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GENERAL ABSTRACT

Disorganized urbanization generates several negative impacts on the urban environment, such
as the occurrence of intensified floods. Thus, an adequate urban planning as well as the
understanding of the hydrological regime of a region are essential to (1) minimize human and
economic losses caused by floods, and (2) guarantee an effective management of water
resources. The main objective of this work is to evaluate simulated inundation boundaries for
different design floods in Vermelho Creek Watershed in Lavras, Minas Gerais (MG), Brazil. In
view of the lack of streamflow monitoring in the watershed, a study of regionalization of
maximum streamflow was performed. A regional function of maximum streamflow was
generated by the dimensionless curve method using data from six gauging stations in Lavras
region, all located in the Grande River Basin. The gauging stations for the study were selected
considering the analyses of stationarity and trends by Mann-Kendall test, and the homogeneity
of the region by the heterogeneity (H) and discordancy (Di) measures. The applicability of the
regional function to estimate design floods in ungauged watersheds was verified through (1)
performance analysis, using the Camargo and Sentelhas coefficient and (2) uncertainty analysis
through bootstrapping and Monte Carlo simulations. The maximum streamflow regional
function developed in this work can be used to estimate design floods in ungauged basins in the
region, e.g., Vermelho Creek. This method is a simple alternative for maximum streamflow
estimates and can be used in flood risk management. To calculate the design floods in Vermelho
Creek Watershed, two regional functions developed for the Grande River Basin were compared,
also considering data-transfer technique to adjust the estimated values. Two monitored basins
were selected for analyses: basin X was used in both regionalization studies, and basin Y had
drainage area similar to the urban watershed of Lavras. The performances were evaluated using
the percentage error and the Nash-Sutcliffe coefficient between the values estimated by the
regional functions and calculated by the most adequate probability density function for each
studied station. The regional function developed in this work proved to be more adequate for
the estimation of design floods in the Vermelho Creek Watershed. Then, flood maps were
generated for return periods of 5, 10, 50 and 100 years using the HEC-RAS software. The areas
affected by the design floods were compared with the current land use and the Soil Use
Directive Plan of the city of Lavras. Considering the current scenario, the results showed that
the areas affected in by the simulated inundation boundaries would decrease by 75% if the
municipality's use and occupation guidelines were followed correctly. Therefore, this work
reinforces the importance of adequate urban planning and compliance with the proposed
guidelines, in order to guarantee the safety of the population and the environment.

Keywords: urban drainage; hydrological modeling; hydraulic modeling; risk management;
urban hydrology.



RESUMO GERAL

A urbanizacao desorganizada gera diversos impactos negativos no ambiente urbano, dentre eles
a ocorréncia de inundages intensificadas. Assim, um adequado planejamento urbano, bem
como o entendimento do regime hidrologico da regido, sdo essenciais para (1) minimizar os
prejuizos humanos e econdmicos causados por enchentes e (2) garantir a efetiva gestdo dos
recursos hidricos. Portanto, o principal objetivo deste trabalho é avaliar manchas de inundacéo
simuladas para diferentes vazdes de projeto na Bacia do Ribeirdo Vermelho em Lavras — MG.
Diante da inexisténcia de monitoramento de vazdes na bacia, primeiramente foi realizado um
estudo de regionalizacdo de vazbes maximas. Uma funcédo regional de vazdes maximas foi
gerada por meio do método da curva adimensional a partir de dados de seis estagdes de
monitoramento na regido de Lavras, pertencentes a Bacia do Rio Grande. As estacfes para o
estudo foram selecionadas considerando-se as anélises de estacionariedade e tendéncia por
meio do teste de Mann-Kendall, e de homogeneidade da regido pelas medidas de
heterogeneidade (H) e de discordancia (Di). A adequada aplicabilidade da funcéo regional para
estimar vazOes de projeto em bacias ndo monitoradas foi verificada por meio das analises de
performance, pelo coeficiente de Camargo e Sentelhas, e de incertezas, por meio da técnica de
bootstrapping e simulacGes de Monte Carlo. A funcdo de vazdes maximas desenvolvida pode
ser utilizada para estimar vazBes de projeto em bacias ndo monitoradas da regido, como é o
caso do Ribeirdo Vermelho, sendo uma alternativa simples e capaz de auxiliar no
gerenciamento de riscos de enchentes. Para o calculo das vaz@es de projeto, foram comparadas
duas funcBes regionais desenvolvidas para a Bacia do Rio Grande, também levando em
consideracdo a técnica de transferéncia de dados para correcdo dos valores estimados. Duas
bacias monitoradas foram selecionadas para a analise, uma a qual foi utilizada em ambos
estudos de regionalizacdo e outra em que a area de drenagem é similar a bacia urbana de Lavras.
As performances foram avaliadas por meio do erro percentual e do coeficiente de Nash-
Sutcliffe entre os valores estimados pelas fungdes regionais e calculados pelas distribuicdes de
probabilidade mais adequadas para cada estacdo estudada. A funcdo regional desenvolvida
neste trabalho mostrou-se mais adequada para a estimativa de vazdes de projeto na Bacia do
Ribeirdo Vermelho. Assim, foram gerados mapas de inundacgéo para 0s tempos de retorno de 5,
10, 50 e 100 anos utilizando-se o software HEC-RAS. Dessa maneira, foi possivel avaliar as
manchas de inundacdo simuladas com o uso e ocupacdo do solo atual e o Plano Diretor da
cidade de Lavras. Os resultados demonstraram que, considerando o cendrio atual, as areas
afetadas pelas manchas simuladas seria 75% menor caso as diretrizes de uso e ocupa¢do do
municipio fossem seguidas corretamente. Portanto, este trabalho reforga a importancia do
adequado planejamento urbano e do cumprimento das diretrizes propostas, a fim de garantir a
seguranca da populacdo e do meio ambiente.

Palavras-chave: drenagem urbana;, modelagem hidrologica; modelagem hidraulica;
gerenciamento de riscos; hidrologia urbana.
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1 GENERAL INTRODUCTION

The accelerated urbanization of Brazilian cities has happened in great part without
planning, causing severe impacts on water resources, such as water pollution, changes in river
channels and in flood regime. Impervious surfaces associated with urbanization reduce
infiltration and increase surface runoff, consequently increasing flood risk. Besides that, climate
change may also be influencing the intensity and frequency of extreme rainfall events and
surface runoff, leading to higher inundation risks.

The traditional approach to avoid urban flood is to adopt flood protection systems (e.g.,
engineered levees and dams), constructions that demand high economic investments and may
cause environmental and social impacts. Other solutions include the channelization of water
bodies to drain the exceedance volume rapidly; however, this is simply a relocation approach,
transferring the problem to a downstream area.

Effective flood management must be based on hydrological studies capable to estimate
design floods adequately. Thus, streamflow monitoring in watersheds is essential to properly
design flood control measures. However, there is a lack of streamflow data in urban watersheds
and/or with small drainage areas. To overcome this issue, regionalization techniques can be
useful to estimate maximum streamflow (i.e., design floods).

Moreover, understanding flood patterns and analyzing the efficiency of control
measures are primordial to an adequate planning of urban drainage. Hence, hydraulic modeling
allows the simulation of different scenarios, making possible the study of flood events, flood
risk management and urban drainage planning. The software HEC-RAS has been widely
applied for creating flood maps, which supports decision making regarding flood management
(BODOQUE et al.,, 2016; MORAES et al., 2018; PAES; BRANDAO, 2013; SOUZA;
CRISPIM; FORMIGA, 2012).

According to the Brazilian National System of Water Resources Information (SNIRH —
which stands for Sistema Nacional de Informacdes Sobre Recursos Hidricos in Portuguese),
between 2003 and 2015, at least one flood event was registered in 96 of the 434 cities located
at the Grande River Basin (ANA, 2019a). Further, 502 river stretches in the basin are classified
as highly vulnerable to floods, with high impact and frequency (ANA, 2019a). The Grande
River Basin is located in the states of Minas Gerais and Sao Paulo, in the southeastern of Brazil.
This basin is subdivided in 14 Water Resources Planning and Management Units (UPGRH),
eight in the state of Minas Gerais and six in Sdo Paulo (IGAM; CBH, 2013). Grande River



18

basin drains an area of 143,437.79 km? (39.80% in the state of Sdo Paulo and 60.20% in Minas
Gerais) and have 287 streamflow gauge stations registered in the Hidroweb system (ANA,
2019b). The climate is predominantly Cwb in Kdppen classification, with dry winter and rainy
summer (ALVARES et al., 2013).

Lavras, a city in the south of Minas Gerais, has its area located into two UPGRH: the
“Alto Rio Grande” (GD1) and the “Vertentes do Rio Grande” (GD2). GD2, with a drainage
area of 10,533 kmz, includes 42 municipalities and a population of 562,476 inhabitants, of
which 88% live in urban areas (IBGE, 2019). GD1 comprises an area of 8,758 km2 with 106,906
inhabitants in 32 cities. The estimated population for Lavras in 2019 was 103,773 inhabitants
(IBGE, 2019); and according to the demographic census of 2010, the demographic density was
163.26 inh.km and the urbanization/impervious roadways corresponded to 37.4% (IBGE,
2010). The Vermelho Creek, a tributary of Grande River, is one of the main urban watercourses
in Lavras and constantly faces inundation events. The municipality’s Contingency Plan of
Lavras, elaborated in 2018, classifies four river stretches as high flood risk and one as high risk
of fluvial erosion in the Vermelho Creek Watershed (COORDENADORIA MUNICIPAL DE
GESTAO E PROTECAO CIVIL, 2018).

Given the abovementioned and the current situation of Lavras, where there is intense
residential occupation in the Vermelho Creek Watershed, the evaluation of inundation
boundaries aims to support decision makers to plan and design flood control measures. Hence,
generating flood maps for the city might improve population safety and decrease economic
losses, as well as provide an adequate urban planning, supporting the Soil Use and Urban
Drainage Directive Plans and the Contingency Plan.

Thus, the main objective of this thesis was to evaluate simulated inundation boundaries
of various design floods in the Vermelho Creek Watershed, Lavras, MG, Brazil. In addition,
the study also aims to:

e Develop a maximum streamflow regional function for the region of Lavras;

¢ Evaluate the estimates generated by the regional function;

e Estimate design floods for the Vermelho Creek Watershed by using the

regionalization technique;

e Create flood maps for an urbanized area of the Vermelho Creek Watershed for return

periods of 5, 10, 50 and 100 years;

e Assess the Soil Use Directive Plan of Lavras and current land use and occupation in

the simulated flooded areas based on the streamflow estimates.
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The first part of this thesis presents the theoretical framework on floods and urban
drainage, estimation of design floods in sites with scarcity of monitoring, and the creation of
flood maps. The second part presents the articles resulting from this research. The maximum
streamflow regional function developed for the region of Lavras is show in article 1, which also
includes (1) an analysis of the predictive capacity of the function and the uncertainties related
to the estimation, and (2) the applicability of the used methods to improve the estimation of
design floods in ungauged or poorly monitored basins. Article 2 presents an evaluation of the
developed regional function in comparison to other work, aiming to (1) identify the most
adequate estimate for the elaboration of flood maps in an urban section of the Vermelho Creek
Watershed, and (2) evaluate the use and occupation policies in the current scenario.
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2 THEORETICAL FRAMEWORK

Historically, urbanization took place around watercourses, both due to the ease of water
supply and water transport, as well as the flat relief that facilitated the construction of buildings.
However, the occupation of river plains has always been associated with the occurrence of
floods. According to the Centre for Research on the Epidemiology of Disasters (CRED;
UNDRR, 2015), part of the World Health Organization (WHO), inundation events
corresponded to 47% of all natural disasters related to climate between 1995 and 2015, affecting
2.3 billion of people, mainly in low-income countries. In South America, on average, 560
thousand people per year were affected by floods between 1995 and 2004, and in the following
decade (2005-2014), this average increased to 2.2 million people per year (CRED; UNDRR,
2015).

The international classification proposed by CRED defines hydrological disasters as
processes that result in flood, landslide or wave action. In Brazil, hydrological disasters are the
second most common natural disasters, and happens all around the country. Between January
1%t of 2000 and July 31% 2017, 6,164 emergencies related to hydrological disasters were
registered in 2,872 municipalities, which corresponds to 51.5% of all Brazilian cities
(MINISTERIO DA SAUDE, 2018).

Hydrological disasters can impact population health, since there is a direct relationship
between the environment and the quality of life. In addition to the material and infrastructure
damage caused by hydrological disasters, physical and psychological traumas, deaths and
illnesses can occur. Effects on food production, water quality, social processes and behavior
of vectors and infectious agents may also occur, consequently reducing quality of life
(MINISTERIO DA SAUDE, 2018).

Additionally, the nature of floods has changed in the last years: flash floods and the
intensification of riverine and coastal floods are occurring more often. Many of these changes
are related to the direct influence of urbanization on the rise of runoff (GAO et al., 2018;
MORAES et al., 2018). Moreover, climate change can also play an important role in changing
the hydrological cycle, accelerating and intensifying the occurrence of extreme rainfall events
and consequently the magnitude and frequency of floods (AHN; MERWADE, 2014;
KVOCKA; FALCONER; BRAY, 2015). Thus, the appropriate design of urban drainage
systems and the elaboration of studies aiming to reduce the risks and damages caused by these
hydrological events are essential to maintain the population’s quality of life and well-being

(BODOQUE et al., 2016; MERWADE, 2018).
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2.1 Urbanization and water resources

According to Tucci (2016), lack of urbanization planning in developing countries results
in a cycle of urban waters contamination (FIGURE 1), because of these main causes:
e Contamination of water bodies due to urban growth and lack of sanitation;
e Expansion of impermeable areas, with consequent increase of floods and reduction
of aquifer recharge, also increasing sediment transport and causing contamination
of run-off water in urban and/or agricultural areas;

e Occupation of areas subject to floods and landslides.

Figure 1 — Cycle of urban waters contamination in developing countries.
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Source: Adapted from Tucci (2016).

Pahl-Wostl et al. (2012) state that the main challenge of the water crisis relies on water
governance, which should consider the different stakeholders to support the formulation and
implementation of public policies, i.e., the rules for the management of water resources.
However, water governance has major flaws, especially in developing countries. Consequently,
it leads to ineffective water resources management, comprised of analysis, monitoring,
development and implementation of measures that guarantee water resources quantity and
quality. One of the gaps pointed out by Pahl-Wostl et al. (2012) is the generalization of rules in
water resources planning, without considering the heterogeneity and specificities of different
watersheds. Another important aspect is that the development of public policies related to water
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security is not always executed concurrently with economic development, causing degradation
of the environment.

