0.9902 2.5753 3.802 0 1
168 0.3333 0.7133 1.6942 3.9201 4.9533 0 1.19
171 0.9508 3.1478 4.3143 9.5366 8.6696 0 1
173 0.1667 0.2131 0.7918 2.2051 3.4481 0 1
175 1 2.5427 3.7716 8.2931 7.9395 0 1
181 1 2.6293 3.852 8.4747 8.0486 0 1
183 0.0633 5.2966 5.9868 13.6159 10.8486 0 1.07
187 0.0855 0.3322 1.0472 2.6822 3.9006 0 1
193 1 2.8781 4.0776 8.9893 8.3529 0 1
195 1 1.0286 2.1333 4.7922 5.6212 0 1

Source: The author
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2.2.4 Parameterization of dryland hydrology

2.2.4.1 Model calibration approach

The aim of the calibrated model is to describe the rainfall-runoff relationship of the
catchment with the reservoir system as a base for further investigations and scenario
simulations. Studying the sensitivity and uncertainty of hydrological parameters is not the
subject of this study.

Climate data from 1979 to 2010 were collected from 38 FUNCEME rain gauges
and 6 INMET meteorological stations, including daily precipitation, temperature, wind speed,
humidity, and solar radiation. These variables were spatially interpolated using the inverse
distance weighting method to generate inputs for 197 sub-basins. Detailed information about
climate inputs can be found in Appendix A.

The soil map was provided as a polygon shapefile encompassing 109 soil
association classes for the entire Jaguaribe River basin, following the soil classification system
of Jacomine et al. (1973), which aligns with the coarser-scale soil map produced by FAO. Land
use data were obtained from FUNCEME and provided as a polygon shapefile initially
containing 26 land use classes. These land use classes were reclassified to match the default
land use categories integrated into the SWAT model, with Caatinga being similar to Range, a
vegetation from a semi-arid area in Texas, USA Brush (Scholz, 2015). Considerations regarding
land use refinement were necessary due to the combination of different vegetation. Soil
management information was not considered, only the land use patterns and native vegetation
of the region. Detailed information on both land use and soil data is available in Appendix B.

Based on the available data, literature (Rocha et al., 2023) and the experience of the
modelers, the following methods were chosen for the calculation of infiltration,
evapotranspiration and channel routing, respectively: Curve Number Method, Plant
Evaporation Method and Muskingum Method.

The parameters of the model were calibrated with a manual iterative trial and error
procedure with the objective of maximizing statistical model performance — the Nash-Sutcliftfe-
Efficiency (NSE) and the Kling-Gupta-Efficiency (KGE) — and minimizing the percent bias
(PBIAS) in stream flows comparison (observed vs. simulated), by keeping parameter values in
a physically meaningful range. Initial values for the model parameters were derived from field

data as much as possible. Then, where field data from the case study area were not sufficient,
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values from literature about dryland catchments were chosen to represent the characteristics of
the study catchment. Finally, remaining sensitive parameters were calibrated.

The model was calibrated separately for the sub-catchments of the three large
strategic reservoirs Bengué, Poco da Pedra and Do Coronel. The simulated reservoir volume
was compared to the time series for the strategic reservoirs. As the Mamoeiro reservoir became
operational only in 2012, after the last year of the Malhada station available time series (1979
— 2010), it was disregarded for the presented analysis. The remaining sub-basins were sub-
divided into three categories: upstream sub-basins with mountainous river reaches, transition
sub-basins with medium-order river reaches and down-stream sub-basins. The sub-division was
done by personal judgment with regard to the topography, slope classes and the order of the
river reaches.

It is common in hydrological modeling to use warm-up periods, especially when
the initial simulation conditions are not known. A warm-up is a sufficient period to run the
model to initialize important variables or allow processes to reach a dynamic equilibrium. The
complexity of watershed-scale processes impact the length of warm-up periods for hydrological
models. However, two to four years are recommended by model developers due to having a
complete hydrological cycling in the modeling. These periods are used by SWAT modelers in
the arid and semiarid region for hydrological studies (Bressiani et al., 2015b; Daggupati et al.,
2015; Jajarmizadeh et al., 2017; Zettam et al., 2017; Kim et al., 2018; Mendoza et al., 2021;
Mengistu et al., 2021).

The manual calibration and validation of the model was performed using the
technique of two-fold cross-validation. Considering the first two years as a warm up of the
model simulation (1979 and 1980), the first half of the series (1981 - 1995) was used for
calibration, while the second half (1996 - 2010) was used for validation, obtaining the statistical
criteria for both series at the Malhada station. Subsequently, the second half of the series was
used for calibration, while the first half was used for validation.

The reservoir volume simulation was evaluated for the whole series, but with a
special highlight in the periods when each reservoir spilled out. These periods have a greater
importance due to the spillway overflow directly influencing the streamflow at the outlet of the
catchment. The simulated and observed time series of the reservoir’s volume were overlain and
their fitting was visually evaluated.

The years considered in the series for two-fold cross-validation have periods of
flood and drought, such as 1985 and 2004 (rainy years) and 1993 and 2005 (drought years).

These rainy years were extremely wet years, when all strategic reservoirs spilled out. Beyond
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these extreme years, the preceding and following years were moderately wet to dry. In this way,
the model could be evaluated for different extreme seasons and rainfall events.

For the calibration procedure, the daily simulated stream flow were tried to match
the daily observed stream flow at Malhada gauging station, evaluating the plausibility of the
magnitude and the duration of the uncontrolled released discharges by reservoirs with regard to
the stage-discharge curves (i.e., excess-volume-to-released-volume-curves) developed in this
work. To assess the fitting of daily streamflow hydrographs (observed vs. simulated), a
combination of three quantitative statistical criteria commonly applied in hydrological

modeling was used: the PBIAS, the NSE and the KGE.

2.2.4.2 Rainfall-runoff process, flood routing and channel transmission losses

The dominant vegetation Caatinga resembles the vegetation type rangeland. The
Manning’s roughness coefficient for overland flow for rangeland with 20% vegetation cover
was provided in Neitsch et al. (2009). The maximum canopy storage (CANMX) was set to 1.5
mm as the average value for canopy storage in an arid environment stated in Attarod et al.
(2015). The parameters SOL._ AWC (available water capacity) and SOL_K (saturated hydraulic
conductivity) were derived by applying pedo-transfer functions (PTF) based on Brazilian
literature for each soil layer (Appendix B). Three soil types (Latosol Vermelho Amarelo, Bruno
nao-Calcio and Litolicos Eu Textura Arenosa) had characteristics of vertic soils. For them, the
bypass flow function of SWAT was activated, to account for an additional water retention
volume at the beginning of the rainy season due to the formation of cracks caused by shrinkage
of the soil.

For a reach of the Middle Jaguaribe River, Costa et al. (2013) found that at the end
of regular/moist rainy seasons, the river becomes a losing/gaining system, with its streamflow
being sustained from base flow occurring in the underlying alluvium. The test reach represented
a high order river in lower areas. As the principal rivers and tributaries in the study catchment
are embedded in layers of alluvium as well, similar effects of streamflow being sustained by
backflow from these alluvium bodies may also be expected. Therefore, river reaches were
classified into three orders in the model: high order reach, medium order reach, and upstream
tributary. SWAT allows to calculate water movement from the shallow aquifer to the root zone,
which is controlled by the groundwater “revap” coefficient (GW_REVAP). For the respective
sub-basins, the GW_REVAP was set accordingly to different values, decreasing in magnitude

with increasing reach order.
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According to the findings in Costa et al. (2013), transmission losses increase with
increasing discharges due to a higher hydraulic head. In order to include a more appropriate
approach for transmission losses on a catchment scale, the parameters CH K2 (effective
hydraulic conductivity of the channel alluvium in main river reaches) were set to different
values depending on the topographic position of the sub-basins and the slope classes in the
vicinity of the main river reaches.

The calibration of other parameters, such as CH N2 (Manning’s roughness
coefficient for main channels), ESCO (soil evaporation compensation -coefficient),
ALPHA BNK (bank flow recession coefficient)) ALPHA BF (base flow recession
coefficient), GW_DELAY (delay time for aquifer recharge), GWQMN (threshold water level
in shallow aquifer for base flow), REVAPMN (threshold water level in shallow aquifer for
evaporation) and TRNSRCH (fraction of the transmission losses partitioned to the deep aquifer)
can be seen in a summary in the Table 2.4, Table 2.5, and Table 2.6. Table 2.4 presents
parameters set for the entire catchment.

Table 2.5 presents parameters set for specific sub-basins of the catchment, with
distinction between sub-catchments of two strategic reservoirs and topographic position of sub-
basins. Table 2.6 presents parameters set for specific zones in the catchment, with distinction

between soil types.

Table 2.4 - Parameterization of calibrated model: Parameters set for the entire catchment.

Entire Catchment
Calibrated Parameters | Calibrated Value

TRNSRCH 0.3
OV N 0.6
CN2 57.34 t0 92
CH NI 0.065
CH N2 0.05
CANMX 1.5
REVAPMN 265
CH N2 0.05
SURLAG 4
ALPHA BNK 0.6
ESCO 0.02
LAT TTIME 0

Source: The author



57

Table 2.5 - Parameterization of calibrated model: Parameters set for specific sub-basins of the

catchment. Distinction between sub-catchments of two strategic reservoirs and topographic

position of sub-basins.

.I t(?m o.f Sub-catchments Specific Sub-basins
Distinction
Poco da Transition | Downstream I(‘iorrga]n)(is
) Pg dra Bengué Upstream |SB/Medium-| SB/High- Cor(;nel
Calibrated Catchment Catchment SB order order Sub.
Parameters Reaches Reaches
catchment)
Calibrated Values
GW_DELAY 12 and 30 12 and 30 30 12 12 12
GW_REVAP 0.15 0.15 0.25 0.15 0.1 0.25
700 and
GWQMN 1050 700 and 1050 1050 700 700 700
CH K1 25 19 5 20 72 72
CH K2 25 19 5 20 72 72
ALPHA BF 0.6and 0.8 0.6 and 0.8 0.6 0.8 0.8 0.8
RCHARG DP 0%53%‘“1 0.25 0.30 0.25 0.25 0.25

Source: The author

Table 2.6 - Parameterization of calibrated model: Parameters set for specific zones in the

catchment. Distinction between soil types.

Item of Distinction Soil Type
Calibrated Bruno Latosol LitolicosEu Planosolos Pogl;;);:lco_
Parameters
Calibrated Values
SOL K PTF results  PTF results ~ PTF results x 0.8 PTF results  PTF results
SOL AWC PTF results  PTF results PTF resultsx 1.2 PTF results  PTF results
GW_REVAP 0.1 and 0.15 0.15 0.1, 0.15 and 0.25 0.25 0.1 and 0.15
SOL CRK 0.3 0.4 0.3 0.01 0.01

Source: The author

2.2.5 Reservoir scenarios

One of the goals of this investigation is to assess the impact of the small reservoirs

(ponds and main private reservoirs) on the model streamflow and volume series. As the estimate

of those structures was made mainly with the help of aerial images, there is considerable

uncertainty in this process.
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Thus, in order to investigate different scenarios for the dimensions of the small
reservoirs their volumes were multiplied by factor zero and the factor ten. These parameters
represent areas and volumes that were estimated by the analysis of aerial images in the model
(see section 2.2.2.2). “0 time” means the total absence of small reservoirs and was chosen to
show how the model behaves without these small reservoirs. “10 times” means a ten times
increase in the aforementioned parameters that represent the volumes of these small reservoirs.
With these modifications, the model was run from 1979 to 2010 to assess their impact on the
simulation of the streamflow at the Malhada station and of the volumes and the spillway
overflows for the strategic reservoirs. We especially evaluated the peak values of the
streamflow hydrograph at the Malhada station and the number of days of spillway overflow in
the strategic reservoirs.

In addition, another scenario approach was performed to assess the impact of the
reservoirs on the simulated streamflow at the outlet. The general influence of reservoirs was
performed considering 4 scenarios: (1) considering all strategic reservoirs and small reservoirs
(reference); (i1) removing all small reservoirs in the hydrological system, but keeping only the
strategic reservoirs; (iii) removing all strategic reservoirs but keeping only the small reservoirs;
(iv) removing all reservoirs. The model was run for the whole series with these hypothetical
scenarios [(ii), (iii) and (iv)] and the streamflow at Malhada station was compared with the
reference scenario (i).

Figure 2.4 illustrates the main flowchart of this study, with a summary of all

methods applied.
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2.3 Results and discussion

2.3.1 Simulation of streamflow

The most relevant parameters in SWAT simulations in this study were identified as
SOL _CRK, TRNSRCH, CH K2, LAT TIME, REVAPMN, GW_REVAP and CH_NI. It is
worth mentioning that CN2 showed only low sensitivity even though it was often reported as
very sensitive in other catchments. We explain that with the climatic and soil characteristics of
the area, where soil moisture and infiltration processes more often underlie extreme dry or wet
conditions than elsewhere. In this study, the first two years (1979 and 1980) were considered
as warm-up period for adjustment of internal processes (e.g., soil moisture redistribution) that
moves from an estimated initial condition to a realistic state. The model performance during
the two-fold cross-validation periods was assessed with the three previously presented
statistical performance criteria. Table 2.7 presents the obtained values for each for the
calibration-validation periods. These values indicate a good model performance. The analysis
of the values for both NSE and KGE attested a good overall fit of the simulated and observed
hydrographs at Malhada station. The model simulated streamflow peaks with fairly high
accuracy with regard to their dates of occurrence and their magnitudes. When calibrating the
model with the first half of the series (1981-1995) the model overestimated streamflow values
(highly negative PBIAS) for the second half (1996-2010); when calibrating the model with the
second half of the series (1996-2010) the model underestimated the streamflow values (highly
positive PBIAS) for the first half (1981-1995).

Table 2.7 - Evaluation of model performance in streamflow at Malhada gauging station with
statistical methods for calibration period in 2-fold cross-validation of the series, where PBIAS

is the percent bias, NSE is the Nash-Sutcliffe Efficiency and KGE is the Kling-Gupta

Efficiency.
Performance | Calibration Value | Validation Value | Calibration Value | Validation Value
criterion (1981 — 1995) (1996 — 2010) (1996 —2010) (1981 — 1995)
PBIAS (%) 5.22 -38.93 2.29 33.55
NSE 0.65 0.56 0.65 0.65
KGE 0.81 0.53 0.82 0.55

Source: The author
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Figure 2.5 depicts the observed and the simulated hydrographs for the calibration-
validation periods, while Figure 2.6 depicts the log flow duration curve for these periods. For
better display, Figure 2.7 shows close-ups of hydrographs with a logarithmic scale streamflow
for the single years (1985 and 2004) during which relevant discharges were observed. These
years were chosen because they represent the wettest years, allowing a full analysis of the
hydrograph rising limb, the peak flow and the recession flow. For dry years, with low
precipitations, and consequently low flows, the analysis of these hydrograph characteristics
would be limited. Figure 2.5 (a, b), Figure 2.6 (a, b) and Figure 2.7 (a, b) present results for
1981-1995 calibration and 1996-2010 validation and (c) and (d) in both figures present results
for 1996-2010 calibration and 1981-1995 validation. For Figure 2.7, only the first half of the
year, the wet season period, is presented as for the rest of the year neither observed nor
simulated discharges occur (the dry season). It is remarked that the scale of the vertical axis is

adapted for each year.

Figure 2.5 - Comparison of observed and simulated daily discharges at Malhada gauging station
for: (a) calibration in 1981 — 1995; (b) validation in 1996 — 2010; (¢) calibration in 1996 —2010;
(d) validation in 1981 — 1995.
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(b) Hydrograph for Malhada gauging station for the validation period of 1996 - 2010
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(c) Hydrograph for Malhada gauging station for the calibration period of 1996 - 2010
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(d) Hydrograph for Malhada gauging station for the validation period of 1981 - 1995
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Figure 2.6 - Comparison of observed and simulated log flow duration curves for: (a) calibration

in 1981 — 1995; (b) validation in 1986 — 2010; (¢) calibration in 1986 — 2010; (d) validation in
1981 — 1995.
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The results show that the model was able to simulate dry years in which no or only
minor discharges are registered (1983, 1993, 2001 and 2005) at the Malhada gauging station.
For these years no water reached the outlet of the catchment, so the hydrograph was not
presented here. This indicates that both the storage capacity of the single reservoirs and the
losses due to evapotranspiration and riverbed infiltration were estimated sufficiently high. For
years with near-average water yield, the model accuracy was good for some years (1984, 1987-
1988, 1990, 1992, 1994, 1996, 1999 and 2003), but was rather poor in others (1986, 1989, 1995,
1997, 2000, 2002 and 2006-2008). For these years with worse accuracy, until 2002 the peak
streamflow was underestimated, which means that the observed streamflow has higher peaks

and more water reaching the outlet. From 2006 to 2008 the model overestimated the peak



64

streamflow. These results can be seen in Figure 2.5. For 2009, the modeled peak was clearly

overestimated.

Figure 2.7 - Comparison of observed and simulated hydrograph for daily discharges at Malhada
gauging station for: (a) calibration year of 1985; (b) validation year of 2004; (¢) calibration year

of 2004; (d) validation year of 1985.

Observed streamflow  «eveeeee Calibratred streamflow

——— Observed streamflow  eeoeeees Validated streamflow
1000 1000
w100 w100
X} k)
z =
é 10 é 10
g g
B 5
-
@ 1 a1
0.1 0.1
“ te} ig] ko] 5 “ o} > D> > > > > >
F ¢ ¢ ¢ ¢ & & & & & FF
W N N\ ‘)\\\ N ™ (\\\ \\\ ,]}\ ,\)\\ D}\ %\\ 6\ ,\\\
(a) (b)
——— Observed streamflow  «ooeeeeeee Calibrated streamflow Observed streamflow ~ «-eeeeee Validated streamflow
1000 1000
& 100 w100
K} g
z 2
t‘:10 10 z% 10
g g
< o
2 2
n 1 n 1
0.1 0.1 -
b D > B D > B e} e} e} o} ‘o] o} e}
N N\ N\ N\ N\ N\ o b o ) o o o
N\ N} ) N\ N N} N\ 9 S S S
W3 W "V Y3 3 g N N N N N N o
N R N S S N T A V- S S

Source: The author

The graphs clarify that for wet years during which the large reservoirs spilled out
(1985 and 2004) the days of extreme flood events (high peaks) were matched with high
accuracy by the model. The magnitude of the simulated peaks was within a similar range than
those of the observed ones. However, the flow recession was not well represented by the model.
It was found that it is characteristic for the study area that the streamflow lasted for many days
after strong consecutive rain events. The abrupt recession of the simulated hydrograph at the
end of wet periods, with streamflow going down to zero just after a few days the peak occurred

in all simulation results, while in the observed hydrograph the streamflow lasts for a few days.
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After extremely rainy periods, water accumulates in the regions close to the river channel,
forming flood plains. The river recharge process after this period is notably complex, with
unsaturated seepage and vertical unsaturated subsurface water redistribution beneath the
stream, lateral stream-aquifer interaction and groundwater flow, parallel to the river course, in
unconfined aquifers. These processes and the channel transmission losses for arid and semi-
arid watersheds are very simplified in the SWAT model and have a great influence on these
basins (Costa et al., 2012).

Some of the years with moderate rain showed worse accuracy in peak streamflow,
hydrographs limbs and recession flow, either with underestimation or with overestimation in
the simulated values, depending on the year of analysis. Those years with near-average
streamflow require attention in the hydrological simulations, mainly due to the possible
unsaturated characteristics of the soil. Transmission losses are more complex in these years and
the SWAT model equation is relatively simple, depending on hydraulic conductivity, flow
translation time, wet perimeter and channel length. Uncertainties in the input data were one of
the difficulties during modeling in this dryland catchment, mainly in the values of hydraulic
conductivity. The values of hydraulic conductivity and transmission losses estimated also
affected the recession flow, whose simulated values also showed streamflow results with
sharper drops than the observed values in the hydrographs after the rainy season. In all cases,
there is uncertainty in rainfall data (lack of continuous rain gauge monitoring in some days and
human errors in measurements) although the 44 stations available in the catchment can reduce
errors. No significant errors were found. Despite that, errors of rainfall data during storm events
can significantly impact modeling. Even interpolation cannot compensate for gaps in the

recording of the local variability of rain.

