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Abstract 

Technical approaches inspired by concepts such as green and blue infrastructure (GBI) may offer 
alternatives for urban adaptation to climate change with significant environmental and 
socioeconomic benefits. Nevertheless, adopting green and blue approaches to consolidated urban 
areas is a challenge due to the high costs involved, such as the costs for GBI adoption and land use 
opportunity costs. Households and firms may not have incentives to adopt GBI and then the 
expected change relies on urban renovation potential, when vacant lots or the older real estate stock 
are substituted by new buildings that adopt the GBI techniques. We study the municipality of Belo 
Horizonte, which has just approved a new Master Plan that includes instruments that give 
economic incentives to developers to use GBI. Developers may have the Charges for Additional 
Building Rights (CABR, Outorga Onerosa do Direito a Construir) partially waived if they adopt 
GBI. Given the level of uncertainty of these processes, this research investigates the potential of 
these instruments to effectively produce change in terms of the adoption of GBI approaches in the 
face of different scenarios of climate change, GBI costs, and land value. We use a quantitative 
multidisciplinary approach to address these questions and simulate six scenarios combining 
different levels of GBI adoption, different GBI devices (rain barrels, rain gardens, and green roofs), 
and climate change implied by higher levels of extreme rain fall events. Results indicate 1) current 
land use and only detention basins as GBI are not sufficient to significantly reduce flood risk in 
the Belo Horizonte urban context; 2) maximum renovation with GBI adopted may reduce flow 
peaks ranging from 50% for RP-2 years rain (very often event) to 5% for RP-100 years rain (rare 
event); 3) real estate markets will probably include GBI only in highly valued areas, because of 
both the cost-benefit comparison between CABR and GBI costs, and the typical market renovation 
trends – single-family houses in lower valued areas will be hardly converted in new building with 
GBI in the foreseeable future. If the level of GBI adoption is low across the studied catchment 
areas, GBI devices have limited capacity to mitigate extreme rainfalls. Climate change will 
probably increase significantly the level of extreme rainfall events in Belo Horizonte. If GBI 
devices are broadly adopted, they may reduce peak flows and volumes, and they also offer other 
benefits beyond drainage. These findings prescribe civic and policy attention and call for more 
direct public intervention in the GBI adoption. 

Keywords: water management, urban floods, urban planning, real estate, blue and green 
infrastructure, scenario planning 
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Using Green and Blue Infrastructure for Urban Flood Mitigation: Simulating Scenarios for 
Climate Change, GBI Technologies, and Land Policy 

Introduction 

Technical approaches inspired by concepts such as green and blue infrastructure (GBI) may offer 
alternatives for urban adaptation to climate change with significant environmental and 
socioeconomic benefits. Nevertheless, adopting green and blue approaches to consolidated urban 
areas is a challenge due to frequently high costs involved, such as the costs for GBI adoption and 
land use opportunity costs, and lack of adequate space. Households and firms may not have 
incentives to adopt GBI and then the expected change relies on urban renovation potential, when 
vacant lots or the older real estate stock are substituted by new buildings that adopt the GBI 
techniques.  

We study the municipality of Belo Horizonte, which has just approved a new Master Plan and land 
use regulation law that includes instruments that give economic incentives to developers to use 
GBI. Developers may have the Charges for Additional Building Rights (CABR, Outorga Onerosa 
do Direto de Construir) partially waived if they adopt GBI. Given the level of uncertainty of these 
processes, this research investigates the potential of these instruments to effectively produce 
change in terms of the adoption of GBI approaches in the face of different scenarios of climate 
change, GBI costs and land value.  

In this research, we have four possible scenarios that combine two dimensions of uncertainty: one 
dimension refers to the adoption or not of GBI techniques to mitigate the effects of extreme rainfall 
events; the other dimension refers to climate change, here simply put as extreme rainfall events, 
as our objective in this work is to discuss flood events. These two dimensions of uncertainty - GBI 
and climate change (CC) - define the two axes of Figure 1a. We created four catchy names to 
simplify the understanding of these four theoretical possibilities. If we have both CC and GBI 
adoption, we will have the Scenario called “Sponge City” - high levels of rainfall together with a 
city equipped with GBI. If we have only CC with no GBI adoption, we call this Scenario 
“Waterworld”, named after the 1995 American post-apocalyptic film, which depicts a world where 
CC led to a dismal situation of permanent global flooding.1 We called the Scenario with no CC 
and no GBI adoption of business-as-usual. Finally, we called the optimist Scenario of GBI 
adoption with no CC of “Eden,” implying a world of GBI adoption with no CC or even reduction 
of the level of extreme rain events. 

From these four theoretical Scenarios, we simulated four likely Scenarios, depicted in Figure 1b. 
They are represented by points as we infer levels of changes in the two uncertain variables - GBI 
adoption and rainfall levels. In the Scenario 0 (S0) we simulated the current land use and only the 
existing detention basins as GBI techniques. The existing detention basins are large-scale storage 
areas constructed by the local government to control flood events; they can be inline structures 
materialized by small dams that embank streams or offline structures connected to the main 
streams through channels and pumps. This Scenario does not consider GBI adoption or CC. 

1 “Waterworld” did not lead to a scenario in this research since the new legislation is changing business as usual, the 
extension of which we aim to access in this research.     
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Scenario 1 (S1) combines GBI adoption with no CC, in a way that the properties with the highest 
probabilities of renovation considering real estate market observed trends were hydrologically 
simulated as receiving rain barrels. The use of rain barrels is required by the new Master Plan for 
any new development. Additional GBI devices such as green roofs, infiltration trenches, or rain 
gardens can be used at the developer’s discretion. Therefore, Scenario 2 (S2) keeps the rain barrels 
of Scenario 1, now adding other GBI devices (green roofs and rain gardens). In other words, it 
raises the level of GBI adoption. Scenario 3 (S3) considers this level of GBI adoption combined 
with climate change (CC). S3 simulates rainfall levels of the period 2060-2080 with CC increasing 
significantly extreme events in Belo Horizonte. Hence, we can think of by what degree GBI 
techniques may reduce current flood risk and mitigate CC consequences also in terms of flood 
events. 
 
We use a quantitative multidisciplinary approach to address these questions. Specifically, we used 
Storm Water Management Models (SWMM) and HEC-RAS models to simulate urban floodplains 
with different return periods (RP) and different GBI techniques (rain barrels, rain gardens, and 
green roofs). Parallelly, we used a machine learning technique (gradient boosting) to forecast the 
probabilities of renovation of the current real estate stock, based on geolocalized real estate 
developments from the last decade. This technique offered a map of the properties with the highest 
probabilities of renovation considering real estate market observed trends, which then were 
simulated as receiving GBI - Scenarios 1 and 2. Then we used SKATER-REG clustering technique 
to create real estate submarkets and then performed Hedonic Price Modeling (HPM) to estimate 
land and properties value maps. In order to build Scenarios 1, 2, and 3 we compared the CABR 
levels to be waived in the case of GBI adoption with the GBI costs based on the land and properties 
maps.2  
 
Figure 1a: Summarized possibilities scenarios  

 

Source: Authors. 
 

 
 

2 The area called “Waterworld” in figure 1 represents “Business as usual” plus climate change impacts on 
rainfall regime. Scenarios in this area were not simulated since the new legislation will change business as 
usual, the extension of which we aim to access in this research.     
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Figure 1b: Intensity level of scenarios 
 

Source: Authors. 
 
Beyond simulating these 4 Scenarios for the entire Arrudas catchment area (the most central stream 
in Belo Horizonte), we simulate two more Scenarios exclusively for one of the most consolidated 
and dense creeks (Leitão stream). One of these Scenarios simulated the hydrological effect of 
having rain barrels in all the lots and constructions within this area, independently of urban 
renovation trends. The second one simulated the effect of having GBI devices together with 
maximum renovation of all potentially renewable lots within this area.  
 
Results indicate 1) current land use and only detention basins as GBI are not sufficient to 
significantly reduce flood risk in the Belo Horizonte urban context; 2) maximum renovation with 
GBI adopted, as proposed by the Master Plan, will contribute to reduce flood risk in areas 
frequently flooded, although its impact on high return period events (RP > 50 years) is minor; 3) 
real estate markets will probably include GBI only in highly valued (and therefore high-income) 
areas, because of both the cost-benefit comparison between CABR and GBI costs, and the typical 
market renovation trends - single family houses in lower valued areas will be hardly converted to 
new buildings with GBI in the foreseeable future. If the level of GBI adoption is low across the 
studied catchment areas, GBI devices have limited capacity to mitigate extreme rain falls. Climate 
change will probably increase significantly the level of extreme rainfall events in Belo Horizonte. 
If GBI devices are broadly adopted, they may reduce peak flows and volumes, and they also offer 
other benefits beyond drainage. These findings prescribe civic and policy attention and call for 
more direct public intervention in GBI adoption. 
 
 

Literature Review 

GBI concept and techniques 

Green and Blue Infrastructure usually refers to interconnected networks of natural and artificial 
green spaces and waterbodies, within and between urban areas. Although the understanding of 
green-blue approaches may vary regionally, it usually refers to the association of urban water 
management concepts such as water sensitive urban design (WSUD) and low impact development 
(LID) (see, for instance Fletcher et al. 2015) with more regional approaches encompassing blue 
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green corridors providing connectivity between protected areas, contributing to territorial structure 
and biodiversity, among other functions (Herzog & Rosa 2010; Benedict & McMahon, 2012; 
Nascimento et al, 2019). 
 
GBI may play a wide variety of multifunctional roles. Examples include flood risk reduction, wet 
weather diffuse pollution abatement, air pollution reduction, and less heat island effect (Lundy and 
Wade, 2011; McPherson et al., 2005; Niemelä et al., 2010; Rouse and Bunster-Ossa, 2013). They 
can also promote biodiversity and create opportunities for leisure and sport activities and for social 
contacts and social inclusion in the urban context, depending on their location and characteristics.  
 
Particularly in the developing world, urbanization has frequently been developed according to 
conventional approaches. This has led to an intense use of grey infrastructure, resulting in highly 
impervious surface rates, restricting green areas and channeling urban streams to conform to the 
road system.  
 
Retrofitting green infrastructure in this constructed environment can potentially be done by 
increasing tree canopy cover and restoring water bodies such as urban streams, ponds and lakes, 
implementing urban parks and squares in available open spaces, and adopting a wide variety of 
urban water management devices derived from LID, WSUD, and sustainable drainage systems 
(SUDS) concepts in the public and private spaces (Baek et al., 2015; Garcia-Cuerva et al., 2018; 
Nascimento et al., 2016; Romnée et al., 2015; Zhang and Chui, 2018). GBI devices may include 
rain gardens, green roofs, bioretention, infiltration and water storage devices, and others. 
   
Urban change, real estate markets and land use planning  

Cities and urban areas are constantly changing, in a pattern that Harvey (1990) called urban 
palimpsest - past forms superimposed upon each other. Urban change often does not erase the traits 
of the previous time periods, but re-writes over them new structures following new concepts, ideas 
and utopias. This is especially true for Latin American urban landscapes, where there is a mixture 
of pre-Columbian, colonial, industrial and post-modern eras (Almeida et al., 2022). In each round 
of capital accumulation, branches of capital (notably, the urban development capital) shape the 
built environment according to production and reproduction needs, as Lefebvre (1992) taught us. 
Real estate markets guide and react to each new round of capital accumulation. In this sense, when 
the industrial revolution was penetrating in each geography across the globe, urban developers 
shaped urban environments to be adapted to the needs of large-scale industrialization - road 
infrastructure, energy provision, large-scale housing projects, and so on. By the turn of the 21th 
Century, however, sustainability and climate change became severe issues in the public agenda, 
which pushed planners and social movements to struggle with real estate markets to bring these 
new necessities to the new developments. 
 
In this context, there is an emerging literature on how green and blue infrastructures interact with 
real estate markets, especially regarding the correlation between real estate prices and existing 
GBI. By GBI, in this case, we refer to the built or existing green areas, such as urban parks or 
conservation areas, and watercourses. Some studies also cope with the correlation between 
floodplain areas and negative effects on housing prices. These studies aim to inform the public and 
academic debate on how GBI may be financially sustainable and uplift urban land values. They 
also investigate how natural events such as floods are capitalized on real estate prices. 
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For instance, Konijnendijk et al. (2013) made a systematic review of the benefits of urban parks. 
They analyzed several benefits of urban parks, including the potential for valorization of housing 
units. In this regard, they gathered 23 articles, 19 out of them that used HPM to study the 
correlation between urban parks presence and housing prices. The number of property sales 
included in the datasets ranged from 112 to 24862. Typically, house prices were only studied in 
one city or city region, and only at one moment in time/time interval, rather than compared over 
time. Parks mostly have a positive impact on property prices. They cite that the meta-analysis by 
Brander and Koetse (2011) concluded that open spaces in general, as well as specifically parks 
generally raise the value of nearby properties, be it houses or apartments. The large majority of the 
other articles and studies confirm these pictures, although the precise impact on property value 
ranges widely among cities and countries. Rents are also affected by the proximity with urban 
parks. Size is a relevant factor, but studies indicate that even smaller green patches can have a 
positive influence. Interestingly, large private gardens (houses or low density) may make the park 
effect fade away, possibly due to the already available private green space within each property. 
When analyzing some studies for Chinese metropolises, they find that water bodies have larger 
effects than urban parks, a finding that is particularly relevant to our research. 
 
Beltrán, Maddison, and Elliott (2018) made a meta-analysis that is key to the main topic discussed 
in this research: is flood risk capitalized into property values? If that is the case, GBI techniques, 
which may reduce the flood risk, should benefit house owners across the city, even if they do not 
have GBI devices within their properties. Moreover, higher property values tend to correlate with 
higher renovation rates, as we show in the renovation potential section in this working paper. In 
their study, they selected US papers that captured the risk of flooding by a dummy variable 
measuring if the property is within or outside the floodplain for a time of return of 100 or 500 
years. 33 out of 37 studies reported, on average, a property valuation of -6.1% in residences within 
the floodplain, although the standard deviation is high and estimates range from -75.5% to +61%. 
In a first general regression, the studies are divided between coastal and continental areas, which 
brought about a general effect of being in the floodplain of -5.6%. In coastal areas, amenities 
related to the sea dominate the risk of flooding. Hence, they believe that it is impossible to make 
this type of estimation in coastal areas. Looking only at the differences-in-differences and 
floodplain of 100 year studies, the effect of being within the floodplain is -2.9%. The post-flood 
effect is -6.9%. In the floodplain of 500 years, the effect is +0.3% and after a flood it changes to -
5.2%. This result supports the interpretation that there is an update of beliefs after major floods in 
areas that had no history of flooding. They find that the negative effect of being in the floodplain 
is greater when there is time proximity to the flood event. In the preferred model, they found a -
4.6% devaluation for properties located within the floodplain of 100 years. 
 
Similar to the Beltran, Maddison and Elliot’s (2018) paper, Chen, Li, and Hua (2019) also made a 
meta-analysis researching all continents except Latin America and Africa. They focused on the 
correlation between urban rivers in general and property valuation, and not necessarily on the 
correlation between flood risk and property valuation. They contextualize their study by referring 
to programs of investments in river restoration projects worldwide, such as the Clean Water and 
Endangered Species Acts in the United States, the Water Framework Directive in the European 
Union, and Urban Watercourse Rehabilitation Directive in China. The core methodology of the 
selected papers is the HPM and the number of primary studies included in the meta-analysis is 
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whittled down to a total of 30, which provide 53 effect sizes. This shows the relative scarcity of 
primary HPM studies about urban rivers' amenities/disamenities, indicating that this is still an 
under-investigated area which calls for further research.  
 
In general, there is a positive and significant correlation between river proximity and housing 
value. However, some studies show little influence of rivers on housing prices: residents may still 
recreate in or near polluted rivers due to the lack of substitutes in accessible areas, and thus 
potential disamenities cannot be adequately capitalized into property values. They also highlight 
that compared with river view and water quality, a low relative value is documented for river 
proximity, even though the impact of river proximity on property value has received the widest 
attention in HPM literature. They explain this result based on the hypothesis that “the sight of a 
river could elicit a wide range of beneficial psycho-physiological and emotional responses like 
pleasure, fascination, and relaxation.” (p. 6). They also highlight that the significant and positive 
coefficient of average housing price suggests that household income is an important determinant 
of the relative value of urban rivers' environmental amenities/disamenities: higher household’s 
income increases the impact of urban rivers on housing prices. As will be made explicit in our 
result section, high-income residential locations are more likely to receive GBI techniques than 
low-income areas. 
 
