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While climatic change has been a widely studied topic, its impact on cultural heritage degradation remains a gap
to overcome. The environment can contribute to the degradation of historic buildings and materials decay,
especially temperature and humidity. So, characterizing the micro-climates of a landmark zone and under-
standing the influence of the recovery layers, building disposition, and street characteristics on environmental
parameters are the first steps to investigating resilience strategies for heritage conservation and micro-climates.
Thus, this paper presents a new approach to assess the influence of climatic warming on historic building
degradation, combining multiscale experimental data and numerical modeling. The environmental parameters of
the historic center of Aracati downtown, such as concentration of CO, relative humidity, temperature, and air
condition, were characterized and used together with urban volumetry to discuss the influence of on the urban
microclimate and relate the data to the physical degradation of cultural heritage. An uncrewed aerial vehicle was
used to register the volumetry of the historic center, and the data was used to simulate the wind conditions.
Following this, numerical analysis was used to investigate the rising damp and thermal tension distributions
under temperature variation over the years (from 2023 to 2100). The methodology’s applicability was
demonstrated in recurrence with the Nosso Senhor do Bonfim Church, one of the most representative heritage
constructions from Aracati downtown. Finally, the new methodology contributed to understanding how urban
volumetry contributes to the climatic conditions of a historic area and demonstrates that the increase of the
temperature can significantly affect the rising damps and the development of stress tension.

1. Introduction

The impact of climate change on the built environment emerges as
one of the most significant challenges of the 21st century [1,2]. This
phenomenon is primarily characterized by an increase in the frequency
and intensity of extreme weather events and natural disasters, such as a
substantial rise in the number of extremely hot days, droughts, sea-level
rise, floods, and intense precipitation, projected for the near future
[3-6].

Anthropogenic actions are widely recognized as one of the main
causes of climate change, resulting in a global warming of about 1.0 °C
compared to pre-industrial levels in 1850-1900 [4]. This warming is
projected to reach 1.5 °C between 2030 and 2052 if the current rate
continues [4]. Changes in global temperature patterns and extreme
temperature values drastically affect societies, the environment, and
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ecosystems [7,8]. This threat extends to historical heritage, including
buildings and monuments, which face significant long-term preserva-
tion risks. Recent studies [9,10] shows that climate change is worsening
the degradation processes of historic buildings and archaeological sites
worldwide. Thus, urban warming represents an additional threat to the
preservation of these constructions, amplifying the challenges faced by
historical structures and monuments.

In this line, unplanned growth of the cities has led to altering land
use and covers layers and the energy balance of cities, intensifying the
Urban Heat Island (UHI) effect, which increases temperatures in ur-
banized areas due to high building density, asphalt paving, strangle
streets and human activities. Thus, UHI impacts urban comfort and
climate management, as widely discussed in the scientific literature
[11-13]. The surface-level version of UHI, known as Surface Urban Heat
Island (SUHI), refers to the increase in surface temperature in urban
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areas compared to their rural surroundings, documented in various
cities worldwide, such as Athens [14], Sydney [15], Milan [16],
Singapore [17] cities in California [18], significantly impacting urban
systems, affecting the urban anthroposphere, hydrosphere, biosphere,
and atmosphere [9]. The evaluation of UHI magnitude reveals that its
intensity can reach up to 5 °C and even exceed 8 °C [19].

UHI is related to the increase in the frequency, duration, and in-
tensity of heat waves [20]. UHI indices during heat waves in the
Baltimore-Washington metropolitan area are significantly higher than in
other locations [21], substantially affecting urban centers and densely
populated areas, including cultural heritage sites, making them less
habitable [22]. This increases the global demand for electricity for
heating, ventilation, and air conditioning, can negatively affecting
heritage [23,24]. Varas-Muriel and Fort [25] highlight the delicate
balance between the natural microclimate and heritage conservation,
with constant disturbances intensifying the damage [24,26-33]. To
address climate challenges, the scientific community has been devel-
oping mitigation and adaptation measures [34-37].

Implementing new materials is an effective strategy to mitigate the
urban warming. Cool roofs and pavements optimize radiative exchanges
with solar and environmental radiation [38-40], phase change materials
store and release solar thermal energy [41], and evapotranspiration and
vegetation, like green roofs, improve urban comfort [42-45].
Combining these strategies can significantly reduce the average air
temperature by 2.7 °C and the peak temperature by 3.5 °C [45].
Assessing the vulnerability of historic areas to heat waves is crucial and
is being addressed globally [46].

