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Estadual Paulista “Julio de Mesquita Filho" (ICT-Unesp), Sdo Paulo, Brazil

Cities are increasingly vulnerable to climate change’s impacts and poorly adapted
to extreme variability. This study aimed to evaluate climate projections of
air temperature and precipitation in seven cities in the Metropolitan Region
of Sdo Paulo that correspond to the Greater ABC Paulista. We used high-
resolution models Eta-HADGEM2_ES (CMIP5), CNRM-CM6-1-HR (CMIP6), and
the TerraClimate database to analyze future projections and the specific warming
levels (SWLs), respectively. Model data were validated with observed data and bias
was removed. A bias correction factor was generated and used in the climate
projections for the different emission scenarios. The results show a consensus
between the models and the SWLs (2 and 4°C) for the increase in maximum
(Tmax) and minimum (Tmin) temperatures for all municipalities in ABC Paulista in
different emission scenarios until the end of the 21st century. For the nearest future
(2020-2040), the city of Sdo Caetano do Sul (SCS) shows the highest positive
annual anomalies of Tmax concerning the climatological period (1985-2015), for
the scenario RCP4.5 (2.8°C) and the RCP8.5 (7.4°C), according to projections
from the Eta-HADGEMZ2_ES, highlighting summer and autumn as the hottest.
For precipitation, there was a consensus between the Eta-HADGEM2_ES and the
CNRM-CM6-1-HR for a reduction in all scenarios and time-slices 2020—-2040 and
2041-2070. The municipalities of Diadema (—78.4%) and SCS (—78%) showed the
most significant reductions in December for the RCP8.5, and for SSP5-8.5, SCS
shows —30.9% in December for the 2020-2040 time-slice. On the other hand,
TerraClimate presents excess rain for Ribeirdo Pires (+24.8%) and Santo André
(+23.7%) in winter for SWL4°C. These results suggest that an increase in Tmax
and Tmin, as projected, should influence the intensity of extreme heat events.
Furthermore, a reduction in annual and seasonal rainfall does not mean a decrease
in the region’s extreme daily events that cause floods and landslides. However, it
leaves an alert of water scarcity for the supply and demand of the population.
ABC Paulista does not have adaptation plans to face extreme climate change. The
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results can contribute to the first phase of creating an adaptation plan, giving a
first view of the climate threat that should intensify until the end of the twentieth
century affecting the most vulnerable municipalities.
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1. Introduction

Cities are one of the most vulnerable spaces to climate change,
especially to extreme variability in precipitation and temperature.
The impacts are already a threat all over the planet and the
most affected population are those living in vulnerable housing,
with lack of sanitation infrastructure, in addition to social and
economic vulnerability.

With  the
Intergovernmental

recent release of the sixth report of the
Change—AR6/IPCC

(IPCC, 2021), it is unequivocal corroboration that human-induced

Panel on Climate
climate change is already generating many climatic extremes in all
regions of the globe. In the period between the publication of the
fifth IPCC report (AR5) and the sixth (AR6), evidence regarding
the intensification of weather and climate extremes—such as heat
waves (HW), intense precipitation, tropical cyclones, extreme
droughts, among others—has strengthened (IPCC, 2021).

In 2021, many extreme weather events occurred simultaneously
(WMO—World Meteorological Organization, 2022), including
severe floods in the Asian continent and in parts of Europe,
such as HW in the northwest of the United States and
Canada, that raised temperatures to almost 50°C in a village
in British Columbia and 54.5°C in California (Death Valley).
On the other hand, South America experienced a high rainfall
deficit, extreme drought in the Parand water basin, and intense
cold waves, which affected agriculture, transport, and energy
production sectors (WMO-—World Meteorological Organization,
2022). Although the attribution of these extremes to anthropogenic
climate change still has uncertainties, the fact is that climate
variability and its extremes are increasingly intense, and its impacts
are undeniable.

The extreme HW between late June and early July 2021
in western Canada and the US Pacific Northwest caused more
than 1,400 deaths and led to several wildfires (Benfield, 2021;
ECCC—Environment and Climate Change Canada, 2021). This
heat episode was extremely rare, occurring approximately one
every 1,000 years in the current climate scenario. According to
recent studies, such an event would have been unlikely to happen
without anthropic climate change drivers (Philip et al., 2021; World
Weather Attribution, 2021).

Currently, HWs are among the most damaging climate
extremes for human society. Several climate models consistently
project that the frequency, severity, and duration of HWs will
increase sharply over the next century. The occurrence of these
events can further intensify heat islands in cities and, consequently,
increase the thermal discomfort and the mortality rate of the
population (Zhao et al., 2018; Tewari et al., 2019; Valverde, 2021),
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especially among the elderly and socioeconomically vulnerable
ones (Gouveia et al., 2003; Son et al., 2016).

The sixth IPCC report highlights significant regional climate
changes in southeastern South America. The observed series
identified mean and extreme precipitation increases since the 1960s
(high confidence). Drivers of this change include internal variability
and external forcing, like increases in greenhouse gases and
aerosols and ozone depletion. On the other hand, the intensity and
frequency of extreme precipitation and pluvial floods are projected
to increase (medium confidence) for 2°C of global warming level
and above (IPCC, 2021).

Conversely, in northeastern South America, there is high
confidence in a dominant increase in drought duration. However,
the intensity and frequency of extreme precipitation and pluvial
floods are projected to increase (medium confidence) for 2°C of
global warming level and above (IPCC, 2021).

Another concern of cities related to temperature increase,
extreme variability of rainfall and population growth in urbanized
areas is the occupation of floodplain close to urban rivers. Many
cities have expanded over floodplain areas, channeling rivers and
occupying its springs. Consequently, these areas became potentially
dangerous spaces, especially in the rainy season, and the existing
drainage network is insufficient to drain rainwater during more
intense precipitation events in short periods of time, causing severe
landslides and flooding disasters.

The occupation of low-income population, in general, occurs in
high slope floodplains at river spring areas. This situation worsens
the problem, compromising water resources preservation due to
lack of sanitation infrastructure and untreated sewage discharges
into the rivers, in addition to the degradation of native vegetation.
In rain events, even not necessarily characterized as intense events,
the risks of landslides in these areas are still high.

Several national and international studies focus on the
problem of vulnerability in large metropolitan regions and their
municipalities, such as the metropolitan regions of Sdo Paulo
(Nobre et al., 2011; Valverde, 2017; Marengo et al., 2020), Rio de
Janeiro (Prosdocimi and Klima, 2020) and Campinas (Cavalcanti
et al,, 2017). Urban floods are one of the main climate-related
disasters that cause numerous fatalities every year around the
world, with high costs associated to its damages (Han and Sharif,
2021).

Studies on climate projections have been carried out by
different authors to assess changes in precipitation and temperature
intensities over different regions and states in Brazil (Marengo
et al., 2013; Cavalcanti et al., 2017; de Godoy et al., 2021). For the
state of Sdo Paulo/Brazil, de Godoy et al. (2021) used the Regional
RegCM4 model and the RCP8.5 emissions scenario for the period
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2080-2100, in order to evaluate three indexes of climatic extremes
(consecutive dry days—CDD, rainy extremes—R95p and heat wave
duration—HWD). The authors identified Sdo Paulo inland area as
the most susceptible region to consecutive dry days and extreme
rainfall, while heat waves show a more relevant sign of increase in
the south and east of the state, during the winter.

In Rio de Janeiro/Brazil, a study to analyze the projection
of precipitation and temperature using the regional model
EtaHadCM3/INPE was carried out by Dereczynski et al. (2013).
The authors identified an increase in the frequency of occurrence
and the amount of rainfall associated with heavy rainfall until the
end of the 21st century, as well as longer dry periods and shorter
rainy seasons. Regarding temperature, the average change in annual
maximum and minimum air temperatures may vary, respectively,
between 2, 5, 2, and 4°C above current climate values until the end
of the 21st century.

A recent study carried out for the Metropolitan Region of
Vale do Paraiba, in the state of Siao Paulo, used high resolution
models of CMIP6 for two emission scenarios (SSP2-4.5 and SSP5-
8.5). The results showed a consensus for all models used, with
significant increase trends in temperature over the period 2015-
2100. Sub-region 3—Guaratinguetd is expected to present the
highest warming of 4.8°C for the most extreme scenario (SSP5-
8.5). Regarding precipitation, there was no consensus by the
models, only the MPI-ESM1-HR for the SSP2-4.5 scenario showed
a significant upward trend in the period 2041-2070 in Sub-regions
1—Séo José dos Campos and 4—Cruzeiro (Bosco and Valverde,
2022).

Adaptation or mitigation measures against climate change are
still modest in the municipalities in Brazil or even absent at the
local level, as they include policies to be implemented through the
city’s master plans, requiring investment and commitment from the
government and the population. However, each municipality needs
to be aware of the impacts of its vulnerabilities and extreme climate
threats to develop strategies to build its adaptation and resilience
plans in the face of climate change.