Kiel (2021) made a literature review based on a survey of papers that addressed the relationship 
between climate change adaptation and property values. As HPM has been a canonical empirical 
approach to investigate the responses of real estate markets in relation to climate change policies 
adopted by national and local governments, she focused on the empirical literature on this topic, 
which come mostly from Economics. She scanned multiple databases including EconLit, JStor, 
and ScienceDirect. General key words for the searches included property value, hedonic pricing 
model, environmental economics, climate change, risk, and adaptation. Specific key words 
included coastal management, flooding, building codes, wetlands, and green infrastructure. By 
green infrastructure she meant increasing tree cover and green space as a way to make areas more 
resilient in the face of climate change. 
 
Keil (2021) then presented many papers in her review. She synthesizes the findings of Madison 
(2013), who investigated the case of Lincoln Creek, funded by the state of Wisconsin and the city 
of Milwaukee, in the US. The residential equation indicates that the assessed values of homes near 
the project increased by 20.4 percent, but that includes all benefits, not just those from the climate 
change adaptation. She described the study of Kousky and Walls (2014), who studied St. Louis 
County, US, where a greenway was created as part of a flood mitigation strategy. The land was 
acquired by state and local governments and retained as undeveloped open space. It also has 
recreational purposes beyond flood mitigation. The data set is 27,748 residential sales that took 
place between 2008 and 2012 in an area no more than five miles away from the Meramec 
Greenway. In their hedonic regression, the estimated coefficient on distance from a park suggests 
that for every 1,000 feet closer to a park, the price of the house increases by almost 1 percent. 
Regarding tree cover, Siriwardena et al. (2016) conduct a meta-analysis of studies that consider 
the impact of tree cover on property values in general. They considered 15 different studies, which 
yielded a total of 106 implicit price estimates. In a regression where the dependent variable 
indicated if the estimated implicit price was positive, the independent variables included whether 
the tree cover measure was on the property or near the property, as well as variables that indicate 
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if the tree cover might be seen as an amenity or a disamenity, location of the study, population 
density, and median income and house price in the area. Their results suggest that homeowners 
prefer more tree cover in their neighborhood than on their own property, and that the impact on 
property value is different in different areas. Grafakos et al. (2019) investigated the case of 
Santiago de Cali, Colombia, where their results suggest that trees and vegetation coverage increase 
land values, all else held constant. Exposure to flooding increases land value in one regression, but 
decreases it when a variable controlling for whether the polygon touches a water body is added. 
The authors suggest that this may “help differentiate between the benefits of a property that is 
close to a river and provides a pleasant view without being exposed to flooding, and one with 
exposure to flooding but no benefit of a pleasant view” (page 47). They find that the green 
infrastructure attributes increase land values by 5.4 percent, and by 1.4 percent due to the reduction 
in flood risk. 
 
Surveying this literature, Keil (2021) found just a few studies that investigated the changes in 
building codes as a response to climate change and the impacts of this kind of policy on real estate 
markets. As she highlighted (p. 16), “building codes can require developers in an area to build 
homes that are more resilient against climate change. Because the housing stock changes slowly, 
any legal change that applies only to newly built homes will take time to be felt in a majority of 
the houses”. Currently the focus seems to be on hurricanes rather than on river flooding. 
Considering floodplain designation, in the US, the homeowners are required to pay for insurance 
if they are within the designated area. This is quite different from Brazil, where this kind of 
requirement does not exist and even any kind of house insurance is not common. 
 
Kozak et al. (2020) trace scenarios of GBI implementation for the metropolitan area of Buenos 
Aires, Argentina. The main aim of their article was to examine the extent to which a BGI approach 
could be accommodated in one dense and highly impervious setting, the Medrano Basin, one of 
the largest basins of Buenos Aires. It has a residential population of 514,642 inhabitants and a 
925hab/ha density and is mostly a floodplain with extensive water penetration from the de la Plata 
River. Its average impermeabilization level is 74%, with predominance of the 51–75% and 76–
100% ranges. They examined two main scenarios: (1) Major grey infrastructure solutions 
combined with minor BGI in the form of non-structural scattered SUDS; and (2) structurally 
important BGI measures with reduced dependency on grey infrastructure. For each scenario, four 
variables were analyzed: (1) Construction Costs; (2) Land-Value Increase; (3) Protection Level 
against Flood Events; and (4) Untreated Runoff Discharge. The first scenario reflects a business-
as-usual proposal, which is the most likely outcome, not only in Argentina, but in Latin America 
in general. The second scenario was proposed as an exploratory and wishful scenario that aimed 
to show a significant contrast, while keeping important variables fixed to facilitate the comparison, 
most significantly the level of protection against floods. They do not present or construct a HPM 
to find the devaluation related to the location within the floodplain, but used one estimation that 
came out from CH2MHILL Master Plan for the area. When we look only at the average sales 
prices they presented, it seems there is no correlation between being within the floodplain and 
apartment and house prices. For the Scenario 1 (grey infrastructure), they do not present the 
coefficient, but only an amount obtained by the multiplication of the number of plots by the inverse 
coefficient (not presented) by their initial price: 23,000 plots amounting USD 192 MM. For the 
Scenario 2, there is no estimation of the land value uplift due to the use of GBI, so they only 
selected an estimative from the literature (+20%). They created 4 buffers (100m to 300m) ranging 
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from 15% to 30% of valorization. As a result, Kozak et al. (2020) found that (1) the costs of 
implementing gray infrastructure is higher than the GBI approach; (2) the GBI approach can bring 
about higher levels of land value uplift to the properties in the area, which helps to finance the 
public investments; (3) the GBI approach also improves the environmental treatment of the runoff 
discharge, improving water quality in the mouth of the stream.  
           
Scenario Planning 

 Scenario planning is a practice that aims to identify and prepare a planned area under uncertainty 
for a range of futures. As any planning practice, it evokes the community's aspirations about 
what is desirable for the future as well as the perceived risks. Originally developed in the mid-
twentieth century for military and corporate strategizing, in the US it has been applied to issues 
such as water and land use, transportation management, regional growth, and climate change 
(Stapleton, 2020). 
 
Scenario planning, as a planning practice, has both technocratic and societal interactions. From 
the technical point of view, it involves techniques (especially simulations) that can help us 
understand the past patterns of change as well as future development. There are several models 
which have been developed to cope with these questions in the urban planning literature, such as 
Slope, Land use, Exclusion, Urban extent, Transportation and Hillshade (SLEUTH), Cellular 
Automata (CA), Markov Chain, Artificial Neural Network (ANN), CA-Markov, ANN–CA, 
Conversion of Land Use and its Effects (CLUE), Land Transformation Model, and UrbanSim 
(Rifat and Liu, 2022). From the societal point of view, participatory meetings are key to early 
and permanent planning practices (Stapleton, 2020). 
 
As it is described throughout this work, we use a comprehensive approach that includes both highly 
technical models of simulation (urban change, hydrology and climate change) and also benefited 
from meetings with key stakeholders, a point that should be deepened in the near future.   
  
 

Case study: Belo Horizonte and its context 

Belo Horizonte: brief geo-history and natural features 

Belo Horizonte is a planned city, created in 1897 with the specific objective of being the new 
capital of the State of Minas Gerais. The original plan divided the municipal territory into three 
zones: urban, suburban and rural. The urban one was separated from the others by a great cordon 
of social, symbolic and sanitary isolation, the Avenida do Contorno. This avenue has a circular 
shape and is 17 kilometers long. Within this planned area, state funds created a city inspired by 
Hausmann's Paris and L’Enfant’s Washington D.C., with wide avenues, regular blocks, and some 
squares from which avenues radiate diagonally across the city. To the north of Avenida do 
Contorno are the low parts of this planned area, on the banks of Arrudas stream, and to the south, 
the high parts towards Serra do Curral. The downtown is located just south of the Arrudas stream 
and many creeks cross this planned area. In the outer areas, laid working class neighborhoods and 
rural settlements planned to provide cheap work and food to the new planned city. These two other 
planned areas have had remarkable lower levels of services and infrastructure since then (Almeida, 
2015). 
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During the 20th century, industrialization and extended urbanization (Castriota and Tonucci, 2018; 
Eakin, 1991; Monte-Mór, 2005) brought millions of workers to Belo Horizonte, extending its 
urban fabric across far-reaching hinterlands. Several slums and informal human settlements 
emerged, both in areas of high-slopes in the Curral Sierra and in areas of lower altitudes on the 
banks of the Arrudas stream. By 2010, there were some five million residents in the Metropolitan 
Region of Belo Horizonte (MRBH). It is one of the most populous metropolises in Latin America 
and the third in Brazil. Another key feature for understanding this case study is the fact that the 
elites in Belo Horizonte are located in the center-south region. In the last three decades, they are 
moving southwards to the higher altitudes areas of the Curral Sierra and Moeda Sierra, where new 
land developments have led to a cluster of gated communities since the 1990s (Almeida et al., 
2017; Cavalcante et al., 2016; Costa et al., 2006). 
 
In Belo Horizonte’s socio-spatial structure, high-slope areas and floodplains have been occupied 
by both higher and lower classes. These two natural features lead to the two main natural risks in 
the region: landslides and urban floods. 
 
The problem: Urban floods in Belo Horizonte 

Belo Horizonte drains to two main catchments (Arrudas creek and Onça creek catchments), each 
representing at about 50% of the total municipal area (Figure 2). Parts of these catchments are 
located in neighboring municipalities: Contagem, upstream, and Sabará and Santa Luzia, 
downstream of Belo Horizonte. There are no main rivers in the municipal territory, although the 
Arrudas and the Onça are direct tributaries of the Velhas River, which has a total drainage area of 
about 30,000 km2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Belo Horizonte municipal area – Arrudas and Onça catchments 
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Source: Nascimento et al, 2005 
 
Stormwater management has been entirely under the responsibility of the BH municipality since 
the city’s foundation, while water supply and wastewater management are provided by a water 
utility, COPASA, since the 1960s through a concession agreement. Traditional stormwater 
systems prevail in the city, although experiences with detention ponds have existed since the 1950s 
and with green roofs and rain gardens more recently. There are some 700 km of perennial creeks 
in the municipal area. Parts of these creeks have been lined to the extent of nearly 200 km, most 
of them as concrete culvert channels. The apparent simplicity of stormwater management, as 
perceived during most of the last century, led to the use of very simple design methods for storm 
water systems. One of the consequences of these approach is high uncertainty in hydrologic design 
and frequently underestimation of flood risks.  
 
The intense urban growth during the 1970s combined with high inequalities in the distribution of 
income led to huge impacts on water quality in receiving bodies and an increase of flood risk. This 
is mainly due to the impacts of new urban developments causing an increase of imperviousness 
and to the occupation of flood prone areas. Flood prone areas are frequently occupied by major 
roads and are attractive to commercial and residential dense uses. In the city area with poor 
provision of urban infrastructure flood prone areas are frequently occupied by poor people 
precisely because the land is less valued.  
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In a context of small catchments, narrow valleys in a dense network of creeks, steep slopes and 
high impermeabilization, the hydrological response to intense rainfall events is quick, leading to 
huge volumes of runoff with characteristics of flash floods.  
 
Water pollution by wastewater discharges and diffuse pollution inputs, including solid waste and 
the products of severe erosion processes have caused the degradation of water quality in streams 
and the reduction of conveyance capacities of sewers and channels due to sediment deposits. 
Detention basins have also been heavily impacted (Nascimento et al., 1999).  
 
Research focus: the proposed legal policy-solution, the New Master Plan and its incentives 
for GBI 

The municipality of Belo Horizonte has just approved a new Master Plan and land use regulation 
law (Law No. 11.181/2019). This Law includes instruments that give economic incentives to 
developers to use GBI. The GBI benefits that generate discount on CABR, are defined as: 
Permeable area in the front setback, in natural terrain, vegetated and wooded; Permeable area in a 
portion of the land coinciding with the area of relevant vegetation, regardless of location on the 
ground and public enjoyment area. In the legislation, GBI also mentions two specific devices other 
than the rain barrels, namely the rain gardens and the green roofs which can be used in complement 
to the former ones. Following the new legislation, the Belo Horizonte Urban Water Management 
Department prepared technical guidelines for GBI design, building and maintenance. These 
guidelines cover additional GBI devices such as infiltration trenches, bioretention cells, swales, 
trees and others which can also be used by developers since the law is not restrictive on typology. 
In addition to these rules, rain barrels are required throughout the municipality territory, as 
previously mentioned, except in the zoning Zeis and Aeis. Green roofs and rain gardens are devices 
that can be used to complement rain barrels.  
 
For instance, developers will be waived to pay land value capture instruments, specifically Charges 
for Additional Building Rights (CABR, or in Portuguese “Outorga Onerosa do Direito de 
Construir”, OODC) if they offer to the city larger green areas within their projects. Extra 
permeable areas will not be accounted for in the floor area ratio (FAR) calculations and green roofs 
receive incentives. 
 
This research proposal aims to investigate the potential of these instruments to effectively produce 
change in terms of the adoption of green and blue approaches in the context of a mostly 
consolidated urban area.  
 
This general objective will allow us to answer the following questions. 

• Will climate change produce significant changes on rainfall events in Belo Horizonte? 
• What are the potentials and probabilities for the new technologies (GBI) to mitigate urban 

floods in face of different scenarios? 
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• Regarding land value and land use: (i) What are the neighborhoods that may have higher 
rates of renewal?3 (ii) How are these renewable areas distributed in the territory? (iii) What 
is the current estimated opportunity-costs of land (land market prices) across the city? 

• Regarding the capacity of land policy: Are the economic tools stated by the new Belo 
Horizonte’s Master Plan able to influence investment decisions (tradeoff between 
opportunity costs of land versus capital and maintenance costs of GBI devices)? 

• Regarding the assessment of the potential environmental benefits of the new Master Plan: 
(i) What are the tangible benefits for the urban water cycle? (ii) Can we observe significant 
reduction on flood risk concerning main flood characteristics such as flooded area, depth, 
and duration? (iii) What is the reduction of floods we can expect by increasing the use of 
GBI in the Belo Horizonte? 

 
With the purpose of providing valuable answers to these questions in relation to flood studies we 
are adopting in this research the following scenarios: 

• Scenario 0 (Business as usual): flood risk assessment under current land use in Belo 
Horizonte. 

• Scenario 1 (Eden/S1): flood risk assessment considering current land use and all new 
buildings in the city area equipped with a rain barrel. Rain barrels are required for new 
buildings according to the recently enacted land use legislations. Other GBI are regulated 
through economic incentives, as mentioned.  

• Scenario 2: flood risk assessment considering current land use, all the new buildings 
equipped with rain barrels and, where the economic incentive is effective, also equipped 
with rain gardens or green roofs.  

• Scenario 3: the same as Scenario 2, considering climate change impacts on rainfall 
intensity.  

 
The Arrudas stream catchment, a catchment covering about 50% of the Belo Horizonte municipal 
territory and the oldest occupied area in the municipality, will be used as a case study.  
 
Figure 3 depicts the Arrudas catchment area and land occupation, including the Arrudas 
mainstream, which runs from west to east, and minor creeks and watercourses. This map also 
highlights Contorno Avenue, a road ring that delimitates Belo Horizonte’s planned central area. 
  
 
 
 
 
 
 
 
 

 
3  Renewal understood as the replacement of current land use occupation by new land uses (mainly 
construction). 
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Figure 3: Arrudas catchment – hydrography and land occupation through orthophotos  
  

Source: Prepared by the authors based on data from BHMap, Prodabel and Joao Pinheiro Foundation 
 
The Belo Horizonte Zoning 

The new Master Plan for Belo Horizonte brought with it, among several changes, a new zoning 
map, making it clear that its commitment to the land use norms will be to promote sustainable 
management of natural resources, in addition to promoting an urban environment capable of 
becoming adequately compact and dense, along with polycentrism and the mixed use of functions 
(BELO HORIZONTE, 2018). 
 
Several diagnoses of the city's carrying capacity were prepared to contribute to the construction of 
the final zoning map (Figure 4). This map was developed by the combination of data on geological 
hazard; slope and permanent preservation areas; vegetated areas; demographic density; 
constructive density; and accessibility, both to the center and internally. 
 
Thus, we arrive at the two types of zoning chosen to carry out the simulation in this paper. They 
are called the “OM-3” (Moderate Occupation, level 3) and the “OP-3” (Preferential Occupation, 
level 3). Level 3 is one of the highest levels of allowed building capacity (highest FAR) within 
each classification. We selected OM-3 and OP-3 because they cover the largest extension of the 
municipality within the Arrudas Basin, being probably one of the most used zoning for 
construction in this case. OP-3 and OP-2 zonings include the entire inner area of Avenida do 
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Contorno, which is one of the regions with the most expensive land in the city, in addition to being 
the most permissive zoning in terms of the maximum FAR.  
 