Despite efforts to mitigate climate change, these strategies must be
reviewed in historic centers due to cultural conservation restrictions
[31]. Architectural modifications must respect the cultural values of
historic zones [47], which were built to meet the needs of specific eras.
Due to these factors, the effects of climate change are intensified in the
preservation of cultural heritage, requiring resilience strategies. The
reuse of historical structures is common, but internal improvements are
limited by architectural restrictions [48], necessitating continuous
monitoring [49,50]. Therefore, it is crucial to understand how climate
warming impacts the degradation of historical heritage, varying in
different geographical and cultural contexts. The interaction between
climate change, urbanization, and heritage management is complex and
underexplored, hindering effective strategies, especially in tropical
climates.

This study assumes that the climate crisis is already underway and
emphasizes the importance of mitigating the effects of climate change on
historical buildings, addressing gaps in research on heritage degrada-
tion. It offers an interdisciplinary approach involving climatology,
archaeology, architecture, and heritage management, providing insights
for adaptation policies essential to preserving cultural legacy.

Presenting an innovative multiscale experimental monitoring
methodology focused on measuring the influence of climatic changes on
historic building degradation. The methodology was demonstrated by
application in two scales, the urban scale approached the limits of
Aracati historic center and use equipment and sensors for data collec-
tion, such as the Temtop® M2000 and the Flir® E5-XT thermal camera,
a 2 km route was mapped in areas with different types of paving and tree
cover to capture temperature peaks. It characterizes the environmental
parameters of the historic center of Aracati, discussing the influence of
urban volumetry on the microclimate and relating these data to the
physical degradation of historical heritage.

Them, the building scale using the Church of Nosso Senhor do
Bonfim in Aracati, a heritage site classified by the Instituto do Pat-
rimonio Histdrico e Artistico Nacional (IPHAN) in 2001. The aerial and
the Leica BLK360 laser scanner generated the point cloud. In the labo-
ratory, software like WUFI 2D, Flow Design, and Ansys were used for
simulations, analyzing degradation caused by temperature, wind action,
and mechanical stresses. This technique combines environmental
monitoring and climate impact analysis on materials, providing data for
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predictive analysis of heritage wear and supporting guidelines to pre-
vent environmental degradation. The approach presented has repro-
ducibility potential in historic centers, increasing their resilience to
extreme climatic events.

2. Historic Center of Aracati and the Nosso Senhor do Bonfim
Church

Aracati is a coastal city in northeastern Brazil, 160 Km away from the
capital of Ceara State, Fortaleza, and 507.35 Km from the equator line,
as presented in Fig. 1. The Historic Center (HC) of Aracati is a historical
area of the town composed of streets and architectural monuments from
the 18th, 19th, and 20th centuries, as well as the surrounding polygonal
area, which encircles the strict preservation area and is also regulated by
a series of restrictions regarding physical interventions. Its construction
dates to the 18th century, the era of the Cattle Cycle, the 19th century,
the commercial and cotton cycle, and the 20th century, the industrial
cycle. The architectural ensemble became recognized as a national
heritage, and the IPHAN listed it in April 2001.

The Bonfim Church is one of the oldest constructions in Aracati,
beginning in 1772 and completed in 1774. The church is 405 m distant
from the Jaguaribe River, and over the centuries the building has been
affected by floods and has undergone many changes, but it still main-
tains its original facade. The church structure is naturally affected by the
mechanism of rising damp [51]. The church’s altar is carved in wood
and houses richly detailed Baroque paintings and sculptures from the
18th century in white and gold colors. In Aracati, the summer is short,
hot, and dry, while the winter is brief, warm, and with precipitation. The
weather is oppressive throughout the year, with winds reaching 24 km/
h and nearly overcast skies. The temperature typically ranges from 23 °C
to 35 °C throughout the year. The historic center exhibits significant
temperature variations, highlighting the critical point around the heri-
tage site.

3. Methodology
3.1. Environmental micro-urban measurements

The first part of proposed method aims to characterize the environ-
mental parameters of the historic center of Aracati; to discuss the in-
fluence of urban volumetrics on the urban microclimate, and to correlate
the data with the physical degradation of cultural heritage. Data
collection was facilitated trough wearable sensors, which continuously
gathered information on air temperature (Ta) and relative humidity
(UR) throughout the campaign. Figs. 2 and 8 illustrates the step-by-step
of the proposed methodology: Stage 1) environmental data collection;
Stage 2) digital survey and point cloud acquisition; Stage 3) multi-
parameter numerical analysis; Stage 4) microclimate characterization
and historic masonries degradation behavior; and Stage 5) indication of
the most critical area in surround of N. S. do Bomfim Church. The
environmental data collection was carried out on November 11th, 2023
(summer in the Southern Hemisphere), during which the weather
forecast indicated a minimum temperature of 23 °C and a maximum of
36 °C, with a wind speed of approximately 24 km/h from the east and
relative humidity ranging between 59 % and 94 %.

