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To mitigate the temperature increase in urban environments and reduce its impact on energy consumption and
the quality of the environment, urban retrofitting technologies have been developed and applied worldwide. High
albedo in urban surfaces and additional vegetation are the most efficient strategies to accomplish these goals.
The objective of this study is to estimate the weight of these strategies, both individually and integrated, on the
cooling potential of two Latin American cities. To do this, 36 low and high urban density scenarios were simulated
with the ENVI-Met software. The simulation models were calibrated using air temperature curves which were
monitored during the summer periods from 2010 to 2013. A Principal Components Analysis was carried out to
establish possible associations between the proposed mitigation strategies and then the weight of anthropogenic
heat was evaluated according to the configuration. The results show that the integrated mitigation strategies
in urban areas -i. e. increase vegetation and albedo on horizontal surfaces- has a great potential to mitigate
urban warming, showing a more significant impact on low-density urban configuration. The contribution of
anthropogenic heat mainly produced by motorized transport and air conditioning systems, is a crucial input
data for the urban microclimate simulations. Its impact on the urban densification processes may cancel out the

benefits derived by the application of the mitigation strategies considered.

1. Introduction

Increasing urban warming is an indicator of the unsustainable path
urban development has taken around the world. Urban growth and
expansion have generated a set of adverse effects and environmental
risks, widely analyzed during the last decades [1]. In this scenarios, the
world’s climate system is getting warmer [2]. According to the Intergov-
ernmental Panel on Climate Change [3], global mean surface air tem-
perature is projected to increase from 0.3° to 4.8°C by the year 2100, de-
pending on the specific emission scenario and the climate model. Since
climate change is expected to generate more intense and frequent heat
waves, it is essential to develop and implement comprehensive heat mit-
igation strategies for urban areas.

In urban areas, urbanization leads to the urban heat island (UHI) ef-
fect, which is defined as an increase in the urban air temperature when
compared to their rural surroundings [4]. UHI is caused by numerous
reasons, including the thermal and optical properties of the materials
used in cities, the morphology of urban canyons, the concentration of
released anthropogenic heat, the urban greenhouse effect, the reduc-
tion of evaporative surfaces, and the turbulence phenomena caused by
the increase in building density [5]. This climatic vulnerability within

cities increases the cooling loads of buildings and reduces thermal com-
fort both inside buildings [6] and in outdoor space, potentially causing
serious health conditions for its inhabitants [7].

Adaptation and mitigation technologies have been developed and ap-
plied to counteract the temperature increase in urban environments and
to reduce their impact on energy consumption and environmental qual-
ity. Among the most efficient urban retrofitting technologies are the use
of high albedo surfaces and increase urban vegetation [8]. Studies car-
ried out in the same areas of this research, can reduce the maximum air
temperature by approximately 2°C to 3°C in the cities of Mendoza (Ar-
gentina) and Campinas (Brazil) [9]. A further reduction can be achieved
in neighborhoods by employing advanced evaporation [10]. In addition,
they have a positive impact on the thermal comfort of urban spaces, on
the reduction of consumption and rational use of energy, and on the
reduction of CO, emissions [11-13].

The increase in urban albedo, under certain conditions, contributes
to reducing not only urban overheating and UHI effect in cities, but also
the local air temperature peak [14,15]. Cool or highly-reflective mate-
rials are defined as materials with high solar reflectance and high emis-
sivity in the infrared region of the solar spectrum [16]. Numerous stud-
ies investigate the benefits of using cool roofs, facades and pavements.
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The use of these reflective technologies can reduce the maximum air
temperature by 2.3°C in cool roofs, 2.5°C in cool pavements and 3.4°C
in both surfaces [10,11,17,18]. Besides this, it causes maximum reduc-
tions in surface temperatures of around 39°C on facades [19], from 21°
to 41°C on roofs [19,20], and 32°C in pavements [21]. In relation to
thermal comfort, studies have shown that cool materials can improve
or worsen the conditions of the space depending on the climate and the
composition - morphological and material - of the analyzed space [22].
The efficiency of these materials is conditioned by the relative position
within a road channel. Horizontal surfaces (roofs and floors) are better
radiators of heat energy into the atmosphere. However, the application
of cool materials on the facades can excessively raise the average ra-
diant temperature (Tmr), causing serious problems regarding thermal
discomfort [15]. In the city of Mendoza, Argentina, with a temperate
arid climate, raising the albedo of facades from 0.3 to 0.8 in a forested
road channel causes a growth of the Tmr of up to 17°C in low density
(H/W aspect:0.3) and up to 23°C in high density (H/W aspect:1.5). In
contrast, in a vial canyon without afforestation, Tmr increases reach
27°C [23]. This effect is called the Inter-Building Effect (IBE) and it is
enhanced in deep urban profiles without afforestation [24].

In Campinas city, Abreu-Harbich [25] reports the effect of climate
mitigation and reduction in energy consumption caused by afforestation
in urban canyons. Research carried out by Ruiz and Correa [26] showed
that an adequate combination between the width of the urban canyon
and the forest species, which favors the distribution of shadows and
wind circulation, minimizes the consumption of auxiliary building en-
ergy by up to 30% in summer.

Numerous studies have been carried out to identify the cooling po-
tential of both reflective technologies and green infrastructure to miti-
gate urban overheating and improve urban comfort [22,27-29]. How-
ever, knowledge of the potential of the simultaneous combination of
both strategies is limited and their efficiency is highly dependent on the
climate and the structure of the city where they are applied [29,30].

Additionally, it is well known that the anthropogenic heat (AH) gen-
erated by human activities has a great impact on the urban and climate.
The UHI can be influenced not only by physical and geometric factors
such as roughness, thermal inertia and sky view factor, but also by mete-
orological conditions such as wind speed, cloudiness, relative humidity
and the stability of the atmospheric boundary layer. While the amount
of energy released as a result of anthropogenic activities is a tiny frac-
tion of the sun energy intercepted by the earth on a global scale, it is
recognized that the density of human energy production can be substan-
tially higher in urban regions. AH sources include heat generated by the
combustion process in vehicles, heat emitted by industrial processes,
heat conduction through building walls, heat emitted directly into the
atmosphere by air conditioning systems, and metabolic heat produced
by humans. The amount of heat supplied is influenced by climate and
time, as these determine whether heating or cooling systems are used
[31]. Various investigations have identified numerous consequences of
UHI, including negative impacts on public health, decreased commu-
nity well-being, reduced economic activity, increased energy use, and
increased heat stress in public spaces [32-34].