This study aims to evaluate the climate projections of
precipitation and air temperature for seven cities in the
Metropolitan Region of Sdo Paulo (RMSP), which make up the
ABC Region, based on high-resolution climate models. The study
also investigates the existence of an adaptation plan for climate
change in the cities of ABC Paulista.

2. Methods
2.1. Study area

Sdo Paulo’s ABC Region (ABC Paulista), a southeastern sub-
region of Sao Paulo Metropolitan Region (RMSP), is considered
one of the largest industrial centers in the area, consisting of seven
municipalities: Maud (MA), Sao Bernardo do Campo (SBC), Santo
André (SA), Sdo Caetano do Sul (SCS), Diadema (DIA), Ribeirido
Pires (RP) and Rio Grande da Serra (RGS). The region has a
population of 2,825,048 inhabitants, according to the Brazilian
Institute of Geography and Statistics (IBGE, 2021). Part of its
territory has a high urban density, and a high population growth
rate (56%), and another part consists of environmental protection
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areas (Moro Junior, 2007). Table | summarizes the demographic
characteristics of the municipalities of ABC Paulista.

ABC Paulista (Figure 1) is historically marked as a highly
industrialized area and the first center of the Brazilian automobile
industry. In addition, the region is home to several automobilist
manufacturers, such as Mercedes-Benz, Ford, Volkswagen, General
Motors and others, also to the Capuava Petrochemical Complex
and 14 more oil refining industries at the boundary between Santo
André and Maud. However, the service sector in ABC currently
has grown significantly in comparison to the industrial sector. The
number of companies in the service sector exceeds the industrial
sector and, therefore, the same trend is seen regarding the number
of employees. According to Sampaio (2015), although the industry
in the ABC region has lost relative significance, it remains the most
dynamic sector of the local economy, emphasizing the transport
industry chain.

Regarding hydrography, the Tamanduatei River, an affluent
of the Tieté River, is the main waterbody in the urban region
of ABC Paulista and drains an area of ~43 km?. This area is
largely urbanized, with high population density and industrial
concentration, with few spaces for natural water soil infiltration.
As a result, practically all precipitation converges to Tamanduatei
River channel and tributaries that, in the rainy season, do not
support rainwater flow, causing frequent flooding (Valverde et al.,
2020).

ABC Paulista municipalities also have houses in areas with
environmental constraints, such as precarious settlements (for
example, slums and irregular settlements). Denaldi et al. (2016)
observed that 56% of these settlements occupy Permanent
Preservation Areas (APP), and 27% are located in areas of
springs, in addition to having households in risk areas in the
seven municipalities of ABC Paulista. Its risks include landslides,
undermining stream banks, and urban flooding.

2.2. Data

Daily data of air temperature data from 13 automatic
meteorological stations (AMS) were used, managed by the Sao
Paulo Flood Alert System—SAISP (2014-2021 period), Santo
André Municipal Environmental Sanitation Service—SEMASA
(period 2011-2021) and the Federal University of ABC (2018-
2021) were used. Also, daily data from 11 rain gauges were
used, preferably distributed in urban areas of the study region
(Figure 1C), for the period 1999-2021 (23 years) and provided by
the Department of Water and Electricity (DAEE) and by the Center
for Monitoring and Alert of Natural Disasters (CEMADEN).

For the assessment of warming scenarios and climate
projections, this study selected TerraClimate database and two
climate models with high spatial resolution, suitable for capturing
spatial variability of atmospheric variables at regional and
municipal scales.

TerraClimate is a monthly-scale climate and water balance
dataset which comprises the data period of 1958-2021 for the
historical series. TerraClimate combines high spatial resolution
climatological normals from the WorldClim dataset, CRU Ts4.0
data, and the Japanese 55-Year Reanalysis (JRA55) (Abatzoglou
et al, 2018). These data have a spatial resolution of 4km and
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TABLE 1 Demographic and territorial characteristics of ABC Paulista’s municipalities.

Municipalities Territorial area™

Population*

Demographic % of vegetation

(km2) (inhabitants) Density** (hab/km?) cover**

Santo André 175,782 716.109 3.848,01 35.78
Séo Bernardo do Campo 409,532 833.240 1.869,36 46.97
Sao Caetano do Sul 15,331 160.275 9.736,03 0.0

Diadema 30,732 420.934 12.536,99 4.81
Mauad 61,909 468.148 6.741,41 10.89
Ribeirdo Pires 99,075 122.607 1.140,73 30.60
Rio Grande da Serra 36,341 50.241 1.210,04 56.68

Source: IBGE and Department of Infrastructure and Environment of the State of Sao Paulo.!
*Estimated value for the year 2018.

*#2010 Demographic Census.

***In relation to the area of the municipality.

provide vital information for ecological, hydrological, and climatic
studies that require high spatial resolution data. They also provide
2 °Cand 4 °C warming scenarios levels (SWL2.0 and SWL4.0) (Qin
et al., 2020).

Specific Warming Level (SWL) represents the anomaly
variation of global mean surface temperature concerning the pre-
industrial period. In this regard, the acronyms SWL2.0 and SWL4.0
represent the period in which the average global temperature
increases by 2 and 4°C, respectively, above pre-industrial levels
(Barring and Strandberg, 2018).

Terra Climate warming-level scenarios were constructed based
on climate projections from 23 CMIP5 climate models for two
30-year periods, the pre-industrial period (1850-1879), using the
historical forcing experiment, and the period that represents the
end of the 21st century (2070-2099), using the emissions scenario
RCP8.5. More details on the construction of the warming scenarios
can be found in Qin et al. (2020).

Two models were used in this study: (a) the high-resolution
regional climate model Eta-HADGEM2_ES, which considers the
CMIP5 global model (HADGEM2_ES) as a boundary condition,
and (b) the high-resolution global model CNRM-CM6-1-HR
of CMIP6.

The Eta-HADGEM2_ES model (Chou et al., 2014a) is derived
from the ETA regional climate model, with boundary conditions
from the Met Office Hadley Center’s global model, called Hadley
Center Global Environmental Model version 2 (HADGEM2-ES)
(Collins et al., 2011).

The simulation of the regional climate model was generated by
the Center for Weather Forecasting and Climate Studies/National
Institute for Space Research (CPTEC/INPE) and published on
the Platform for Climate Change Projections for South America
regionalized by the ETA model (PROJETA) (Chou et al., 2014a,b;
Lyra et al, 2017). The Eta-HADGEM?2_ES model has a spatial
resolution of 5km, a historical period of 1961-2005, and future
projections for the 2006-2099 periods in the emission scenarios
RCP 4.5 and RCP 8.5.

The Radiative Forcing or Representative Concentration
Pathways (RCP) is expressed in the unit of watts per square meter

1 https://www.infraestruturameioambiente.sp.gov.br/sifesp/mapas-

municipais/.
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(W/m?) and represents a net change in the energy balance of the
Earth system due to disturbances, known as a good measure of
change in the Earth’s surface temperature (Van Vuuren et al., 2011).

The European climate model CNRM-CM6-1-HR from the
National Center for Meteorological Research and the European
Center for Research and Advanced Training in Scientific Calculus
(CNRM-CERFACS) has high spatial resolution of 50 km. For this
model, the Shared Socioeconomic Pathways (SSP) 4.5 W/m* and
8.5 W/m? (SSP2-4.5 and SSP5-8.5) emission scenarios were used,
which are part of a new scenario framework created to facilitate
the integrated analysis of future climate impacts, vulnerabilities,
adaptation and mitigation (Riahi et al., 2017).

The SSP2 scenario describes a path where social, economic,
and technological trends do not change markedly from historical
patterns. However, development and income growth proceed
unevenly and must face medium challenges to mitigation and
adaptation. SSP5 is based on a high dependence on fossil
fuels, which results in higher CO, emissions, rapid technological
progress, and human capital development. As a result, it must
face high challenges for mitigation and common challenges for
adaptation due to economic development (Riahi et al.,, 2017).

2.3. Methods

Quality control for observed temperature and precipitation
data series from the seven municipalities of ABC Paulista was
carried out, verifying gaps or doubtful daily data through a
consistency analysis. Then, gaps and inconsistent data were filled
using the Tabony (1983), which uses a minimum of 3 neighboring
stations to calculate missing data (Valero et al., 1996).

To evaluate the historical simulations of the ETA_HadCM3,
CNRM-CM6-1-HR  models, and the
observed monthly data of atmospheric variables were used to verify

TerraClimate dataset,

the annual cycle of the variables and their seasonal distribution,
considering the urban area of ABC Paulista.

Observed data available for a series of 23 years (1999-2021)
were used to validate precipitation. The database corresponding to
2011-2021 was used for the air temperature.

frontiersin.org
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Subsequently, the mean BIAS, the agreement index d and
a weighted version of the coefficient of determination (wr?)
were calculated.

The BIAS (Mean Error), which quantifies the systemic error of
the model:

Miogal

Z (P; — O)) (1)

i=1

1
BIAS =

total

where P; represents the model output, O; is the observation for
a given time scale (i), and My, is the number of years (or
months) analyzed. BIAS gives an idea of the average deviation from
the model results to observed data, either positive or negative.
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When positive or negative, the model tends to overestimate or
underestimate the variable, respectively.