Figure 4:  Zoning map of Belo Horizonte 
  

Source: Belo Horizonte (2020, p.27). 
 
The OM-3 zoning is constituted in Belo Horizonte, by portions of the territory whose possibility 
of occupation is restricted due to: 

I – Low local support capacity or infrastructure saturation; 
II – Insertion in traditional neighborhoods or urban areas with cultural and symbolic 
relevance; 
III – Search for the maintenance of an occupation model destined to the housing use of 
social interest or popular market.  

 
They are classified into OM-1, OM-2, OM-3 and OM-4, according to the quality of the 
infrastructure, the physical characteristics of the terrain, the conditions of local accessibility and 
the need to maintain low or medium densities. The higher the number following the abbreviation 
OM (from 1 to 4), the more permissive the zoning is in relation to others within the same category. 
 
The OP-3 zoning has its portions of the territory in which occupation is stimulated as a result of 
better infrastructure and accessibility conditions and less topographic and landscape restrictions. 
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Preferential occupation zones are classified into OP-1, OP-2 and OP-3, according to the quality of 
the infrastructure, the physical characteristics of the land, the conditions of local accessibility and 
the possibility of receiving high densities (BELO HORIZONTE, 2018). 
 
 

Data and Methods 

Flood studies and flood risk mapping 
Flood studies were developed for Scenario 0 using hydrologic and hydraulic models of the Arrudas 
catchment. Models employed were the Stormwater Management Model-SWMM 5.1 (Rosman, 
2015) and the HEC-River Analysis System – HEC-RAS model version 5.07 (US Army Corps of 
Engineers-HEC, 2016). Models were calibrated and validated using a 11-year time series of 
hydrologic data from the municipal monitoring system and municipal databases on catchment 
morphological characteristics, land use, and the cadaster of the stormwater infrastructure. The 
HEC-RAS model was used for 2-D unsteady flow simulations to provide information for flood 
risk mapping. A digital terrain model (DTM) and a land use map were developed for the Arrudas 
catchment using orthophotos and topographic data obtained by LiDAR (Light Detection and 
Ranging). Flood risk maps were developed for all the catchment for return periods from 2 to 100 
years. Estimations of design rainfall were based on a regional IDF (Intensity, Duration, frequency) 
equation developed for the Metropolitan Region of Belo Horizonte by Pinheiro and Naghettini 
(1998). Rainfall event time distribution were developed for different durations using dimensionless 
hydrographs also proposed by Pinheiro and Naghettini (1998). This IDF equation was developed 
for stationary conditions, meaning that it does not consider climate change impacts of the rainfall 
regime.  
 
New IDF equations integrating climate change hourly rainfall estimations for 2020 up to 2100 
were developed specifically for this research project as described in forthcoming paragraphs. For 
the rainfall runoff simulations here performed we adopted rainfall IDF estimates for observed data 
(2000-2019) and for a period in the future (2060-2079) based on climate simulations. 
 
In order to identify potential flooding areas for frequent and rare floods we simulated events of 10-
year and 100-year return periods. Flood maps were developed for the Arrudas stream valley for 
intense rainfall events covering all the Arrudas catchment and for two selected tributaries, the 
Barreiro and the Leitão creeks. The Barreiro catchment is an area of urban expansion mainly 
occupied by detached houses with a low to middle socioeconomic class population. The Leitão 
catchment is an old downtown urban area densely occupied by middle to upper middle-class 
population.  
 
The land use scenarios with the adoption of GBI as well as the current land use (Scenario 0) were 
simulated for the entire Arrudas catchment area. 
 
Climate Change Projections 

Climate change projections for Belo Horizonte area from 2000 up to 2099 were obtained from the 
Coordinated Regional Climate Downscaling Experiment — Coordinated Output for Regional 
Evaluations (CORDEX-CORE) program (Gutowski et al. 2016) using three regional climate 
models (RCMs):  REMO (Jacob and Podzun 1997), RegCM (Giorgi et al. 2012) and ETA (Chou 
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et al. 2012), with driving models NorESM, MPI, HadGEM, CanESM2 and MIROC, considering 
emission scenario “business as usual” RCP8.5. All projections were performed with 25 km of 
horizontal resolution and cover the South America domain. For this study, the area of Belo 
Horizonte municipality was selected. as well as the variables daily rainfall, temperature at 2-meter 
height (maximum, average, minimum) and daily evaporation.  
 
The estimation of IDF equations obtained from daily rainfall data was performed using invariance 
of scale relations estimated for the Metropolitan Region of Belo Horizonte on high resolution 
rainfall observed data (Rodrigues, 2020). 
 
Spatial Clustering and Hedonic Price Model (HPM) 

This section and the next aim to describe the methodology used in the analysis of the real estate 
markets in the Arrudas catchment area. The objectives of the analysis are to classify properties 
with potential for renovation, in order to implement green and blue infrastructure in the new 
buildings. Also, it aims to estimate the value of all properties under study to calculate the economic 
feasibility of implementing such infrastructure, given the market conditions and incentive 
mechanism of the Master Plan for the municipality of Belo Horizonte. 
 
For the purpose of the research, which involves the steps mentioned above, four typologies of 
interest were selected. These categories are apartments (residential apartments and commercial 
apartments), houses (residential houses, commercial houses, residential shacks and commercial 
shacks), vacant lots, and warehouses. The combination of these typologies within each category 
comes from learning experiences regarding the local real estate market with the Secretary of 
Finance of the Municipality of Belo Horizonte. 
 
First, the methodology to identify potentially renewable properties is discussed. The approach used 
is Gradient Boosting, a machine learning method, which is described next. Once this classification 
of properties has been conducted, the econometric approach is conducted to value the properties 
under analysis in the territory of Belo Horizonte. For this, the local real estate market is divided 
into several submarkets, using the Skater-Reg method to then perform the econometric estimation 
of the Hedonic Price Models (HPM). 
 
As mentioned, the focus of this research is the Arrudas catchment area. But in order to not lose 
useful information beforehand, the statistical analysis to be described was done with all the 
available data of Belo Horizonte's real estate market. After this, the results presented will be 
restricted to the area of interest. 
 
Spatial Clustering 

Among the real estate appraisal literature, clustering, or the division of the market into submarkets, 
has been debated because it guarantees greater precision in statistical estimations (Bourassa et al., 
1999; 2003). It is used usually in conjunction with the Hedonic Price Method. Clustering allows 
obtaining coefficients specific to each submarket, rather than obtaining an average coefficient for 
all estimates. In other words, it can assess that a feature is priced differently between two parts of 
the local real estate market. 
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The Spatial k-Cluster Analysis by Tree Edge Removal (SKATER) methodology is presented for 
this research. With it, in addition to obtaining clustering by grouping similar individuals and 
separating different individuals, there is a condition that the observations are in the vicinity, 
spatially speaking. That is, the observations must be contiguous (Lage et al., 2001). In addition to 
these conditions, the methodology used is called SKATER-Reg, since a linear regression of the 
characteristics is included to obtain the minimization of the sum of squares of the residuals 
(Bhattacharjee et al., 2016). 
 
Thus, for each model, that is, for each group of typologies, the market is divided into several 
submarkets. The number of clusters depends on the number of observations and how diverse they 
are in their characteristics. The specification of the application of the SKATER-Reg methodology 
is composed of 5 variables. The first one is a lag of the sale price of the neighbors of each property. 
The area of the property and construction age also are contained in the specification and are unique 
variables for each individual present in the database. In addition, there is the variable of 
accessibility of the property to employment opportunities in the municipality. Finally, a variable 
is included that represents the region in which the property is located, that is, the average per capita 
household income in the neighborhood. 
 
After clustering the properties for the 4 groups of typologies, we have the following number of 
submarkets for each of them: 50 submarkets of Apartments, 35 submarkets of Houses, 25 
submarkets of Vacant Lots and 15 submarkets of Warehouses. 
 
Hedonic Price Model 

The real estate appraisal literature is diverse (Pagourtzi et al., 2003; Jorgensen, 2008) and one of 
the most cited methods by the literature for mass valuation is the Hedonic Price Model (HPM). 
The HPM has been used for real estate appraisal since the 1970s (Rosen, 1974). After significant 
debate on the best specification, it is understood that the best method is a multiple linear regression 
(Tyrväinen & Miettinen, 2000). HPM has been widely used for testing specific characteristics, 
such as urban amenities, criminality, among others (Cheshire & Sheppard, 1995; Furtado, 2007; 
Paixão, 2015). The HPM consists of pricing each property attribute in order to compose the final 
price. That is, as if there were several submarkets for each attribute, the value of each coefficient 
is the price of the corresponding attribute in the aggregate value of the property. In addition, the 
notions of spatial econometrics have spread in the sense of considering the non-independence of 
spatial data in statistical analysis (Anselin et al., 2010; Bhattacharjee et al., 2012; Almeida et al., 
2017). 
 
The observations to be used for the construction of the HPM come from the local real estate market 
in Belo Horizonte. The sample, from which the coefficients are obtained, are the properties 
transmitted in the previous period. Meanwhile, the forecast of values will be based on the entire 
current real estate stock of the four categories created. The model specification consists of having 
the logarithm of the property value variable as the dependent variable and the rest of the 
characteristics as independent variables. This list of characteristics is both for the property itself 
and for the region in which they are located.  
 
Within the sample, that is, the transaction observations, the value variable is obtained through the 
registered sales price. Then, linear estimates are processed for each submarket of each typology. 
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The coefficients obtained, therefore, vary according to each estimation. From this, it is then 
possible to forecast the values of all active properties registered in the real estate stock database. 
To identify in which submarket each property that has not already been transacted belongs to, it is 
assumed that it will be the same cluster as the closest neighbor. Finally, the value forecast is 
executed for all properties. 
 
At the end of this section, it is presented the methodology used to study the local real estate market. 
The Gradient Boosting, SKATER-Reg and Hedonic Prices Model methods were briefly discussed. 
The sequence of the methodology aims to separate potentially renewable properties and those that 
are sold in their current configuration, and then carry out the value forecast for all properties in the 
municipality. 
 
Data 

The Property Transfer Tax (ITBI) is a tax on the onerous transfer of real estate, being a municipal 
responsibility. The most relevant variable present in the database concerns the value of the 
transmission, and the transaction date is also processed. For real estate assessment purposes, this 
information is of fundamental importance, as it is intended to train an econometric model from the 
transaction value and the properties of the properties to make a price forecast of all the properties 
present in the territory under analysis. 
 
The Territorial and Urban Property Tax (IPTU) refers to the possession or ownership of any 
property located in the municipality. The database related to this tax contains valuable information 
for real estate appraisal, such as typology, area, year of construction and quality of construction. 
Together with ITBI, they form the universe of analysis of the local real estate market that is 
proposed. Both are part of the Real Estate Registry of the Municipality of Belo Horizonte, 
registered with the Municipal Office of Finance. While the ITBI contains only the transferred 
properties, the IPTU lists all registered properties. Furthermore, the integration between the two 
bases is processed by the Cadastral Index, a unique identification variable for each property. Data 
availability ranges from 2009 to 2021. 
 
The third data source deals with Projects Approved by the Undersecretariat of Urban Regulation 
of the Municipality of Belo Horizonte. From this database, it is possible to verify all lots that have 
a construction or renovation project approved by the local authority. The availability of this 
information corresponds to the entire period of analysis, with the lot unit being the form of linkage 
with the aforementioned bases. 
 
The City of Belo Horizonte, through the BH Map website, provides several layers in GIS 
(Geographic Information System) format that provide the spatialization of information on goods, 
services and urban equipment, in addition to special areas, such as flood areas. From these 
geoprocessing layers, distance calculations were performed for various points of interest. These 
points represent access to urban goods and services relevant to the composition of the property 
price. From the property, the linear distance to the nearest point of interest is calculated. A total of 
47 distances were calculated, such as the distance to the nearest cultural facility, the nearest school, 
important squares in the municipality, etc. Other information extracted from these layers can be 
used to create a dummy that means being inside an area of interest or not. A pertinent example is 
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being within the 2-year Time of Return (TR-2) flood areas. Other layers bring information from 
areas such as favelas and Areas of Special Social Interest (AEIS). 
 
The Municipal Taxpayer Registry of Securities Taxes (CMC) represents all firms registered with 
the municipal tax authorities and, therefore, are subject to the taxation due. With the location of 
commercial properties, a Location Quotient (QL) was calculated, which represents the spatial 
concentration of an economic activity in a portion of the territory. For this, economic activities 
were divided into 3 categories, depending on their economic complexity. Thus, 3 indexes were 
calculated for each Planning Unit (UP), a subdivision of the municipality that aggregates similar 
neighborhoods in the same set. 
 
The Urban Life Quality Index (IQVU, Portuguese acronym) is an index built by the City of Belo 
Horizonte to quantify access to urban goods and services in the municipality. The index is divided 
into 10 categories, which include access to health, education and security. The IQVU is made 
available every 2 years, with the last year of publication being 2018. The unit of analysis is the 
Planning Units. In order to incorporate it into the econometric model, a linear extrapolation was 
performed for the years where data was not available. 
 
The Access to Opportunities Project, elaborated by the Institute of Applied Economic Research 
(IPEA, Portuguese acronym) and released in 2020, brings accessibility results to employment, 
health and education in several Brazilian metropolises. From public transport and active transport 
(walking and cycling) the proportion of all jobs and services accessible from a given point in a 
given period of time is obtained. For the present research, information was used via public 
transport in 30 minutes of journey at peak time. Spatial aggregation is done by dividing the territory 
into hexagons of 357 meters on the short diagonal. 
 
The last executed Census in Brazil was in 2010. Under the responsibility of the Brazilian Institute 
of Geography and Statistics (IBGE, Portuguese acronym), the Census provides information on 
population, age and income for the Brazilian territory. Through the Access to Opportunities 
Project, the calculation of the per capita household income and the resident population within the 
hexagons created by the research was obtained. Meanwhile, the information on the average age of 
the area where a property is located was aggregated by the Weighting Area (AP), a division of the 
territory created by IBGE. 
 
Gradient Boosting 

Gradient Boosting has gained strength in the real estate valuation literature (Gu & Xu, 2017; Lu 
et al., 2017; Zhao, Chetty & Tran, 2019; Yilmazer & Kocaman, 2020). Usually, the literature states 
that the key advantage of such a method is the greater accuracy of the predictions. However, 
compared to statistical models, such as econometrics, there is a lack of interpretation of the 
coefficients and partial relationships. The proposal for this research is to use the methodology to 
classify the properties, among the typologies of houses, warehouses and shacks, those that are most 
likely to be renovated. Thus, if these properties are classified as renewable, it is understood that 
they are like vacant lots. It means this property has a high likelihood of being bought by a developer 
for demolition and then constructing a new building, which will incorporate GBI techniques. 
Otherwise, they remain the very same typology they already are in the real estate market. 
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The learning of the model comes from past observations of the last decade, that is, the match is 
made between the properties transacted and those that have approved construction or renovation 
projects associated with the same land. The operationalization of the method consists of separating 
the sample into two groups, training and testing. Thus, the model learns from the training sample 
which are the relevant characteristics of a property that was renovated and then applies this 
learning on the test plot. Once this is done, the result predicted by the model is compared with 
what actually occurred. From this, the model calculates its power of precision. Finally, the last step 
is to replicate all the knowledge of the features' importance in the observations where we intend to 
assess the probability of renewal. 
 
The output is the probability of the match occurring (being renewed). It is up to the researcher to 
define the cutoff score, and the one adopted in this research was 50%. In other words, a property 
that Gradient Boosting claims to have more than a 50% chance of being renewed is considered to 
be indeed renewable and therefore classified as the Vacant Lot typology. 
 
Charge for additional building rights (CABR, “Outorga Onerosa do Direito de Construir”) 
calculation 

The calculation for the use of the CABR is defined by Ordinary Law No. 11.216/20, which exhibits 
in article 13 the following formula: 
 
 

 𝐶𝐶𝐶𝐶 =  0.5𝑥𝑥 (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑥𝑥 𝐶𝐶𝐶𝐶 𝑥𝑥 𝑉𝑉)  
 
CT = the value of the CABR owed by the developer; 
CAof = utilization coefficient to be practiced upon financial burden, not counting the additional 
building potential resulting from exceeding the basic FAR from the means provided for in items 
II to V of § 2 of art. 45 of the Master Plan; 
AT = land area in square meters; 
V = value of the square meter of the land, obtained according to the land value map used to 
calculate the land transaction tax (ITBI, Portuguese acronym). 
 
