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Abstract
Many regions around the world are facing climate changes, with substantial increase in air temperature over the past decades, 
which is mainly related to continental and global warming forced by the higher greenhouse gas (GHG) emissions. The objec-
tives of this study were to use the Köppen climate classification to detect local climate change based on a historical series 
of 100 years and to assess if such change is related to those that are occurring in other spatial scales as a likely consequence 
of increasing GHG. This paper brings a content full of innovative results. The study area presented an average annual air 
temperature increase by 0.9 °C between 1917 and 2016, rising from 21.4 °C for the first climatological normal (1917–1946) 
to 22.3 °C for the last one (1987–2016). Furthermore, in the summer months, the temperature rose from 24.5 to 25.3 °C, and 
in the winter months, such increase was from 17.1 (1917–1946) to 18.3 °C (1987–2016). Our findings showed the subtropical 
conditions (Cfa in Köppen’s classification) in the study area persisted from the beginning of the analysis (1917–1946) until the 
climatological normal of 1979–2008, with a clear tendency of tropicalization after that with a change in the climate type of 
Piracicaba from subtropical to tropical, which can now be classified as tropical with dry winter (Aw climate type). The local 
average air temperature showed concordances with the long-term air temperature anomalies from regional, continental, and 
global scales, indicating that all of them may be linked with increasing GHG emissions, since well-defined long-term linear 
relationships (r2 = 0.99) were observed between continental and global average air temperature anomalies and atmospheric 
 CO2 concentration observed at the NOAA Lab in Mauna Loa in the last 59 years. While the local and regional forcing effects 
remain to be fully unraveled, our study provided a valid and strong scientific sound evidence that climate change occurred 
in Piracicaba, southeastern Brazil, in the last 100 years.

1 Introduction

Centennial weather stations are considered by scientists as 
an open-air museum. These stations have played a key role 
in the development and utilization of climate resources for 
farming planning, civil construction, urban and rural risk 
assessment, ecology, public health, tourism, and studying 
the climate variability and change by climatologists. A 
ground weather station is a facility of a very well-defined 
layout equipped with instruments for gauging atmospheric 
conditions to provide data for studies about past, present, 
and future climate conditions and for weather and climate 
forecasts (Pereira et al. 2002). The maintenance of an opera-
tional weather station for collection and recording of data 
during many consecutive decades are undoubtedly a chal-
lenge that can only be achieved through a lot of institu-
tional commitment. Long-term meteorological data series 
can be considered as a technical and scientific patrimony 
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of an institution and location since they represent the his-
tory of atmospheric conditions through the years. The well-
preserved old conventional weather stations that still are in 
operation in their original sites are absolutely an irreplace-
able climate legacy (Xue et al. 2021).

In Brazil, there were many hundreds of ground weather 
stations settled at the beginning of the twentieth century pri-
marily across in the state of São Paulo (DAEE—Department 
of Water and Electric Energy of State of São Paulo, www. 
daee. sp. gov. br) and in the Northeast region of the coun-
try (DNOCS—Brazilian National Department of Works 
Against the Droughts, https:// antigo. dnocs. gov. br). Those 
weather stations today would have more than 100 years 
of continuous observed data if their operations had not 
been discontinued. Hence, in the tide of meteorological 
observation automation, only a couple dozens of valuable 
centennial weather stations remain in operation in few cli-
matic regions (https:// bdmep. inmet. gov. br). These weather 
stations have been essential to build the national climato-
logical database and to support the climatological normals 
of 1901–1930, 1931–1960, 1961–1990, 1981–2010, and 
1991–2020 (Brasil 1970, 1992; Ramos et al. 2009; Diniz 
et al. 2018), for the construction and maintenance of the 
World Meteorological Organization (WMO, www. wmo. int) 
centennial weather stations, supporting important studies 
in South America (Alvares et al. 2013; Saurral et al. 2017; 
Díaz et al. 2021), and providing dataset for the worldwide 
climatological databases (Jones et al. 2012; Becker et al. 
2013; Harris et al. 2014; Fick and Hijmans 2017; Castella-
nos-Acuna and Hamann 2020).

Based on long-term meteorological observations, eco-
logical experiments, and modelling frameworks, climatolo-
gists have high confidence that global temperatures have 
increased in the past years and will continue to rise for 
decades to come (Chou et al. 2014; Dubreuil et al., 2018; 
Venegas-González et  al. 2018; Bitencourt et  al. 2020; 
Regoto et al. 2021). They are concerned about the effects 
that climate variability and change may have on several 
human activities and, also, on the Earth system. To bet-
ter understand such effects, it is important to provide an 
overview of the basic concepts of climate variability and 
change because they impact the above-mentioned activities 
in distinct ways. Climate variability refers to the oscillations 
of weather conditions that are observed within the year and 
between the years, which are called intra-annual and inter-
annual climate variability, respectively. The weather condi-
tions, represented by air temperature, relative air humidity, 
incoming solar radiation, wind speed, and rainfall, are very 
dynamic and thus change all the time (hourly, daily, weekly, 
monthly up to yearly) (Alvares et al. 2021). Weather con-
ditions are influenced by several factors, particularly by 
those related to the location (latitude, longitude, altitude, 
continentality), and the atmospheric circulation systems 

that are in South America are cold fronts, tropical storms, 
intertropical convergence zone (ITCZ), and South Atlantic 
convergence zone (SACZ), among others (Cavalcanti and 
Kousky 2009; Dias and Silva 2009). On the other hand, 
climate is considered as a long-term average of weather 
conditions, comprising at least 30 consecutive years, a 
period defined by the World Meteorological Organization 
(WMO 2020) as the one enough to stabilize the mean and 
reduce the variance. Examples of phenomena considered 
of climate scale are El Niño–Southern Oscillation (ENSO); 
Madden–Julian Oscillation (MDO); Pacific Decadal Oscil-
lation (PDO); the Atlantic Dipole (AD); Atlantic Multi-
decadal Oscillation (AMO); and South America Monsoon 
Circulation (SAMC) (Coelho et al. 2016, Cavalcanti et al. 
2017; Cai et al. 2020). These phenomena are responsible 
for anomalies of a climatological mean value, and they can 
cause long-term events such as above normal droughts or 
rainy seasons.