The agreement index d was proposed by Willmot (1981), and it
represents the ratio of the mean square error and the potential error
(Willmot, 1984), defined as:

Z?:l(Pi - Oi)2

d=1-
Y1 (IPi = Ol 4 |0; — O)?

)

P; represents the model output and O; is the observation for a given
time scale (7). O is the average value of the observations for the
analyzed period.

The potential error in the denominator of equation 2 represents
the highest value that the squared difference of each pair can
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achieve. The range of d is similar to 1> and lies between 0 (no
correlation) and 1 (perfect fit) (Krause et al., 2005).

The study used the weighted coefficient of determination
because using only the coefficient 2 would not be an adequate
measure of performance, as a poorly performing model could still
achieve a high value of 2 (Legates and McCabe, 1999; Krause et al.,
2005).

To overcome this limitation, the methodology used included
the slope parameter (b) of the linear regression equation between
the observations and the simulations of the models to weight 2,
with the value of wr? varying from 1 (optimal value) to zero (Krause
et al., 2005; Alghamdi, 2020) (Eq 3).

2
2 ’b| e for b <1
= v 3
“r |b] l.rzfor b>1 @)
The evaluated points from the climate models
(ETA_HadCM3/CNRM-CM6-1-HR) and TerraClimate

correspond to the central location points of each municipality in
the urban area, which made it possible to compare with the data
from the meteorological stations also located in the urban area.

After validating the climate models and TerraClimate, the BIAS
was corrected to remove the average systematic error using the
Direct Approach method.

Several studies used this method to verify its effectiveness
(Lenderink et al., 2007; Oliveira et al., 2015; Silva and Valverde,
2017; Calado and Valverde, 2020). In this method, the adjusted
climate variable is obtained directly from the climate model
simulation, promoting variations in magnitude according to the
differences verified in the past between the simulated/estimated
climate variable and the observed climate variable. This technique
can be expressed mathematically, on a monthly scale, according to

Eq4:
K0

where ng is the corrected value of the climate variable in the

evaluation period (t); Kﬁ) corresponds to the uncorrected value

FC __ F
Ky = Ko

of the climate variable in the evaluation period (t); K¢ represents
the monthly average of the model’s climate variable in the control
period; and K° is the average monthly value of climate variable
observed for the control period.

After verifying the monthly error (BIAS) removal from the
climate simulations, the correction factor obtained through the
Direct Approach was applied to fit future projections.

The correction of future projections and the SWLs aims
to minimize the uncertainties of the systematic errors found
in the model’s current climate simulation and the projections
to eliminate the error associated with climate modeling
(Oliveira et al, 2015). However, corrections in precipitation
and temperature imply considerable simplifications, since the
same BIAS recorded in the past is assumed to be observed
in the future, when the seasonal average variations of the
observed data series are considered (Lenderink et al, 2007).
However, it is essential to emphasize that the systematic
errors are not related to the uncertainties derived from
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the concentrations of greenhouse gases that the emission
scenarios (RCP4.5, RCP8.5, SSP2-4.5, and SSP5-8.5) project for
the future.

3. Results and discussion

3.1. Precipitation and temperature
observed in the municipalities of ABC
Paulista

Table 2 shows the monthly average values of maximum (Tmax)
and minimum (Tmin) temperature and precipitation (PPP) for the
seven municipalities of ABC Paulista.

For precipitation, the most recent period of the data series,
1999-2021 (23 years), was considered for almost all municipalities
except for Rio Grande da Serra (2014-2021). The monthly rainfall
for each municipality was represented based on the average
value of two rain gauges in the municipalities’ urban area,
except Diadema (Figure 1), which only has one rain gauge with
available data.

For temperature, data from a meteorological station were
obtained to represent the average conditions of the municipalities
with different periods (Table 2). The municipality of Santo André
(2011-2021) shows the most extended time series, and Ribeirdo
Pires is the shortest (2017-2021).

Santo André and Sao Bernardo do Campo must be highlighted
because their territorial limits have ~50% of environmental
preservation areas (Figure 1), which characterizes different climatic
conditions. Also, Ribeirao Pires and Rio Grande da Serra have most
of their territorial limits in protected areas of water springs.

A standard period was selected to compare the municipalities’
monthly average temperature and rainfall. For the Tmax and
Tmin, the period 2014-2021 was selected and the seasonality was
verified for all municipalities, identifying the hottest (January and
February) and coldest months (July and August).

Diadema and Sao Caetano do Sul show the highest average
Tmax values in January and February. For Tmin, the municipalities
of Ribeirao Pires and Maua show the coldest values in July (Table 2).

The Tmax boxplot diagram (Figure 2) shows a large dispersion
(Inter-quartile range) between the values, mainly in January,
February, and October, which stands out on Diadema, and Sio
Caetano do Sul with the highest upper whiskers. November shows
little dispersion, and outliers were observed only in the autumn
and winter.

The lowest interquartile interval in November may be
associated with low average TMAX variability throughout the
series analyzed for this month. Unlike the other months of spring
(September and October), which tend to be less rainy and warmer,
they also have a higher frequency of heat waves. In 2020 and 2015,
heat wave events reached the state of SP (Valverde and Rosa, 2023),
and the municipalities of ABC Paulista were hit (Valverde, 2021),
resulting in higher TMAX averages compared to the other years.
These variations influenced the highest interquartile Tmax range,
as observed in Figure 2.

The Tmin boxplot diagram (Figure 3) showed less value
dispersion in the summer than the Tmax. However, higher
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TABLE 2 Mean monthly precipitation and temperature values for the municipalities of ABC Paulista.

SA SBC SCS MA DIA RP NEN
(1999-2021) (1999-2021) (1999-2021) (1999-2021) (1999-2021) (1999-2021) (2014-2021)
URB RUR* URB RUR™*

PPP JAN 235.9 304.8 234.1 3311 258.1 217.3 245.2 246.8 270.9
FEB 204.7 252.0 184.0 277.1 227.1 194.6 197.9 186.8 172.2
MAR 156.8 200.1 144.1 260.6 183.0 157.4 137.9 155.1 166.8
APR 73.9 352.9 66.6 179.3 72.6 62.2 65.4 79.7 136.8
MAY 55.1 186.0 56.1 1323 56.3 59.3 46.8 58.2 94.7
JUN 50.6 1435 46.1 104.2 54.3 47.3 50.6 51.0 74.1
JUL 52.2 100.1 52.6 96.1 513 46.9 60.2 55.3 39.9
AUG 243 161.0 34.6 94.5 324 28.9 322 36.3 80.8
SEP 59.8 1115 57.0 1782 63.2 53.7 68.5 60.1 80.9
ocT 98.1 181.6 100.1 198.0 112.3 87.8 103.6 106.6 115.6
NOV 132.1 258.3 134.6 203.3 148.8 127.9 1352 126.1 168.6
DEC 155.5 333.5 170.9 258.2 170.5 173.6 160.2 155.0 195.0
ANNUAL 1,299 2,585.2 1,278.8 2,312.8 1,429.7 1,251.5 1,303.6 1,317.0 1,596.4

SA SBC MA DIA RGS
(2011-2021) (2014-2021) (2014-2021) (2014-2021) (2011-2021)
URB RUR URB RUR™***

Tmax JAN 282 - 28.6 27.4 29.6 28.6 29.9 28.4 -
FEB 27.5 - 27.2 26.7 28.7 27.3 29.1 26.3 -
MAR 26.7 - 27.2 26.0 27.9 27.2 28.1 27.0 -
APR 249 - 249 241 26.0 245 26.2 24.6 -
MAY 22.7 - 229 22,0 23.7 22.6 23.7 233 -
JUN 22.1 - 224 212 22.9 22,0 23.0 224 -
JUL 22.1 - 223 213 23.1 21.9 232 223 -
AUG 225 - 22.7 218 23.4 222 23.6 217 -
SEP 25.0 - 25.0 23.9 26.1 245 26 24.6 -
ocT 25.0 - 252 235 26.1 245 26.2 24.0 -
NOV 24.7 - 25.0 23.6 26.1 24.4 25.9 242 -
DEC 27.1 - 27.2 25.8 282 26.9 28.3 264 -

(Continued)
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TABLE 2 (Continued)

SA SBC SCS MA DIA RP RGS
(2011-2021) (2014-2021) (2012-2021) (2014-2021) (2014-2021) (2017-2021) (2011-2021)
URB RUR URB RUR***
ANNUAL 249 - 25.1 23.9 26.0 24.7 26.1 24.6 -
Tmin JAN 20.3 - 19.9 18.8 20.0 19.1 20.3 19.4 -
FEB 19.7 - 19.7 183 19.6 18.9 19.9 18.3 -
MAR 192 - 18.8 17.8 19.0 18.0 193 183 -
APR 17.6 - 17.1 16.1 17.3 16.0 17.6 15.9 -
MAY 153 - 15.0 13.9 15.0 13.7 153 13.7 -
JUN 143 - 13.6 133 13.8 12.4 14.4 13.6 -
JUL 133 - 123 123 12.7 115 13.4 109 -
AUG 13.9 - 13.8 12.8 13.4 12.0 13.9 12.1 -
SEP 15.9 - 159 14.6 15.8 14.4 16.0 15.0 -
ocCT 16.9 - 16.7 153 16.7 155 17.0 16.0 -
NOV 17.2 - 17.1 15.6 17.1 16.1 17.3 16.0 -
DEC 19.0 - 19.0 17.6 18.8 17.9 19.0 18.0 -
ANNUAL 169 - 16.6 155 16.6 15.4 169 15.6 -

*Paranapiacaba rain gauge in SA, period 2014-2021.
**Rio Acima rain gauge in SBC, period 1972-2004.
***Riacho Grande rain gauge in SBC, period 2014-2021.

