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Abstract: Although the greenhouse effect
is a natural phenomenon for the planet,
human-induced changes end up causing its
intensification. Global warming can result
in different temperatures on regional scales,
and its effects are evidenced essentially on a
local scale. This study aims to identify climate
change in the municipality of Caxias do Sul-
RS, comparing the data series from 1991
to 2019 with the climatological normal for
the period from 1961 to 1990, through the
information recorded by the municipality’s
meteorological station. Regarding the average
annual temperature, there was an increase of
0.73 °C. The monthly averages of precipitation
were similar to each other, however, it was
observed that the pluviometric regime suffered
alterations both in the monthly precipitation
volume and in its temporal distribution. There
was no evidence of water deficit during the
period, since the annual monthly mean of
ETP was 68.31 mm in the series from 1961 to
1990 and 72.38 mm in the subsequent series.
Relative humidity also showed changes, going
from 78.42% to 77.67%. There was a reduction
in the average annual intensity of the winds in
relation to the oldest data, reducing from 2.67
m/s to 1.75 m/s. According to the Koppen-
Geiger Model, the climate of the municipality
can be classified as Ctb and shows a tendency
for the temperature to continue increasing. The
evidenced scenario indicates the importance
of climatological studies to manage future
scenarios, since it can support decision-
making and the formulation of public policies
oriented towards sustainable development.
Keywords: Climate changes, Urban climate,
Meteorology, Climatological normal.

INTRODUCTION

Since the Industrial Revolution, the
search for technological development and
economic growth have caused an increase
in anthropogenic emissions - mainly carbon

dioxide (CO2), nitrous oxide (N20O) and
methane (CH4) - characterized as greenhouse
gases (GHG). These emissions occur as a
result of deforestation, burning of fossil fuels,
industrial processes, urbanization, population
growth and agricultural activities which, in
turn, are driven by land use and occupation,
the population’s lifestyle and economic
activities that are part of a particular region
(TONG & EBI, 2019).

In 2018, the total GHG emitted in the
world was equivalent to 36.6 GtCO2, which
resulted in an average increase of 2.1%
compared to 2017 (GCP, 2019). In Brazil,
1.94 Gt of greenhouse gases were released,
remaining practically stagnant compared to
the previous year. The sectors that contributed
the most in the country were: land use change
and forests, agriculture and the energy and
transport sector (SEEG BRASIL, 2019). This
year, the global concentration of CO2 in
the atmosphere hit a new record, reaching
416.21 ppm. Despite the crisis caused by the
Covid-19 pandemic, the intense production
of electricity derived from fossil fuels was the
main reason for the increase in carbon dioxide
emissions (UNITED NATIONS, 2020).

Although the greenhouse effect is a natural
and essential phenomenon for the planet,
human-induced changes in the chemical
composition of the atmosphere end up causing
its intensification. As a result of this scenario,
the global mean surface temperature has
increased by approximately 1.0 °C compared
to pre-industrial levels and, if it continues at
this same pace, between 2030 and 2052, global
warming could reach 1.5 °C (IPCC, 2018).
Also, considering that they do not occur
homogeneously, according to Seneviratne
et al. (2018), global warming can result in
different temperatures on regional scales, due
to geographic location, variations in density
and in the rate of warming.

The effects of human activities also affect
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the climate on a local scale, both in urban
and rural areas. In rural areas, agriculture is
the most dependent on climatic conditions
and, therefore, becomes the most vulnerable,
since the risks in agricultural production
increase and these directly affect the supply
of subsequent sectors (JUNGES, et al., 2019).
In urban areas, where more than half of the
population lives, up to 70% of greenhouse
gas emissions are generated (ALL et al., 2019;
LIOUBIMTSEVA & DA CUNHA, 2020),
capable of, according to Lima et al., (2020),
generate a climate of its own, called urban
climate. This potential to promote climate
change within the city is related to the physical
conditions of the surface components -
architectural sets and non-artificial elements
- as well as industrial and transport activities
(FERREIRA & UGEDA JUNIOR, 2020).