According to Tucci (2016), urban waters planning must be thought of in an integrated
way. In other words, the decision-makers must consider land use, the provision of urban
services (i.e., water supply, water and sewage treatment, solid waste treatment, and urban
drainage), and the objectives of environmental conservation and population health. In Brazil,
Law no. 11445/2007, which establishes the National Sanitation Policy, obligated cities to
formulate the Municipal Sanitation Plan (PMSB, in Portuguese) (BRASIL, 2007). The plan
should include basic services for drinking water supply, sewage, solid waste management, and
stormwater drainage and management in urban areas. In this sense, the Municipal Sanitation
Plan must align all these work fronts, seeking solutions that reduce costs related to water in the
urban environment (FIGURE 2).

Figure 2 — Components of integrated management of environmental sanitation.

[ water and sewage i

Reservoir
protection

Water
supply

Sewage collection
and treatment

: Plan
: implementation-
: - -

==

Urban drainage and
riverside floodings

Action plan

Solid waste

Environmental
conservation

Environmental
Sanitation Plan

Institutional: regulation, in town and out of town management

Source: Adapted from Tucci (2016).
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Nonetheless, urban water management is still generally conducted in a fragmented way,
resulting in negative environmental impacts and serious risks to urban sustainability
(GHANBARPOUR; SARAVI; SALIMI, 2014; PAHL-WOSTL et al., 2012; TUCCI, 2016).
For each of the work fronts of the PMSB, specific objectives and goals must be outlined, as
well as a detailed diagnosis of the systems, and actions of short, medium and long term to adapt
the municipal environmental management. Tucci (2016) reports the specific characteristics of

the plans according to the urban system (TABLE 1).

Table 1 — Characteristics of the city plan’s contents.

System Action Objective Entity
Urban Development Soil Use Directive Regulation of the Municipality or
P Plan occupation of the city Federal District
Increase the water
Water supply V\./ater'SuppIy supply up to its total Municipality or State
Directive Plan
coverage
Built a sewage
collecting network and

Sanitation Sanitation Directive treatment plants Municipality or State

Plan aiming at improving
the water quality and
reduction of diseases

Regulate the properties

discharge and

Urban drainage and

Urban Drainage or

consequent erosion

. Rain Water Directive increase; control the Municipality
erosion .
Plan impact of degraded
and subject to flooding
areas
System of household
. L collection, streets
Solid waste Solid Waste Directive cleaning and final Municipality
Plan o .
deposition of the solid
waste
. Environment Directive Recovery of degrgded L
Environment areas, conservation Municipality

Plan

and planning of spaces

Source: Tucci (2016).

Even so, the existence of laws, policies and plans for water resources and sanitation does
not guarantee the effectiveness of management (PAHL-WOSTL et al., 2012; PETELET-
GIRAUD et al., 2018). In Brazil, the Law 9433 from 1997 established the National Policy of
Water Resources (Politica Nacional de Recursos Hidricos) and created the National System of
Water Resources Management (Sistema Nacional de Gerenciamento de Recursos Hidricos —
SINGREH) (BRASIL, 1997). Nevertheless, Silva, Pereira and Vieira (2020) highlight that the
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instruments of integrated water resources management, despite being well established in this
law for more than 20 years, have not yet been properly implemented in order to balance the
various problems that exist in Brazil, both in quantitative and qualitative terms. Petelet-Giraud
et al. (2018) also bring up the question of the “real country” versus "legal country”, i.e., the
illegitimacy of the State. From this perspective, many laws and regulations are established
merely to meet external requirements (e.qg., eligibility for funding); thus, sanctions for violators

and the effective policies implementation are not carried out.

2.2 Urban Drainage

Urban drainage can be understood as a group of measures that aim to drain the water
present in the urban environment (DECINA; BRANDAO, 2016) and it is one of the four pillars
of the Brazilian National Sanitation Policy, established by Law n. 11445/2007 (BRASIL, 2007).
This sanitation policy describes urban drainage management as the set of activities,
infrastructures and operational installations for urban stormwater drainage, transportation,
detention or retention for the mitigation of floods, treatment and final disposal of rainwater
drained in urban areas (BRASIL, 2007).

Floods are the result of two processes, which may occur concurrently or not: floods in
areas of land adjacent to a river or stream, and floods due to urbanization (TUCCI, 2004, 2005).
The former is a natural phenomenon, which occurs due to increasing water volume in the river
that starts to occupy its larger bed or floodplain. The impacts related to this type of flood are
linked to the inadequate occupation of the floodplain. Floods due to urbanization, on the other
hand, are caused mainly due to impervious surfaces, altering the flowpath and increasing runoff,
because the volume of water that would be infiltrated into the soil and retained by vegetation
quickly flows to the watercourse (TUCCI, 2004).

Consequently, urban planning must consider strategies to minimize flood impacts.
Flood control strategies are classified into soft and hard measures, according to their approach.
Hard or structural measures are engineering constructions that modify the fluvial system in
order to avoid water overflowing into the larger bed of the river (TUCCI, 2005). Hard measures
are classified as extensive (watershed-scale) and intensive (river-scale). Extensive hard
measures seeks to modify the relationship between precipitation and runoff, such as altering the
vegetation cover of the soil, which reduces and delays flood peaks and controls basin erosion
(TUCCI, 2005). Intensive measures, according to the objective, can be of four types:

e Flow acceleration: channeling and related structures;
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e Flow retardation: reservoirs (detention/retention basins), restoration of natural
channels;

e Flow diversion: bypass tunnels (i.e., culverts) and diversion channels;

e Individual actions, including the construction of flood-proof buildings (CANHOLI,
2005).

Differently, soft or non-structural measures seek to reduce the damage caused by floods
through standards, regulations and programs. These measures include, for example, disciplining
land use and occupation, implementing warning systems, and raising public awareness for the
maintenance of drainage constructions. In other words, soft measures are essentially actions to
regulate land use and occupation, and to offer environmental education focused on the control
of diffuse pollution, erosion and solid waste, flood insurance and systems of flood warning and
forecast (CANHOLLI, 2005).

According to Merwade (2018), big engineering structures give the false sense of security
and the application of hard measures has led to immense problems of floods and economic
losses. For instance, Ardaya, Evers and Ribbe (2017) studied the flood risk perception of the
population living in flood-prone areas in the state of Rio de Janeiro, Brazil. The authors showed
that both population and government see hard measures as the best solution to prevent flood
impacts. Structural control measures are placed as more effective because they are easily
detectable by the population, and perceived as accomplishments of public administration
(ARDAYA,; EVERS; RIBBE, 2017).

However, non-structural measures can be effective at lower costs and with longer
horizons of action (CANHOLI, 2005). Ridolfi, Albrecht and Di Baldassarre (2020) showed that
soft measures are linked to significant decrease in flood losses, mainly with bottom-up decision-
making, in which the population plays an important role in flood awareness. Likewise, Brites
et al. (2019) estimated that construction costs of structural measures designed for 100-year
return period to protect the Jacu River Basin in Sdo Paulo would be U$44 million higher when
compared to 25-year design flood.

Thus, proper planning of urban drainage implies an integrated vision of preventive and
corrective measures, involving the planning of urban occupation and the design of structures
that are necessary (DECINA; BRANDAO, 2016). Therefore, the Urban Drainage Directive
Plan along with the Land Use and Occupation Directive Plan are essential instruments to
minimize future and current impacts of flooding, through regulation and flood control measures,
respectively (TUCCI, 2016).
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Moreover, adequately assessing risk areas, identifying vulnerabilities, and changing the
traditional mindset from top-down to bottom-up decision-making are crucial for effective flood
management. Bodoque et al. (2016), in studying the social perception of the Civil Protection
Plan in Navaluenga, Central, Spain, developed a systematic approach for conducting flash flood
risk management (FIGURE 3). The authors highlighted that one of the main problems of
protection plans is their inability of linking the social risk perception in the emergency plans

with an effective communication of the actions that should be taken in a risk situation.

Figure 3 — Framework approach for managing flash flood risk at local scale.
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Source: Adapted from Bodoque et al. (2016).

2.3 Streamflow monitoring and design flood estimates

Monitoring water quality, quantity, distribution, and utilization is essential to describe
the characteristics of watersheds, and provide adequate information to hydrological and

hydraulic modeling (MELO et al., 2020). Historical data allow the identification of trends and
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the simulation of future scenarios. A robust hydrometeorological monitoring network supports
decision-making regarding water resources management (MELO et al., 2020).

The Brazilian Hydrometeorological Network (RHN - which stands for Rede
Hidrometeorologica Nacional in Portuguese) is constituted by a total of 4,641 monitoring
locations, with 1,874 stations that monitor river parameters such as water level, streamflow,
water quality, and sediment transport, and 2,767 that mainly monitor rainfall (ANA, 2019b).
Despite the large numbers, Brazil is a country with continental dimensions, and therefore, much
of the water system still lacks hydrological monitoring, specially related to streamflow. In

addition, the gauging stations are not homogeneously distributed in the territory (FIGURE 4).

Figure 4 — Gauge stations of the Brazilian National Hydrometeorological Network.
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Source: ANA (2019b) produced by Author (2021).

The lack of streamflow information is enhanced in small and medium watersheds, which
hinders adequate urban waters planning. Reliable streamflow data and estimates are crucial for
properly designing flood control measures and implementing urban drainage programs
(ALAM; MUZZAMMIL; KHAN, 2016; CASSALHO et al., 2017, 2019). Thus, to overcome
the scarcity of historical data, many techniques are applied to estimate streamflow in ungauged
basins, using other variables or parameters.

In Brazil, urban drainage projects usually adopt rainfall-runoff models to estimate
design floods using extreme rainfall events obtained from intensity-duration-frequency (IDF)
curves (CABRAL et al., 2014; DECINA; BRANDAO, 2016). In this approach, a design rainfall
is estimated considering the intensity of the extreme event and the concentration time of the
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watershed (EQUATION 1). Ideally, IDF curves should be adjusted using data from rainfall
recording gauges, selecting maximum intensities of different rainfall duration times
(OLIVEIRA, 2019). However, because of their poor distribution in Brazilian territory, the
alternative is to apply disaggregation of daily rainfall (SOUZA et al., 2019). As an example,
Equation 2 shows the IDF curve fitted for the city of Lavras by Oliveira (2019) using the
disaggregation technique. For estimating design rainfalls in drainage projects, Tucci (2005)
recommends adopting return periods from 2 to 10 years for micro drainage, 10 to 25 years for
macro drainage, and 100 years for floodplain zoning projects. Also, the total duration of the
event is usually the concentration time of the watershed, and the temporal distribution of the
precipitation is developed using the alternating block method (TUCCI, 2005).

P=Ixt, 1)

_803.20557 x R0

- 2)
(t4 +9.78654)0.72426

Where:
e P: design rainfall (mm);

e tc: concentration time of the watershed (h);
e |: average maximum rainfall intensity (mm h);
e RP: return period (years);

e tg: rainfall duration (minutes).

One of the simplest models for estimating streamflow from rainfall data is the rational
method, commonly used by drainage designers in Brazil (EQUATION 3). This method assumes
a runoff coefficient for accounting for the initial and continuing flow losses due to infiltration,
which varies according to the soil cover (BUTLER; DAVIES, 2004). Tucci (2005) recommends
using design floods estimated by the rational method for micro-drainage projects. In addition,
Melo and Silva (2013) states that the method is adequate for watersheds with areas up to 2 kmz,

Q=0278 xCxIxA ©)

Where:
e Q: design flood/streamflow (m3 s?);
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e C: runoff coefficient;
e I average maximum rainfall intensity (mm h™);

e A:drainage area (km?).

The Soil Conservation Service Curve Number Method (SCS-CN) is a more robust
rainfall-runoff method, still simple and easy to apply (EQUATION 4). Besides the water
retention in the soil (infiltration), the SCS-CN also takes into account flow losses due to terrain
depressions and vegetal cover, called initial abstraction (la) (MELO; SILVA, 2013). As a
recommendation of the method, the initial abstraction corresponds to 20% of the maximum
storage capacity of the soil (S), then, runoff can be estimated by Equation 5 (MELO; SILVA,
2013). The SCS-CN method also assumes that runoff only occurs if the rainfall is higher than
the initial abstraction. Storage capacity is obtained based on the Curve Number (CN,
EQUATION 6), a runoff coefficient that varies from 1 to 100 and is related to soil type, cover

and antecedent moisture content.

_ (P-Ta)?

Q= (P-Ta+8S) )
_ (P-0,20x8)? )
~ (P+0,80%x9)

S= 224% ~254 (6)

Where:
e Q: design flood/streamflow (m3 s?);

e P: design rainfall (mm);

e la: initial abstraction (mm);

e S: storage capacity of the soil (mm)
e CN: curve number (1-100).

Although these approaches are highly widespread for calculating design floods for urban
drainage structures and projects, we can point out some issues:
e The assumed RP is related to maximum rainfall series and may not reflect the real
extreme streamflow (NAGHETTINI, 2017);
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e Because of the lack of recording rainfall gauges in Brazil, IDF curves are estimated by
disaggregation of daily rainfall (SOUZA et al., 2019);

e Soil and land use information required in rainfall-runoff models sometimes are not
easily available and/nor accurate (BESKOW et al., 2016b);

e Calibration of rainfall-runoff models is an important step and still a challenge in
ungauged basins (POOL; VIVIROLI; SEIBERT, 2017).

2.4 Maximum streamflow regionalization

Statistical approaches are a potential alternative to estimate extreme flood events, since
they overcome the calibration challenge in ungauged watersheds and are built from observed
streamflow data from gauged sites (SWAIN; PATRA, 2017). In that way, regional flood
frequency analysis (RFFA) emerges as an important tool for the poor hydrological monitoring,
as it can add information to existing series in gauged sites and transfer it to ungauged watersheds
(CASSALHO et al., 2017, 2018). According to Tucci (2002), the main methods to develop a
regional function to estimate maximum streamflow are:

e Selected values method: streamflow values are determined for fixed RPs derived from
the best fitted probability density function (PDF) for each time series, producing
regional regression functions for each predetermined RP;

e Regionalization of probability distribution parameters: a representative PDF is
determined for all series contained in a hydrological homogeneous region, based on
goodness-of-fit statistical tests. Then the regionalization of its parameters is conducted,
yielding a single function applicable for different RPs;

e Dimensionless curve method: this method comprises two steps: (1) determining the
dimensionless curve and (2) establishing the average maximum streamflow function.
This method enables the consideration of peak streamflows of different magnitudes,
since the streamflow values are non-dimensionalized for each historical series.

