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RESUMO

O Clima da Regido Nordeste do Brasil (NEB) tem sido intensamente estudado e analisado para a classificagdo climatica,
onde tem sido utilizado o indice de aridez do Programa das Nagdes Unidas para 0 Meio Ambiente (PNUMA) (1Aunep),
porém, sem resultados totalmente satisfatorios. As variaveis de entrada necessarias para seu calculo sdo a precipitacdo e
evapotranspiracdo potencial de referéncia (ETo). Todavia, embora as estacdes pluviométricas estejam bem distribuidas
no NEB nos registros das medicGes rotineiras de precipitacdo, estas estacdes ndo fornecem as variaveis necessarias para
a estimativa de ETo, entdo para o seu célculo ¢ utilizado a interpolacdo, mas isso pode gerar erros. Outra abordagem
objetiva para a classificacéo do clima é o método de Thornthwaite, baseado na determinacgéo do indice de umidade (Im),
cujo célculo também requer dados de estacBes meteoroldgicas. Assim, buscando solucionar a escassez de estacdes e
melhorar a distribuicdo espacial das informacOes sobre as variaveis meteoroldgicas no NEB, o trabalho teve como um
dos objetivos validar os dados da reandlise ERA5-Land do European Centre for Medium-range Weather Forecast
(ECMWF) e a anélise baseada em medidores unificados do projeto de precipitacéo diéria global do Center for Climate
Prediction/National Oceanic and Atmospheric Administration (CPC/NOAA). Apo6s a validacdo, foram desenvolvidas
classificacfes climaticas para o NEB usando os indices Aluner € Im. Observou-se que a classificacdo climatica de
Thornthwaite superestimou a aridez do NEB, enquanto o |Aunep tendeu a subestimé-la. Por esta razdo, um novo indice
de classificacdo climatica foi sugerido, denominado indice de aridez absolut (la), apresentando resultados satisfatérios.
Palavras-Chave: Terras Secas, Semiarido, Climas Umidos, ERA5-Land.

Classificacao do Clima para o Nordeste do Brasil utilizando dados de Reanalises
e Indice de Aridez Absoluto

ABSTRACT

The climate of the Northeast Region of Brazil (NEB) has been intensively studied and analyzed for climate classification.
The aridity index of the United Nations Environment Programme (UNEP) (AIUNEP) has been used for this purpose but
without satisfactory results. The input variables needed for its calculation are precipitation and reference potential
evapotranspiration (ET0). However, although rainfall stations recording routine measurements of precipitation are well
distributed in the NEB, they do not provide the necessary variables for estimating ETO. Therefore, an interpolation is used
to calculate ETO, but this can lead to errors. Another objective approach to climate classification is the Thornthwaite
method, which is based on the determination of the humidity index (Im), which also requires data from weather stations.
To overcome the problem of the lack of weather stations and to improve the spatial distribution of information on
meteorological variables in the NEB, one of the objectives of the present work was to validate the ERA5 reanalysis data
from the European Center for Medium-Range Weather Forecasts (ECMWF) and the Climate Prediction Center/National
Oceanic and Atmospheric Administration (CPC/NOAA) global daily precipitation uniform gage-based analysis project.
After validation, climate classifications for the NEB were developed using Aluner and Im. It was found that the
Thornthwaite climate classification overestimated drought in the NEB, while the 1Auner and In. It was observed that the
Consequently, a new climate classification index, called the absolute aridity index (la), was suggested, yielding
satisfactory results.

Keywords: dry lands; semiarid; humid climates; ERA5-Land.
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Introduction

The Northeast region of Brazil (NEB) is
located between latitudes 1° S and 18° S, which
could be a factor of great influence favoring an
adequate distribution and volume of rainfall. Yet,
the climatic conditions throughout its territory are
characterized by low rainfall rates, high spatio-
temporal variability in rainfall distribution, high
potential evapotranspiration rates arising from the
high number of sunshine hours (approximately
2700 hours/year), high mean annual air
temperatures (22-30° C), and prevalence of the
semiarid climate over a large area, corresponding
to 65% of the NEB, which contributes to climatic
vulnerability (Martins et al., 2019; Comin et al.,
2020; Da Silva et al., 2020; Marques et al., 2020;
Jardim et al., 2021; Costa et al., 2021). It is worth
noting that in addition to these climatic
characteristics, interannual climatic variability is
further enhanced in the semiarid area of the NEB
by the strong variability in precipitation, with years
of severe droughts and others of abundant rains
(Silva, 2004; Hastenrath, 2012; Campos, 2015;
Silva et al., 2020).

