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Abstract: One of the main problems faced by the Belém Metropolitan Region (BMR) inhabitants
is flash floods caused by precarious infrastructure and extreme rainfall events. The objective of
this article is to investigate whether and how the local urban characteristics may influence the
development of thunderstorms. The Weather Research and Forecasting (WRF) model was used
with three distinct configurations of land use/cover to represent urbanization scenarios in 2017 and
1986 and the forest-only scenario. The WRF model simulated reasonably well the event. The results
showed that the urban characteristics of the BMR may have an impact on storm systems in the urban
areas close to the Northern Coast of South America. In particular, for the urban characteristics in the
BMR in 2017, the intensification of the storm may be linked to a higher value of energy available for
convection (over 1000 J kg−1) and favorable wind convergence and vertical shear in the urban area
(where the wind speed at the surface was more than 3 m s−1 slower than in the forest-only scenario).
Meanwhile, the other land cover scenarios could not produce a similar storm due to lack of moisture,
wind convergence/shear, or convective energy.

Keywords: urban climate; climate change; atmospheric modeling; land cover; Belém; Brazil

1. Introduction

The climate inside a city is not the same as in its neighboring areas and must not be
considered the same as its surroundings [1]. The materials, structures, and shapes of cities
change the urban-free atmospheric conditions, creating what is called “urban climate”.
The differences can be observed in many meteorological variables due to the influence
of materials, such as concrete and asphalt that can store and emit more heat back to the
atmosphere. Thus, the air temperature is expected to be higher in cities than in rural
regions, defining the so-called urban heat island (UHI) [2,3]; the lack of vegetation and
higher surface runoff weakens the hydrological cycle reducing atmospheric moisture. The
wind speed is reduced as a consequence of the enhanced surface roughness caused by
buildings that prevent the circulation of moisture and heat [4–8]. With all these changes
to the lower atmosphere, the cities will also influence the development and movement of
storms that enter the urban area.

The city’s UHI can intensify (or even initiate) storms that enter the city domain by
enhancing the convection. Increased heat and consequently convective available potential
energy (CAPE) due to urbanization have been associated with increased thunderstorm
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activity over India [9,10], Brazil [11], the United States [12], and China [13]. However, heat
is not the only factor to be considered, and depending on the regional wind velocity, this
process can happen up- or downwind [14–16].

Similar to the UHI, city buildings can have two distinct effects: the enhanced roughness
length (caused by the building’s height) increases the convergence at the surface and
generates turbulence that destabilizes the atmosphere, favoring the development of stronger
storms [2,17,18], but the buildings can also serve as barriers to the wind flow diverting
the storm from the city by either splitting it or blocking its path [17–19]. Aerosols also
have an important role in storm development by changing cloud properties and dynamics,
such as the updraft and downdraft timing, precipitation amount, and droplet size [20].
Even though cities can produce a significant amount of aerosols, this information was not
considered in this study, since the study area does not have any observed information
regarding it.

In the Brazilian part of the Amazon Rain Forest, one of the most important urban areas
is located at its northeastern border, and it is called Belém Metropolitan Region (BMR). This
area is formed by seven municipalities that are brought together by its socio-economical
characteristics. From these seven municipalities, Belém, Ananindeua, and Marituba are the
municipalities where most of the BMR population, businesses, and industry are located [21];
therefore, in this study, the acronym BMR stands for these three places.

One of the main sources of vulnerability for its population is the risk of floods, often
associated with extreme precipitation events, but far from it being the only reason for
flooding [22]. Previous studies have pointed out that the BMR region has a favorable
condition for the development of deep convective systems that can produce large values of
accumulated precipitation (mostly due to the high CAPE observed in the region and wind
dynamics) and that extreme precipitation events are becoming more frequent [23–25].

Besides, reference [26] showed that part of Belém’s inhabitants is perceiving changes
in the city’s climate. According to their survey, Belém is getting warmer and drier, with a
higher variability of the precipitation events intensity. This information was corroborated
by analyzing data from the Brazilian National Institute of Meteorology (INMET) from
1980 to 2018. The authors concluded that, although the temperature and moisture changes
may be associated with a global climate change process (or even a regional process due
to Eastern Amazon deforestation [27,28]), the precipitation variability may also be linked
with the local development of the urban area.