The regionalization of hydrological variables requires two conditions: 1) all analyzed
sites are part of a homogeneous hydrologic region; 2) the series are stationary (BESKOW et al.,
2016a; CUNNANE, 1987; JINGYI; HALL, 2004). Mann-Kendall trend test is commonly used
to verify series stationarity (EQUATIONS 7-8), since the non-existence of trends implies that
the series are stationary, as both are directly related in hydrological data sets (CASSALHO et
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al., 2018). If the absolute value |Z| < Z;-» at a significance level o, there is no trend in the data
and the series hypothesis of stationarity is valid (WANG et al., 2015).

(-1
\/W(S) if S>0
Z=— 0 ifS=0 (7)
(S+1) ‘
m ifS<0

+1 if (X_] - Xk)>0

n-1 n
S =z Z sgn(Xj-x) sgn(xj -x )= =0 if (xj - x;)=0 (8)
KT ke -1 if (xj- x4 )<0

Where:

Z: statistic of the test;

sgn: signum function;

X: hydrological variable;

n: length of the historical series;

Jj and k: time indices.

Regarding the homogeneity of the sites, Hosking and Wallis (1993) presented the
heterogeneity measure (H). The heterogeneity measure is based on the analysis of the statistical
variability of the series set in comparison to what would be expected from a truly homogeneous
region, through L-moments analysis (EQUATIONS 9-11). According to Hosking and Wallis
(1993), an acceptably homogenous region would show H < 1, 1 < H < 2 for a possibly

heterogeneous region, and H > 2 for definitely heterogeneous region.
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Where:
e H: heterogeneity measure;

e Wv: mean of simulations for a region with N sites;

e oy standard deviation of simulations for a region with N sites;

e V: weighted standard deviation of the coefficient of L-variation calculated for each
simulated region;

e i: represents a site with a record length n; and sample coefficient of L-variation t®, L-
skewness t3 and L-kurtosis ts®;

e tR: corresponds to the regional average coefficient of L-variation.

Complementary to the heterogeneity measure, Hosking and Wallis (1993) proposed the
measure of discordancy (Di) which identifies a discordant site in comparison to others, also
through L-moments analysis (EQUATIONS 12-14). Hosking and Wallis (1995) presented
threshold values for Di, which depend on N (number of sites) to identify a discordant site i in

comparison to the other (N — 1) sites (TABLE 2).

D, = % N (u; -)TA ! (u; - 1) (12)
N

A= (ui - ﬁ) (ui - l_l)T (13)
2

N
=N Zui (14)

Where:
e D;: discordancy measure for a site i;

e N: number of sites in the proposed region;
e Ui a vector formed by the sample coefficients of L-variation and sample L-skewness

and L-kurtosis;

T: transpose of a vector or matrix;

A: matrix of sums of squares and cross-products;

u: the regional average of the vector ui.
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Table 2 — Critical values for the discordancy measure (D).

Number of sites in Critical value

the region
5 1.333
6 1.648
7 1.917
8 2.140
9 2.329
10 2.491
11 2.632
12 2.757
13 2.869
14 2971
> 15 3

Source: Hosking and Wallis (1995).

Many studies have been trying to improve regionalization techniques in order to
facilitate and provide more reliability in maximum streamflow estimates. Jingyi and Hall (2004)
compared the geographical approach with multivariate techniques based on watershed
characteristics. In their work, the regional frequency curves for ungauged sites were constructed
using regional L-moment analysis and compared with alternative approaches based on artificial
neural networks and fuzzy logic. Besaw et al. (2010) and Atieh et al. (2017) applied artificial
neural networks for the prediction of flow duration curves including different explanatory
variables. Cassalho et al. (2017) and Atieh et al. (2017) pointed out the importance of selecting
explanatory variables that represent the processes with less errors and the evaluation of the
predictive capacity of the generated regional function.

2.5 Dimensionless curve method

The dimensionless curve method is the simplest procedure to generate a regional
function for estimating streamflow (CUNNANE, 1987). In this method, the streamflow (Qr) is
estimated through a dimensionless flood variable (X) and a scaling factor, the index flood (Qmc),
as show in Equation 15.

Qr=X > Qe (15)

The X values (EQUATION 16) are the relation between the analyzed variable, i.e.,

annual maximum streamflow observed values, and the index flood (Qmc). Usually the Qmc is
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the mean or median of the series, e.g., the average maximum streamflow in case of annual
maximum streamflow (NAGHETTINI, 2017).

x=X
= e—
ch (16)

From the series of X values, a regional growth curve is usually generated by a
logarithmic regression between the X values series and their corresponding return periods

(Equation 17), which is common to every site in a hydrologic homogeneous region.

X =RGC=[ax In(RP)+Db] a7

The index flood is a scaling factor that can be related to explanatory variables of the
watershed, as the drainage area, drainage density, length and steepness of main river, average
annual rainfall, land cover, and so on (CUNNANE, 1987). Then, regression models can be used
to estimate the Qmc in ungauged watersheds (EQUATION 18).

chszZZXYyXWW... (18)

Where:

e Qr: regionalized streamflow (m3 s?);

e X:dimensionless flood variable;

e  Qmc: index flood as mean or median maximum streamflow of the series (m3 s);

e Q: annual maximum streamflow values (m3s™);

e RGC: regional growth curve;

e RP: return period (years);

e 3, b: adjustment parameters of the logarithmic regression between X and RP;

e Kk Z z Y,y, W, w: adjustment parameters of the relation between the Qmc and the

watershed characteristics;

In summary, the steps to generate a maximum streamflow regional function are:
1) Select gauged basins that may be part of a hydrologic homogeneous region;
2) Construct the annual maximum streamflow series;

3) Verify the series stationarity through Mann-Kendall test;



35

4) Verify the homogeneity of the series through the heterogeneity measure (H) and the
discordancy measure (Dj);

5) Calculate the index flood (Qmc¢) of each gauged site as the mean or median of the
observed annual maximum streamflow values;

6) For each series, calculate the dimensionless flood variable (X) and their corresponding
return periods;

7) Generate the logarithmic regression model of the values of RP vs. X for all the sites in

the homogeneous region (FIGURE 5);

Figure 5 — Regional growth curve fitted by logarithmic regression of the values of return periods
(RP) and correspondent dimensionless flood variable (X).
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8) Select the explanatory variables for the index flood,;
9) Generate the regression model for the index flood, for example, a potential regression
between the Qmc and drainage area (FIGURE 6);
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Figure 6 — Index flood generated by potential regression of the observed Qm¢ values and
drainage area of gauged watersheds.
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10) Write the maximum streamflow regional function as the product of the regional growth
curve and the index flood, for example:
Qg = [a x In(RP) +b]x[k xZ*] = [0.5133 x In(RP)+0.5016]x[0.4981 xArea®7®7].

Cassalho et al. (2017) developed a regional function for estimating maximum
streamflow in the Mirim-Gongalo Basin in Rio Grande do Sul, Brazil. The homogenous region
identified by the authors had seven streamflow gauge stations, and the annual maximum
streamflow was regionalized through the dimensionless curve method. The index flood was
estimated using the drainage area as explanatory variable, in order to follow the parsimony
principle that stands that a phenomenon should be explained with a minimum of explanatory
variables. The authors compared the estimates from the regional approach with multiparameter
PDFs and reached optimum performance according to the ¢ coefficient proposed by Camargo
and Sentelhas (1997). Cassalho et al. (2017) highlighted the easy applicability of the regional

function to design hydraulic structures and flood risk management.



37

2.6 Flood mapping

Hydraulic modeling produces maps of inundation boundaries or flood risk maps in
defined conditions. These maps became essential tools for the management of water resources
and decision-making regarding public policies and urban drainage planning, in addition to
supporting emergency actions in flood disasters (MERWADE, 2018).

The Hydrologic Engineering Center (HEC) package, developed by the United States
Army Corps of Engineers (USACE), is a suite of software for hydrological engineering and
process planning analysis. This package enables the study of surface and groundwater
hydrology, fluvial hydraulics and sediment transport, hydrological statistics and risk analysis,
analysis of reservoir systems, planning analysis, and water quality management in real time. In
particular, HEC-HMS (Hydrologic Modeling System) and HEC-RAS (River Analysis System)
software have been widely used in hydrological and hydraulic modeling applied to flood
management and urban drainage (SOUZA et al., 2012; PAES; BRANDAO, 2013; BODOQUE
etal., 2016; MORAES et al., 2018).

The HEC-HMS simulates hydrological processes in dendritic basins. The software
includes traditional hydrological analysis procedures, such as infiltration and unit hydrographs,
as well as processes for continuous simulation, including evapotranspiration, snow melt and
soil moisture. Supplementary analysis tools are also available for model optimization, flow
prediction, assessment of model uncertainty, erosion and sediment transport and water quality
(SCHARFFENBERG et al., 2018). The HEC-RAS performs one-dimensional hydraulic
modeling for a network of rivers or channels, and can be used for permanent flow, non-
permanent flow, sediment transport modeling and quality analysis and water temperature
(BRUNNER; CEIWR-HEC, 2016).

HEC-RAS proceed calculations of water surface profiles flowing in channels, thus, it is
possible to analyze the consequences of flood events in an urban area. The newest software
version (HEC-RAS 5.0.7) allows carrying on all the simulation pre-processing and post-
processing steps to create the inundation profiles. In the previously versions were necessary to
use the HEC-GeoRAS extension in ArcGIS™ to digitize and extract geometry and topology
information from the Digital Elevation Model (DEM) and aerial images, and then from the
hydraulic model to the water surface generation.

The pre-processing steps include the creation of geometry layers: river channel,
riverbanks, flowpaths, cross-sections, bridges, ineffective areas, buildings, levees, assign

Manning’s n values for channels and floodplains, and so on. Either using HEC-RAS 5.0.7 or
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HEC-GeoRAS, the software extracts all the necessary information for the flow computations,
as the distance between cross-sections and river length. However, hydrologist expertise and
field measures may be necessary to edit information concerning bridges, levees, and correct
banks width. Hence, once discharge values are implemented for each reach to be modeled, the
HEC-RAS simulation results give water surface profiles, that integrated to the DEM, creates
flood extension and depth layers.

Gao et al. (2018) in a study performed in the Qinhuai River Basin, China, verified that
the simulation of floods by HEC-RAS was satisfactory in the lower and middle reaches of the
river through calibration of Manning’s n values with observed water levels. The authors
evaluated the impacts of urban agglomeration polders in the streamflow of Qinhuai River and
their relationship with urbanization. The presence of polders in the watershed increases the
streamflow in Qinhuai River, and there is a linear relationship between urbanization rates in the
polders and water level increasing. The authors also pointed out that minor floods are more
sensitive to the polders urbanization, and their distribution and operation are important factors
in flood control of the basin.

Hydraulic modeling and simulation can develop reliable flood assessments based on
digital data, satellite images and field observations (COOK; MERWADE, 2009; HASANI,
2013; CABRAL etal., 2014). Oliveiraet al. (2016) highlights that the use of hydraulic modeling
by HEC-RAS allows the diagnosis of the hydrodynamic behavior of the watercourse and
drainage channel, serving as a basis for urban drainage projects and for the establishment of

effective environmental, social and economic protection strategies.
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3 GENERAL CONSIDERATIONS

Brazilian cities often face inundation events that cause great damage to urban
infrastructure and population safety. Many problems are due to inadequate design of flood
control structures that are often planned without considering future expansion of cities. In
addition, the former approach of urban drainage was to channelize and rectify urban
watercourses, hiding the real problem by forcing water to flow rapidly downstream. One recent
example was the floods that occurred in Belo Horizonte, in the state of Minas Gerais, in January
2020, where many infrastructures collapsed due to the great volume of water.

Although Brazilian law established clear rules for urban planning and water resources
management for over 20 years, cities lack effective actions to improve urban infrastructure and
regulation, mainly in medium and small municipalities. Especially regarding urban drainage,
flood control measures are commonly adopted based on the “common sense” of city planners,
a “try and error” approach, in which infrastructures are improved as a damage was caused.
Along with that, the gap in hydrologic monitoring in urban watersheds leads to difficulties in
estimating reliable design floods.

Regarding urban drainage planning in Lavras, the city holds the Environmental and
Sanitation Plan, which describes the current urban drainage system and some guidelines for its
maintenance (LAVRAS, 2018), the Soil Use Directive Plan (LAVRAS, 2008, 2016), which
establishes land use regulation policies for the city, and the Contingency Plan published in 2018
that identifies inundation risk areas. Still, this documentation shows some issues:

e The Environmental and Sanitation Plan does not specify any foreseen activities in

order to improve the drainage system and flood management;

e Urban zoning established by the Soil Use Directive Plan is not fully obeyed, since

some areas that should be protected areas were formerly occupied by urbanization;

e The Contingency Plan were elaborated based on population recollections about the

water level in past events of extreme rainfall;

e The drainage management of Lavras is carried out without any standard

methodology of design flood estimation;

e A specific Urban Drainage Directive Plan is not implemented in the city, which is

essential to protect areas susceptible to floods.
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In this sense, the first article “Regional Flood Frequency Analysis and Uncertainties:
Maximum Streamflow Estimates in Ungauged Basins in the Region of Lavras, MG, Brazil”
provides reliable and robust estimates of design peak flows for the region, using a combination
of statistical methods. Besides supporting decision-makers of Lavras planning flood control
measures, the regional function was developed through a simple methodology that may be
applied in other regions. The adequate performance of the regional function justifies its
application. Moreover, this is an effective approach for improving the accuracy of streamflow
estimates throughout Brazil, consequently reducing the negative impacts of floods.

The urban streams in Lavras are relatively small, but population often faces inundation
problems. Therefore, the article “Flood Maps Using Maximum Streamflow Regional Functions
in Ungauged Watersheds: How to Improve the Flood Management in Lavras, MG, Brazil”
presents a relevant tool for proper urban drainage planning. The article simulated inundation
boundaries of different design floods and compared the areas affected in current land use with
the regulation proposed by the Soil Use Directive Plan of Lavras. The results showed the
importance of focusing on flood risk management to decrease the population vulnerability and
to guide the urbanization, as a significant damage prevention would be reached just by
following the urban zoning guidelines.