The weather conditions have daily variation due to the 
interactions between several factors such as solar radiation, 
clouds, wind, and human-induced influences, mainly related 
to atmospheric pollution and land use (Pereira et al. 2002). 
Therefore, the term “climate variability” is often used to 
describe the deviations of meteorological conditions of a 
given month, season, or year in relation to their long-term 
statistics (climate). Climate variability can be caused by 
natural internal processes within the climate system, known 
as internal variability, or by natural or anthropogenic exter-
nal factors, also called external variability (WMO 2020). 
Therefore, caution must be taken to avoid confusion between 
climate variability and climate change.

Climate change refers to a statistically significant 
change of the mean state of a given meteorological vari-
able, change of its variability (tendencies), change in the 
frequency and intensity of extreme events (anomalies), or 
change in the duration of these events (decades or longer) 
(Alvares et al. 2021). Climate change may be caused by 
natural or external factors related or not to anthropogenic 
activities. The main possible causes of climate change 
are as follows: extraterrestrial, solar activity; astronomic, 
change in the sun-earth distance, obliquity, or preces-
sion; and terrestrial, Vulcan activity, distribution between 
oceans and continents, size of polar ice caps, and atmos-
pheric composition. However, the effects of the anthropo-
genic and natural drivers on global climate change have 
been identified and simulated. The likely range of total 
human-caused global surface temperature increase from 
1850–1900 to 2010–2019 is 0.8 to 1.3 °C, natural drivers 
changed global surface temperature by − 0.1 to 0.1 °C, and 
internal variability changed it by − 0.2 °C to 0.2 °C (IPCC 
2021). Among these possible factors, the one with the 
most expressive changes in the last decades and expected 
for the next ones is the composition of the atmosphere, 
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expressed by the greenhouse gas (GHG) concentration. 
The increase of GHG emissions is primarily attributed 
to human activities, mainly related to burning of coal, 
oil and gases, deforestation, livestock, farming, and use 
of nitrogen fertilizers, among others. Based on that, the 
United Nations Framework Convention on Climate Change 
(UNFCCC) makes a distinction between climate change 
attributed to human activities that alter the atmospheric 
composition and the one attributed to natural causes (IPCC 
2021).

Many regions around the world experience greater 
climate variability than others, and that depends on the 
climate systems that normally affect these areas. Thus, 
extreme events of rare occurrences, such as an intense 
storm associated with a tropical cyclone, a frost caused 
by a strong polar mass, or an intense drought in a spe-
cific area, cannot be attributed to human-induced climate 
change. On the contrary, an increase of air temperature 
over decades, showing a consistent and continuous ten-
dency, with normal average changing by 1, 2, or 3 °C, is 
a clear signal of climate change or warming caused by 
increasing GHG concentration in the atmosphere caused 
by human activities. Thus, to detect climate change, 
researchers must rely on long-term observed meteoro-
logical data series. Long-term average and distribution 
of air temperatures and rainfall in a given region are key 
components of the general state of the climate system in 
that location and period of time. Therefore, a well-defined 
climate classification system, which can be at the same 
time simple, relevant, and easily replicable, is essential 
to detect and monitor climate change over time. Köppen 
climate classification system, which meets such premises, 
remains the most used climate classification procedure to 
date. Thereby, scientists have been using this classification 
system with success to identify climate types and track 
climate change at regional and global scales (Wang and 
Overland 2004; Rubel and Kottek, 2010, Chen and Chen 
2013; Fernandez et al. 2017; Beck et al. 2018; Dubreuil 
et al. 2019; Cui et al. 2021). Therefore, our hypothesis 
is that the use of Köppen climate classification can be 
used to detect local climate change based on a historical 
series of 100 years and that such change is related to those 
that are occurring in other spatial scales as a consequence 
of increasing GHG. Considering that, the objectives of 
our study were to organize, consist, and make available 
monthly rainfall and temperature data from a centennial 
weather station aiming to characterize the climate variabil-
ity, anomalies, and change along this period; to evaluate 
the influence of ENSO on climate variability; to assess 
the local warming caused by increasing GHG throughout 
the last fifty nine years; and to apply the Köppen clas-
sification system to detect climate change over 100 years 

of observed meteorological data in a tropical location in 
Southeastern Brazil.

2  Material and methods

2.1  Site study and data source

The conventional weather station (CWS) of the “Luiz de 
Queiroz” Agricultural College (ESALQ) of the University 
of São Paulo (USP) is located in the Meteorological Obser-
vatory Professor Jesus Marden dos Santos at the following 
geographical coordinates: 22°42′30″ South latitude and 
47°38′00″ West longitude, with an altitude of 546 m above 
mean sea level, within a 1.5-km buffer of the rural landscape 
far from present urban areas (Fig. 1).

The CWS started its operations on June 1, 1902, the inau-
gural day of the agricultural meteorology course in the col-
lege (Dias 1917). Until 1916, only daily rainfall  (RD) was 
recorded. At the end of that year, a meteorological shelter 
was built, and in 1917, daily measurements of minimum 
 (TDMIN) and maximum  (TDMAX) air temperature had begun. 
In 1927, a heliograph was installed in the weather station 
for measuring the daily number of sunshine hours (h). In 

Fig. 1  Conventional weather station of the “Luiz de Queiroz” Agri-
cultural College (ESALQ) in 1917 (picture taken by Dias 1917) 
(above) and in 2017 (below), in Piracicaba, state of São Paulo, Brazil
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early 1943, new sensors for measuring wind speed  (U10) 
and direction at 10-m height, relative humidity (RH), Piche 
evaporation (Ep), and atmospheric pressure (Patm) were also 
installed. Later in 1978, an actinograph, which measures 
global solar radiation (Qg), was also set up in the CWS place 
layout. Lastly, in 1997, an automatic weather station (AWS) 
was mounted in the same area, recording all weather vari-
ables each quarter-hour (Sentelhas et al. 1997). In order to 
make all these observed data available for the internal and 
external community, since 2002 the Department of Biosys-
tem Engineering shares all the weather datasets from the 
CWS and AWS through its webpage (www. leb. esalq. usp. 
br/ leb/ base. html). These continuous data series makes CWS 
one of the oldest weather stations in operation in the state 
of Sao Paulo (www. ciiag ro. sp. gov. br) and in Brazil (https:// 
mapas. inmet. gov. br).