‘|e 19 apJaniep

920£2T1'£202'WN24/685¢°0T


https://doi.org/10.3389/fclim.2023.1127026
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Valverde et al. 10.3389/fclim.2023.1127026

Temperature (°C)

| o B o B

JUL

TT T T 17T

AUG

{ B B

SEP

L F B o B P |

OCT

L T % o o o o

NOV DEC

P o o o

JAN

L T |

FEB

[ SANTO ANDRE
[ sAo BERNARDO DO cAMPO [l DIADEMA

Ty

MAR

| o P o )

APR

MAY

I SAOCAETANODOSUL [ |MAUA
[___|RIBEIRAO PIRES

Tt

JUN

FIGURE 2

Seasonal boxplot diagram of maximum temperature for the average period 2014-2021 at the municipalities of ABC Paulista. The horizontal lines of
the box express the values of the 25th (lower quartile), 50th (median), and 75th (upper quartile) percentiles. The Upper Whiskers (lesser than the 75th
percentile) and Lower Whiskers (greater than the 25th percentile) represent the maximum and minimum values, respectively. « correspond to outliers
or extreme values in a data set.
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FIGURE 3

Seasonal boxplot diagram of minimum temperature for the average period 2014-2021 at the municipalities of ABC Paulista. The horizontal lines of
the box express the values of the 25th (lower quartile), 50th (median), and 75th (upper quartile) percentiles. The Upper Whiskers (lesser than the 75th
percentile) and Lower Whiskers (greater than the 25th percentile) represent the maximum and minimum values, respectively. « correspond to outliers
or extreme values in a data set.

dispersion occurred in the winter months, in addition to outliers
in December in all municipalities.

The average monthly rainfall for 1999-2021 in the urban area
of ABC municipalities is shown in Figure 4. The boxplot diagram
identifies the seasonal pattern, with the wet season on hottest

Frontiersin Climate

months (December to March). January is the month of maximum
rainfall, and the month of minimum rainfall (May to August) is
August. Sdo Caetano do Sul stands out with the highest monthly
values for accumulated rainfall in the summer (January, February
and March) and spring (October and November). The highest
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FIGURE 4

Seasonal boxplot diagram of average monthly rainfall in the period 1999-2021 for the municipalities of ABC Paulista. The horizontal lines of the box
express the values of the 25th (lower quartile), 50th (median), and 75th (upper quartile) percentiles. The Upper Whiskers (lesser than the 75th
percentile) and Lower Whiskers (greater than the 25th percentile) represent the maximum and minimum values, respectively. « correspond to outliers

or extreme values in a data set.
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average monthly values were found in SCS (258.1 mm), RP
(246.8 mm), and DIA (245.2mm). Santo André (24.3 mm) and
Maua (46.1 mm) had the lowest average monthly values in August
(Table 2).

The annual averages in Sdo Caetano do Sul (1,429.7 mm) and
Ribeirao Pires (1,317.0mm) showed the highest values for the
analyzed period (1999-2021).

The rains are more abundant in the environmental preservation
areas of SA, SBC, and Rio Grande da Serra (Table 2) than in
urban areas. Therefore, they follow a different dynamic due
to the extensive vegetation and water reservoir areas of the
Billings dam, which contributes moisture to the atmosphere
through evapotranspiration and evaporation, which influences the
formation of rain clouds.

Sdao Caetano do Sul and Diadema showed the highest
accumulated precipitation in summer and spring. These
municipalities also have the highest average, maximum and
minimum temperatures with slight differences.

The boxplot diagram for precipitation (Figure 4) shows a high
dispersion of monthly rainfall, mainly in January and February.
Diadema, Sdo Bernardo do Campo, and Sdo Caetano do Sul had
the highest outliers in January. The months from April to July and
September to October show outliers in almost all municipalities.

Sdo Caetano do Sul had the highest accumulated rainfall in
autumn, followed by Ribeirdo Pires. Diadema shows the highest
monthly rainfall in winter, with a minimal difference compared to
Ribeirdo Pires. The lowest minimum temperatures were recorded
in Ribeirao Pires in winter, specifically in July (10.9°C).

Due to the short series availability for precipitation and
temperature data, it was impossible to evaluate trends, but the
annual variability was analyzed. For precipitation, considering the
period 1999-2021, 2010, and 2009 were the ones with the highest
rainfall accumulation, in almost all municipalities (urban areas),
mainly in the summer and the annual accumulated. The outliers

Frontiersin Climate

identified in the boxplot diagram in all cities occurred in 2010. That
year, there was a high frequency of flooding and landslide events
in the municipalities of ABC Paulista (Fernandes and Valverde,
2017; Valverde, 2017; Damasceno et al., 2021). The most significant
outlier occurred in 2010 (Figure 3).

In 2014 was recorded the lowest accumulated rainfall in all
municipalities. Sdo Paulo suffered one of the most severe droughts
in 2014, causing an unprecedented water crisis (Coelho et al., 2015;
Milano et al,, 2018). The region where is located the Cantareira
Water Production System, which supplies the Metropolitan region
of Siao Paulo (MRSP) with treated water, experienced a rainfall
deficit with extreme values (below the 10th percentile for a data
series from 1948 to 2015), which had not been detected since 1968
and 1969 (Calado et al., 2019).

For the urban area of the municipalities, 2014, 2015, and 2019
recorded the highest values of Tmax. For Tmin, 2015 and 2019
showed the highest values. In the Riacho Grande region in Sio
Bernardo do Campo, an environmental preservation area, 2019 had
the highest Tmax and Tmin values.

Other studies have analyzed rainfall in the municipalities
of ABC Paulista, considering longer time series (Fernandes and
Valverde, 2017; Valverde, 2017; Valverde et al., 2018) and grouping
data series from nearby rain gauges for analysis of trends and
variabilities. Valverde et al. (2018), analyzing two series of data
from 1968-1998 to 1999-2014, identified an increase in rainfall in
January in Diadema, Sdo Caetano do Sul, Sao Bernardo do Campo,
and Santo André, accompanied by a reduction of annual rainfall
from one period to another.

Valverde (2017) analyzed climate indices from the Commission
for Climatology World Climate Research Program—Climate
Variability and Predictability (CCl/CLIVAR/JCOMM) CCI
CLIVAR using daily data from the municipalities of ABC Paulista
for the period (1972-2014). The results showed positive trends with
an increase in the number of days with rain higher than 50 mm
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(R50 mm), in all municipalities, with Maud and Diadema showing
the highest number of days with rainfall of these intensities. The
PRCPTOT index, representing the annual accumulated rainfall,
showed decreasing trends in almost all municipalities (except
Santo André). The author highlighted that the decrease in the
annual rainfall should not necessarily be related to a reduction in
the R80 mm, R50 mm, and RX1day indexes since extreme events
of daily rain or consecutive days can also happen in years when
annual precipitation is lower than average. In this situation, rainfall
can be concentrated in a few short periods and, thus, be so intense
that it can cause disasters.

In this context, for a more recent period of years, as analyzed in
this study (1999-2021), Diadema continues to present the highest
monthly and annual accumulated precipitation, with significant
outliers, mainly for the summer months. Sdo Caetano do Sul is the
second municipality with the highest accumulated rainfall.

Many studies have already verified the direct relationship
between the extremes of heavy rain and the occurrence of
flooding and landslide events in the most vulnerable areas in the
municipalities of ABC Paulista (Molina et al., 2015; Fernandes and
Valverde, 2017; Valverde, 2017; Valverde et al., 2018; Damasceno
etal., 2021).

Concerning temperatures in ABC Paulista’s urban area of the
municipalities, a study on the urban climate in this region identified
medium-intensity heat islands with more extreme values in spring
and summer in cities with a greater demographic and urban density
(Sao Caetano do Sul and Diadema) (Valverde et al., 2020). This
study is aligned with the results found in Valverde et al. (2020), as
these same municipalities had the highest average and maximum
temperatures compared to the other municipalities.