Due to the local climatic conditions, a
significant part of north-eastern Brazil is known as
the Brazilian Semi-arid region (SAB). It covers an
area of 1.128 million km? (13.2% of the total area)
and it is home to a population of 27 million people
(13.3% of the Brazilian population) living in 2,262
municipalities in ten states: Maranhdo, Piauli,
Cear, Rio Grande do Norte, Paraiba, Pernambuco,
Alagoas, Sergipe and Bahia, as well as the northern
region of the state of Minas Gerais (Brazil, 2017).

The Brazilian Semi-Arid is a region
delimited by the  Superintendéncia de
Desenvolvimento do Nordeste (SUDENE), taking
into account the prevailing climatic conditions of
the semi-desert, in particular, the irregular rainfall.
The criteria adopted by SUDENE are (1) average
annual rainfall equal to or less than 800 mm; (2)
aridity index from the United Nations Environment
Programme (UNEP) of up to 0.5, calculated using
the water balance, which relates precipitation and
potential evapotranspiration; (3) daily percentage
of water deficit equal to or more, taking into
account all days of the year (Brasil, 2017; IBGE,
2021).

Many studies have sought to understand
the causes of the high interannual climatic
variability in the NEB. It was observed that this
variability was related to that of the EIl Nifio-
Southern Oscillation (ENSO) and to sea surface
temperature (SST) anomalies in the Tropical

Atlantic Ocean (Hastenrath and Heller, 1977;
Moura and Shukla, 1981; Andreolli and Kayano,
2006; Alvesetal., 2009; Marengo et al., 2017; Lyra
et al., 2017; Erfanian et al., 2017; Correia Filho et
al., 2019; Costa et al., 2021), as well as to Pacific
Decadal Oscillation (PDO) and  Atlantic
Multidecadal Oscillation (AMO) (Kayano &
Capistrano, 2014; Kayano et al., 2019; Figliuolo et
al., 2020).

The climatic characteristics of the NEB,
namely, the long dry periods, the arid and semiarid
climate, and the difficult management of water
resources, are not decisive but contribute to the
social vulnerability and the worst Human
Development indices in the country (Sadeghi et al.,
2016; Lyra et al., 2017; Marengo et al., 2018;
Feindouno et al., 2020).

In this context, the Report of the Brazilian
Panel on Climate Change states that the high
evaporation rates and large year-to-year variability
in runoff cause a significant oscillation in surface
water availability in the NEB, creating a trend
towards greater degree of aridity and intense
interannual variability in the future climate of this
region (Ribeiro & Santos, 2016). This raises
concerns about the social situation of the
population. Similar results were described in the
fifth report of the Intergovernmental Panel on
Climate Change (IPCC); the volume of rainfall in
Northeast Brazil is expected to decrease by about
20% in 2100, but the IPCC is not categorical due to
the low confidence levels generated by the current
discrepancies between climate models for much of
Brazil (IPCC, 2014).

According to Martins et al. (2017), the
drought that started in 2012 in the NEB and lasted
until 2017 was the period that represented the most
critical quadrennium in terms of annual totals. It is
emphasized that Martins et al. (2017) only had data
available until 2017, but the drought continued
until 2018 (ANA, 2018). Since 1911, there have
been two droughts of three years' duration (1930-
32; 1941-43), two of four years' duration (1951-54
and 2012-2015) and one of five years' duration
(1979-83). As a result, the effects of drought have
worsened during this period.

According to Santana and Santos (2020),
the prolonged drought that affected the Northeast
region between 2012 and 2018 had a significant
impact on the performance of agricultural
activities, especially in the semi-arid part. There
was a sharp drop in production (and therefore
productivity) of most crops typical of family
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farming. In some municipalities, negative
deviations of more than 90% were observed at the
beginning of the drought despite maintenance and
alterations in part of the productive activities. It is
worth mentioning that Santana and Santos (2020)
analyzed the impact of the drought in the period
from 2012 to 2017. However, the drought
continued until 2018 (ANA, 2018).