After a century of thorough, careful, and persistent work 
by many ESALQ/USP employees and professors, on Decem-
ber 31, 2016, the CWS completed 36,524 days of uninter-
rupted observations of rainfall and air temperature, one of 
the longest data series in Brazil (Draenert 1896; Ferraz 
1911, Granato 1913; Dias 1917; Morize 1927; Setzer 1946). 
Thus, it is with this data series that our study deals hereafter.

2.2  Data screening and processing

The CWS presents very few data gaps in  RD,  TDMIN, and 
 TDMAX records.  RD gaps were filled with data from AWS 
and from data series from rain gauges network of the DAEE. 
 TDMIN and  TDMAX gaps between 1997 and 2016 were filled 
using AWS observations, while the gaps before 1997 were 
filled with the Brazilian Daily Weather Gridded Data v2.1 
from Xavier et al. (2016). Air temperature gaps prior to 1980 
were filled using the median value calculated from the his-
torical series for each day of the year.

Having screening and data consistency done,  RD,  TDMIN, 
and  TDMAX were processed for monthly resolution. Average 
daily air temperature  (TDAVE) was obtained by the arithmetic 
mean of  TDMIN and  TDMAX. Average monthly air temperature 
 (TMAVE) was averaged by  TDAVE. Lastly, average annual air 
temperature  (TAAVE) was obtained by averaging all  TMAVE. 
Daily rainfall was accumulated to have monthly rainfall  (RM) 
which, subsequently, was accumulated to obtain annual rain-
fall  (RA).

2.3  CWS data exploration and analysis

The use of data visualization techniques to make the results 
comprehensible and feasible is a key motivator for research 
and scientific communication.  TMAVE and  RM centennial 
dataset distribution were characterized by boxplot method. 
The whole temporal variability of  TMAVE and  RM were 
shown by filled contour plot, yearly and by 30-year moving 

average.  TMAVE and  RM anomalies were presented using 
heatmap plots scheme.  TAAVE and  RA anomalies were shown 
by typical bar graphs. Pearson correlations between  TMAVE 
and  RM anomalies with Niño SST indices by regions were 
presented in bar graphs. All evaluated anomalies treated in 
this paper had the period 1951–2000 as the baseline.

2.4  Climate change detection tool

In order to assess changes in the climate type observed 
through the CWS records,  TMAVE and  RM observations 
were averaged to obtain the climatological normals, which 
had two main purposes: to be a benchmark indicator against 
which conditions can be assessed and to be used as a pattern 
of weather conditions likely to occur at the studied location. 
The classical period of a climatological normal is comprised 
of 30 consecutive years, as defined by WMO. CWS climato-
logical normals were computed for the following consecu-
tive periods of 30 years: January 1917 to December 1946, 
January 1918 to December 1947, until the last one from 
January 1987 to December 2016, thus totaling 71 climato-
logical normals of  TMAVE and  RM throughout the centennial 
dataset.

Köppen system criteria were applied to detect the long-
term climate-type changes of CWS climatological normals. 
The Köppen climate types are symbolized by two or three 
characters, where the first indicates the climate zone and is 
defined by temperature and rainfall, the second considers the 
rainfall distribution, and the third is the seasonal temperature 
variation (Köppen 1936). The classification system has a 
total of 31 climate types divided into five zones, as shown 
in Table 1. We used the palette color provided by Alvares 
et al. (2013) to identify the climate types. These authors 
published a comprehensive high-resolution (100 m) study 
of the Köppen climate classification for Brazil.

2.5  Regional and global climate correlation analysis

The anomalies of  TMAVE for each month and their climato-
logical normals were correlated with temperature anomaly 
datasets of three different geographic levels. The first one 
consisted of CRUTEM4 grid-box (5° × 5°) with centroid of 
22.5° South–47.5° West (Jones et al. 2012, https:// cruda ta. 
uea. ac. uk) (Fig. 2), whose grid is composed of 17 weather 
stations described as follows: Minas Gerais State with Maria 
da Fé (WMO code, 830,150), São Sebastião do Paraíso 
(836,310), Lambari (830,320), Poços de Caldas (836,810), 
and Machado (836,830); São Paulo State with Votupor-
anga (836,230), Franca (836,300), São Simão (836,690), 
Catanduva (836,760), Campos do Jordão (837,140), Bauru 
(837,220), São Carlos (837,260), São Paulo (837,810), Tau-
baté (837,840), Iguapé (838,210), and Sorocaba (838,510); 
and Paraná State with Castro (838,130). Although the CWS 
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is located within the grid-box, its data was not used by Jones 
et al. (2012), making it genuinely independent data (Fig. 3). 
The second and third levels are from NOAA time series 
(www. ncdc. noaa. gov/ cag/ time- series) here represented, 
respectively, by South America and Global. Both land tem-
perature anomalies came from the Global Historical Clima-
tology Network-Monthly (GHCN-M) dataset in their fourth 
release (Menne et al. 2018).

We also evaluated the long-term CWS climate with El 
Niño–Southern Oscillation (ENSO) observations (https:// 
psl. noaa. gov/ gcos_ wgsp/ Times eries) in order to investigate 
the correlations between  TMAVE and  RM and the four Niño 
Sea Surface Temperature (SST) index regions: Niño 1 + 2 
(0-10S, 90 W-80 W); Niño 3 (5 N-5S, 150 W-90 W), Niño 
3.4 (5 N-5S, 170 W-120 W), and Niño 4 (5 N-5S, 160E-
150 W) (Fig. 2). For correlation analyzes,  TMAVE and  RM 
anomalies of each month and their climatological normals 
were considered.

Finally, the relationship between continental and global 
annual temperature anomalies against the long-term carbon 
dioxide  (CO2) concentrations in the Earth’s atmosphere was 
also investigated by considering the climatological normal 
from 1958–1987 to 1987–2016. Also, we added two other 
air temperature datasets to assess the concordance between 
local and regional temperatures and  CO2 levels. All these air 
temperature datasets already were described previously, as 
follows: at local level were used the CWS air temperature 
 (TAAVE), at regional level were used the annual tempera-
ture anomalies of CRUTEM4 grid-box (22.5° South–47.5° 
West), at continental level were used the land temperature 
anomalies of South America, and at global level were used 
the land temperature anomalies of all Globe. Long-term 
 CO2 concentrations from 1958 to 2016 were obtained from 
NOAA Lab in Mauna Loa, Hawaii, USA (www. esrl. noaa. 
gov/ gmd/ ccgg), from 1958 until 2016, matching with CWS 
temperature dataset for the same period.