3.2. Warming scenarios and future climate
projections for ABC Paulista

The changes in precipitation and temperature in the context
of climate change were identified through: (a) TerraClimate
simulations for two levels of warming (SWL2°C and SWL°4C),
(b) a high-resolution regional climate model Eta-HADGEM2_ES,
which consider the CMIP5 global model (HADGEM2_ES) as a
boundary condition, and (c) a high-resolution global model of
CMIP6, CNRM-CM6-1-HR.

All simulations were validated with observed data and later
adjusted by removing the BIAS, as explained in the methodology.
Observed data available for a series of 23 years (1999-2021) were
used to validate precipitation. The database corresponding to 2011-
2021 was used for the air temperature.

3.2.1. TerraClimate—warming levels

The TerraClimate database was validated for the historical
period of the observed data series, applying the validation
metrics: BIAS, coeflicient of determination, weighted coefficient of
determination and index of agreement d.

The results showed that TerraClimate correctly simulates
precipitation seasonality, identifying the wettest and driest months
but overestimating precipitation as demonstrated by the BIAS for
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the monthly scale (Table 3). Ribeirdo Pires had the highest BIAS
(1.81 mm/day) and SCS the lowest (0.39 mm/day). The coefficient
of determination (r?) and the index of agreement (d) showed the
highest values in SCS.

In opposition, the temperature was underestimated, where
Tmin shows the highest values of BIAS when compared to
the Tmax. Diadema showed the most negative BIAS value for
Tmax (—2.42°C) and a low value of d (Table 3). For Tmin, the
municipalities of SA and DIA had the most negative values of BIAS
and d (Table 3). Maué showed a minor underestimation (—1.68°C).

The simulations of climate models and databases derived from
Reanalyses, such as TerraClimate, always have limitations. These
so-called systematic errors depend on how the processes that define
the atmospheric systems are represented, involving issues related to
spatial resolution and model complexity, parameterizations, choice
of the model domain, application of boundary conditions, and even
the uncertainty of the observed data (Flato et al., 2013).

For this reason, models must be validated. The most
straightforward way to evaluate the model is to compare its
output with observed data and analyze the resulting difference—the
metrics used in this study help identify these errors.

Flato et al. (2013) analyzed the average annual surface air
temperature (at 2 m) for the average of all available CMIP5 models,
and the error related to a reanalysis of the ERA-Interim was around
2°C. However, it has also been found that the biases are much more
significant in several locations, particularly at high elevations over
the Himalayas and parts of Greenland and Antarctica, near the
ice edge in the North Atlantic and regions of oceanic upwelling.
Giorgi and Mearns (1999) reported that for precipitation, an
acceptable error should be in the range of 5-30% concerning its
climatological value.

A recent study analyzed the performance and calibration
of climate variables derived from the TerraClimate dataset
using automatic weather stations (AWS) for Brazil. The results
showed that TerraClimate underestimated the air temperature
and evapotranspiration data while overestimating the precipitation
data. For this reason, the calibration was executed and reduced the
bias for under or overestimating the AWS data (Filgueiras et al,
2022).

The results of TerraClimate obtained in this study, considering
a more regional scale, also overestimated precipitation and
underestimated temperature. However, the resulting error values
will depend on the database used to validate the model simulations
and the analyzed region.

In any case, the estimates of these errors must be
removed or corrected because of the model imperfections
and the resulting systematic errors. The Direct Approach
method was applied to remove the BIAS to minimize
uncertainties (overestimates and underestimates) in TerraCimate
After applying the
correction factor was used in the data series for each warming

simulations. Direct Approach, the
level evaluated.

Figure 5 shows the Tmax anomaly concerning the historical
period 1985-2015, for the 2 and 4°C warming levels for a seasonal
scale, according to TerraClimate simulations, after removing the
BIAS.

Tmax anomalies are positive in all municipalities, and for the
SWL2°C, no significant differences exist between municipalities
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TABLE 3 Validation metrics for TerraClimate precipitation and temperature data series on a monthly scale, for the period 1999-2021 and 2011-2021,

respectively.

Precipitation

BIAS
mm/day
SA 22.80 0.76 0.68* 0.89 —0.89 0.86* 0.92 —2.48 0.94* 0.79
SBC 28.82 0.96 0.67* 0.87 —1.26 0.86* 0.89 —2.28 0.90* 0.82
SCS 11.90 0.39 0.73* 0.92 —2.01 0.84* 0.81 —2.20 0.93* 0.83
DIA 26.28 0.87 0.59* 0.85 —2.42 0.84* 0.77 —2.84 0.95* 0.76
MA 39.75 1.32 0.61* 0.84 —1.40 0.77* 0.85 —1.68 0.92* 0.89
RP 54.54 1.81 0.64* 0.81 —0.73 0.91* 0.95 —2.06 0.96* 0.84
*Significance level of 0.05.
A TMAX -SWL2°C B TMAX -SWL4° C

Autumn

Winter

FIGURE 5

Specific warming levels for Tmax in the municipalities of ABC Paulista. SWL2°C (A) and SWL4°C (B).

Winter

and seasons. Maud has the highest anomalies in all seasons,
oscillating between 1.6°C (autumn) and 1.8°C (spring). SCS also
stands out in winter and spring, with the highest anomalies. Santo
André presents minor anomalies (Figure 5A).

The scenario is more critical for the SWL4°C (Figure 5B), and
the positive anomalies reach values up to 4.2°C (in the spring
in SCS). Maua presents the highest positive anomalies in all year
seasons, with the highest value in spring (4.1°C). Sao Caetano do
Sul also stands out in winter and spring with anomaly values close
to Maud.

The Tmin at the SWL2°C (Figure 6A) shows positive anomalies
close to the Tmax, and Maua also stands out with the highest values
followed by SCS. However, for the winter in Maua, the positive
anomaly reaches the value of 2°C.

For the SWL4°C, the positive anomalies for Tmin are more
significant than Tmax’s in all municipalities. Maud continues to
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present the highest values among other municipalities, while in
Santo André, the anomaly values are higher than Tmax. In winter,
the MA, SCS, and DIA anomalies reach values of 4.1 and 4.2°C,
respectively (Figure 6B).

Observed data showed that DIA and SCS had the
highest temperatures (Tmax and Tmin).
the only SCS
of the hottest municipalities. Maud, one of the coldest

the hottest
is, it will

However, in

warming scenarios, stands out as one

results as
that
in

municipalities, municipality  for
the

to

most
the

heating scenarios; undergo

remarkable  changes temperature  compared
other municipalities.

Figure 7 shows the precipitation anomaly in percentage,
considering the historical period 1985-2015 according to the
TerraClimate database. The results differed for each municipality,

unlike the temperature, which always showed an increase.
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FIGURE 6

Specific warming levels for Tmin in the municipalities of ABC Paulista. SWL2°C (A) and SWL4°C (B).
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FIGURE 7

Specific warming levels for precipitation in the municipalities of ABC Paulista. SWL2°C (A) and SWL4°C (B).

PPP - SWL4°C

Ribeirdo Pires and Santo André show the highest percentages
for precipitation increase (24.8 and 23.7%, respectively) in winter
for SWL2°C (Figure 7A). Maud showed a slight reduction in rainfall
in all seasons of the year, and in the spring, it had the most
considerable reduction (Figure 7B). Maua also had the highest
positive temperature anomaly in both SWLs (Figure 6).

In SWL4°C, Ribeirdo Pires and Santo André continued with
the highest positive values of precipitation increase, mainly in
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winter. In Maug, there were precipitation reductions even with
low percentages.

3.2.3. Future projections of precipitation and
temperature

The regional climate model Eta-HADGEM?2_ES and the global
climate model CNRM-CM6-1-HR were used for future projections.
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TABLE 4 Monthly average-validation metrics for Eta-HADGEM2_ES simulations of precipitation and temperature on monthly and annual scales,

respectively, for the period 1999-2021 and 2011-2021, respectively.

Monthly Rainfall

BIAS
mm/day
SA 3.39 0.11 0.24* 0.71 0.13 —0.06 0.83* 0.95 —0.93 0.96* 0.94
SBC 243 0.08 0.18** 0.68 0.07 —0.49 0.83* 0.94 —0.62 0.95* 0.96
SCS 33.11 1.10 0.32* 0.73 0.14 0.30 0.84* 0.95 0.40 0.96* 0.98
DIA 27.25 0.90 0.19** 0.65 0.08 —0.56 0.83* 0.94 —0.28 0.96* 0.98
MA 1.43 0.04 0.46* 0.69 0.10 —0.07 0.80* 0.94 0.34 0.97* 0.97
RP —9.13 —0.30 0.17** 0.66 0.07 —0.22 0.76* 0.93 0.20 0.93* 0.96

*Significance level of 0.05.
**Significance level of 0.1.

The time slices analyzed were 2020-2040, 2041-2070, and 2071-
2100.