The state of Ceara is located globally very close to the equator (South
Latitude: 4°46'30"; Longitude 37°14'45"), so it does not have a large
temperature range. Santos et al (2010) analyzed the historical series of
average temperatures in the northeast region of Brazil from 1961 to
2007 using data from the National Meteorological Institute (INMET) and
came to the conclusion that “average air temperatures are found to vary
between 22 and 25 °C”. In order to find more recent information on the
temperature range, the authors of this study systematized data from the
official weather station located in Jaguaruana, far away 30 km from
Aracati. According to the climatological normal for the years 1991-2020
(Fig. 3), there is a maximum temperature range of 12° and a minimum of
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Aracati /f’ (3) Municipal Council
Coarh (4) Public Market

Brazil

50 100 mi.

(1) Nossa Senhora do Roséario Church
(2) Former Santa Tereza textile factory

(5) Nossa Senhora do Rosério dos Pretos Church
(6) Nossa Senhora dos Prazeres Church
(7) Nosso Senhor do Bonfim Church.

Fig. 1. Location of Aracati downtown in the Ceard State map.

8°. Therefore, there is no significant thermal variation throughout the
year which requires extensive data collection, since the data collected
would have very close values.

The monitoring equipment was used to perform a multiparameter
micro-urban environment analysis from a pedestrian perspective. An air
quality monitor, Temtop® M2000, a portable device capable of
measuring PM2.5, PM10, carbon dioxide, formaldehyde, temperature,
and humidity, was employed to record the data. The recording device
provides accurate real-time readings, allowing immediate observations
as environmental conditions change. Environmental data was collected
every 1 min and automatically stored. In addition, a Flir® E5-XT
infrared thermography imaging camera was used to characterize the
street temperature. Flir® E5-XT has a high-precision infrared detector
with 19,200 (160 x 120) pixels and an extended temperature range from
—20 °C to 400 °C. Its capabilities enable the identification of points or
areas where temperature deviates from a predefined or known pattern.
A GPS was used to register each location along the route. By correlating
the environmental information with GPS, it was possible to identify
potential heat locations, facilitating proactive intervention and analysis.

The selected route encompasses a variety of pavement types, build-
ing heights, facade materials, and vegetation concentrations, generating
several different microclimates within the city and incorporating sig-
nificant historical landmarks, such as churches listed by IPHAN (Fig. 1
and Fig. 2). Therefore, conducting an analysis to understand how the
microclimate near these landmarks may contribute to their degradation
is relevant.

The route, as shown in Fig. 2, had a length of approximately 2,000 m,
and climate data were collected at each 1 min interval, automatically
generated and stored by the Temtop® device. The entire route was
conducted by walking (Fig. 4), as the length of the monitoring route
selected allowed for completing the perimeter in less than 1 h. The route
was performed three times a day: at 6:00 a.m., during the peak of
minimum temperature under solar incidence, at the maximum temper-
ature peak, at 2:00p.m., and at the time with the average temperature,
where solar radiation is expected to be negligible, at 6:00p.m. (Fig. 5).

The time recorded routes corresponded to 43, 45, and 42 min at 6:00 a.
m., 2:00p.m., and 6:00p.m., respectively.

The availability of GPS data facilitates the integration of data into
Geographic Information Systems (GIS). The QGIS platform was essential
in enabling the generation of custom route images according to selected
parameters, using a comprehensive range of colors. More specifically,
the data plotted on aerial images in QGIS depict air temperature vari-
ation in the monitored urban environment through a color palette of 13
points, where the obtained data adjusts according to pre-established
parameters.

The thermographic images were time-stamped and linked to GPS
data to ensure accurate localization. The emissivity has been set at 0.85
to represent the typical thermal behavior of the built environment,
considering that the properties of the analyzed materials have an
emissivity ranging from 0.80 to 0.95, with a target-to-camera distance of
up to 20 m. The infrared pictures were processed using FLIR® Tools
software for enhanced image quality and details.

The surface temperature records allowed reliable analyses with these
settings, highlighting discernible differences within an image due to
unique elements such as vegetation, pavement type, and shaded areas
along the same path. To emphasize this objective, the range of surface
temperature palettes chosen remains consistent for all corresponding
infrared images of the same monitoring route during specific time in-
tervals: 20 °C to 40 °C at 6 in the morning, 20 °C to 60 °C at 2 in the
afternoon, and 20 °C to 40 °C at 6 in the evening.