3  Results and discussion

January was the wettest month with  RM averaging 227 mm, 
and maximum and minimum  RM of 491 mm and 61 mm, 
respectively (Fig. 4). Both July and August were the driest 
months with  RM averaging 29 mm. February was the warm-
est month with average  TMAVE of 24.8 °C, with observa-
tions ranging between 22.6 and 27.7 °C.  TMAVE observations 
showed July as the coldest month with average, minimum, 
and maximum values of 17.6, 14.9, and 19.8 °C, respec-
tively. The monthly distribution shows the highest climate 
variability from late spring to summer for  RM (November 
to March, with standard deviation (σ) > 60 mm), and in the 
opposite seasons, early fall to late spring, for  TMAVE (April 

to October, with σ greater than 1 °C). The rainiest months 
 (RM > 300 mm) occurred 51 times in 41 years, mainly in 
January (23% of the years), February (11%), December 
(11%), and May (1%). In 1983, annual rainfall of 2022 mm 
was recorded at the CWS, representing the wettest year 
for the investigated period (Figs. 5 and 7). Driest months 
 (RM < 40 mm) have been observed at least once a year, how-
ever, being more common to have this condition from 3 to 
5 months per year (usually from May to September). These 
climatic traits are typical of Southeastern Brazil, which has 
a wet and hot summer and a dry and mild winter (Alvares 
et al. 2013). Frost days are usually quite rare in the study 
area (Alvares et al. 2018).

CWS observations presented an  TAAVE of 21.7  °C 
(σ = 0.7 °C) for the entire period studied.  TMAVE showed 
a substantial interannual variability, with  TAAVE increasing 
throughout the 100 years (Fig. 5 and 7). Figure 5 contains 
2400 months of data (half for  TMAVE and half for  RM) into 
a unique visualization.  TMAVE below 16 °C were observed 
until 1988. Low winter temperatures were more frequent 
at the beginning of the series (between 1917 and 1925) 
but also occurring approximately every 10 years after that 
(1939–1942, 1951–1953, 1962–1964, 1976–1981). Freezing 
winters  (TMAVE < 16 °C) were mostly observed in July (12% 
of the years), June (4%), and May (1%). Likewise, May 1972 
was the last month of the most remarkable negative anomaly 
(− 3.8 °C). After the mid-1980s, the  TMAVE heatmap showed 
mainly reddish colors, noted by positive anomalies of tem-
perature indicating the starting of the striking warming 
period (Fig. 6). Moreover, a major trend of positive  TAAVE 
anomaly is observed over the past 35 years (Fig. 7), with 
the anomaly increasing at a rate of about 0.032 °C  year−1 
(R2 = 0.39, p < 0.01). These results converge with the per-
formed analysis by Geirinhas et al. (2018), which revealed 
the existence of positive and significant trends in heat 
waves frequency since the 1980s in Southeastern Brazil. 
Furthermore, in all the Brazilian regions, the frequency of 
heat waves increased, whereas the frequency of cold waves 
decreased between 1961 and 2016 (Bitencourt et al. 2020).

Very hot summer  (TMAVE > 26 °C) was firstly observed 
in December 1940 in the CWS data series. After that, it was 
also observed in January 1956, and then in February 1977 
(Fig. 5). From this time onwards, an expressive increase of 
very hot summer months, with  TMAVE > 26 °C, was detected 
in two months in the 1980s, three months in the 1990s, four 
months in the 2000s, and twelve months from 2011 to 2016. 
In the 2010s,  TMAVE > 26 °C happened for three consecu-
tive months (Dec/Jan/Feb) in the summers of 2013/2014, 
2014/2015, and 2015/2016, resulting in mega heat wave epi-
sodes (Figs. 5 and 6). Very hot summers were most frequent 
in February (11% of the years), January (7%), December 
(4%), and October (1%). All months of 2015 showed positive 
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Fig. 2  Niño sea surface 
temperature (SST) indices 
regions (Niño 1 + 2 = 0-10S, 
90 W-80 W, red region; Niño 
3 = 5 N-5S, 150 W-90 W, blue 
region; Niño 3.4 = 5 N-5S, 
170 W-120 W, dotted green 
and blue region; and Niño 
4 = 5 N-5S, 160E-150 W, 
green region). South America 
is highlighted in gray, black 
square is the CRUTEM4 22.5S 
47.5 W grid-box, and the yellow 
dot is the ESALQ’s conven-
tional weather station, located 
in Piracicaba, state of São 
Paulo, Brazil (22°42′30″S and 
47°38′00″W)

Fig. 3  CRUTEM4 grid box (centroid in 22.5° South–47.5° West, 
Jones et  al. 2012, https:// cruda ta. uea. ac. uk) in light gray at center 
of the map and the 17 weather stations used to represent it in green 
markers: Maria da Fé (WMO code, 830,150), São Sebastião do Par-
aíso (836,310), Lambari (830,320), Poços de Caldas (836,810), 
Machado (836,830), Votuporanga (836,230), Franca (836,300), São 

Simão (836,690), Catanduva (836,760), Campos do Jordão (837,140), 
Bauru (837,220), São Carlos (837,260), São Paulo (837,810), Tau-
baté (837,840), Iguapé (838,210), Sorocaba (838,510), and Castro 
(838,130). ESALQ’s conventional weather station, located in Piraci-
caba, state of São Paulo, Brazil, is the blue marker in the map

1437Southeastern Brazil inland tropicalization: Köppen system applied for detecting climate…
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anomalies, and January was the hottest month of all CWS 
series with  TMAVE of 27.7 °C (Figs. 5 and 6).