This work brings initial and crucial contributions for an effective water resources
management, primarily for flood control planning, aiming to support decision-making in a
region that lacks in adequate urban planning and monitoring of urban streams. Some topics that
should be considered in future works to enhance this research are:

e Application of more robust regionalization techniques, studying the influence of other
explanatory variables in index flood, and other methods for the regional growth curve
development;

e Evaluation of the performance of multi-parameter probability density functions to
estimate design streamflow in the region of Lavras;

e Incorporation of field data into the hydraulic model to provide detailed information
about the rivers’ geometry and structures (e.g. bridges);

e Monitoring of streamflow, even for short periods or individual measures, to enable the

calibration of Manning’s coefficient for a more reliable hydraulic simulation.
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HIGHLIGHTS

¢ Regional function is an important alternative for ungauged sites in Lavras region;
e Monte Carlo and bootstrapping are used to evaluate uncertainties;

e Flood estimates in ungauged sites in the region of Lavras show large uncertainties;
e Assessing uncertainty is essential for appropriate and safe flood risk management;

e Simple methods help decision-makers throughout places with globally available data.

ABSTRACT

Regionalization techniques are an important alternative to overcome the scarcity of streamflow
data and to provide adequate estimates for flood management. This work aims to generate a
maximum streamflow regional function and evaluate the uncertainties in estimates for a basin
in the South of Minas Gerais, Brazil. Six streamflow gauging stations, that presented
stationarity and no trends according to the Mann-Kendal test, were used to develop the regional
function by the dimensionless curve method. The annual maximum streamflow series were
adjusted to the probability density functions (PDFs) 2-parameter Log-Normal, 3-paramenter
Log-Normal, Gumbel, and Gamma. Then, the goodness-of-fit of the PDFs was verified by the
Anderson-Darling test. For the regional analysis, heterogeneity and discordancy measures
verified the homogeneity of the region, and the jack-knifing technique evaluated the predictive
performance of the regional function by the coefficient ¢ of Camargo and Sentelhas. The
uncertainty analysis for at-site and regional function estimates was assessed by Monte Carlo
simulations and bootstrapping. The performance of the regional function was classified as
optimum for most of the watersheds, but as good when considering the prediction in certain
return periods. The uncertainties were larger in ungauged basins, especially for greater return
periods and drainage areas. The regional function developed can be employed in ungauged
sites, but also to improve data in poorly monitored watersheds. Thus, this study demonstrates
the adequate applicability of regionalization in ungauged watersheds and provides a simple
alternative for maximum streamflow estimates in order to promote sustainable flood risk
management.

Keywords: design floods; flood management; dimensionless curve method; regionalization;
extreme events, bootstrapping.

1 INTRODUCTION

Urbanization can negatively impact the environment, especially in developing
countries, where the growth of the cities is not always planned. One of the major issues related
to urbanization without planning is the impact due to extreme flood events. To overcome this
problem, sustainable water resources planning and flood risk management are essential.
Therefore, streamflow monitoring is crucial to provide data for the design of structures (e.g.
levees and dams) and other flood control measures (e.g. land regulation policies). However,

there is a lack of adequate streamflow gauging stations in developing and undeveloped
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countries, mainly in medium and small watersheds (BESKOW et al., 2016b; JINGYI; HALL,
2004; SWAIN; PATRA, 2017). This gap in streamflow information compromises studies and
the application of flood mitigation measures, that can cause property damages and even lead to
fatalities.

Estimating design streamflow in regions with a lack of hydrologic monitoring requires
the implementation of techniques that allow the inference of the site streamflow from other
variables or parameters. Rainfall-runoff models are widely used to estimate the streamflow, but
calibrating these models in ungauged catchments is a challenge (POOL; VIVIROLI; SEIBERT,
2017). Some techniques exist that can provide reliable streamflow information with less or no
calibration of a hydrologic model. For example, Basu et al. (2010) developed a model called
the Threshold Exceedance Lagrangian Model (TELM) for generating hydrographs at the
watershed outlet without parameter calibration. The TELM assumes that the streamflow
generation is a threshold driven process by the field capacity of the soil, depending on the travel
time to route the water through the landscape in relation to its area. Yet, the application of this
model without calibration was only possible because it was applied in intensely managed and
engineered watersheds that present dominance and persistence of short-circuiting flow paths.

Another approach for estimating streamflow information in ungauged basins is through
regionalization techniques. Regionalization transfers parameter sets of rainfall-runoff models
or hydrological information from one or more gauged basins to an ungauged one (ATIEH et
al., 2017; GARAMBOIS et al., 2015; PETROSELLI; VOJTEK; VOJTEKOVA, 2019;
SWAIN; PATRA, 2017). Three regionalization approaches can be highlighted: regression
based methods, geographical proximity and similarity methods (GARAMBOIS et al., 2015).

Regardless of the regionalization method chosen, it is essential that all the sites analyzed
are part of a homogeneous hydrologic region and that the streamflow time series demonstrate
stationarity (BESKOW et al., 2016a; CUNNANE, 1987; JINGYI; HALL, 2004), which can be
verified through the Mann-Kendall test (CASSALHO et al., 2018). For testing the homogeneity
of the sites, Hosking and Wallis (1997) presented the heterogeneity measure H, based on the
analysis of the statistical variability of the streamflow time series in comparison to what would
be expected from a truly homogeneous region.

Regression analysis is one of the most commonly used regionalization methods because
it overcomes the calibration issue in ungauged catchments (SWAIN; PATRA, 2017). Regional
flood frequency analysis, which is an important tool for estimating design flows in ungauged
basins, can add information to the existing time series in gauged sites and also transfer them to
ungauged catchments (CASSALHO et al., 2017, 2018).
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Tucci (2002) describes three main methods to develop a regional frequency function.
The first one is the selected values method, in which streamflow values are determined for fixed
return periods by using the best adjusted probability density function (PDF) for each time series.
This method gives regional regression functions for each predetermined return period. The
second method is the regionalization of probability distribution parameters to provide a
representative PDF for all the time series in a hydrological homogeneous region, based on
goodness-of-fit statistical tests. The regionalization of PDF parameters yields a single function
applicable for different return periods. The third method, the dimensionless curve method,
estimates a dimensionless flow curve, also named as regional growth curve (RGC), and an
average maximum streamflow function. This method enables consideration of peak streamflow
values of different magnitudes since the streamflow values are non-dimensionalized for each
historical series.

Considering the availability and quality of data used in regionalization or any other
statistical methods, it is critical to assess the uncertainty associated with their application in
order to reduce economic and health damages caused by flood events (CHOUBIN et al., 2019;
HAILEGEORGIS; ALFREDSEN, 2017a). According to Hailegeorgis and Alfredsen (2017a),
major sources of uncertainty in flood frequency analysis include the data quality, probability
distribution fit, and the heterogeneity of basins included in the regional analysis. Monte Carlo
simulations are widely applied for the construction of confidence intervals of PDFs and models
parameters (POOL; VIVIROLI; SEIBERT, 2017; RUIZ-VILLANUEVA et al., 2013).
However, Monte Carlo simulations assume that the parameters or variables analyzed follow a
known probability distribution. Thus, many studies use non-parametric bootstrap sampling in
uncertainty analysis, because it allows accounting for the influence of sampling on estimations
(ARSENAULT; BRISSETTE, 2014; FAGHIH et al., 2017; HAILEGEORGIS; ALFREDSEN,
2017a, 2017b; MELESE; BLANCHET; MOLINIE, 2018).

Given the theory and development related to regionalization techniques, the primary
objective of this study is to apply these techniques to estimate design flows for urban areas in
Brazil. The federal law n. 11445 (BRAZIL, 2007) obligated the municipalities to elaborate the
Environmental and Sanitation Plan, which must include guidelines for urban drainage and flood
management (TUCCI, 2016). However, lacks of streamflow information and underestimation
of design peak flows have led to inadequate flood risk management in many Brazilian cities,
and consequently to a lot of damage. In Lavras, Minas Gerais, Brazil, the Environmental and
Sanitation Plan describes the current urban drainage system and some guidelines for its

maintenance (LAVRAS, 2018). Nevertheless, the plan does not specify any foreseen activities
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in order to improve the drainage system and flood management. Moreover, an Urban Drainage
Directive Plan was not implemented in the city, which is essential to protect areas susceptible
to floods (TUCCI, 2016). Hence, the aim of this study is to generate a maximum streamflow
regional function and evaluate the uncertainties associated to it for estimating design
streamflow in ungauged basins in the region of Lavras, Minas Gerais, Brazil. The novelty of
this study lies in estimation of reliable and robust design peak flows in data scarce regions by

using a combination of statistical techniques.

2 MATERIALS AND METHODS

2.1 Study area and streamflow data

The Grande River Basin is located in the states of Minas Gerais and S&o Paulo, in the
southeastern region of Brazil. This basin is subdivided in 14 Water Resources Planning and
Management Units (UPGRH), eight in the state of Minas Gerais and six in Sdo Paulo (IGAM;
CBH, 2013). These UPGRH were established in order to implement the Water Resources State
Politics of Minas Gerais and the decentralized management.

The city of Lavras (FIGURE 1), in the south of Minas Gerais, has its area located into
two UPGRH: the “Alto Rio Grande” (GD1) and the “Vertentes do Rio Grande” (GD2). The
climate in this region is predominantly Cwb in Kdppen classification, with dry winter and rainy
summer (ALVARES et al., 2013). GD2, with a drainage area of 10,533 km2, includes 42
municipalities and a population of 562,476 inhabitants, of which 88% live in urban areas. GD1
comprises an area of 8,758 km2 with 106,906 inhabitants in 32 cities. The estimated population
for Lavras in 2019 was 103,773 inhabitants (IBGE, 2019); and according to the demographic
census of 2010, the demographic density was 163.26 inh.km™2 and the urbanization/impervious
roadways corresponded to 37.4% (IBGE, 2010).

Hydrologic time series are available from the Brazilian Water Resources National
Agency (ANA) through Hidroweb, a web platform that assembles streamflow and rainfall data
from different sources. For the GD1 and GD2 region, there are 77 streamflow gauging stations,
but some of them have less than 10 years of data and some are not even available through
Hidroweb. Hydrologic studies require at least 10 years of continuous record, and that the time
series is stationary with no significant trends (Beskow et al., 2016a; Cassalho et al., 2019, 2017,
Souza et al., 2019). For this study, six streamflow gauging stations (FIGURE 1 and TABLE 1)
were selected in the region of Lavras. From the hydrologic data of these stations, the annual
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maximum streamflow series were constructed, and their stationarity was analyzed using the
Mann-Kendall test (CASSALHO et al. 2017).

Figure 1 — Location of the watersheds near Lavras used in the regional flood frequency analysis
in the Grande River basin, and the Funil Hydropower Plant, with the detailed
drainage network.
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Table 1 — Streamflow gauging stations studied and length of the annual maximum streamflow
(AMS) series.

Drainage area Length of the AMS

Gauging station Station number .
(km2) series
Bom Sucesso 61140000 351.22 69
Couro do Cervo 61173000 387.86 85
ltumirim 61078000 1825.44 80
Luminarias 61075000 1003.91 78
Marechal Mascarenhas 61176000 1049.96 16
Santana do Jacaré 61202000 1439.14 79

Source: from Author (2021).
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2.2 Homogeneous regions identification

Verifying the homogeneity of the region is essential for regional flood frequency
analysis. The homogeneity of the study region was verified using the heterogeneity measure, H
(HOSKING; WALLLIS, 1997), which takes into account the magnitude of L-moments of the
samples in relation to what is expected for a truly homogeneous region (Equations 1, 2 and 3).
According to Hosking and Wallis (1997), an acceptably homogenous region would present H
<1, a possibly heterogeneous 1 < H < 2 and definitely heterogeneous H > 2. More information
about the L-moments can be obtained from Hosking and Wallis (1997) and Naghettini (2017).
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Where:
e H: heterogeneity measure;

e Wv: mean of simulations for a region with N sites;

e oy standard deviation of simulations for a region with N sites;

e V: weighted standard deviation of the coefficient of L-variation calculated for each
simulated region;

e i: represents a site with a record length ni and sample coefficient of L-variation t®, L-
skewness t3" and L-kurtosis ts@;

e tRcorresponds to the regional average coefficient of L-variation.

Complementary to the heterogeneity measure, Hosking and Wallis (1995) proposed the
measure of discordancy (Di, equations 4-6). Hosking and Wallis (1997) presented threshold
values for Di, which depend on N (number of sites) to identify a discordant site i in comparison

to the other (N — 1) sites.

: N (ui -TJ)TA-I (ui - ﬁ) (4)
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Where:
e Di: discordancy measure for a site i;

e N: number of sites in the proposed region;

e Ui: a vector formed by the sample coefficients of L-variation and sample L-skewness
and L-kurtosis;

e T: transpose of a vector or matrix;

e A: matrix of sums of squares and cross-products;

e u: the regional average of the vector ui.

Ribeiro et al. (2005) recommended the utilization of at least 6 stations for performing a
regional flood frequency analysis, based on the evaluation of homogeneous regions in the Doce
River Basin (Brazil), which was followed by Beskow et al. (2016b) and Cassalho et al. (2017).

2.3 Probability density functions

The probability density functions (PDFs) 2-parameter Log-Normal (LN-2P), 3-
parameter Log-Normal (LN-3P), Gamma and Gumbel were adjusted to the annual maximum
streamflow series by the L-moments method (NAGHETTINI, 2017). According to Franco et
al. (2014), the L-moments method seems to be more appropriate for the estimation of PDF
parameters.

The performance of PDFs was evaluated using the Anderson-Darling goodness-of-fit
test as described by Franco et al. (2014). Series of maximum streamflow tend to present
asymptotic behavior (BESKOW et al., 2015). The Anderson-Darling test is considered superior
and more adequate to asymptotic distributions, as it gives more importance to the extremes of
the probability functions (CASSALHO et al., 2018).
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2.4 Regional Flood Frequency Analysis

According to Cunnane (1987), the index flood method is the simplest procedure to
generate a regional function. This method calculates a dimensionless flood variable (X) that
allows the estimation of a regional growth curve. The estimated curve is common to every site
in aregion, but each site has a specific scaling factor, the index flood. In this study, the X values
correspond to the dimensionless annual maximum streamflow series in relation to the average
maximum streamflow (Equation 7).

For gauged basins, the index flood (Qmc) is taken as the mean or median values of the
series (NAGHETTINI, 2017). In this study, the index flood for each one of the six monitored
watersheds is the mean of annual maximum series. In that way, the streamflow regional function
is generated using Equation 8 (CUNNANE, 1987; TUCCI, 2002).