The AH generated by human activities in urban areas can have a
significant influence on the dynamics and thermodynamics of the city
boundary layer [35,36]. The mean annual temperature and the height
of the planetary boundary layer are expected to increase, particularly
in regions where the AH flux exceeds the threshold of 3 W m?2 [37].
Besides, the increase in air temperature due to the introduced heat can
intensify local circulations and photochemical processes that generate
pollution [38]. There is a growing body of research concerned with the
impact of anthropogenic thermal pollution upon the dynamics of the
urban boundary layer [39-41].

According to Sailor and Lu [42], most cities have maximum anthro-
pogenic residual heat values between 30 and 60 W/m2 (city-wide aver-
ages). The diurnal cycle of the urban AH flux averaged globally ranges
from 0.7 to 3.6 W m2 [43]. Several cities have been evaluated, for in-

Solar Energy Advances 2 (2022) 100022

stance, the mean annual value for Greater London has been estimated at
10.9 W m~2 [44] while for Seoul it has been estimated at 55 W m™2 [45].
Smith et al. [46], estimates a mean heat emission of 6.12 Wm~2 across
Greater Manchester, with values in the region of 10 Wm~2 for non-
central urbanized areas and 23 Wm~2 in city center areas. This study
also states that buildings represent the dominant emitter, contributing
some 60% of the emissions across the city, compared to around 32% for
road traffic and 8% for metabolic sources.

Despite its local importance, AH is frequently omitted from climate
models [43]. In relation to the incorporation of AH flux in microclimatic
simulation models, progress has been made during the last decade be-
cause it is imperative to include this variable in order to build more ro-
bust models which are calibrated to the processes of the urban canopy
-layer close to the urban surface-. At that level, flows become completely
three-dimensional, transient, intermittent and much more complex than
the two-dimensional turbulences. Furthermore, they are considered in
most of the equations used by current urban simulation models [47].
Among the latest advances to integrate human dimension models in
meteorological and climate models, Masson et al. [48] incorporated
building energy demand data in urban simulations. Moreover, Xu et al.
[49] proposed a parameter called Cooled Fraction in the WRF - Urban
software to estimate the electrical loads of air conditioning-, considering
the heterogeneity in building occupancy parameters (hours and densi-
ties of use). In addition, Capel-Timms et al. [50] developed a model to
dynamically calculate building energy heat fluxes from neighborhood
scale parameters.

In this frame, we can affirm that the understanding of the AH flux
is well summarized and developed in the international literature; and
that its incorporation in urban climate simulation models is relatively
straightforward, involving the addition of a source/sink term, usually
constant, in the surface and the control volume of energy budget equa-
tions [51]. However, the impact of this flux is often not considered in
studies that evaluate the result of the implementation of diverse mitiga-
tion strategies to improve the thermal environment [11]. According to
the information previously discussed, it would be important to include
the AH flux effect when evaluating the impact derived from the imple-
mentation of several mitigation strategies over urban air temperatures.
In particular, those strategies that involve an urban density increase,
due to a major building density, are frequently followed by an increase
of AH flux.

Finally, the presence of the UHI phenomenon and its characteriza-
tion in Latin American cities have been widely documented [52,53].
In the city of Mendoza, the maximum intensity of UHI ranges between
8° and 10°C, with an average value of 6°C [54]. In the city of Camp-
inas, a heat island’s intensity in winter is approximately 5°C while in
summer it is 3.5°C [55,56]. It has also been proven that the shape
of the air temperature curve is similar to the shape of the solar ra-
diation curve of the exposed facade. Thus, from the point of view
of the bioclimatic conditioning of spaces, it is advisable to work on
the shading of the facades and on their surface properties [54]. Con-
sidering that 90% of the Latin American population resides in urban
areas [57] it is of particular interest to discuss the efficiency of the
application of different urban retrofitting strategies to mitigate urban
overheating.

This research gives continuity to the research started in Alchapar
et al. [9] that sought to quantitatively determine which cool strategies
are the most effective in the cities of Campinas (Brazil) e Mendoza (Ar-
gentina). The objective of this study is to verify whether the effect of ur-
ban cooling is enhanced by integrating urban surfaces with high albedo
and a higher percentage of green infrastructure, taking into account the
AH flux impact associated to the implementation of each strategy ana-
lyzed. To do this, we compare the thermal variations of 36 urban sce-
narios in high and low density during the summer period. The study
was carried out in two Latin American cities, Campinas — Brazil, with
Cwa-Koppen climate classification and Mendoza — Argentina, with BWh-
Koppen climate classification [58].
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Table 1
General information features of Campinas (C) and Mendoza (M) city.

General features Campinas (C) Mendoza (M)

Geographical coordinates S 22°5320”, W S 32°5448”, W
47°04°40" 68°50746

Average altitude (meters) 680 750

Population (inhabitants) 1,223,237 1,115,041

Local Climate Zones 36: Compact low-rise ~ 6: Open low-rise

(LZC) with Open low-rise with dense trees
Mean annual rainfall 116 244
(mm)
Koppen climatic Cwa: hot and humid BWh: warm desert
classification summers and dry
winters
Average annual air 22.4 17.8
temperature (°C)
Average annual 12.4 5.7
minimum temperature
[{9)]
Average annual 325 31.5
maximum temperature
(9]
Average annual wind 2.2 1.9
velocity at 2 m
(meters/seconds)

Reference: [56,59-61].

2. Methods

In this research, methods for monitoring microclimatic conditions
and computer simulation methods were used to evaluate the potential of
the combination of albedo and vegetation as a strategy to mitigate urban
warming during the summer period. For the case study, two areas were
selected: one in the city of Campinas, Brazil, and the other in the city
of Mendoza, Argentina. Both are characterized by having a residential
and commercial use, low building density and proximity to the urban
center.

The methodology has been structured in four sections:

[ay

Characteristics of the study area and climate monitoring: Description

of the climate monitoring process carried out in the study areas.

2 Model input parameters: Description of simulation process with
ENVI-met software.

3 Simulation model calibration: The model is set according to the ob-
served air temperature curve in receptor R1.

4 Characterization of the study scenarios: Description of the 36 sce-

narios proposed for the simulation.

2.1. Characteristics of the study area and climate monitoring

Two Latin American cities with warm climate and similar morpho-
logical parameters were selected as study areas. Campinas is located
in the southeast of Brazil. Mendoza is located in the center-west of Ar-
gentina. The general characteristics are detailed in Table 1.