However, even though those studies have shown evidence regarding the urban effect
on precipitation, there has not been one research that tried to simulate it and fully analyze
the surface−atmosphere interaction. As mentioned before, the BMR is one of the most
important and largest areas in Northern Brazil, and its population is beginning to notice the
effects of local climate change. It is necessary to study how the landscape is contributing to
this climate change process, so its population can be prepared for future scenarios.

Thus, the purpose of this paper is to investigate the influence of the Belém urban area
on the development of a thunderstorm that happened on 7 June 2011 using the Weather
Research and Forecasting (WRF) model with different land use/cover scenarios.

2. Materials and Methods
2.1. Study Area

The BMR is located in the Eastern Amazon, approximately 125 km on a straight
line from the Atlantic Ocean, and the climate is tropical humid, with an average tem-
perature between 25.4 and 26.5 ◦C and an average accumulated annual precipitation of
2800 mm year−1, according to the Belém’s meteorological station of the INMET [29]).

As a baseline for the comparison between the reality and how the region is represented
by the model land use/cover data, Figure 1 shows a natural-colored image of the BMR from
Landsat 8. Figure 2 shows the domain used by the WRF model and how the urban scenarios
were defined: (a) the entire model domain (Figure 2a); (b) the default urban settings from
the WRF (land use from MODIS; Figure 2b); (c) urbanization in 1986 (Figure 2c; the oldest
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satellite image found for the BMR without cloud interference); (d) urbanization in 2017
(Figure 2d). In addition, a forest-only scenario was created (not shown) where all urban tiles
were replaced by an evergreen forest. It is important to note that all these land use/cover
included the BMR.

Figure 1. Satellite image from Landsat 8 of the Belém Metropolitan Region (BMR) focused on the main
urbanized area of Belém, Ananindeua, and Marituba (yellow contour). The red dots mark the location
of the instruments used: Radiosonde (−1.38◦ and −48.48◦), the INMET surface station (−1.43◦ and
−48.43◦), the Radar (−1.48◦ and −48.46◦) and Chuja Project Disdrometer (−1.27◦ and −48.46◦).

Figure 2. Weather Research and Forecasting (WRF) land use categories. (a) entire domain; (b) WRF
default categories; (c) BMR urban area as in 1986; (d) BMR area as in 2017. The solid black lines
represent the real geography of the area.
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The BRM is not well represented by the model (Figure 2b), and to improve its represen-
tation, the amount of impervious land was extracted from Landsat 5 (1986) and Landsat 8
(2017) satellite images according to the impervious built-up index (IBI) calculation. The
main difference observed between each year was the reduction of forest cover and the
expansion of the urban area, with a higher density urban area appearing in the middle
of what is considered the center of Belém (to the south, around 1.4◦ S and 48.52◦ W), and
especially the expansion of the medium-density category (both categories were described
below). The BMR is dominated by urban and forest land cover and areas destinated to
crop growth are small in size and often are hidden by trees, so they are very difficult to be
classified by satellite imagery.

Proposed by Xu [30] and discussed by Sekertekin et al. [31], the IBI can produce a
better classification of urban features due to its composition of three thematic indices:
soil-adjusted vegetation index (SAVI), normalized difference build-up index (NDBI), and
modified normalized difference water index (MNDWI). These three indices were selected
to represent the complexity of the urban ecosystem and were used as “bands” for the IBI
calculation following Equation (1):

IBI =

(
NDBI − SAVI+MNDWI

2

)
(

NDBI + SAVI+MNDWI
2

) . (1)

The IBI ranges from 0 (no impervious surface) to 1 (completely impervious surface),
and as defined by the authors, each of the three main classes (low, medium, and high
densities; the latter was divided into two categories described below) received a third
of this range. Each urban category for the 2017 scenario was defined based on the IBI
and according to the population density and the average household income information
collected during the 2010 Census performed by the Brazilian Geography and Statistics
Institute (IBGE). In 1986, the BMR was very different, especially in the outskirts where
there were fewer buildings and more vegetation, so the 1986 scenario used almost the same
categories, but with some changes as described below. Physical characteristics necessary
for the model, such as emissivity, albedo, and roughness length, were from Souza [32]. The
four categories are as following:

Low density: well-vegetated (70% natural vegetation), low buildings (5 ± 1 m), and
impervious surface (between 0 and 0.3);

Medium density: some vegetation (30% natural vegetation), low–medium-height
buildings (10 ± 3 m), and impervious surface between 0.3 and 0.7;

High-density slums: almost no vegetation (10% natural vegetation), low-height build-
ings (7.5 m ± 1 m), and impervious surface between 0.8 and 1. This category slightly
changed for the 1986 scenario, with higher buildings (20 ± 10 m) and more vegetation (25%
natural vegetation);

High density: almost no vegetation (10% natural vegetation), medium–tall building
(60 ± 25 m), and impervious surface between 0.7 and 0.8. It was not present for the
1986 scenario.

2.2. Case Study and Model Configuration

The Chuva Project campaign happened in the BMR in June 2011. For the duration of
the campaign, different new instruments were installed to monitor its atmosphere and the
meteorological systems that moved over it [33].

Figure 3 is composed of infrared satellite images detailing the evolution of a mete-
orological system that happened on 7 June 2011 (the blue arrows indicate its position).
The system began its development in the Atlantic Ocean late in the morning, reaching the
continent between Pará and Maranhão states borders at 1600 UTC (the local time is UTC
−3 h) (Figure 3a). As the system moved westward, it grew, and the top of the clouds got
colder, indicating deeper clouds (Figure 3b). When it reached the BMR (Figure 3c; around
2000 UTC), the system reached its maximum development, with the minimum cloud top
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temperatures between −80 and −70 ◦C. The dissipation phase started just after it passed
the BMR (Figure 3d; 2100 UTC) and reached Marajó Island (red arrow).

Figure 3. Infrared satellite images from GOES 12 focused on the northern region of Brazil at 1600 UTC
(a), 1930 UTC (b), 2000 UTC (c), and 2100 UTC (d). The colors represent the cloud top temperature,
from −80 ◦C (pink) to −30 ◦C (orange). The blue arrows indicate the system of interest, and the red
indicates where Marajó Island is located.

The INMET meteorological station (south of Belém, −1.43◦ and −48.43◦) registered
38 mm of precipitation during the system passage over Belém, while the Chuva Project dis-
drometer (north of Belém) registered 27 mm of precipitation. Even though the accumulated
precipitations in these sites were not extreme, the local media reported many problems
related to the storm, such as traffic jams, floods, power shortages, and building damages.
In conclusion, this event was well documented and caused many problems for the city,
making it an ideal case study.

Different physics and dynamic combinations were tested to see how they simulated
the selected event. A different source of initial condition was also evaluated. The options
described below produced the best results for the control run.

The following settings were used for all three land use/cover scenarios described in
Section 2.1. The model used for this experiment was version 3.8 of the WRF model [34].
The model simulated one grid of 600 × 600 points (Figure 2a), at a 1 km resolution,
approximately with a time-step of 5 s and an output every 30 min. The initial and boundary
conditions (updated every 6 h) were from the Global Forecast System [35]), and a constant
sea surface temperature (SST) from the multi-scale ultra-high resolution (MUR–SST; [36])
dataset was also used. The WRF data assimilation system (WRFDA; [37]) was used to
assimilate observational data from the Chuva Project radiosonde (from 1800 UTC of 6 June
to 0000 UTC of 8 June and with 4 h intervals between each launch; with a total of 8 soundings
records) and surface stations from the INMET (−1.43◦ and −48.43◦) into the WRF first
guess data.
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The parameterizations used were as following: microphysics, Ferrier/ETA [38]; radia-
tion, rapid radiative transfer model (RRTM) [39,40]; Monin–Obukhov surface scheme [41];
Mellor–Yamada–Janjic planetary boundary layer scheme [42]; Noah land surface model [43].
The urban effect was simulated using the building effect parametrization (BEP), a multilayer
urban canopy model that places the buildings inside the lowest model layers, allowing the
model to perform explicit interactions between the building and the atmosphere [44].