3.2.4. Model Eta- HADGEM2_ES
The Eta-HADGEM2_ES model the
rainfall cycle with some shortcomings. The model identifies

simulates seasonal

January and February as the rainiest, similar to what was
the
occur in April, May, and June, unlike in June, July, and

observed. However, lowest rainfall is simulated to
August. Thus, in these months, rainfall is overestimated by
the Eta-HADGEM2_ES model, and each municipality has
differences in these overestimates; in DIA and SCS, they are
much higher.

Table 4 shows the precipitation BIAS on the monthly scale
with positive values, except for the municipality of RP. The
parameters d and wr? in SCS have the highest value, indicating
better performance in its simulation, despite presenting the highest
overestimation; however, it captures the seasonal cycle better
concerning the simulations for the other municipalities. On the
other hand, RP had a negative BIAS.

The maximum and minimum temperatures were Dbest
simulated by the Eta-HADGEM2_ES model capturing the
hottest and coldest months as observed. All municipalities
show the parameters d and r* with values above 0.8. In most
municipalities, the BIAS of Tmax was low and negative, indicating
slight underestimations (Table 4). In Tmin, SA, SBC, and DIA
showed underestimates.

TerraClimate and Eta-HADGEM2_ES

different results concerning the observations. For Tmax, both

simulations show
captured the seasonality of observed data and underestimated
the values. However, TerraClimate had the highest negative BIAS
(—2.42°C / Diadema). For Tmin, Eta-HADGEM2_ES showed low
BIAS values, positive and negative, unlike TerraClimate, which
in all municipalities showed negative BIAS, with values up to
—2.84°C (Santo André). On the other hand, both had difficulty
capturing the seasonal cycle for precipitation, and TerraClimate
shows higher positive BIAS, indicating overestimates.

After validation, the Direct Approach method was applied to
remove the BIAS of Eta-HADGEM2_ES model simulations, and
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the correction factor was applied for future projections in the
RCP4.5 and RCP8.5 emission scenarios.

the
anomalies

Figure 8 shows average monthly temperature
slices and
the RCP4.5
the temperature anomalies exceed
nearest future (2020-2040), reaching up
to 4°C (SCS) in 2071-2099. The difference among the
municipalities is minimal, but SCS shows the most
significant anomaly (up to 7.4°C) for 2071-2099 under the
RCP8.5 scenario.

Tmin anomalies are minor when compared to Tmax. For the

and  precipitation for three-time

emission scenarios. For Tmax, under

scenario  (Figure 8A),
2°C  for the

two

near future (2020-2040), the positive anomalies oscillate between
1.6 and 1.7°C (SA and SBC) in the RCP4.5 scenario. Under
RCP8.5, the highest positive anomaly reaches 2.5°C in Santo André
(Figure 8B).

For precipitation, the percentage anomalies are all negative,
indicating a reduction in the annual rainfall average. The most
negative percentages for the RCP4.5 scenario are for the nearest
future (2020-2040), and SCS has the most considerable reduction
with a value of —37.5% below its annual climatological value
(Figure 8C). The minor reduction is SBC (35.3%). For the RCP8.5
scenario, these reductions intensify, reaching —49.1 % in SCS in
2020-2040. Minor reductions are projected for SBC (—44.2%) and
RP (—44.3%).

Tmax anomaly’s highest values occur in summer and autumn
in most municipalities. Ribeirdao Pires and Santo André register the
highest values in summer and spring. SCS reached the highest value
of 8.2°C in January under the RCP8.5 scenario.

For Tmin, autumn and spring show the highest positive
anomalies for both emissions scenarios. Only in Diadema were the
anomalies higher in autumn and winter for the RCP8.5 scenario.

On the other hand, the reduction in precipitation was more
significant in summer and autumn in all municipalities, emission
scenarios, and time slices. December is the one with the most
significant reductions. For the near future (2020-2040), the
municipalities of Diadema (—78.4%) and Sdo Caetano do Sul
(—78%) showed the highest values for RCP8.5. In RP, there was
the lowest reduction (—58.2%) for the 2071-2099 time slice and the
RCP4.5 scenario.
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FIGURE 8
Maximum (A) and minimum (B) temperature and precipitation (C) anomalies on the annual scale for the three-time slices, two emission scenarios, in
the six municipalities of ABC Paulista.

Several studies that have used the future precipitation
projections of the Eta-HADGEM2_ES model for the southeastern
region of Brazil have indicated a tendency of the model to project a
drier climate compared to the projections of other regional climate
models (Reboita et al., 2022). For example, for the Atlantic forest
region in Brazil (Reboita et al., 2021), the metropolitan region of
Sdo Paulo (Lyra et al., 2017), and the Ribeira de Iguape basin in
Sdo Paulo (Ferreira and Valverde, 2022), the projections of the
Eta-HADGEM2_ES model also observed a decrease in rainfall.
In this way, the results found for the municipalities of ABC
Paulista are in line with previous results regarding the reduction of
precipitation, although worrying, as it projects reductions of 78%
in Sao Caetano do Sul and Diadema for December, to the most
extreme emissions scenario (RCP8.5).

3.2.5. High-resolution global climate model
CNRM-CM6-1-HR—CMIP6

CNRM-CM6-1-HR global climate model simulates the
seasonality of Tmax and Tmin but underestimates the
values, as demonstrated in the BIAS (Table5). Diadema
(—3.2°C) and Sao Caetano do Sul (—3.16°C) show the highest
underestimates for Tmax. For Tmin, the most considerable
underestimates were for Diadema (—3.12°C) and Santo André
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(—3.0°C), in addition to the fact that for these municipalities,
the coldest month simulated is June, unlike the observed
in July.

The r* of Tmax and Tmin shows very similar values for all
municipalities. Only RP reached the lowest value for Tmax (0.70).
Mauad (0.88) and Ribeirao Pires (0.85) had higher parameters d for
Tmin, with the lowest BIAS.

The precipitation simulated by the CNMR model also captured
the observed seasonal cycle, identifying the rainy and dry months.
However, the model simulated December with the highest rainfall
and June as the month with the lowest rainfall. Differently, it
occurred for the observed data, which has January as the rainiest
and August as the driest.

In addition, it overestimated rainfall, as verified by the positive
BIAS (Table 5) in all analyzed municipalities. All BIAS values were
high, especially Maua (3.23 mm/day), which also show the lowest
%, wr?, and d.

Comparing the CNRM-CM6-1-HR simulations with the results
from Eta-HADGEM2_ES and TerraClimate, it is observed that
the model also underestimates temperatures and overestimates
precipitation. In temperature, the BIAS is close to those of
TerraClimate, but the BIAS is higher for precipitation.

The Direct Approach method was applied to remove the
BIAS in the CNRM-CM6-1-HR model simulations. The correction
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TABLE 5 Monthly average-validation metrics of the CNRM-CM6-1-HR simulations of precipitation and temperature on the monthly and annual scale,

for the period 1999-2021 and 2011-2021, respectively.

Mensal Precipitation

BIAS
mm/day
SA 86.39 2.88 0.16 0.54 0.05 —2.04 0.85* 0.66 —3.06 0.96* 0.70
SBC 89.75 2.99 0.20* 0.55 0.06 —2.22 0.84* 0.64 —2.75 0.96* 0.74
SCS 80.23 2.67 0.21* 0.59 0.07 —3.16 0.86* 0.57 —2.78 0.96* 0.74
DIA 89.04 297 0.17** 0.55 0.05 —3.28 0.86* 0.56 —3.12 0.96* 0.69
MA 96.77 3.23 0.15 0.50 0.04 —1.88 0.82* 0.66 —1.62 0.96* 0.88
RP 87.64 2.92 0.16 0.52 0.04 —1.76 0.70* 0.65 —1.78 0.89* 0.85
*Significance level of 0.05.
**Significance level of 0.1.
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FIGURE 9
Maximum (A) and minimum (B) temperature and precipitation (C) anomalies on the annual scale for the three-time slices, two emission scenarios, in
the six municipalities of ABC Paulista.

factor was used for future projections in the SSP4.5 and SSP8.5
emission scenarios.

Figure 9 shows the positive anomalies for Tmax and Tmin
concerning the climatological period, continually increasing along
the three-time slices analyzed. No significant differences are shown
for Tmax in 2020-2040 between the two scenarios, SSP2-4.5 and
SSP5-8.5 (Figure 9A). It varies between 1.2 and 1.4°C. For Tmin,
this difference is slightly more significant in SBC, SCS, SA, and
MA municipalities (Figure 9B). For the other time slices under the
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SSP5-8.5 scenario, the anomalies are higher, reaching 5.1°C (SCS
and DIA) for Tmax and 5.7°C (SA and DIA) for Tmin in the period
2071-2100. It is also observed that the anomalies for Tmin are
slightly larger than for Tmax.

Regarding precipitation, the percentage values are very close
in all municipalities, for all time slices, and in both scenarios
(Figure 9C). A slight deficit (—7.3 to —7.4%) is projected compared
to the climatological values, decreasing for 2041-2070. In the last
period (2071-2100), the model projected a positive percentage
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increase in all municipalities, with higher values for the SSP5-8.5
scenario (13.2%).