X Q%c ¢

QR: X x ch (8)

Where:
e X: dimensionless flood variable;

e Q: annual maximum streamflow values (m?3/s);
e  Qme: mean of annual maximum series (m?3/s);

e Qr: regionalized streamflow (m3/s).

In ungauged sites, the index flood (Qmc) is determined relating the average annual
maximum streamflow to explanatory variables of the monitored watersheds in a region. The
explanatory variables to describe this relationship could be the drainage area, drainage density,
length and steepness of the main river, average annual rainfall, land cover, and so on. Cassalho
et al. (2017, 2019) highlight the parsimony principle, which means that a phenomenon should
be explained with the lowest number of explanatory variables. To accomplish this, the index
flood for ungauged basins was determined by a linear regression between the Qmc values and
drainage areas of the six study watersheds (Equation 9), as presented by Hailegeorgis and
Alfredsen (2017a). The regional growth curve (RGC) was determined by a logarithmic
regression between the X values and their corresponding return periods (Equation 10). Then,

Equation 11 gives the regionalized streamflow for this study.
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Qe =axA+b ©)
RGC = [2' x In(RP) +b'] (10)
Qg (RP, A) =[a xA +b] x [a' x In(RP)+b]] (11)

Where:
e A: watershed drainage area (km?);
e RGC: regional growth curve;
e RP: return period (years);
e a,b,a’,b’: adjustment parameters of the equations;

e Qr (RP, A): regionalized streamflow (m?/s).

2.5 Performance of the regional function

The performance of the regional function was assessed by the jack-knifing method as
described by Merz and Bloschl (2005), which simulates the case of ungauged watersheds. In
this assessment, one of the analyzed watersheds is treated as ungauged. First, the flood quantiles
of 10, 20, 50 and 100 years of return period were estimated by a regional function based only
in the data of the others watersheds in the region. Then, the flood quantiles estimated by this
regional function were compared with the quantiles estimated by the best-fitted PDF for the at-
site analysis. This procedure was repeated for each one of the six streamflow gauging stations.
The performance of the regionalization was evaluated through the coefficient ¢ (Equation 12),
where r is the Person correlation coefficient and d, the accuracy coefficient (Equation 13)
(CAMARGO; SENTELHAS, 1997). Camargo and Sentelhas (1997) proposed the following
classification of ¢ values: ¢ > 0.85, optimum; 0.76 to 0.85, very good; 0.66 to 0.75, good; 0.61
to 0.65, median; 0.51 to 0.60, tolerable; 0.41 to 0.50, bad and ¢ < 0.40, terrible.

c=rxd (12)

) %(Qr; - Qei)2
z(l0r, -Qe| + |Qe;- Qel)’

(13)
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Where:
e c: coefficient ¢ of Camargo and Sentelhas (1997);

e r1: Pearson correlation coefficient;

d: accuracy coefficient;

Qri: regionalized streamflow values;

Qei: PDF estimated streamflow values;

Qe: mean of PDF estimated streamflow values.

2.6 Uncertainty analysis

The uncertainty associated with the estimates both from the PDFs and the regional
function was assessed by applying Monte Carlo simulations and bootstrap technique. The
construction of the confidence intervals for the PDFs quantiles of 10, 20, 50 and 100-years
return period followed the steps proposed by Naghettini (2017) in applying Monte Carlo
simulation method. Monte Carlo simulation was also utilized for estimating the confidence
intervals of the linear regression parameters of the index flood.

The bootstrap technique was utilized for evaluating the uncertainty related to the
regional growth curve. This method consists of obtaining new samples from resampling the
original data with replacement, giving new parameters estimates for each resample. Then, the
approximate confidence intervals (1-a) are obtained empirically, as the interval bounded by the
empirical quantiles of order o/2 for the lower confidence interval and (1-a/2) for the upper one
(EFRON, 1987). The Bias Corrected and Accelerated (BCa) method was used, as it adjusts bias
and skewness in the distribution for producing more accurate confidence intervals
(ARSENAULT; BRISSETTE, 2014; DICICCIO; EFRON, 1996).

In this work, 5000 Monte Carlo Simulations and bootstrap resampling were conducted

to construct the 95% confidence intervals.

2.7 Computer software used

The System of Hydrological Data Acquisition and Analysis (SYHDA) was used to
create the annual maximum streamflow series and compute the discordancy and heterogeneity
measures (VARGAS et al., 2019). The stationarity test, adjustment of PDF's parameters,
regressions for generating the regional function, the uncertainty and performance analyses were
performed on the software R version 3.6.0 (R TEAM, 2019), with the aid of the packages: trend
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(POHLERT, 2020); Imomco (ASQUITH, 2018); nsRFA (VIGLIONE, 2018); goftest
(FARAWAY etal., 2019); and boot (CANTY; RIPLEY, 2019). ArcGIS version 10.5 was used

to delineate the watersheds from each gauging station.

3 RESULTS AND DISCUSSION
3.1 Trend, stationarity and homogeneity tests

Change in streamflow regime, mainly due to anthropogenic interventions, can introduce
non-stationarity in hydrological data sets (CASSALHO et al., 2019). Results from the six
stations included in the study (as presented in Table 2) show that data are stationary and present
no trends (p > 0.05).

The calculated value for the heterogeneity measure (H = 0.6974) was lower than one;
consequently, all the six watersheds analyzed are part of a homogeneous hydrologic region.
Hosking and Wallis (1995) established the critical value for the discordancy measure Di as
1.648 for a region with 6 sites. Likewise, none of the studied watersheds overcame this limit.
As a result, this study follows the minimum of 6 sites recommended by Ribeiro et al. (2005) to

perform a regional analysis.

Table 2 — Mean of maximum streamflow series (Qmc), Mann-Kendall test and discordance
measure (Dj) of the annual maximum streamflow series studied.

Gauging station Qme (M3/s) Mann-Kendall p-value Di
Bom Sucesso 71.03 0.221 0.726
Couro do Cervo 38.53 0.654 0.870
ltumirim 175.77 0.116 1.532
Luminarias 127.03 0.651 0.544
Marechal Mascarenhas 90.35 0.857 1.635
Santana do Jacaré 188.61 0.356 0.694

Source: from Author (2021).

Beskow et al. (2016a) found 6 homogeneous regions for 78 watersheds analyzed in the
Rio Grande do Sul State. Drissia et al. (2019) developed regional flood frequency curves for
the Kerala State in India, grouping 41 sites into 5 homogenous regions that were not spatially
continuous. In this study, two watersheds are located in the north of Lavras, displaced from the
other four that constitute the region. However, all of them are within the Grande River Basin,

which may imply similar characteristics.
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3.2 Selection of the probability density functions

The PDFs parameters estimated by the L-moments method, as well as the results for the
Anderson-Darling tests, are presented in Table 3. The distribution LN-3P showed to be the best-
fitted PDF for the majority of the series analyzed in this study. LN-2P distribution best
described one of the annual maximum streamflow series and Gumbel distribution another one.
Cassalho et al. (2018) applied L-moments method for estimations of two-parameter and
multiparameter PDFs in 106 streamflow series in Rio Grande do Sul. The authors noted that,
however LN-2P, LN-3P, Gumbel, and Gamma PDFs adequately described more than 70 of the
studied series, multiparameter distributions showed superior performance in adjusting the time
series. Drissia et al. (2019) also found that multiparameter distributions Generalized Extreme
Value, Generalized Pareto and Generalized Logistic were the best fitted for the 43 time series
studied. Considering that, future evaluations of multiparameter PDFs in the region of Lavras

could improve the estimates of design streamflow.
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Table 3 — PDFs parameters estimated by the L-moments method and Anderson-Darling (AD)
test values appropriated at 5% of significance.

g{:ﬂgi LN-2P LN-3P Gumbel Gamma
M= 4.134 = 14.200
Bom Sucesso o= 0.502 t: f ggég not appropriate not appropriate
AD = 0.546 AD = 0.266*
p= -65.714
Couro do not appropriate = 4.636 not appropriate not appropriate
Cervo o= 0.148
AD = 0.517*
i = 5.080 B= 39.931
Itumirim o= 0403 W= 4.758 not appropriate not appropriate
o= 0.554
AD = 0.608* AD = 0.682
n= 4.727 B= 11.523 n= 97.927 v= 3.948
L o= 0.488 M= 4598 o= 0.020 p= 32172
Luminarias s 0.550
AD = 0.223 AD = 0.163* AD = 0.541 AD = 0.577
M= 4.341 p= -31.861 M= 66.451 v= 2.895
Marechal o= 0.619 u= 4717 o= 0.024 p= 31214
Mascarenhas o= 0422
AD = 0.340 AD = 0.256 AD = 0.248* AD = 0.266
p= 5.148 = -85.236 u= 152.077 v= 5.628
Santana do o= 0.443 p= 5572 a= 0.016 = 33.512
Jacaré o= 0.286
AD = 0.369 AD = 0.166* AD = 0.189 AD = 0.180

*Lowest AD values.
Source: from Author (2021).

3.3 Regional flood frequency analysis and its performance

The regional growth curve was generated correlating the dimensionless flood variable
(X = Q/Qmc) with their return periods (RP) by a logarithm relationship with R? equal to 0.93
(FIGURE 2). Figure 3 shows the linear regression for the Qmc¢ using the drainage area as
explanatory variable, and the fit with R2 equal to 0.83 suggests adequate performance. Then,
the product between these two relationships generated the regional function for ungauged basins
in the region of Lavras (Equation 14).

The adequate adjustment of the regional growth curve by the logarithm regression
between return period and Q/Qmc was also verified by Cassalho et al. (2017). These authors
obtained an optimum performance of an equation developed for 7 watersheds in the Rio Grande
do Sul State in Brazil. Concerning the index flood, Hailegeorgis and Alfredsen (2017a) reported
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a R? of 0.95 using linear relationship between the drainage area and index flood, considerably
superior when using the power law (R? = 0.80).

Qg = [0.0937xA +20.6312]x [0.5133 x In(RP) + 0.5016] (14)

Figure 2 — Relationship between dimensionless flood variable and corresponding return period
(RP) in the studied watersheds.
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Figure 3 — Relationship between average maximum streamflow and drainage area in the studied
watersheds.
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Considering the best-fitted PDFs for each annual maximum streamflow series, the
performance of the regional function were evaluated by the jack-knifing method (MERZ,
BLOSCHL, 2005). In the first analysis, the coefficient ¢ for each station was calculated
comparing the maximum streamflow values estimated by the jack-knifed regional function with
the best-fitted PDF estimates at return periods of 10, 20, 50 and 100 years (TABLE 4).
According to the classification proposed by Camargo and Sentelhas (1997), the majority of the
sites exhibited optimum predictive performance (¢ > 0.85) and two of them had the performance
classified as very good (0.76 < ¢ < 0.85). The relatively low performances of Couro do Cervo
and Itumirim might be due to PDF fitting and not the predictive capacity of the regional
function. Both series presented the highest values of Anderson-Darling test, in addition, Couro

do Cervo series was fitted only by LN-3P.

Table 4 — Performance of the regional function for each gauging station when considered as

ungauged.
Gauging station c Classification
Bom Sucesso 0.88 Optimum
Couro do Cervo 0.77 Very good
Itumirim 0.84 Very good
Luminérias 0.98 Optimum
Marechal Mascarenhas 0.87 Optimum
Santana do Jacaré 0.98 Optimum

Source: from Author (2021).

In addition, the coefficient c was calculated considering the estimates at all sites at return
periods of 10, 20, 50 and 100 years, one at a time (TABLE 5). In this analysis, the predictive
performance of the regional function was classified as very good (0.76 < ¢ < 0.85) for the
estimates at 10 and 20-year return period, and as good (0.66 < ¢ < 0.75) for 50 and 100-year
(CAMARGO; SENTELHAS, 1997). The series length varied from 16 to 85 years, thus,
uncertainties related to the estimation of higher return periods might have influenced the
regional function and PDFs performances. Likewise, Drissia et al. (2019) evaluated the
correlation between observed and estimated flood quantiles by at-site and regional frequency
analysis. In both cases, the correlation decreased as the return period increased. Despite of the
correlation between regional function and observed values were lower, the authors mentioned
that regional flood frequency analysis has estimated flood quantiles similar to at-site estimates,

being an important contribution for ungauged sites.
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Table 5 — Performance of the regional function for different return periods.

Return period c Classification
10 0.78 Very good
20 0.76 Very good
50 0.73 Good
100 0.70 Good

Source: from Author (2021).

In this study, the watersheds’ areas varied from 351.22 to 1825.44 kmz?, in that way the
extrapolation of the regional function to drainage areas out of this range may result in inaccurate
estimates (JUNIOR et al., 2003; NAGHETTINI, 2017). Regarding the adequate performance
and taking as reference the return periods, it demonstrates the applicability of the regional
function for different assumed risks in flood management. Likewise, Cassalho et al. (2017)
found adequate applicability when they performed a maximum streamflow regionalization with
7 watersheds in the South of Brazil.

Many studies also verified the drainage area as appropriate explanatory variable for the
index flood, agreeing with the parsimony principle (ALAM; MUZZAMMIL; KHAN, 2016;
CASSALHO et al., 2017, 2019; DE MICHELE; ROSSO, 2002). Other studies sought to
improve the performance of the regional function when correlating more explanatory variables
(CASSALHO etal., 2019; DRISSIA et al., 2019; JINGYI; HALL, 2004; NOTO; LA LOGGIA,
2009; PETROSELLI; VOJTEK; VOJTEKOVA, 2019). However, Drissia et al. (2019)
mentioned that including more parameters in the index flood requires deeper statistical
understanding of their influence in the function’s behavior. Therefore, further analysis in the
region of Lavras, applying other characteristics to describe the index flood, may improve the
determination coefficient of the linear regression and the performance of the regional function

in predicting flood quantiles.
3.4 Flood quantiles, regional growth curve and index flood uncertainty

The confidence intervals (ClI) for the best-fitted PDF, i.e., at-site quantiles estimates, for
the 6 annual maximum streamflow series varied considerably. Couro do Cervo produced the
narrowest Cl, with a maximum variation of streamflow estimates of -0.12% and 0.17% at 100-
year due to relatively longer period of data at this gauging station. On the other hand, Marechal
Mascarenhas (-0.32% and 0.42%) and Bom Sucesso (-0.30% and 0.46%) produced widest CI.
Marechal Mascarenhas is the series with smaller length, so it was expected, since the estimates

of higher return periods extrapolates the observed frequency of exceedance. Regarding Bom
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Sucesso series, it showed the second lowest p-value for the MK test, what is an indication that
the series is slightly leaning to present non-stationarity and it may have influenced this result.