Once demonstrating where and how the CABR will be calculated, it is also necessary to explain 
that there are areas required to be used on a mandatory basis, when there is an exceedance of the 
basic Floor Area Ratio. Such areas refer to the Transfer of Building Rights (TBR, Transferência 
do Direito de Construir). It is defined that the overcoming of the basic building potential of each 
land lot can occur up to the limit of maximum FAR. Paragraph 4 stands out here, which says that 
in any development 10% of the difference between the basic FAR and the maximum FAR defined 
by the zoning can only be acquired through the TBR. 
 
The condition of the Benefício Decorrente da Produção de Habitação de Interesse Social - BPH 
is defined by article 58, where it is said that the production of BPH constitutes additional 
transferable building potential, granted free of charge. Therefore, it is another way to acquire 
CABR for the development projects. 
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Results 

This section presents the main findings of this research. They include floodplain maps, land and 
property value maps, and renovation probability maps. 
 
Before seeing them, it is worth remembering the hydrography of the Arrudas catchment area. In 
many representations, minor creeks will not be shown to offer a clearer visualization of the key 
findings. Figure 5 depicts the map of Arrudas catchment area, including the Arrudas mainstream, 
which run from west to east, and minor creeks and watercourses. This map also highlights 
Contorno Avenue, a ring road that delimits Belo Horizonte’s planned central area.   

Figure 5. Arrudas watershed and hydrography. 

 

Source: Authors. 

Land and properties values maps 

This section aims to answer the following proposed question: What is the current estimated 
opportunity-costs (OC) of land and properties across the city? As explained in the methodological 
section, spatial clustering and hedonic price modeling (HPM) provided this answer. Regarding 
GBI adoption, it is key to address the economic comparisons between the fiscal incentives 
provided by the local government (waivers of the Charges for Additional Buildings Rights, CABR) 
for developers who implement GBI in their new buildings, and the GBI costs. 
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The real estate market is segmented into four typologies: apartments, houses, warehouses, and 
vacant lots. First, we present the spatial clustering of each typology based on the skater technique 
detailed in the previous section, which considers many attributes of each property to create 
submarkets for them. Second, we present value maps across the Arrudas catchment area for each 
of these typologies based on the HPM. Then we discuss the main spatial patterns of these estimates 
and what they imply for OC comparisons. 

Due to the number of observations, spatial clustering resulted in more clusters to apartments, 
followed by houses, then vacant lots, and finally warehouses. This result reflects the current land 
use pattern of Belo Horizonte. While the city is mostly occupied by residential and commercial 
land uses, large vacant lots and large-scale industrial warehouses are mostly located in other 
metropolitan municipalities (UFMG, 2014). 

Figure 6: Spatial Clustering of Apartments within Arrudas Basin.
 

Source: Authors. 

The technique of spatial clustering of apartments created a total of 50 submarkets across the city, 
38 of them within Arrudas basin, based on the apartments’ characteristics such as age, construction 
quality, transaction price, size and locational features. These submarkets do not necessarily follow 
official divisions of neighborhoods (“bairros”) since housing markets follow other spatial 
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representations of the city territory. Within each cluster, the resemblance between two apartments 
is maximized, and between two clusters, the differences are relevant. The same interpretation 
should be followed for houses, warehouses, and vacant lots. 

Figure 7: Spatial Clustering of Houses within Arrudas Basin. 

 

Source: Authors. 
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Figure 8. Spatial Clustering of Warehouses within Arrudas Basin.
      

Source: Authors. 
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Figure 9. Spatial Clustering of Vacant Lots within Arrudas Basin. 
 

Source: Authors. 

One key aspect of the spatial clustering of local real estate markets is that often they do not follow 
first-nature features (Cronon 1991), such as watercourses and high-slope hills. In other words, the 
urbanization process in Belo Horizonte possibly superseded and erased natural barriers with gray 
infrastructures, such as culverting watercourses and developing highly impermeable built-
environments even in high-slopes areas along the Serra do Curral. Some clusters in the areas of 
the downtown (“Centro”), Santa Efigênia, Funcionários and Lourdes neighborhoods (mostly 
clusters 28, 13, 14, 19, 20) are crossed by different watercourses (Leitão, Acaba Mundo, Serra). 
All of them are subjected to floods, despite being high-income areas. One can find both high-end 
properties and slums in high-slope areas with landslide risk (around clusters 7, 8, 9 and 22).       

After obtaining real estate submarkets from spatial clustering techniques, we run HPM to estimate 
properties and land values. In the sake of brevity, we are presenting here just the regression 
coefficients for one of the clusters in the vacant lot market (Appendix A.1.). Full regression results 
may be provided upon request. This selected cluster is centrally located in the original planned 
area of Belo Horizonte and is among the highest priced-land parcels in the municipality. More 
importantly, it has high levels of FAR according to the new zoning law, which combined with the 
high value of land, results in one of the areas with highest probabilities of adoption of GBI, as we 
discuss in the next sections.  
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From HPM, we mapped properties and land values across the city. These maps are crucial to 
discuss the incentives that developers have to 1) renovate the current land use of the city and 2) to 
simulate the comparisons between land values and GBI costs as well as the incentives of the New 
Master Plan to GBI adoption. Maps from A to D show estimated hedonic values for apartments, 
houses, warehouses and vacant lots (in Brazilian reais; 1US$ = R$4.80 by March, 2022). Gray 
areas in these maps indicate the presence of other typologies and white areas indicate other 
municipalities other than Belo Horizonte (Contagem and Sabará). 

Properties and estimated land value maps exhibit high levels of inequalities across the city, ranging 
from R$ 70/m² to R$ 22,380/m² in the case of apartments, for instance. The center-southern portion 
of the city is the one with highest levels, presenting a tendency of extension of these levels 
southwards, in the borders of Belo Horizonte with the metropolitan suburban municipality of Nova 
Lima, most of them areas of high-slopes and higher altitudes. This result is in line with several 
other studies in the last two decades (Costa et al. 2006; Almeida et al. 2021a; Almeida et al. 2021b; 
Cavalcante, Almeida, and Baker 2016). The downtown exhibits low levels of properties and land 
values (idem). It is noteworthy that being in the floodplain is not significantly correlated with 
properties and land values. There are both highly and poorly valued properties within it. One 
possible explanation is that other variables determine these values in Belo Horizonte, in a way that 
is possible to separate them from being in a floodplain. This case is opposite of coastal zones, 
where amenities of being close to the shore and being in the floodplain are so mingled that it is not 
viable to isolate these effects (Beltrán, Maddison, and Elliott 2018).  However, there is some visual, 
not modeled correlation between the main watercourse (Arrudas, blue line in the maps) and lower 
valued properties. These maps aggregate estimated values per polygon of 360 sqm each, but we 
also have individual estimates for every estate, which we will discuss in the next section 
(comparisons among CABR and GBI costs). 
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Figure 10. Predicted SqM. Values of Apartments within Arrudas Basin. 

 

Source: Authors. 

Figure 11. Predicted SqM. Values of Houses within Arrudas Basin.
 

 Source: Authors. 
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Figure 12. Predicted SqM. Values of Warehouse     s within Arrudas Basin. 

      

Source: Authors. 

 

Figure 13. Predicted SqM. Values of Vacant Lots within Arrudas Basin. 

 

Source: Authors. 
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Renovation potential maps 

In this section we present the renovation potential maps that the gradient boosting methodology 
brought about. Based on it, we answer the following questions: What are the submarkets that may 
have higher rates of renewal? How are these renewable areas distributed in the territory? The 
higher the rates of renewal are, the higher the probability of GBI adoption, all else held constant. 
In this exercise we considered all the vacant lots fully subjected to renewal. Part of the existing 
stock of houses, warehouses, and small shacks are subjected to renewal, depending on their 
features. The gradient boosting method identifies these features.   
 
First, the features more relevant to forecast if a property is going to be renovated, in the sense of 
giving way to a new construction that follows the new zoning rules and adopt GBI, are the age of 
the property (“idade”), its size (“area”), and its value (“valor”), as it can be seen in Figures 14 
to 16. The machine learning methodology such as gradient boosting doesn't inform the direction 
of the relation of causation properly, only the magnitude of importance of the variables. But by 
assessing the territories with higher potential renovation, it can be said that older, larger, more 
valuable properties are more likely to be renovated. We found this result for houses, warehouses, 
and small shacks. 

Figure 14. Feature importance of variables in XGBoost Model for Houses. 

 

Source: Authors. 
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Figure 15. Feature importance of variables in XGBoost Model for Warehouses. 

 

Source: Authors. 

Figure 16. Feature importance of variables in XGBoost Model for Shacks.
  

Source: Authors. 

The gradient boosting methodology then allowed us to create renovation probabilities maps. In 
line with the results of the previous sections, most of the properties of higher probabilities are 
located in the center-south planned south of Belo Horizonte - the city’s area with more 
infrastructure, upper classes, and historically planned for high-end land uses. 
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Figure 17. Probability of Renovation of Houses in Arrudas Basin. 

 

Source: Authors. 

 
 
Figure 18. Probability of Renovation of Warehouses in Arrudas Basin. 

      

Source: Authors.   
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We obtained an estimated total renewable area by joining the vacant lots with the houses, shacks, 
and warehouses with the highest probability of renovation (Figure 19). It summed 3,6713,475.51 
sqm of estimated renewable area, based on market trends. It is far lower than the total renewable 
area presented in the new Master Plan, which is 111,490,000.00 sqm. While the new Master Plan 
considered that all allowed areas will be renovated, our estimated values are based on the fact that 
several houses and warehouses will still be used as they currently are, because they are not going 
to be sold in any foreseeable future as well as they do not have the features that satisfy developers 
willingness to build new uses. 
 
Figure 19. Renewable Area in Arrudas Basin.

 

Source: Authors.    
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Comparisons among CABR and GBI costs  

To promote the adoption of GBI devices in the new buildings, the City of Belo Horizonte included 
benefits in its new Master Plan that provide CABR waivers for GBI design solutions based on: 

• Permeable area at the building setback, in natural, vegetated and wooded terrain; 
• Permeable area in a portion of the terrain coinciding with an area of relevant vegetation, 

regardless of location on the terrain; and 
• Public enjoyment areas. 

As previously mentioned, the law also considers the use of rain gardens that may coincide with the 
above-mentioned permeable areas, and green roofs. 
 
In this way, buildings that adopt these measures in their projects will be able to use the benefits 
available for each case. Given that the new Master Plan for Belo Horizonte imposes a Floor Area 
Ratio equal to 1 throughout the municipality, thus limiting the building potential, the adoption of 
urban benefits presents itself as an attraction for future projects to use them as a way to overcome 
the coefficient without having to pay CABR for it. 
 
With the data made available by the city of Belo Horizonte and the information collected so far, it 
was possible to arrive at some preliminary results regarding the possible values of the CABR, as 
well as the indicators if it will be worthwhile or not to use GBI for a developer, in contrast to 
buying CABR. 
 
For this, the values refer to the simulated values obtained using Hedonic Price Modeling (see 
Methodology section for reference). These values will be used as a reference to simulate the values 
of the CABR. From this, the greater the savings generated by the installation of GBI in relation to 
the payment of CABR, the more likely it will be to be adopted by the developers. 
 
For the construction of such simulations, the default values were the size of the land equal to 400 
square meters, a typical vacant lot in the city, and the permeability rate equal to 20% of the total 
lot area. For financial comparisons, 1 USD equals 4.80 Brazilian Reais (BRL) at the end of March 
2022. The cost of 100 sqm of a rain garden is around R$80,000 (or R$ 800 per sqm).  
 
Results for single-family housing 

Single family dwellings are all or any type of dwelling that includes only one family on the same 
land. Thus, a scenario was created with the following characteristics: 
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Figure 20. Model used for simulation of CABR - Single-family unit. 
 

Source: Authors. 

Table 1: Simulations of Fiscal Incentives for Adoption of GBI according to vacant lot values 
and zoning – OM-3 zoning: 

*FAR = Floor-area-ratio **CABR = Construction Additional Building Rights 

The output (Table 1) is obtained after the insertion of the data referring to the properties, such as 
the "footage" and the type of zoning, and the respective financial values, which are obtained from 
the hedonic price model. Because all outputs are identical, except the level of the values, the 
following models will be depicted in the form of tables for better understanding and ease of 
analysis. 
 
The results will be presented using the three values for the vacant lots - the top 10%, the medium, 
and the lower 10th. The simulation presented on the left column of the table will not use any type 
of GBI, while the model on the right, by default, will use a value of 100 sqm of GBI. For example, 
an addition of 100 sqm of permeable area as a rain garden, in addition to the mandatory permeable 
area. It can be noted that in this example the Additional FAR is 0.50 (Maximum minus Basic). 
This is the value that will be built in addition to the basic FAR coefficient, while the amount to be 
paid through the CABR is 0.20, since the developer needs to acquire 0.3 through other mechanisms 
(TDC). 
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Results for single-family dwellings indicated that the greater the value of the square meter of a 
given land, the greater the potential savings generated by the use of GBI. Considering in this model 
the top 10% more expensive lots in the city, the simulated CABR to be paid by the developers is 
R$ 2,852.25/sqm or around R$ 2 million for the building. If the developer adopts GBI, he will 
have some R$142,000 waived over this R$ 2 million CABR. As presented, the cost of a 100 sqm 
rain garden is around R$80,000. Then there is a final saving of R$ 62,000 when the developer 
adopts GBI. Hence, the City’s financial incentives to the adoption of GBI will be significant for 
the developers in this scenario. However, for the medium valued lot and the lower 10th, developers 
will have discounts of R$31,617 and R$5,542, respectively. These values are far lower than the 
cost of adopting GBI. 
 
Results for multifamily housing 

Multifamily buildings include several dwellings on the same land lot. Thus, a scenario was created 
with the following characteristics: 
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Figure 21. Model used for simulation of CABR - Multifamily unit. 
 

Source: Authors. 
 
Table 2 – Simulations of Fiscal Incentives for Adoption of GBI according to vacant lot 
values and zoning – OP-3 zoning: 

 

*FAR = Floor-area-ratio 
**CABR = Construction Additional Building Rights 

 
 
 



 

Page 42 

Following the same model as the previous example, just changing the type of zoning and the built-
up area of the building, we can see in Table 2 that the amounts that must be paid to extrapolate the 
Basic FAR are very close, if not identical, between the two models presented. It happens due to 
the multiplication of large areas on both sides of the table, together with the assumption that the 
price of the land lot will not vary prior to the construction. Obviously, the financial viability of 
high-rise buildings is unevenly concentrated across the city as they tend to be located in the higher-
income areas and higher valued land lots. 
 
Thus, the already valued regions of the city of Belo Horizonte can benefit from policies like this 
to expand their real estate stock in areas where there is greater guarantee of return on investment. 
On the other hand, for most of the city, this sort of urban planning is not enough to promote the 
greening of the current infrastructure. This issue raises concerns for making devalued regions of 
little interest for the adoption of GBI techniques. Because such a mechanism was created to 
contribute to flood mitigation, it is extremely important that it be adopted throughout the city, 
especially in those regions where it is known that there are greater risks of flooding in the rainy 
season. Policy direct intervention, such as urban parks, rain gardens, and green roofs in public 
buildings, would be preferred. 
 
The previous analysis was expanded into an individual calculation. In this way, we can accurately 
identify the number of potentially renewable lots that have economic incentives to install GBI in 
new construction. The methodology is based on the prices estimated by the hedonic price model. 
In addition, the lots that are capable of receiving the Rain Garden technology were identified. Rain 
Gardens are less expensive in Belo Horizonte currently, but for technical reasons in some cases it 
is not possible to be installed on many terrains. Then, the CABR to be charged was calculated if 
the developer chooses to exceed the lower limit of the Floor-Area Ratio (FAR). The potential costs 
of adopting GBI were also calculated according to the lot. Finally, both costs were compared, we 
selected the one that would be more advantageous for the developer. The results are depicted on 
Figure 22. About 65% out of over 9,000 renewable properties would choose to pay the CABR 
because of the costs involved. On the other hand, only 24% of those would install rain gardens and 
11% green roofs. 
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Figure 22. Comparison between CABR and GBI. 

 

Source: Authors. 

Climate change projections results4 

This section addresses some descriptive statistics on precipitation and presents a first estimation 
of intense rainfall events. Note that each RCM has three projections since it is nested in three 
General Circulation Models (GCMs). So, we have nine projections. In most part of this study, we 
will work with ensembles of these projections. 
 