The historical average annual rainfall  (RA) for Piracicaba 
was 1279 mm, with σ = 218 mm, which represents, approxi-
mately, 17% of interannual variability. There is at least a 
90% probability (10th percentile) that  RA will be equal to 
or exceed 984 mm. An 80% probability (20th percentile) is 
expected for  RA above 1091 mm, which is a critical threshold 
for identifying a severe meteorological drought. Seventeen 
years presented annual rainfall below  (RA – σ). However, 
the occurrence of two or more consecutive years of annual 
rainfall below the critical level constitutes severe periods of 
water scarcity. Five pairs of consecutive years with critical 
rainfall conditions were observed in the historical weather 
series: 1924–1925; 1963–1964; 1968–1969; 1978–1979; and 
1984–1985. Notice that years or periods with strong negative 
 RA anomalies are commonly associated with positive  TAAVE 
anomalies (Fig. 7). These anomalies are likely associated 
with anticyclonic systems promoted by anomalous westward 
displacements of the South Atlantic Subtropical High Sys-
tem which are related to a weakening of other transitional 
systems such as the ITCZ and the SACZ (Geirinhas et al. 
2018). These strong negative  RA anomalies associated with 
positive  TAAVE anomalies, as observed in the last years at 
Piracicaba, is compatible with an increase in solar radiative 
pattern and decreased soil moisture, which enhances surface 
temperature values, possibly associated with positive feed-
back mechanisms between the surface and the atmosphere 
(Geirinhas et al. 2018).

The last 6 years of the CWS weather series were totally 
abnormal since intense heat waves resulted in extensive 
dry spells. The austral summer seasons of 2013/2014 and 
2014/2015 was characterized by extraordinary concurrent 
drought and heatwave conditions stemmed by severe rainfall 
deficits and a higher-than-average occurrence of atmospheric 
blocking patterns (Geirinhas et al. 2021). In those periods, 
the heat waves associated with low or no rainfall in August 
and September have made this time of the year, which repre-
sents the transition from the late winter to early spring, in a 
persistent sequence of consecutive days of extremely hot and 
dry conditions, triggering severe meteorological droughts, 
crop yield losses, increase in forest fire hazard, and drastic 
water rationing for human, industry, and agriculture uses. By 
January 2015, main reservoirs in the Piracicaba River basin 
had reached storage levels of only 5% of their 1.3 billion  m3 
capacity (Nobre et al. 2016). This dramatic situation of two 
consecutive years with heat waves and drought (2014/2015) 
was tackled in almost all municipalities of São Paulo state 
and by water management authorities to avoid social chaos 
during an atypical water shortage in a region that is home 
to more than 40 million people (Seth et al. 2015; Braga and 
Kelman 2020). Another major latent concern is the lack 
of power grid supply infrastructure face to the potential 

increase of 326% in the air conditioning energy consumption 
related to expected air warming up to 4 °C in Southeastern 
Brazil in next coming years (Bezerra et al. 2021). Our results 
reveal a substantial contribution of persistent dry conditions 
to heat wave episodes, highlighting the vulnerability of the 
region to the power supply in the face of climate change.

Climatological normal and filled contour plot are together 
a very suitable and capable tool for showing climate data 
trends. All months presented a clear trend of rising  TMAVE 
throughout 30-year moving averages. January, July, August, 
October, November, and December had a  TMAVE linear posi-
tive trend for all studied periods, with R2 of 0.75, 0.87, 0.81, 
0.91, 0.88, and 0.70, respectively (data not shown). Febru-
ary, March, April, May, and June showed a negative linear 
trend early in the twentieth century. However, only after the 
1950s an apparent temperature increase is observed, reveal-
ing a positive linear trend (R2 of 0.96, 0.98, 0.98, 0.89, and 
0.94, respectively). September was an abnormal month with 
temperature showing a strong positive trend from 1917–1946 

Fig. 4  Monthly variability of average air temperature  (TMAVE) 
(above) and rainfall  (RM) (below) between 1917 and 2016 in the 
ESALQ’s conventional weather station, located in Piracicaba, state of 
São Paulo, Brazil
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to 1946–1975, a negative trend (cooling) in the sequence 
until 1964–1993 and again a strong positive trend until 
the end of the assessed period. Notice that the bluish color 
started to fade and narrow from the 1970s in filled contour 
plot (Fig. 5). Hence, stronger red colors begin to appear after 
that period for January and March, and more recently, for 
December too. Still analyzing the 30-year moving averages, 
a negative trend for  RM for February and December (R2 of 
0.53 and 0.69) were found. For these two months, a negative 
correlation (p < 0.01) between  RM and  TMAVE were found 
(Fig. 8). January, September, and November did not pre-
sent any rainfall trend for the assessed period, which is the 
opposite to what was observed for March, April, May, June, 
July, August, and October, which presented positive rainfall 
trends (p < 0.01), with R2 of 0.54, 0.65, 0.86, 0.25, 0.71, 
0.33, and 0.28 respectively. Most of these months (early 
fall to late winter) showed negative correlations (p < 0.01) 
between  RM and  TMAVE (Fig. 8).

TAAVE increased 0.9 °C over the 100 years, rising from 
21.4 °C for the first climatological normal (1917–1946) 
to 22.3 °C for the last one (1987–2016) (Fig. 9). Between 
1917–1946 and 1951–1980, the  TAAVE floated around 

21.4  °C; however, henceforth 1952–1981, a constant 
increase in  TAAVE was observed, with an approximate mean 
rate of 0.0249 °C 30-year moving  average−1. The average 
air temperature of the hottest month  (THOT) rose from 24.5 
to 25.3 °C during the analyzed period and had a slower 
warming increment of 0.0214 °C 30-year moving  average−1 
after the period 1952–1981. Winter months  (TCOLD) had the 
highest temperature increase, rising from 17.1 (1917–1946) 
to 18.3 °C (1987–2016), which represents a mean rate of 
0.0259 °C 30-year moving  average−1 (Fig. 9).

Three major trends in annual rainfall over the 30-year 
moving average were observed throughout along the CWS 
historical series. From 1917–1946 to 1922–1951,  RA had an 
increase from 1250 to 1300 mm. After that, a reduction to 
1205 mm was observed until 1951–1980. From then, another 
period of  RA increase was observed, reaching 1350 mm in 
the last period of the climatological normal (1987–2016) 
(Fig. 9). The percentage of summer rainfall  (RSUMMER) in 
relation to  RA dropped substantially from 82% in 1939–1968 
to 75% from 1963–1992 onwards; however, the rainfall of 
the wettest month in the summer  (RSWET) remained constant, 
whereas the rainfall of the driest month in winter  (RWDRY) 

Fig. 5  Temporal variability of 
the monthly average air tem-
perature  (TMAVE) (above) and 
rainfall  (RM) (below) between 
1917 and 2016 in the ESALQ’s 
conventional weather station, 
located in Piracicaba, state of 
São Paulo, Brazil
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Fig. 6  Monthly climate anoma-
lies between 1917 and 2016, 
in the ESALQ’s conventional 
weather station, located in 
Piracicaba, state of São Paulo, 
Brazil: Left, anomaly of 
monthly average air tempera-
ture  (TMAVE); right, anomaly 
of monthly rainfall  (RM). The 
anomalies were calculated 
considering 1951–2000 as the 
baseline period

1440 C. A. Alvares et al.
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increased, mainly after 1941–1970 (Fig. 9). Marengo et al. 
(2020) also found a positive trend in annual precipitation 
between 1930 and 2019 for the metropolitan area of São 
Paulo, about 150 km from Piracicaba, but mainly due to an 
increase in the frequency of extreme precipitation events, 
and an increasing number of consecutive dry days, indi-
cating an important climate change in recent times based 
on slightly moving and intensified of the South Atlantic 
Subtropical Anticyclone for southwestward of its normal 
position.