Large-scale disasters have been recorded
as a result of climate change and instability all over
the planet, including changes in water resources
and temperature, heavy rains, and intense droughts
that affect agriculture over the years (Marengo &
Bernasconi, 2014; Campos, 2015; Soares et al.,
2021). Recently, Marengo et al. (2020) analyzed
the projections of vegetative stress conditions
based on the Vegetation Health Index (VHI) and
indicated that semi-desert and arid conditions will
replace the Caatinga in 2100 and the NEB may be
one of the Brazilian regions most impacted by
climatic variations. Considering the current
socioeconomic scenario, it is anticipated that
vulnerable rural populations living in the semiarid
region will be more intensely affected, as it was the
case in the last extensive drought in the region
(2012-2018), the most extreme in the last 50 years.
This event caused several problems to local
populations, such as loss of crops and animals,
reduced income, among others (Marengo et al.,
2017; Marengo et al., 2020; Pontes Filho et al.,
2020; Brito et al., 2021).

Despite the real need for knowledge on the
climatology of the NEB, the absence of long-term,
high quality and flawless meteorological
observations and the low density of weather
stations pose an obstacle to this type of studies (De
Pauw et al., 2000). To compensate for the lack of
spatio-temporal data, other meteorological data
sources have been developed and constantly used,
such as satellite-based data, global and regional
numerical forecast models, and atmospheric
reanalysis, whose potential has already been
explored in several studies (Pelosi et al., 2016;
Negm et al., 2017; Chirico et al., 2018; Medina et
al., 2018; Jiang et al., 2019; Gleixner et al., 2020;
Longo-Minnolo et al., 2020; Vanella et al., 2020;
McNicholl et al., 2021; Minnolo et al., 2022; Wu et
al., 2022).

Matsunaga et al. (2023) compared
precipitation data from CPC/NOAA with those
from meteorological stations in Bahia, affirming
that CPC/NOAA data represent station
observations well. Sales et al. (2023) validated
ERAS5-Land and CPC/NOAA reanalysis data with
meteorological station data to perform climate

classification of the Northeast region of Brazil. The
results showed satisfactory statistical outcomes and
adequately represented the observed data,
obtaining spatial classifications according to the
physical and climatic characteristics of the region
concluding that ERA5-Land and CPC/NOAA
precipitation data are reliable and can be used in the
absence of observed or doubtful data, for climatic
and environmental studies and analyses in the
NEB.

Atmospheric reanalysis has attracted
growing interest in the last decade due to its
potential to provide comprehensive information
and consistent time series Tarek et al., 2020). The
ERAS5- the fifth-generation reanalysis product of
the European Center for Medium-range Weather
Forecast (ECMWF) — is one of the most used
reanalysis dataset. ERA5 assimilates a broad range
of measured and remote sensing atmospheric and
oceanic information within a physical-dynamic
environment of a coupled numerical model (Poli et
al., 2016). One of the main advantages of using
reanalysis is that the data do not depend directly on
the density of terrestrial observational networks,
offering the possibility to obtain variables in areas
with little and/or no surface coverage, in addition
to being an efficient data source for studies aimed
at the planning and design of management of water
resources and energy (Tarek et al., 2020; Pelosi et
al., 2020; Ruiz et al., 2021; Wu et al., 2022).

Thus, ERA5-LAND reanalysis data
represent a powerful tool for climatic studies in
Brazil, offering a wide range of high-resolution
information on meteorological and climatic
variables. These datasets provide a solid
foundation for detailed analyses and modeling of
climatic processes at regional and local scales.
Authors such as Silva et al. (2023), Santos et al.
(2023), Oliveira et al. (2023), and Costa et al.
(2023) have demonstrated the potential of these
data to investigate specific climatic phenomena
such as precipitation patterns, extreme events, and
seasonal changes in Brazil. Additionally, recent
publications by authors such as Pereira et al. (2024)
and Lima et al. (2024) suggest that the continuous
use of these reanalysis data is essential for
advancing our understanding of regional climate
patterns and their impacts.