For the regional growth curve, the lower and upper CI estimated by the BCa bootstrap
at 95% for parameter a’ were 0.4875 and 0.5463; and for parameter b’ were 0.4771 and 0.5221.
Therefore, the regional growth curve lower (RCGL) and upper (RCGu) bounds are given by
equations 15 and 16, respectively.

RGC; = 0.4875 x In(RP) + 0.4771 (15)

RGCy = 0.5463 x In(RP)+0.5221 (16)

As mentioned on Section 2.4, in gauged basins, the index flood is the average maximum
streamflow of the series. Hence, the bounds of the quantiles estimates from regional function
(RF) and at-site (PDF) analysis for each one of the six stations are compared in Figure 4. Higher
return periods presented wider uncertainty for predicted streamflow, as was expected, since
these estimates extrapolate the observed events, for either at-site or regional analysis.

Bom Sucesso flood quantiles were under-estimated by the regional function in
comparison with at-site analysis, even displaying upper confidence interval values lower than
the PDF estimate. This case may represent great risks, because it can imply under-design of
flood control measures, affecting population safety. However, it is important to note that the
estimates and uncertainty bounds of the regional function still are within the PDF confidence
intervals.

The regional function estimates for Couro do Cervo, Santana do Jacaré, and Itumirim
were higher than at-site estimates, even higher than at-site upper confidence interval.
Hailegeorgis and Alfredsen (2017a) also verified this behavior in two of the 20 watersheds
regionalized in Mid-Norway. In these sites, considering a certain return period adequate for a
structure, the streamflow estimates by the regional function would surpass the necessary safety
standards for flood control measures. Nevertheless, overestimation of design floods increases
the construction costs of structural measures.

Luminarias and Marechal Mascarenhas showed very close values from both predictions.
These sites present similar drainage areas with values near to the median (1026.9 km?). It might
indicate a better performance of the regional function for basins with drainage areas distant
from the boundary values of the analyzed sites. Consequently, the application of the regional

function can improve the quality of Marechal Mascarenhas series, since it holds only 16 years
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of streamflow data. According to Hailegeorgis and Alfredsen (2017a), these differences
between estimates from at-site and regional flood frequency analysis indicate the importance

of comparative evaluation of the results for each case individually.
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Figure 4 — Estimated at-site and regional quantiles with uncertainty bounds for the watersheds
in the region studied at 95% of confidence.
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Changes in climate and land use can considerably affect extreme floods in the future
and influence flood risk management. Some recent studies assessed the impacts of possible
changes in the Grande River Basin hydrology. Nobrega et al. (2011) showed that a dangerous
climate change scenario, increasing 2°C in the global mean temperature, could result in 18%
increase in maximum streamflows for the entire Grande River Basin. Viola et al. (2015)
indicated that maximum streamflow in the headwaters of Grande River basin could increase by
37%; whereas Oliveira et al. (2017) suggested that peak discharges upstream the Funil
Hydropower Plant could increase by up to 22.6% from the RCP 8.5 climate scenario.

Regarding future land use changes, Viola et al. (2014) estimated that maximum
streamflow could increase by 15% and 43% with 30% and 70% of deforestation, respectively
in Grande River headwater basins. Oliveira et al. (2018), however, estimated a very slight
increase of 1.6 and 1.9 m3/s for 20% and 50% deforestation, respectively, at Funil Hydropower
Plant. Higher alterations in headwaters regime are explained because there is no reservoirs or
streamflow regulations in this portion of the basin (VIOLA et al., 2015).

To assess the validity of the at-site estimates and regional functions in Figure 4, we
compared the streamflow estimates with published possible increases in streamflow from future
projections of climate and land use studies. For 10-years return period, the upper bound of the
regional function would cover a streamflow increase of 16.40% for Couro do Cervo and 16.14%
for Itumirim. Increases in streamflow of 26.4% for Couro do Cervo, 21.68% for Itumirim and
21.37% for Santana do Jacaré would be covered by the upper limit for 20-years return period.
For 50 and 100-years, the upper limits of Itumirim and Santana do Jacaré comprise the 22.6%
streamflow increasing estimated by Oliveira et al. (2017). Finally, higher alterations due to
climate changes estimated by Viola et al. (2015) would be captured in Couro do Cervo estimates
for 50 and 100-years return periods. Overall, the regional estimates and their uncertainty bound
capture the range published by different studies.

Considering these future streamflow changes in present flood risk planning will be
important. Kundzewicz et al. (2018) highlight that as predictions of water resources alteration
due to climate changes highly differ, the decision-making process, which becomes hard under
uncertain conditions, often neglect those future scenarios. According to Viola et al. (2014),
Grande River headwaters are actually going through a reforestation process due to the
expansion of eucalyptus. In this case, eucalyptus reforestation in substitution of grassland may
result in 5.17% decrease in peak flows (VIOLA et al., 2014).

The linear regression adjusted for the index flood resulted in a residual standard error of

27.25 m¥/s. Monte Carlo simulations estimated lower confidence interval (LCI) and upper
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confidence interval (UCI) for index flood parameters of 0.036 and 0.150 for a, and of -42.913
and 89.768 for b. Figure 5 shows the uncertainty bounds of the index flood equation for the six
watersheds in this region. As discussed by Hailegeorgis and Alfredsen (2017a), the uncertainty
of the index flood prediction is higher for larger drainage areas. It is worth to mention that the
wide parameters range produced negative values of index flood for smaller watersheds, which
is not physically feasible. Then, for basins with drainage area lower than 1191.25 km?, the lower

confidence interval of the index flood has no physical meaning.

Figure 5 — Average maximum streamflow and linear regressions related to the watersheds’ areas

in the region.
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The uncertainty of predictions in ungauged basins presented wide ranges, which
increases with the watershed area and return period (FIGURE 6), as was observed by
Hailegeorgis and Alfredsen (2017a). Again, because of negative index flood estimates for the
lower bound, the maximum streamflow estimates presented negative values for smaller
watersheds that are not feasible. However, for flood control measures, it is of high importance
to consider the upper bound. The upper bound shows the maximum value that the streamflow
estimate can reach and protect from under-design of structures. Thus, the lower confidence

interval can be neglected for this approach.
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Figure 6 — Predicted flood quantiles as a function of watershed area in ungauged basins for 10-
and 100-years return period.
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3.5 Applicability of the regional function

Dealing with the uncertainty of the regional function in ungauged sites is a challenge,
as the confidence intervals highly differ from the estimates. Kundzewicz et al. (2017) state that
uncertainties in flood predictions should be used to inform decision-makers about adaptive
design of control measures. Adaptation pathways are a set of strategies, which should be
implemented in the drainage system in order to meet future changes in streamflow, e.g.,
improving porous pavements, green roofs, reservoirs, and the diameter of sewers (BABOVIC;
MUIC, 2019). Babovic and Mijic (2019) evaluated different future scenarios of rising storm
water coupled with adaptation pathways of flood risk management, and found that the order in
which the solutions are implemented is crucial for population safety along with economic
benefits. In this sense, iterative policy revision and implementing diversity strategies, i.e.
combining soft and hard flood control measures, are essential for the success of flood risk
management (KUNDZEWICZ et al., 2017; MERZ et al., 2015).
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Despite the large uncertainty bounds related to the predictions in ungauged basins, the
regional function generated for Lavras region is an important tool for water resources and flood
risk management. Design floods in Brazil are generally estimated by considering rainfall IDF
curves and rainfall-runoff models (CABRAL et al., 2014; DECINA; BRANDAO, 2016;
TUCCI, 2005). For this approach, we highlight some issues that may enhance uncertainty: IDF
curves are estimated by disaggregation of daily rainfall, since there is a lack recording gauges
in Brazil (Souza et al., 2019); even simpler rainfall-runoff models require soil and land use
information, that sometimes are not easily available and/nor accurate (BESKOW et al., 2016b);
calibration of rainfall-runoff models is an important step and still a challenge in ungauged
basins (POOL; VIVIROLI; SEIBERT, 2017). Hence, the regional function developed in this
study, besides being a simpler approach, decreases the uncertainty of the modeling process. The
model is based on streamflow observations and observes the parsimony principle by using only
the watershed area as explanatory variable (BASU et al., 2010; CASSALHO et al., 2017, 2019).

Developing a regional function for other sites through the methodology applied in this
work is a task that does not require high programming or GIS skills, since it was built through
simple regression models. Hydrological data in Brazil are easily available in Hidroweb, with
streamflow observations reaching 100 years and information about drainage area of more than
4,000 stations, thus GIS skills are not necessary to delineate the analyzed watersheds. For
nonprofessionals, the most challenging task would be organizing streamflow data, proving its
stationarity and defining a homogeneous region. However, SYHDA simplifies these steps by
enabling hydrologic analyses, including non-parametric tests for stationarity and homogeneity
tests (VARGAS et al., 2019). Therefore, these simple methods can be applied worldwide
anywhere hydrological data are available.

Finally, this work supports urban planning of Lavras. Currently, the drainage
management of Lavras is carried out without any standard methodology for design flood
estimation. The Contingency Plan published in 2018 identified inundation risk areas based only
on what is called historical information, i.e., residents’ memories about the water level in past
events of extreme rainfall (COORDENADORIA MUNICIPAL DE GESTAO E PROTECAO
CIVIL, 2018). We contacted some current and former officials of the Secretariat of Public
Works, Urban Regulation and Civil Defense of Lavras to assess the importance of this study.
All argued that the regional function would provide more reliability for planning and designing
flood control measures. In their view, considering the uncertainties would be important to

prioritize risk areas, once the majority is already occupied.
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4 CONCLUSION

A maximum streamflow regional function was developed in this study for the region of
Lavras, in the south of Minas Gerais, Brazil, through the dimensionless curve method. The
index flood, based only on the drainage area, is a simple approach and easy to employ in
ungauged sites. The Rz equal to 0.83 of the linear regression between the average maximum
streamflow and the drainage area of the monitored watersheds suggested a good fit. Likewise,
the regional growth curve, obtained by a logarithm relationship between the dimensionless
flood variable, i.e., the ratio between annual maximum streamflow and the series mean, and
return periods, satisfactorily described the studied watersheds with R2 equal to 0.93.

At-site analysis showed that 3-parameter Log-Normal distribution best described four
of the studied annual maximum streamflow series, 2-parameter Log-Normal best described one
and Gumbel the other one. The values of coefficient ¢ of Camargo and Sentelhas, comparing
at-site to regional analysis estimates by jack-knifing, proved the good performance of the
regional function (c > 0.70 in all cases). Thus, the maximum streamflow regional function is an
interesting alternative for flood estimates in gauged and ungauged sites in this region. However,
it is important to mention the possible inaccuracy of applying the function in watersheds with
areas out of the boundary of the studied sites (351.22 to 1825.44 km?).

Monte Carlo simulations and bootstrapping resulted in the evaluation of the estimates
uncertainties. At-site analysis showed wide confidence intervals, with Bom Sucesso presenting
the widest range (-0.30% to 0.46%) and Couro do Cervo the narrowest range (-0.12% to 0.17%).
The confidence intervals of the regional function were narrower than the PDFs, however, in
some cases they did not overlap. Regional analysis under-estimated the streamflow in one of
the gauged watersheds, over-estimated it in three sites and showed very close values in two
sites. Hence, it is important to consider these variations and evaluate the best approach for each
site in the region.

Regardless of the large confidence intervals for prediction in ungauged basins, the
consideration of uncertainty bounds is an important step for appropriate flood risk management.
In order to improve the adequacy of estimates in ungauged watersheds, future studies should
consider the utilization of more robust regionalization techniques, including improved
statistical analyses, different hydrological grouping, and a larger number of explanatory

variables.
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The regional function developed for the region of Lavras will support the decision-
makers planning flood control measures, as the city lacks adequate urban drainage management.
Further, the simple methodology applied in this work may assist the development of regional
functions for other regions, improving the adequacy of streamflow estimates throughout Brazil

and consequently reducing the negative impacts of floods.
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ABSTRACT

Proper flood risk management is essential to guarantee population safety and decrease
economic losses. Hydrologic and hydraulic modeling, which enable the creation of flood maps,
urge as an important tool to support decision-makers. In this sense, this work aims to map urban
areas vulnerable to floods in Lavras, Minas Gerais, Brazil. Considering that many urban
watersheds in Brazil lack in streamflow monitoring, as is the case of Lavras, regional functions
are an alternative to adequately estimate maximum streamflow. We compared two maximum
streamflow regional functions developed for the Grande River Basin, where Lavras is located.
Two gauged watersheds were selected to evaluate the performance of the regional functions,
one that was used to develop both regional functions and one with drainage area similar to the
ungauged urban watershed in Lavras. Design floods of 2, 5, 10, 20, 50, 100, 500 and 1000-year
return periods were estimated by 3-parameter Log-Normal probability density function and the
regional functions. The percent error and Nash-Sutcliffe coefficient of natural, logarithmically
transformed streamflow showed that the regional function developed by index flood and
regional growth curve is more adequate for Lavras as opposed to the regional function based
on the best-fitted PDF. Finally, flood maps for 5, 10, 50 and 100-year return periods were
created using the software HEC-RAS. The identified flooding areas may support decision-
makers of the city to improve the urban drainage system and propose effective soft and hard
control measures for vulnerable areas in Lavras.

Keywords: hydraulic modelling; inundation; flood risk; Grande River Basin.

1 INTRODUCTION

Accelerated urbanization without planning causes severe impacts in water resources,
such as water pollution, changes in river channels and flood regime. Impervious surfaces lead
to decreased infiltration in the floodplain, which increases the runoff, consequently rising the
flood risk (MORAES et al., 2018). Besides that, climate changes may also be influencing the
rise of extreme rainfall events and runoff, leading to higher inundation risks (AHN;
MERWADE, 2014). Therefore, appropriate design of urban drainage systems, and studies
aiming to reduce the risks and damages caused by these events are essential to maintain
population safety and quality of life (BODOQUE et al., 2016; SPECKHANN et al., 2018).

According to the Centre for Research on the Epidemiology of Disasters (CRED;
UNDRR, 2015), part of the World Health Organization (WHO), inundation events
corresponded to 47% of all natural disasters related to climate occurred between 1995 and 2015,
affecting 2.3 billion of people, mainly in lower income countries. In South America, on average,
560,000 people per year were affected by floods between 1995 and 2004, and in the following
decade (2005-2014), this average rose to 2.2 million people per year (CRED; UNDRR, 2015).
In Brazil, hydrological disasters (i.e., flood, landslide, and wave action) are the second greatest
occurrence of natural disasters and occur throughout the country. Between January 1% of 2000
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and July 31% 2017, 6,164 emergencies related to hydrological disasters were registered in 2,872
municipalities, which corresponds to 51.5% of all Brazilian cities (Brazilian Ministry of Health
2018).