The currentscenario already allows changes
to be observed at all spatial scales, both in the
pluviometric regime, as in evapotranspiration
and in other elements of the climate, which
corroborate and intensify impacts and create
new risks to humanity and the environment.
Among these, it is evident the increase in
the level of the oceans, the alterations of the
hydrological processes in hydrographic basins,
the modification of the distribution of species,
the loss of biodiversity and, the increase in the
frequency and intensity of heat waves, floods,
droughts, rains acids and forest fires (TONG
& EBI, 2019; SOUSA et al., 2019).

Changes in weather patterns have been
evidenced in numerous studies by the
scientific community, proving to be one of the
greatest challenges of this time and occupying
not only a central place in academia and
science, but also in the political and economic
agenda (HIERA, et al., 2019; FUNATSU et al,,
2019). Brazil, as a member country of the Paris
Agreement, has committed to minimizing
GHG emissions by 37% by 2025 compared
to 2005 levels, equivalent to approximately

1.3 GtCO2 (BRASIL, 2015). To achieve this
ambitious goal, in its Nationally Determined
Contribution (NDC), as well as in the
National Policy on Climate Change (PNMC),
Law number, promote new standards of

clean technologies, improve transport
infrastructure, among others (BRASIL, 2015,
2009).

However, cities have a fundamental role
in terms of enhancing efforts to mitigate
climate change, as they are important engines
of economic, intellectual, technological
and political development. Local planning
aims to adjust human-environmental
systems to minimize damage and explore
beneficial opportunities, providing learning
opportunities and resources in all sectors,
so that they can adapt and thus benefit from
successful practices (LIOUBIMTSEVA & DA
CUNHA), 2020).

Considering the importance of climatology
for the sustainable planning of activities and
for minimizing the possible impacts caused by
climate change, this study aims to identify and
analyze climate change in the municipality
of Caxias do Sul-RS through a series of data
that comprises the period from 1991 to 2019
with the Climatological Normal for the period
from 1961 to 1990.

MATERIAL AND METHODS
STUDY AREA

The municipality of Caxias do Sul is located
at 760 m above sea level, in the northeast of the
state of Rio Grande do Sul, in southern Brazil
(Figure 1), being the second most populous
city in the state (CAXIAS DO SUL, 2020).
According to the population estimate of the
Brazilian Institute of Geography and Statistics
(IBGE) in 2020, the municipality has more
than half a million inhabitants (IBGE, 2020).

The municipality is characterized by
accelerated urban growth, caused mainly by
economic development throughout the 20th
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Figure 1 — Location map of the municipality of Caxias do Sul/RS.

Source: prepared by the authors.

century. As a result, it formed an important
and diversified industrial sector, which
currently stands out for being the second
largest metal-mechanic center in the country,
and, consequently, made the tertiary sector
the most representative in the municipality’s
economy (CAXIAS DO SUL, 2020).

The primary sector also stands out
due to the strong presence of agricultural
activity, mainly on small properties. The
city’s agricultural Gross Domestic Product
(GDP) is one of the largest in the state, as the
municipality is the largest fruit and vegetable
producer in Rio Grande do Sul, standing out
in the production of grapes, apples, peaches
and garlic. As for livestock, the main activities
are: poultry and cattle breeding (CAXIAS DO
SUL, 2020).

The expansion of the city, however, led to
a series of economic, social, environmental
and structural demands, which Caxias do Sul
has responded to in order to be a reference in

the region in health services, urban cleaning,
basic sanitation and higher education. Of note
is higher education, which indirectly reaches
more than 1 million people.

DATA COLLECTION

To analyze the climate changes in the city
of Caxias do Sul, the average values of the
climatological normal between 1961 and
1990, provided by the National Institute of
Meteorology (INMET) were sought. These
climatological data refer to the elements of the
climate: air temperature (minimum, average
and maximum), precipitation, winds, air
humidity and atmospheric pressure.

The values of this climatological normal
were compared with the average data, of the
same climatic variables, made available by the
Meteorological Database for Teaching and
Research (BDMEP) of INMET, referring to
the subsequent period, which comprises from
1991 to 2019, as it is not yet full climatological
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normal available.