In Fig. 6, there is the spatialization of three different criteria that can
influence the temperature, including the type of road surfacing, the
height of the buildings, and the presence of vegetation. All this infor-
mation was collected by mapping the elements in the aerial image by
point cloud. About the type of paving, it was noticed a more significant
presence of stone cobblestone, followed by concrete interlocking blocks
and a slight stretch of asphalt. It is worth noting that the colors of these
materials vary from lighter for the first two to darker for the last. As for
the height of the buildings, sensible variation in the volume built was
noted, with buildings varying between 1 and 2 floors. However, the
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Fig. 2. Scheme of the part one of methodology for evaluation degradation of historic buildings influenced by climate change.
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Fig. 4. Environmental data recording along the Aracati historic center perimeter.
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Fig. 5. Average temperature of a typical day at Aracati downtown.
areas without buildings, here considered free squares, stand out along 3.2. Geomatic processing
the route. Concerning the presence of vegetation, it was possible to
observe small portions of vegetation distributed along the roadbed. The An unnamed aerial vehicle (UAV), as presented in, was used to
most significant mass of vegetation was found near of the northwest generate a point cloud (Fig. 2 and Fig. 7) of the Aracati historic center to
stretch within empty plots of land. conduct volumetrics of the streets. Additionally, a point cloud of the

streets and the churches was recorded using the Leika® BLK Laser
Scanner to obtain measurements of the church and provide some
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Fig. 7. Point cloud generated by UAV capture: a) point cloud of Aracati downtown and b) solar analysis.

adjustments in the volumetry used to solar analysis (Fig. 7). Subse-
quently, the historic center volumetry was automatically transferred
through Dynamo® to the Flow Design® software for the wind velocity
pattern analysis.

After observing the data obtained with the first phase of the method
(environmental micro-urban measurements and geomatic processing), it
was possible to define the areas most affected by high temperatures and
then choose the significant building as the spatial cut-out used in the
second phase described below.

3.3. Physical modeling and evaluation of the historic building degradation

The second part of the method aims to carry out a structural analysis
of a relevant historic building according to future climate change sce-
narios. For this purpose, the N. S. do Bomfim Church was used as the
object of study, according to the results of the first part of the method.
The Global Climate Model called HadGEM2-ES, made available by the

Ministry of Science, Technology and Innovation (2020) was used as the
simulation model. Th is model was chosen because it is a downscaled
regional approximation. We chose to apply the temperature changes
predicted in the report to two scenarios, for the year 2050 and then for
the year 2100. The second part of the method followed the same steps as
the first part, but used other devices to collect data and other software
for the simulation (Fig. 8).

Regarding the thickness and variations of the historic masonries,
depending on the measurements and construction phases over time, the
configuration of the masonry structure can vary considerably within the
same building, as observed in the case of the Church of Nosso Senhor do
Bonfim (Aragjo et al., 2020). With dimensions of 2.00 m x 1.20 m, the
walls feature a core of clay bricks coated with a layer of lime mortar.

The influences of climatic changes on the degradation of historic
masonries were simulated considering rising damp, capillarity profile
and moisture content under variations of temperature and relative hu-
midity over the years. To simulate this model, a dimension of 2.00 m x
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Fig. 8. Scheme of the part two of methodology for evaluation degradation of historic buildings influenced by climate change.

0.57 m was adopted to study the presence of rising damp in the church
masonry, considering future predictions for the years 2050 and 2100.
The physical and mechanical properties of the masonries of Nosso
Senhor do Bonfim used for the numerical analysis were obtained by
previous work of the authors [52]. The complete description of the
materials is presented by Table 1.

The models of historical walls were numerically simulated using
WUFI 2D software, version 4.5, which employs a computational
approach to analyze the thermal and hygroscopic performance of insu-
lation and masonry systems in buildings. These analyses allow the
simulation of heat and moisture transport in materials in a two-
dimensional analysis, considering material properties and climatic
conditions to evaluate changes in moisture content. The WUFI 2D con-
siders non-linear equations proposed by Kunzel [53], as presented by
Equations (1) and (2). For the simulation, the time frame considered in
this study was 4,320 h, equivalent to a half-year.

dH 0T
ar o V(AVT) +h,V(8,V(¢Psar)) (€8]
Table 1

Physical properties of the historic masonries of the Nosso Senhor do Bonfim
Church used for numerical simulation on WUFIL.