Subtropical conditions at the CWS located in Piracicaba 
persisted from the beginning of our analysis (1917–1946) 
until the climatological normal of 1979–2008. After this 
period, the climatological normals from 1980–2009 to 
1987–2016 showed a change in the climate type of Piraci-
caba, which changed from subtropical (C) to tropical (A) 
conditions (Fig. 9), showing a clear tendency of tropicaliza-
tion. Most of the assessed period was classified as a humid 
subtropical without dry season with hot summer (Cfa cli-
mate type). Of the 71 climatological normals, 55 were clas-
sified as Cfa, eight as humid subtropical with dry winter 

and hot summer (Cwa climate type), and the last eight as 
tropical with dry winter (Aw climate type). Note that both 
the rainfall distribution criteria  (RDRY < 40 mm,  RSWET ≥ 10 
*  RWDRY) were complied in the last climatological nor-
mal (1987–2016), which would result in a Cwa climate 
type. However, the air temperature of the coldest month 
 (TCOLD ≥ 18 °C) must be fulfilled first, classifying it with 
the tropical climate (Alvares et al. 2013). Granato (1913), 
Morize (1927), and Setzer (1946) also identified Piracicaba 
as Cwa climate type in the early twentieth century.

The  TCOLD ≥ 18 °C trigger is a Köppen’s elementary rule 
that discriminates tropical climates from the other types, 
such as subtropical, temperate, and semi-arid (Table 1). 
Warmer winter conditions began to become more frequent 
from the 1980s and later on. In this decade, three years with 
 TCOLD ≥ 18 °C were recorded, whereas in the 1990s were 
three years and in the 2000s were nine, with four of them 
occurring sequentially, from 2012 to 2015 (Fig. 6). These 
accumulated warmer winters observed particularly in the 
last 40 years resulted in  TCOLD ≥ 18 °C for the last eight 

Fig. 7  Annual climatic anoma-
lies between 1917 and 2016, 
in the ESALQ’s conventional 
weather station, located in 
Piracicaba, state of São Paulo, 
Brazil: a anomaly of annual 
air temperature  (TAAVE); b 
anomaly of annual rainfall  (RA). 
The anomalies were calculated 
considering 1951–2000 as the 
baseline period
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climatological normals (from 1980–2009 to 1987–2016), 
forcing to a tropicalization of the climate of the assessed 
region (Fig. 9).

A similar tropicalization process was also observed for 
Franca (20°35′00″ South latitude and 47°22′00″ West lon-
gitude, with an altitude of 1026 m above mean sea level), in 
the state of São Paulo. In the last 80 years (1931–2010), the 
subtropical climate of this site, located about 250 km from 
Piracicaba, has changed to a typical tropical pattern. Franca 
is placed northern Piracicaba and within the CRUTEM4 
22.5S 47.5 W grid-box studied (Fig. 3). During the first 
available climatological normal of Franca (1931–1960), 
 RA of 1499 mm,  TAAVE of 20 °C,  TCOLD of 17.3 °C, and 
 THOT of 21.6 °C were observed (Brasil 1970). These cli-
matic traits were classified as a humid subtropical with dry 
winter and temperate summer (Cwb climate type), as also 
found by Granato (1913), Morize (1927), and Setzer (1946) 
for the same period. The following climatological normal 
(1961–1990) showed that Franca became warmer with an 
observed  TAAVE of 20.5 °C,  TCOLD of 17.7 °C,  THOT of 22 °C 
for summer months (January and February), and with  RA of 
1643 mm (Ramos et al. 2009). Higher temperatures in the 
winter and mainly in the summer changed Franca’s climate 
type to humid subtropical with dry winter and hot summer 
(Cwa climate type). Between 1981 and 2010, the last offi-
cial Brazilian climatological normal, Diniz et al. (2018) 
showed that in Franca the temperature rose compared to 

the previous standard period:  TAAVE of 20.9 °C,  TCOLD of 
18.2 °C, and  THOT of 22.4 °C for the consecutive six months 
(October–March),  RA of 1673 mm, and  RDRY of 18 mm. 
Hence, applying the Köppen criteria (Table 1) to those data, 
Franca’s climate type has been changed to tropical with dry 
winter (Aw). Both Franca and Piracicaba have increased the 
 TAAVE by 0.9 °C over almost a century of observed data. Our 
findings converge with Dubreuil et al. (2018), which have 
identified an intensification of the tropicalization of climates 
in vast areas of the Brazilian territory by applying an annual 
climate type approach. These authors using a discretized 
mapping of climate change showed that tropical climate 
domains moved towards higher latitudes and altitudes of 
southern Brazil, including the present study area. Global 
climate modelling also detected an intense tropicalization of 
the inland southeastern Brazil between last century climate 
(Peel et al. 2007) and climatological normal of present day 
(1980–2016) exhibited by Beck et al. (2018), with study area 
shifting from Cfa to Aw climate type, as observed by us.