2.3.2 Simulation of reservoir volume

The simulated storage volumes during the cross-validation of the three strategic
reservoirs Pogo da Pedra, Bengué and Do Coronel are presented for comparing their values and
temporal dynamics with the observed values based on data availability and operation periods
(Figure 2.8). From the diagrams, it can be seen that the peaks during flood year 2004 were
matched well for the three reservoirs. The model simulated the filling of the reservoir very well
until the storage capacity was exceeded. For the other years, the model simulated that the

capacity was exceeded for 1986, 1988-1990, 1997 and 2009-2010 for Poco da Pedra, 2006-
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2009 for Bengué and 2009 for Do Coronel. Analyzing Figure 2.8, the storage volume in Pogo
da Pedra and Bengué reservoirs was higher overestimated in some years, besides the periods
that the simulated storage of the reservoir reached the maximum volume (1988-1990, 1997 and
2009-2010 for Pogo da Pedra and 2006-2007 for Bengué), when the observed data showed a
value quite distant from that. The evolution of the hydrograph, however, was well represented
by the model. For Do Coronel, the curve of simulated storage volume showed slightly
overestimated values compared to the observed ones for the years after and before the flood

years. The overall dynamics is better simulated than for the other two reservoirs.

Figure 2.8 - Comparison of observed by state water agency and simulated by SWAT daily
storage volumes in the three strategic reservoirs for the calibration and validation periods: (a)
Poco da Pedra (storage capacity 52 hm?, simulation 1986 - 2010) (b) Bengué (storage capacity
19.56 hm?, simulation 2000 - 2010), (c) Do Coronel (storage capacity 1.77 hm?3, simulation
2004 - 2010).
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(b) Bengué: 2000- 2010
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Despite these differences in storage volumes of Poco da Pedra and Bengué, we did
not find any systematic error. The years of 1997, 2008 and 2009, for example, showed
considerable streamflow at Malhada gauging station, while the years of 1998, 2001 and 2010
showed low streamflow. There were no direct discharge measurements upstream from the
studied reservoirs. Storage volumes were used to validate the reservoir modeling approach. On

the other hand, from 2008 to 2010 the model overestimated the storage volumes in Pogo da
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Pedra, as well as the streamflow at Malhada gauging station in these years, especially in 2009.
Some characteristics of dryland environments cause uncertainties for modeling of rainfall-
runoff processes, for example the nonlinear behavior of runoff generation and the irregular
spatial patterns of soil properties (Rodiger et al., 2014; Mamede et al., 2018).

The fall of the storage volume during the dry period, too, was modeled very
realistically. For the years before and after a flood year, the curves fitted very well for reservoirs.
The slope of the curve after a rainy season was a little more pronounced in the model. This
period is characterized by intense evaporation and a decrease in the volume of the reservoirs
for semiarid sub-basins and the parameter that calculates the evaporation (EVRSV) in the
reservoirs in the model was established at the highest possible value (see Table 2.2).

The catchment of Bengué reservoir was modeled by Mamede et al. (2018) using
the WASA-SED model (Giintner et al., 2004; Bronstert et al., 2014) for the period 2000-2012.
The WASA-SED model also simulates the impact of the small reservoirs on the generated
catchment runoff as aforementioned. The WASA-SED results for the storage volumes of the
Bengué reservoir were very similar to those produced by the SWAT model presented here,
although the WASA-SED model was specifically adjusted only for the Bengué catchment.

Furthermore, it can be seen that the model simulated the release from the reservoir
during flood events within the calibration and validation periods (Figure 2.9). Both the
durations and the magnitudes of the overflow discharges seem plausible for all reservoirs.
According to the specific stage-discharge curves edited for this study the simulated maximum
discharge from Pogo da Pedra corresponds to a water stage of about 60 cm above the spillway
crest. The maximum simulated overflow discharge from Do Coronel would cause the water
stage to reach a height of 40 cm above the spillway crest. The maximum discharge from Bengué
corresponded to a water stage higher than 2 m above the spillway crest. 2.1 m is given as the
maximum water level above the spillway. So, in this case it may be assumed that the model
overestimated the outflow. But as the outflow from the spillway represents a dynamic process,
depending on hourly flood events, the water stage may be kept constant during a longer time
span, leading to higher discharges than the one predicted by the stage-discharge curves, which
assume no further inflow to the reservoir. As no information was available regarding the
spillway overflow from the reservoirs, no further comments on the plausibility of the outflow
hydrographs were done. However, the results were an indication that the filling and emptying
processes in reservoirs may be mimicked realistically with the SWAT model even on a daily

time step, which was rarely shown before.
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Figure 2.9 - Hydrographs of released discharge for simulated outflow over the spillway of the

three strategic reservoirs for model simulations: (a) Poco da Pedra — 2004; (b) Pogo da Pedra —

1986; (c) Bengué — 2004; (d) Bengué — 2009; (e) Do Coronel — 2004; (f) Do Coronel — 2009.
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(e) Do Coronel: spillflow 2004 (f) Do Coronel: spillflow 2009
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Beyond the results presented for reservoirs, an analysis was also made for the
number of days on which the three reservoirs overflowed. These results were taken from
analysis of the simulation, counting the days when each reservoir exceeded capacity resulting
in spillway overflow during the simulation period (1979 —2010). These values were compared
with the number of spillway overflow days from the state water agency observed data for each
reservoir. The results were presented in Table 2.8. The model greatly overestimated the number
of days with spillway overflow, mainly for Po¢o da Pedra and Bengué. This is an expected
result, since the hydrographs of these reservoirs for model simulation had several years reaching
their capacities. On the other hand, for Do Coronel the results were very close. A greater number
of days of spillway overflow from the reservoirs implies that more water reaches the outlet of
the catchment, increasing the simulated streamflow values. This could be clearly seen in 2009,
where all reservoirs overflowed and, consequently, the simulated peak flow at the Malhada
station was much higher than the observed peak flow. Other years that also had simulated
streamflow rates greater than those observed (2006, 2007, 2008 and 2010) coincided with the
overflow of the reservoirs having a higher number of days in these years.

Figure 2.10 depicts the outflow hydrographs for four selected main private dams
implemented as reservoirs for the entire simulation period (1979 —2010). The two main private
reservoirs with the largest drainage area and the largest storage volume (No. 46 and No. 146
respectively) and the largest main private reservoirs for Pogo da Pedra catchment (No. 123) and
Bengué catchment (No. 17) were chosen for presentation (see Figure 2.1), as they had the

highest hydrological impact. The diagrams showed that water release from the reservoirs 17,
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46 and 123 was simulated by the model only in some years, with the spilling lasting only for a
couple of days. As presented before, it was expected that such medium-sized reservoirs spill
out only in wet years after consecutive strong rain events. These results agree with this field
observation. Hence, the spilling behavior seems realistic. With regard to the spillway outflow
simulated for these main private reservoirs, the magnitude of the discharges were consistent
considering the smaller drainage areas and the spillway widths estimated. Consequently, it may
be stated that the estimation of the reservoir capacity and the model parameterization were
reasonable. No other information nor observed data was available for these reservoirs.
Therefore, the plausibility of the results may not be assessed more specifically.

The higher frequency and duration of spilling of reservoir number 146 simulated
by the model were due to the fact that the soil type present in that area does not have any
cracking potential. Therefore, the soil is saturated faster and more runoff is generated leading
to a faster filling of the reservoir. As the spillway outflow magnitudes were consistent to the
drainage area and the spillway width and the parametrization was based on the calibration of
the volume of Do Coronel reservoir located nearby, it may be assumed that these results, too,

were reasonable.

Table 2.8 - Comparison between the number of days with spillway outflow for observed data
and the number of days with spillway outflow for model simulations during periods with data
availability for reservoirs: 1986 - 2010 for Poco da Pedra, 2000 - 2010 for Bengué and 1998 -
2010 for Do Coronel.

Number of days Number of days
Reservoir with spillway with spillway
outflow observed | outflow simulated

Poco da Pedra 97 316
Bengué 64 231
Do Coronel 93 110

Source: The author
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Figure 2.10 - Hydrographs for simulated daily discharges released from the private reservoirs

No. 17 (a), No. 123 (b), No. 46 (c) and No. 146 (d) via spillway for the years 2003-2010.
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2.3.3 Impact of the reservoir network on streamflow and reservoir volume simulations

The influence of reservoirs on the outflow of the catchment was first investigated
with the following four scenarios for the whole flow series (1979 — 2010): (i) considering all
strategic reservoirs and small reservoirs (reference); (ii) removing all small reservoirs in the
hydrological system, but keeping only the strategic reservoirs; (iii) removing all strategic
reservoirs but keeping only the small reservoirs; (iv) removing all reservoirs. Table 2.9 presents
a comparison for the model results criteria (PBIAS, NSE and KGE) between the four scenarios.

The analysis of the statistical criteria in Table 2.9 showed that removing strategic reservoirs
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significantly reduced the PBIAS, which means an increase in the simulated streamflow in the
outlet. Also, NSE and KGE decreased. This result is in line with the expectations due to the

decrease in retention by removing the reservoirs.

Table 2.9 - Comparison of model results in streamflow at Malhada gauging station for different

reservoir scenarios (1979 - 2010).

Performance Scenario (i) ((?:le n:tl::tglzc S(c()elﬁarsl;gllll) Scenario (iv)
criterion (reference) reZervoirs% rese);voirs) (no reservoirs)
PBIAS (%) 0.53 -2.76 -16.99 -20.30
NSE 0.63 0.61 0.51 0.48
KGE 0.81 0.80 0.70 0.66

Source: The author

Besides that, to illustrate the results obtained for wet years, the year of 2004 was
chosen to show the comparison between the simulations, with the streamflow in the outlet at
logarithmic scale (Figure 2.11). The streamflow hydrograph showed that, during the first
increasing limb, the scenarios had a similar slope, but the scenarios (iii) and (iv) reached a
higher peak flow. Scenarios (iii) and (iv) do not have strategic reservoirs, therefore water
retention was lower in the catchment. After this point, all the scenarios showed similar results.
As the differences between scenarios (i) and (ii) and between scenarios (iii) and (iv) were very
small, this result also showed that the presence of small reservoirs did not significantly alter the
streamflow during the rainy season. The water retention due to small reservoirs in wet years
was 2%. The decreasing limb and the recession flow showed the same aspect observed in model
calibration, with the end of wet periods to be abrupt, with streamflow going down to zero faster
than the observed values, probably due to river-aquifer interaction processes that were not
catched by SWAT as aforementioned. This behaviour is also seen in other wetted years, such
as 1985 and 2009 (not shown here). Therefore, these results indicated that the basin under study
is far from reaching its maximum water reserve capacity, especially considering the saturation
of small reservoirs.

All scenarios overestimate the observed streamflow data, which can be seen more
clearly on the cumulative streamflow representation (Figure 2.11). For the scenarios (i) and (i),

during the intermediate rainy season, the simulated recession flow was higher than the observed
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one, mainly from 02/2004 to 03/2004. Furthermore, the scenarios (iii) and (iv) reached a higher

peak flow at the beginning of the rainy season, due to the absence of the strategic reservoirs.

Figure 2.11 - Hydrographs and cumulative stream flow at Malhada station showing observed
values and 4 scenarios of reservoirs during the year of 2004: scenario (i) considering all
strategic reservoirs and small reservoirs (reference); (ii) removing all small reservoirs in the
hydrological system, but keeping only the strategic reservoirs; (iii) removing all strategic

reservoirs but keeping only the small reservoirs; (iv) removing all reservoirs.
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To illustrate the results obtained for dry years with low flows, the year of 2003 was
chosen to show the comparison between the simulations and the observed data, with the
streamflow in the outlet at logarithmic scale (Figure 2.12). The results were very similar to
those obtained for wet years. All scenarios overestimate the observed streamflow data.
However, the differences between scenarios (i) and (ii) and between scenarios (ii1) and (iv)
showed that the presence of small reservoirs is more significant for reducing the cumulative
streamflow during a dry year. The water retention due to small reservoirs in dry years was 9%.
Other studies have also shown that small reservoirs decrease low flows, with a more intense
reduction in dry years (Perrin et al., 2012; Habets et al., 2018).

Now, modifying the dimensions of the small reservoirs ten times, we found a lower
streamflow peak for the estimation with small reservoirs parameters ten times larger than the
reference (original parameterization). This result was expected, because with more small
reservoirs in the catchment, more water retention is observed, which means less outflow to the
Malhada station. Despite this, the comparison of scenario simulations (the absence of small
reservoirs, the reference and the larger dimensions of small reservoirs) for peak flow, increasing
and decreasing limb were very close, with no considerable differences between the model
scenarios for small reservoirs, even in dry years (not shown here).

The analysis of the reservoir volumes for the scenarios was carried out by a

comparison of the time series of the storage volumes (
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Figure 2.13,
Figure 2.14, and Figure 2.15). The results showed a small difference for the storage

volume in the Pogo da Pedra reservoir (
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Figure 2.13) considering the changes in the dimensions of the small reservoirs. For
the Bengué and Do Coronel reservoirs (

Figure 2.14 and Figure 2.15, respectively), the differences in the storage volume
can be observed more clearly between 2002 and 2004, with larger volumes for the "0 times"
simulation, which means the absence of small reservoirs, and slightly smaller volumes for the
"10 times" simulation. Once again, this was an expected result, because by decreasing the small
reservoirs more water can reach the strategic reservoirs, increasing the storage volumes.
However, the differences between the simulations were not considerable to conclude for a

relevant impact of small reservoirs on those catchments.
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Figure 2.12 - Hydrographs and cumulative stream flow at Malhada station showing observed
values and 4 scenarios of reservoirs during the year of 2003: scenario (i) considering all
strategic reservoirs and small reservoirs (reference); (ii) removing all small reservoirs in the
hydrological system, but keeping only the strategic reservoirs; (iii) removing all strategic

reservoirs but keeping only the small reservoirs; (iv) removing all reservoirs.
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Figure 2.13 - Comparison for storage volumes in Pogo da Pedra (2000 — 2010) with

modifications in the dimensions of the small reservoirs in 0 and 10 times. “0 times” means the

total absence of small

reservoirs. “10 times” means a ten times increase in the parameters that

represent the volumes of these small reservoirs. Model reference means the original

parameterization.
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small reservoirs. “10 times” means a ten times increase in the parameters that represent the
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Figure 2.15 - Comparison for storage volumes in Do Coronel (2000 — 2010) with modifications
in the dimensions of the small reservoirs in 0 and 10 times. “0 times” means the total absence
of small reservoirs. “10 times” means a ten times increase in the parameters that represent the

volumes of these small reservoirs. Model reference means the original parameterization.
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Previous studies suggested a relatively high impact of small reservoirs on the
catchment water retention for the model aggregation of the small reservoirs in a lumped way -
from 10% to 20% (Aratjo and Medeiros, 2013; Peter et al., 2014; Mamede et al., 2018; Habets
et al., 2018; Andrade Neto, 2022), while the present model with new representation of small
reservoirs in SWAT showed a lower impact on the water inflow for strategic reservoirs (about
2% of water retention in wet years and about 9% in dry years). The study basin has an estimate
of 230 reservoirs distributed over a total catchment area of 3,347 km?, resulting in 1 reservoir
per 14.5 km? (reservoir density). For semi-arid regions, the variability of spatial distribution
and density of small reservoirs varies significantly, between 0 and 4.2 reservoirs per km? (Mady
et al.,, 2020). In comparison with other dryland regions, the Conceicdo River Catchment
reservoir density is 25 times bigger than reservoir density in California, USA, as reported by
Minear and Kondolf (2009), for example. Despite the large number of reservoirs in the Upper
Jaguaribe Basin (UJB), where the study area is located, we found a reservoir density 2.5 times
smaller than that of the whole UJB, which is 1 reservoir per 6 km? (Lima Neto et al., 2011).
This indicates that the study area can still be considered to have a high density of reservoirs,
although it has a lower reservoir density than the average of the UJB. The impact of small

reservoirs on water retention was also minimal in the Quarai River basin, RS, South Brazil



81

(Collischonn, 2011). In this region, the number of small reservoirs is rapidly increasing due to
the growing irrigation demand for annual crops, despite the catchment having a relatively low
reservoir density.

Furthermore, considering the observed data from 1979 to 2010, the main hydrologic
fluxes of the study are: annual precipitation, annual potential evapotranspiration and annual
streamflow of 605 mm, 2,328 mm and 67.8 hm?*/year (20.3 mm), respectively. The total
estimated reservoir capacity is 113.1 hm? (or 33.8 mm), of which 94.0 hm? (28.1 mm) comes
from three strategic reservoirs. Ponds and main private reservoirs (226) have only 19.1 hm? (5.7
mm), on average 0.085 hm?® (0.025 mm) per small reservoir. Even increasing the volume
estimates of small reservoirs by ten times, the average volume per area of each small reservoir
(0.25 mm) remains very small in comparison with strategic reservoirs and the aforementioned
hydrologic fluxes. Moreover, as the stream flow are normally concentrated in a few days of the
year in this catchment, the surface runoff has much more volume than the capacity of the small
reservoirs, even for forcing moderate rainfall events.

Although the results obtained in this work represent hydrological aspects of a
specific catchment in the Brazilian semiarid region, the methodology for assessing the impact
of small reservoirs and the discussion of hydrological processes, such as peak flow and non-
flow periods, channel transmission losses, analysis at the beginning and end of the rainy season
in the streamflow gauge station hydrographs and in the storage volume of reservoirs, as well as
the parameterization of the dense network of reservoirs, can also be applied to large-scale
catchments located in other dryland regions. Some examples include semi-arid watersheds in
Australia, United States, Mexico and South Asia, which present similar climate, hydrological

and land-use characteristics.

2.4 Conclusions

In this study, we assessed the impact of small reservoirs on a dryland catchment
with a high-density network of reservoirs and investigated the water routing dynamics and
hydrological processes in the basin. For this purpose, a model was developed to simulate the
catchment streamflow at the outlet, the storage volumes of large reservoirs and the water
balance of lumped small-reservoirs at sub-basin scale. A methodology for the parameterization

of the small reservoirs was developed to represent their integration into the catchment
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hydrological modeling and to investigate their influence on the hydrological outputs

(streamflow and reservoir volume storage) of the basin.

The main findings of our work can be described as follows:

1. The model proved to be well suited for simulating peak flow in wet years, the
non-flow periods and the rising limb of the hydrograph with high reliability for the streamflow
at the catchment outlet.

2. In the strategic reservoirs, wet and dry years were well represented, as well as
the magnitude of spillway overflow of strategic and small reservoirs. On the other hand, the
number of days with spillway overflow showed to be overestimated.

3. The proposed model presents an innovative way to represent a dense network of
reservoirs in semi-arid basins in catchment hydrological models. The efforts in the
parameterization and aggregation of ponds and reservoirs proved to be worthwhile, allowing a
more accurate spatial representation of the strategic and small reservoirs in the SWAT model
for high-density networks and improving the analysis of the hydrological processes and impacts
in the basin.

4. The presence of small reservoirs decreased the stream flow and storage
downstream reservoir volumes, with only 2% of water retention on average. Increasing the
volumes of small reservoirs along the basin by ten times showed that the small ponds had a low
influence on stream discharge. The catchment under study is far from reaching its maximum
water reserve capacity, especially considering the current density of small reservoirs. However,
in dry years, their impact can reach 9% of water retention, which may worsen periods of water

scarcity in the large reservoirs.

For semi-arid catchments, the reliability of the results for peak flow in wet years,
for non-flow periods and for the rising limb of the hydrograph is very important for the
simulation of the stream flow reaching the large reservoirs and, consequently, for meeting the
water demand at catchment scale. However future improvements should be done in the model
for better representations in recession flow.

Since the results of the present study pointed to a low influence of the network of
small reservoirs on the stream flow and strategic reservoir storages, the small reservoirs in the

catchment might be an option to increase decentralized water access for small rural
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communities, without competing with other water uses, such as large and medium-sized city
sanitation demands and irrigation industry, from the strategic reservoirs.

The spatial representation of small reservoirs for a high-density network in the
SWAT model and the results of the cumulative impact of small reservoirs presented in this
study contributed to a better understanding of hydrology in dryland catchments, and can be
applied to catchments in similar climatic and socio-economic environments. Further studies on
the SWAT model in semi-arid regions will evaluate different arrangements for the increase of
small reservoirs in the basin and their impact on reservoir water quality. Such studies should
also be concerned with investigating channel transmission losses and river-aquifer interactions,
based on comparison with additional (intermittent) groundwater data. The coupling of surface
and groundwater models will potentially improve the understanding of dryland hydrology and

integrated water resources management in semi-arid regions.
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3 IMPACT OF DENSE NETWORKS OF RESERVOIRS ON STREAMFLOWS AT
DRYLAND CATCHMENTS?

3.1 Introduction

Reservoirs are a worldwide used water infrastructure for compensating natural flow
variability (Rabelo et al., 2021). In dry regions the water stored in reservoirs has fundamental
importance to supply the population water demand during the dry seasons and droughts, as well
as the use of water for industrial processes and for food production by irrigation (Samimi et al.,
2020). The increase in population and the consequent growth in water demand, combined with
climate and land use changes, have put pressure on water resources and increased the risk of
severe hydrological droughts over the years in these dry regions (Ribeiro Neto et al., 2022).
The combination of strategic reservoirs with many small reservoirs in dryland catchments
generates a High-density Reservoirs Network (HdRN) that should improve water security but
can modify streamflows during dry and wet periods.