The global atmospheric model is used in a
data assimilation system in which information from
various meteorological sources in the world, such
as weather radars and satellites, is gathered.
ECMWEF data, for example, including information
on several meteorological variables, are provided
by the meteorological bank of the Joint Research
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Center of the European Commission for download
(Moraes et al., 2014; Couto et al., 2015; ECMWF,
2021).

Another widely used dataset is the one
from the CPC unified gauge-based analysis of
global daily precipitation project, which is ongoing
at CPC/NOAA. It should be noted that this dataset
has a consistent quantity and improved quality,
combining all information sources available at
CPC/NOAA, covering the entire globe with
horizontal resolution of 0.5° generated through
objective interpolation analysis techniques (Chen
et al., 2008).

One of the greater challenges in studies of
the climate of the NEB is the delimitation of arid
and semiarid areas. They are areas with a high
degree of aridity located between two humid
regions: the Amazon Forest to the west and the
Atlantic Forest to the east (Sobral-Souza et al.,
2015; Castro et al., 2019). Brazilian government
agencies have used a set of criteria to demarcate the
boundaries of arid and semiarid lands (Jesus et al.,
2019; Jesus, 2021; Oliveira and Castro, 2021). The
aridity index of the United Nations Environment
Programme (UNEP) (Aluner) is one of these
criteria. The input variables needed for calculation
of the Aluner are precipitation and reference
potential evapotranspiration (ETo). However,
although rainfall stations that record routine
measurements of precipitation data are well
distributed in the NEB, weather stations that
provide the set of variables necessary for the
estimation of ET, are scarce. When weather
stations are absent at a given location, the ETovalue
is interpolated, which can lead to errors. Another
objective approach of climate classification is the
Thornthwaite method, which is based on the
determination of the moisture index (Im), whose
calculation also requires weather stations data.
Therefore, reanalysis information represents a
plausible alternative to overcome the scarcity of
weather station data. However, the reliability of
reanalysis information depends on its validation.

Thus, this work aims to validate ERA5-
Land and the CPC/NOAA reanalysis data with
weather stations data and then provide a climate
classification for the NEB using the effective
moisture index proposed by Thornthwaite (1948)
and the UNEP aridity index (Middleton & Thomas,
1992; 1997), as well as propose the use of a new
index called “absolute aridity index”. The ETy

values used for the calculation of these indices were
estimated by the full-form Penman-Monteith-FAO
mathematical model developed by Allen et al.
(1998) and recommended by the Food and
Agriculture Organization (FAO).

Itis important to highlight that Xavier et al.
(2022) conducted a fruitful work of reanalysis data
of maximum and minimum air temperature,
precipitation, solar radiation, relative humidity and
wind speed at 2 m height over the entire territory of
Brazil for the period from 1961 to 2020 using a grid
of 0.1° x 0.1°, constituting an excellent dataset for
climate and agroclimatic studies. However, ERA5-
Land and CPC reanalyses are updated in near real
time, while those provided by Xavier et al. (2022)
are not routinely updated. Therefore, the use of
ERA5-Land and CPC reanalyses is very useful in
environmental studies on the territory of Brazil.

Materials and methods

The work is divided into the following
stages: definition of the study area, data collection,
validation with statistical analysis, and climate
classification of the entire study area using ERA5-
Land and CPC/NOAA atmospheric reanalysis data.

Study Area

The study area is the NEB, which includes
the states of Maranhdo, Piaui, Ceara, Rio Grande
do Norte, Paraiba, Pernambuco, Alagoas, Sergipe,
and Bahia. In order to validate the reanalysis data,
88 weather stations of the National Institute of
Meteorology (INMET) distributed in the NEB and
recording hourly data (1981-2019) were surveyed.
After a one-by-one examination, data from only
five of the 88 stations were suitable for use. They
were the stations from the municipalities of
Cruzeta — RN (6.43°S, 36.79°W, 226m), Palmeira
dos indios — AL (9.42°S, 36.62°W, 278m), Piripiri
—PI(4.28°S, 41.79°W, 158m), Morro do Chapéu —
BA (11.55°S, 41.15°W, 1002m), and Recife — PE
(8.06°S, 34.96°W, 7m). The spatial distribution of
these stations is shown in red dots in Figure 1. The
other stations had a large number of missing data,
making them inconvenient for validating reanalysis
data.
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Piaui, CE — Ceara, RN

Rio Grande do Norte, PB — Paraiba, BA — Bahia, AL — Alagoas, SE — Sergipe, PE — Pernambuco).