The information collected from both
periods were recorded by the conventional
station operating in Caxias do Sul, with
identification code 83942 and located at south
latitude -29.16° and west longitude -51.20°.

To correct the faults found in the most
recent historical series, it was not possible
to use usual methods, such as Regional
Weighting and Linear Regression, because
all conventional meteorological stations
operating in Rio Grande do Sul have the same
fault, for all atmospheric variables, in nine
months of the year 2001. Therefore, as a way
to get around this problem, all missing values
were replaced by the average of each month
of the historical series, since according to
Vieira et al. (2018) this method preserves the
structure and characteristics of the original
series, as well as being efficient in their study.

Considering the lack of potential
evapotranspiration ~ (ETP) data from
meteorological stations, the average values
of this variable were collected for the two
historical series analyzed, through the Web
System for estimating ETP developed by
Bortolin et al. (2019). This web application
uses data from meteorological stations
operated by INMET to calculate the ETP in an
automated way, using various mathematical
methods found in the literature, for a given
period of time (BORTOLIN et al., 2019). In
this study, we chose to run the system using
the method of Thornthwaite (1948).

Based on the average values of temperature
and precipitation of the series that covers
from 1991 to 2019, the current climate of the
municipality was classified by the quantitative
classification model of world climates, called
the Koppen-Geiger Climate Classification
(1928). There was a possible change in the
climate classification in the years 2050 and
2100 based on the study by Rubel and Kottek
(2010), who presented a series of world maps

with the climate classification in the period
from 1901 to 2100, portraying the trends
climate change and future projected scenarios.

RESULTS AND DISCUSSION

The results obtained with the historical
series analyzed for the different elements of
the climate are presented below. The monthly
variation of the average temperature for
the two historical series studied is shown in
Figure 2.

It is possible to observe that the curves
of the different analyzed periods present
parallelism with each other,indicatingthatthe
variation of the average temperature during
the year still follows the same trend, that is,
the hottest months continue corresponding
to January, February and December
(summer) and, the coldest months to the
months of June, July and August (winter).
However, the average annual temperature
verified between 1991 and 2019, of 17.02
°C, denotes an average increase of 0.73 °C,
being close to the global increase evidenced
by the IPCC (2018) of 1.0 °C in relation to
the pre-industrial levels. The month of April
presented the biggest increase in the average
monthly temperature, pointing to 1.43 °C
above the average temperature evidenced
in the climatological normal for the same
month.

As for the annual average thermal
amplitude, it was evidenced that in the
historical series from 1961 to 1990, the
oscillation between the hottest month
(January) and the coldest month (June) was
8.5 °C, while for the historical series of 1991
In 2019, there was an oscillation between
the hottest month (January) and the coldest
month (July), of 9.25 °C, which can be
explained mainly by the hotter summers.

The averages of minimum and maximum
temperatures also showed changes, as can be
seen in Figure 3.
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Figure 2 - Average monthly temperature variation in Caxias do Sul.

Source: prepared by the authors based on INMET (2020) and BDMEP (2020).

Figure 3 - Variation of monthly average maximum and minimum temperatures in Caxias do Sul.

Source: prepared by the authors based on INMET (2020) and BDMEP (2020).




The annual average minimum temperature
increased by about 0.8 °C, while the
maximum temperature increased by 0.5 °C.
The months of December, January, February
and March continue to have the highest
maximum temperatures, and the months of
May;, June, July and August continue to be the
months with the lowest monthly minimum
temperatures.

Thus, it is believed that, because the
weather station operates within the urban
infrastructure of the municipality, the
increase in temperature is a consequence of
the urbanization process. It is observed in
the land use and occupation map of Caxias
do Sul, presented in Figure 4, referring to
the years 1985 and 2018, that the expansion
of the urbanized area doubled in size during
this period, occupying the space previously
belonging to agriculture and livestock and
to vegetation. Agriculture also expanded
within the territory, replacing areas that were
previously vegetated.