The construction of public (strategic) reservoirs promoted by state water agencies
was an important factor for population water security during the last century (de Aratjo and
Medeiros, 2013). Despite this, the hydraulic network for water distribution in many regions has
several limitations, not reaching the population further away from urban centers, mainly in rural
communities. Thus, the construction of small and medium-sized reservoirs has intensified in
recent decades. These small reservoirs (below 1 million m?) are often built by the population
itself or by farmers, being essential for the availability of water in these rural communities. In
addition to the importance of reducing inequality in the water distribution for water-scarcity
regions these small reservoirs have low costs (Mady et al., 2020; Samimi et al., 2020).

On the other hand, the building of small reservoirs occurs most of the time without
technical supervision, lacking hydrological studies and disregarding potential impacts on the
availability of water for downstream regions (di Baldassarre et al., 2018; Rabelo et al., 2021).
Usually, small reservoirs represent risks to the population downstream in the rainy season since
many of these reservoirs do not have well-sized structures for flood control, with the risk of

dam break during periods of more intense floods. Small reservoirs are often constructed in the

2A paper based on the content of this chapter has been accepted for publication in the Sustainability, MDPI, as
Rabelo et al. (2022), and is available online at: https://doi.org/10.3390/sul42114117.
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cascade scheme along the rivers, so that the rupture of an upstream reservoir can cause the
downstream reservoir to fail with catastrophic consequences for the population downstream
(Cao et al., 2014, Oliveira and Lima Neto, 2020).

One of the reasons that makes it hard to estimate the cumulative impact of the
HdARN on the hydrological processes of a region is the lack of data on small reservoirs, mainly
information on storage capacity and surface area. Their mapping has grown a lot in recent years
with the advancement of remote sensing techniques, which allow the acquisition of surface
areas during rainy periods from satellite images combined with digital elevation models, and
consequently the estimation of storage capacities (Avisse et al., 2017; Mady et al., 2020; Pereira
et al., 2019; Ribeiro Neto et al., 2022). The spatial density of small reservoirs is quite different
around the world, with densities ranging from 0.05 small reservoirs per km? in Nigeria to 0.4
small reservoirs per km? in Myanmar (Mady et al., 2020), for example. However, some specific
dryland watersheds reach even higher values, as in India, 4.2 small reservoirs per km? (Paredes-
Beltran et al., 2021), in Brazil, 7 small reservoirs per km? (Ribeiro Neto et al., 2022), and in
Australia, 10 small reservoirs per km? (Nathan et al., 2015).

The understanding of small reservoirs’ dynamics is extremely important for the
management of water resources in dryland regions since their impacts on the hydrological
network depend on their dimensions, uses and locations. Recent studies have been carried out
to assess the cumulative impact of small reservoirs, such as the increase in evaporation losses
(Althoff et al., 2019; Rodrigues et al., 2021) and the decrease of runoff generated in the
catchment (de Aratjo and Medeiros, 2013; Fowler et al., 2016; Habets et al., 2018; Lasage et
al., 2015; Malveira et al., 2012; Rabelo et al., 2021). In addition, other studies have investigated
the effect of small reservoirs on sediment retention dynamics (Bronstert et al., 2014; Mamede
et al., 2018; Medeiros et al., 2014), in the reduction of energy demand for water pumping
(Nascimento et al., 2019) and on the evolution and intensification of drought events (di
Baldassarre et al., 2018; Ribeiro Neto et al., 2022; van Oel et al., 2018).

Another important effect of small reservoirs is on the water quality of the
hydrological network, which is a risk associated with the misuse of small reservoirs. Many
studies have been documented on the effects of nutrient accumulation in man-made reservoirs.
For drylands, water supply reservoirs may be recurrently eutrophic or hypereutrophic, mainly
due to phosphorus (P) and nitrogen (N) loads, which is a great concern for integrated water
resources management. Sediment retention increases the amount of nutrients in small

reservoirs, mainly P and N (Rocha and Lima Neto, 2021, 2022). Extended droughts may
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intensify the eutrophication of these reservoirs. River streamflows carrying fertilizers and
sewage provided by agricultural and urban practices may increase the number of pollutants in
small reservoirs, such as pesticides, fecal coliforms, and even heavy metals. Furthermore, as
the small reservoirs may be used for population supply, the increase in diseases associated with
poor water quality can bring health risks to the population, such as diarrhea, schistosomiasis,
and onchocerciasis (Cortez et al., 2022; Ignatius et al., 2016; Lima Neto et al., 2022; Moura et
al., 2020; Owusu et al., 2022).

A system of small reservoirs can influence hydrological processes at catchment
scale (Habets et al., 2018; Rabelo et al., 2021). However, most studies use highly simplified
models to represent small reservoirs in hydrological networks. The storage capacities of small
reservoirs, their horizontal connectivity, and their interaction with large strategic reservoirs are
not represented in detail, which may lead to misinterpretation of the role of small reservoirs in
simulating interannual variability of runoff. There is a gap in understanding the interannual
variability of runoff retention, particularly during hydrologic extremes (floods and droughts),
which complicates modeling the effects of future increases in the number of small reservoirs in
drylands.

The eco-hydrological model SWAT (Soil and Water Assessment Tool) has been
widely used for hydrological simulation in watersheds, obtaining good results for application
in dryland regions (Andrade et al., 2019; Liu et al., 2014; Nguyen et al., 2017; Pathak et al.,
2019; Shukla et al., 2020; Zhang et al., 2012). Despite this, even complex models such as
SWAT need adjustments to modeling small reservoirs, since the large number of them usually
has limitations to be implemented in the models.

A recent study using remote sensing in the State of Ceara, carried out by Research
Institute of Meteorology and Water Resources of Ceara (FUNCEME), identified more than
105,000 dams with widths starting from 20 meters. The territorial area of the State of Cear4 is
approximately 150,000 km?, with almost 87% of this area inside of the Brazilian semiarid. This
distribution of small reservoirs is not uniform, so that some regions have very high densities of
small reservoirs, especially in locations close to the largest strategic reservoirs in the State
(FUNCEME, 2021). For these small reservoirs, water agencies in Ceara do not have
information on systematic volume monitoring, only for strategic reservoirs. It is estimated that
a recent drought in Ceara (2012-2017) caused losses of more than 6 billion dollars (Ribeiro
Neto et al., 2022). These extended droughts encourage the construction of even more medium

and small reservoirs to meet the water demand of small rural communities. The first studies
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carried out by Ribeiro Neto et al. (2022) identified that small reservoirs can induce and modify
drought events, extending hydrological droughts by an average of 30%. However, the influence
of small reservoirs in the emergence, intensification, and propagation of droughts in drylands
at watershed level still has few studies based on the modeling of these HARN. Also considering
the limitations in the data of the small reservoirs, the impact of small reservoirs in the annual
streamflows at dryland catchments can still be better understood, such as the interannual
influence that these HARN have on the reduction of flows during wet and dry years.

The present study aims to determine the impact of the increase in the number of
small reservoirs on dry hydrological networks, evaluating the annual flows generated at the
outlet of a dryland watershed for scenarios with different densities of small reservoirs (number
of reservoirs per area). To achieve this objective a detailed representation of a watershed,
including large and small reservoirs, was modeled in SWAT. The study area was in the
Brazilian semiarid region. The methodology generated a scenario approach for several
hypotheses of growth in the density of small reservoirs in the catchment. The present study
improves the understanding of the hydrology of dense reservoir networks and uses a modeling

approach that can be applied to water resources management in drylands.

3.2 Materials and methods

3.2.1 Study area

The study was carried out in the Concei¢ao catchment (3,347 km?), which is in the
state of Ceara, northeast of Brazil (Figure 3.1). The Concei¢ao River is a tributary of the Upper
Jaguaribe River Basin (UJB), which is a sub-catchment of the Jaguaribe River basin (75,000
km?). The Jaguaribe River is the most important river in Ceara, and all over the river basin
reservoirs were constructed to store water for agricultural, industrial and domestic use.

The climate in the region is classified as semiarid, “Bsh” according to the K&ppen
classification, characterized by a clear distinction between rainy and dry seasons. The rainy
season occurs between the months of January and May concentrating approximately 80% of
the annual rainfall. The period from June to December is characterized by a decrease in river
streamflow (low flows) and high evapotranspiration rate. Annual precipitation in the region has
an average around 600 mm, while annual potential evapotranspiration has an average around

2300 mm, which is almost four times greater than annual precipitation. The annual precipitation



88

and evapotranspiration provided by an interpolated series during the simulation period (1979 —

2010) are presented in Figure 3.2.

Figure 3.1 - Location of the study catchment with the main rivers and reservoirs. The red dots
represent small reservoirs identified by remote sensing mapping of Funceme (2021). Main

private reservoirs represent medium-sized reservoirs constructed by farmers.
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The soil of the region is characterized by being shallow, with low hydraulic
conductivity and porosity. Geologically, 80% of the region is composed of a complex of

crystalline rocks, with a low occurrence of aquifers. Consequently, the combination of soil-
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related factors, high spatial and temporal variability in rainfall, and high annual
evapotranspiration rates make the rivers of the region intermittent. Thus, the occurrence of

droughts in the region is quite recurrent even in consecutive years, so called extended droughts.

Figure 3.2 - Average annual precipitation and average annual potential evapotranspiration in
study catchment. Results provided by an interpolated series from 1979 to 2010 that represent

the simulation period.
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The streamflows at Conceicao River catchment are monitored daily at the Malhada
Station. Figure 3.1 presents Malhada Gauging Station and all reservoirs identified by
FUNCEME (2021) for the catchment. There are 4 strategic reservoirs monitored by the Water
Agency of the State of Ceard (COGERH): Pogo da Pedra, Bengué, Do Coronel and Mamoeiro.
The privately built reservoirs with different sizes and shapes (main private reservoirs and small
reservoirs) are usually referred to as small reservoirs. Despite not being one of the regions in
Ceara with the highest density of small reservoirs, this availability of flow data is critical to
assess the impacts of human processes on the hydrological network, such as the increase of the
construction of small reservoirs to supply rural communities. In addition, the study area was
also chosen based on the frequent droughts that occur, thus representing a very dry region of

the Brazilian semiarid.
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3.2.2 Model parameterization

The SWAT model was used to model hydrological processes and reservoirs, and to
simulate streamflows in the outlet of the catchment. The delineation of the watershed and its
river network (Figure 3.1) were carried out based on a digital elevation model (DEM) with 90
m resolution. The climate data was made available by FUNCEME. All analyzed scenarios of
small reservoirs were based on the SWAT model calibrated and validated for the Conceigao
River catchment available at Rabelo et al. (2021). To clarify the modeling processes carried out
in SWAT, in the following sections the parameterization of large and small reservoirs and the

calibration of the model are briefly presented.

3.2.2.1 Reservoir system

The modeling of reservoirs was carried out as follows: the analysis of aerial images
in the Conceigao River catchment identified 230 reservoirs after the rainy seasons in 2004, 2008
and 2009; the volume and area of these reservoirs were estimated using the Molle’s equation
(Molle, 1994) adapted by Pereira (2017); water impoundments caused by dam constructions
built across the main river reach and with estimated storage capacity larger than 0.01 hm? were
modeled in the “reservoir” structure of the SWAT model (strategic reservoirs and main private
reservoirs); the remaining reservoirs were modeled in the “pond” structure of the SWAT model
(small reservoirs); due to the large number of small reservoirs and the limitation of SWAT2012
in allowing only one “pond” per sub-basin, they were aggregated into a single “pond” for each
sub-basin, by the cascade or parallel arrangement. A more detailed description of the
methodology for aggregation of small reservoirs into ponds by cascade and parallel
arrangement is available in sections 2.2.3.2 and 2.2.3.5. The results of the reservoir modeling
in the contribution area can be summarized as follows: 230 reservoirs distributed in a total area
of 3,347 km?, with 4 strategic reservoirs (capacity = 73.33 hm?), 14 private reservoirs (capacity
= 5.28 hm?) and 212 small reservoirs (capacity = 13.70 hm?). The density of reservoirs in the
region is estimated at 0.068 reservoirs per km? (about 1 reservoir per 14.81 km?). However,
Mamoeiro reservoir was disregarded in the analysis due to this strategic reservoir becoming
operational only in 2012, after the last year of simulation (1979 — 2010). This model was

considered in the study as a reference model.
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3.2.2.2 Calibrated model

The parameterization of strategic reservoirs used information obtained from
COGERH for the surface area when reservoir filled to emergency spillway (RES _ESA), storage
volume when principal reservoir filled to emergency spillway (RES _EVOL), surface area when
reservoir filled to emergency spillway (RES PSA), storage volume when reservoir filled to
principal spillway (RES PVOL), initial reservoir storage volume (RES_VOL), target storage
volume (RES_ TARG), month in which reservoir became operational (MORES), year in which
reservoir became operational (IYRES), hydraulic conductivity of reservoir bottom (RES K),
and lake evaporation coefficient (EVRSV). The number of days to reach target storage from
current reservoir storage (NDTARGR) was defined for each reservoir using the Poleni equation
(Aigner, 2008). The withdrawal of water from the strategic reservoirs was considered constant
during all months, based on a simplified average approach measured by water agencies.

The parameterization of the main private reservoirs and of the ponds was done by
defining the same model parameters as for the strategic reservoirs. However, no data was
available for them from COGERH. The flooded areas were estimated by aerial images and the
storage volumes were calculated by the adapted Molle’s equation. The application Google
Timelapse was used to determine the parameters MORES and IYRES of the main private
reservoirs, while SWAT assumes that all ponds had been existing during the simulation period.
The other parameters were defined following the same characteristics of the strategic reservoirs.
Detailed information about main private reservoirs and ponds can be found in section 2.2.3.
Table 2.2 presented in section 2.2.3.3 summarizes the parameterization of strategic reservoirs
and main private reservoirs with a description of all parameters, while Table 2.3 presented in
section 2.2.3.5 summarizes the parameterization of small reservoirs.

The calibration of the reference model was based on the available data, literature
(Rocha et al., 2023), and experience of the modelers. The following methods were used by
applying the curve number method, plant evaporation method and Muskingum method for the
calculation of infiltration, evapotranspiration, and channel routing, respectively. The
parameters to describe the rainfall-runoff relationship were calibrated with an iterative trial and
error procedure, by keeping parameter values in a physically meaningful range. Initial values
for the model parameters were derived from field data as much as possible. When field data

were not available, dryland-based literature values were chosen for them. Table 2.4, Table 2.5,
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and Table 2.6 presented in section 2.2.4 show parameters set to the entire catchment, parameters
set for specific sub-basins of the catchment, and parameters set for specific soil zones,
respectively. More detailed information about model parameterization and calibration can be
found in section 2.2.4.

The main aim of this study is not to make an in-depth discussion of the calibration
criteria of the River Conceicao catchment model in SWAT. Some information is still important
with regard to the calibration and validation of the model. The model parameters were
calibrated by an manual iterative trial and error process, considering each sub-catchment of the
three strategic reservoirs separately. The first two years (1979-1980) were considered warm up
years in the simulation. A two-fold cross-validation was performed using both halves of the
series (1981 - 1995 and 1996 - 2010). First the time series 1981 - 1995 was used for calibration
while the second time series was used for validation. Subsequently, the process was inverted to
consider the time series 1996 - 2010 as the calibration series and the time series 1981 - 1995 as
the validation series. After the two-fold cross-validation process the parameters of the models
were defined to maximize the Nash-Sutcliffe-Efficiency (NSE) and Kling-Gupta-Efficiency
(KGE) statistical parameters and to minimize the percent bias (PBIAS) for the simulated
streamflows in comparison with the daily observed streamflow at the basin outlet (Malhada
Station). The reference model obtained good results for daily streamflows, with values of 0.63,
0.81 and 0.53% for NSE, KGE and PBIAS, respectively. A detailed description of the reference

model and its results can be found in Chapter 2.

3.2.3 Scenarios approach for increase in the number of small reservoirs

To assess the impact of the increase in the number of small reservoirs in the
watershed, eight scenarios with different numbers of small reservoirs were chosen, based on
the technical report “Mapping of the dams of small reservoirs located in the State of Ceard”
carried out by FUNCEME (2021), which identified reservoir densities with values distributed
between 0 and 2 reservoirs per km? in Ceara territory. Thus, the scenarios of small reservoirs
per km? in this study were chosen based on the classes defined by the assessment of FUNCEME,
with the inclusion of one value above this range: 0.10 res/km?; 0.25 res/km?; 0.50 res/km?; 0.75
res/km?; 1.00 res/km?; 1.50 res/km?; 2.00 res/km?; 3.00 res/km?.

The addition of small reservoirs in the model has the following methodology: for

each value of reservoir density the number of reservoirs distributed in the total area of 3,347
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km? of the catchment was calculated; the number of strategic reservoirs was kept constant in
the modeling, so the number of reservoirs exceeding the reference model was due only to the
addition of private reservoirs and small reservoirs. The calculation of the addition of these two
types of reservoirs in the scenarios was done keeping the same proportion between main private
reservoirs and small reservoirs of the reference model. This number of additional reservoirs
was converted into volume using the average volume of private reservoirs and the average
volume of small reservoirs in the watershed, and then distributed equally in the model. This
methodology considered the hypothesis that the construction of new reservoirs in this region
will be uniformly distributed along the catchment. In this way, the process of the increase in
the number of small reservoirs was performed by the addition of these volumes in each pond
and in each main private reservoir of the model, increasing the parameters RES EVOL and
RES PVOL of the SWAT. These increases in SWAT parameters of small reservoirs were
carried out for all scenarios of densities of small reservoirs as summarized in Table 3.1. It is
important to note that none of the other SWAT parameters of the small reservoirs were changed,
remaining equal to the values of the reference model.

The different scenarios of small reservoirs modeled in SWAT were simulated
between 1979 and 2010. The results obtained from the simulations were the Flow Duration
Curves (FDCs) for monthly flows, and the annual streamflow obtained at the basin outlet
(Malhada Station) for each of the scenarios. The annual streamflows were compared between
the data observed by COGERH, the previously calibrated model (reference model), and the
different scenarios of the increase in small reservoirs. For this comparison we used the annual
anomaly for precipitation (equation 3.1) and for discharge (equation 3.2) and the percentage of
reduction of the annual discharge (equation 3.3) in the catchment, between the years 1981 and

2010 (the first two years were considered as model warm-up) for each scenario.

Annual Anomaly (precipitation) = PyP_aPa (%), (3.1)
. Qy - Qr,a 0
Annual Anomaly (discharge) = S (%), (3.2)
. . _ Qs,y ~ Qr,y 0
Percentage Reduction of Annual Discharge = 0. (%), (3.3)

Ly

[

where: Py represents total precipitation in year “y”, Pa the average annual

precipitation from 1981 to 2010, Qy the annual accumulated discharge in year “y”, Qr,a the
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average annual discharge from 1981 to 2010 for reference model, Qs,y the annual discharge for

[yl (Y]

different scenarios in year “y” and Qr,y the annual discharge for reference model in year “y

Table 3.1 - Volume increases for each density of small reservoirs in the model. The numbers
with “*” represent the parameterization of total ponds, total main private reservoirs, and their

respective volumes in the reference model.

Small Reservoirs
Density (small
reservoirs per

km?)

Reference
Model 0.10 | 0.25 0.50 0.75 1.00 1.50 2.00 3.00
(0.068)

Number of total

; 226 335 837 1,674 2,510 3,347 5,021 6,694 10,041
Small Reservoirs

Number of
additional Small - 109 611 1,448 2,284 3,121 4,795 6,468 9,815
Reservoirs

Number of Ponds to

212% 102 573 1,358 2,143 2,928 4,497 6,067 9,207
be added

Number of Main
Private (MP)
reservoirs to be
added

14* 7 38 90 142 193 297 401 608

Total Volume of
the new Ponds 13.7%* 7 37 88 138 189 291 392 595
(hm?*)

Volume increase in
each Pond of the - 0.03 0.19 0.45 0.70 0.96 1.48 1.99 3.02
model (hm?)

Total Volume of
the new MP 5.3% 2.54 1428 33.84 5340 7297 112.09 151.22 22947
reservoirs (hm?)

Volume increase in
each MP reservoir - 0.18 1.02 2.42 3.81 5.21 8.01 10.80 16.39
of the model (hm?)

Source: The author

A new calibration and validation processes of the simulations were not necessary,
since the model parameters were not changed, only the number of small reservoirs in each

simulation.
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Figure 3.3 illustrates the main flowchart of this study with a summary of all steps

applied.

Figure 3.3 - Flowchart of steps applied in SWAT model and the approach to analyze the impact

of the small reservoir increase in the catchment streamflow.