Analysis on a seasonal scale for the Tmax showed that the most
significant positive temperature anomalies occur in the summer in
December (5.8°C) and January (6.1°C) for the SSP5-8.5 scenario
and the period 2071-2100. In the case of Tmin, for the near future
and in the SSP2-4.5 and SSP5-8.5 scenarios, the positive anomalies
are more significant in winter. Diadema and Maud reached the
highest anomaly of Tmin (2.1°C) in June for SSP2-4.5 and 2.7°C
in Diadema for the SSP5-8.5 scenario.

For precipitation, summer and autumn are the months
with the highest deficit percentages for the near future in the
SSP2-4.5 scenario. SCS shows the highest rainfall deficit in
December (—30.9%) for the 2020-2040 time slice compared to the
climatological values. For the SSP5-8.5 scenario, spring presents
enormous deficits but is smaller than the SSP2-4.5 scenario in
the near future. SA had the most significant deficit of —28%
in November.

The projections of the Eta-HADGEM2_ES (Figure 8)
and CNRM-CM6-1-HR (Figure 9) models show consistency
in temperature projections, simulating significant increases
in all time slices under different emission scenarios (RCP
and SSP, respectively). The anomalies, as expected, do not
necessarily show the same values in the projections of
Eta-HADGEM2_ES
anomalies (in the order of 1°C) for the RCP4.5 scenario in
the near future (2020-2040) compared to those of CNRM-
CM6-1-HR. The differences between the models are minimal
for Tmin.

the two models. shows higher Tmax

The temperature projections show the highest values of Tmax
anomalies for the municipality of Diadema (Eta-HADGEM?2_ES
and CNRM-CM6-1-HR) and SCS (Eta-HADGEM2_ES) in
all emission scenarios. For Tmin, the models project more
significant anomalies for the municipality of Santo André (Eta-
HADGEM?2_ES and CNRM-CM6-1-HR), Sao Bernardo do Campo
(Eta-HADGEM2_ES) and Diadema (CNRM-CM6-1-HR) under
scenarios RCP8.5 and SSP5-8.5.

It is important to emphasize that SSP-based scenarios relate
to RCPs. The SSPs expand into the RCPs to allow a standardized
comparison of society’s choices and their resulting levels of climate
change. The format, such as “SSP5-8.5” represents “SSP5” that
reflects the shared socio-economic path representing a fossil fuel-
intensive world—in this case, a world dominated by mitigation
challenges. Meanwhile, the “8.5” describes 8.5 watts per square
meter of radiative forcing resulting from greenhouse gas emissions
in this fossil fuel-intensive scenario (Meinshausen et al., 2020).

Regarding precipitation, there is the only agreement between
the models for decreasing precipitation in the 2020-2041 and
2041-2070 time slices and in the SSP4-4.5 and RCP4.5 scenarios.
The Eta-HADGEM2_ES model shows for SCS (—37.5%) and DIA
(—36.2) the most significant decrease in annual precipitation.
The CNRM-CM6-1-HR, on the other hand, shows a decrease in
precipitation in the order of 7% in annual precipitation, with no
significant differences between municipalities. This same model
projects for the time slice 2041-2070 and 2071-2099 an increase
in precipitation, while the Eta-HADGEM?2_ES simulates a decrease
in the percentages of rainfall reduction. These differences may be
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related to spatial resolution and precipitation parameterizations in
the models.

The results of temperature projections and warming scenarios,
especially for Tmax, warn about what can happen in the intensities
of heat wave (HW) events in the municipalities of ABC Paulista.

Valverde (2022) identified the average intensities of heat waves
(35.3°C) and cold (4.6°C) from the observed data for the urban
area of ABC Paulista based in the percentile methods (Valverde and
Rosa, 2023). Maximum HW intensities ranging between 37 and
38°C in Diadema and Sdo Caetano do Sul were observed in 2015
and 2020, considered extremely hot in the region.

The average Tmax anomaly projected by Eta-HADGEM2_ES
for the near future (2020-2040) in ABC Paulista is 2.7°C (RCP4.5)
and 4.1°C (RCP8.5). If the monthly average Tmax for SCS is 29°C
in January (Table 1), in scenario RCP8.5, it will be 33.4°C.

The positive anomalies of the CNRM-CM6-1-HR were smaller
than those projected by the Eta-HADGEM2_ES model. Still, the
average month Tmax for SCS in January would reach a value of
31.3 °Cin the near future with few differences between the SSP2-4.5
and SSP5-8.5 scenarios.

As projected by the models, warming is imminent in the ABC
Paulista, so studies should be carried out to evaluate the intensity
and frequency of heat waves.

3.3. Adaptation to climate change in ABC
Paulista

Adaptation to climate change must be part of public policies
in every country that aim to minimize extreme climate variability’s
impact on socio-environmental systems and the most vulnerable
populations. In this way, governments have spent efforts to insert
these policies into urban, economic, social, and territorial planning
as a priority component. However, the results have been too
modest for the global temperature limit not to exceed 1.5°C
above pre-industrial levels, as discussed at the last COP27 at
Sharm el-Sheik.

Addressing this problem at the municipal scale can be an
excellent strategy for closely understanding the most urgent issues
from the population, businesses, and local services (Secretaria de
Infraestrutura e Meio Ambiente do Estado de Sao Paulo [SIMA],
2021). At the local and regional levels, planning for adaptation and
resilience to climate change can occur in different ways—either
through elaborating specific plans or integrating them with other
existing programs, public policies, and projects.

The idea of each municipality developing its adaptation and
resilience plan aims to prepare the municipality to face the ongoing
climate change, contemplating equal opportunities for all people
(Secretaria de Infraestrutura e Meio Ambiente do Estado de Sao
Paulo [SIMA], 2021).

The Organization for
Development—OECD (OECD
Development),

Economic Co-operation and

(()1‘ganixalion for Economic
2009)

in 2009 for building the adaptation plan that originates

Cooperation and created a method

from the guide “Integrating Climate Change Adaptation

into Development Co-operation: Policy Guidance”, later
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Gesellschaft fiir Internationale

adapted by GIZ
Zusammenarbeit GmbH) (2011, 2016). In this guide, the proposed

(Deutsche

methodology consists of a cycle structured in seven basic steps:
(a) application of the climate lens, (b) assessment of climate
risk, (c) identification of adaptation and resilience measures, (d)
selection and prioritization of measures, (e) implementation, (f)
monitoring and evaluation and (g) communication of the plan and
its results.

Based on this guide, structuring measures requires knowledge
of the various stages for a greater understanding of the problem by
public managers and decision-makers.

The municipalities of ABC Paulista do not have a climate
change adaptation plan. However, the impacts of climate change
have been a significant concern discussed at the ABC Paulista
Intermunicipal Consortium, which integrates the management of
the seven municipalities, once the region is highly vulnerable to
extreme rainfall (Valverde, 2017; Valverde et al., 2018; Brambila
etal., 2019; Ferreira et al., 2019; Santos et al., 2019; Damasceno et al.,
2021).

As a result, the Consortium’s main initiatives were the first
“Regional Inventory on Greenhouse Gas Emissions—GHG” and
the “Action Plan to Combat Climate Change in the ABC Paulista”
published in 2014. The document shows the outcomings of the
GHG emission (CIGA - Consércio Intermunicipal Grande ABC,
2016a,b)

Based on the Consortium’s first GHG emissions inventory
results, the discussions and workshops held with local stakeholders,
and the analysis of existing regional plans, four sectors were
identified as priorities in ABC Paulista: energy, urban mobility,
waste, and sanitation. In the action plan based on these results,
the goal was to reduce GHG emissions by 20% in ABC
Paulista, considering the Reference Scenario (CIGA - Consorcio
Intermunicipal Grande ABC, 2016a). However, the focus of the
initiatives was on mitigation and needed more discussion about the
adaptation process in the face of a new climate change reality and
its impacts.

Furthermore, the measures had yet to be implemented through
municipal legislation by the member cities. However, after the
2016 elections, the transposition of the plan’s measures to the
municipal level was halted, and the plan’s implementation slowed
down significantly (Bideux, 2019).

Therefore, it is necessary to adapt to the changes that have
already occurred and prepare for plausible scenarios of future
climate change. The building of the Adaptation Plan for the
ABC municipalities is necessary and should follow the outlined
by the OECD (Organization for Economic Cooperation and
Development) (2009).

The first stage of the Adaptation Plan is the “Climate Lens”,
which consists of interpreting existing climate data to identify
how climate change may affect the municipality or region and
its development objectives (OECD (Organization for Economic
Cooperation and Development), 2009). This phase needs to initially
analyze existing data on historical/current patterns and future
trends for the climate in the municipality or region, to define
priority themes for adaptation and building resilience in the
territory and the scope of planning (OECD (Organization for
Economic Cooperation and Development), 2009).

At this stage, the climatology analysis and future trends must
be carried out for the municipalities, considering their regional
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and territorial reality. For this reason, it is essential to have a
network of meteorological stations and rain gauges in operation
for each municipality to gather information about the region
and municipalities’ climate and help validate studies on future
projections generated by climate models.