As expected, the average air temperature anomalies 
showed increasing in Pearson’s correlation coefficient levels 
according to different observation scales: CRUTEM4 22.5S-
47.5 W grid-box > South America > Global (Fig. 10a). Coef-
ficients of correlation between Piracicaba and the Global 
temperature anomalies were between 0.3 and 0.5 (all with 
p < 0.001). For the South America level, the monthly coef-
ficients of correlation varied between 0.4 and 0.62. The 

Fig. 8  Pearson correlation coefficient between  RM (monthly rain-
fall) and the following variables:  RA (annual rainfall);  RSDRY (aver-
age rainfall of the driest month in summer);  RSWET (average rainfall 
of the wettest month in summer);  RWDRY (average rainfall of the dri-
est month in winter);  RSUMM (percentage of summer rainfall);  RWWET 

(average rainfall of the wettest month in winter); and  TMAVE (monthly 
average air temperature), considering the 30-year moving averages 
of the ESALQ’s conventional weather station, located in Piracicaba, 
state of São Paulo, Brazil
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monthly correlation between Piracicaba and the 17 weather 
stations found within the CRUTEM4 22.5S 47.5 W grid-box 
revealed Pearson’s correlation coefficients varying 0.78 and 
0.88. Regarding the 30-year moving average comparisons, 
higher level of correlation for temperature anomalies for 
the Global and South America observations were obtained, 
sometimes exceeding the correlation found in the most local-
ized comparison (Fig. 10b). These findings denote that local 
warming is closely related to the increase in temperature on 
South America and Global scales.

TMAVE anomalies correlate better with the SST Niño 4 
region, both annually and 30-year moving average (Fig. 11). 
Niño 1 + 2 region showed a greater correlation with  TMAVE 
anomalies in the summer months. Overall, the regions Niño 
3, Niño 4, and Niño 3.4 had a high correlation with tempera-
ture anomalies (30-year moving average) in most months in 
Piracicaba. Curiously, September’s  TMAVE was negatively 
correlated with the Niño 1 + 2 region, and no other correla-
tion with other SST Niño regions were observed for this 
month (Fig. 11b). For  RM anomaly analysis, the correlations 

Fig. 9  Long-term climate trends, Köppen indices, and Köppen cli-
mate classification for the period between 1917 and 2016 in the 
ESALQ's conventional weather station, located in Piracicaba, state 
of São Paulo, Brazil:  TAAVE = annual average air temperature (°C); 

 TCOLD = average air temperature of the coldest month;  RA = annual 
rainfall;  RWDRY = average rainfall of the driest month in winter; 
 RSWET = average rainfall of the wettest month in summer. Bars repre-
sent the standard deviation for  TAAVE and  RA
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with the SST Niño regions were weaker; however, important 
key signs were found. Positive correlations from March to 
November were observed for most of the months for both 
time scales (yearly and 30-year moving average). In early 
summer (December and January), the correlations turned out 
for the negative field and no-pattern for SST Niño regions 
was observed (Fig. 12). The rainfall deficit over southeast 
Brazil was also identified as positively correlated with the 
warm SST over the equatorial western Pacific Ocean and 
negatively correlated with the equatorial central Pacific 
Ocean by Coelho et al. (2016) and Cavalcanti et al. (2017). 
El Niño events warming pattern inhibits the southwards 
migration of the rain-bearing Atlantic ITCZ, commonly 
resulting in negative rainfall anomalies in northeast Brazil 
and the Amazon basin (Cai et al. 2020). Reciprocally, La 
Niña events tend to generate cold SST anomalies in the tropi-
cal North Atlantic region, reinforcing the southwards shift of 
the ITCZ and bringing anomalously high rainfall to northern 

South America. Oliveira Souza et al. (2018) surveying the 
spectral trends of vegetation with rainfall in events of El 
Niño-Southern Oscillation found the Atlantic Forest biome 
responds better to El Niño events, which results in a greater 
correlation with rainiest years in those regions.

We found absolute long-term linear relationships 
(R2 = 0.99; p < 0.001) between continental and global 
annual temperature anomalies and  CO2 air concentra-
tion observed at the NOAA Lab in Mauna Loa, in Hawaii 
(Fig. 13). These findings show that the observed increases 
in air temperature are certainly related to the increase in 
 CO2 concentration in large-scale geographic levels.  CO2 is 
the most common GHG emitted by human activities, and 
this is contributing to the long-term trend of rising global 
temperatures (IPCC 2021). Both relationships presented 
in Fig. 13 corroborate the statements of the sixth Assess-
ment Report (AR6) that reaffirmed with high confidence 
the AR5 finding that there is a near-linear relationship 

Fig. 10  Coefficient of correla-
tion of average air temperature 
anomalies (baseline period: 
1951–2000) between ESALQ’s 
conventional weather station 
(CWS) and Global and South 
America Land (NOAA time 
series), and the CRUTEM4 
22.5S 47.5 W grid-box (Jones 
et al. 2012): a observed aver-
age monthly air temperature 
 (TMAVE); b 30-year moving 
average (1917–2016)
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between cumulative anthropogenic  CO2 emissions and the 
global warming they cause (IPCC 2021). Figure 13 also 
shows that there is concordance between local and regional 
temperatures and  CO2 levels. Analytically, in the climato-
logical normal of 1958–1987, the average annual air tem-
perature  (TAAVE) at Piracicaba was 21.6 °C for an average 
 CO2 level in the Earth’s atmosphere about of 330 ppm. For 
the last evaluated climatological normal (1987–2016), the 
average  CO2 air concentration was 374 ppm for a hotter 
Piracicaba, reaching an average air temperature of 22.3 °C. 
In the early analyzed years, 1958–1987 to 1965–1994, 
 TAAVE rate was 0.0137 °C for a  CO2 rate of 1.25 ppm in 
each 30-year moving average. In the last seven climato-
logical normals (1981–2010/1987–2016)  TAAVE rate rose 
0.0338 °C for a  CO2 rate of 1.78 ppm. Considering the 
analyzed time series of 59 years, our findings show air 
warming of about 0.0174 °C for each 30-year moving 
average (Fig. 13). These results may evidence a signifi-
cant anthropogenic-induced warming on a local scale, 

also suggesting that human-induced climate change (by 
GHG emissions, land use changes, per example) is becom-
ing very apparent in the last years. Abreu et al. (2019) 
observed a trend of 1.1 °C per 50-year in Southeast Brazil-
ian temperatures attributing these changes to the increas-
ing greenhouse gas emissions. These authors calculated 
a trend of 0.19 to 0.30 °C per decade due to GHG, with 
a small contribution from other anthropogenic factors, 
of − 0.07 to 0.01 °C per decade. However, adding local 
and global trends in temperature increases shows that the 
question of scale is fundamental here. In the IPCC’s AR6 
report, there are regions in the world that are warming 
up faster than others (in the Arctic, per example); there 
would therefore be a poor correlation between rising tem-
peratures and  CO2 levels. On the other hand, other locals 
much less numerous, where the temperature changes little 
or even decreases slightly, its local correlation with the 
global  CO2 level would not exist. Hence, the global  CO2 
signal and the local temperature signal may be related but 

Fig. 11  Coefficient of correla-
tion of monthly air temperature 
 (TMAVE) anomalies (baseline 
period: 1951–2000) between 
ESALQ’s conventional weather 
station (CWS) and Niño SST 
indices regions (NOAA time 
series): a observed monthly; 
b 30-year moving average 
(1917–2016). Bar colors match 
with colors of Niño SST indices 
regions map (see Fig. 2)
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they may also not be because they are two signals with 
different scales. We can therefore only note here the con-
cordance between the two pieces of information but not 
make a statistical and even less mechanical link between 
the two. This means that the increase air temperature at 
local observations level may depend on many other factors 
beyond GHG levels.