The increase in built-up areas and the
consequent decrease in the areas of green
coverage increase the surface exposure to
sunlight and reduce the albedo index, resulting
in an increase in the amount of absorbed
radiation and a decrease in the amount of
reflected energy (OLIVEIRA et al, 2020).
These factors associated with the alteration
of direct radiation by diffuse light, due to the
concentration of pollutants and microparticles
in suspension in the atmosphere, caused by
intense vehicle traffic, high population density
and industrial activities, favor the occurrence
of a positive thermal anomaly in relation to
periphery and rural areas, known as urban
heat islands, which exacerbate environmental
problems and increase the vulnerability of the
population (LIMA et al., 2020; CONTI, 2011).

Unlike  temperature, the  annual
distribution of rainfall over the municipality
behaves uniformly, as shown in Figure 5,

contributing to agricultural activities and
to the recharge of surface reservoirs, from
where most of the municipality’s population
is supplied.

The disparity between the average values
of monthly precipitation between the
climatological normal and the sequential
historical series is evident, although the
monthly averages of precipitation are similar
to each other, 151.93 mm and 152.42 mm,
respectively. Through the available data,
it was also obtained that the total annual
volume precipitated over the municipality
was 1,823.10 mm based on the climatological
normal and 1,829.10 mm based on the
consecutive historical series, confirming the
parity of the annual amount of rainfall. in the
different historical series.

However, when analyzing the months
individually, the picture changes. The lowest
average rainfall seen in the climatological
normal data from 1961-1990 was in April
(100.20 mm), while the highest was in
August (185.40 mm), with autumn being
characterized as the season with the most
dry season and winter as the wettest season.
The month of April continued to be the driest
month of the year in the subsequent series,
however the average rainfall increased by
23.33 mm and the month with the highest
volume of precipitation became October,
with 198.97 mm. The driest season of the year
continued to be autumn, however the rainiest
season became spring. Thus, it is noticeable
that the municipality’s rainfall regime has
changed both in terms of monthly rainfall and
in its temporal distribution.

These changes in rainfall may also be
related to the growth of the city, given that the
increase in the concentration of particulate
matter in the atmosphere, which acts as an
incentive for condensation, leads to anomalies
in the precipitation regime (JARDIM, 2011).
Another interfering factor is the set of
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Figure 4 - Land use and occupation map of the municipality of Caxias do Sul for the years 1985 and 2018.
Source: prepared by the authors.

Figure 5 - Variation of the average monthly precipitation in the municipality of Caxias do Sul.

Source: prepared by the authors based on INMET (2020) and BDMEP (2020).
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architectural works in the urban center of
Caxias do Sul, characterized mainly by large
buildings, which according to Conti (2011)
stimulate atmospheric instability, which can
trigger the so-called urban storms, which
influence the volume of precipitation.

Rainfall, together with temperature,
also intervenes in the evapotranspiration
(ETP) regime, and therefore influences
the climatological water balance. In the
comparison between the monthly average
rainfall and the monthly average ETP of
both historical series, there was no water
deficit during the year, instead, every month
presented water surplus, indicating that there
is water available and stored in the soil to
provide the whole the evapotranspirometric
potential, which in turn is a favorable climatic
condition for the development of agriculture
in the municipality (CASSETTARI &
QUEIROZ, 2020; PINHEIRO et al., 2019;
CARVALHO et al., 2016). The annual
monthly average of evapotranspiration was
68.31 mm in the series from 1961 to 1990 and
72.38 mm in the subsequent series, noting a
water surplus of 83.62 mm and 80.04 mm,
respectively. Based on Medeiros and Holanda
(2020), it is assumed that the 4.08 mm increase
in evapotranspiration potential may have been
caused by vertical growth, lack of afforestation
and soil compaction at the site.

The variation during the year of
evapotranspiration in the municipality of
Caxias do Sul in the two historical series
analyzed is shown in Figure 6.

Takingintoaccountthatevapotranspiration
is a complex and important process in the
water cycle, as well as dependent on several
climatic variables, one of the most expressive
being air temperature, it is noted that the
values compiled for both series show the same
trend. of the monthly average temperature
curve (MACEK; BEZAK & SRAJ, 2018;
BLAIN & PIRES, 2011). In the months in

which the average temperature of the most
recent series increased in relation to the
previous one, there was also an increase in
the ETP, with March and April being the
most representative, denoting the increase
of 9.9 and 8.2 mm, respectively. On the other
hand, in the months in which the decrease in
average temperature was verified (May and
July) in the series from 1961 to 1990 compared
to the series from 1991 to 2019, the ETP was
also lower. Thus, the hottest summers and the
harsh winters mean that ETP peaks in the
months of December, January and February
and the minimums in the months of May,
June, July and August.