Soil gy Climate Land-use

Map Data Map
River
Observed
Streamflow
igger;%aigoi“ 2;2:1(;11" Statistical Calibrated Computation of
and Parameterization SWAT Twofold | | Criteriaz | = | “gyay | | Streamflowat
F Model cross-validation NSE, KGE Outlet for
of Aéw:ﬁmz in and PBIAS Mods] Calibrated Model
‘ River
Simulated
Streamflow
Flow Duration
Curve (FDC)
for Monthly -
Flows 0.10 0.25 0.50 0.75
I res/km?* res/km? res/lkm? | | res/km?*
New Small
Results ;;c;;n:putation 8 Scenarios of Reservoirs Small Reservoirs
Analysis at Outlet for Small Reservoirs «————————  Uniformly  «——— Increase
Y Buch Scanatio Increase Distributed in Methodology
Sub-basins
Annual Anomaly for 1.00 1.50 2.00 3.00
Precipitation and reslkm?®  res/km?|  res/km? | res/km?|

Percentage of
Reduction of the
Annual Discharge

Source: The author

3.3 Results

3.3.1 Simulated impact of small reservoirs on streamflow

The first results were the duration curves on a monthly scale for the simulated flows
at the outlet (Malhada station). Two FDC were initially defined as references to compare the
results: the duration curve provided by the values measured by COGERH at Malhada station
and the duration curve provided by the reference model (reservoir density = 0.068 res/km?). For
a better graphical representation only the two extreme results of the simulations are presented
in the duration curves (Figure 3.4): the scenario in which there is no reservoir and the scenario
with the largest number of reservoirs in the simulation (3 res/km?). All other scenarios had
intermediate values between these two. As the study area is in a semiarid region with ephemeral

streamflow in the river, most of the time river flow becomes next to zero. To analyze the impact
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of small reservoirs in the period that the flows are effective, the flow duration curves (Figure
3.4) were also presented showing only the first 20% of the time when the flow is exceeded. For
80% exceedance probability the remaining runoff in the catchment is almost zero, consequently
with no significant differences between the simulated scenarios.

In Figure 3.4 we can observe the impact of the small reservoirs in the 20% of the
time when the flows have relevant values. The simulation with the absence of reservoirs
presents the highest values of monthly flow for the same percentage of time in which this flow
is exceeded. For example, the monthly flow around 580 m?/s is exceeded in 5% of the time for
the simulation without reservoirs, while for the other three scenarios this monthly flow is about
420 to 460 m?/s. For a 10% exceedance time the monthly flow is around to 150 m?/s at no
reservoir’s scenario, while around 100 m?*/s at observed values by COGERH, around 130 m?/s
at calibrated model and around 110 m?/s at 3 res/km? scenario. Differences can reach over 60%
in some cases, such as for an exceedance probability of around 8%. The FDC for a density of
small reservoirs equal to 3 res/km? is significantly below the FDC of 0 res/km? between 1% and
10% of time in which the monthly flows are exceeded. For values of exceedance probability
next to 0%, the differences in monthly streamflow tend to decrease (a maximum value around
7%). These values of streamflow represent months with very high peaks of flow. In these
situations, all reservoirs in the catchment (strategic and small reservoirs) tend to have spillway
overflows and the impact of reservoirs on flow reduction diminishes during these periods
(Rabelo et al., 2021; Ribeiro Neto et al., 2022).

The FDCs in Figure 3.4 show the impact of small reservoirs in the decrease of water
during the rainy months is more intense with the increase in the number of small reservoirs.
Although most studies in the literature focus on the decreased annual stream discharge, for peak
flows the impact of these small reservoirs are estimated up to 45% of reduction (Habets et al.,
2018; Ayalew et al., 2017). For flows next to zero a more detailed analysis is necessary and
there is a limitation in the SWAT model for low flows in dryland catchments due to
transmission losses (Rabelo et al., 2021).

The mapping of dams available by FUNCEME identified that the highest densities
of small reservoirs occur in regions close to the largest strategic reservoirs. Thus, there is a
tendency to build small reservoirs in these regions, mostly to take advantage of the
regularization of water that strategic reservoirs provide to rivers. Despite this, as the study area

does not have the highest densities of small reservoirs in the state, the assumption of adding
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small reservoirs uniformly along the watershed was a simplification in the model to evaluate

the impact of small reservoirs in the simulations.

Figure 3.4 - Monthly Flow Duration Curve (FDC) for streamflows at Malhada gauging station.
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3.3.2 Annual streamflow anomaly

As a starting point for the study of annual flows for the study area three anomaly
graphs were obtained: the first provided by the annual rainfall anomaly (precipitation anomaly);
the second provided by the annual anomaly of the flows measured by COGERH (measured
discharge anomaly); the third provided by the annual anomaly of the flows simulated by the
reference model (simulated discharge anomaly). The objective of the anomaly graphs is to
identify years with greater deviations in rainfall and runoff and to observe the behavior of
precipitation and measured and simulated streamflows at Malhada gauging station during wet
and dry years. Figure 3.5 shows the three annual anomaly graphs from 1981 to 2010.

The analysis of the anomaly graphs allows to identify high positive deviations for
precipitation and for measured discharge in 1985, 1986, 1989 and 2004 (wet years), while high
negative deviations for precipitation in 1983, 1990-1993, 1998 and 2001-2003 (dry years) and
high negative deviations for measured discharge in 1982-1983, 1990-1994, 1996, 1998-2003,
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2005-2008 and 2010. The other years had values close to the average. The pattern of positive
deviations in precipitation implying positive deviations in streamflows is observed for other
regions around the world for drought studies (Floriancic et al., 2020, 2021). However, this
cause-and-effect relationship is not so clear for low precipitation and low flow years. In dryland
catchments highly modified by human activities there is a strong nonlinear pattern between
rainfall and runoff (Costa et al., 2021). This nonlinearity can be observed not only during dry
years, but also during wet years, in which deviations in discharge are much greater than
deviations in precipitation.

In order to understand the effects of the increase in the number of reservoirs on the
streamflows, the total annual flows were obtained at the Malhada station in each year, and in
each of the scenarios: reference model (0.068 res/km?); 0.10 res’km?; 0.25 res/km?; 0.50
res/km?; 0.75 res/km?; 1.00 res/km?; 1.50 res/km?; 2.00 res/km?; 3.00 res/km?. In each year from
1981 to 2010 and in each of the simulated scenarios the differences between the total annual
flows were calculated considering the flows in the reference model as base values. In this way,
Table C.1 and Table D.1 presented in Appendix C and Appendix D show respectively the values
of annual streamflows at Malhada gauging station and the percentage difference for
streamflows in comparison to the flow obtained for the reference model in each scenario of
increase in reservoir density and in each year. This percentage difference represents the annual
reduction of flow due to the increase of small reservoirs in each scenario.

A combination between the anomaly graphs and the annual reduction of flow table
(Table S8) was developed to analyze the influence of the increase in the number of small
reservoirs in the streamflows for all years of the series, mainly wet and dry years. Figure 3.5
shows the three anomaly graphs, with an indication of their percentage on the left axis, and the
annual reduction values for each simulated scenario, with an indication of their percentage on
the right axis.

The annual streamflow reduction at Malhada gauging station for the scenario
approach had values from 1% (0.1 res’km?) to 14% (3.0 res’km?) on average. The analysis of
Figure 3.5 shows that the greatest ranges in flow reduction correspond to the years 1983 (1.6%
to 21.5%), 1998 (2.0% to 30.3%), 1999 (0.8% to 23.5%) and 2005 (2.5% to 29.8%). Comparing
with the anomaly graphs, we notice that these years correspond to dry years, with highest
negative bias in precipitation, mainly in the years of 1983 and 1998, and negative bias in the
runoff, mainly in the years of 1983, 1998 and 2005. Habets et al. (2018) point out that during

dry years the reduction on annual discharge tends to be twice as high as in median years and
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these results can be observed even without changes in the small reservoir network, just due to
the seasonality of the climate. For dry years the reported decreases in the annual discharges
have a high range, with values next from 0% to values up to 50% (Nathan et al., 2015; Perrin
et al., 2012; Rabelo et al., 2021; Thompson, 2012). The results for dry years in our simulations
suggest the increase in the number of small reservoirs leads to an intensification of the
hydrological drought during the dry years, since these years have a higher percentage of flow

reduction with the increase in the number of small reservoirs.

Figure 3.5 - Comparison between anomalies in precipitation and annual discharge versus annual

streamflow reduction for different scenarios of small reservoirs per km?.
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On the other hand, the smallest ranges in flow reduction occur in the years 1986
(0.3% to 5.5%), 1989 (0.2% to 6.7%) and 2004 (0.2% to 7.6%). The years 1986, 1989 and 2004
correspond to wet years with positive bias in rainfall and flows. The last two years have a large
positive bias in the flows measured at the Malhada Station, while the first (1986) is the year
following the year with the highest positive anomaly for the flows (1985). This result suggests
that in rainy years the increase in the number of small reservoirs has less impact on the reduction
of streamflow. As the small reservoirs have small capacities, their filling occurs quickly during
the wettest years, making the network hydraulically connected, with excess overflows going

more easily to downstream regions, and reducing the volume retained in each reservoir. Other
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studies found that when storage capacities of all reservoirs are close to the maximum the impact
of the small reservoirs are limited (Ribeiro Neto et al., 2022).

Another two years with low ranges in streamflow reduction, if individually
observed, were 1990 and 2001. The year 1990 represents the beginning of an extended
meteorological drought between 1990-1993, while the year 2001 represents the beginning of
another extended meteorological drought between 2001-2003. In these cases, the reduction of
flows intensified with the extension of the meteorological drought. For example, in 1990 the
annual flow reduction due to the increase in the small reservoirs ranged from 0.3% to 7.1%,
while in 1993 the annual flow reduction ranged from 3.5% to 15.9%. In 2001, the range was
from 0.6% to 5.8%, while in 2003 the range was from 1.0% to 18.6%. These results suggest
that the increase in the number of small reservoirs can intensify the period of extended droughts
since the few flows generated in the catchment are retained by the small reservoirs. Ribeiro
Neto et al. (2022) suggest that dense networks of small reservoirs can induce and intensify
drought events, mainly causing the onset of hydrological drought earlier and extending the
duration of this drought.

Ifin the year following an extended meteorological drought the precipitation occurs
around the mean, the reduction of streamflows tends to remain high, since this average rainy
season would not be able to fill all the reservoirs. We can observe this result in 1994, with a
range in flow reduction between 1% and 16% for the scenarios, values close to the year 1993
(end of the meteorological drought). However, if in the year following an extended
meteorological drought the precipitation occurs well above the average, the tendency is a small
reduction of the annual runoff, since the reservoirs of the hydrological network would quickly
become full. This result can be observed in 2004, with a range in flow reduction between 0.2%
and 7.6%, almost half of the range observed in 2003 (end of the meteorological drought).

The analysis of Figure 3.5 also shows that the increase in flow reduction has a strong
nonlinearity effect by the increase in the number of small reservoirs, even in dry or wet years.
For dry years (1983, 1998 and 2003) different ranges were observed (up to 21.5% for 1983 and
up to 30% for 1998 and 2003) although nearby anomalies for precipitation and streamflow. For
wet years (1985, 1989 and 2004) the differences in the ranges were up to 9.4% in 1985, up to
6.7% in 1989 and up to 7.6% in 2004. The years with rainfall around the average also had
average reduction values. In this situation, the reduction values for the scenario with 0.1
reservoir per km? ranged from 0.1% to 1.0%, while for the scenario with 3 reservoirs per km?

ranged from 8.2% to 17.5%. Figure 3.5 shows that there is no linearity between the increase in
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the small reservoirs and the streamflow reduction, as years with nearby anomalies for

precipitation and streamflow have different ranges and peak values in annual flow reduction.

3.4 Discussion

The amount of water retained in small reservoirs is an important information for
water resources management in regions with dense networks of reservoirs. These HIRN can be
found in dry areas of different countries, such as Brazil, USA, West Africa, and Australia.
Reservoir management is critical to water availability and sustainability in dry regions. The
integration of the cumulative effect of small reservoirs must be considered in the hydrological
network, either from models or from average estimates of accumulated volume and nutrient
loads, mainly in dry years. The estimation of total volume of water accumulated in small
reservoirs during dry or wet years is hampered by the lack of monitoring in them, which is hard
to obtain due to the high number of small reservoirs. This is one of the main limitations for
considering small reservoirs in water management (Habets et al., 2018; van Oel et al., 2018).
Furthermore, with the prognosis of population growth, economic development, urbanization,
and climate change in the future the increase in the number of small reservoirs can be a
challenge for water agencies (Deitch et al., 2013; Owusu et al., 2022; Rabelo et al., 2021).

The impact of small reservoirs in streamflows is currently small compared to
strategic reservoirs. For Concei¢do River catchment Rabelo et al. (2021) found on average a
2% of annual flow retention with the density of reservoirs equaling 0.068 res’km?. However,
the increase in the number of small reservoirs may increase the effects in the streamflows of
the hydrological network. In this sense, scenarios with higher densities of small reservoirs can
lead to cumulative impacts, increasing the flow retention to values close to those found for large
reservoirs impacts (Deitch et al., 2013; Habets et al., 2018). This study obtained, on average,
streamflow reductions from 1% to 14% in semiarid Brazil for densities of reservoirs from 0.1
res/km? to 3.0 res/km?, while studies in semiarid West Africa obtained flow reductions of 14%
in mean annual streamflow for scenarios with 0.08 res/km? (Owusu et al., 2022).

By an analysis of around 30 references, Habets et al. (2018) show that similar
densities of small reservoirs can lead to different flow retentions (from 5.4% to 21.4%), as we
see for semiarid Brazil and semiarid West Africa. The definition of a single indicator, as the
density of small reservoirs in the area, to provide a first guess for the flow retention of small

reservoirs has limitations due to the hydro-climatic conditions. The distribution of the reservoir
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network in dryland catchments and the hydrological processes in these regions, such as
transmission losses and increased evaporation by small reservoirs should be evaluated to
understand better the streamflow reduction caused by small reservoirs (Owusu et al., 2022;
Rabelo et al., 2021).

The impact of the increase in the number of small reservoirs on streamflow
reduction occurs strongly during dry years, with low flows. The decrease in low flows also has
a large range, between 0.3 to 60% in Australia, Brazil, New Zealand, South Africa, and the
USA (Habets et al., 2018; Owusu et al., 2022; Rabelo et al., 2021). In addition, this research
found values of up to 30% of streamflow retention for scenarios with densities of reservoirs
until 3.0 res/km?, while during extended drought years the values of retention ranged from 0.3%
to 18.6%. These results lead to the intensification of droughts by the increase in the number of
small reservoirs.

When a meteorological drought starts it is common an increase in well digging for
water supply. In a region with low availability of underground water the construction of small
reservoirs becomes a possibility for the local population to cope with droughts. The spatial
distribution of reservoirs has a great impact on the occurrence of the hydrological drought. As
streamflow drought responds more quickly than reservoir drought to a meteorological drought,
the presence of water stored in small reservoirs can cause a delay between the beginning of the
meteorological drought and the beginning of the hydrological drought, mainly in upstream
regions. These small reservoirs dry up quickly in the dry season, consequently downstream
reservoirs suffer the effects of droughts more quickly (He et al., 2017; van Langen et al., 2021;
van Loon et al., 2022; van Oel et al., 2018; Vicente-Serrano et al., 2017). In dense networks of
reservoirs this problem may be aggravated. As the presence of a dense network of reservoirs
can lead to a 30% increase in the duration of hydrological droughts, the greater the number of
small reservoirs, the greater the impact on water availability in the region (Ribeiro Neto et al.,
2022). Despite those results, it is still hard to evaluate individually the impact of small reservoirs
on the transition from meteorological drought to hydrological drought due to the complexity of
the hydrological processes in the catchment. Many authors observed a clear nonlinear
relationship of hydrological drought and meteorological drought in different regions, with
nonlinear functions modeled to propagation threshold from meteorological drought to
hydrological drought (Salimi et al., 2021; Wu et al., 2021; Zhou et al., 2021).

The impact of small reservoirs on streamflow reduction is smaller during rainy

years. In these years, as the precipitations are high and the small reservoirs usually fill quickly,
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the overflow of the spillways occurs in most of the small reservoirs also quickly. In this sense,
for rainy years the hydraulic connectivity is achieved and the potential for water held in small
reservoirs decreases, as they are already full (Rabelo et al., 2021; Ribeiro Neto et al., 2022).

The accumulation of water in small reservoirs during rainy years has an important
social and economic function for rural communities. Not only in the Concei¢do River
catchment, but also in several other watersheds in regions with a semiarid climate, small
reservoirs act as an important structure to increase water access to the population (Rabelo et al.,
2021; Owusu et al., 2022).

One of the main benefits is the use of this available water for irrigation and food
production, bringing food security to these communities. Both small families and farmers in
these regions also may use agricultural activities, fishing, and aquaculture as a source of
income. As the water infrastructure to transport water to the population far from urban centers
1s often expensive, these small reservoirs are invaluable for the livelithoods of rural
communities. In addition to the small reservoirs, the population of these regions usually uses
wells for supply. The impact of small reservoirs on groundwater recharge is still unknown for

dense networks of reservoirs at dryland catchments (Casadei et al., 2019; Cecchi et al., 2020).

3.5 Conclusions

This study analyzed the impact of the increase in the number of small reservoirs in
large-scale dryland catchments. We used a SWAT model to simulate the streamflows for the
Conceicao River catchment (semiarid of Brazil) and applied a methodology to represent the
increase in the number of small reservoirs per square kilometers in the catchment.

The main findings of this study are:

1. The impact of reservoirs on flow reduction is very small for periods of extreme
high flows. In this period, the comparison of monthly streamflows between the reference model
and scenarios with and without reservoirs have approximately a maximum difference of 7%.

2. The influence of the dense network of reservoirs on streamflow reduction mostly
occurs for a probability of exceedance between 1% and 10% for Conceigdo River catchment.

3. There is a strong nonlinear effect for the increase in the number of small

reservoirs at the annual streamflow reduction. For different dry years with the same
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precipitation pattern, the streamflow reduction has different ranges. The ranges of streamflow
reduction have no linearity even for wet and normal years.

4. The impact of the increase in the number of small reservoirs on flow reduction
occurs strongly during dry years, with values up to 30% for the higher density of small
reservoirs (3 res/km?).

5. The streamflow reduction tends to increase in years with consecutive lack of
rains. In extended droughts, flow reduction is from about 7% in the first year to about 20% in
the last year of the worst scenario. The increase in the number of small reservoirs may intensify

the period of extended droughts.

This research provides insights about the influence of the increase in the number of
small reservoirs at dryland catchments. However, as a starting point for the scenario approach,
the increase in small reservoirs was evenly distributed across the catchment. For future studies,
a more realistic scenario approach should be adopted, with a higher increase of small reservoirs
in regions close to large strategic reservoirs and higher population densities.

Since small reservoirs on minor tributaries are largely unregulated in most
countries, especially in drylands due to water scarcity, yet there is the potential for them to have
significant impacts on water availability, with both positive effects and many potential negative
impacts. In this sense, the methodology proposed in this study is highly transferable for different
catchments worldwide. Moreover, as the population growth coupled with climate change trends
may intensify the construction of small reservoirs to meet water demand of rural communities,
the future scenarios of growth in the number of small reservoirs and the understanding of their
influence on streamflow reduction may help water resources agencies to better prepare for

future periods of droughts and extended droughts.
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4 SEMI-DISTRIBUTED HYDROLOGICAL MODEL PERFORMANCE DECREASES
DRASTICALLY DURING EXTREME DROUGHT AND HYDROLOGICAL
RECOVERY?

4.1 Introduction

Climate change and global warming have raised alarms in the international
community due to their potential to intensify the hydrological cycle through long-term
alterations in climate patterns and increases in the planet’s average temperature (Ju et al., 2021).
Recent climate research has identified that the increase of global temperature may escalate the
magnitude and frequency of extreme droughts, thereby reducing water availability (Allan et al.,
2020; Asif et al., 2023; Hattermann et al., 2018; Konapala et al., 2020; Qiu et al., 2023; Salehi,
2022; Tzanakakis et al., 2020).

Drought typically begins with a lack of precipitation in the catchment area,
commonly defined as meteorological drought, which leads to decreased streamflow in rivers,
and consequently, reduced volumes in reservoirs, usually defined as hydrological drought.
Drought propagation plays an important role in determining different drought impacts across
catchments, with its effects being more or less pronounced depending on the region's
vulnerability. Recent studies have identified that the transition from meteorological to
hydrological drought is influenced by climate factors, catchment properties and human
activities (Apurv et al., 2017; Colombo et al., 2024; Wu et al., 2022; Zhang et al., 2022). As a
result, similar meteorological droughts can propagate differently across catchments, leading to
varied eco-socio-economic impacts (Bradford et al., 2020; Crausbay et al., 2020; Shi et al.,
2022; Wang et al., 2024). Understanding the hydrological impacts of climate change and human
activities in regions susceptible to extreme droughts is fundamental to meeting water demands
in these areas. In this sense, the need for robust hydrological models for future climate impact
assessments is a key element for effective water management.