As described previously, CWS has always been sta-
tioned within no-urban area and surely far away of 
urban–rural fringe (Trentin et al. 2015). Piracicaba region 
was largely deforested since at least 1940, and the weather 
station surrounding landscape since then has rural char-
acteristics with a predominance of sugarcane and pas-
tures, and small forest fragments (Sparovek and Costa, 
2004). In a comprehensive analysis of the relationship 
between deforestation and air temperature in Brazil, Cohn 
et al. (2019) found that maximum air temperature can be 
expected to increase up to 0.95 °C in response decline in 

forest cover for a broad region; however, they also stated 
that previous studies could be wrongly mis-attributing 
warming to local change, where non-local changes also 
influence the pattern of temperature warming. More than 
10 years ago, urban sprawl models indicated that the CWS 
site should be outside the main urban expansion vectors in 
Piracicaba City (Barretto et al. 2006). Based on MapBio-
mas data (https:// mapbi omas. org/ en, Souza et al. 2020), 
major changes in land use in the surrounding landscape 
(radius of 1784 m, area of 1000 ha) of the CWS were 
observed, as a trade-off from agricultural production area 
by the increasing of both forests and urban areas in the last 
36 years (Fig. 14). The increases in the surrounding urban 
areas were mainly due to the expansion of university facili-
ties and residential areas, while still preserving their rural 
characteristics, and still increasing the forest areas (Silva 
et al. 2006). These authors observed that annual increas-
ing of the human discomfort bioclimatic index was linked 

Fig. 12  Coefficient of correla-
tion of rainfall  (RM) anomalies 
(baseline period: 1951–2000) 
between ESALQ’s conven-
tional weather station (CWS) 
and Niño SST indices regions 
(NOAA time series): a observed 
monthly; b 30-year moving 
average (1917–2016). Bar 
colors match with colors of 
Niño SST indices regions map 
(see Fig. 2)
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with the land use changes on the Piracicaba, allowing them 
to state that accelerating land conversion is an important 
force that stimulates the local climate change.

Another key point for future studies of the centennial 
CWS dataset is consider that the land use and land cover is 
an important factor in determining the intensity of Urban 

Heat Islands (Monteiro et al. 2021) which would be forcing 
local climate changes. Blain et al. (2009) found contrasting 
results concerning the increasing of annual minimum tem-
peratures across six distinct populated cities in São Paulo 
state, including Piracicaba, when analyzing long-term series 
until 2006. The effect of local radiative forcing seemed to 

Fig. 13  Correlation between continental and global annual tempera-
ture anomalies (right y axis) from 1958–1987 to 1987–2016 (30-year 
moving average) and the long-term  CO2 air concentration observa-
tions from NOAA Lab in Mauna Loa, Hawaii, USA. Temperature 
data from other two different geographic data levels were plotted: 
Local = CWS air temperature  (TAAVE) (left y axis), Regional = annual 
temperature anomalies of CRUTEM4 grid-box (5° × 5°) with centroid 

of 22.5° South—47.5° West (Jones et al. 2012) (right y axis). Conti-
nental and global datasets are from Menne et al. (2018).  CO2 concen-
tration is expressed as a mole fraction in dry air (μmol mol.−1, abbre-
viated as ppm). We omitted from the graph the two curves of the 
relationship annual temperature anomalies and  CO2 concentration, 
keeping within graph only its equations and the statistical adjustment

Fig. 14  Dynamics of land use 
changes observed in an area 
of 1000 ha (radius of 1784 m) 
around the conventional weather 
station (CWS) between 1985 
and 2020. MapBiomas data 
(https:// mapbi omas. org/ en, 
Souza et al. 2020)
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play a role in their results in places where urbanization is 
higher, but even in relatively low populated areas there were 
trends towards warming in other (Blain et al. 2009; Blain 
2010). The series we analyzed included more 10 years when 
showed that such minimum temperatures kept increasing in 
Piracicaba, and the last 5 years (2017 to 2021) also show the 
same trend (data not shown). Disentangle the effects of local 
radiative forcing compared to regional and global changes 
deserves further investigation.

4  Conclusions

Our study provided a valid and strong scientific sound pic-
ture on climate change observed at Piracicaba, southeastern 
Brazil, over the last 100 years. The climate type in Piraci-
caba shifted from humid subtropical without dry season with 
hot summer (Cfa) to tropical with dry winter (Aw) when 
considering the last eight 30-year climatological normals, 
showing a clear tendency of tropicalization. It is important 
to emphasize that the results presented here represent only a 
very small sample of climate variability and change for one 
site. However, this is a contribution not only to reinforce 
the impacts of climate change at the local level, but also to 
show new possibilities of ways of visualizing meteorologi-
cal data, their interrelationships, and insights. We hope that 
these deeper analyses will only improve over time, making 
the climate change subject easy to see and understand by 
the general population. In addition, our results also showed 
that relationships between local and global warming exist, 
but quantifying their anthropic or natural origin remains a 
challenge, and they are opportunities and should be better 
evaluated in future studies.

Ultimately, even under the inevitable tendency of automa-
tion of weather observations in Brazil and around the world, 
the ESALQ/USP conventional station remains in operation 
and is one of the few stations in the country with continuous 
long historical series of observations, which represents an 
important legacy for the history of meteorological observa-
tions in Brazil. We sincerely hope that the institution keeps 
this station active, serving as a reference for future genera-
tions to learn the importance of stations like that to moni-
tor and understand climate variability and change in such 
region.
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