The model was integrated at three different times: 30 h (starting on 6 June 2011 at
1800 UTC), 24 h (starting on 7 June 2011 at 0000 UTC), and 18 h (starting on 7 June 2011 at
0600 UTC). These three different integration times changed how the storm was simulated
(an example is presented in Figure S1 in Supplementary Materials) and the shorter time did
not reproduce the event, while a longer integration time ended the simulation abruptly. The
ensemble mean from these three integration times was calculated, and all results presented
here are ensemble mean values. Additionally, all variables presented were estimated by
the model or calculated using NCAR Command Language (NCL; in the case of CAPE,
described in Equation (2)), except the Bulk Richardson Number that was calculated with
Equation (3):

CAPE =
∫ EL

LFC
g
(Tv,parcel − Tv,env

Tv,env

)
dz, (2)

RiB =

(
g
θVS

)
θV(z)− θVS

U(z)2 + V(z)2 z, (3)

where EL is the height equilibrium level, LFC is the level of free convection, g is the gravity
acceleration, Tv,env is the environment virtual temperature, Tv,parcel is the parcel virtual
temperature, z is the height above ground, θV is the virtual potential temperature at z, θVS
is the virtual potential temperature near the surface, and U(z) and V(z) are the horizontal
wind components at z [45]. For this research, RiB was calculated for the layer between the
surface and the height of 6000 m.

Considering that the objective of this research is the BMR’s influence on the storm
and not how the system was generated and its lifespan, we did not investigate the reasons
behind each test result.

3. Results and Discussion
3.1. Model Evaluation

The control run results of the WRF model (2017 scenario ensemble mean) was com-
pared to radiosonde and radar observations. The model performed reasonably well for
both data sets. At the ground level (Figure 4), although there were quantitative differences
between the 2017 scenario and the observed, both had similar trends before and after the
storm. The precipitation simulated by the model at the INMET station (−1.43◦ and −48.43◦)
had a one-hour lag, being closer to the disdrometer measure. Meanwhile, the equivalent
potential temperature (EPT) was lower in the model run before the storm, indicating that
the model’s atmosphere was drier and colder than the observed, but the difference was
significantly reduced after the storm, as the air was transported from aloft to the surface
and the atmosphere stabilized [46]. The wind speed decreased constantly in the model and
the observed, maintaining an almost constant difference between them.

The vertical profiles of the EPT and the wind speed of the model followed the observa-
tion trends, although quantitative differences were noted (Figure 5). In general terms, the
model was colder and drier than the observation, but both of them displayed an unstable
layer of the atmosphere near the surface since the temperature decreased with the height.

The wind speed alternated between a positive and a negative bias. The model sim-
ulated easterly winds almost for the entire atmosphere, and only near the surface the
wind had a northwesterly direction. The observation also showed westerly winds, but on
higher layers and a southerly contribution. Easterly winds were noted at the surface and
above 5 km.
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Figure 4. Time series of the accumulated precipitation (mm h−1), the equivalent potential temperature
(K), and the wind speed (m s−1) for the observed at the Brazilian National Institute of Meteorology
(INMET) Station (black solid lines) and at the disdrometer (black dashed line) and the 2017 scenario
at the INMET Station point (blue solid line) and at the disdrometer (blue dashed line).

Figure 5. WRF (black) and radiosonde (blue) vertical profiles at 1800 UTC of the equivalent potential
temperature (K) (a) and the wind speed (WS) and direction (WD) (b).
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The model and the radar reflectivity analysis (Figure 6) showed that the WRF model
did not represent the correct orientation of the system, but the timing and direction of
movement were adequately simulated. At 2000 UTC, the system presented a latitudinal
orientation, with different storm cells throughout its extension. At the same time, the WRF
model simulated a diagonal (from southwest to northeast) line with small storms and the
main one near Belem, almost in the same position as the one seen by the radar. The leading
storms, located to the southwest of the BMR, were also simulated, even though in a more
localized manner.

Figure 6. WRF (a–c) and radar (d–f) maximum reflectivities observed through the entire model height
(dBZ) for three periods: 2000 (a,d), 2030 (b,e), and 2100 UTC (c,f) on 7 June 2011. The black circle
marks the BMR location.

At 2030 UTC, the system was concentrated over the BMR, and the model also simulated
the storm in the same position but kept the diagonal orientation. An intense convective
region, above 40 dBZ, extended to the southwest, while the radar observed a similar
structure but positioned directly south of the BMR.