The two study areas are regions of low density and proximity to
the urban center with representative morphological patterns of areas
of residential, commercial use. Air temperature was monitored through
a sensor installed in the urban canyons located in the center of each
area (Fig. 1). The field measurements were carried out in the summer
period, on clear days with low wind speed (>3 meters /seconds at 10
meters high) and without rainfall occurrence. In the city of Campinas,
data collection was carried out on February 21, 2013. The data from the
meteorological station (Campinas Agronomic Institute -IAC) were: max-
imum air temperature 31.4°C, minimum air temperature 18.2°C, mean
air temperature 23.2°C, relative humidity 66.8% and mean maximum
global radiation of 925.0 W/m?2. In Mendoza, the collection took place
on January 14, 2010. The data from meteorological station (Observatory
of Francisco Gabrielli Airport) were: maximum air temperature 31.0°C,
minimum air temperature 22.0°C, average air temperature 26.0°C, rel-
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ative humidity 39%, and average maximum global solar radiation of
1,181.0 W/m?.

The monitoring point (receptor R1) was set inside the urban canyon
at an approximate height of 2.5 meters, avoiding the proximity of obsta-
cles. The instrumentation used in the city of Campinas was a Testo 174
H sensor (temperature range -20°C to 70°C, resolution of 0.1°C and pre-
cision of 0.5°C), while a HOBO H08- 003-02 sensor (temperature range
-20°C to 70°C, 0.1°C resolution and 0.7°C accuracy) was used in Men-
doza. The sensors were inside protectors that prevent direct incidence
of solar radiation (HOBO RS1 Solar Radiation Shield). Table 2 details
the morpho-material features of each city.

2.2. Model inputs parameters

The microclimate of each study area was simulated with the ENVI-
Met software developed by Michael Bruse [62] which is an auspicious
and widely used tool in microclimate studies [9,18,63,64]. This software
uses air flow models, turbulence, profiles of temperature and humidity
and radiation flows which occur between the atmosphere and surfaces
near the ground [65,66]. The model is a useful and internationally val-
idated prediction tool for evaluating air temperature response to differ-
ent configurations of urban space. However, it is necessary to adequately
detail the study area and know its limitations for the interpretation and
analysis of the results [67].

The study areas considered an extent of 210 x 210 meters, in which
cells with a resolution of 3 meters were adopted to maintain a good
model precision obtaining a 70 x 70 analysis grid. The total height of
the model was 30 meters for both cities in accordance to the ENVI-Met
Guide [68] which states that the minimum height required is twice the
height of the tallest building and a minimum of 30 meters. To maintain
stability, 5 nesting grids were inserted around the model [66].

Table 3 shows the input parameters in the ENVI-Met software for
the configuration file: wind speed and direction -at 10 meters- and rel-
ative humidity -at 2 meters high-. The reference urban weather stations
are located 2.2 km northwest of Campinas” study area (Campinas Agro-
nomic Institute -IAC), and 3.2 km northwest of Mendoza’s study area
(Mendoza Observatory Meteorological). The average values recorded in
the evaluated urban canyons were adopted for the thermal properties
of the buildings. The specific humidity data at 2.5 meters high was col-
lected in 83779 and 87418 meteorological station numbers, Campinas
and Mendoza respectively.

For the assessment, 126 hours were simulated and the theoreti-
cal model was stabilized at 96 hours. That is why the results consid-
ered within this analysis correspond to run number 4 of the model.
The simulation was set to start at 9 p.m., to avoid influence on so-
lar radiation in the first simulated data. Indoor building temperatures
were set at 24.85°C in Campinas and 25.85°C in Mendoza. These val-
ues were adopted because they correspond to the operating tempera-
ture that a building could reach in summer, without consuming aux-
iliary energy for refrigeration. These values are not far from the rec-
ommended summer comfort temperature for each city [30]. Accord-
ing to the limitations of the outdoor climatic conditions, this average
operating temperature could be reached by means of passive cooling
techniques without the need to consume aux energy. If there was con-
sumption, it should be considered for the calculation of the anthropic
contribution.

For the characterization of the vegetation, the ENVI-Met default
database was used, according to the vegetation features in both cities.
To adjust the percentage of vegetation in the theoretical model, digital
hemispheric images of the urban canyons of both cities were collected
and the sky view factor (SVF) was calculated. Next, the simulated SVF
was adjusted with the SVF measured in the real condition. In addition to
the SVF, the vegetation selection also included the analysis of the leaf
area index (LAD) of the vegetation in the areas and the choice of the
most appropriate one based on those proposed in the software library.
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Table 2
Morpho-material features of area in Campinas (C) and Mendoza (M).
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Fig. 1. Aerial images of study area of (a)
Campinas and (a) Mendoza city. Monitoring
point (R1) and receptor position (R 2). Source:
Adapted Google Earth, 2013.

Morpho-material features Campinas (C)

Mendoza (M)

Building height (m.) 4to7
Width of the evaluated street (meters.) 12
Width of the evaluated sidewalk (meters) 10
Forestalls height (meters) 7 to 10
Percentage of vegetation in urban canyons (%) 20
Built fractions (%) 47
H/W aspect 0.22
Sky View Factor (SVF, %) 78

Vehicular pathways material concrete (albedo= 0.2)
Pedestrian pathways material
Wall material

Roof material

ENVI-Met models of study area

concrete and limestone (albedo= 0.2-0.4)

stones and paints in different shades (albedo= 0.2)
predominantly ceramic tiles and a small percentage of
roofs of sheet metal and slabs concrete slab (albedo=0.3).

e

b chesssil 4

ENVI-Met 3d models of study area I I

4t09

12

8

10 to 15

60 %

45

0.30

45

concrete (albedo=0.3)
limestone (albedo= 0.3-0.4)
paints in different shades (albedo= 0.2)

flat roofs of concrete slab and sloping roofs of sheet
metal or ceramic tile (albedo= 0.3)

2.3. Simulation model calibration

Fig. 1 indicates the location of receptor R1, which corresponds to
the monitoring and calibration point of the study area and receptor R2
which corresponds to the point where the analysis of the results was
carried out in each scenario. To verify the accuracy of the model, a
comparison of the air temperature curve was made between the ob-

served and simulated data for R1 at the same sensor height in each
area.

Table 4 shows the calculated statistical indices: the mean square er-
ror (RMSE) and its systematic (RMSES) and unsystematic (RMSEu) com-
ponents, the deviation of the means (MBE - Mean bias error), and the
coefficient of determination (R2). There is a good fit between fixed Point
1 and the simulated one since the R? values were close to 1 in both cities.
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Table 3
Input parameters for ENVI-Met simulation. City of Campinas (C) and Mendoza (M).
Dates Campinas  Mendoza
Main Wind Speed in 10 m ab. Ground [m/s] 1.90 3.00
Data Wind Direction (0: N; 90: E;180:S; 270: W) 135 150
Roughness Length z0 at reference point 0.1 0.1
Initial Temperature Atmosphere [K] 295 300
Specific Humidity in 2500 m [g water/kg air] 8.2 2.8
Relative Humidity in 2m [%] 66 28
Solar adjust ~ Factor of shortwave adjustment 1.5 1.5

Table 4

Statistical indicators of air temperature
curve (°C) of the numeric model (ENVI-
Met) and fixed point in both cities.