Annual maxima block daily precipitation are plotted for each one of the nine projections and for 
the ensemble (Figure 23). The figure also shows the observed rainfall in a station of the 
Metropolitan Area of Belo Horizonte from 2000 to 2020. Additionally, the figure contains the 
average plus and minus one standard deviation (dotted curves).  
 

 
4 Climate change simulations from CORDEX were post-processed by Prof. Michelle Reboita and Christie 
de Souza, from the Federal University of Itajubá, Brazil. Rainfall statistical analysis was prepared by Prof. 
Wilson Fernandes, from the Federal University of Minas Gerais, Brazil. 
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Figure 23: Belo Horizonte: observed (2000-2020) and simulated annual maximum daily 
rainfall time series (2000-2099)  
 

 

Source: Authors. 
 
Results show high variability among models, with some models indicating increase in extreme 
precipitations in time and other models the opposite. Variability clearly increases in time as well. 
On the other hand, average simulated extreme daily rainfalls are similar to the same variable 
obtained over the observed time series for a long period, up to 2070.  
 
The high variability of simulated results as well as its increase in time are expected results for this 
kind of simulations. The use of several models for estimations (ensemble method) is a way of 
dealing with uncertainties.  
 
Estimations of rainfall intensity and duration considering observed data (2000-2019) (Figure 24a) 
and future data (2060-2079) (Figure 24b) for 10-year and a100-year return period rainfall events 
are plotted on figures 24a and 24b respectively.  
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Figure 24a: Belo Horizonte: estimated rainfall intensities of 10-year RP for 2000-2019 and 
2060-2079 periods 
 

 

Source: Authors. 
 
Figure 24b: Belo Horizonte: estimated rainfall intensities of 10-year RP for 2000-2019 and 
2060-2079 periods 

 

Source: Authors. 
 
For both return periods, one can observe an increase in intensities of about 38% in the case of 10-
year RP and for about 52% for 100-year RP when comparing 2060-2079 to observed data. 
Estimates for 10-year RP intensities in 2060-2079 are close to 100-year RP intensities for the 
observed data with implications for flood risk. 
 
If we integrate uncertainties estimated through standard deviation, the increase in intensities for 
2060-2079 is on 74.5% for 10-year return period events (average intensity estimate plus 1 standard 
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deviation). On the other hand, for the average intensity minus 1 standard deviation, an intensity 
reduction on 45.5% is expected. 
 
Flood risk maps for Scenario 0 

Flood risk maps were developed for all the Arrudas catchment following the methods briefly 
described in the Data and Methods section. All the floodplains of the Arrudas stream and its direct 
tributaries were modeled. The results of stormwater modeling and flood risk mapping of current 
land use is the Scenario 0 for this research, against which the potential reduction in flood risk due 
to recently enacted municipal land use regulation will be compared. Scenario 0 simulations and 
maps were previously developed for the Flood Emergency Plan of Belo Horizonte municipality, a 
study developed in collaboration with UFMG (Nascimento et al, 2022-a).  
 
For the purposes of the present research project, we adapted flood maps to represent the 10-year 
and the 100-year flood events for the entire valley of the Arrudas stream and for tributaries Barreiro 
and Leitão creeks (Figure 25 and 26). Figure 5 illustrates this kind of map for part of the Arrudas 
stream and seven tributaries.  
 
Figure 25: Arrudas stream catchment: Flood risk maps for the Arrudas valley, 10-year and 
100-year RP 

 

Source: Authors. 
 
Figure 25 shows the high flood risk all over the Arrudas valley for Scenario 0, with large extensions 
of the valley being flooded for the 10-year RP event. For part of the valley, mainly the road system 
is concerned, nevertheless in the case of some confluences, as with the Tejuco creek in the North 
of the valley, a much larger area is flooded. About 37 km of road extension and an area of 176 ha 
are estimated to be flooded for this event. These figures are 60 km and 293 ha in the case of the 
100-year RP event, which implies to high risks considering potential flood impacts. 
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Figure 26: Arrudas stream catchment: Flood risk maps for the Barreiro and Leitao creeks, 
10-year and 100-year RP 

 

Source: Authors. 

The situation is similar in the case of the tributaries Barreiro and Leitão creeks, although clearly 
worth for the former one with a large part of its valley flooded for the 10-year RP event. In the 
case of the Leitão creek, large flooding areas are estimated around its confluence with Arrudas 
stream. A detention pond built in the 1970’s upstream in the Leitão creek contributes to flood risk 
reduction at least in part of the downstream area but is ineffective for the confluence between the 
two streams. Estimated flood areas reach 39 ha in the case of Barreiro and 15 ha in the case of 
Leitão for the 10-year RP event. 

Considering this elevated risk of flooding, flood emergency planning followed by effective actions 
of the Civil Defense in collaboration with other municipal departments are essential to reduce 
casualties and direct damages of floods. Other than the maps of flood areas, the Belo Horizonte 
Flood Emergency Plan provides information on several flood characteristics according to RP 
events, such as maps of flood depth and flood velocity distributions accompanied by maps of time 
to flood and flood typical durations (Nascimento et al, 2022-a). Additionally, it comprises studies 
on flood vulnerability to people, constructions, and their contents and to the road system. An 
indicator of resilience to floods of exposed population based on access of information and on an 
index recovery capacity estimated through flood damage and socioeconomic data is also part of 
the vulnerability assessment (Nascimento et al, 2022-b).  
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Flood risk for Scenarios 1 to 3 

Scenarios 1 and 2 were simulated through hydrological and hydraulic modelling that account for 
the potential of renovation described in Figure 19 and the selected types of GBI shown in Figure 
22. The types of GBI devices were selected considering those mentioned in the new Belo Horizonte 
land use legislation and the local physical restrictions (e.g.: groundwater depth, terrain slope, etc.). 
Since rain gardens are of lower costs than green roofs, they were selected for all the lots where no 
physical restrictions prevent their use. 

As expected, the effects of GBI on flood risk reduction considering the estimated small renewable 
area in the municipality is minor for Scenarios 1 and 2. This can be seen through the hydrographs 
calculated by the hydrological modelling results (Figure 27 and b), as well as through the flood 
maps and estimated flood areas combining hydrological and hydraulic modelling (see figures 
below).  

Figure 27-a: Barreiro creek catchment: 10-year RP hydrographs for Scenarios 1 to 3. 
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Figure 27-b: Barreiro creek catchment: 100-year RP hydrographs for Scenarios 1 to 3. 
 

 

 

Figure 27 a and b exemplifies the effects of GBI implementation according to Scenarios 1 and 2 
for the events with 10 and 100-year return periods. It shows the hydrographs almost coincident to 
both scenarios and, considering typical uncertainties of hydrological modelling we cannot 
differentiate them from a statistical point of view. The Barreiro creek catchment is located in a low 
to middle income neighborhood. It has a large renewable area downstream, in the North area of 
the catchment (Figure 28), nevertheless this area, presently occupied by warehouses, is almost not 
sensitive to the economic incentives stated in the legislation (Figure 22). Results suggest that the 
sole implementation of rain barrels in renewable areas is not enough to make a significant 
difference in terms of flood responses to intense rainfall events. 

Leitão catchment is an old and well consolidated urban area with some diffuse opportunities for 
renovation. Despite being potentially sensible to the GBI economic incentive, due to properties 
high values, its feeble renewable potential prevents a significant impact of the new land use 
legislation on flood risk what can be seen in terms of estimated flooded areas for the different 
scenarios (Figure 29). Figure 29 shows a small reduction in the estimated flooded area for Scenario 
2 for both return period simulated while Scenarios 0 and 1 are almost identical.  
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Figure 28: Renewable areas in the Arrudas stream catchment: location of the Barreiro and 
Leitão catchments 

 

Figure 29: Leitão creek catchment: estimated flooded area for 10-year and 100-year RP 
hydrographs for Scenarios 1 to 3 

 

The impact of climate change (Scenario 3) on flooding areas is illustrated in figures 30 and 31.  
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Figure 30: Arrudas stream catchment: Flood risk maps for the Arrudas valley, 10-year and 
100-year RP incorporating estimated climate change impacts on rainfall intensities 
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Figure 31: Barreiro and Leitão creek catchments: Flood risk maps for the Arrudas valley, 
10-year and 100-year RP incorporating estimated climate change impacts on rainfall 
intensities 

 

Flood maps for Scenario 3 (Figures 30 and 31) show a significant impact of climate change 
estimates on flooding areas for both return period rainfall events simulated. In the case of the 
Arrudas valley, the increase in estimated flooded areas is of 25% for the 10-year RP event (from 
171 ha to 214 ha) and of 11% for the 100-year RP event (from 273 ha to 304 ha) when comparing 
Scenarios 2 and 3. The higher sensitivity of the more frequent event to the impacts of climate 
change is possibly explained by the non-linearity of the rainfall-runoff response of the catchment 
associated to interception and infiltration processes. The flooded area for Scenario 3 and 10-year 
RP is close to the one for Scenario 2 and 100-year RP since average rainfall intensities for both 
events are similar.  

Leitão creek catchment: Simulations of alternative scenarios 

In this session we consider and evaluate two alternative scenarios of land use regulations based on 
the GBI approach to explore changing policies that would result in more effective impacts in terms 
of flood mitigation. The scenario alternatives were conceived considering the following regulation 
proposals: 
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a) Rain barrels are required not only for new buildings but also for existing buildings, meaning 
that in time, with a schedule stated in the regulation, all the lots are equipped with rain barrels.  

b) GBI are systematically implemented in all the catchment area, including private and public 
areas (the road system, squares, …). 

The Leitão creek catchment was selected for those simulations, partly due to its characteristics of 
a densely occupied and consolidated area and partly because simulations of the b) alternative have 
been previously performed (Rosa et al, 2020), allowing to further explore the results then obtained. 
Figure 32 provides a more detailed map of the Leitão catchment. 

Figure 32: Map of lots classified according to its impervious area in Leitão creek catchment
 

Source: Authors. 

Results of hydrological simulations for the alternative of generalized use of rain barrels are 
illustrated in figures 33 and 34 for 10-year and 100-year RP events. Rain barrels typically attenuate 
flows and have no influence on runoff volumes. For the 10-year RP event, rain barrels would 
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produce a significant reduction of the peak flow (24%). As expected, flood reduction for the 100-
year return period event is much lower (5%). Table 3 shows results in terms of extension of flooded 
roads in the catchment area for return period events from 2 to 100 years. According to these results, 
rain barrels can be highly effective in flood reduction up to the 25-year RP event. They still reduce 
estimated flooded road lengths for the events with 50 and 100 RP, although significant extensions 
are nevertheless flooded.  

Figure 32: Hydrographs at the outlet of the Leitão creek catchment for a 10-year return 
period rainfall event considering all the lots equipped with rain barrels  

 

Figure 33: Hydrographs at the outlet of the Leitão creek catchment for a 100-year return 
period rainfall event considering all the lots equipped with rain barrels 

 

Peak flow reduction of 4,7%. 
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Table 3: Floods in the roads of Leitão Stream catchment 

Return 
Period Scenario Extension of 

flooded streets (m) 
Percentage of streets 

above streams flooded 

2 years 
No treatment 350 4.5% 

100% of lots' impervious area 
treated with rain barrels 0 0.0% 

10 years 
No treatment 2300 29.3% 

100% of lots' impervious area 
treated with rain barrels 200 2.5% 

25 years 
No treatment 2950 37.6% 

100% of lots' impervious area 
treated with rain barrels 350 4.5% 

50 years 
No treatment 3950 50.3% 

100% of lots' impervious area 
treated with rain barrels 1800 22.9% 

100 
years 

No treatment 4250 54.1% 

100% of lots' impervious area 
treated with rain barrels 2800 35.7% 

 

In order to develop the alternative scenario of a systematic use of GBI in public and private areas 
in the Leitão creek catchment, a detailed assessment of catchment land use and physical 
characteristics was first performed. These assessments allowed to identify about 81% of the 
catchment area as impervious. GBI requirements confronted to the catchment physical 
characteristics led to the identification of 69% of the impervious area as able to receive a GBI 
device. The selected GBI devices were the following: green roofs in 46.7% of the impervious 
treatable area, permeable pavements in 30.5%, rain barrels in 18.9%, disconnection of rooftops in 
3,2% and infiltration trenches in 0,6% all % related to the 69% of impervious treatable area.  
 
Results show that this approach can almost eliminate flooding areas in the catchment even for the 
100-year RP event. For this event, peak flow would be reduced in 67% and runoff flow volume in 
64%. On the other hand, continuous simulations suggested that for long duration rainfall events, 
the GBI effectiveness in flood reduction may be compromised by saturation of the devices. This 
is an expected result reinforcing the concept that structural and non-structural measures, such as 
flood emergency planning, have to be associated to reduce flood risk and impacts. Details of this 
research can be found in Rosa et al (2020).  
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Conclusions 

The results indicate that the real estate market will renovate mainly highly valued areas in the 
foreseeable future. Single-family houses in low-income areas have low likelihood of renovation. 
When these results are combined with the costs of GBI and the value of CABR to be waived for 
developers that adopt GBI, we find the same basic scenario: highly valued urban land will likely 
have new buildings with GBI (rain gardens, for instance) adopted, while most of the urban fabric 
will not. The exception among the GBI devices is the rain barrel, which turned out to be an 
obligation to all new buildings since the new Master Plan. 
  
Hydrological and hydraulic simulations considering the renewable lots in the Arrudas stream 
catchment for frequent and less frequent events, 10-year and 100-year RP events respectively, 
suggest that the new Master Plan law is not sufficient to influence decision on the use of GBI 
devices at the level required to influence flood risk in the Arrudas catchment and the two simulated 
tributaries. On the other hand, it is important to highlight that these devices may still play a positive 
role on more frequent floods at local scale such as part of a road or a block. Also, GBI devices 
may provide several other benefits not assessed in this research, particularly those based on the 
increase of vegetated areas in the urban environment, such as local climate regulation, landscape 
aesthetics, reduction of urban impacts in the entire urban water cycle and not only on floods, 
diffuse water pollution abatement and others.  
 
Simulations of more systematic use of GBI devices here performed or identified in a previous 
research project developed in the same area, the Leitão creek catchment, suggest that the promotion 
of the use of a diversity of GBI device types including in public areas and in the consolidated 
private areas is required in order to obtain a more significant reduction in flood risk in Belo 
Horizonte. These results may influence the formulation of public policies in the future. These 
policies will probably need to integrate particular technical and financial support to the lower-
middle class and poor segments of the population and possibly extend economic incentives to 
middle and upper-middle class strata of the population. These incentives will additionally require 
command and control approaches in the legislation as well. 
  
Climate change scenarios, which carry high levels of uncertainty in simulations for the long run, 
have exhibited a pattern of ever increasing the level of extreme rainfall events in the last decade. 
If this pattern holds in the future, flood events will reach higher proportions. As GBI devices tend 
to be more efficient for frequent rain events rather than extreme events (100-RP years rain falls or 
more), climate change will likely turn flood events even worse in Belo Horizonte. 
 
The simulated results so far call attention for more direct public interventions, such as public parks 
and green rooftops in public buildings. Real estate markets, in a highly segregated and uneven 
urban space, will offer little greening hopes for the near future. Climate change urges action.   
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Appendix A 

Table A.1. Hedonic Price Model for Vacant Lots (Cluster 11).  