The five selected weather stations were the
ones that presented the longest period of collected
data (2000-2016) with the fewest possible flaws,
and thus can be used without compromising the
validation of reanalysis data. Thus, the study period
was 2000-2016.

Data

Daily precipitation (mm), total insolation
(hours), and minimum (°C) and maximum (°C)
temperature data from the INMET weather
stations, as well as data at synoptic hours, were
used. From these data, we calculated the mean
daily temperature (°C), relative humidity (%), and
wind speed (m/s). ERA5-Land air temperature
(°C), dew point temperature (°C), surface solar
radiation balance (J/m32), surface longwave
radiation balance (J/m?), wind speed (m/s), and
rainfall reanalysis data with a spatial resolution of
0.1 x 0.1 degrees, for the same period mentioned
above, were retrieved. CPC/NOAA rainfall data

with a spatial resolution of 0.5 x 0.5 degrees were
used (Chen et al., 2008).

In a first analysis, it was observed that
ERA5-Land reanalysis data were not able to
capture the rainfall values of the wettest period in
the semiarid region of the NEB. In turn,
CPC/NOAA rainfall data successfully captured the
observed data. The monthly rainfall for the Cruzeta
— RN station (6.43° S, 36.58° W) in the period
2000-2016 according to the three data sources
(weather station, ERA5-Land, CPC/NOAA) is
shown in Figure 2. It can be observed that the
monthly climatology from CPC/NOAA data in the
wettest period follows that of the weather station,
while ERA5-Land data show lower values. Lavers
et al. (2022) analyzed the ability of ERA5-Land
data to capture observed precipitation across the
globe and found relatively good efficiency in
extratropical zones, but low efficiency in the
tropics. Therefore, our results in the present study
for the NEB agree with those of Lavers et al.
(2022).
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Figure 2. Climatological normal precipitation (mm) (2000-2016) from ERA5-Land, CPC/NOAA, and

Cruzeta - RN (INMET) weather station data.

For the ERA5-Land data, it was necessary
to calculate the wind speed (ws, in m/s) from the
components u (longitudinal component parallel to
the x-axis) and v (latitudinal component parallel to

the y-axis) using the equation ws = vu? + v%
Wind speed data of the reanalysis products at 10 m
were converted to 2 m according to the equation
proposed by Allen et al. (1998).

Climatological means were calculated for
all variables from the three different sources for the

Python programming language were used for the
calculations. As the ERA5-Land and CPC/NOOA
dataset had, respectively, a 0.1 and 0.5-degree
spatial resolution, mean values at the scale of 0.5°
in latitude and longitude were obtained through the
Python 3.8 programming language during the
manipulation of reanalysis data, covering the
whole territory of the study area. Thus, a total of
505 grid points were generated, as illustrated in
Figure 3, representing 5.74 times the number of

period 2000-2016. Microsoft Excel 2019 and the INMET stations distributed in the study area.
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The climatology was estimated for the
period 2000-2016 at each point and then the
climatic classification was calculated. Figures were
prepared by the interpolation of data using the
Surfer 8.1 software.

Calculation of reference evapotranspiration - ETo

After manipulation of the data for
climatology, reference evapotranspiration (ETO)
values were estimated using the full-form Penman-
Monteith-FAO mathematical model proposed by
Allen et al. (1998) and recommended by FAO.

Climate classification

After estimating ETO, the following
climatic indices were calculated: Humidity Index
(Ih), Aridity Index (la), Im proposed by
Thornthwaite (1948), and AIUNEP (Middleton &
Thomas, 1992; 1997).

These indices were calculated using serial
water balance values according to the model
proposed by Thornthwaite & Mather (1955) and
developed in a Microsoft Excel spreadsheet by
Rolim et al. (1998).