Indices Campinas (C) Mendoza (M)
R? 0.97 0.99

RMSE 1.59°C 0.86°C
RMSEg 1.33°C 0.52°C
RMSE;  0.64°C 0.50°C

MBE -1.03°C 0.49°C

The low magnitudes of the RMSE indicator and its RMSES and RM-
SEU components suggest that the simulated scenarios reflect a good fit of
the microclimatic conditions observed in the study areas of both cities.
The negative value of the MBE (-1.03°C) indicates that the mean value is
underestimated, whereas for Mendoza it is overestimated (0.49°C). The
calibration of the model was published in [9].

2.4. Study scenarios

In order to verify the potential of albedo and vegetation as strategies
to mitigate urban warming, 18 different scenarios were simulated in
each city. These scenarios were digitized contemplating the same area
and resolution. The criterion used for the variation of the vegetation
was its percentage in the urban canyon: 20% of the canyon vegetation
corresponds to the actual situation of Campinas city (V_20), named 1.b;
and 60% of the canyon vegetation corresponds to the actual situation
of Mendoza city (V_60), named 1.a. The scenario without the presence
of vegetation (V_0) was also considered. The density variable was ana-
lyzed in two scenarios: low density (L) -current situation of each city-
with a H/W aspect=0.2-0.3, and high density -with a H/W aspect =1.5
(H). The albedo variation presented 3 three different scenarios with dif-
ferent albedo configurations low albedo, which is the current situation
of the two cities (A_Low); high albedo on all surfaces of the urban en-
velope -streets, roofs and walls- (A_High); and combined albedo, which
includes high albedo on horizontal envelope -roof, sidewalks and street-
and low albedo in vertical envelope -walls- (A_Comb). These scenarios
were proposed for both cities (Table 5).

Table 6 shows that the albedo parameters are similar for both cities,
justifying their comparison.

In order to estimate the individual weight of each strategy and their
integration on the mitigation potential of urban warming, the analyses
also included the grouping of study scenarios based on the thermal dif-
ference in air temperature. This was divided into two groups: One Strat-
egy and Two Strategies. Both groups consider scenarios with 0% Vegeta-
tion (V_0) and Low Albedo (A_Low) as a reference, as well as a scenario
with low building L density -1.c - and H density -3. c. In this sense, in
the One Strategy group an increase in vegetation from V_0 to 20 or from
V_0 to 60, and an increase in albedo from A_Low to High or from A_Low
to Comb will be evaluated in both low and high urban density. The Two
Strategies group also considered scenarios 1.c and 3.c as references but
with the addition of two strategies -albedo and vegetation (A + V) -, also
at different densities (Table 7).

Table 5
Configuration of the 18 assessed scenarios, according to albedo variation,
vegetation percentage and H/W aspect ratio.

H/W Scenarios Vegetation (V) Albedo (A)
Low (L Campinas l.a 60% (V_60) Low (A_Low)
(C)= 0.2 Mendoza 1.b 20% (V.20) Low (A_Low)
(M)=0.3 l.c 0% (V.0) Low (A_Low)
2.a 60% (V_60) High (A_High)
2.b 20% (V.20) High (A_High)
2.¢c 0% (V.0) High (A_High)
5.a 60% (V_60) Combined (A_Comb)
5.b 20% (V.20) Combined (A_Comb)
5.c 0% (V.0) Combined (A_Comb)
High (H) Campinas 3.a 60% (V_60) Low (A_Low)
(C) =1.5 Mendoza 3.b 20% (V_.20) Low (A_Low)
(M)=1.5 3.c 0% (V.0) Low (A_Low)
4.a 60% (V_60) High (A_High)
4b 20% (V.20) High (A_High)
4.c 0% (V.0) High (A_High)
6.a 60% (V_60) Combined (A_Comb)
6.b 20% (V.20) Combined (A_Comb)
6.c 0% (V.0) Combined (A_Comb)
3. Results

In this paper, the results were structured in 3 sections:

Descriptive analysis: Assessment of the simulation results obtained
with the ENVI-Met software in the 36 proposed scenarios;

Principal Component Analysis (PCA): Assessment to establish possi-
ble associations between the proposed mitigation strategies - vege-
tation and albedo - for low and high H/W scenarios

Estimation of anthropogenic heat: Analysis of the weight of AH as-
sociated with each configuration or evaluated scenario.

3.1. Descriptive analysis

This section summarizes the simulation results of the 36 study sce-
narios in both cities (18 for each city) based on the output data from
the receptor R2 in ENVI-Met software. Table 8 shows the daily air tem-
perature variation at 2.1m high. The analyzed air temperature values
correspond to a one-day cycle, every 30 minutes on a typical summer
day. When comparing the air temperature values of each scenario, a
variation from 19.0°C (Tmin in 5.a) to 34.8°C (Tmax in 1.c) in Camp-
inas and from 21.8°C (Tmin in 5.a) to 37.3°C (Tmax in 1.c) in Mendoza
is shown (Table 8).

3.2. Campinas

In the city of Campinas, the current scenario includes 20% vegetation
in the urban canyon and low albedo in its urban envelope (1.b).

¢ In the hottest hours (daytime hours) results show that the strategy of
increasing the percentage of vegetation from V_20 to V_60 presents
greater efficiency among the L-density scenarios (1,2,5. b vs 1,2,5.
a). These scenarios decreased their air temperature between 3.5°C
and 3.9°C. In contrast, in the H-density scenarios (3,4,6. b vs 3,4,6.
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Table 6
Characteristics of horizontal and vertical surfaces for the 3 Albedo Scenarios.
Albedo (A)
Roofs Walls Predestrian pathways  Vehicular pathways
Scenarios C M C M C M C M
Low albedo (A_Low) 0.3 0.3 0.2 0.2 0.2-0.4 0.3-0.4 0.2 0.2-0.3
High albedo (A_High) 0.8 0.8 0.7 0.7
Combined albedo (A_Comb) 0.8 0.2 0.7 0.7
Table 7
Grouping of study scenarios for thermal difference analysis.
Low H/W (L) HW=0.2 - 0.3 Hight H/W (H) HW=1.5
Strategies Scenarios la 1.b le 2a 2b 2c 5a 5b 5¢ 3a 3b 3¢ 4a 4b 4c 6a 6b 6
One V_0to 20 * *
V_0 to 60 * *
A _Low to High * *
A_Low to Comb * *
Two A+V * *

* Reference Scenarios (Low Albedo and 0% of Vegetation).