After the system passed the BMR, it broke into small storms to the west and over the
river, and in the WRF simulation, a similar process was noted. The main difference was
found in the rear of the storm, as the only region with active convective movement in the
model was to the northeast of the BMR. The radar showed a more active area all around
the area of interest, with reflective of 35 dBZ or higher.

The noticed difference between the observed and modeled can be attributed to the
small number of instruments available at the time to measure the atmospheric conditions to
be used as initial conditions for the model [47]. Even so, the model performed reasonably
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well, reaching a maximum, at the BMR, above 40 dBZ at 2030 UTC, similar to the observed.
At the next moment, this value was reduced to below 35 dBZ, higher than the radar, which
was between 25 and 30 dBZ.

Another important parameter is the balance between wind shear and buoyance known
as the Richardson Number (presented here as its bulk version). The RiB calculated at
1800 UTC (the last radiosonde launch before the storm) for the control run (at the radiosonde
site) was 57 and 55 for the radiosonde. Weisman and Klemp [48] concluded that this value
represents a good balance between both effects, ideal for multicell systems (like long-lasting
squall lines, as observed by the radar) and non-tornadic supercell, which may be the
case for the cell located above the BMR. Despite the differences, the model and observed
atmosphere during the system lifetime were similar, reassuring that the storm over the
BMR was reasonably well simulated.

3.2. WRF Sensitivity Analysis

Analyzing the time series from all scenarios and comparing them with the observed
(Figure 7), it can be noticed that the 1986 and forest scenarios behaved similar to the 2017
one, as expected, since the location of the station has not changed its land cover, but the
surrounding area has changed and its characteristics can be transported to the station
site. In the case of the forest scenario, the higher moisture content in the atmosphere,
which originated from the evapotranspiration process of the vegetation, elevated the EPT,
while the lower roughness of the surface resulted in a higher wind speed. There were no
significant differences between the urban scenarios, at least not in this location.

Figure 7. Time series of the accumulated precipitation (mm h−1), the equivalent potential temperature
(K), and the wind Speed (m s−1) for the observed at the INMET Station (black solid lines, located at
−1.43◦ and −48.43◦) and at the disdrometer (black dashed line, located at −1.27◦ and −48.45◦) and the
2017 scenario at the INMET Station point (blue solid line) and at the disdrometer (blue dashed line).

The spatial distribution of the accumulated precipitation during the storm between
1930 and 2100 UTC are shown (Figure 8). In all scenarios, part of the storm followed the
river to the south of the BMR. However, there was less precipitation in the middle of the
study area in the year 1986 scenario than in the forest one and especially in the year 2017
scenario, which displayed a large area in the middle of the BMR with a significant amount
of precipitation during the storm.

Maximum reflectivity (dBZ) was detected on the entire model height, and it is pre-
sented in Figure 9 for all scenarios. Before the system arrived at 1930 UTC, all scenarios
displayed a similar reflectivity, with more clouds at the center and to the north of the town.
At 2000 UTC, a large region with a reflectivity higher than 35 dBZ can be noticed in the 2017
scenario, but not in the 1986 scenario and over a smaller region in the forest one. Almost
the entire BMR domain had a reflectivity higher than 35 dBZ at 2030 UTC during the 2017
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scenarios, especially in the middle of the BMR and on the southern river shore. Similar
to what was noticed at 2000 UTC, the forest scenario resembled the 2017 scenario again,
although the higher reflectivity was more concentrated in three places: northwest, middle,
and southwest areas of the BMR. The ensemble mean of the 1986 scenario differed from
the others, as the main areas with high reflectivity were to the west and south, outside the
urban area. After the system passed over the BMR (2100 UTC), some regions with more
than 35 dBZ can still be noted in 1986 and 2017, while lower values of dBZ were estimated
by the forest scenario ensemble mean.

Figure 8. Total accumulated precipitations between 1930 and 2100 UTC.

Figure 9. Maximum reflectivities (dBZ) for the 2017 (a–d), 1986 (e–h), and forest (i–l) scenarios at
1930, 2000, 2030, and 2100 UTC.
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Therefore, the ensemble means indicated that cloud formation was intensified in
the 2017 scenario, indicating that urban centers have important characteristics that may
influence the local atmosphere and alter storms in different ways.