Bricks Mortar
Properties Value  Unity Properties Value Unity
Water absorption 10.9 % Natural moisture 1.64 %
content
Natural moisture 1.8 % Density 1600 kg/
content m®
Compressive 16.5 N/ Porosity 30 %
strength mm?
Porosity 21.2 % Specific heat 850 J/kg.
K
Density 1950 kg/ Thermal 0.7 W/m.
m® conductivity K
Specific heat 850 J/kg. Water vapor 7 -
K diffusion
coefficient
Thermal 0.6 W/m. Proportion 1:6 -
conductivity K (binder: sand)
Water vapor 10 - Binder Limestone —
diffusion
coefficient

g_g aa_? = V(DEVQ + ‘SPV((ISPSQI)) (2)
where:

4 i5 the heat storage capacity of the wet materials (J/(m®.K)).

g—g is the moisture storage capacity of wet material (kg/m®).

A is the thermal conductivity of wet material (W/(m.K)).

h, is the enthalpy of water evaporation (J/kg).

Dg is the liquid conduction coefficient (kg/(m.s)).

8p is the water vapor permeability of the material (kg/(m.s.Pa)).

T is the temperature (' C).

w is the moisture content of the material (kg/m®).

@ is the relative humidity (—).

Psa is the water vapor saturation pressure (Pa).

The simulations were based on IPCC [54] projections for current
temperature in the years 2050 and 2100, while relative humidity was
calculated as an average due to minimal variation. The average tem-
perature considered was 38 °C for 2050 years and 43 °C for 2100,
respectively, with an average relative humidity of 60 %. These data
indicate that the region where the Church is located experiences high
temperatures and high relative humidity throughout the year. The
computational evaluation was performed by adopting thermal conduc-
tion and moisture migration simultaneously, presenting their data in
two ways: in 2D format or through graphs. The 2D visualization offers a
clear and interactive representation of the results, allowing tracking of
changes in temperature, relative humidity, capillarity, and others over
time. This visualization allowed visualization of the results based on
object position, which can be easily adjusted, and enables legend
modification for a more flexible analysis.

To analyze how temperature variation influences the degradation of
historical heritage, a complementary analysis with finite element sim-
ulations to evaluate mechanical stresses resulting from thermal varia-
tions was carried out using Ansys® software, version 2023 R1, which
allows greater precision and versatility in structural analysis. In order to
optimize the computational resources, the church was reproduced based
on the scanner survey. Additionally, a structural state stress analysis was
also performed.

Referring to the construction of the 3D numerical model, given the
required level of precision for the simulation, it became feasible to
approximate the ceramic and mortar elements to a homogeneous
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material using macromodeling techniques. The modeling was carried
out in Revit and imported into Ansys®, where a 0.2x0.2 m mesh was
defined for the entire 3D element. The “Soft” option was chosen as it
provides greater mesh refinement, especially in corners and regions with
“critical” geometry, where more detailed analysis is required, resulting
in 52,043 elements and 293,508 nodes.

In the thermal stress analysis, Ansys® software provides predefined
values for the initial conditions of the materials, with a temperature of
20 °C and a relative humidity of 80 %. However, these values were
adjusted to reflect the real conditions of the study, as the entire church
facade faces west, experiencing abrupt temperature variations over 24 h,
which further intensifies wear over the years. The lowest and highest
temperatures captured by the thermal camera were added to identify the
variation range, along with Poisson’s ratio and Young’s modulus, to
allow stress load demands on the wall.

For the material properties, the existing literature was used to find
the usual data for this study. Table 2 summarizes the mechanical
properties adopted in the church’s numerical model. Thus, the Specific
Weight (w) and Compressive Strength (fc) were obtained through the
average parameters found in [55]. The Modulus of Elasticity (E) and
Tensile Strength (ft) were obtained from [56]. Finally, Poisson’s ratio
was defined based on the works [57-59], which was 0.20. With the data
entered, transient analyses of temperature, von-Mises stresses, and
structural deformations were performed, as the primary aim of the
project was to analyze the behavior of the historical heritage over time
and with variations in the predefined parameters.

4. Results

Analyzing the microclimate characterization of the Aracati historic
center, as presented by Figs. 9, 10 and 11, and considering that the
temperature varies by 2 °C degrees, the temperature color spectrum did
not vary significantly enough to change color at night; it remained stable
between 26 °C and 28 °C degrees. In addition, Figs. 9, 10 and 11 present
critical points that require special attention to preserve the heritage in
the surroundings, especially during the afternoon and morning.