Table 8
Air temperature distribution simulated for each scenario: Median (Med), Minimum (Min) and Maximum (Max).
Temp Campinas Mendoza
Veg % °C Low H/W (L) (0.3) High H/W (H) (1.5) Low H/W (L) (0.2) High H/W (H) (1.5)
Low Albedo 60% (V_60) Med l.a 22.8 3.a 219 1.a*27.7 3.a 27.0
(A_Low) Min 19.3 19.8 22.2 23.1
Max 28.3 26.9 35.6 33.7
20% (V_20) Med 1.b*24.9 3.b 23.3 1.b 28.7 3.b 279
Min 20.4 20.6 22.7 23.7
Max 32.2 29.6 36.7 34.9
0% (V_0) Med 1.c 26.4 3.c 24.1 1l.c 29.2 3.c 28.2
Min 21.4 21.2 229 23.9
Max 34.8 31.3 37.3 35.3
High 60% (V_60) Med 2.a 22.4 4.a 23.5 2.a 27.1 4.a 27.8
Albedo Min 19.2 20.4 22.0 23.5
(A_High) Max 27.5 29.2 341 34.7
20% (V_20) Med 2.b 24.2 4.b 24.3 2.b 28.2 4.b 28.3
Min 20.2 21.2 22.6 23.9
Max 30.9 311 35.6 35.4
0% (V_0) Med 2.c 25.6 4.c 24.8 2.c 28.6 4.c 28.7
Min 21.2 21.7 22.8 24.3
Max 33.2 32.0 36.1 35.5
Combinad 60% (V_60) Med 5.a 22.0 6.a 21.5 5.a 26.7 6.a 26.4
Albedo Min 19.0 19.7 21.8 22.9
(A_Comb) Max 26.9 25.3 33.4 32.1
20% (V_20) Med 5.b 23.9 6.b 22.7 5.b 27.9 6.b 27.2
Min 20.1 20.4 22.4 23.3
Max 30.4 27.6 35.1 335
0%(V_0) Med 5.c 25.3 6.c 23.5 5.c 28.3 6.c 27.6
Min 21.1 21.0 22.6 23.7
Max 32.8 29.3 35.7 33.8

*/**Actual Scenarios: *Mendoza (1.a) and **Campinas (1.b). The scenarios that have the subscript “a” and “b”, have 2
strategies in their configuration, while scenarios with subscript “c” have “1” strategy

a), air temperature decreases from 1.9°C to 2.7°C. The most efficient
scenario in terms of reducing maximum temperatures through the
increase of vegetation was L density and low albedo (A_Low) (1.a).
For example, when comparing the current scenario 1.b, 32.2°C, with
scenario 1.a, 28.3°C, a thermal difference of 3.9°C was obtained.

In the coldest hours (nighttime hours) results show that the increase
in vegetation from V_20 to V_60 in L (1,2,5. b vs 1,2,5. a) and H
(3,4,6. b vs 3,4,6. a) densities causes a decrease between 0.7°C and
1.1°C. In keeping with this, when comparing scenarios 1.b to 1.a, this
strategy continues to show the highest efficiency (decrease of 1.1°C),
with minimum thermal values of 20.4°C and 19.3°C, respectively
(Table 8).

The strategy of increasing vegetation in scenarios with L and H den-

sities for the city of Campinas offers a great advantage for cooling the

urban canyon. It is important to point out that the combined albedo
strategy (A_Comb)- high albedo on horizontal surfaces and low albedo
for the vertical- together with the increase in vegetation presented the
lowest minimum temperatures, 19.0°C (5.a and 6.a). In addition, sce-
nario 6.a (with H density, V_60 and A_Comb) was the most effective
during maximum temperatures, 25.3°C (Table 8).

3.3. Mendoza

In the city of Mendoza, the current scenario includes 60% of vegeta-
tion in the urban canyon and low albedo in its urban envelope (1.a).

¢ In the hottest hours (daytime hours), results show that the cost of
reducing the vegetation from V_60 to 20 was the increase in air tem-
peratures. This situation becomes even more critical in scenarios L
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(1,2,5.avs 1,2,5.b), with maximum temperature differences between
1.1°C and 1.7°C, in comparison with the H (3,4,6.a vs 3,4,6.b), sce-
narios that showed differences from 0.7°C to 1.4°C.

o In the coldest hours (nighttime hours), results show that reducing the
percentage of vegetation from V_60 to V_20 in L (1,2,5.a vs 1,2,5.b)
and H scenarios (3,4,6.a vs 3,4,6.b), had a lower impact, with dif-
ferences around 0.4° to 0.6°C in air temperature (Table 7).

Similar to the results in the city of Campinas, in Mendoza the L den-
sity scenario with V_60 and A_Comb (5.a) was the most effective con-
sidering the minimum temperatures (21.8°C). The 6.a scenario (with H
density, V_60 and A_Comb) in maximum temperatures was the most ef-
fective (32.1°C) (Table 7).

Fig. 2 describes the air temperature distribution of the 36 studied
scenarios at a pedestrian’s height (2.1m) at 3:00 p.m. This figure shows
that the city of Mendoza registers higher air temperatures than Camp-
inas. When analyzing the behavior in both cities, it is observed that the
H scenarios remain cooler than the L ones. In fact, the maximum differ-
ences recorded are between scenarios 5.c versus 6.c, with differences of
3.5°C in Campinas and 1.9°C in Mendoza. The only exception is for sce-
nario 2.a. which is the only L-density scenario cooler than its H-density
analogy (See Table 7, 2.a vs 4.a) (Table 7).

3.3.1. Thermal performance of scenarios with one and two strategies

Fig. 3 shows the air temperature differences to identify the individ-
ual impact of each strategy in the studied scenarios. The temperature
reductions concerning the reference scenarios, without mitigation strat-
egy (l.c and 3.c), are represented with a negative sign (-). In the vast
majority of the studied scenarios, the strategy of increasing vegetation
has a greater impact, being greater in the city of Campinas than in Men-
doza due to the physical and biological configuration of trees and the
type of climate. In contrast, albedo has a more controlled effect and a
similar trend in both cities, in other words, with similar geometries, the
materials are expected to behave similarly. Fig. 3.a describes the temper-
ature differences during warm-up period (AMax) and Fig. 3.b describes
the temperature differences during cooling period (AMin).