Conceptual rainfall-runoff models have been commonly employed to assess the
impacts of climate change on water resources, as these models have demonstrated satisfactory

performance under modified climate conditions. However, during extremely dry periods,

3A paper based on the content of this chapter has been submitted for publication in the Journal Hydrological

Processes, Wiley.
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especially severe and multi-annual droughts, these models experience a decline in performance,
particularly in catchments where changes in the rainfall-runoff relationship are identified (Saft
et al., 2016; Trotter et al., 2023).

On the other hand, different models have been employed to simulate hydrological
processes at various catchment scales, particularly distributed and semi-distributed models.
Several studies have investigated hydrological impacts due to land use changes (Kibii et al.,
2021; Serrdao et al., 2022; Zhang et al., 2020b), the cumulative influence of High-density
Reservoirs Networks (HARN) (Colombo et al., 2024; Lima et al., 2023; Rabelo et al., 2022),
pollutant propagation (Dogan and Karpuzcu, 2023; Noori et al., 2020), sediment retention
(Mamede et al., 2018), changes in cropping patterns (Akbari et al., 2022; Shaabani et al., 2024),
and the hydrodynamics and thermal stratification of reservoirs (Larabi et al., 2022; Mesquita et
al., 2020; Rocha et al., 2022). One model that has gained significant prominence and has been
widely used in catchments worldwide is the SWAT/SWAT+ (Soil and Water Assessment Tool),
which is one of the best suited models for agro-hydrological studies at catchment scale (Uniyal
et al., 2019), thus can be used for studying agricultural droughts on larger scale. Also, the
SWAT model has achieved satisfactory results in reproducing both wet and dry periods within
catchments, particularly when parameter calibration is well executed. The SWAT model is also
currently being used to investigate the impact of climate change on water resources (Li and
Fang, 2021; Saade et al., 2021), but there is still room for further exploration of the model's
performance during recent extreme drought events (Tan et al., 2020) and subsequent periods of
hydrological recovery, especially for catchments with HdRN.

One of the limitations reported by authors regarding the use of hydrological models
to investigate future scenarios is related to the sensitivity of calibration periods to climatic
conditions. Depending on the available meteorological series, severe and multi-annual droughts
are frequently absent from the calibration dataset, which introduces uncertainty in the model’s
application to future climate change scenarios. Bruno et al. (2024) argue that including droughts
in the calibration process may enhance model performance for streamflow simulations;
however, the results from Vaze et al. (2010) suggest that models calibrated using more than 20
years of data can generally be employed for climate impact studies where the future mean
annual rainfall does not deviate by more than 15% drier or 20% wetter than the mean annual
rainfall during the calibration period. Conversely, the findings of Trotter et al. (2021) indicate

that the "naive" approach of extending calibration sequences to encompass as much climate
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diversity as possible is not sufficient to significantly improve model reliability when addressing
future climate uncertainty and recent shifts in the hydrological behavior of natural watersheds.

The effect of parameter value changes is often neglected post-calibration, resulting
in a validation and prediction process that utilizes a calibrated model, extending the simulation
by only considering the new climate projection. Merz et al. (2011) concluded that there is strong
evidence of correlations between model parameters and climatic variables, and time-varying
parameter methods for hydrological simulations are being employed to capture the dynamic
nature of hydrological processes in changing environments (Liu et al., 2024; Zhang et al., 2024).
However, Merz et al. (2011) also stated that, in addition to parameter variability, changes in the
representation of processes within models are also necessary. For instance, the authors
suggested that vegetation might transpire more efficiently than models would predict based
solely on air temperature, as observed when comparing conditions between the late 1970s and
the early twenty-first century, leading to model runoff overestimation. Incorporating these
dynamic processes could also help reduce biases.

Regarding the evaluation of model output quality, many studies still rely on
traditional criteria, such as the Nash-Sutcliffe coefficient (NSE) or the Kling-Gupta coefficient
(KGE). For the specific case of assessing low-flow periods, applying logarithmic or inverse
transformations to the simulated and observed discharge time series can put more weight on
low flows and mitigate the influence of error range distortions (Pushpalatha et al., 2012; Santos
et al., 2018b).

Another issue that deserves attention in hydrological models is the transmission
losses in drylands, especially during severe droughts and subsequent hydrological recovery.
Some researchers have observed that channel transmission losses increase during higher stream
discharges, attributed to enhanced infiltration due to elevated hydraulic heads at the surface
(Costa et al., 2012, 2013). Conversely, Jarihani et al. (2015) found that channel transmission
losses were higher during low flows (up to 68%) compared to high flows (up to 24%) in a
dryland catchment in Australia. Moreover, runoff transmission losses are intricate in dryland
catchments, influenced by features such as pools, subsidiary channels, floodplain areas,
clogging layers, and high hydraulic conductivity heterogeneity, resulting in varied loss values
along river lengths (Costa et al., 2023; McMahon and Nathan, 2021). The SWAT model’s
approach to simulate channel transmission losses is relatively straightforward, relying on
parameters like hydraulic conductivity, flow translation time, wet perimeter, and channel

length. During periods of severe droughts, groundwater dynamics can vary greatly, so that
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hydrological processes and the values of these parameters can change significantly (Costa et
al., 2013; McMahon and Nathan, 2021).

Furthermore, the behavior of watersheds in the face of historical severe droughts
remains under investigation. Peterson et al. (2021) suggest that hydrological recovery following
an extreme drought event can be uncertain and may require an extended wet period, rather than
occurring within a fixed period with regular rainfall post-drought. Recent observations show
that prolonged droughts can cause unexpectedly reductions in rainfall-runoff relationship in
regions such as Australia (Saft et al., 2016), the USA (Avanzi et al., 2020), China (Tian et al.,
2018), Chile (Alvarez-Garreton et al., 2021), and Italy (Massari et al., 2022). Some studies have
been conducted to assess the persistence of watersheds alternative state after droughts (Grafton
et al., 2019), yet there remains scope to evaluate the impact of human-induced changes on the
hydrological recovery of watersheds following severe droughts. Whether or not watersheds
consistently recover from prolonged droughts has relevant implications for long-term global
water resource planning and aquatic environments, particularly under changing climate
conditions.

To contribute to the discussion on the limited performance of hydrological models
during severe droughts and their hydrological recovery, this research aims to promote a broader
scientific discourse on the need to enhance hydrological modeling during extreme drought
events and hydrological recovery afterwards. The present research evaluated the runoff
performance of a large-scale semi-distributed hydrological SWAT model, previously calibrated
from 1981 to 2010, in a later drier and warmer climate decade from 2011 to 2022. This period
includes the prolonged drought (from 2012 to 2017) in the study region, which was initially
analyzed through precipitation and maximum and minimum temperature trends. The decade of
2011 — 2020 was the warmest on record, with a global mean temperature 1.10 °C + 0.12 °C
above 1850 — 1900 average (WMO, 2023). A new sensitivity analysis was done to the most
sensitive parameters, with meaningful ranges based on typical values used in scientific
literature, to assess their impact on streamflow model performance during the prolonged
drought. Also, to investigate the rainfall-runoff patterns before and after the prolonged drought,
correlation graphs were developed for precipitation and observed and simulated runoff in the

catchment.
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4.2 Methods

4.2.1 Study area

The study area is the Riacho Concei¢do catchment (3,347 km?), in the Upper
Jaguaribe Basin, State of Ceara, Brazil. The runoff of the catchment is measured in the outlet
by the Malhada fluviometric gauging station. Riacho Conceigdo is a tributary of the Jaguaribe
River, the largest river in Ceard. The climate is semi-arid, with the rainy season occurring
between January and May, and the annual precipitation has an average of 583.5 mm. The dry
period is characterized by a lack of rain and high evaporation rates. Potential evapotranspiration
reaches annual values up to four times greater than precipitation rates. These climatic conditions
provide regular droughts in the region, which can even occur in many consecutive years (Cunha
et al., 2019; Pontes Filho et al., 2020).

The study area has four strategic reservoirs to supply water demand for urban areas,
agriculture, and industries. The four strategic reservoirs are monitored by the Water Agency of
the State of Ceard (COGERH): Poco da Pedra, Mamoeiro, Bengué and Do Coronel, with the
respective drainage areas equal to 800 km?, 1,888 km?, 1,062 km? and 25 km? and the respective
capacities equal to 52 million m?, 20.68 million m?, 19.56 million m* and 1.77 million m?.
Additionally, there are small reservoirs that supply water to rural communities and farmers. An
analysis of aerial images identified 230 reservoirs in the area following the rainy periods of
2004, 2008, and 2009 (Rabelo et al., 2021). Figure 4.1 illustrates the location of the study area
and the reservoir system, comprising the strategic reservoirs and the small reservoirs aggregated

in ponds within the model.

4.2.2 SWAT model

The SWAT2012 model was used to represent hydrological processes and to
simulate streamflows for the catchment outlet (Malhada gauging station). The definition of the
watershed and the drainage network was carried out with a 90 m resolution digital elevation
model (DEM), in a semi-distributed model with 197 sub-basins.

The climate data were obtained between the years 1979 and 2022 as follows: daily
precipitation data were collected from 38 rain gauges maintained by the Foundation for

Meteorology and Water Resources of the State of Ceard (FUNCEME), and 6 meteorological
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stations maintained by the National Institute of Meteorology (INMET); daily temperature, wind
speed, and humidity data were obtained from the 6 INMET meteorological stations; and daily
solar radiation data were sourced from the Xavier et al. (2022) database. To achieve daily
climatic input variables for the 197 sub-basins of the model, these climatic variables were
estimated through interpolation of the measured data, taking the centroids of the sub-basins as
reference points. The inverse distant weighing method was used for the spatial interpolation.

Detailed information about climate inputs can be found in Appendix A.

Figure 4.1 - Modeling catchment with representation of river and reservoir networks
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Source: The author

The soil map, provided as a polygon shapefile, includes 109 soil association classes

based on Jacomine et al. (1973) and FAO classifications. Land use data from FUNCEME,
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initially containing 26 classes, were reclassified to align with the SWAT model's default
categories. Further details on soil and land use data are available in Appendix B.

One of the main challenges of modeling in dry regions with dense reservoir
networks is the representation of the complex hydrological network, with the presence of
strategic reservoirs and small reservoirs. The four strategic reservoirs and the small reservoirs
with capacities greater than 0.01 million m? (main private reservoirs) were modeled in the
SWAT using the “reservoir” structure, while the smaller reservoirs were modeled in the SWAT
“pond” structure. Due to a limitation of SWAT2012, only one pond can be used in each sub-
basin, so small reservoirs that share the same sub-basin had to be aggregated into a single
“pond”. To simulate the average water retention effect for cascade or parallel arrangement, an
equivalent reservoir capacity was set between the effective and the total accumulation capacity
of the reservoir system. Detailed information about the methodology of small reservoirs
aggregation into ponds can be found in section 2.2.3.2.

In the study area, 79 of the 197 sub-basins were identified with one or more
reservoirs, making it necessary to apply the reservoir aggregation methodology. In the case of
multiple reservoirs with cascade and parallel arrangements in the same sub-basin, the
methodology must begin by applying it to the most upstream reservoirs, generating equivalent
intermediate reservoirs and consequently new applications of the reservoir aggregation
methodology downstream.

The final modeling of the reservoirs resulted in 230 reservoirs distributed over a
total area of 3,347 km? (0.07 res’km?), with four strategic reservoirs (total capacity = 73.33
million m?®) and 14 main private reservoirs (total capacity = 5.28 million m?, resulting in 18
“reservoirs” in the model and 212 small reservoirs (total capacity = 13.70 million m?)

aggregated into 79 “ponds”. The reservoir system is illustrated in Figure 4.1.

4.2.3 Parameterization of the reference model

The parameterization of the model in SWAT was divided into 2 stages:
parameterization of the reservoirs and parameterization of the hydrological processes of the
model.

The parameters for the strategic reservoirs were sourced directly from COGERH,
supplemented by the application of the Poleni equation (Aigner, 2008) to estimate the number

of days required to achieve the target storage volume (volume of the reservoir when reaching
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the main spillway). For the main private and small reservoirs, the parameters had to be
estimated using Molle equation (1994) for areas and volumes, Molle (1989) for hydraulic
conductivity of the bottom, and Google Timelapse application for year in which the reservoir
became operational. A complete description with the presentation of tables with the values of
these parameters in SWAT for each reservoir in the study area can be found in section 2.2.3.

The manual calibration of the hydrological processes was carried out based on data
available in literature and authors’ experience. It is noteworthy that the parameter values used
in calibration fall within the typical range observed for dryland watersheds, as indicated by
Rocha et al. (2023). The methods used to calculate evapotranspiration, rainfall-runoff process,
and runoff propagation were respectively: the Penman-Monteith method, the CN method, and
the Muskingum method. The flood routing simulation was performed using a modified SWAT
version (Nguyen et al., 2018), incorporating the corrected Muskingum subroutine proposed by
the authors. The model parameterization used an iterative trial and error process, using
parameter values in a range with hydrological meaning for the study area. The parameters were
divided into three main groups during the calibration process: parameters set for the entire
catchment, parameters set for specific sub-basins of the catchment, such as those delimited by

the main reservoirs, and parameters set by the different soil types in the catchment. The

calibrated values for some of the main sensitive parameters were resumed at

Table 4.1. A detailed explanation with all the hydrological parameters and the
calibrated values can be found in section 2.2.4.

The calibration and validation were conducted using a 2-fold cross-validation
approach between the streamflow simulated by the model and the streamflow measured at the
Malhada gauging station, from 1979 to 2010. The first two years of simulation (1979 and 1980)
were considered as model warm-up. The statistical parameters used in the comparison of
simulated and measured streamflows were the Nash-Sutcliffe coefficient (NSE), the Kling-
Gupta coefficient (KGE), and the percentage of bias (PBIAS). The calibrated model obtained
good results for daily streamflows, with values of 0.63, 0.81 and 0.53% for NSE, KGE and
PBIAS, respectively. From this point forward, this model covering the period from 1981 to
2010 will be referred to as the reference model. A detailed description of the reference model

and its results can be found in Chapter 2.
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Parameter Definition Calibrated Value 'Sp.a tlal.
Distribution
CH K1 Effect}ve hydraulic conducjuwty 5 mm/h to 72 Set by sub-basin
- in tributary channel alluvium mm/h
CH K2 Effectw? hydr.auhc conductivity S mm/h to 72 St By sl
- in main channel mm/h
CH N2 Manning's "n" value for the main 0.05 Set for the whole
- channel catchment
CN2 Curve number for the day 57.34 to 92 Set by sub-basin
ESCO Soil evaporation compensation 0.02 Set for the whole
factor catchment
GW_DELAY Groundwater delay time 12 da(;lr:yasnd 30 Set by sub-basin
GW_REVAP Groundwater "revap" coefficient 0.10 to 0.25 Set by soil type
Threshold depth of water in the
GWQMN shallow aquifer required for 700 and 1050 Set by soil type
return flow to occur
RCHARG DP  Deep aquifer percolation fraction 0.25 and 0.30 Set by sub-basin
Threshold depth of water in the
REVAPMN . shal}ow aquifer .requlred for 265 Set for the whole
revap" or percolation to the deep catchment
aquifer to occur
Potential or maximum crack
volume of the soil profile .
SOL CRK expressed as a fraction of the total 0.01,0.03,and 0.4  Set by soil type
soil volume
TRNSRCH Fraction of transmission losses 0.3 Set for the whole

partitioned to the deep aquifer

catchment

Source: The author
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4.2.4 Analysis of Precipitation and Temperatures from 1979 to 2022 and Drought

Characterization

Climate variability in the study area (Malhada catchment) was analyzed using
measurements of precipitation, maximum temperatures, and minimum temperatures, which
were transformed from daily to annual values to verify climate trends over the years and plotted
together with the annual average. The average annual values of precipitation and maximum and
minimum temperatures were obtained for 5 periods: 1979 — 2022 (complete climate series),
1981 — 2010 (reference period), 2011 — 2022 (extension of the period), 2012 — 2017 (prolonged
drought period), and 2018 — 2022 (drought recovery period).

The trends in the annual series of precipitation, maximum, and minimum
temperatures were assessed using the Mann-Kendall test at a 5% significance level (Kendall

and Gibbons, 1990; Mann, 1945), as presented in equations from 4.1 to 4.6.

n-1 n
S = Z sgn (x; - xi) (4.1)
k=1 j=k+1
Where:
1, if x < Xj
sgn (xj - x) =4 0, if xi = x; (4.2)

-1, if xp > x;

And the variance including the correction term for ties is:

14
o2 = fn(n—1)(2n +5) Z £t — 1)(2t; + 5)} /18 (4.3)
=1

€ 9

p” is the number of the tied groups in the data set and tj is the number of data

points in the j-th tied group.

The standardized test statistic (z) of the Mann-Kendall test and the corresponding

p-value (p) for the one-tailed test are respectively given by:



115

s-1 .
(\/T(S)' lfS >0
z =10, ifS=0 (4.4)
\/I/S:—Tl(s)’ ifS<0
p=0.5—9(z]) (4.5)
|z|
1 —t2/2
o(lz]) = \/T_nf e t/2qdt (4.6)
0

Positive z values indicate an upward trend, while negative z values denote a
downward trend. At a 0.05 significance level, if p < 0.05, the trend is considered statistically
significant. To deal with the effect of serial correlation on the Mann-Kendall test, a modified
Mann-Kendall test (modified MK test) was applied using the Yue and Wang (2004) Effective
Sample Size (ESS) approach.

To obtain trendlines for maximum and minimum temperatures, Sen's slope was
applied, as presented in the equation 4.7 (Sen, 1968):

For the time series T = {templ, temp2, ..., tempn}, where “temp” represents the

maximum or the minimum temperatures, the Sen’s slope can be calculated:

temp; — temp;
j—i

Sen's Slope = Median ( ) foralll1<i<j<n (4.7)

To characterize the drought that occurred from 2012 to 2017 in the region, its
duration and magnitude were evaluated using monthly potential evaporation and precipitation
data from the complete climate series (1979-2022). This analysis was conducted with the
Standardized Precipitation Evapotranspiration Index (SPEI) at a 12-month time scale, referred
to hereafter as SPEI12. The 12-month time scale was selected because it encompasses the entire
rainy season within each time step, which is particularly relevant to the study area. SPEI
procedure involves converting the log-logistic distribution into the standard normal distribution.
The analysis of drought severity was conducted based on the wet and dry period criteria
presented in Table 4.2 (Ribeiro Neto et al., 2022; Xu et al., 2022). Further, details of the SPEI
methodology can be found in the study of Vicente-Serrano et al. (2010).
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Table 4.2 — Classification of Drought Severity by SPEI Index

Range Categories
SPEI <-2 Extreme dry
-2 <SPEI<-1.5 Severe dry
-1.5<SPEI<-1 Moderate dry
-1 <SPEI<-0.5 Mild dry
-0.5 <SPEI<0.5 Normal
SPEI > 0.5 Wet

Source: The author

4.2.5 Evaluation of the Model by the Extension of the Climate Data

Based on the reference model described in Section 4.2.3, the daily climate series
for precipitation, maximum and minimum temperatures, solar radiation, air humidity, and wind
speed were extended to include data from 2011 to 2022.

To analyze the performance during the prolonged meteorological drought and its
drought recovery, the NSE, InNSE, and KGE were obtained for three distinct periods: 1981—
2022, 2012-2017 (drought period), and 20182022 (recovery period). These metrics were
derived using daily simulated and observed runoff data and were compared against the
reference model results (1981-2010). The year 2011 was excluded from all analyses since no
field streamflows measurements were available for that year.

The NSE and KGE are the most widely used statistical indices in hydrology for the
evaluation of the performance of simulated values in a model in comparison with observed
values. Traditionally, the NSE metric is widely used because it normalizes model performance
on an interpretable scale. However, the KGE has gained prominence in recent hydrological
modeling literature for model calibration, as it provides a more balanced evaluation by
combining correlation, bias, and the coefficients of variation of NSE (Knoben et al., 2019; Liu,
2020).

NSE is calculated by equation 4.8, and the KGE is calculated by equation 4.9, for

daily streamflow.

n t _ ty2
NSE =1 — t=1(Qo Qs ) (4.8)

Z?=1(Qot - Q_o)2

Where Q,' is the observed discharge at time t, Qs' is the simulated discharge at time

tand Q, is the mean of observed discharges.
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KGE=1- (B -1)2+ (a—1)2+ (p — 1)2 (4.9)
Where B is the ration between standard deviation of simulated and observed values,
a is the ratio between the mean of simulated and observed values, and p is the correlation

coefficient between simulated and observed values.