Aiming to avoid or reduce negative impacts caused by extreme events, decision-makers
should consider an integrated and sustainable flood management. Large construction projects,
as dams and levees, gives a false sense of security, and failures in structural (hard) flood control
measures can lead to higher flood problems and economical injuries (ARDAYA; EVERS;
RIBBE, 2017; RIDOLFI; ALBRECHT; DI BALDASSARRE, 2020). On the other hand, non-
structural (soft) measures can be effective with lower costs and in a longer planning horizon
(CANHOLLI, 2005; CARRICK et al., 2019). In this sense, proper planning of urban drainage
systems implies a broad view of preventive and corrective measures, involving urban
occupation planning and built infrastructure that may be necessary (DECINA; BRANDAO,
2016).

Hence, hydrologic and hydraulic modeling rise as important tools, since they allow
simulation of different scenarios to perform flood events studies, flood risk management and
urban drainage design (CABRAL et al., 2014; QUIROGAA et al., 2016). These tools are
essential for water management and public policy decision-making regarding urban drainage
planning (SOUZA; CRISPIM; FORMIGA, 2012). The software applications HEC-HMS and
HEC-RAS have been widely applied to hydrologic and hydraulic modeling focused on flood
management and urban drainage (BODOQUE et al., 2016; BRUNNER; CEIWR-HEC, 2016;
MORAES et al., 2018; PAES; BRANDAO, 2013; SCHARFFENBERG et al., 2018; SOUZA;
CRISPIM; FORMIGA, 2012).

Cabral et al. (2014) evaluated the floodplain of a reach of Aracal River Basin, Ceara,
Brazil, integrating hydrological and hydraulics analyses through HEC-HMS and HEC-RAS
with geographic information systems. This approach allowed developing reliable flood
assessments based on digital data, satellite images and field observations (CABRAL et al.,
2014; COOK; MERWADE, 2009; HASANI, 2013). Hydraulic modeling by HEC-RAS enables
the diagnosis of the hydrodynamic behavior of the watercourse and drainage channel, serving
as a basis for urban drainage projects and the establishment of effective environmental, social
and economic protection strategies.

Proper hydrologic and hydraulic modeling rely on adequate streamflow estimates,
which in turn, depend on satisfactory hydrological monitoring. However, many countries face
a lack of streamflow gauging stations, especially in small watersheds (BESKOW et al., 2016;

SWAIN; PATRA, 2017). To overcome this issue, a common alternative is to implement
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regionalization techniques to estimate streamflow in ungauged or poorly monitored sites
(BAIDYA; SINGH; PANDA, 2020; CASSALHO et al., 2017; LELIS et al., 2020). In this
sense, regional functions to predict maximum streamflow can produce estimates that are more
reliable, and support the creation of flood hazard maps by means of hydraulic modeling.

As pointed by Lelis et al. (2020), because of the gap in streamflow monitoring in Brazil,
regionalization studies and the comparison of different methodologies are an important topic in
hydrology. Along with that, flood hazard mapping is essential to guide effective city
management involving disaster prevention, drainage planning, and land use and occupation
policies in Brazilian municipalities that constantly face flood impacts (BRITES et al., 2019;
SPECKHANN et al., 2018).

The Grande River basin, located in the states of Minas Gerais and S&o Paulo, in the
southeastern region of Brazil, has undergone severe flood events. According to the Brazilian
National System of Water Resources Information (ANA, 2019a), 96 of the 434 cities located
in the Grande River Basin faced at least one inundation event between 2003 and 2015. In
addition, 502 river sections were identified as highly vulnerable to floods with high impact and
frequency (ANA, 2019b).

Lavras, in the South of Minas Gerais, is located in the upper region of Grande River and
in the drainage area of Funil Hydropower plant. There are no large rivers in the most urbanized
areas of the city, but residents often face inundation problems in the urban streams. To avoid
negative impacts on the economy and population safety, Tucci (2016) highlighted the
importance of proper city planning regarding urban drainage and flood management that is
commonly misled in Brazilian cities.

Given the abovementioned, the main objective of this study is to create flood maps for
an ungauged watershed located in Lavras, MG, Brazil, aiming to support effective flood risk
management. In addition, this work aims to evaluate the predictive capacity of two maximum
streamflow regional functions developed for the Grande River Basin and identify the one more
adequate to support the creation of flood maps for Lavras.

2 MATERIALS AND METHODS

This study was performed based on maximum streamflow regional functions developed
by Amorim et al. (2020) and Souza et al. (2021). Both works regionalized maximum streamflow
in the Grande River Basin, Brazil, applying different methodologies and streamflow

observations from different gauge stations (FIGURE 1). The estimates from both regional
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functions were compared in order to define the most appropriate approach to estimate
streamflow in an ungauged urban watershed located in Lavras city, MG, Brazil, and then create

flood maps.

Figure 1 — Location of the streamflow gauge stations regionalized by Amorim et al. (2020) and
Souza et al. (2021).

45°3:0'W 45°P'W 44“:?0‘W 44°P‘W 43°%0‘W
N
0
o
- Bom Sucesso
o

Alfredo Vasconcelos

Couro do Cervo 0510 20 30
B km

21 °I]30'S

Legend
Stations used by
Amorim et al. (2020)

Stations used by
Souza et al. (2020)

Stations used in
both studies

—— Rivers

22°0'S

Lavras city
[T Minas Gerais
5 [ Brazil

Source: from Author (2021).

2.1 Maximum streamflow regional functions

Amorim et al. (2020) adjusted regional models (RFA) based on the drainage areas,
applying the best-fitted PDF for each series, for return periods of 2, 5, 10, 20, 50, 100, 500 and
1000 years. These authors identified the hydrological homogenous region based on statistical
criteria, comparing the observed frequencies of the dimensionless flood variable, i.e., the ratio
between the observed streamflow and the mean of the annual maximum streamflow series.

Souza et al. (2021) identified the homogenous region according to the heterogeneity
measure (H) and the discordancy measure (D), proposed by (HOSKING; WALLIS, 1995,
1997). The regional function developed by Souza et al. (2021) (RFS) was based on the

dimensionless curve method, considering an index flood that is specific for each location and a
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regional growth curve that is common for every site in a region. For gauged basins, the index
flood is the mean of the annual maximum streamflow (AMS) series. For ungauged basins, it
was estimated by a linear regression between the mean annual maximum streamflow and the
drainage area. The regional growth curve is common to every site in the region and was
determined by a logarithmic regression between the dimensionless flood variable and their

corresponding return periods. Table 1 shows the regional functions developed by these studies.

Table 1 — Maximum streamflow regional functions developed by Souza et al. (2021) (RFS) and
Amorim et al. (2020) (RFA).

Regional function developed by Regional function developed by Amorim et al.
Souza et al. (2021) (2020)
(RFS) (RFA)

Qp(2) =0.17 x A"
Qp(5)=0.51 xA"®

Qg = Q. x [0.5133 x In(RP) +0.5016] Qg (10) =0.76 xA**
Qg (20) = 0.98 xA*7

In which, for ungauged sites: Qp(50)=1.22 xA0-79

Q,,. = 0.0937xA +20.6312 Qq(100) = 1.38 A"

Qg (500) = 1.71 xA*®

Q, (1000) = 1.86 xA*®
Qr: regionalized streamflow (m3s?); Qmc: index flood, taken as the mean of the AMS series (m3s?) for
gauged sites; RP: return period (years); A: drainage area (km2).

Source: from Author (2021).

2.2 Flood estimates by the regional functions

In order to compare the regional functions developed by Amorim et al. (2020) and Souza
et al. (2021), we selected the AMS series from Bom Sucesso (A = 351.22 km?), which was
regionalized by both studies and from Alfredo Vasconcelos (A = 20.04 km?2), regionalized by
Amorim et al. (2020). The last station was chosen because the area of the urban watershed in
the city of Lavras is similar (29.24 km?).

The selected AMS series were adjusted to the probability density function (PDF) 3-
parameter Log-Normal (LN-3P) and goodness-of-fit was assessed by the Anderson-Darling
test. We estimated the PDF quantiles for 2, 5, 10, 20, 50, 100, 500 and 1000-year return periods
and the confidence intervals were constructed by Monte Carlo Simulation (NAGHETTINI,
2017).

Next, the quantiles were also estimated by the regional functions. For RFS, as Bom

Sucesso series were used in the regionalization, the Qmc was the observed mean annual
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maximum streamflow of 71.03 m3s? (SOUZA et al., 2021). Alfredo Vasconcelos was
considered ungauged, then, the index flood was calculated as a function of the drainage area
(Qme = 0.0937 x A + 20.6312). The index flood for this site was also estimated considering
data-transfer from a hydrologically similar site in order to enhance the streamflow predictions
(INSTITUTE OF HYDROLOGY, 1999; KIJELDSEN; JONES, 2007, 2010). The Institute of
Hydrology (1999) recommends using data from a gauged site (donor site) ideally situated just
upstream or downstream of the site of interest; or a similar sized watershed on an adjacent
tributary with similar physiography and land use; or a more distant site considered sufficiently

similar to the ungauged site. Then, the data-transferred index flood is estimated by Equation

(1).

qd-obs

1)

ch-adj: QmC_ESt Qd-est

Where: (d-obs IS the observed index flood at the gauged site; ga-est iS the index flood at
the gauged site estimated by the linear function; Qmcest IS the estimated index flood at the
ungauged site and Qmc-agj is the adjusted index flood at the ungauged site.

To identify the donor site, a new homogeneity analysis was performed adding Alfredo
Vasconcelos AMS series to the homogeneous region composed by the six stations regionalized
by Souza et al. (2021). We followed the same procedures of this paper to calculate the
heterogeneity measure (H) and the discordancy measure (Di) (HOSKING; WALLIS, 1995,
1997). By analyzing the drainage area and the discordancy measure, the most similar site was
chosen as donor to data-transfer for index flood estimation when considering Alfredo
Vasconcelos as ungauged. Finally, the maximum streamflow for an ungauged site were
estimated by RFA, RFS and using index flood adjusted by data-transfer for the regional function
developed by Souza et al. (2021), henceforth referred as RFS-a.

The performances of the regional functions were evaluated by the percent error from
PDF estimates for all regional estimates and the mean percent error for each basin, and Nash-
Sutcliffe coefficient of natural, logarithmically transformed (NSE-LN) streamflow. The NSE-
LN was chosen as performance metric because the Nash-Sutcliffe coefficient can be highly
sensitive to outliers and skewed data, since the differences between observed and estimated
values are squared and an arithmetic mean is implied. Then, to avoid this problem and provide
a coefficient that is more evenly affected by the predictions, an alternative is to consider the
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NSE of the natural logarithms, although it is unable to handle zero data (FARMER et al., 2015;
GUPTA; KLING, 2011).

2.3 Flood maps in an urban ungauged watershed

The city of Lavras is located in the South of Minas Gerais State with a population of
103,773 inhabitants (IBGE, 2019); demographic density 163.26 inh.km? and the
urbanization/impervious roadways correspond to 37.4% (IBGE, 2010). The climate in this
region is Cwb in Koppen classification, with dry winter and rainy summer (ALVARES et al.,
2013). Considering the most urbanized area of the Vermelho Creek watershed, a subbasin was
delineated using the add-in HEC-GeoHMS in ArcGIS 10.5, with area 29.24 km2 and perimeter
35.37 km. Then, reaches that constantly face flood impacts were selected for generating
inundation boundaries of 5, 10, 50 and 100-year return periods in the software HEC-RAS 5.0.7
(FIGURE 2).

Figure 2 — Urban watershed located in Lavras, MG, Brazil, and selected reaches (1 to 7) for
flood map.
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The contribution areas of each reach were calculated using the GeoHMS add-in and the
streamflow estimated applying the regional function that produced the most adequate
predictions in the performance analysis described on Section 2.2.

For the delineation of the urban watershed in ArcGIS and the creation of flood maps in
HEC-RAS, we used:

e aDEM with spatial resolution of 3x3 m created from contour lines spaced by 1 m,

provided by the Secretary of Public Works of the municipality of Lavras;

e Aerial images from 2014, provided by the Secretary of Public Works of the

municipality of Lavras, with a spatial resolution of 0.07 meters.

This version of HEC-RAS allows the construction of the geometry data on the software
itself. Analyzing the DEM and aerial images, we drew the river centerline, bank lines, flowpaths
and cross-sections. The aerial images were used to identify the land use and then to attribute
Manning’s n values for the floodplain and river channels. For the floodplain, channels with
vegetation and constructed channels we considered n values of 0.035, 0.025 and 0.02,
respectively (BUTLER; DAVIES, 2004). Bridges and culverts, and their geometry, were also
identified through the aerial images. The simulations were proceeded considering one-
dimensional and steady flow, and normal depth as boundary condition.

Figure 3 shows the hydraulic model created on HEC-RAS using the aerial images and
the DEM with resolution 3x3 m. Figure 4 shows an example of a cross-section in the Vermelho

Creek, after computing the delineated geometry and the DEM information on HEC-RAS.
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Figure 3 — HEC-RAS geometry for the selected reaches in the urban part of Vermelho Creek

watershed in Lavras, MG, Brazil.
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Figure 4 — First cross-section of the Vermelho Creek (reach 4) obtained from HEC-RAS using

the DEM with 3 meter resolution.
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2.4 Assessment of the areas affected by the design floods

Evaluating areas affected by the design floods, the current land use, and the city
occupation policies is essential for effective urban drainage planning. The land use and
occupation were assessed by manually classifying the aerial images of the urban watershed
using ArcGIS 10.5. We defined 5 classes of land use: buildings, sparse vegetation, vegetation,
roads and railways, and channels/streams.