Dep. Variable: l_valor_bc R-squared: 0.974  

Model: OLS Adj. R-squared: 0.886  

Method: Least Squares F-statistic: 11.09  

Date: Thu 10 Mar 2022 Prob (F-statistic): 1.88e-10 

Time: 16:56:14 Log-Likelihood: 16.015  

No. 
Observations: 129 AIC: 168.0  

Df Residuals: 29 BIC: 454.0  

Df Model: 99    

Covariance 
Type: nonrobust    

 Coef. Std. Error t P>|t| 

const 625.5442 205.811 3.039 0.005 

dist_aeroporto 61.2439 20.020 3.059 0.005 

dist_atrativo_turi
stico -4.0985 1.869 -2.193 0.036 

dist_bancos 0.0045 1.977 0.002 0.998 
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dist_centro_saud
e -0.5407 1.788 -0.302 0.765 

dist_clubes -11.2435 2.803 -4.011 0.000 

dist_curso_dagua 5.0901 2.110 2.413 0.022 

dist_ensino_supe
rior -0.4208 2.000 -0.210 0.835 

dist_equip_cultur
al -0.1460 2.855 -0.051 0.960 

dist_escolas 1.9995 2.991 0.668 0.509 

dist_estacao_met
ro -3.0412 5.174 -0.588 0.561 

dist_estacao_oni
bus 6.5400 2.698 2.424 0.022 

dist_ete -17.4032 10.126 -1.719 0.096 

dist_farmacias -3.6206 2.506 -1.445 0.159 

dist_ferrovia -6.2226 6.100 -1.020 0.316 

dist_hospital 2.9397 2.354 1.249 0.222 

dist_pampulha -842.6207 362.479 -2.325 0.027 

dist_parque 6.1176 4.069 1.504 0.144 
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dist_passembleia 7.2625 7.694 0.944 0.353 

dist_pliberdade 18.3229 10.259 1.786 0.085 

dist_pracas_locai
s -3.2722 2.232 -1.466 0.153 

dist_ppapa -36.2505 21.903 -1.655 0.109 

dist_psavassi -6.0749 6.408 -0.948 0.351 

dist_psete -48.5829 17.037 -2.852 0.008 

dist_pracas_regio
nais -0.8973 3.759 -0.239 0.813 

dist_proj_viario7
166 -0.3052 3.355 -0.091 0.928 

dist_quadra_espo
rtiva -8.6283 2.918 -2.957 0.006 

dist_rota_ciclovi
aria -2.0424 2.990 -0.683 0.500 

dist_serra_curral -11.3350 7.149 -1.585 0.124 

dist_shopping -4.0795 3.081 -1.324 0.196 

dist_vias_arteriai
s -7.6208 3.342 -2.281 0.030 

dist_vila_favela 1.2582 4.316 0.292 0.773 



 

Page 66 

dist_av_amazona
s 2.3802 18.241 0.130 0.897 

dist_anel -2.2090 5.635 -0.392 0.698 

dist_av_andradas 13.8714 10.783 1.286 0.208 

dist_av_antcarlos -11.7033 7.222 -1.620 0.116 

dist_av_contorno 10.6883 2.368 4.513 0.000 

dist_av_cristmac
hado 33.5106 16.024 2.091 0.045 

dist_av_nsracarm
o 3.3087 7.838 0.422 0.676 

dist_av_pedroi 2061.1446 687.895 2.996 0.006 

dist_av_pedroii -22.4149 17.039 -1.316 0.199 

dist_av_terezacri
st -94.5019 41.987 -2.251 0.032 

dist_borda_bh 127.9100 56.411 2.267 0.031 

dist_borda_bh2 -14.2174 5.958 -2.386 0.024 

dist_bonfim 79.8046 42.003 1.900 0.067 

dist_bosque -1259.7196 379.923 -3.316 0.002 

dist_colina -18.7697 35.667 -0.526 0.603 
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dist_paz -74.7982 41.677 -1.795 0.083 

dist_saudade 156.6255 56.655 2.765 0.010 

ano_2010 0.5953 0.674 0.884 0.384 

ano_2011 1.0419 0.858 1.214 0.235 

ano_2012 1.7339 1.061 1.634 0.113 

ano_2013 0.2943 0.752 0.391 0.699 

ano_2014 -0.9051 1.299 -0.697 0.492 

ano_2015 0.0776 0.697 0.111 0.912 

ano_2016 -0.8699 0.967 -0.899 0.376 

ano_2017 0.6392 0.935 0.684 0.499 

ano_2018 0.0774 0.903 0.086 0.932 

ano_2019 -0.2040 0.950 -0.215 0.831 

ano_2020 -0.0084 0.870 -0.010 0.992 

ano_2021 1.6728 0.979 1.709 0.098 

area terreno 
adquirida 

(sumarizado) 6.09e-05 1.63e-05 3.747 0.001 
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cab_final -8.2513 5.642 -1.462 0.154 

populacao 0.1495 0.048 3.085 0.004 

domicilio -0.3716 0.121 -3.084 0.004 

hab_dom 147.4425 49.817 2.960 0.006 

hab_km2 0.0092 0.003 2.996 0.006 

area_km2 95.1820 32.765 2.905 0.007 

iqvu_1_abasteci
mento 1.8919 5.040 0.375 0.710 

iqvu_2_cultura 18.4333 11.339 1.626 0.115 

iqvu_3_educacao 5.1156 7.979 0.641 0.526 

iqvu_4_esportes 11.4270 5.170 2.210 0.035 

iqvu_5_habitacao -27.0769 35.041 -0.773 0.446 

iqvu_6_infra.estr
utura_urbana 3.5417 14.545 0.243 0.809 

iqvu_7_meio_am
biente -4.0380 6.459 -0.625 0.537 

iqvu_8_saude -4.6320 9.872 -0.469 0.642 

iqvu_9_servicos_
urbanos -25.4728 12.045 -2.115 0.043 
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iqvu_10_seguran
ca_urbana -8.6842 11.442 -0.759 0.454 

ql_1 732.9892 244.659 2.996 0.006 

ql_2 506.4870 165.804 3.055 0.005 

ql_3 636.4704 208.901 3.047 0.005 

dummy_aeis -0.1265 0.495 -0.256 0.800 

dummy_app -1.3932 0.362 -3.849 0.001 

dummy_conj_ha
bit 18.4637 7.671 2.407 0.023 

dummy_vila 6.391e-09 2.03e-09 3.153 0.004 

dummy_tr2 -1.619e-08 5.17e-09 -3.134 0.004 

n_bancos -19.6017 6.530 -3.002 0.005 

n_farmacias 6.4658 2.104 3.072 0.005 

p001 0.0003 0.000 0.661 0.514 

r001 -0.0003 0.000 -1.156 0.257 

cmatt30 -12.1598 5.703 -2.132 0.042 

média idade 3.5639 1.387 2.570 0.016 
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média renda 0.0017 0.006 0.313 0.757 

area2 -7.528e-10 2.36e-10 -3.190 0.003 

b_ACAIACA 6.24e-09 2e-09 3.123 0.004 

b_ALIPIO DE 
MELO 9.196e-10 2.92e-10 3.151 0.004 

b_ALTO 
BARROCA -1.132e-09 3.61e-10 -3.138 0.004 

b_ALTO 
CAICARAS 1.206e-09 3.83e-10 3.145 0.004 

b_ALTO DOS 
PINHEIROS 1.224e-09 3.9e-10 3.143 0.004 

b_ALVARO 
CAMARGOS 4.976e-09 1.59e-09 3.139 0.004 

b_ANCHIETA -5.401e-10 1.72e-10 -3.140 0.004 

b_APARECIDA 78.3109 24.649 3.177 0.004 

b_APOLONIA -1.068e-10 3.36e-11 -3.181 0.003 

b_ARAGUAIA 1.47e-09 4.68e-10 3.139 0.004 

b_BAIRRO DAS 
INDUSTRIAS I -1.332e-09 4.25e-10 -3.133 0.004 

b_BAIRRO 
NOVO DAS 

INDUSTRIAS 6.77e-11 2.23e-11 3.041 0.005 
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b_BANDEIRAN
TES -1.454e-13 5.51e-14 -2.638 0.013 

b_BARREIRO -8.414e-10 2.66e-10 -3.168 0.004 

b_BARRO 
PRETO 1.211e-10 3.91e-11 3.095 0.004 

b_BELVEDERE 9.656e-10 3.06e-10 3.151 0.004 

b_BOA 
VIAGEM 196.8358 64.693 3.043 0.005 

b_BOA VISTA -1.019e-09 3.25e-10 -3.132 0.004 

b_BONFIM -6.953e-10 2.21e-10 -3.143 0.004 

b_BRASIL 
INDUSTRIAL -2.438e-10 7.78e-11 -3.131 0.004 

b_BRAUNAS 9.833e-10 3.13e-10 3.137 0.004 

b_BURITIS -9.524e-10 3.04e-10 -3.138 0.004 

b_CACHOEIRI
NHA 160.1987 52.151 3.072 0.005 

b_CAICARA 
ADELAIDE -3.032e-10 9.64e-11 -3.146 0.004 

b_CAICARAS -3.337e-10 1.06e-10 -3.139 0.004 

b_CALAFATE -1.844e-10 5.88e-11 -3.136 0.004 
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b_CALIFORNIA -2.739e-09 8.72e-10 -3.142 0.004 

b_CAMARGOS -1.409e-24 4.39e-25 -3.214 0.003 

b_CAMPO 
ALEGRE 2.853e-24 9.12e-25 3.127 0.004 

b_CANAA -1.978e-24 6.31e-25 -3.133 0.004 

b_CANADA 5.527e-25 1.77e-25 3.126 0.004 

b_CANDELARI
A -1.754e-24 5.61e-25 -3.130 0.004 

b_CARDOSO -2.061e-25 6.57e-26 -3.137 0.004 

b_CARLOS 
PRATES -2.067e-24 6.61e-25 -3.129 0.004 

b_CARMO 263.3663 88.658 2.971 0.006 

b_CASA 
BRANCA 0 0 nan nan 

b_CASTANHEI
RA 0 0 nan nan 

b_CASTELO 0 0 nan nan 

b_CDI JATOBA 0 0 nan nan 

b_CENACULO 0 0 nan nan 
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b_CENTRO 0 0 nan nan 

b_CEU AZUL 0 0 nan nan 

b_CIDADE 
NOVA 0 0 nan nan 

b_CINQUENTE
NARIO 0 0 nan nan 

b_COLEGIO 
BATISTA -456.3882 149.228 -3.058 0.005 

b_COMITECO 0 0 nan nan 

b_CONCORDIA 2.5781 9.117 0.283 0.779 

b_CONJUNTO 
CELSO 

MACHADO 0 0 nan nan 

b_CONJUNTO 
LAGOA 0 0 nan nan 

b_COPACABA
NA 0 0 nan nan 

b_COQUEIROS 0 0 nan nan 

b_CORACAO 
EUCARISTICO 0 0 nan nan 

b_CRUZEIRO 26.6098 13.652 1.949 0.061 

b_DIAMANTE 0 0 nan nan 



 

Page 74 

b_DISTRITO 
INDUSTRIAL 
DO JATOBA 0 0 nan nan 

b_DOM BOSCO 0 0 nan nan 

b_DOM 
JOAQUIM 0 0 nan nan 

b_DOM 
SILVERIO 0 0 nan nan 

b_DONA 
CLARA 0 0 nan nan 

b_ENGENHO 
NOGUEIRA 0 0 nan nan 

b_ESPLANADA 0 0 nan nan 

b_ESTORIL 0 0 nan nan 

b_ESTRELA DO 
ORIENTE 0 0 nan nan 

b_ETELVINA 
CARNEIRO 0 0 nan nan 

b_EUROPA 0 0 nan nan 

b_EYMARD 0 0 nan nan 

b_FERNAO 
DIAS 0 0 nan nan 
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b_FLAVIO 
MARQUES 

LISBOA 0 0 nan nan 

b_FLORAMAR 0 0 nan nan 

b_FLORESTA -92.7848 29.623 -3.132 0.004 

b_FREI 
LEOPOLDO 0 0 nan nan 

b_FUNCIONAR
IOS -34.3612 11.446 -3.002 0.005 

b_GARCAS 0 0 nan nan 

b_GLORIA 0 0 nan nan 

b_GOIANIA 0 0 nan nan 

b_GRACA 250.1973 81.838 3.057 0.005 

b_GUARANI 0 0 nan nan 

b_GUTIERREZ 0 0 nan nan 

b_HAVAI 0 0 nan nan 

b_HELIOPOLIS 0 0 nan nan 

b_HORTO 0 0 nan nan 
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b_HORTO 
FLORESTAL 0 0 nan nan 

b_INCONFIDE
NCIA 0 0 nan nan 

b_IPIRANGA 0 0 nan nan 

b_ITAIPU 0 0 nan nan 

b_ITAPOA 0 0 nan nan 

b_ITATIAIA 0 0 nan nan 

b_JAQUELINE 0 0 nan nan 

b_JARAGUA 0 0 nan nan 

b_JARDIM 
ALVORADA 0 0 nan nan 

b_JARDIM 
AMERICA 0 0 nan nan 

b_JARDIM 
ATLANTICO 0 0 nan nan 

b_JARDIM DOS 
COMERCIARIO

S 0 0 nan nan 

b_JARDIM 
GUANABARA 0 0 nan nan 
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b_JARDIM 
LEBLON 0 0 nan nan 

b_JARDIM 
MONTANHES 0 0 nan nan 

b_JARDIM 
VITORIA 0 0 nan nan 

b_JOAO 
PINHEIRO 0 0 nan nan 

b_JULIANA 0 0 nan nan 

b_LAGOINHA 19.2819 7.356 2.621 0.014 

b_LAGOINHA 
LEBLON 0 0 nan nan 

b_LETICIA 0 0 nan nan 

b_LIBERDADE 0 0 nan nan 

b_LINDEIA 0 0 nan nan 

b_LOURDES -60.0549 19.971 -3.007 0.005 

b_LUXEMBUR
GO 0 0 nan nan 

b_MANACAS 0 0 nan nan 

b_MANGABEIR
AS 0 0 nan nan 
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b_MANTIQUEI
RA 0 0 nan nan 

b_MARAJO 0 0 nan nan 

b_MARIA 
GORETTI 0 0 nan nan 

b_MARIA 
HELENA 0 0 nan nan 

b_MILIONARIO
S 0 0 nan nan 

b_MINAS 
BRASIL 0 0 nan nan 

b_MINASCAIX
A 0 0 nan nan 

b_MINASLAND
IA 0 0 nan nan 

b_MIRAMAR 0 0 nan nan 

b_MONSENHO
R MESSIAS 0 0 nan nan 

b_NOVA 
CACHOEIRINH

A 0 0 nan nan 

b_NOVA 
FLORESTA 0 0 nan nan 
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b_NOVA 
GRANADA 0 0 nan nan 

b_NOVA 
SUISSA 0 0 nan nan 

b_NOVA VISTA 0 0 nan nan 

b_NOVO 
GLORIA 0 0 nan nan 

b_OESTE 0 0 nan nan 

b_OURO 
MINAS 0 0 nan nan 

b_OURO 
PRETO 0 0 nan nan 

b_PADRE 
EUSTAQUIO 0 0 nan nan 

b_PALMARES 0 0 nan nan 

b_PAQUETA 0 0 nan nan 

b_PARAISO 0 0 nan nan 

b_PENHA 0 0 nan nan 

b_PINDORAMA 0 0 nan nan 

b_PIRAJA 0 0 nan nan 
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b_PIRATINING
A 0 0 nan nan 

b_PLANALTO 0 0 nan nan 

b_POMPEIA 0 0 nan nan 

b_POUSADA 
SANTO 

ANTONIO 0 0 nan nan 

b_PRADO 0 0 nan nan 

b_RENASCENC
A 0 0 nan nan 

b_RIBEIRO DE 
ABREU 0 0 nan nan 

b_RIO 
BRANCO 0 0 nan nan 

b_SAGRADA 
FAMILIA 0 0 nan nan 

b_SALGADO 
FILHO 0 0 nan nan 

b_SANTA 
AMELIA 0 0 nan nan 

b_SANTA 
BRANCA 0 0 nan nan 

b_SANTA 
CRUZ 0 0 nan nan 
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b_SANTA 
EFIGENIA -34.0922 11.569 -2.947 0.006 

b_SANTA INES 0 0 nan nan 

b_SANTA 
LUCIA 0 0 nan nan 

b_SANTA 
MARGARIDA 0 0 nan nan 

b_SANTA 
MARIA 0 0 nan nan 

b_SANTA 
MONICA 0 0 nan nan 

b_SANTA 
ROSA 0 0 nan nan 

b_SANTA 
TEREZA 42.2449 16.805 2.514 0.018 

b_SANTA 
TEREZINHA 0 0 nan nan 

b_SANTO 
AGOSTINHO -15.4538 5.976 -2.586 0.015 

b_SANTO 
ANDRE 0 0 nan nan 

b_SANTO 
ANTONIO 70.0115 20.326 3.444 0.002 
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b_SAO 
BERNARDO 0 0 nan nan 

b_SAO 
FRANCISCO 0 0 nan nan 

b_SAO 
GABRIEL 0 0 nan nan 

b_SAO 
GERALDO 0 0 nan nan 

b_SAO 
GONCALO 0 0 nan nan 

b_SAO JOAO 
BATISTA 0 0 nan nan 

b_SAO JOSE 0 0 nan nan 

b_SAO LUCAS 171.0500 57.936 2.952 0.006 

b_SAO LUIZ 0 0 nan nan 

b_SAO 
MARCOS 0 0 nan nan 

b_SAO PAULO 0 0 nan nan 

b_SAO PEDRO 0 0 nan nan 

b_SAO 
SALVADOR 0 0 nan nan 
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b_SAO 
SEBASTIAO 0 0 nan nan 

b_SAVASSI 91.6409 30.302 3.024 0.005 

b_SERRA -77.9437 25.832 -3.017 0.005 

b_SERRA 
VERDE 0 0 nan nan 

b_SERRANO 0 0 nan nan 

b_SION 0 0 nan nan 

b_SUZANA 0 0 nan nan 

b_TEIXEIRA 
DIAS 0 0 nan nan 

b_TIROL 0 0 nan nan 

b_TREVO 0 0 nan nan 

b_TUPI A 0 0 nan nan 

b_UNIAO 0 0 nan nan 

b_UNIVERSITA
RIO 0 0 nan nan 

b_URCA 0 0 nan nan 
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b_VENDA 
NOVA 0 0 nan nan 

b_VERA CRUZ 0 0 nan nan 

b_VILA 
CLORIS 0 0 nan nan 

b_VILA PARIS 0 0 nan nan 

b_VILA RICA 0 0 nan nan 

Omnibus: 0.714 Durbin-Watson: 2.418  

Prob(Omnibus): 0.700 Jarque-Bera (JB): 0.348  

Skew: -0.066 Prob(JB): 0.840  

Kurtosis: 3.217 Cond. No. 1.00e+16  

Source: Authors. 
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	Introduction
	Technical approaches inspired by concepts such as green and blue infrastructure (GBI) may offer alternatives for urban adaptation to climate change with significant environmental and socioeconomic benefits. Nevertheless, adopting green and blue approa...
	We study the municipality of Belo Horizonte, which has just approved a new Master Plan and land use regulation law that includes instruments that give economic incentives to developers to use GBI. Developers may have the Charges for Additional Buildin...
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	We use a quantitative multidisciplinary approach to address these questions. Specifically, we used Storm Water Management Models (SWMM) and HEC-RAS models to simulate urban floodplains with different return periods (RP) and different GBI techniques (r...
	Figure 1a: Summarized possibilities scenarios
	Source: Authors.
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	Source: Authors.
	Beyond simulating these 4 Scenarios for the entire Arrudas catchment area (the most central stream in Belo Horizonte), we simulate two more Scenarios exclusively for one of the most consolidated and dense creeks (Leitão stream). One of these Scenarios...
	Results indicate 1) current land use and only detention basins as GBI are not sufficient to significantly reduce flood risk in the Belo Horizonte urban context; 2) maximum renovation with GBI adopted, as proposed by the Master Plan, will contribute to...
	Literature Review
	GBI concept and techniques