Additionally, considering that the new periods analyzed predominantly exhibits low
flows, a common approach to better focus on specific flow ranges involves applying prior
transformations to the simulated and observed runoff time series (Santos et al., 2018b). To this
end, a logarithmic transformation will be applied to the NSE criterion, resulting in the InNNSE
metric, calculated according to equation 4.10. To address the effect of daily zero-flow values,
a small constant equivalent to 1/100 of the mean observed runoff will be added to all values
(Pushpalatha et al., 2012). This approach is widely used, and Pushpalatha et al. (2012)
demonstrated the INNSE metric remains relatively insensitive to this constant as long as it is
sufficiently small compared to the flow values. The logarithmic transformation will not be
applied to the KGE metric because it may cause numerical issues, potentially leading to a biased

evaluation of model performance (Santos et al., 2018b).

Laln (Q," + &) —In (Q;" + &)]°
?zl[ln (Qot + 5) —In (Qo + 8)]2

Where Q,' is the observed discharge at time t, Q' is the simulated discharge at time

InNSE =1 —

(4.10)

t, Q, is the mean of observed discharges, and ¢ is the small constant equivalent to 1/100 of the

mean observed runoff.

To better understand the hydrological processes and the model's results, the values
for precipitation, evapotranspiration, surface runoff, lateral flow, baseflow, and percolation,
alongside the percentage metrics were obtained for the four analyzed periods (1981-2010, 1981-
2022, 2012-2017, and 2018-2022). These metrics provide insight into the distribution of
precipitation into evapotranspiration, runoff components, and percolation, offering a detailed
evaluation of water balance and flow dynamics in the watershed across different hydrological
periods.

To verify the results obtained by the model, the hydrographs of the rainy season

(from January to June) of 2016 and 2020 were chosen to represent the years during the
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prolonged meteorological drought and the drought recovery, respectively. In addition,
hydrographs were also obtained during the rainy season of the years 1983 and 1985, 1993 and
1995, 1998 and 2000, and 2001 and 2004, to compare the results of the reference model for
other notable drought years and following drought recovery years. The hydrographs were used
to analyze the patterns of peak flow and runoft duration, based on the rise and depletion of the
hydrograph between the simulated model and the observed values.

Additionally, to examine the rainfall-runoff relationship across the calibration
period (1981-2010), during the prolonged drought (2012-2017), and after the drought (2018—
2022), correlation plots of annual precipitation and rainfall were generated to assess potential
shifts, as suggested by Saft et al. (2016) and Peterson et al. (2021). Annual rainfall data were
assumed to approximate a normal distribution, whereas annual runoff data, which are typically
skewed, were transformed using a Box-Cox transformation (Box and Cox, 1964). This
transformation adjusted the runoff data to approximate a normal distribution and linearized the
rainfall-runoff relationship, thereby enhancing the applicability of various parametric statistical

techniques.

4.2.6 Sensitivity Analysis for the Extension of the Climate Data

To investigate the impact of parameter changes on model performance during the
extended period, including the prolonged drought and its recovery (2012-2022), box plots of
NSE and InNSE were generated for different parameter simulations. The parameter values
employed in the sensitivity analysis are summarized in Table 4.3.

To extend the sensitivity analysis, an in-depth evaluation was carried out for four
of the most sensitive parameters (CH_ K2, CN2, RCHRG DP, and TRNSRCH) during the
extended period, as summarized in Table 4.4. To verify the performance of the model during
the period of prolonged drought and its recovery from drought, the model was simulated on a
daily step time, obtaining the KGE, NSE, and InNSE for the values of the four parameters for
two periods: 1981-2022 and 2012-2022.
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Table 4.3 — Range of SWAT Parameters Values for Sensitivity Analysis During the Extended

Period (2012-2022)

Parameter Range of Parameters Values
ALPHA BF Oto1
CH Kl Spatial calibrated values + 50%
CH_K2 Spatial calibrated values + 50%
CH N2 0.015t0 0.15
CN2 Spatial calibrated values from -50% to +20%
ESCO Spatial calibrated values from -50% to +20%
GW_DELAY 0.01to 1
GW_REVAP 0.02 to 0.2
GWQMN 0 to 2000
RCHRG _DP Oto1
REVAPMN 0 to 800
SOL CRK 0 to 1 (only in vertic soils)
TRNSRCH Oto1

Source: The author
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4.3 Results

4.3.1 Precipitation and temperature trends and drought characterization

Figure 4.2 illustrates annual precipitation and the average precipitation from 1979

to 2022. Additionally, Figure 4.2 displays the annual average values of maximum and minimum

temperatures, along with the Sen’s Slope trendline for each temperature series.

Figure 4.2 - Precipitation (a) and maximum (b) and minimum (c) temperature in the study area

catchment (1979 — 2022)
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Source: The author

Table 4.5 compares the average annual precipitation, maximum temperatures and
minimum temperatures across five study periods in the region: (1979 — 2022, 1981 — 2010,

2011 -2022,2012—-2017 and 2018 —2022).

Table 4.5 - Comparison of annual average precipitation and annual average maximum and

minimum temperature for different periods in the study area catchment

o A\.fel.'ag(.a Average Maximum | Average Minimum
Years Definition Precipitation
[mm] Temperature [°C] | Temperature [°C]
1979 - 2022 Full period 583.5 32.61 21.44
1981 -2010 ~ Calibrated 606.6 32.43 21.45
period
2011-2022  Fxtended 526.7 33.12 21.41
period
2012-2017  Prolonged 392.9 33.44 21.77
drought period
20182022 Droueht 655.8 32.96 21.10

recovery period
Source: The author

Table 4.5 presents an analysis of average precipitation and temperatures for
different periods in the Malhada Catchment. Between 2012 and 2017, the average precipitation
was only 392.9 mm, approximately 33% below the total annual average precipitation for the
entire series (1979-2022), and approximately 35% below the reference period (1981-2010). The

climate series used for the reference model (1981-2010) had an average annual precipitation of



126

606.6 mm, while the extended series (2011-2022) averaged 526.7 mm annually. Regarding
temperatures, Table 4.5 shows that during the period 2012-2017, both the average maximum
temperature (33.44 °C) and average minimum temperature (21.77 °C) were higher than the
overall series (1979-2022) averages by 0.83 °C and 0.33 °C, respectively. The reference model
(1981-2010) had average annual maximum and minimum temperatures of 32.43 °C and 21.47
°C, while the extended series (2011-2022) averaged 33.12 °C and 21.41 °C annually.
Furthermore, applying the modified MK test at a 5% significance level to the climate data
revealed a positive trend for maximum temperature (z = 9.74, p-value = 0.000, Sen’s slope =
0.0281 °C/year) and for minimum temperature (z = 2.09, p-value = 0.037, Sen’s slope = 0.0095
°Clyear), and no significative trend for annual precipitation (z = -1.38, p-value = 0.167).

Analysis of Figure 4.3 reveals that the years 1985, 1989, and 2004 were the wettest,
characterized by the highest total annual precipitation and SPEI-12 values. Conversely, 1983
and 1998 stand out as severe dry years, while the periods from 1992 to 1993 and 2001 to 2003
are classified as moderate dry periods. The 2012-2017 period is the only one with months
classified as extreme dry, with three consecutive months in 2013 and one month in 2017
meeting this classification. Additionally, this period is marked by extended severe dry periods,
occurring from October 2012 to January 2014 (16 months) and from April 2016 to February
2017 (11 months).

Figure 4.3 — 12-month SPEI for Malhada Catchment from 1980 to 2022
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4.3.2 Performance of the model during extreme drought and its hydrological recovery

Figure 4.4 presents the daily streamflow results at the Malhada gauging station
(catchment outlet), and displays the results obtained for NSE, KGE, and InNSE for the four
evaluated periods: 1981-2010 (reference period), 1981-2022 (total series), 2012-2017
(prolonged drought), and 2018-2022 (recovery period).

The results of NSE and KGE reveal a marked decline in the model’s performance
over the extended period, particularly between 2012 and 2017 (prolonged drought) and during
the subsequent drought recovery phase from 2018 to 2022. The reference model struggled to
accurately estimate daily flows throughout these periods. Moreover, the model exhibited an
even more pronounced decline in performance during the hydrological recovery period,
emphasizing the model’s limitations in accurately representing runoff conditions following a
severe prolonged drought.

The InNSE results demonstrated satisfactory performance during both the reference
period and the total series. However, the model's performance according to InNSE also
drastically declined during the prolonged drought and its recovery, though the values were less
negative compared to those obtained with NSE and KGE. Remarkably, InNSE pointed to poorer
performance during the prolonged drought, while NSE indicated worse performance during the
drought recovery period.

To better understand the hydrological processes and the model's results, Table 4.6
presents the values for annual average precipitation (P), evapotranspiration (ET), surface runoff
(SUR Q), lateral flow (LAT Q), baseflow (GW Q), and percolation (PERCO), alongside the
percentage metrics ET /P, PERCO /P, TOT Q/P,SUR Q/TOT Q, LAT Q/TOT Q, and GW
Q/TOT Q for the four analyzed periods.

During the prolonged drought (2012-2017), the average annual precipitation of
392.9 mm was consumed primarily by evapotranspiration, accounting for 93.7%. Additionally,
6.4% of the precipitation contributed to percolation, while only 1.2% was converted into runoff.
Of this runoff, 48.9% originated from surface runoff and 51.1% from lateral flow. Notably,

there was no baseflow simulated by the model during this period.
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In contrast, during the hydrological recovery period (2018-2022), the average
annual precipitation increased to 655.8 mm, with 83.6% consumed by evapotranspiration.
Percolation accounted for 11.6% of the total precipitation, while 3.1% of the total precipitation
was converted into total runoff. Of this runoff, 69.2% originated from surface runoff and 30.8%
from lateral flow. Similar to the drought period, no baseflow was simulated by the model during

this recovery phase.

Table 4.6 — Results of Water Balance of the Model (annual average of precipitation (P),
evapotranspiration (ET), surface runoff (SUR Q), lateral flow (LAT Q), baseflow (GW Q), and
percolation (PERCO)) (a) and the Percentage Metrics (ET / P, PERCO /P, TOT Q /P, SUR Q
/ TOT Q,LAT Q/TOT Q, and GW Q/ TOT Q) (b) for the four analyzed periods

(@)
PET SURQ | LATQ | 6wQ | '9T |pERCO
Periods P (mm) Q
(mm) (mm) (mm) (mm) ) (mm)
1981 - 2010 606.6 489.7 21.6 6.2 0.6 28.4 87.2
(reference)
1981 - 2022 583.8 481.7 18.3 5.7 0.4 24.4 77.0
2012 -2017 392.9 368.0 2.3 2.4 0.0 4.6 25.1
2018 - 2022 655.8 548.5 13.9 6.2 0.0 20.1 76.0
(b)
. PERCO | TOTQ |SURQ/|LATQ/| GWQ/
FRECEs WLy /P TOTQ | TOTQ | TOT Q

1(226;&212;)0 80.7%  14.4% 4.7% 76.1% 21.8% 2.1%

1981 -2022 82.5% 13.2% 4.2% 75.0% 23.2% 1.8%
2012 -2017 93.7%  6.4% 1.2% 48.9% 51.1% 0.0%
2018 -2022 83.6% 11.6% 3.1% 69.2% 30.8% 0.0%

Source: The author

To elucidate the hydrological outcomes derived from the model, we analyzed the
hydrographs of two pivotal years: 2016, which falls within the extreme dry period, and 2020,
representing the middle of the catchment's drought recovery phase. Figure 4.5 illustrates the
hydrographs for 2016 (a) and 2020 (b) during the wet season in the region (from January to
June). Between July and December, precipitation is scarce, resulting in negligible flows during

this period.
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Figure 4.5 - Comparison of streamflows at Malhada gauging station (model x observed by State

agency) during the years of 2016 (a) and 2020 (b)
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The findings depicted in Figure 4.5 indicate that the model consistently
overestimated streamflow within the catchment during both the prolonged drought and
subsequent recovery periods. In Figure 4.5a, the hydrograph illustrates that the peak flow
simulated by the model in 2016 was 33.5 m3/s, whereas the observed value at the Malhada
Gauging Station was 4.0 m?/s. While the model successfully reproduced the day of peak flow
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occurrence (January 25, 2016), it overestimated both the rise and recession phases, resulting in
a simulated hydrograph lasting 52 days compared to the observed hydrograph's duration of 3
days. Similar behavior was observed in the hydrographs for other years during the prolonged
drought period (2012-2017), where the simulated hydrographs consistently overestimated peak
flows and the duration of flow, while observed hydrographs exhibited quicker rises and falls in
flow rates.

The analysis of Figure 4.5b reveals that during the drought recovery period in the
region, the model continued to overestimate peak flow values. The simulation indicated a peak
flow of 180.0 m?/s, while the observed peak flow at the Malhada station was 10.9 m3/s on March
17, 2020. During this rainy season, the model depicted a hydrograph resembling the observed,
with peak flow occurring on the same day, however a longer duration of measurable flow days.
Furthermore, the model simulated additional peaks in streamflow during subsequent rainfall
events, such as those occurring on April 20, 2020, April 25, 2020, and May 23, 2020 (Figure
6b). However, it still exhibited limitations in accurately predicting the magnitude of peak flows
and the rate of flow recession.

To compare the results obtained by the reference model during different years of
meteorological drought and hydrological recovery periods afterwards, Figure 4.6 presents the
hydrographs of 1983 and 1985 (a), 1993 and 1995 (b), 1998 and 2000 (c), and 2001 and 2004
(d).

In 1983 (Figure 4.6a), the reference model estimated a peak flow value of 4.9 m?/s,
slightly higher than the observed value of 3.0 m*/s. However, the model indicated two runoff
periods (from February to March and in April), whereas observed streamflow occurred only in
April. For 1993 (Figure 4.6b), the reference model’s peak flow (Qpeak = 0.38 m?/s) was nearly
identical to the observed value (Qpeak = 0.40 m?/s), with flow predominantly in May. In 1998
(Figure 4.6c¢), the reference model underestimated the peak flow (Qpeak = 0.84 m?/s) compared
to the observed peak (Qpeak = 3.24 m?®/s). The duration of the hydrograph was similar, but
differences were noted in the rise and recession phases. For 2001 (Figure 4.6d), the reference
model did not simulate any flows, which corresponds accurately to observations at the Malhada
gauging station where no flows were recorded during that year. In this year, the model
effectively captured the sparse distribution of precipitation throughout the rainy season, which

was insufficient to generate streamflow.
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Figure 4.6 — Comparison of Streamflows at Malhada Gauging Station (Simulated x Observed
by State Agency) during droughts/recovery periods of 1983/1985 (a), 1993/1995 (b), 1998/2000

(c), and 2001/2004 (d)

Y
o
o
o

-

o

o
1

Streamflow (m?/s)
-~ o

SN .

Jan Feb Mar Apr May Jun
1983

Precipitation
--------- Observed Streamflow (m?/s)
Simulated Streamflow (m3/s)

>

=y
o
o
o

-

o

o
1

Streamflow (m?/s)
-~ o

T T T T T

Jan Feb Mar Apr May Jun
1993

Precipitation
--------- Observed Streamflow (m?/s)
Simulated Streamflow (m?/s)

0

£
20 £
40 £
60 =

&
80 3

[a )
100
0

£
20 £
40 g
60 =

&
80 o

[a )
100

(a)
1000
E 100 - i
Z 0] :
S
o 1 7 L
2 s
O I; T T T T
Jan Feb Mar Apr May Jun
1985
Precipitation
--------- Observed Streamflow (m?/s)
Simulated Streamflow (m?/s)
(b)
1000
5 100 - i
g
g 17 N
x
0
Jan Feb Mar Apr May Jun
1995
Precipitation

--------- Observed Streamflow (m?/s)
Simulated Streamflow (m3/s)

0

)
20 g
40 ¢
60 <

=
80 3

[a
100
0

)
20 H
40 ¢
60 <

k=
80 3

=W
100



Y
o
o
o

-

o

o
1

Streamflow (m?/s)
)

17 B
O T T T T
Jan Feb Mar Apr May Jun
1998
Precipitation

--------- Observed Streamflow (m?/s)
Simulated Streamflow (m?/s)

—

= o

o o

o o
1

Streamflow (m?/s)
)

1 1 B
O T T T T T
Jan Feb Mar Apr May Jun
2001
Precipitation

--------- Observed Streamflow (m?/s)
Simulated Streamflow (m3/s)

Source: The author

0
‘s
20 £
40 g
60 <
&
80 o
[a
100
0
‘s
20 £
40 ¢
60 <
B
80 8
[a )
100

133

(c)
1000
E 100 - i
Z 0] :
S
o 1 7 L
n
0 T .
Jan Feb Mar Apr May Jun
2000
Precipitation
--------- Observed Streamflow (m?/s)
Simulated Streamflow (m?/s)
(d)
1000
5 100 - i
o :
g
g 11 it b
x e
O T T
Jan Feb Mar Apr May Jun
2004
Precipitation

--------- Observed Streamflow (m?/s)
Simulated Streamflow (m?/s)

20
40
60
80
100

Precipitation (mm)

Precipitation (mm)



134

For the hydrological recovery periods, the reference model satisfactorily captured
the runoft rates, especially in terms of peaks and hydrograph shapes. The peaks match well in
the years 1985 (Figure 4.6a), 1995 (Figure 4.6b), 2000 (Figure 4.6¢), and 2004 (Figure 4.6d),
indicating the model's capability to represent the return of flows within the catchment, despite
some discrepancies, such as an unidentified peak in June 1995 (Figure 4.6b) and an
overestimated peak in February 2000 (Figure 4.6d). However, the model continued to present
challenges in accurately representing recession flow during these analyzed years of
hydrological recovery.

The performance of the reference model during previous drought events in the
calibration period was notably better than during the subsequent prolonged drought period
(2012 — 2017). Importantly, the model exhibited varying behaviors during drought events,
demonstrating both overestimation and underestimation of peak flows and hydrograph
durations.

To illustrate the lack of hydrological recovery after the extreme drought period,
Figure 4.7a presents a correlation graph between precipitation and observed runoff (box-cox
transformed) in the Malhada catchment. It can be observed that during the drought recovery
period, runoff not only decreased but also ceased to respond to higher precipitation events. This
finding suggests that the watershed undergoes a substantial shift in the rainfall-runoff process,
reaching probably a new equilibrium state during this period.

The correlation graph between precipitation and simulated runoff (box-cox
transformed) in Malhada catchment, as presented in Figure 4.7b, shows that the model,
characterized as a HARN, exhibited a decline in rainfall-runoff during the prolonged drought
period, which persisted even after the hydrological recovery phase. Although the SWAT model
results reproduce a scenario of reduced rainfall-runoff relationships during both the drought
period and the hydrological recovery phase, the observed decline in the rainfall-runoff
relationship within the Malhada catchment during the same period was greater than that
simulated by the model. This limitation suggests that SWAT may lack mechanisms to account

for such non-linear changes in watershed response under extreme drought conditions.
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Figure 4.7 — Relation Between Annual Precipitation and Runoff for Observed (a) and Simulated
(b) Values
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4.3.3 Sensitivity analysis for changes in SWAT parameters

To further assess the impact of the model parameters during the extended period
(2012-2022), Figure 4.8 depict ranges of NSE (a) and InNSE (b) for SWAT parameters
governing hydrological processes in the soil, groundwater, subsurface and surface flow
(CH_ K1, CH K2, CH N2, CN2, ESCO, GW_DELAY, GW_REVAP, GWQMN,
RCHRG DP, REVAPMN, SOL CRK, and TRNSRCH.

The analysis of Figure 4.8 shows that parameter variations consistently led to
negative NSE and InNSE values. Exceptions were observed with an increase in TRNSRCH
values from 0.3 to 0.7-0.9, which resulted in positive INNSE values (up to 0.46), and a decrease
in RCHRG DP from 0.25 to 0, which resulted in InNSE values approximating zero. Other
notable improvements in model performance were associated with increases in CH_K2 and
decreases in CN2 values; however, these adjustments were insufficient to achieve positive
InNSE values. These parameter values suggest increased runoff losses, implying that channel
transmission losses or infiltration into soils were likely underestimated by the model during the

prolonged drought and its recovery period.

Figure 4.8 — Sensitivity Analysis of the Model in Malhada Catchment by NSE Range (a) and
InNSE Range (b) During the Drought Period (2012-2022)
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To analyze the impact of runoff transmission losses during the simulation period
(1981 — 2010) and during the period of prolonged drought and its recovery (2012 — 2022), the
performance results of the sensitivity analysis of parameters CH K2, CN2, RCHRG DP, and
TRNSRCH were illustrated in Figure 4.9, Figure 4.10, Figure 4.11, and Figure 4.12 for KGE,
NSE, and InNSE, respectively. The analysis of KGE and NSE indicate that the optimal CH_K2,
CN2, RCHRH_DP, and TRNRSCH values for the Malhada catchment from 1981 to 2022 is
similar to the values obtained during the calibration of the reference model. However, these
values do not adequately represent the period from 2012 to 2022. Incremental increases in
CH_K2 and TRNSRCH values and incremental decreases in CN2 and RCHRG_DP values
tended to enhance model performance, yet not enough for the results to be considered a good
fit.