CAPE is an important indicator of the potential of storm development, as it is an
estimate of atmospheric buoyance. An air parcel with high CAPE is most likely to rise in
the atmosphere and transport heat and moisture to upper levels. As CAPE increases, this
upward movement also intensifies and the storm becomes stronger and more dangerous,
as they can produce more rain and intense downdrafts that can blow away rooftops, power
lines, and trees [49].

According to previous studies, moderate convection is expected to occur with CAPE
ranging between 1000 and 2500 J kg−1, and strong convection with CAPE above
2500 J kg−1 [50,51]. The estimates of CAPE for each scenario are shown in Figure 10. Before
the storm arrived over the BMR (2000 UTC), the middle of the BMR had a considerable
amount of CAPE in 2017 (with values over 1600 J kg−1), but in other scenarios, it barely
reached over 1000 J kg−1 in the same area. The south and southwest areas were common
regions with CAPE over 1000 J kg−1 for all scenarios, particularly for the 1986 one.

Figure 10. Convective available potential energy (CAPE) values simulated by the model for each
scenario in 2000.

The urban characteristics change the local energy budget. More sensible heat is emitted
to the atmosphere by the cities, resulting in a higher air temperature near the surface and
a higher CAPE [52,53]. The 2017 and 1986 runs presented a higher upward sensible heat
flux than the forest scenario results (Figure 11). However, the size of the medium density
area and the characteristics of the high-density slums and high-density classes in the BMR
center of the 2017 scenario were responsible for a stronger and more persistent sensible heat
flux across the BMR domain, compared to that of the 1986 scenario. Meanwhile, the latent
heat flux (Figure 12) of the urban scenarios was smaller than that of the forest scenario,
as expected by the reduced amount of vegetation [54,55]. This higher latent flux in the
forest scenario may be responsible for the similarities detected in the reflectivity shown in
Figure 9 between the forest and 2017 scenarios.

Figure 13 is a longitudinal cross-section in the middle of the BMR showing the maxi-
mum reflectivity (shade) and the vertical wind speed (contours). There was a persistent
column of upward wind before the storm in the 2017 scenario. In the 1986 scenario, this
was only noted at 1930 UTC and in the forest one an oscillation can be noted, alternating
between the downward and upward movements. After the storm, at 2100 UTC, there
was still a convective movement in both urban scenarios, but with a denser cloud in the
2017 scenario.
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Figure 11. Upward heat fluxes (W m−2) for each of the 2017 (a–d), 1986 (e–h), and forest (i–l)
scenarios at 1930, 2000, 2030, and 2100 UTC.

Figure 12. Latent heat fluxes (W m−2) for each of the 2017 (a–d), 1986 (e–h), and Forest (i–l) scenarios
at 1930, 2000, 2030, and 2100 UTC.
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Figure 13. Reflectivity (dBZ) values for the 2017 (a–d), 1986 (e–h), and forest (i–l) scenarios at 1930,
2000, 2030, and 2100 UTC. The dashed contours are the negative vertical wind speed, and the solid
contours are positive vertical wind velocity, ranging from −5 to 5 m s−1 and an increment of 1 m s−1.
The black line near the x-axis represents the BMR.

The higher wind speed in the 2017 scenario transported moisture and energy from the
surface to higher altitudes, producing a deeper and larger system, as expected from Figure 9.
Figure 14 indicates this transport of moisture and energy. However, the downdrafts
produced by the convective circulation also brought cold and dry air from aloft, which
could prevent the development of new storm cells [56]. This movement can be detected
where the potential temperature reduced near the updrafts at 1930 UTC in Figure 14.

Despite this transport of cold and dry air to the surface (below 2000 m), as the water
from precipitation fell from the clouds it could evaporate and be transported back up by
the cold pool circulation, in the wake of the storm, and be used as fuel for the generation of
new cell or keep the old one alive for a longer time [57,58]. The 2017 scenario displayed a
situation that can be a result of this process, as the system was still present at 2100 UTC.

Aside from the energy budget, the urban characteristics can change other atmospheric
variables that have an important role in storm development such as the surface rough-
ness length.