Also, it is possible to observe that between paths 1 and 2, there was a
milder temperature during the morning hours than in the other pas-
sages. This is attributed to the considerable wind circulation (Fig. 12), as
it features shaded pavement areas during that time and also wide roads
with stone cobblestone pavement. During the afternoon, something
similar occurs during the first half of the stretch; however, during the
second half, wind circulation becomes more complex, preventing tem-
perature exchange. However, between paths 2 and 3, it is possible to
note significant differences in temperatures on the morning (28 °C to
30 °C) and afternoon (32 °C to 36 °C) thermal maps. This can be
attributed to a subtle narrowing of the roads, almost complete absence
of greenery, higher solar exposure during the day, and hindered air
circulation by surrounding buildings.

The analysis of wind circulation (Fig. 12) allowed to observe the
wind influence on specific points, such as point 3 of the thermal images,
identified as the hottest section of the route (39 °C to 40 °C). The sur-
rounding buildings distort air masses, resulting in the absence of wind
circulation at that point. Furthermore, the lack of green areas and wind

Table 2
Physical properties of the historic masonries of the Nosso
Senhor do Bonfim Church used for numerical simulation

on Ansys.
Mecanic properties Magnitude
E (GPa) 1.70
w (kN/m?) 18.00
fc (MPa) 3.20
fi 0.16
v 0.20
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circulation significantly contributes to the heating of this section
compared to other highlighted points. While 39 between 43 (90,69 %) of
the buildings of the Aracati Historic Center present 1 or 2-story, the
presence of 3 to 6-story buildings in line works as an obstacle to the
winding course. This scenario contributes to generating areas with poor
ventilation, as it can be noted that a major part of the streets is not well-
ventilated, especially the transversal streets.

Between paths 3 and 4, the morning and afternoon thermal maps
show a slight temperature variation (39 °C to 37 °C). This can be
attributed to a change in pavement layer from stone cobblestone to
asphalt and an even more significant road narrowing. In the afternoon,
three significant temperature variations (39 °C to 35 °C) are visible
between paths 4 and 5. These decrease progressively due to various
factors, including wider roads, pavement made of cement interlocking
blocks, less solar exposure, and a gradual increase in green areas.

In paths 5 and 6, during the afternoon map, another significant
decrease in temperature (35 °C to 33 °C) can be observed. This is
because the temperature gets closer to the green area, and air circulation
occurs more quickly. Another interesting aspect to analyze here is paths
6 and 7, where green areas nearby and broader streets with cement
interlocking blocks and stone cobblestone pavements result in milder
climatic conditions than in other sections (33 °C to 31 °C). This is due to
the shade and evapotranspiration the trees provide, which favor the
local microclimate. In paths 7 and 8, it is not possible to identify a very
significant difference in either of the maps; the temperature remains
practically constant between one point and another and stable between
31 °Cand 32 °C.

Temperature and humidity are generally correlated, but usually
inversely, meaning that when the temperature increases, the relative
humidity decreases, and vice versa. This occurs because water molecules
have more kinetic energy when the temperature is high, leading to an
increased evaporation rate from liquid surfaces and vegetation. In
Fig. 13 and Fig. 14, it is presented the variation of temperature and
relative humidity associated with the complete route.

With the mapping of the environmental microclimate of the Aracati
historic center, it was observed that all levels of CO, are lower in the
afternoon than at other times (Fig. 14e). This is because, at 2p.m., there
is practically no urban movement, as it is the peak of heat during the
day. The increase in temperature during the afternoon can contribute to
better air circulation and the dissipation of atmospheric pollutants. Even
though the CO, concentration measurements are lower than 660 ppm,
point as the safety limit to the human daily exposition, the values of 520
ppm are considerably high for a small downtown. That behavior reflects
the absence of materials or vegetation able to capture or store the CO,
from the atmosphere. However, CO3 levels (Fig. 14e) tend to increase
during the night due to heightened urban activity and a drop in tem-
perature. As the day winds down, urban activities such as vehicular
traffic and heating systems continue to emit carbon dioxide. Addition-
ally, the decrease in temperature overnight can contribute to stagnant
air and the accumulation of atmospheric pollutants, including CO,. This
combination of factors results in higher levels of carbon dioxide during
nighttime hours, posing additional challenges for air quality in urban
areas.

The PM2.5 particulate matter mapping (Fig. 14c) indicates that it is
at highly critical and unhealthy levels, and the entire population may
face serious risks of respiratory and cardiovascular diseases in the near
future (if it is not facing that now). There is an increased risk of pre-
mature deaths among individuals in sensitive groups. The PM10 par-
ticulate mapping (Fig. 14d) indicates acceptable concentrations without
adverse health effects.