	Green and Blue Infrastructure usually refers to interconnected networks of natural and artificial green spaces and waterbodies, within and between urban areas. Although the understanding of green-blue approaches may vary regionally, it usually refers ...
	GBI may play a wide variety of multifunctional roles. Examples include flood risk reduction, wet weather diffuse pollution abatement, air pollution reduction, and less heat island effect (Lundy and Wade, 2011; McPherson et al., 2005; Niemelä et al., 2...
	Particularly in the developing world, urbanization has frequently been developed according to conventional approaches. This has led to an intense use of grey infrastructure, resulting in highly impervious surface rates, restricting green areas and cha...
	Retrofitting green infrastructure in this constructed environment can potentially be done by increasing tree canopy cover and restoring water bodies such as urban streams, ponds and lakes, implementing urban parks and squares in available open spaces,...
	Urban change, real estate markets and land use planning

	Cities and urban areas are constantly changing, in a pattern that Harvey (1990) called urban palimpsest - past forms superimposed upon each other. Urban change often does not erase the traits of the previous time periods, but re-writes over them new s...
	Real estate markets guide and react to each new round of capital accumulation. In this sense, when the industrial revolution was penetrating in each geography across the globe, urban developers shaped urban environments to be adapted to the needs of l...
	In this context, there is an emerging literature on how green and blue infrastructures interact with real estate markets, especially regarding the correlation between real estate prices and existing GBI. By GBI, in this case, we refer to the built or ...
	For instance, Konijnendijk et al. (2013) made a systematic review of the benefits of urban parks. They analyzed several benefits of urban parks, including the potential for valorization of housing units. In this regard, they gathered 23 articles, 19 o...
	Beltrán, Maddison, and Elliott (2018) made a meta-analysis that is key to the main topic discussed in this research: is flood risk capitalized into property values? If that is the case, GBI techniques, which may reduce the flood risk, should benefit h...
	Similar to the Beltran, Maddison and Elliot’s (2018) paper, Chen, Li, and Hua (2019) also made a meta-analysis researching all continents except Latin America and Africa. They focused on the correlation between urban rivers in general and property val...
	In general, there is a positive and significant correlation between river proximity and housing value. However, some studies show little influence of rivers on housing prices: residents may still recreate in or near polluted rivers due to the lack of ...
	Kiel (2021) made a literature review based on a survey of papers that addressed the relationship between climate change adaptation and property values. As HPM has been a canonical empirical approach to investigate the responses of real estate markets ...
	Keil (2021) then presented many papers in her review. She synthesizes the findings of Madison (2013), who investigated the case of Lincoln Creek, funded by the state of Wisconsin and the city of Milwaukee, in the US. The residential equation indicates...
	Surveying this literature, Keil (2021) found just a few studies that investigated the changes in building codes as a response to climate change and the impacts of this kind of policy on real estate markets. As she highlighted (p. 16), “building codes ...
	Kozak et al. (2020) trace scenarios of GBI implementation for the metropolitan area of Buenos Aires, Argentina. The main aim of their article was to examine the extent to which a BGI approach could be accommodated in one dense and highly impervious se...
	Scenario Planning

	Scenario planning is a practice that aims to identify and prepare a planned area under uncertainty for a range of futures. As any planning practice, it evokes the community's aspirations about what is desirable for the future as well as the perceived...
	Scenario planning, as a planning practice, has both technocratic and societal interactions. From the technical point of view, it involves techniques (especially simulations) that can help us understand the past patterns of change as well as future de...
	As it is described throughout this work, we use a comprehensive approach that includes both highly technical models of simulation (urban change, hydrology and climate change) and also benefited from meetings with key stakeholders, a point that should ...
	Case study: Belo Horizonte and its context
	Belo Horizonte: brief geo-history and natural features

	Belo Horizonte is a planned city, created in 1897 with the specific objective of being the new capital of the State of Minas Gerais. The original plan divided the municipal territory into three zones: urban, suburban and rural. The urban one was separ...
	During the 20th century, industrialization and extended urbanization (Castriota and Tonucci, 2018; Eakin, 1991; Monte-Mór, 2005) brought millions of workers to Belo Horizonte, extending its urban fabric across far-reaching hinterlands. Several slums a...
	In Belo Horizonte’s socio-spatial structure, high-slope areas and floodplains have been occupied by both higher and lower classes. These two natural features lead to the two main natural risks in the region: landslides and urban floods.
	The problem: Urban floods in Belo Horizonte

	Belo Horizonte drains to two main catchments (Arrudas creek and Onça creek catchments), each representing at about 50% of the total municipal area (Figure 2). Parts of these catchments are located in neighboring municipalities: Contagem, upstream, and...
	Figure 2: Belo Horizonte municipal area – Arrudas and Onça catchments
	Source: Nascimento et al, 2005
	Stormwater management has been entirely under the responsibility of the BH municipality since the city’s foundation, while water supply and wastewater management are provided by a water utility, COPASA, since the 1960s through a concession agreement. ...
	The intense urban growth during the 1970s combined with high inequalities in the distribution of income led to huge impacts on water quality in receiving bodies and an increase of flood risk. This is mainly due to the impacts of new urban developments...
	In a context of small catchments, narrow valleys in a dense network of creeks, steep slopes and high impermeabilization, the hydrological response to intense rainfall events is quick, leading to huge volumes of runoff with characteristics of flash flo...
	Water pollution by wastewater discharges and diffuse pollution inputs, including solid waste and the products of severe erosion processes have caused the degradation of water quality in streams and the reduction of conveyance capacities of sewers and ...
	Research focus: the proposed legal policy-solution, the New Master Plan and its incentives for GBI

	The municipality of Belo Horizonte has just approved a new Master Plan and land use regulation law (Law No. 11.181/2019). This Law includes instruments that give economic incentives to developers to use GBI. The GBI benefits that generate discount on ...
	In addition to these rules, rain barrels are required throughout the municipality territory, as previously mentioned, except in the zoning Zeis and Aeis. Green roofs and rain gardens are devices that can be used to complement rain barrels.
	For instance, developers will be waived to pay land value capture instruments, specifically Charges for Additional Building Rights (CABR, or in Portuguese “Outorga Onerosa do Direito de Construir”, OODC) if they offer to the city larger green areas wi...
	This research proposal aims to investigate the potential of these instruments to effectively produce change in terms of the adoption of green and blue approaches in the context of a mostly consolidated urban area.
	This general objective will allow us to answer the following questions.
	With the purpose of providing valuable answers to these questions in relation to flood studies we are adopting in this research the following scenarios:
	The Arrudas stream catchment, a catchment covering about 50% of the Belo Horizonte municipal territory and the oldest occupied area in the municipality, will be used as a case study.
	Figure 3 depicts the Arrudas catchment area and land occupation, including the Arrudas mainstream, which runs from west to east, and minor creeks and watercourses. This map also highlights Contorno Avenue, a road ring that delimitates Belo Horizonte’s...
	Figure 3: Arrudas catchment – hydrography and land occupation through orthophotos
	Source: Prepared by the authors based on data from BHMap, Prodabel and Joao Pinheiro Foundation
	The Belo Horizonte Zoning

	The new Master Plan for Belo Horizonte brought with it, among several changes, a new zoning map, making it clear that its commitment to the land use norms will be to promote sustainable management of natural resources, in addition to promoting an urba...
	Several diagnoses of the city's carrying capacity were prepared to contribute to the construction of the final zoning map (Figure 4). This map was developed by the combination of data on geological hazard; slope and permanent preservation areas; veget...
	Thus, we arrive at the two types of zoning chosen to carry out the simulation in this paper. They are called the “OM-3” (Moderate Occupation, level 3) and the “OP-3” (Preferential Occupation, level 3). Level 3 is one of the highest levels of allowed b...
	Figure 4:  Zoning map of Belo Horizonte
	Source: Belo Horizonte (2020, p.27).
	The OM-3 zoning is constituted in Belo Horizonte, by portions of the territory whose possibility of occupation is restricted due to:
	I – Low local support capacity or infrastructure saturation;
	II – Insertion in traditional neighborhoods or urban areas with cultural and symbolic relevance;
	III – Search for the maintenance of an occupation model destined to the housing use of social interest or popular market.
	They are classified into OM-1, OM-2, OM-3 and OM-4, according to the quality of the infrastructure, the physical characteristics of the terrain, the conditions of local accessibility and the need to maintain low or medium densities. The higher the num...
	The OP-3 zoning has its portions of the territory in which occupation is stimulated as a result of better infrastructure and accessibility conditions and less topographic and landscape restrictions. Preferential occupation zones are classified into OP...
	Data and Methods
	Flood studies and flood risk mapping
	Flood studies were developed for Scenario 0 using hydrologic and hydraulic models of the Arrudas catchment. Models employed were the Stormwater Management Model-SWMM 5.1 (Rosman, 2015) and the HEC-River Analysis System – HEC-RAS model version 5.07 (US...
	New IDF equations integrating climate change hourly rainfall estimations for 2020 up to 2100 were developed specifically for this research project as described in forthcoming paragraphs. For the rainfall runoff simulations here performed we adopted ra...
	In order to identify potential flooding areas for frequent and rare floods we simulated events of 10-year and 100-year return periods. Flood maps were developed for the Arrudas stream valley for intense rainfall events covering all the Arrudas catchme...
	The land use scenarios with the adoption of GBI as well as the current land use (Scenario 0) were simulated for the entire Arrudas catchment area.
	Climate Change Projections

	Climate change projections for Belo Horizonte area from 2000 up to 2099 were obtained from the Coordinated Regional Climate Downscaling Experiment — Coordinated Output for Regional Evaluations (CORDEX-CORE) program (Gutowski et al. 2016) using three r...
	The estimation of IDF equations obtained from daily rainfall data was performed using invariance of scale relations estimated for the Metropolitan Region of Belo Horizonte on high resolution rainfall observed data (Rodrigues, 2020).
	Spatial Clustering and Hedonic Price Model (HPM)

	This section and the next aim to describe the methodology used in the analysis of the real estate markets in the Arrudas catchment area. The objectives of the analysis are to classify properties with potential for renovation, in order to implement gre...
	For the purpose of the research, which involves the steps mentioned above, four typologies of interest were selected. These categories are apartments (residential apartments and commercial apartments), houses (residential houses, commercial houses, re...
	First, the methodology to identify potentially renewable properties is discussed. The approach used is Gradient Boosting, a machine learning method, which is described next. Once this classification of properties has been conducted, the econometric ap...
	As mentioned, the focus of this research is the Arrudas catchment area. But in order to not lose useful information beforehand, the statistical analysis to be described was done with all the available data of Belo Horizonte's real estate market. After...
	Spatial Clustering

	Among the real estate appraisal literature, clustering, or the division of the market into submarkets, has been debated because it guarantees greater precision in statistical estimations (Bourassa et al., 1999; 2003). It is used usually in conjunction...
	The Spatial k-Cluster Analysis by Tree Edge Removal (SKATER) methodology is presented for this research. With it, in addition to obtaining clustering by grouping similar individuals and separating different individuals, there is a condition that the o...
	Thus, for each model, that is, for each group of typologies, the market is divided into several submarkets. The number of clusters depends on the number of observations and how diverse they are in their characteristics. The specification of the applic...
	After clustering the properties for the 4 groups of typologies, we have the following number of submarkets for each of them: 50 submarkets of Apartments, 35 submarkets of Houses, 25 submarkets of Vacant Lots and 15 submarkets of Warehouses.
	Hedonic Price Model

	The real estate appraisal literature is diverse (Pagourtzi et al., 2003; Jorgensen, 2008) and one of the most cited methods by the literature for mass valuation is the Hedonic Price Model (HPM). The HPM has been used for real estate appraisal since th...
	The observations to be used for the construction of the HPM come from the local real estate market in Belo Horizonte. The sample, from which the coefficients are obtained, are the properties transmitted in the previous period. Meanwhile, the forecast ...
	Within the sample, that is, the transaction observations, the value variable is obtained through the registered sales price. Then, linear estimates are processed for each submarket of each typology. The coefficients obtained, therefore, vary according...
	At the end of this section, it is presented the methodology used to study the local real estate market. The Gradient Boosting, SKATER-Reg and Hedonic Prices Model methods were briefly discussed. The sequence of the methodology aims to separate potenti...
	Data

	The Property Transfer Tax (ITBI) is a tax on the onerous transfer of real estate, being a municipal responsibility. The most relevant variable present in the database concerns the value of the transmission, and the transaction date is also processed. ...
	The Territorial and Urban Property Tax (IPTU) refers to the possession or ownership of any property located in the municipality. The database related to this tax contains valuable information for real estate appraisal, such as typology, area, year of ...
	Together with ITBI, they form the universe of analysis of the local real estate market that is proposed. Both are part of the Real Estate Registry of the Municipality of Belo Horizonte, registered with the Municipal Office of Finance. While the ITBI c...
	The third data source deals with Projects Approved by the Undersecretariat of Urban Regulation of the Municipality of Belo Horizonte. From this database, it is possible to verify all lots that have a construction or renovation project approved by the ...
	The City of Belo Horizonte, through the BH Map website, provides several layers in GIS (Geographic Information System) format that provide the spatialization of information on goods, services and urban equipment, in addition to special areas, such as ...
	The Municipal Taxpayer Registry of Securities Taxes (CMC) represents all firms registered with the municipal tax authorities and, therefore, are subject to the taxation due. With the location of commercial properties, a Location Quotient (QL) was calc...
	The Urban Life Quality Index (IQVU, Portuguese acronym) is an index built by the City of Belo Horizonte to quantify access to urban goods and services in the municipality. The index is divided into 10 categories, which include access to health, educat...
	The Access to Opportunities Project, elaborated by the Institute of Applied Economic Research (IPEA, Portuguese acronym) and released in 2020, brings accessibility results to employment, health and education in several Brazilian metropolises. From pub...
	The last executed Census in Brazil was in 2010. Under the responsibility of the Brazilian Institute of Geography and Statistics (IBGE, Portuguese acronym), the Census provides information on population, age and income for the Brazilian territory. Thro...
	Gradient Boosting