3.4. One Strategy

3.4.1. Vegetation

¢ In the hottest hours (daytime hours) results show that the strategy
of increasing vegetation in scenarios with L-density has a greater
impact on the city of Campinas with reductions between -2.7°C (V_0
to 20) (1.c vs 1.b) and - 6.5°C (V_0 to 60) (1.c vs 1.a), in comparison
to Mendoza where the smallest thermal variations of temperature
range between -0.6°C (V_0 to 20) (1.c vs 1.b) and -1.7°C (V_0 to
60) (1.c vs 1.a). In H scenarios the cooling effect of vegetation is
lower, -1.7°C (V_0 to 20) (3.c vs 3.b) and -4.3°C (V_0 to 60) (3.c vs
3.a) in Campinas and -0.4°C (V_0 to 20) (3.c vs 3.b) and -1.5°C in
Mendoza (V_0 to 60) (3.c vs 3.a). It can be inferred that the cooling
effect produced by the tree cover is masked by the shading effect
produced by tall buildings (Table 8 and Fig. 3.a).

¢ In the coldest hours (nighttime hours), results show that the 60%
increase in vegetation (V_0 to 60) presented the best performance,
reaching a maximum reduction of -2.1°C in L-density (1.c vs 1.a)
for Campinas and -0.8°C in H-density for Mendoza (3.c vs 3.a in
Table 8 and Fig. 3.b).

3.4.2. Albedo

e -In the hottest hours (daytime hours), the strategy of increasing
albedo has a very similar thermal performance in the two cities. In
H, the increase in albedo (A_Low to High) tends to increase air tem-
perature during maximum temperatures. Campinas shows a greater
impact (0.7°C) than Mendoza (0.2°C) (3.c vs 4.c). This small differ-
ence can be explained by the fact that the urban canyon in Campinas
is slightly more open (H/W=0.2) than Mendoza (H/W=0.30), allow-
ing a greater access of solar radiation (Table 8 and Fig. 3.a).
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e -In the coldest hours (nighttime hours), it is also verified that in
scenarios where the albedo value has been increased (A_Low to High)
air temperatures become higher in both cities, contributing to the
formation of the heat island in the scenarios with H. Air temperature
registered increases of 0.6°C in Campinas and 0.4°C in Mendoza (3.c
vs 4.c). That is, the strategy of increasing the albedo on all surfaces
favors the formation of a high-density heat island (H) [14] (Table 8
and Fig. 3.a).

The scenarios with A_Comb - higher albedo on horizontal surfaces
and lower on vertical ones - have the best performance in both the max-
imum and minimum temperature occurrence period, for L (5) and H
density (6). Thermal reductions of -1.6°C to -2.0°C (L) and -1.5°C to
-2.0°C (H) during the hottest hours of the day can be observed for Men-
doza and Campinas respectively (Fig. 3.a). Both cities also show -0.3°C
(L) and -0.2°C (H) during the minimum temperatures (Fig. 3.b).

3.5. Two strategies

This section analyses the thermal performance of L and H density sce-
narios for the minimum and maximum temperature considering the two
integrated strategies, -Two strategy: increase in vegetation and albedo-
(Fig. 4).

¢ In the hottest hours (daytime hours), there were greater decreases
in temperature than during coldest hours, as for the case in the -
One strategy- scenarios. During maximum temperature, the scenar-
ios registered maximum temperature reductions of up to -7.9°C in
Campinas and -3.8°C in Mendoza (1.c vs 5.a in Table 8 and Fig. 4).
In the coldest hours (nighttime hours), the performance with -Two
strategies- is more efficient than the one with -One strategy- in both
cities, reaching a minimum temperature reduction up to -2.3°C in
Campinas and 1.1°C in Mendoza (1.c vs 5.a in Table 8 and Fig. 4).

The thermal benefit of the combined strategies in Campinas coin-
cides with that reported by [10]. It is observed that the integration of
two or more mitigation technologies provides a lower contribution than
the theoretical sum of the individual effects since the albedo and veg-
etation strategies are in part complementary and in part overlapping.
However, in the case of the city of Mendoza, it is verified that the com-
bination of both strategies slightly (0.5°C) enhances the thermal benefit
of their implementation (Figs. 3.a and 4).

3.6. Principal components analysis (PCA)

In this section, the Principal Component Analysis (PCA) was carried
out in order to evaluate the possible associations between the variables.
For this research, the correlation matrix that works with variables mea-
sured in different units was used [69]. For the realization of the PCA,
air temperature data were collected in a matrix every 30 minutes of a
measurement day of all the 36 study scenarios together with the tabula-
tion of the following variables: sky view factor (SVF), weighted albedo
(Aw) and percentage of Vegetation (V). The weighted albedo (Aw) in-
cluded the weighted average of the albedo of roofs, facades, vehicular
and pedestrian pavements. The Aw was calculated by adding the areas
of all the surfaces in the study area multiplied by the albedo value of
each surface.

The use of subgroups from several variables is recommending, when
among themselves does not promote significant changes in the results
[70,71]. In this study, PCA contemplated individual analyzes of each
study city in L and H urban density.

Tables 9 and 10 and Fig. 5 present the results of a two-component
model which evidences a good representation of the studied data, show-
ing that the behavior of air temperature within the urban channel can
be explained by two main factors. The model showed a good representa-
tion considering that variances greater than 70% are represented in the
first and second components. Both in high (H) and in low density (L)
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Fig. 2. ENVI-Met outputs rendered in LEONARDO of 36 scenarios analyzed, 15:00 hours, at pedestrian’s height.
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Fig. 3. Air temperature differences for One Strategy (vegetation or albedo) according to the reference scenarios (1c - Low H/D and 3c - High H/W). (a) Maximum

(b) Minimum.

Table 9

Solar Energy Advances 2 (2022) 100022

Minimum Air Temperature Differences
One strategy (Vegetation or Albedo)

1
0 = _ mam ==
J @ r p
2
g 3
& 4
I
-6
-7
-8
City M M M M M M M M
HW L H L H L H L H
Scenario V_0-t0-20 V_0-t0-60 A_Low-to-High A_Low-to-Comb

Principal Component Analysis — Eigen analysis of the Correlation Matrix. Low and High H/W study scenarios.