Table 1 shows the climate classes
according to the AIUNEP limit values. It is
noteworthy that this index has been used to detect
areas subject to desertification processes,
according to the definition of the United Nations.

Table 1. Climate classification according to
Alynep.

Aridity index Climate classes
Aluner >1.00 Humid

0.65 < Alyner <1.00 Moist subhumid
0.50 < Alyner <0.65 Dry subhumid

Table 2. Climate classification according to Im.

0.20 < Aluner <0.50 Semiarid
0.05 < Aluner <0.20 Arid
Aluner < 0.05 Hyperarid

Source: Adapted from Middleton & Thomas
(1992).

Table 2 shows the classification of the
climate type according to the In.

Moisture index Climate type
Imn>100 Perhumid
80 <In <100 Humid 4
60 <1n <80 Humid 3
40 <In <60 Humid 2
20 <In<40 Humid 1
0<In<20 Moist subhumid
20<In<0 Dry subhumid
-40 <In<-20 Semiarid
-60 <In <-40 Arid

Source: Adapted from Thornthwaite (1948).

In addition to the climatic classifications
based on the Aluner and Im, a classification was
made using a new index called ‘absolute aridity
index’ (Ia), which is the ratio between ET, and
total annual precipitation. We propose a climatic
classification based on this index as presented in
Table 3.

Table 3. Proposed climate classification using lap.

Absolute aridity index Climate type
lab > 12.00 Hyperarid
3.50 <Iab < 12.00 Arid
1.80 <Iab <3.50 Semiarid

1.35 <Jab<1.80 Dry subhumid
1.00 <Iab<1.35 Moist subhumid
0.40 <Iab <1.00 Humid

Iab < 0.40 Hyperhumid

The threshold 14 values discriminating
climate types in the newly proposed classification
were chosen based on a solid justification. Values
equal to 1.00 indicate that the precipitation is equal
to ETo and, thus, areas with 1y equal to or lesser
than 1.00 present a climate classified as humid,
since the precipitation is greater than the
evaporative demand of the atmosphere. However,
when precipitation is equal to or 2.5 times higher
than ET,, there is a moisture surplus of at least 1.5
times the evaporative demand of the atmosphere
over a year and, thus, areas with I, values lower or
equal to 0.40 present a climate classified as
hyperhumid. On the other hand, I values greater
than 1.00 indicate that annual precipitation is lower
than ET,, that is, the area presents a non-humid
climate. However, when ETy is greater than the
precipitation but the I, does not exceed 1.35, the
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climate is classified as moist subhumid, since the
annual precipitation is at least 74% of EToand there
are rainy and dry seasons throughout the year.
Therefore, it is likely that there is a water surplus
during the rainy season, which results in a dry
season without major water deficit, making the
climate not dry, but rather moist subhumid. In this
context, it is better to classify dry climates as those
in which Iy, is greater than 1.35. However, as
recommended by UNEP (Middleton & Thomas,
1992; 1997), it is convenient to present four types
of dry climates: dry subhumid, semiarid, arid, and
hyperarid.

In cases in which the total annual
precipitation is 55% lower than ETo, with Il
greater than 1.80, the climate has a high degree of
aridity, with little or no water surplus throughout
the year, which does not characterize a subhumid
climate, not even a dry subhumid climate.

Therefore, the dry subhumid climate is one in
which Iy, values are between 1.35 and 1.80 (Table
3). Following this conjuncture, a semiarid climate
is one in which I, values are greater than 1.80 but
lower than or equal to 3.5, because when ETgis 3.5
times higher than precipitation, the degree of
aridity is quite high and water deficit is likely to
occur throughout the twelve months of the year,
which leads to the classification of arid climate.
Finally, in areas where I, is greater than 12, there
is an extremely high degree of aridity, which
produces a hyperarid climate (Table 3).

We used available water capacity (AWC)
values specific for each type of soil in the
municipalities of the NEB provided by ANA
(2021), whose spatial configuration is shown in
Figure 4.
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Figure 4. Soil available water capacity (mm) in Northeast Brazil.
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Validation

Statistical parameters, mean absolute
percentage error (MAPE), mean absolute error
(MAE), root mean square error (RMSE), and
standard error of estimate (SES), and Pearson
correlation coefficient (r) were used to validate the
data and analyze the results. Temperature,
precipitation and wind speed data were validated
from the five INMET weather stations that
presented the lowest number of flaws in the period
2000-2016 were analyzed in order to validate the
ERAS5-Land and CPC/NOAA data.