The regulated land use was assessed by the urban zones described in the Soil Use
Directive Plan of Lavras (LAVRAS, 2008, 2016), which establishes land use regulation policies
for the city. In Lavras, there are 14 zones that consider the availability of infrastructure and
densification capacity, as well as the discomfort degree of the population and the environmental
pollution. However, for the design floods studied, we identified 7 urban zones that would be
affected, which the regulated uses are:

e Reference use — lands that are not regulated by the city council, as universities and

colleges;

e ZPA — Environmental Protection Zone defined by the Brazilian Environmental
Legislation, such as areas around springs and water courses that should be vegetated,;

e ZEIA —Special Zone of Environmental Interest, where interventions should be made
to implement recreational and environmental recovery areas;

e ZEIUA — Special Zone of Urbanistic-Environmental Interest, which corresponds to
degraded urban areas, not adequate to be occupied by residences and/or buildings;

e ZMA — Densified Mixed Zone, occupied by residences, commercial buildings and
services, where is allowed a medium density verticalization process;

e ZMC - Controlled Mixed Zone, where commerce, services and public facilities are
concentrated, with predominance of low density single family and multifamily
residential occupation, making it possible to install commercial uses and local care
services, compatible with residential use

e ZMI — Mixed Zone, where predominates residences, but it is also possible to install
commerce and local assistant services, admitting a low-density verticalization
process.

Therefore, using the flood maps created, we analyzed the current and the regulated land

use of the designed inundation areas. Thus, a comparison between the impacted areas by the

floods in each of the land use cases was possible.
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3 RESULTS AND DISCUSSION

3.1 Flood estimates by the regional functions

The homogeneity analysis showed that Alfredo Vasconcelos can be included in the
region identified by Souza et al. (2021) since the heterogeneity measure was lower than one (H
= 0.9245), which characterizes a homogeneous region (HOSKING; WALLIS, 1997). Then, to
calculate the index flood for Alfredo Vasconcelos applying the data-transfer scheme, we
selected the gauge station Couro do Cervo, since these two stations presented closer Di and

drainage areas in comparison with the others (TABLE 2).

Table 2 — Discordancy measure (Di) and drainage areas of the streamflow gauge stations
regionalized by Souza et al. (2021) and the gauge station Alfredo Vasconcelos.

Station Discordancy Measure (Di) Drainage Area (km?)
Alfredo Vasconcelos 1.3331 20.21

Couro do Cervo 1.6905 387.86
Bom Sucesso 0.593 351.22
ltumirim 0.677 1825.44
Luminarias 0.8944 1003.91
Marechal Mascarenhas 1.1876 1049.96
Santana do Jacaré 0.6245 1439.14

Source: from Author (2021).

Figure 5 and 6 show the streamflow estimates and confidence intervals of PDF for Bom
Sucesso and Alfredo Vasconcelos, respectively. Figure 7 shows the distribution of the percent
errors of the streamflow estimates using RFA and RFS for Couro do Cervo (gauged basin), and

using RFA, RFS and RFS-a for Alfredo Vasconcelos (considered as ungauged).
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Figure 5 — Streamflow quantiles estimated by the LN-3P probability density function with
confidence intervals and estimated by the regional functions for the station Bom

Sucesso.
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Figure 6 — Streamflow quantiles estimated by the LN-3P probability density function with
confidence intervals and estimated by the regional functions for the station Alfredo
Vasconcelos when considered as ungauged.
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RFA underestimated the streamflow in Bom Sucesso out of the confidence interval of
the PDF estimates, and presented mean percent error around -37% and NSE-LN of 0.353
comparing to the PDF estimates (TABLE 3). For return periods lower than 50-years, RFS
resulted in estimates closer to the PDF’s values, and all estimates were within the lower limit
of the confidence interval. RFS presented a high NSE-LN (0.951), confirming the good
performance of this regional function to estimate floods in Bom Sucesso gauge (TABLE 3).
The good performance for Bom Sucesso was expected since the Qmc was the mean of observed
AMS series. Figure 7a shows that the RFA highly underestimates the streamflow in comparison
to the RFS.

Figure 7 — Distribution of percent errors of streamflow estimates in comparison with PDF
estimates for each regional function at the gauge stations Bom Sucesso (a) and
Alfredo Vasconcelos (b).
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Table 3 — Performance of the regional estimates by Souza et al. (2021) and Amorim et al. (2020)
evaluated by the mean percent error (MPE), Nash-Sutcliffe of natural-logarithm data

(NSE-LN).
Station Regional estimate MPE (%) NSE-LN
Bom SUCEsso RFA -36.675 0.353
RFS -7.870 0.951
RFA -51.297 -4.314
Alfredo Vasconcelos RFS 123.984 -4.333
RFS-a 51.480 -0.503

Source: from Author (2021).
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For Alfredo Vasconcelos station, when considered as ungauged, RFA underestimates
on average -51% the streamflow values comparing to LN-3P estimates (TABLE 3) and all
estimates are out of the confidence interval bound, with NSE-LN of -4.314. RFS overestimates
in average 124% the streamflow and are also out of the confidence interval bound (NSE-LN =
-4.333). Although the estimates by the regional function developed by Souza et al. (2021) with
data-transfer for the index flood (RFS-a) still overestimates the streamflow (+51%) and are out
of the confidence interval, the NSE-LN has improved considerably (-0.503). The percent errors
of RFS-a estimates have also dropped considerably (FIGURE 7b). The lower performance of
RFS and RFS-a for Alfredo Vasconcelos when compared to Bom Sucesso is explained by the
estimation of the index flood and its smaller drainage area, since the regional function by Souza
et al. (2021) was developed from watersheds from 351.22 to 1825.44 km2. The index flood
approach showed lower errors for lower return periods (2 and 5-years), whereas RFA resulted
in lower errors for superior return periods (FIGURE 6).

Amorim et al. (2020) regionalized the maximum streamflow by the selected values
method, in which, the streamflow values are determined for fixed return periods by using the
best adjusted PDF for each time series (TUCCI, 2002). Thus, the regression model is produced
based on estimates by the best-fitted PDF, which may transfer uncertainties related to the
adjustment. On the other hand, the regression model developed by Souza et al. (2021) is based
on the observed streamflow values, therefore, decreasing inherent errors. However, the wide
range of AMS series length (16 to 85 years) regionalized by Souza et al. (2021) also produces
uncertainties that influences the adequacy of the estimates.

As highlighted by Souza et al. (2021), underestimates of streamflow can represent great
risks for population safety when planning flood control measures. On the other hand,
overestimates may imply higher costs of structural measures. Thus, balancing these two
scenarios is essential in flood risk management. Considering that and the performance of the
regional functions analyzed for Alfredo Vasconcelos, these findings suggest that RFS-a is more
suitable for flood predictions in ungauged watersheds in the region of Lavras.

3.2 Flood maps in an urban ungauged watershed

The design floods for each reach were estimated by the RFS-a, using Couro do Cervo
as donor site for index flood data-transfer (TABLE 4). It is important to mention that Souza et
al. (2021) regionalized maximum streamflow from drainage areas varying from 351.22 to
1825.44 km?; extrapolating the index flood to the urban watersheds (0.98 to 29.24 km?) that



94

may imply in inaccurate estimates. In addition, the linear regression used to estimate the index
flood (Qmc) for ungauged sites, implies that when the watershed area is zero, the Qmc is equal
to the linear coefficient of the equation (20.6132 m3s-1). Thus, design floods in smaller drainage
areas are highly influenced by the Qmc estimates, resulting in small differences in the
regionalized streamflow, as is observed in Table 4. However, as aforementioned, this method
better predicted streamflow in Alfredo VVasconcelos, justifying its application. Further analysis,
adding this gauged site to the regional function developed by Souza et al. (2021), might improve

the estimates.

Table 4 — Streamflow estimates for the urban reaches studied in Lavras by the regional function
developed by Souza et al. (2021) with data-transfer for the index flood.

Upstream flow (m3s™)

Reach n. (i:ﬁef‘) 2. 5 10-  20- 50- 100- 500- _ 1000-
year year year year year year year  year

Stream 1 1 098 120 186 236 286 352 402 517  56.7
Stream 2 2 215 121 187 237 287 354 404 520 570
Stream 3 3 104 120 186 236 286 352 402 518 567
Vermelho Creek 4 1239 126 196 248 301 370 422 544 596
Vermelho Creek 5 19.98 130 202 256 310 382 436 562 616
Vermelho Creek 6 2451 133 206 261 316 389 444 572 628
Vermelho Creek 7 2600 134 207 263 318 392 447 576  63.1
Vermelho Creek o 5954 136 210 266 322 397 453 583  64.0

(estuary)

Source: from Author (2021).

Finally, Table 5 presents the inundation areas simulated for the streamflow estimates
shown on Table 4 and Figure 8 shows the flood extents for design floods of 5, 10, 50 and 100-
year return periods. Brites et al. (2019), in a study performed in the Jacu River Basin in Sdo
Paulo, suggested to employ non-structural measures (e.g. land regulation policies) to areas
affected by 100-year flood, otherwise, building structural flood control measures would require
an investment 21% higher than the 25-year floods in this watershed. Floods of smaller return
periods, as 5, 10 and 50-year, should be considered for designing urban drainage systems
(BUTLER; DAVIES, 2004; MIGUEZ et al., 2007).
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Table 5 — Inundation areas for the urban reaches studied in Lavras, simulated using the
streamflow estimates of the regional function developed by Souza et al. (2021) with

data-transfer for the index flood.

Return period (years) Inundation area (km?)

2
5
10
20
50
100
500
1000

36.29
40.34
43.74
47.34
50.06
51.86
58.69
62.04

Source: from Author (2021).

Figure 8 — Flood extents in the selected urban area of Lavras for 5-year (a); 10-year (b); 50-
year (c) and 100-year (d) return periods with streamflow estimated by the adjusted
index flood and regional growth curve developed by Souza et al. (2021).
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Khattak et al. (2015) compared the extent of inundated areas simulated by HEC-RAS
with a flood event occurred in 2010 in Kabul River with MODIS satellite images. Although
these authors used DEM of 30x30 m resolution, the simulated flood extents still closely
matched the satellite images. However, they observed several islands and reservoirs produced
by the hydraulic simulation, which may be attributed to the fact that water surface generation
assumes continuous values of elevation whereas the DEM has intervals of 1 meter. Some
disconnections were also observed in the simulated maps for Lavras that may be addressed by
calibrating channel roughness values and performing a more detailed field assessment of the
reaches geometry (JAFARZADEGAN; MERWADE; SAKSENA, 2018; KHATTAK et al.,
2015).

Considering future changes in land use is important to an effective flood management,
as it can increase the vulnerable areas to floods. As discussed on Section 3.1, the regional
function overestimated the design floods for Alfredo VVasconcelos. In consequence, it suggests
that the inundation areas produced by the hydraulic modelling for Lavras may also be
overdesigned. Therefore, the flood maps created may comprise future increases in runoff in the
urban area of Lavras.

The flood maps created for Lavras are an important tool to support urban drainage
planning. According to Tucci (2016), the implementation of an urban drainage directive plan is
essential to guarantee population safety, controlling future impacts of floods by means of
regulation policies and present impacts with structural and non-structural measures. Currently,
there is no urban drainage plan implemented in Lavras, which lacks flood management
directives. The city published the Environmental and Sanitation Municipal Plan in 2018
(LAVRAS, 2018) that is a mandatory documentation for Brazilian cities (BRAZIL, 2007).
However, the plan presents a brief description of the present drainage system and none

established goals for improving flood risk management.

3.3 Urban occupation of the areas affected by the designed floods

Along with the Environmental and Sanitation Plan, the Soil Use Directive Plan
(LAVRAS, 2008, 2016) comprises land use regulation policies and a minimum permeability
rate for new buildings and constructions. Nevertheless, the uses established by the plan are not
completely followed. By assessing the areas affected by the 100-year design flood, Figure 9
shows that 24% of the current land use are not in accordance with the use regulated by the

municipal legislation.
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Figure 9 — Comparison of the current land use and the regulated use by the Lavras Directive
Plan for the inundation area of 100-year return period in the urban reaches of
Vermelho Creek Watershed.
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Source: from Author (2021).

By assessing the current land use and the urban zoning of Lavras, we identified the
percentage of areas affected by the design floods of 5, 10, 50 and 100-year return period. Table
6 shows the inundated percentage of area considering the land use classes defined for the region.
For all return periods, the majority of the inundated areas would be vegetated. However, as the
return period increases, the percentage of buildings affected also increases. Table 7 shows the
percentage of area inundated according to the urban zones.
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Table 6 — Assessment of the current land use of the inundated areas by the design floods in the
urban reaches of Vermelho Creek Watershed.

Percentage of inundated area by land use (%)

Design

flood Vegetation Spars_e Buildings RO"’.‘dS and Channels
vegetation railways
5-year 44.61 16.51 30.43 6.95 151
10-year 43.31 16.16 31.38 7.76 1.39
50-year 40.96 16.22 32.92 8.63 1.27
100-year 40.76 16.23 32.87 8.85 1.28

Source: from Author (2021).

Table 7 — Assessment of the urban zoning of the inundated areas by the design floods in the
urban reaches of Vermelho Creek Watershed.

Percentage of inundated area by urban zones (%)
Design flood Reference ZPA ZEIA ZEIUA ZMA ZMC ZMI

use
5-year 16.88 64.26 4.25 0.01 5.24 1.26 7.90
10-year 16.36 63.77 4.60 0.02 5.27 1.82 7.85
50-year 18.75 61.69 4.42 0.03 4.88 2.53 7.37
100-year 18.77 61.54 4.37 0.03 4.92 2.68 7.33

Source: from Author (2021).

As mentioned in Section 2.4, residences, commercial and services buildings are not
allowed in the zones ZPA, ZEIA and ZEIUA. Thus, by comparing the inundated areas
considering the current land use and the urban zoning, we verified that simply by following the
regulation policies, the percentage of buildings affected by the designed floods would decrease
75%.

In this sense, a city planning more focused in urban drainage and flood risk management
is necessary to decrease the population vulnerability to floods and to guide the urbanization
increasing. Thus, the flood maps provide fundamental knowledge for decision-makers in order
to prioritize high-risk areas and to choose the best approach for implementing flood control

measures.

4 CONCLUSION

In this study, the predictions of maximum streamflow regional functions developed by
Amorim et al. (2020) and Souza et al. (2021) were compared in order to perform flood studies
in ungauged basins in Lavras, MG, Brazil. Estimates by Souza et al. (2021), using data transfer
for the index flood, showed better results, despite it was generated regionalizing drainage areas
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(351.22 to 1825.44 km?) bigger than the gauged watershed that was analyzed, Alfredo
Vasconcelos (20.04 km2).

The estimates by the regional function generated by Souza et al. (2021) enabled the
construction of flood maps in the ungauged urban watershed located in Lavras. These maps are
an important tool for city management and decision-making regarding the planning of structural
flood control measures and land occupation policies. The comparison between the current and
regulated land use showed that the urbanized areas affected by floods would decrease 75% by

following the urban zones established by the Soil Use Directive Plan of Lavras.
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