Correlation Campinas Mendoza
Matrix Low H/W
PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
Eigenvalue 2.225 1.024 0.719 0.030 1.995 1.061 0.900 0.042
Proportion 0.556 0.256 0.180 0.008 0.499 0.265 0.225 0.011
Cumulative 0.556 0.812 0.992 1.000 0.499 0.764 0.989 1.000
High H/W
PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
Eigenvalue 1.9910 1.0754 0.7797 0.1539 1.9774 1.0127 0.9597 0.0502
Proportion 0.498 0.269 0.195 0.038 0.494 0.253 0.240 0.013
Cumulative 0.498 0.767 0.962 1.000 0.494 0.748 0.987 1.000
Air Temperature Differences there is a good representation, 81.2% and 76.4% of the total variance
Two strategies (Albedo and Vegetation) in L (Fig. 5.a, b), and 76.7% and 74.8% in H (Fig. 5.c, d), in Campinas
0' and Mendoza, respectively.
4 . . . Table 9 shows the contribution of each variable in the formation of
2 . components. The highlighted values are those with a significance close
g 5 to 0.7. When considering air temperature as a dependent variable, the
E most significant variables are V and SVF in the first component (PC1)
§ 4 and Aw, in L and H in the second component (PC2). In L density for
E 2 both cities, the SVF is inversely related to V (Table 10). Therefore, as
6 the ratio of V increases, SVF and temperature decrease and vice versa.
1 PC2 is represented by Aw, where air temperature is inversely related to
-8 v this variable, that is, an Aw increase in areas of L provides a decrease in
City ¢ M c M C M C M air temperature, and vice versa.
H/W H L H L In addition, this is in accordance with the results of the simulation
Scen ARV i where the strategies of increasing V and Aw in low density are efficient
AMin AMax

Fig. 4. Boxplot of air temperature differences for two strategies (albedo and
vegetation) according to the reference scenarios (1c - Low H/D and 3c - High
H/W). Maximum and Minimum.

Table 10
Values of the study variables in relation to the first and second
Principal Component. Low and High H/W study scenarios.

Campinas Mendoza
Variable Low H/W

PC1 PC2 PC1 PC2
Weighted Albedo (Aw)  0.032 -0.957  0.016 -0.787
Vegetation (V) 0.643 0.105 0.694 0.092
Sky View Factor (SVF) -0.642  -0.105 -0.693  -0.094
Air Temperature (T) -0.416 0.251 -0.194 0.603

High H/W

PC1 PC2 PC1 PC2
Weighted Albedo (Aw)  0.051 0.857 0.004 -0.872
Vegetation (V) -0.662  0.152 -0.698  -0.059
Sky View Factor (SVF) 0.655 -0.168 0.697 0.061
Air Temperature (T) 0.361 0.463 0.166 -0.482

for both cities. In high density for both cities, SVF in PC1 is also inversely
related to V. Therefore, as the proportion of V increases, SVF and tem-
perature decrease. In PC2, the air temperature is directly related to the
Aw of the surfaces, therefore, as the weighted albedo increases, the air
temperature increases.

3.7. Estimation of anthropogenic heat

In this work, the efficiency of the application of different urban
retrofitting strategies to mitigate overheating of cities has been dis-
cussed. The described results show that in both L and H urban density
conditions, it is possible to obtain improvements in the thermal response
of the urban canyon through the implementation of the evaluated strate-
gies. This could even lead to think that an increase in the aspect of the
H/W ratio could be an efficient alternative to reduce air temperatures
due to the effect of the shadows produced by building height (Fig. 4).
However, to fully measure the effect of urban densification in combina-
tion with the evaluated strategies, it is necessary to include the effect
of the increase in anthropogenic contribution associated with the inten-
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Fig. 5. Principal Component Analysis: Albedo (Aw). Vegetation (V). Sky View Factor (SVF). Air Temperature (T). (a) and (b) Low H/W. (c) and (d) High H/W.

sification in the use of urban land in the theoretical simulation model.
Despite the fact that the ENVI-Met software is one of the most robust
tools to predict the local microclimate, it does not consider the AH -
sensitive and latent- per unit area caused by the increase in the H/W
aspect (L to H). For this reason, this section seeks to estimate the weight
of the anthropogenic variable on air temperature and improve the re-
sults of the ENVI-Met simulations by using the Urban Weather Generator
(UWG) model.

The UWG was developed by Bruno Bueno at the Massachusetts Insti-
tute of Technology as a fast-numerical solver for simulating the urban
microclimate environment, taking into account the rural climate, the
urban building characteristics and the AH in the urban area [72]. The
UWG software considers a building energy model that includes the heat
load of the occupants and assumes that non-building AH consists only
of traffic heat [73].

To estimate the contribution of AH in the analyzed cities, a reference
value of 4.5 W/m? was considered in scenarios with low H/W (L) for
the sensitive AH peak. In scenarios with high H/W (H), values were
established as follows: 0.5 W/m? for the latent AH peak, 15 W/m? for
the sensitive AH peak and 1.5 W/m? for the latent AH peak. These values
are based on the literature of Afshari; Schuch; and Marpu [74] and Quah
and Roth [75].

Fig. 6 shows the differences in air temperatures (for minimum and
maximum temperature cases), resulting from densifying the scenarios
from low to high density, going from a radio aspect of 0.2 to 1.5 in
Campinas and 0.3 to 1.5 in Mendoza. The figure shows the impact of
densification in grey and the impact of the increase in AH on air tem-
perature in red or blue for each of the evaluated cases in both cities.

¢ In the hottest hours (daytime hours), it is observed that the greatest
impact of anthropogenic loads coincides with the period of greatest
anthropic flow. These charges raise the temperature of the scenarios
to 1.6°C and 1.2°C in Campinas and Mendoza, respectively. In this
period, it is verified that the effect of densifying decreases air tem-
perature for most of the scenarios analyzed in a range of 0.2°C to
3.5°C. However, it is observed that when the effect of the building
shade is greater, the thermal loads produced by AH in high-density
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scenarios can decrease and even cancel or impair the thermal re-
sponse of the analyzed urban canyon. See for example the cases 6¢
vs 5.c in Campinas and Mendoza where the thermal benefit is re-
duced, and the cases of 4.c vs 2.c, where the benefit is cancelled or
lowered (Fig. 6).

o In the coldest hours (nighttime hours), it was observed that the in-
corporation of AH in the H scenarios produces increases in the min-
imum air temperature of 0.5°C in both cities. In other words, when
considering the effect of AH in the H scenarios, the existing UHI gen-
eration is further damaged. Minimum air temperature increases up
to 1.5°C (4.c vs. 2.c) were recorded (Fig. 6).

It should be noted that the heat from traffic is much lower than other
heat sources such as sensible heat from the street, the wall, and residual
heat from buildings [73].