Following the projections outlined in the IPCC’s VI report [4], tem-
perature forecasts for 2050 and 2100 indicate a maximum increase
under the most adverse global scenario, starting from 2023, of 1.4 °C
and 3.6 °C, respectively. Conversely, the minimum increase under the
most favorable global scenario is projected to be 0.4 °C and 0.3 °C,
respectively. Based on IPCC's data [4], the climatic prediction to 2050
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2PM

Fig. 10. Micro-climate characterization of Aracati historic center: temperature and infrared thermography records along the route at 2p.m.

and 2100 to Aracati historic center was obtained through a simple sum
between the 2023 value and the projection value, as presented by
Fig. 15. Report projections was based in WGIIL, a large number of global
modelled emissions pathways were assessed, of which 1202 pathways
were categorized based on their projected global warming over the 21st
century, with categories ranging from pathways that limit warming to
1.5 °C with more than 50 % likelihood with no or limited overshoot to
pathways that exceed 4 °C. Methods to project global warming associ-
ated with the modelled pathways were updated to ensure consistency
with the AR6 WGI assessment of the climate system response.

As temperatures rise, the lifecycle of structures in the region accel-
erates due to various factors, one of which is very prevalent: rising damp

caused by capillarity, mainly due to dissolved salts in the water. With the
increase in temperature, the rate of water evaporation from the wall
increases, leaving only the salts lodged in the pores of the materials,
resulting in a decrease in diameter and consequently further increasing
capillarity.

In terms of microclimate control, the results indicate the importance
of expanding the vegetation cover and replacing asphalt roads to miti-
gate the effects of high temperatures in the coming years. The other
elements that influence the microclimate, such as the width of the roads
and the material of the facades, are fundamental elements for preserving
Aracati’s historic site and are protected by legislation against severe
modifications. Therefore, these elements maintain the same aspects over
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Fig. 11. Micro-climate characterization of Aracati historic center: temperature and infrared thermography records along the route at 6p.m.
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Fig. 12. Wind direction and velocity pattern analysis.

the years, causing the same type of influence on the microclimate.

The degradation level of historical heritage due to climate change
versus the urban heat island (UHI) effect is multifaceted and interde-
pendent. Climate change exacerbates extreme weather events, such as
increased temperatures, altered precipitation patterns, and more
frequent and intense heatwaves, which accelerate the deterioration of
historical structures by causing thermal expansion, material fatigue, and
increased biological growth. Conversely, the UHI effect, a localized
climate phenomenon resulting from urbanization, intensifies heat stress
on buildings through higher ambient temperatures and reduced cooling
at night. This exacerbates the degradation processes initiated by climate
change, leading to a compounded impact on historical heritage. The
study reveals that while climate change sets the broader stage for heri-
tage vulnerability, the UHI effect acts as a localized amplifier of these
impacts, significantly accelerating material degradation and structural
wear. Thus, addressing both global climate change and localized urban
planning is essential for developing comprehensive conservation stra-
tegies to preserve historical heritage.

The thermal simulations of the church walls obtained using Ansys
software (Fig. 16.a, b, and c¢), demonstrate an increase in the church’s
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covering layers, with maximum values ranging from 40.56 °C in 2023 to
45.84 °C in 2050 and 51.12 °C in 2100. These values were calculated
based on measurements taken using a thermal camera, with additional
data from the IPCC’s VI Assessment Report and predictions from the
HadGEM2-ES global model incorporated into the temperatures captured
in 2023. In the case of thermal movements, it is important to consider
not only the temperature range but also the duration of time over which
these changes occur, as different materials have varying response times
to thermal alterations, especially thermal shocks, where sudden changes
can result in high stresses and material degradation [60,61]. Thermal
shocks occur daily; however, the climate crisis is exacerbating the range
of daily temperature fluctuations. The average temperature variation of
the building’s walls between minimum and maximum values is 10.75 °C
in 2023, followed by an increase to 16.12 °C in 2050 and 21.50 °C in
2100. The increase in the differences between minimum and maximum
temperatures influences the thermal movements of the coverings, indi-
cating the formation of cracks due to fatigue caused by thermal effects.
The results demonstrate a significant difference in stresses over the
years, as presented in Fig. 16, clearly indicating an approximate 400 %
increase in thermal deformation compared to the initial observation
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year (Fig. 16.g, h, and i), leading to considerable degradation. These
results are consistent with previous studies (reference two studies). The
von-Mises stress simulation (Fig. 16.d, e, and f) highlighted the struc-
tural stress points, where values range from 1.4814 x 10°-12 MPa in
2023 to 1.544 MPa in 2050, reaching a maximum of 3.067 MPa in 2100,
while the stress resistance limit of the masonry is around 0.16 MPa
[57,61], indicating a widespread scenario of cracks in the masonry fa-
cades. Additionally, the historical building is not only affected by
stresses caused by thermal variations; those caused by rising moisture
with the presence of salts are also quite significant, given that Aracati is

a coastal area with intense salt air, and the deposition of these salts in the
soil is a reality.