	Gradient Boosting has gained strength in the real estate valuation literature (Gu & Xu, 2017; Lu et al., 2017; Zhao, Chetty & Tran, 2019; Yilmazer & Kocaman, 2020). Usually, the literature states that the key advantage of such a method is the greater ...
	The learning of the model comes from past observations of the last decade, that is, the match is made between the properties transacted and those that have approved construction or renovation projects associated with the same land. The operationalizat...
	The output is the probability of the match occurring (being renewed). It is up to the researcher to define the cutoff score, and the one adopted in this research was 50%. In other words, a property that Gradient Boosting claims to have more than a 50%...
	Charge for additional building rights (CABR, “Outorga Onerosa do Direito de Construir”) calculation

	The calculation for the use of the CABR is defined by Ordinary Law No. 11.216/20, which exhibits in article 13 the following formula:
	𝐶𝑇 = 0.5𝑥 (𝐶𝐴𝑜𝑓 𝑥 𝐴𝑇 𝑥 𝑉)
	CT = the value of the CABR owed by the developer;
	CAof = utilization coefficient to be practiced upon financial burden, not counting the additional building potential resulting from exceeding the basic FAR from the means provided for in items II to V of § 2 of art. 45 of the Master Plan;
	AT = land area in square meters;
	V = value of the square meter of the land, obtained according to the land value map used to calculate the land transaction tax (ITBI, Portuguese acronym).
	Once demonstrating where and how the CABR will be calculated, it is also necessary to explain that there are areas required to be used on a mandatory basis, when there is an exceedance of the basic Floor Area Ratio. Such areas refer to the Transfer of...
	The condition of the Benefício Decorrente da Produção de Habitação de Interesse Social - BPH is defined by article 58, where it is said that the production of BPH constitutes additional transferable building potential, granted free of charge. Therefor...
	Results
	This section presents the main findings of this research. They include floodplain maps, land and property value maps, and renovation probability maps.
	Before seeing them, it is worth remembering the hydrography of the Arrudas catchment area. In many representations, minor creeks will not be shown to offer a clearer visualization of the key findings. Figure 5 depicts the map of Arrudas catchment area...
	Figure 5. Arrudas watershed and hydrography.
	Source: Authors.
	Land and properties values maps

	This section aims to answer the following proposed question: What is the current estimated opportunity-costs (OC) of land and properties across the city? As explained in the methodological section, spatial clustering and hedonic price modeling (HPM) p...
	The real estate market is segmented into four typologies: apartments, houses, warehouses, and vacant lots. First, we present the spatial clustering of each typology based on the skater technique detailed in the previous section, which considers many a...
	Due to the number of observations, spatial clustering resulted in more clusters to apartments, followed by houses, then vacant lots, and finally warehouses. This result reflects the current land use pattern of Belo Horizonte. While the city is mostly ...
	Figure 6: Spatial Clustering of Apartments within Arrudas Basin.
	Source: Authors.
	The technique of spatial clustering of apartments created a total of 50 submarkets across the city, 38 of them within Arrudas basin, based on the apartments’ characteristics such as age, construction quality, transaction price, size and locational fea...
	Figure 7: Spatial Clustering of Houses within Arrudas Basin.
	Source: Authors.
	Figure 8. Spatial Clustering of Warehouses within Arrudas Basin.
	Source: Authors.
	Figure 9. Spatial Clustering of Vacant Lots within Arrudas Basin.
	Source: Authors.
	One key aspect of the spatial clustering of local real estate markets is that often they do not follow first-nature features (Cronon 1991), such as watercourses and high-slope hills. In other words, the urbanization process in Belo Horizonte possibly ...
	After obtaining real estate submarkets from spatial clustering techniques, we run HPM to estimate properties and land values. In the sake of brevity, we are presenting here just the regression coefficients for one of the clusters in the vacant lot mar...
	From HPM, we mapped properties and land values across the city. These maps are crucial to discuss the incentives that developers have to 1) renovate the current land use of the city and 2) to simulate the comparisons between land values and GBI costs ...
	Properties and estimated land value maps exhibit high levels of inequalities across the city, ranging from R$ 70/m² to R$ 22,380/m² in the case of apartments, for instance. The center-southern portion of the city is the one with highest levels, presen...
	Figure 10. Predicted SqM. Values of Apartments within Arrudas Basin.
	Source: Authors.
	Figure 11. Predicted SqM. Values of Houses within Arrudas Basin.
	Source: Authors.
	Figure 12. Predicted SqM. Values of Warehouse     s within Arrudas Basin.
	Source: Authors.
	Figure 13. Predicted SqM. Values of Vacant Lots within Arrudas Basin.
	Source: Authors.
	Renovation potential maps

	In this section we present the renovation potential maps that the gradient boosting methodology brought about. Based on it, we answer the following questions: What are the submarkets that may have higher rates of renewal? How are these renewable areas...
	First, the features more relevant to forecast if a property is going to be renovated, in the sense of giving way to a new construction that follows the new zoning rules and adopt GBI, are the age of the property (“idade”), its size (“area”), and its v...
	Figure 14. Feature importance of variables in XGBoost Model for Houses.
	Source: Authors.
	Figure 15. Feature importance of variables in XGBoost Model for Warehouses.
	Source: Authors.
	Figure 16. Feature importance of variables in XGBoost Model for Shacks.
	Source: Authors.
	The gradient boosting methodology then allowed us to create renovation probabilities maps. In line with the results of the previous sections, most of the properties of higher probabilities are located in the center-south planned south of Belo Horizont...
	Figure 17. Probability of Renovation of Houses in Arrudas Basin.
	Source: Authors.
	Figure 18. Probability of Renovation of Warehouses in Arrudas Basin.
	Source: Authors.
	We obtained an estimated total renewable area by joining the vacant lots with the houses, shacks, and warehouses with the highest probability of renovation (Figure 19). It summed 3,6713,475.51 sqm of estimated renewable area, based on market trends. I...
	Figure 19. Renewable Area in Arrudas Basin.
	Source: Authors.
	Comparisons among CABR and GBI costs

	To promote the adoption of GBI devices in the new buildings, the City of Belo Horizonte included benefits in its new Master Plan that provide CABR waivers for GBI design solutions based on:
	 Permeable area at the building setback, in natural, vegetated and wooded terrain;
	 Permeable area in a portion of the terrain coinciding with an area of relevant vegetation, regardless of location on the terrain; and
	 Public enjoyment areas.
	As previously mentioned, the law also considers the use of rain gardens that may coincide with the above-mentioned permeable areas, and green roofs.
	In this way, buildings that adopt these measures in their projects will be able to use the benefits available for each case. Given that the new Master Plan for Belo Horizonte imposes a Floor Area Ratio equal to 1 throughout the municipality, thus limi...
	With the data made available by the city of Belo Horizonte and the information collected so far, it was possible to arrive at some preliminary results regarding the possible values of the CABR, as well as the indicators if it will be worthwhile or not...
	For this, the values refer to the simulated values obtained using Hedonic Price Modeling (see Methodology section for reference). These values will be used as a reference to simulate the values of the CABR. From this, the greater the savings generated...
	For the construction of such simulations, the default values were the size of the land equal to 400 square meters, a typical vacant lot in the city, and the permeability rate equal to 20% of the total lot area. For financial comparisons, 1 USD equals ...
	Results for single-family housing

	Single family dwellings are all or any type of dwelling that includes only one family on the same land. Thus, a scenario was created with the following characteristics:
	Figure 20. Model used for simulation of CABR - Single-family unit.
	Source: Authors.
	Table 1: Simulations of Fiscal Incentives for Adoption of GBI according to vacant lot values and zoning – OM-3 zoning:
	*FAR = Floor-area-ratio **CABR = Construction Additional Building Rights
	The output (Table 1) is obtained after the insertion of the data referring to the properties, such as the "footage" and the type of zoning, and the respective financial values, which are obtained from the hedonic price model. Because all outputs are i...
	The results will be presented using the three values for the vacant lots - the top 10%, the medium, and the lower 10th. The simulation presented on the left column of the table will not use any type of GBI, while the model on the right, by default, wi...
	Results for single-family dwellings indicated that the greater the value of the square meter of a given land, the greater the potential savings generated by the use of GBI. Considering in this model the top 10% more expensive lots in the city, the sim...
	Results for multifamily housing

	Multifamily buildings include several dwellings on the same land lot. Thus, a scenario was created with the following characteristics:
	Figure 21. Model used for simulation of CABR - Multifamily unit.
	Source: Authors.
	Table 2 – Simulations of Fiscal Incentives for Adoption of GBI according to vacant lot values and zoning – OP-3 zoning:
	*FAR = Floor-area-ratio
	**CABR = Construction Additional Building Rights
	Following the same model as the previous example, just changing the type of zoning and the built-up area of the building, we can see in Table 2 that the amounts that must be paid to extrapolate the Basic FAR are very close, if not identical, between t...
	Thus, the already valued regions of the city of Belo Horizonte can benefit from policies like this to expand their real estate stock in areas where there is greater guarantee of return on investment. On the other hand, for most of the city, this sort ...
	The previous analysis was expanded into an individual calculation. In this way, we can accurately identify the number of potentially renewable lots that have economic incentives to install GBI in new construction. The methodology is based on the price...
	Figure 22. Comparison between CABR and GBI.
	Source: Authors.
	Climate change projections results3F

	This section addresses some descriptive statistics on precipitation and presents a first estimation of intense rainfall events. Note that each RCM has three projections since it is nested in three General Circulation Models (GCMs). So, we have nine pr...
	Annual maxima block daily precipitation are plotted for each one of the nine projections and for the ensemble (Figure 23). The figure also shows the observed rainfall in a station of the Metropolitan Area of Belo Horizonte from 2000 to 2020. Additiona...
	Figure 23: Belo Horizonte: observed (2000-2020) and simulated annual maximum daily rainfall time series (2000-2099)
	Source: Authors.
	Results show high variability among models, with some models indicating increase in extreme precipitations in time and other models the opposite. Variability clearly increases in time as well. On the other hand, average simulated extreme daily rainfal...
	The high variability of simulated results as well as its increase in time are expected results for this kind of simulations. The use of several models for estimations (ensemble method) is a way of dealing with uncertainties.
	Estimations of rainfall intensity and duration considering observed data (2000-2019) (Figure 24a) and future data (2060-2079) (Figure 24b) for 10-year and a100-year return period rainfall events are plotted on figures 24a and 24b respectively.
	Figure 24a: Belo Horizonte: estimated rainfall intensities of 10-year RP for 2000-2019 and 2060-2079 periods
	Source: Authors.
	Figure 24b: Belo Horizonte: estimated rainfall intensities of 10-year RP for 2000-2019 and 2060-2079 periods
	Source: Authors.
	For both return periods, one can observe an increase in intensities of about 38% in the case of 10-year RP and for about 52% for 100-year RP when comparing 2060-2079 to observed data. Estimates for 10-year RP intensities in 2060-2079 are close to 100-...
	If we integrate uncertainties estimated through standard deviation, the increase in intensities for 2060-2079 is on 74.5% for 10-year return period events (average intensity estimate plus 1 standard deviation). On the other hand, for the average inten...
	Flood risk maps for Scenario 0

	Flood risk maps were developed for all the Arrudas catchment following the methods briefly described in the Data and Methods section. All the floodplains of the Arrudas stream and its direct tributaries were modeled. The results of stormwater modeling...
	For the purposes of the present research project, we adapted flood maps to represent the 10-year and the 100-year flood events for the entire valley of the Arrudas stream and for tributaries Barreiro and Leitão creeks (Figure 25 and 26). Figure 5 illu...
	Figure 25: Arrudas stream catchment: Flood risk maps for the Arrudas valley, 10-year and 100-year RP
	Source: Authors.
	Figure 25 shows the high flood risk all over the Arrudas valley for Scenario 0, with large extensions of the valley being flooded for the 10-year RP event. For part of the valley, mainly the road system is concerned, nevertheless in the case of some c...
	Figure 26: Arrudas stream catchment: Flood risk maps for the Barreiro and Leitao creeks, 10-year and 100-year RP
	Source: Authors.
	The situation is similar in the case of the tributaries Barreiro and Leitão creeks, although clearly worth for the former one with a large part of its valley flooded for the 10-year RP event. In the case of the Leitão creek, large flooding areas are e...
	Considering this elevated risk of flooding, flood emergency planning followed by effective actions of the Civil Defense in collaboration with other municipal departments are essential to reduce casualties and direct damages of floods. Other than the m...
	Flood risk for Scenarios 1 to 3

	Scenarios 1 and 2 were simulated through hydrological and hydraulic modelling that account for the potential of renovation described in Figure 19 and the selected types of GBI shown in Figure 22. The types of GBI devices were selected considering thos...
	As expected, the effects of GBI on flood risk reduction considering the estimated small renewable area in the municipality is minor for Scenarios 1 and 2. This can be seen through the hydrographs calculated by the hydrological modelling results (Figur...
	Figure 27-a: Barreiro creek catchment: 10-year RP hydrographs for Scenarios 1 to 3.
	Figure 27-b: Barreiro creek catchment: 100-year RP hydrographs for Scenarios 1 to 3.
	Figure 27 a and b exemplifies the effects of GBI implementation according to Scenarios 1 and 2 for the events with 10 and 100-year return periods. It shows the hydrographs almost coincident to both scenarios and, considering typical uncertainties of h...
	Leitão catchment is an old and well consolidated urban area with some diffuse opportunities for renovation. Despite being potentially sensible to the GBI economic incentive, due to properties high values, its feeble renewable potential prevents a sign...
	Figure 28: Renewable areas in the Arrudas stream catchment: location of the Barreiro and Leitão catchments
	Figure 29: Leitão creek catchment: estimated flooded area for 10-year and 100-year RP hydrographs for Scenarios 1 to 3
	The impact of climate change (Scenario 3) on flooding areas is illustrated in figures 30 and 31.
	Figure 30: Arrudas stream catchment: Flood risk maps for the Arrudas valley, 10-year and 100-year RP incorporating estimated climate change impacts on rainfall intensities
	Figure 31: Barreiro and Leitão creek catchments: Flood risk maps for the Arrudas valley, 10-year and 100-year RP incorporating estimated climate change impacts on rainfall intensities
	Flood maps for Scenario 3 (Figures 30 and 31) show a significant impact of climate change estimates on flooding areas for both return period rainfall events simulated. In the case of the Arrudas valley, the increase in estimated flooded areas is of 25...
	Leitão creek catchment: Simulations of alternative scenarios

	In this session we consider and evaluate two alternative scenarios of land use regulations based on the GBI approach to explore changing policies that would result in more effective impacts in terms of flood mitigation. The scenario alternatives were ...
	The Leitão creek catchment was selected for those simulations, partly due to its characteristics of a densely occupied and consolidated area and partly because simulations of the b) alternative have been previously performed (Rosa et al, 2020), allowi...
	Figure 32: Map of lots classified according to its impervious area in Leitão creek catchment
	Source: Authors.
	Results of hydrological simulations for the alternative of generalized use of rain barrels are illustrated in figures 33 and 34 for 10-year and 100-year RP events. Rain barrels typically attenuate flows and have no influence on runoff volumes. For the...
	Figure 32: Hydrographs at the outlet of the Leitão creek catchment for a 10-year return period rainfall event considering all the lots equipped with rain barrels
	Figure 33: Hydrographs at the outlet of the Leitão creek catchment for a 100-year return period rainfall event considering all the lots equipped with rain barrels
	Peak flow reduction of 4,7%.
	Table 3: Floods in the roads of Leitão Stream catchment
	In order to develop the alternative scenario of a systematic use of GBI in public and private areas in the Leitão creek catchment, a detailed assessment of catchment land use and physical characteristics was first performed. These assessments allowed ...
	Results show that this approach can almost eliminate flooding areas in the catchment even for the 100-year RP event. For this event, peak flow would be reduced in 67% and runoff flow volume in 64%. On the other hand, continuous simulations suggested t...
	Conclusions
	The results indicate that the real estate market will renovate mainly highly valued areas in the foreseeable future. Single-family houses in low-income areas have low likelihood of renovation. When these results are combined with the costs of GBI and ...
	Hydrological and hydraulic simulations considering the renewable lots in the Arrudas stream catchment for frequent and less frequent events, 10-year and 100-year RP events respectively, suggest that the new Master Plan law is not sufficient to influen...
	Simulations of more systematic use of GBI devices here performed or identified in a previous research project developed in the same area, the Leitão creek catchment, suggest that the promotion of the use of a diversity of GBI device types including in...
	Climate change scenarios, which carry high levels of uncertainty in simulations for the long run, have exhibited a pattern of ever increasing the level of extreme rainfall events in the last decade. If this pattern holds in the future, flood events wi...
	The simulated results so far call attention for more direct public interventions, such as public parks and green rooftops in public buildings. Real estate markets, in a highly segregated and uneven urban space, will offer little greening hopes for the...
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