4. Discussion and conclusions

This section has been prepared based on the thematic axes explored
in this research: Effects of cooling technologies over the microclimate
of low and high building densities of urban spaces and the impact of
human-processes in urban modelling. The results reinforce the beneficial
effect of vegetation strategies and increased albedo (high or combined)
on city surfaces to mitigate urban warming. However, the performance
of isolated and/or integrated strategies depends on building density, the
analyzed period, and the climate. The results of 36 scenarios in different
climates integrating different mitigation strategies allowed us to reach
the following conclusions:

a The increase in vegetation from V_0 to 20 and from V_0 to 60 has
a high impact on both climates analyzed, despite the different be-
haviors shown in both cities. This difference can be explained by the
characteristics of the vegetation and the type of climate where it is
inserted. The greatest impact was during the maximum low-density
temperature (L), a reduction of -2.7° and -6.5°C in Campinas (Cwa)
and of -0.6° and -1.7°C in Mendoza (BWh). This shows that the ef-
fect of tree shadows has a positive impact. In high-density (H) the
effect was lower but representative, -1.7°C and -4.3°C in Campinas
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Anthropogenic load and minimum air temperature diference by the increase in the H/W aspect

a
4
35
3
2.5
~ 2
9 | ]
<15 [ |
g 1 N ) . N | N B
205 | | = (|
E% o -
£-0.5
&
-1.5
-2
25 | 3a 3.b 3.c 4.a 4.b 4.c 6.2 6.b 6.c 3.a 3.b RXY 4. 4.b 4.c 6.a 6.b 6.c
3 l.a 1.b l.c 2.a 2.b 2.c 5.a 5.b 5.¢ la 1.b l.c 2.a 2.b 2.c 5.a 5.b S.¢
3.5 c ‘ M
-4
Dif Ta Min ( H/W high - H/'W low) u Anthropogenic load
b Anthropogenic load and maximun air temperature diference by the increase in the H/W aspect
4
35
3
2.5
c 2
< 15
@
E I
s 05
2 o
E 0.5
-1
1.5
2
25| 3a 3.b 3.c 4.a 4.b 4.c 6.a 6.b 6.c 3.a 3.b 3.c 4.a 4.b 4.c 6.2 6.b 6.c
3 la 1.b l.c 2.a 2.b 2.c S.a 5.b S.c l.a 1.b l.c 2.a 2.b 2.c S.a 5.b S5.¢c
= C M

Dif Ta Max ( H/W high - H/W low)

= Anthropogenic load
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and -0.4°C and -1.5°C in Mendoza. In these cases, it can be inferred
that the cooling effect produced by the canopy tree is masked by the
effect of shadows cast by tall buildings. In the cooling period, the
best performance was in low-density (L), with a reduced range of
-0.2°C to -2.1°C.

b The strategy of increasing the albedo on horizontal and vertical sur-
faces intensified the heat island effect in high-density (H), for both
cities. The results showed an increase in the maximum temperature
up to 0.7° and up to 0.6°C for the minimum temperature. These re-
sults can be explained by the building height effect and the reflective
materials which cause multiple reflections that increase the radiation
absorption, consequently contributing to an increase of the temper-
ature of the urban canyon at a rate of 1.7°C in Campinas and 0.6°C
in Mendoza. That is, the strategy of increasing the albedo on all sur-
faces favors the formation of UHI in scenarios with a high-density
(H). These results are in keeping with the reported by Alchapar et.
al. [23], and Pisello [24].

¢ The combined albedo strategy (A_Comb) — high on horizontal sur-
faces and low on vertical surfaces - is efficient in both low and high
density and can reduce air temperature up to 2.0°C, showing a bet-
ter performance during peak hours. We verified that the strategy to
increase the albedo led to a similar behavior in both cities, in other
words, with similar geometries, materials are expected to present a
similar performance.

d Integrated strategies have the potential to mitigate urban warming,
with a greater impact at low-density. The results showed that in low
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density (L) there was an average reduction -more frequent value- of
the maximum air temperature of 5.9°C and 2.7°C in the daytime pe-
riod; and 1.8°C and 0.7°C in the nocturnal period in Campinas and
Mendoza, respectively. Although this impact is lower in high-density
(H), results are promising with a mean reduction of the maximum air
temperature of 2.9°C and 1.2°C in the daytime period; and of 0.8°C
and 0.5°C in the night period. It is also observed that the integration
of two strategies does not enhance the formation of the nocturnal
heat island, a behavior that can be evidenced when albedo is in-
creased on all surfaces.

To summarize, the strategies to increase the vegetation and the
albedo of urban surfaces can strongly contribute to mitigate urban
warming. In addition, they promote the improvement of thermal com-
fort in the open urban space.

Based on statistical analyses, it is concluded that the strategy of in-
creasing the albedo in high densities must be adopted with criteria.
When evaluating the results of the PCA, it is verified that the variables
with high weight in the PC1 component are vegetation and the sky fac-
tor, which represent the morphological aspects of each city. In PC2, the
weighted albedo variable represents the technological component. Both
the morphological and technological components have different behav-
iors at low and high densities. Vegetation, however, is efficient at dif-
ferent densities. Increasing the albedo on all surfaces, on the contrary,
causes overheating problems in high density urban areas.

In PC2, the weighted albedo variable can be represented as a techno-
logical component. In this sense, both the morphological and technolog-
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ical components have different behaviors at low and high densities. That
is, vegetation is efficient at different densities, but increasing albedo on
all surfaces, without distinguishing density, can cause overheating prob-
lems in urban areas. These findings are in line with those observed by
Yang et al. [15].

We observe that the results obtained in the simulation were consis-
tent with what was indicated in the Multivariate Analysis of Principal
Components. The results showed that vegetation is efficient at different
densities. The paradigm of increasing albedo in all urban areas without
distinguishing density, orientation, or relative position of the surface -
floor, roof, and facade- can cause overheating problems in the urban
canyon. In contrast, increasing the albedo on horizontal surfaces is a
promising strategy

The results indicated that the anthropogenic heat mainly produced
by motorized transport and air conditioning systems is a crucial input
data for the urban microclimate models because its impact on the urban
densification processes may cancel out the benefits of the application of
cooling strategies in some cases.

In addition, this work proposes the integration of the potential of
ENVI-Met for microclimatic forecasting and the Urban Weather Genera-
tor software. This tool considers the anthropogenic vehicular and build-
ing heat fluxes in its calculation engine. The results are promising since
it was shown that high-density AH can reduce or even nullify the benefi-
cial effects of the application of urban cooling strategies such as albedo
and vegetation for the two analyzed cities. Due to the effect of AH, in-
creases in air temperature of up to 1.6°C in Campinas and 1.2°C in Men-
doza were found during the maximum temperature peak. These results
are in sound (magnitude) with those found in the international litera-
ture; Ichinose et al. [35] found that HA emissions increased the inten-
sity of the heat island by between 1 and 1.5 °C in Tokyo. Fan and Sailor
[36] showed that HA emissions in Philadelphia can cause the intensity
of the heat island to increase by 2 to 3 °C on a winter night. Kusaka and
Kimura [76] also found that the impact of anthropogenic warming on
the nocturnal heat island is the largest of all factors in Tokyo.

Finally, this research showed that there is no optimal strategy to miti-
gate urban overheating. Urban planners should be aware of the different
impacts these strategies have and their application must be analyzed ac-
cording to the local climatic, morphological, and technological context.
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