Relative humidity also showed changes in
its behavior over the years, especially with
regard to the months of March and August, as
shown in Figure 7.

In general, the average annual relative
humidity did not obtain such divergent values,
being 78.42% for the climatological normal
and 77.67% for the most recent historical
series. The greatest similarity is found between
the months of January and October, while the
reduction in relative humidity that occurred
in most of the other months can be explained
mainly by the increase in temperature, as well
as by the reduction of vegetated areas and
the greater roughness of the surface caused
by buildings, which reduces wind speed and
affects moisture transport (OLIVEIRA et al.,
2020; LIMA et al.2020; MARTINI; BIONDI &
BATISTA, 2013). The intensity of the winds is
shown in Figure 8.

It is observed that there was a reduction
in the intensity of the winds, at a rate that
varies between 29.9% and 41.5% during the
analyzed interval. While the climatological
normal brings an annual average monthly
speed of 2.67 m/s, the series from 1991 to
2019 presents 1.75 m/s. This fact confirms the
statement made earlier, in which the reduction
of wind speed close to the ground is a result of
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Figure 6 - Variation of the average monthly potential evapotranspiration in the municipality of Caxias do Sul.

Source: prepared by the authors based on a Web System for Estimating Potential Evapotranspiration (2020).

Figure 7 - Monthly average relative humidity variation in the city of Caxias do Sul.

Source: prepared by the authors based on INMET (2020) and BDMEP (2020).

Figure 8 - Variation of the monthly average intensity of the winds in the city of Caxias do Sul.

Source: prepared by the authors based on INMET (2020) and BDMEP (2020).
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urban architecture, since the diversification of
materials, structures and forms present there
are capable of creating disturbances in air
circulation. As a result of this scenario, there
is also a change in the rainfall regime in the
place, since there is a decrease in the transport
of moisture (“flying rivers”) (CASSETTARI &
QUEIROZ, 2020).

The atmospheric pressure obtained in the
most recent series remains with the same
tendency as the climatological normal, but
with an average increase of 1 mbar in all
months, as can be seen in Figure 9.

It can be seen that in the coldest months,
the pressure is higher, because in the periods
when the temperatures are lower, the air
molecules of the atmosphere unite, becoming
denser and consequently increasing the
pressure, while the heat, dilates the air
causing low pressure phenomena (TORRES
& MACHADO, 2011).

From a conceptual point of view, it was
expected that the atmospheric pressure of
the historical series from 1991 to 2019 would
decrease in relation to the climatological
normal, since an increase in temperature was

evidenced and, according to Jardim (2011)
a field is normally established. pressure over
densely urbanized areas. However, itis inferred
that the increase in atmospheric pressure
in the municipality is not directly related to
the increase in temperature. However, as
explained by Jardim (2011), this element may
follow its own rhythm or be a characteristic
of the place, depending on its land use, relief,
latitude and altitude.

In a general context, the local climate is
governed by the aforementioned factors,
by the occurrence of the El Nifio Southern
Oscillation (ENSO) phenomenon, by the
passage of frontal systems and by the active
air masses. The air masses, in turn, directly
influence the definition of the seasons of the
year in Caxias do Sul, since in winter the
Atlantic Polar Mass (MPA), characterized as
cold and humid, reaches all of Rio Grande
do Sul with more force and in summer, in
addition to the MPA, the Atlantic Tropical
Mass (MTA), qualified as hot and humid,
and the Continental Tropical Mass (TCM),
identified as hot and dry, also affect the
state (MENDONCA & DANNI-OLIVEIRA,

Figure 9 - Monthly atmospheric pressure variation in Caxias do Sul.