Temperature and its variation can affect negatively the fatigue
behavior of mortars and similar materials. The low values of Von-Mises
stress are developed when the values of the environmental temperature
are near of 25 °C, while the maximum values of temperature are
developed when the values of the environment are higher than 39 °C.
The values up to the limit of resistance of mortars indicate the cracks
formations over the coating layers. While works that investigate the
effect of temperature on the thermal stress of historic buildings are
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Fig. 15. Prediction of the maximum and minimum temperatures of Aracati downtown to 2050 and 2100.

rarely reported in the literature, similar works with mortars and con-
crete presented similar behavior than the results founded in this paper
[62-66].

Following, the results indicate higher stress demands at the bottom
part of the masonry, caused by rising damp, accentuated by the capil-
larity present in salty water, abundant in the coastal region of Aracati. As
temperatures rise (Fig. 17a) and the increase of moisture content
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(Fig. 17b), the water is easily evaporated, leaving only the salts trapped
in the building materials’ pores, reducing pore diameter. Consequently,
this causes a constant increase in capillarity (Fig. 17¢) and rising damp
(Fig. 17d), resulting in amplified wear and deterioration. The detailed
behavior of the rising damp is presented by Fig. 18 where it is possible to
identify the total water content increases from 0.37 kg/m°® in 2023, to
0.45 kg/m® in 2050, and finally the failure of the masonry due to the
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Fig. 16. Simulation of the transient thermal, transient structural stress and thermal strain of the historic masonries of the Nosso Senhor do Bonfim Church.
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Fig. 17. Effect of the climatic change on the degradation of historic masonries: a) thermal behavior, b) moisture content, c¢) capillarity, and d) rising damping by

WUFI 2D in 2023, 2050, and 2100.

capillarity advance and the crack emergence.

While rising damp can be influenced by the temperature increase, the
solar exposition and the thermal stress also plays a relevant role to the
historic masonries degradation. The increasing in the temperature ac-
celerates the capillarity effect and the water transport through the ma-
sonry pores. The water also affects the lime dissolution, decreasing the
mortar cohesion and facilitating the cracks emergence and the me-
chanical failure, contributing this way to structure degradation.

5. Conclusions

The present article introduced an innovative methodology for
quantitatively investigating how climate changes and even the micro-
climate surrounding buildings contribute to heritage degradation. The
method consists of aerial and terrestrial digital scanning, multiparam-
eter environmental characterization, and numerical simulations. The
methodology demonstrated to be able to cover relevant issues on
degradation of the historic buildings and able to identify critical areas in
the historic center more susceptible to warming. The complete charac-
terization of the urban microclimate also provided reliable information
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for decision-making on interventions to mitigate the impact of climate
warming in historical areas.

Mapping the environmental parameters of the Aracati historical
center, the results demonstrate that the recovery materials and urban
characteristics, such as buildings higher and volumetry, presence of
green and free zones, conditioned the thermal behavior and the air
quality. The path pavements recovered by stone and asphalt conduct the
environment to a higher temperature than concrete pavements, while
the presence of green areas reduces the temperature. Crossing infor-
mation between urban data and environmental parameters can be a
good way to understand microclimate behavior.

The street temperature mapping indicates a very concerning warm-
ing nowadays, with peaks of 39 °C during the day, while the concen-
tration of COy is also high (520 ppm). This environmental conduction
can dramatically influence the life of the population that lives or visits
the historic center. Considering the simulation for 2050 and 2100, the
results indicated an increase in the temperature to 41 °C and 43 °C
during the day. The findings also point to the morning and night
becoming hotter than nowadays.

The simulation results indicate a dramatic scenario of historic ma-
sonry degradation. By the stress analysis, it was possible to observe a
variation between 1.4814 x 10"'2 MPa in 2023, to 1.544 MPa in 2050 till
the maximum of 3.676 MPa in 2100, indicating a generalized presence
of cracks in the masonries. Together with the existing load, it accelerates
the mechanical failure of the masonry. The rising damping is also
accelerated by temperature increase and the capillarity evolution to
cracks formation, contributing to the layers decaying and the masonry
degradation.

The results also demonstrate that the combination of multiparameter
environmental data, urban information, and numerical simulations can
be an assertive way to qualitatively evaluate the effects of climatic
changes on cultural heritage. Furthermore, the information provided by
the applicability of the presented methodology can support in-
terventions and optimize the mitigation action on historic centers.
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