In addition, analyzing the model's behavior using the InNSE, it is possible to
observe improved performance with incremental increases in CH K2 and TRNSRCH values,
as well as incremental decreases in CN2 and RCHRG_DP, for both the 1981-2022 and 2012—
2022 periods.
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Figure 4.10 — KGE, NSE, and InNSE in Malhada Catchment for Changes in CN2 from 1981-
2022 and 2012-2022 Periods
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Figure 4.11 — KGE, NSE, and InNSE in Malhada Catchment for Changes in RCHRG DP from
1981-2022 and 2012-2022 Periods
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Figure 4.12 — KGE, NSE, and InNSE in Malhada Catchment for Changes in TRNSRCH from
1981-2022 and 2012-2022 Periods
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In general, the results indicated that the model performs well in terms of NSE,

InNSE, and KGE when considering the entire time series from 1981 to 2022. However, the

model did not effectively represent the periods of prolonged drought and subsequent recovery,

whether using the previous parameterization (1981 — 2010) or adjusting sensitive parameters.
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4.4 Discussion

The results presented for the interannual and interdecadal climate variations are
typical of drylands worldwide. However, the period 2012-2017 represents a critical event for
the study area, with consecutive years of severe drought and two years with periods of extreme
drought (2013 and 2017) evaluated by the SPEI12 index. The period is also characterized by
average precipitation that is 35% lower and maximum temperatures that are 3.11% higher
compared to those observed during the reference period (1981-2010). Moreover, both
maximum and minimum temperatures exhibited positive trends. This pattern aligns with future
projections of global warming and climate change, and other climate regions may experience
the same characteristics and challenges of drylands, such as the Amazon basin, where
traditional communities are now regularly facing water shortness due to recurrent, prolonged
drought events (Lima et al., 2024; Marengo et al., 2024; Wunderling et al., 2022).

The modeling provided important insights into the performance of a semi-
distributed model during and after a prolonged drought in a semi-arid region. The results
obtained with the SWAT model in this study demonstrated a decline in performance when
applying the previously calibrated model for a prolonged drought, even though the model
performance was acceptable for past droughts. Similar limitations in model performance and
lack of sensitivity to extreme events were observed when applying the continental-scale MGB
model in South Brazil (Miranda et al., 2023a, 2023b).

During the hydrological recovery period after the prolonged drought, unlike
recovery periods during the calibration period, the model overestimated streamflows
significantly. These results of overestimation are similar to those found by Trotter et al. (2023)
for conceptual rainfall-runoff models and by Deb and Kiem (2020) in a comparison of the
IHACRES, HEC-HMS, and SWATgrid models under different climatic conditions, both
studies in Australian catchments, and by Cai et al. (2023) for SWAT model in an arid region in
Northwestern China.

The results of KGE, NSE, and InNSE reveal satisfactory model performance for the
reference period and the total climate series. However, while the analysis focusing more on mid
and low flows also showed a decline in model performance (negative InNSE values from 2012
to 2017 and from 2018 to 2022), the results were slightly better compared to NSE, since InNSE
is better to determine low flows model’s efficiency (Castellanos-Osorio et al., 2023; Zhang et

al., 2018). The InNSE results being less negative than NSE suggest that the model can at least
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capture the relative dynamics of the low flows during the prolonged drought period, although
it still has limitations in representing the specific precipitation events, especially the peaks and
the hydrographs duration. Notably, InNSE indicated poorer performance during the prolonged
drought, whereas the other three statiscal parameters showed worse performance during the
drought recovery period. Since the overestimation of the model was higher during the recovery
period, the traditional indexes were more impacted by the overestimated streamflow peaks
simulated during the hydrological recovery period, showing a worst performance during this
period than the drought period. For the InNSE, the effect of peak streamflows is attenuated,
leading to a daily evaluation of mid and low flows that is more balanced and closer to the
average than during the drought period.

Although our model accounted for the drought years of 1990-1993 and 2001-2003
during calibration, their inclusion was insufficient to enhance the model’s streamflow estimates
for the period from 2012 to 2022. This result aligns with the discussions by Trotter et al. (2021),
who argued that including a range of climate periods in the calibration process does not
necessarily improve model reliability for future uncertainties. Similarly, the findings of Bruno
et al. (2024) demonstrated that even adding a moderate drought to the calibration period did not
lead to an improvement in streamflow estimates during a subsequent severe drought. Our
findings complement these discussions, demonstrating that even a model calibrated with 30
years of climatic data, including periods of severe drought, could be insufficient to provide
accurate streamflow estimates during an extreme and prolonged drought period.

The analysis of the components of the water balance showed that the percentage of
evapotranspiration relative to precipitation increased during the prolonged drought period but
returned to a percentage value close to the calibrated model after the drought. This result,
combined with the temperature increase trends in the region, suggests that the model
underestimated evapotranspiration after the prolonged drought. This finding is consistent with
Bruno et al. (2024), who identified evapotranspiration underestimation as a contributing factor
to decreased performance in modeling across droughts of varying severity in an Italian
catchment with Continuum model. As Peterson et al. (2021) suggested, biophysical adaptations,
such as increased transpiration in response to disturbances, can create positive feedback
mechanisms that are not yet accounted for in current rainfall-runoff models. Regarding the
results for subsurface flow, the simulated percentages relative to total flow during the prolonged
drought and its recovery period were both higher than those observed during the calibration

period. This suggests a greater contribution of this hydrological component during the
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prolonged drought and subsequent hydrological recovery, as well as an indication of
underestimation of channel and landscape transmission losses by the model, which led to an
overestimation of streamflow values during these periods.

During the sensitivity analysis for the extended period, the most notable
improvements in model performance were observed with an increase in TRNSRCH from 0.3
to 0.7-0.9 and decreases in RCHRG DP from 0.25 to 0, suggesting a shift in these parameter
values during the prolonged drought and its hydrological recovery period. The increase in the
TRNSRCH parameter suggests higher transmission losses during the prolonged drought period,
while reducing RCHRG_DP to zero indicates no water transfer between the shallow and deep
aquifers, implying a disconnection between both aquifers, which is common during extreme
drought periods. These results align with the findings of Merz et al. (2011) and Meles et al.
(2024), who identified a correlation between model parameters and climatic variables, as well
as with the conclusions of Liu et al. (2024) and Zhang et al. (2024), who demonstrated that
time-varying parameter methods for hydrological simulations can better capture the dynamic
nature of hydrological processes in changing environments.

However, even with the changes in the parameters of the model, the performance
did not reach satisfactory levels during the prolonged drought period and its recovery, even
when evaluated using the INNSE metric. According to Rabelo et al. (2021), the SWAT model
tends to struggle particularly during the flow recession period, where streamflow decreases
more slowly in the model compared to field observations. Avanzi et al. (2020) and Bruno et al.
(2024) suggested that overestimation of simulated terrestrial water storage, coupled with
underestimated river-aquifer interactions and transmission losses during extreme droughts, may
contribute to model inaccuracies. The results of the sensitivity analysis combined with the water
balance and the hydrographs results during the prolonged drought and its hydrological recovery
suggest that subsurface runoff was overestimated by the model. The linear functions applied in
the model were insufficient to capture the interactions between groundwater and surface water
under prolonged drought conditions in semi-arid catchments, suggesting that changes in the
representation of the hydrological processes are also necessary for the model to accurately
represent real conditions during a prolonged drought and the subsequent recovery period.
Future studies could investigate the integration of surface and subsurface flows’ processes, for
instance, by utilizing MODFLOW or groundwater modules, to evaluate the behavior of coupled

SWAT models during the prolonged drought period in the region.
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The runoff results in the Malhada catchment during the prolonged drought of 2012-
2017 indicated a shift in the rainfall-runoff relationship. Furthermore, during the drought
recovery period of 2018-2022, runoff not only decreased but also ceased to respond to higher
precipitation events. This finding suggests that the watershed undergoes a substantial shift in
the rainfall-runoff process, reaching probably a new equilibrium state during this period. Recent
studies have shown that rainfall-runoff transformation patterns can shift significantly following
severe droughts, as demonstrated in the studies by Saft et al. (2016) and Peterson et al. (2021)
on the millennial drought in Australia, by Alvarez-Garreton on the megadrought in Chile, and
by Avanzi et al. (2020) on California's multi-year droughts.

No relevant land-use alterations occurred during the period of prolonged drought
and hydrological recovery afterwards, as suggested by the analysis of land-use changes within
the watershed (Appendix E). Land-use changes progressed gradually until 2010, which was
captured by the reference model, with a trend toward stabilization afterward, except for high
increases in temporary crop areas during the prolonged drought period. The expansion of
agricultural areas, such as pasture and temporary crops, leads to alterations in
evapotranspiration patterns, and consequently can lead to abrupt shifts in watershed behavior,
as suggested by Fowler et al. (2022), and observed in the correlation between precipitation and
runoff results of the Malhada catchment. For future scenarios of extreme or prolonged droughts,
population behavior may respond adaptively to climatic events, often resulting in changes in
watersheds to cope with dry conditions. Thus, the human-water dynamics in the catchments
should be better represented in the models, to include social processes that affect the

hydrological responses during extreme drought events.

4.5 Conclusions

In this study, we assessed the performance in streamflow results obtained by a
calibrated SWAT model from the extrapolation of meteorological data to include a prolonged
drought on a dryland catchment. The model performance for the previously unobserved drought
period was not acceptable even though the model was before well calibrated, indicating room
for improvement of parameters or problems of the model structure to simulate an extreme
drought event. Model parameters did not result in a better parameterization of the model within

meaningful ranges.
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The main findings of our work can be described as follows:

1. The calibrated model had an acceptable performance from 1981 to 2010, but did
not perform well for daily streamflow during the prolonged meteorological drought (2012 —
2017) and the hydrological recovery period afterward (2018 — 2022). The results of NSE,
InNSE, and KGE showed a drastic reduction in the model’s performance during these two
specific periods, with an even more pronounced decline in performance during the hydrological
recovery period, emphasizing the model’s limitations in accurately representing runoff
conditions following a severe prolonged drought.

2. In general, the calibrated model presented higher streamflows than measured in
the catchment during these periods, suggesting that water losses during hydrological processes
were lower in the reference model during the prolonged drought and recovery. The gradual
increase in the values of runoff transmission losses parameters tended to improve the model's
performance, but not enough for the results to be considered a good fit.

3. The correlation graph between precipitation and simulated runoff showed that
the HARN model exhibited a decline in rainfall-runoff slope during the prolonged drought
period, which increased during the hydrological recovery phase. Although the SWAT model
managed to simulate a non-recovery scenario in runoff during the recovery period, the observed
level of non-recovery in the catchment was even more pronounced, a state that the model was

unable to fully capture.

This study could contribute to a more careful consideration of the reliability of
streamflow prediction results during severe hydrological events, given that there is a rapid trend
of increasing intensity and frequency of extreme climatic events, such as severe droughts,
governed by climate change, but also influencing human adaptation measures.

A suggested future study is to evaluate the impact of the model's low performance
on water resources management, particularly in the operation of strategic reservoirs with
multiple uses. In terms of drought period modeling, a considerable error in statistical parameters
may not necessarily translate into a significant difference in water availability for both people
and the environment, given that water supply is naturally low during these periods. Future

investigations could provide a more practical approach to this issue.
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To better represent the accelerated extreme events caused by climate change, the
traditional methodology of calibration based on past time series has important limitations.
Modeling during extreme drought events would require an adaptation of the models, so the
models need to consider the socio-hydrological processes during periods of extreme events.
There 1s an important gap for improving hydrological models considering the dynamic changes
in catchment, in which hydrological and social processes and parameters can be represented
according to the climate event and not just as a calibrated and parameterized stationary model

with different ranges in future climate projections.
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S GENERAL CONCLUSION AND RECOMMENDATIONS

This thesis has made a substantial contribution to our understanding of hydrological
modeling in drylands, particularly through the application of the SWAT model across various
simulation scenarios. The study highlights the model's capability to effectively represent dense
reservoir networks and to analyze streamflow under diverse conditions, including average
rainfall, periods of high flow, and extended droughts and its subsequential drought recovery.

Additionally, three specific objectives were pursued: (1) to develop a modeling
methodology with a detailed representation of both large and small reservoirs in the SWAT
model, and to conduct an extensive analysis of the cumulative impact of small reservoirs on
horizontal hydrological connectivity in large-scale dryland catchments; (2) to assess the
influence of high-density reservoir networks on interannual runoff variability; and (3) to
evaluate the model's performance during extreme droughts and the subsequent hydrological
recovery. In the preceding three chapters, each of these objectives is addressed as an
independent paper, utilizing the same SWAT model as the basis for analysis.

The first paper introduced an innovative approach to incorporating a dense-
reservoir network into the SWAT model, featuring a detailed representation of both large and
small reservoirs. It also provided an extensive analysis of the cumulative impact of small
reservoirs on horizontal hydrological connectivity in large-scale dryland catchments. Despite
uncertainties in the input data, the model's daily performance was deemed acceptable,
demonstrating good reliability in predicting peak flows during wet years, non-flow periods, and
the rising limb of the hydrograph. The results indicated that while small reservoirs reduced
streamflow, their overall impact on catchment retention was minimal, with only 2% of water
being retained in wet years, and 9% in dry years. The proposed analysis significantly enhanced
our understanding of hydrology in dryland catchments and the methodology approach to
incorporate high-dense reservoirs networks can be applied to catchments in similar climatic and
socio-economic contexts.

The second paper aimed to assess the potential impact of an increasing number of
small reservoirs on dry hydrological networks, focusing on the annual flows generated at the
outlet of the watershed under various small reservoir density scenarios (number of reservoirs
per unit area, with densities ranging from 0.1 res/km? to 3.0 res/km?, underscoring the tendency
for small reservoir construction to increase in more remote areas as a strategy to mitigate

drought impacts. The results indicated that the influence of the High-density Reservoir Network
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(HdRN) on runoft reduction is most pronounced for a probability of exceedance between 1%
and 10% of monthly flows and is minimal for months with very high flow peaks. The reduction
in outlet flow due to the increased number of small reservoirs was found to be more significant
during dry years (increases up to 30%) compared to wet years (increases up to 8%). This
reduction also tends to escalate in consecutive years of drought, increasing from about 7% in
the first year to around 20% in the final year under the worst-case scenario (3.0 res/km?),
potentially exacerbating the effects of extended droughts. These results agreed with the results
in the first paper, that small reservoirs has more influence during dry periods, however extend
the discussion for consecutive dry years, which has the retention effect increased over the years.
The results contribute to water resource management by highlighting the varying effects of
small reservoirs during consecutive years of drought. This understanding is crucial for
developing adaptive water management practices that account for the cumulative influence of
small reservoirs, particularly in regions prone to extended dry periods.

In the third paper the model previously calibrated from 1981 to 2010 was employed
to simulate streamflow in a subsequent, drier, and warmer decade (2011 to 2022), including the
record drought from 2012 to 2017 within the study area. The findings indicate that, despite the
model's acceptable performance over a 30-year climate series that included severe drought
periods, it struggled to accurately predict streamflow during the record drought and the
subsequent recovery phase, showing a marked decline in performance during these critical
periods. Even after adjusting the most sensitive parameters related to key hydrological
processes - a standard practice in hydrological research and modeling - the model's performance
did not significantly improve. The results highlight the importance of viewing catchments as
non-stationary systems, suggesting that model calibration and parameterization should be
refined to incorporate improvements in hydrological process representation and consider
human adaptive responses, integrating both physical and social factors to ensure more reliable
flow predictions under future extreme scenarios.

In summary, the key innovations presented in this thesis are: (1) the first paper
introduced a novel approach for integrating high-density reservoir networks into the SWAT
model and demonstrated the model's strong performance in representing semi-arid catchments,
making a technological contribution; (2) the second paper offered new insights into the
cumulative impact of small reservoirs over a multi-year analysis, revealing an amplified effect

on runoff reduction during consecutive dry years; and (3) the third paper contributed to the
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broader scientific discussion on the necessity of enhancing hydrological models calibration and
parameterization for more accurate streamflow simulations during extreme drought events.

For future work, each study offers its own set of recommendations.

In Chapter 2, the flow recession was not accurately represented by the model. The
simulated hydrograph exhibited an abrupt recession at the end of wet periods, with streamflow
dropping to zero just a few days after the peak. After periods of heavy rainfall, water tends to
accumulate in areas near the river channel, forming floodplains. The river recharge process
following this period is notably complex, involving unsaturated seepage, vertical unsaturated
subsurface water redistribution beneath the stream, lateral stream-aquifer interactions, and
groundwater flow parallel to the river course in unconfined aquifers. These processes, which
are critical in arid and semi-arid watersheds, are overly simplified in the SWAT model,
significantly impacting its accuracy in these basins. Future enhancements should focus on
improving the model’s representation of recession flows. Additionally, enhancements in
reservoir outflow inputs could better capture the variable aspect of water withdrawals due to
negotiated allocations. In the specific case of the represented catchment, water withdrawals
from reservoirs are determined through discussions with all water users in the watershed,
leading to significant variability throughout the year. It is crucial that the model allows for the
inclusion of a historical series of reservoir withdrawals to achieve more accurate modeling.

In Chapter 3, the initial scenario approach involved an even distribution of small
reservoirs across the catchment. However, for future studies, a more realistic scenario approach
should be considered. This would involve a targeted increase in the number of small reservoirs
in regions near large strategic reservoirs and in areas with higher population densities. This
refined approach would better reflect the likely patterns of reservoir construction and their
potential impact on hydrological processes and water management within the catchment.

In Chapter 4, to enhance modeling accuracy during extended droughts, it is
recommended that models incorporate human adaptive measures into the calibration process,
allowing catchment parameters to be flexible and responsive to climatic events. By integrating
both physical and social processes in response to climate events, the model's reliability in
predicting streamflows under extreme future scenarios can be significantly improved.

Overall, this thesis has provided valuable insights to enhance dryland modeling. By
bridging the gap between science, modeling and management, these advancements in modeling
are crucial for improving the accuracy of scenario predictions and, consequently, for enhancing

water resource management strategies in regions vulnerable to scarcity.
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APPENDIX A — CLIMATE DATA FOR MODELING

Precipitation data

In comparison with other semi-arid regions (also in Brazil), the density of rain
gauges in Ceard may be considered relatively high (1 rain gauge to 250 km). In total, there are
44 rainfall gauges, mainly from FUNCEME, located inside and in the immediate vicinity of the
study catchment (Figure S.1). Spatially and temporally, the gauges were not evenly distributed.
In the more urbanized parts and around the large reservoir Pogo da Pedra, gauge density is
rather high, while the rural areas are hardly gauged. Regarding temporal records, the data is
more complete for more recent times (much more complete from 2000 on), i.e., for these

periods gauge density is higher as well.

Other meteorological forcings

When the Penman-Monteith-Method is selected for the calculation of
evapotranspiration in SWAT as the case here, the required meteorological input data include
maximum, minimum and mean temperatures, mean wind velocity, total daily solar radiation
and mean relative humidity. However, the density of meteorological stations is much smaller
than that of the rain gauges. Only one meteorological station is located inside the catchment (in
Campos Sales). Therefore, the five closest surrounding stations (distances from the stations to
the borders of the catchment are in the range of approximately 70 to 110 km) were also taken
into account (Figure S.1). Additionally, a record with sub-daily measurements from an
automatic station in Campos Sales (at a different location than the conventional station) was
acquired. Meteorological data was taken from the Brazilian National Institute of Meteorology
(INMET).

All time series of the conventional stations started before the year of 1979 and ended
in 2015. However, they all presented large continuous gaps of several years within the period
of 1981 until 1994, so that for a certain time span (from 1986 until 1989) no meteorological
data was available for any station. The automatic stations started recording only in 2009. In
order to complement those time series, weather data from the Climate Forecast System
Reanalysis (CFSR) conducted by the National Centers for Environmental Predictions (NCEP)

was used. The CFSR weather data was downloaded from the website for global weather data
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of SWAT (https://globalweather.tamu.edu/) for one raster point only, the one closest to the
climatic stations at Campos Sales situated inside the catchment (distance both to the
conventional and the automatic station ca. 8 km) (Figure A.1). Then, the CFSR records were
checked against the ground measurements to identify potential biases of the data. Only relative
humidity showed considerable differences (about 20 % on average). The bias correction method
used in this case was the so-called non-parametric quantile mapping (Maraun 2013;

Gudmundsson et al. 2012).