The results found should contribute to the first phase of the
construction of the adaptation plan in the context of the climate
lens. The conclusions provide a first glimpse of the climate hazard
expected to intensify by the end of the 20th century, impacting the
ABC region’s most affected and vulnerable areas.

The results found based on climate models and TerraClimate
makes the warming that the municipalities will have unequivocal
until the end of the 21st century. The climate projections indicate
that the municipalities of Sao Caetano do Sul and Diadema will
be the warmest. The highest Tmax anomalies can reach up to
7.5°C (RCP8.5) and 5.1°C (SSP5-8.5) for the time slice 2071-
2099. However, for the nearest future (2020-2040) and the RCP4.5
scenario, the positive anomalies oscillate between 2.7 and 2.8°C in
the municipalities of ABC Paulista. If it occurs as the scenarios
present, the intensities of heat islands and heat waves should
worsen in municipalities. This situation can exacerbate drought,
dry conditions, the thermal discomfort of the population, the
health of the most vulnerable, and atmospheric pollution in cities,
among others.

Maud showed more significant positive anomalies (up to
4.1°C) concerning the other municipalities in the TerraClimate
warming scenarios, which leaves an alert of what can happen.
Unlike SCS and DIA, this municipality is experiencing an
accelerated growth of urban sprawl without adequate planning
and presents a high social vulnerability. In 2018, Maud was
the champion of deforestation in the Atlantic Forest. The
city deforested 14 hectares, according to Fundagio SOS Mata
Atlantica. The loss compromises the local environment, destroys
biodiversity, and impacts the protection of springs and the
generation and production of water for human consumption. In a
warming scenario, these conditions worsen people’s quality of life
and wellbeing.

Concerning precipitation, despite the differences in the
results of the projections, for the near future, all the models
indicate a decrease in the annual and monthly accumulated
rainfall, and Diadema and Sio Caetano do Sul stand out
with the most significant decreases, as simulated by the model
Eta-HADGEM?2_ES, for the most extreme emissions scenario.
TerraClimate also shows a slight decrease in rainfall for SCS and
Maud in autumn and spring. In the other municipalities, the
simulations show increases in precipitation, just like the CNRM-
CM6-1-HR model, for scenarios SSP2-4.5 and SSP5-8.5 in the time
slice 2071-2099.

Due to the lack of agreement on the increase or decrease in
precipitation, but with a greater tendency to decrease in the annual
and monthly scale, in the 2021-2040 time slice, which should not
rule out the occurrence of extreme events in short periods, the
municipalities must prepare to ensure access to safe drinking water
and access to adequate and equitable sanitation and hygiene for
all people.

Thus, as simulated by the models, Sao Caetano, Diadema,
and Maua are more susceptible to climate change. According to
simulations and scenarios, the hazard is current and tends to
increase until the end of the century.

frontiersin.org


https://doi.org/10.3389/fclim.2023.1127026
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Valverde et al.

It should be noted that each model presents its uncertainties
and limitations, but a scenario portrays different directions and
should guide the planner in his decision-making.

Still, in line with the climate lens, a second action is identifying
which neighborhoods should be more susceptible to climate
hazards. Although this is not the objective of this study, it is already
known that the frequency of floods and landslides in the ABC
Paulista is very high, especially in the rainy season.

The ABC region has already mapped the risk areas of each
municipality, which are most susceptible to flooding and landslides.
This mapping is continually updated, identifying the continuous
expansion of risk areas (Instituto de Pesquisas Técnicas, 2014; Canil
and Nogueira, 2018; Instituto Geoldgico, 2020). The causes include
heavy rains, unplanned urban occupation, or insufficient rainwater
drainage network.

However, despite knowing the most susceptible areas and alert
measures by the Civil Defense, the impacts are still severe, which
confirms the gaps in preparation or adaptation in response to
extreme events.

Every year in the rainy season, each municipality in ABC
Paulista experiences different impacts during extreme rain events.
The most extreme events recorded so far happened on April 6/7,
2017 (2h, 90 mm), November 23, 2018 (1h30-84.7 mm), March 10,
2019 (10h: 95.6 mm), and December 28, 2021.

On March 10-11, 2019, the municipalities of SA, SBC and SCS
were the most affected by the extreme rainfall event. In Santo André
and Sao Bernardo do Campo was recorded 95.6 mm and 110 mm,
respectively, in 10h. ABC region municipalities reported many
affected streets and neighborhoods and two drowning deaths in SA.
Across the ABC region, 12 deaths were reported, the vast majority
due to drowning and a house collapse in Ribeirdo Pires. In addition
to the deaths, many people were left homeless (Ferreira et al., 2019;
Santos et al., 2019).

Given this reality, adaptation plans must be constructed to
minimize the impacts of extreme variability, especially rainfall,
which already negatively affects the most vulnerable population.

For this reason, the methodology proposed by the OECD
(Organization for Economic Cooperation and Development)
(2009) must be followed, improving the study of the climate
threat by evaluating the extremes following the line of the climate
lens and then moving on to the other phases, which are: (b)
assessment of climate risk, (c) identification of adaptation and
resilience measures, (d) selection and prioritization of measures,
(e) implementation, (f) monitoring and evaluation and (g)
communication of the plan and its results.

4. Conclusion

National and international efforts to mitigate climate change do
not have shown any tangible effect on global greenhouse gas (GHG)
emissions or the practices that cause them.

The fight against climate change must be conducted mainly
at the local level, that is, as close as possible to the origin of the
problem and where its effects are felt (Bulkeley and Newell, 2015).

Thus, public policies in councils must advance to reduce
vulnerabilities and, consequently, risks, for which the applicability

Frontiersin Climate

10.3389/fclim.2023.1127026

of these policies requires urgency and commitment that involves
society and the region’s population. Thus, adaptation plans must be
an urgent priority in cities. ABC Paulista can become a pioneer in
this regard.

This study was intended to assist in preparing these plans in its
first phase, called “climate lens”. The projections of temperatures
(Tmax and Tmin) and precipitation of the Eta-HADGEM2_ES
and CNRM-CM6-1-HR models showed a consensus for increasing
maximum and minimum temperatures until the 21st century in
all municipalities and emission scenarios. The anomalies projected
by Eta-HADGEM2_ES are the largest, projecting an increase of
up to 7.4°C in Sdo Caetano do Sul for the RCP8.5 scenario. The
high spatial resolution of this model (5 x 5km) should influence
the accuracy of the projections. The CNRM-CM6-1-HR model
is one of the highest-resolution models of the CMIP6. However,
it is still coarse compared to the Eta-HADGEM2_ES, and the
temperature increase (5.1°C) was more expressive in the counties
of SCS and DIA for the SSP5-8.5 scenario for the period 2071-
2100.

However, for precipitation, there was a consensus for reduction
by climatic models in all scenarios and time-slices 2020-2040
and 2041-2070. The municipalities of Diadema (—78.4%) and
SCS (—78%) had the most significant reductions in December for
the RCP8.5 scenario. The CNRM-CM6-1-HR, on the other hand,
projected the highest rainfall deficit in December (-30.9%) in SCS
for the SSP5-8.5 scenario in the 2020-2040 time period.

The TerraClimate database validated with observed data
showed overestimations for precipitation and underestimations
for temperature. The validation is essential because these data
are widely used as terrestrial truths in regions without observed
data. Hence the importance of data validation, as was also done
for climate model simulations. TerraClimate’s warming scenarios
showed a consensus for temperature increase (Tmax and Tmin).
As for precipitation, it showed a reduction for some municipalities
(Mauda —4.7% in spring) and excess for others (Ribeirdo Pires:
24.8% and Santo André: 23.7%) for SWL4°C.

Thus, as simulated and projected, the increase in Tmax and
Tmin should influence the intensity of extreme heat events in the
ABC Paulista region. On the other hand, the reduction of rainfall
in the monthly and annual scale should not mean a decrease in
extreme daily events that cause floods and landslides. However,
it leaves an alert of water scarcity for the supply and demand of
the population.

It is important to emphasize the uncertainties of models and
emission scenarios. Climate models are invaluable tools, but we
must know their limits. Thus, the projected climate scenarios are
directions. They are not predictions of future events but show the
future in different directions based on driving forces. If it happens,
the decision maker must understand and be prepared to make the
best decisions.

Adaptation plans for ABC Paulista are necessary since each
municipality identifies the hazard in different proportions and
intensities. These results should contribute to the first phase of
the construction of an adaptation plan, giving a first vision of
the climate threat that should intensify by the end of the 20th
century. Municipalities with socioeconomic vulnerability, exposure
to extreme variability, and climate risks will be the most affected,

frontiersin.org


https://doi.org/10.3389/fclim.2023.1127026
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Valverde et al.

as already verified in several studies about ABC Paulista (Nogueira
et al., 2014; Valverde, 2017).

Future studies being developed for the ABC Paulista advance
in the other phases of the adaptation plan together with practical
mitigation actions at the local level.
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