The different building heights that compose an urban landscape increase the surface
roughness length and reduce the wind speed across the BMR, keeping the system for a
longer period inside the region and allowing it to grow stronger [59,60]. Figure 15 shows
the vertical profile of the wind speed in the atmosphere. The forest scenario had a more
homogeneous surface, which reduced the roughness, and the wind was faster. However,
with urbanization and the barrier effect caused by the buildings, the wind got slower near
the surface, below 3 m s−1 for the 2017 and 1986 scenarios, while the wind in the forest
scenario reached above 5 m s−1 at all considered times (from the ground up to 2000 m). The
urban effect also increased the vertical wind shear, which was stronger in urban scenarios.
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As CAPE, the wind shear is another important element of storm development. If both
forces are well balanced, with a moderate shear—associated with a cold pool propagated
by the storm downdraft that brings dry and cold air from above the clouds to the sur-
face [58,61,62]—and sufficiently high CAPE, new storms can develop right in front of the
old one, keeping the system active for a longer period [48,63]. When these forces are out of
balance, the storm structure can change, leading to the system split and/or underdevelop-
ment [64,65].

The increased surface roughness also contributes to the convergence of moisture and
heat at the surface, maintaining the storm active for a longer time [60,66–68]. Figure 16
shows that the wind speed at 10 m above ground was always higher (reaching up to
7 m s−1) in the forest scenario than in the urban ones (where the speed barely reached
4 m s−1), and the 2017 wind speed was slower than in 1986, especially before the storm, at
2000 UTC. The reduced velocity in the 2017 scenario favored convergence at the surface,
as can be seen by the size and direction of the arrows and the color shading. Meanwhile,
the wind in the 1986 scenario pushed more heat and moisture downstream, resulting in
the positioning of the system southward of the BMR. After the storm, the wind assumed a
north-easterly direction in all three scenarios, but it was still slower in 2017.

Figure 14. Equivalent potential temperatures (K) for the 2017 (a–d), 1986 (e–h), and forest (i–l)
scenarios at 1930, 2000, 2030, and 2100 UTC. The dashed contours are the negative vertical wind
speed, and the solid contours are the positive vertical wind velocity, ranging from −5 to 5 m s−1 and
an increment of 1 m s−1. The black line near the x-axis represents the BMR.
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Figure 15. Wind speed (solid line) and wind direction (barbs) vertical profiles for each scenario at
2000, 2030, and 2100 UTC.

Figure 16. Wind vector fields near the surface for each scenario at 1930, 2000, 2030, and 2100 UTC.
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4. Conclusions

The WRF ensemble means simulated reasonably well the storm that occurred on
7 June 2011. Even though some differences were observed between the ensemble mean, ra-
diosonde, and radar data, the ensemble mean estimated the correct time and position of the
event, allowing an evaluation of the storm structure in different land use/cover scenarios.

The results presented here showed that, although the urban area has not expanded
significantly, its composition has changed, and the urban characteristics of BMR in 2017 can
influence the development of meteorological systems in this region. The higher availability
of convective energy and the reduced wind speed, which favored confluence and vertical
wind shear, created a favorable environment for the enhancement of mesoscale systems
over the BMR. With a smaller urban area (the 1986 scenario), the system was positioned
downwind, since the higher wind speed and the reduced sensible and latent heat fluxes
prevent it to develop over the BMR. If the BMR was removed and replaced with forest, the
latent heat flux may be responsible for the storm positioning similar to the 2017 scenario,
but the low CAPE and confluence at the surface produced a weaker storm.

While previous urban climate studies for the BMR region have shown some climate
changes (due to urbanization or other factors), this work is the first one to approach the
urban effect from a three-dimensional point of view, adding significant new information
not only for urban researchers, but also for decision-makers, since this kind of information
can be used to reduce the risks associated with thunderstorms, with actions such as
allocation of resources towards areas that are becoming vulnerable to floods and creation of
a thunderstorm warning system to prevent human/material damages or even to increase
green areas to reduce the amount of heat available to the thunderstorm.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos13071026/s1, Figure S1: accumulated precipitation (mm) at 20:00 UTC for each ensemble
member (first three columns) and the ensemble mean (rightmost column) for each land use/cover
scenario (rows).
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