Source: prepared by the authors based on INMET (2020) and BDMEP (2020).
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2007). Still, the distribution of rainfall
throughout the year, without periods of
drought in the municipality can be explained
by the fact that it is located in a zone of
confrontation between opposing forces, that
is, the advance of systems of polar origin
towards those of tropical origin (ROSSATO,
2011).

With the average values of precipitation
and average temperature, main variables
of the Koppen-Geiger Model (KOPPEN
& GEIGER, 1928), and in the climograms
of both series evaluated, it was possible to
characterize the climate of Caxias do Sul, as
shown in Figure 10.

Thus, the climate of the municipality can be
classified as Cfb, defined as humid subtropical
climate in all seasons, with total rainfall in the
dry month greater than 30 mm, moderately
hot summer, being the hottest month with
average temperatures below 22 °C and the
coldest month with an average temperature
lower than 18°C (CARDOSO, et al., 2014 ).

In the world map of the climate
classification projection for the year 2050 and
2100, prepared by Rubel and Kottek (2010), it
is noted that the climate trend for Caxias do Sul
is continuing to change, as shown in Figure 11.
study predicts that in the year 2050 the climate
classification of Caxias do Sul will be Cfa.
This climate group is defined as subtropical,
with more than 30 mm of precipitation in
the driest month and with a hot summer,
where the average temperature of the hottest
month is above 22°C (CARDOSO, et al., 2014;
MENDONCA & DANNI-OLIVEIRA, 2007).

Thus, the climate change from Ctb to Cfa
in the municipality indicates the tendency
for the temperature to continue increasing,
as well as it is assumed that in 30 years the
average temperature of the month of January
in the municipality will increase by at least
about 0.52 °C, the which is a smaller increase
between the climatological normal and the

29-year sequential historical series. However,
the striking feature of rainfall distributed
throughout the year tends to remain.

In the scenario predicted for the year 2100,
the municipality continues with the same
classification assumed for 2050. However, the
study assumes that in a considerable area of
Rio Grande do Sul the climate classification is
changed from Cfa to Af. This shows that the
projection made by Rubel and Kottek (2010)
for the end of this century predicts a climate
characterized as tropical rainforest and with
temperatures between 24 °C and 25 °C in
the hottest months for regions very close to
the municipality, assuming a change in the
regional climate status (CARDOSO, et al,
2014; MENDONCA & DANNI-OLIVEIRA,
2007).

CONCLUSION

The study of the climate provides in-
depth knowledge of all its conditions and
consequently allows for better planning of
human activities, whether in urban or rural
areas. However, current patterns are causing
several changes in climate behavior, which
affect the quality of life of the population, as
well as the entire chain of primary, secondary
and tertiary sectors of the economy, in
addition to causing severe impacts on the
environment.

The climatological analysis of the
municipality of Caxias do Sul made it
possible to show locally the effects resulting
from climate change. Regarding the average
temperature, an increase of almost 1° C has
already been observed in thelast 29 years, asa
result of the constant process of urbanization,
industrialization and the progress of mobility
with motor vehicles. These factors provide a
decrease in the intensity of the winds, which
associated with the lack of vegetation, lead to
changes in the amount of evapotranspiration
that, therefore, cause changes in the rainfall
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Figure 10- Climograms of the historical series analyzed.

Source: prepared by the authors based on INMET (2020) and BDMEP (2020).

Figure 11 - Climate classification projected for the municipality of Caxias do Sul in 2050 and 2100.
Source: prepared by the authors.
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regime (spatial and temporal), compromising
the hydrological cycle.

These verified facts explain why summers
and winters are hotter and also create the
possibility of increasingly extreme events,
such as prolonged droughts, intense rainfall,
loss of biodiversity, among others. However,
future predictions are not friendly. If this
rhythm continues, the environment will
be increasingly degraded, the average
temperature will continueto growand changes
in the climatological state of the municipality
and the region will be increasingly affected.

This directly implies the production and
yield of crops, the availability of water and
the well-being of the population, which can
mean a lack of food, compromising public
supply and making society more vulnerable,
respectively.

In this context, the study of climate and
weather variables are essential to manage
future scenarios, taking all the necessary
precautions, changing habits, reducing risks,
setting new goals and creating new policies
in order to provide a balanced environment
and pursue sustainable development.
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