Figure A.1 - Distribution of all 44 included rain gauges and meteorological stations located in

and around the study catchment.
Legend

& Rain gauge L]
hMeterological station

@® CF5R raster point

L
® Automatic station
i .\___a-\ﬁ—\.
J'll"._ - 'rl-\l 5 - b ]
® Conventional station % x= T -
"
b ~—y " i /
'1,\_.-\} &
.:'.- W, . ,.-"'- 3
e
& i
Py _)'-
® S/
L
s ||J
I A
< W o
A
2
&
1l 25 50 T4 10O km

Source: The author



173

Interpolation

The watershed delineation subdivides the main catchment into numerous sub-
basins, which require daily climatic input variables. Therefore, these variables were estimated
through interpolation of the measured data obtained from rain gauges and meteorological
stations, taking the centroids of the sub-basins as reference points. The inverse distant weighing
method was used for the spatial interpolation. It is commonly applied in scientific research and
hydrological modelling to interpolate rainfall distributions, having proved to produce good
results even in a semi-arid environment (Lam et al. 2015). Figure A.2 shows the average
monthly precipitation and the average monthly potential evapotranspiration in the study
catchment and Figure A.3 shows the average annual precipitation and the average annual

potential evapotranspiration in study catchment.

Figure A.2 - Average monthly precipitation and average monthly potential evapotranspiration
in study catchment. Results provided by measured series for 1979 to 2010 that represent

simulation period.
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Figure A.3 - Average annual precipitation and average annual potential evapotranspiration in
study catchment. Results provided by measured series for 1979 to 2010 that represent

simulation period.
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APPENDIX B - SOIL AND LAND USE PARAMETERIZATION FOR MODELING

The soil map was provided as a polygon shapefile encompassing 109 soil
association classes for the whole Jaguaribe River basin and adapted for the Conceigdao River
catchment (Figure B.1) according to the soil classification of Jacomine et al. (1973), which also
showed consistency with the coarser soil map of FAO.

Parameters were generated for each soil class according to profiles. Some
parameters could be directly taken from Jacomine et al. (1973), such as: a) Number of soil
layers in soil profile; b) Depth of soil layers; c) Percentage of silt in soil layers; d) Percentage
of clay in soil layers; and e) Organic carbon content in soil layers. In contrast, the missing
parameters listed below (items “q” to “y”) had to be indirectly generated by means of pedo-
transfer functions and other soil characteristics from Jacomine et al. (1973), such as: f)
Percentage of gravel of soil layer; g) Percentage of stones of soil layer; h) Percentage of Coarse
Sand of soil layer; 1) Percentage of Fine Sand of soil layer; j) Value of Munsell colour system
of moist soil of soil layer; k) Humidity equivalent; 1) Texture of soil layer; m) Drainage capacity

of soil profile; n) CA++; 0) Mg++; and p) K++.

q) Maximum rooting depth of soil profile

The soil survey cited the quantity of roots in the soil layers using the words
“abundant”, “many”, “some”, “a few”” and “rare”. The maximum considered rooting depth was
the one above the profile where above roots were rarely found. In the cases where all soil layers

had roots, the total depth of soil profile was attributed to maximum soil rooting depth.

r) Percentage of sand in soil layers

The percentage of sand was calculated by the sum of fine and coarse sand. The

Brazilian soil particle size classification of soils slightly differs from the American

classification in terms of grain size. However, this difference was neglected.
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s) Percentage of rock in soil layers

The percentage of rock was calculated by the sum of gravels and stones. Again, the

difference between the Brazilian and the American grain size classification was neglected.

t) Moist soil albedo of soil layer

The colour of each soil layer was recorded for wet and dry conditions according to
the Munsell colour system. It is possible to predict the soil albedo from the value dimension of
the Munsell colour system. The following pedo-transfer function is a result of a linear
regression and has a coefficient of determination of 0.93 reported by Post et al. (2000) and is

given as follows:

Y = —0.11 + 0.07X (B.1)

Y = soil albedo

X = value dimension of the Munsell colour system of wet soil

u) Moist bulk density of soil layer

The moist bulk density was calculated in two steps. First, the bulk density was
calculated according to a pedo-transfer function. This function results from a regression model
with a coefficient of determination of 0.66 and a standard error of the mean of 0.11 (Benites et

al., 2006), given as follows:

Bd = 1.56 — 0.0005C! — 0.01COT — 0.0075SB (B.2)

Bd = bulk density (g/cm?)

Cl = clay content (%)

COT = organic carbon content (g/kg)
SB = sum of bases (cmol/kg)

SB =CA+MG+K (B.3)
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CA = CA2+ content (cmol/kg)
MG = Mg2+ content (cmol/kg)
K = K+ content (cmol/kg)

Afterwards, the moist bulk density was calculated as follows:

Bdm = Bd + 222 (B.4)
100

Bdm = moist bulk density (g/cm?)
Bd = bulk density (g/cm?)
Eqh = humidity equivalent (%)

v) Available water capacity of soil layer

The available water capacity was calculated using the pedotransfer function
reported by Oliveira et al. (2002). This function is the result of a regression model and has a
coefficient of determination of 0.89 and a standard error of the mean of 0.0244.

AWCo = 0.000021Sa + 0.000203Si + 0.000054C! — 0.021656Bd (B.5)

AW Co = available water capacity in (kg/kg)
Sa = sand content (g/kg)

Si = silt content (g/kg)

Cl = clay content (g/kg)

Bd = bulk density (g/cm?)

AWC = AWCo - Bd (B.6)

AW C = available water capacity in (mm of water/mm)
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w) Saturated hydraulic conductivity of soil layer

The saturated hydraulic conductivity was calculated using the pedo-transfer
function reported by Tomasella and Hodnett (1997). The function is a regression model with a

coefficient of determination of 0.903:

Ksat = 56540pe*5359 (B.7)
Ksat = saturated hydraulic conductivity (mm/h)

Qe = effective porosity (%)

For Latossol Amarelo soil, the equation differs from other soil due to its particular

behaviour. For this soil, the regression model has a coefficient of determination of 0.915:

Ksat = 291580e24734 (B.8)

The effective porosity was assumed to be the same as the normal porosity,

neglecting the clay-bound water in the soil:

Pe=1-22 (B.9)

Bd = bulk density (g/cm?)
Pb = particle density (2.65 g/cm?)

x) Soil hydrologic group

In the soil survey, the soil drainage capacity was classified into 8 classes, which
could be related to the four hydrologic groups: A (Excessively, strongly or pronouncedly
drained), B (Well drained), C (Moderately drained) and D (Imperfectly, badly or very badly
drained).
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y) USLE equation soil erodibility (k) factor

The USLE equation soil erodibility (k) factor was calculated as the mean of the
resulting values according to two different methods: the Wischmeier Method and the Smith and

Williams Method (Arnold, et al., 2012).

Figure B.1 Soil map for Concei¢ao river catchment. The soil classification in 5 soil types was

generated according to the Ceara Soil Survey made and reported by Jacomine et al. (1973)
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The land use map was reclassified according to the default land use dataset

integrated in SWAT and is presented in Table B.1 and in Figure B.2.
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Figure B.2 Land use map for Conceig¢ao river catchment. The land use classification in 7 types

was generated according to FUNCEME database
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APPENDIX C - ANNUAL STREAMFLOW AT MALHADA STATION FOR EACH
INCREASE IN THE NUMBER OF SMALL RESERVOIRS PER YEAR OF
SIMULATION

Table C.1 - Annual streamflow in m3/s at Malhada Station for each increase in the number of

small reservoirs per year of simulation

Annual Streamflow [m?/s]

Observed Ref Simulation models - Small reservoirs per area of catchment
Year by eference

COGERH model | 0.1/km? | 0.25/km? | 0.5/km? | 0.75/km? | 1.0/km? | 1.5/km? | 2.0/km? | 3.0/km?
1981 699.5 1828.8 1820.8  1786.5 1739.5 17123 1689.0 16619 16382 1604.6
1982 204.9 275.9 274.1 268.5 261.0 256.7 253.0 248.0 244.0 237.8
1983 11.9 41.6 40.9 39.0 37.3 36.4 35.7 34.5 33.6 32.6
1984 951.3 507.1 504.6 496.3 486.1 479.2 472.7 463.7 456.0 445.9
1985 5905.2 4303.6 4295.6  4257.2  4200.7 4155.6  4113.5 4052.6 3990.6 3897.3
1986 1791.5 1771.4 17654 17533 17412 17304  1722.8 17074 16944 1673.2
1987 699.8 5714 570.6 564.4 558.2 552.5 548.5 540.2 533.8 524.6
1988 839.4 680.8 677.8 666.8 655.3 648.1 640.9 623.5 612.8 598.1
1989 3373.2 1830.7 1827.1 1811.3  1793.7 1783.0 17723 1756.2 1736.2 1708.3
1990 236.2 209.9 209.3 207.6 205.2 203.8 202.3 199.5 197.7 194.9
1991 52.5 8.1 7.9 7.7 7.6 7.5 7.4 7.3 7.2 7.1
1992 347.7 560.3 557.3 547.8 536.0 527.4 5214 512.8 505.8 4933
1993 1.3 11.7 11.3 10.7 10.5 10.3 10.2 10.0 9.9 9.8
1994 73.3 154.4 152.8 149.3 145.7 142.2 139.2 136.8 133.0 128.8
1995 816.0 478.8 476.1 467.8 458.6 451.4 445.1 436.6 429.5 419.4
1996 97.1 175.9 174.9 170.8 166.5 163.2 160.2 156.6 153.9 148.5
1997 1219.2 486.0 483.5 473.1 461.5 453.5 448.1 439.8 431.6 418.0
1998 21.7 16.7 16.4 15.3 14.3 13.7 13.3 12.7 12.3 11.7
1999 115.1 154.3 153.2 148.2 140.6 134.3 130.0 124.8 122.1 118.1
2000 240.4 316.8 314.4 307.5 299.9 294.0 289.9 282.3 275.5 265.4
2001 0.0 7.0 7.0 6.9 6.9 6.8 6.8 6.7 6.7 6.6
2002 288.4 369.7 367.7 360.2 351.2 346.4 341.0 333.6 327.7 321.1
2003 109.1 131.5 130.2 125.8 120.5 117.2 115.5 112.2 110.2 107.1
2004 3741.3 4157.2 4147.6  4112.1  4066.7 4033.0 4006.5 3959.5 3915.8 3841.6
2005 44.7 33.9 33.0 31.2 28.9 27.5 26.2 25.1 24.4 23.8
2006 195.0 476.8 474.0 463.9 454.0 444.5 439.1 428.0 418.3 404.7
2007 454.8 814.5 810.3 799.2 784.1 774.8 767.7 755.4 743.4 726.7
2008 332.9 743.9 740.1 729.7 719.4 711.1 704.8 694.5 685.4 673.4
2009 895.9 1334.6 13242 1302.7 1276.3 1257.6 12449 1220.2 1202.2 1173.6
2010 38.1 130.4 129.4 123.7 118.6 116.5 115.5 113.2 110.9 107.6

Source: The author
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APPENDIX D - PERCENTAGE OF ANNUAL STREAMFLOW REDUCTION AT
MALHADA STATION FOR EACH INCREASE IN THE NUMBER OF SMALL
RESERVOIRS PER YEAR OF SIMULATION

Table D.1 - Percentage of annual streamflow reduction at Malhada Station for each increase in

the number of small reservoirs per year of simulation

Annual Percentage of Flow Reduction

Simulation models - Small reservoirs per area of catchment

Year Reference

model 0.1/km? | 0.25/km? | 0.5/km? | 0.75/km? | 1.0/km? | 1.5/km? | 2.0/km? | 3.0/km?
1981 - -0.4% -2.3% -4.9% -6.4% -7.6% 9.1% -104% -12.3%
1982 - -0.6% -2.7% -5.4% -6.9% -83% -10.1% -11.6% -13.8%
1983 - -1.6% -6.2% -104%  -12.6% -142% -17.1% -192% -21.5%
1984 - -0.5% -2.1% -4.1% -5.5% -6.8% -8.6% -10.1% -12.1%
1985 - -0.2% -1.1% -2.4% -3.4% -4.4% -5.8% -7.3% -9.4%
1986 - -0.3% -1.0% -1.7% -2.3% -2.7% -3.6% -4.3% -5.5%
1987 - -0.1% -1.2% -2.3% -3.3% -4.0% -5.5% -6.6% -8.2%
1988 - -0.4% -2.1% -3.7% -4.8% -5.9% -8.4% -10.0% -12.2%
1989 - -0.2% -1.1% -2.0% -2.6% -3.2% -4.1% -5.2% -6.7%
1990 - -0.3% -1.1% -2.2% -2.9% -3.6% -5.0% -5.8% -7.1%
1991 - -2.4% -4.1% -6.0% -7.5% -8.5% -9.8% -109% -12.1%
1992 - -0.5% -2.2% -4.3% -5.9% -6.9% -8.5% 9.7%  -12.0%
1993 - -3.5% -8.7% -10.5% -11.7% -12.6% -14.0% -149% -15.9%
1994 - -1.0% -3.3% -5.6% -7.9% 9.8% -114% -13.8% -16.6%
1995 - -0.6% -2.3% -4.2% -5.7% -7.0% -8.8% -10.3% -12.4%
1996 - -0.6% -2.9% -5.4% -7.2% -9.0% -11.0% -12.5% -15.6%
1997 - -0.5% -2.6% -5.0% -6.7% -7.8% -9.5% -11.2% -14.0%
1998 - -2.0% -8.6% -14.5%  -18.0% -20.6% -24.0% -26.4% -30.3%
1999 - -0.8% -4.0% -8.9% -13.0%  -15.8% -19.2% -20.9% -23.5%
2000 - -0.8% -2.9% -5.4% -7.2% -8.5% -109% -13.0% -16.2%
2001 - -0.6% -1.6% -2.5% -3.2% -3.7% -4.5% -5.1% -5.8%
2002 - -0.5% -2.6% -5.0% -6.3% -7.8% 98% -114% -13.2%
2003 - -1.0% -4.4% -8.4% -109%  -122% -14.7% -16.2% -18.6%
2004 - -0.2% -1.1% -2.2% -3.0% -3.6% -4.8% -5.8% -7.6%
2005 - -2.5% -8.1% -14.6%  -18.9% -22.6% -26.0% -27.9% -29.8%
2006 - -0.6% -2.7% -4.8% -6.8% -7.9% -103% -12.3% -15.1%
2007 - -0.5% -1.9% -3.7% -4.9% -5.7% -7.3% -8.7%  -10.8%
2008 - -0.5% -1.9% -3.3% -4.4% -5.3% -6.6% -7.9% -9.5%
2009 - -0.8% -2.4% -4.4% -5.8% -6.7% -8.6% -9.9% -12.1%
2010 - -0.8% -5.2% -9.1% -10.6%  -11.5% -13.2% -14.9% -17.5%

Source: The author
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APPENDIX E - ANALYSIS OF LAND USE CHANGES BEFORE AND AFTER
DROUGHT PERIOD (2012-2017)

Human-induced land use changes were evaluated using data from the MapBiomas
project, which leverages satellite imagery—specifically from Landsat—to produce annual land
cover and land use (LCLU) maps spanning from 1985 to 2023 in its latest version (collection
9). The project’s methodology combines remote sensing data with advanced machine learning
algorithms to classify various land cover types, including forests, agriculture, urban areas, water
bodies, and others. The base data, derived from Landsat sensors, is processed to achieve high
accuracy in detecting land use changes over time. Figure E.l illustrates the general
methodology steps of MapBiomas algorithms.

MapBiomas’ approach involves collaboration with experts across fields such as
ecology, geology, and computer science to refine its classification algorithms. The data
undergoes validation through field surveys, high-resolution imagery, and cross-referencing
with other datasets. The output includes detailed maps and time series that monitor the
conversion of natural landscapes into agricultural or urban areas, deforestation rates, and the
expansion of water bodies (MapBiomas, 2024).

The data provided by the MapBiomas project modules was intersected with the
shapefile of the Malhada catchment to generate annual land use maps. Since no data is available
for 1979, the analysis began with the 1985 land use map, representing the early years of
simulation. An intermediate map was obtained for 2010, marking the end of the calibration
period, and a final map for 2022, marking the end of the extended simulation period. These
three maps were combined into a single figure to enable a visual analysis of spatial changes
within the Malhada catchment across the time points of 1985, 2010, and 2022. The land uses
identified in the catchment include a kind of savanna formation (Caatinga, the Brazilian dry
forest), grassland, pasture, mosaic of uses (areas where it is not possible to distinguish between

pasture and agriculture), urban areas, water bodies, and temporary crops.
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Figure E.1 — General Methodology Steps of MapBiomas Project
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Additionally, quantitative data on land use areas for each year is also available from
the MapBiomas project, allowing for a graphical analysis of the evolution of these areas (in
hectares) from 1985 to 2022. This graphical analysis was divided into two charts due to
differences in area magnitudes: the first chart includes information on savanna formation,
pasture, and mosaic of uses, while the second covers water bodies, urban areas, and grasslands.
Temporary crops appear on both charts to highlight the point of abrupt growth in this land use,
transitioning from one scale to another.

To quantify the analysis of the increase and decrease in savanna formation, pasture,
and water body areas, Sen's slope was applied, associated with the modified MK test (Yue and
Wang, 2004). This approach was used to evaluate the trends in savanna formation, from 1985
to 2010, and from 2011 to 2022; pasture, from 1985 to 2010, and from 2011 to 2022; temporary
crops, from 1999 to 2010, and from 2011 to 2017; water body areas decrease from 1985 to
2000, and from 2010 to 2017; and water body areas increase from 2001 to 2004, and from 2018
to 2022.

To analyze human-induced modifications in the study area, Figure E.2 presents land
use maps of 1985, 2010, and 2022 within the Malhada catchment. The analysis of Figure E.2
suggests that in 1985 the catchment was predominantly covered by Caatinga, with small areas
of pasture concentrated near urban zones. By 2010, an expansion in pasture areas, mosaic of
uses, and temporary crops—mainly in the upper watershed—became evident. Pasture areas
significantly increased in regions close to the area’s watercourses. Finally, in the 2022 map, a
trend toward stabilization in pasture areas is observed, though there is a continued increase in
areas dominated by temporary crops.

The comparison between maps allows for an assessment of spatial changes,
indicating an advancement in the degradation of natural vegetation within the catchment
(Caatinga savanna formations), accompanied by agricultural expansion, particularly in regions
demarcated by the watercourses, as well as urban growth in nearby cities. This progressive
modification can alter evapotranspiration and infiltration patterns, and an extreme drought may
abruptly drive the catchment toward a new stable state. This trend is illustrated in Figure E.3,

which shows the evolution of areas dominated by each land use type.
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Figure E.2 — Land Use Maps of Malhada Catchment in 1985, 2010, and 2022
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The analysis of Figure E.3 reveals a clear trend of degradation in the Caatinga area,
which decreased from approximately 400,000 hectares in 1985 to around 317,000 hectares in
2010 (z =-10.93, p-value = 0.000, Sen’s slope = -3488.54 ha/year). This reduction process in
Caatinga area appears to slow after 2010, with the area totaling about 309,000 hectares by the
end of 2022 (z = -0.57, p-value = 0.570, Sen’s slope = -119.27 ha/year). A similar trend is
observed in the sharp increase in pasture, which expanded from approximately 13,000 hectares
in 1985 to around 80,000 hectares in 2010 (z = 10.29, p-value = 0.000, Sen’s slope = 3440.59
ha/year), ultimately reaching about 86,000 hectares in 2022 (z = 1.80, p-value = 0.071, Sen’s
slope = 541.90 ha/year). Notably, temporary crops had two increase periods, the first one from
1999 to 2010 (z = 6.37, p-value = 0.000, Sen’s slope = 522.89 ha/year), and the second one
from 2011 to 2017 (z = 5.22, p-value = 0.000, Sen’s slope = 1615.83 ha/year), as graphically
presented in Figures E.3 and E 4.
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Figure E.4 illustrates the evolution of surface areas identified as water bodies,
specifically rivers and reservoirs within the study area. A reduction in water areas is observed
from 1985 to 2000 (Z = -5.64, p-value = 0.000, Sen’s slope = -108.36 ha/year), with an increase
from 2001 to 2004 (z = 3.14, p-value = 0.002, Sen’s slope = 433.28 ha/year). From 2010 to
2017, there is a marked reduction in water areas (z = -5.29, p-value =~ 0.000, Sen’s slope = -
155.96 ha/year), corresponding to the prolonged drought. A slight recovery occurred from 2018
to 2022 (z = 5.39, p-value = 0.000, Sen’s slope = 83.32 halyear), consistent with the
hydrological recovery phase. Given the absence of abrupt land-use changes during the drought,
continuous degradation combined with the abrupt post-2010 drought may lead to a non-linear
shift in the watershed’s hydrological behavior, potentially resulting in a slower hydrological
recovery. Urban areas showed continuous growth during the period analyzed, while grasslands
showed two notable periods of increase, the first from 1992 to 1999, between the drought period
of 1990 — 1993 and the extreme dry year of 1998, and the second one from 2012 to 2017,

corresponding to the recent drought.

Figure E.3 — Evolution of Savanna Formation (Caatinga), Pasture, Mosaic of Uses, and

Temporary Crops from 1985 to 2022
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Figure E.4 — Evolution of Water Bodies Areas, Grasslands, Urban Areas, and Temporary Crops

from 1985 to 2022
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