Precipitation from CPC/NOAA was the
variable that presented the highest MAE, RMSE
and SES values, precisely because it was the one
with the highest seasonal, interseasonal and
interannual variability. However, it was observed
that precipitation presented good correlation
indices in all municipalities, with r > 0.95,
indicating that CPC/NOAA reanalysis can be used
in the absence of data.

One of the studies developed by Sena et al.
(2012) compared rainfall data from the
CPC/NOAA project with observed rainfall data for
the Cariri region of Paraiba during the period 1979-
2010 and the results showed a good correlation
between the series, with coefficients varying from
0.58 t0 0.89, all significant at 95% confidence. The
CPC/NOAA data were also able to reproduce well
the rainiest trimester, between the months of
February and April in the study area, with a margin
of error of less than 20%, which can be considered
relatively small considering the great variability
found in precipitation.

Cardoso & Quadro (2017) analyzed the
performance of new-generation CPC precipitation
data for the Southern region of Brazil, comparing
them with observational data from National Water
Agency (ANA) and INMET weather stations. The
CPC data showed good accuracy when compared
to INMET and ANA observational data, and
regarding seasonality, the CPC data showed better
performance in all statistical parameters evaluated.

Wind speed and temperature presented
relatively low MAE, MAPE, RMSE, SES values
and high correlation coefficients, indicating that
ERAb5-Land reanalysis can be used to estimate
these variables in the NEB. Aradjo et al. (2022)
statistically analyzed ERA5-Land reanalysis air

temperature estimates with surface data for the
state of Pernambuco and concluded that ERA5-
Land reanalysis estimates agree well with weather
station-based data in almost the entire state,
showing accuracy with r? = 0.98 and RMSE = 0.60
°C.

Lompar et al. (2019) tested the use of
temperature data from ERADS reanalysis to fill gaps
in serially meteorological data for different
landscapes, latitudes and altitudes, including
tropical and mid-latitudes. An evaluation of the
results was performed in terms of RMSE obtained
using hourly and daily data. The study showed very
low mean RMSE values, ranging from 1.1 °C
(Montecristo, Italy) to 1.9 °C (Gumpenstein,
Austria), what indicates that ERA5 data can be
used to fill in temperature gaps in case of lack of
temperature data.

Siefert et al. (2021) also evaluated the
performance of 3 reanalysis products (ERADS,
GLDAS 2.1, and MERRA-2) for surface wind
speed data on a daily scale based on observational
data from 521 weather stations for the period 2000-
2018 in Brazil. Among the three products, ERA5
was more accurate for the country’s climate zones
in terms of mean trends and seasonality. Fernandes
et al. (2021) compared ERAS5 atmospheric
reanalysis wind speed data with wind observations
from three coastal regions of Brazil: Maranhdo,
Santa Catarina, and Santos Basin. The results
demonstrated that ERA5-Land is well suited for
daily to monthly scale analysis of wind speeds,
with r > 0.74, but the resolution of the current
model precludes a close representation of the
diurnal variability in places where the sea breeze is
an important component of the circulation.

Jiang et al. (2019) analyzed the deviations
of ERAS5-Land hourly radiation data when
compared to in situ measurements from 98 sites in
China and showed that the reanalysis estimates
correlated well with the ground observations and
fully reflected regional and daily variations at
individual sites.

Therefore, in view of the statistics found in
our study and the data presented in similar previous
studies, reanalysis data can be used to supply
missing data from weather stations, emerging as an
alternative to carry out and improve studies on
climate change that depend on long-term data
series, as for example in the NE.
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Results and discussion

Evapotranspiration and Precipitation

The mean monthly Penman-Monteih-
FAO ETy estimates (mm/month) for the period
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2000-2016 obtaind using ERA5-Land and station-
based data are presented in Figure 5a and 5b,
respectively.
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Figure 5. Monthly Penman-Monteith-FAO ET estimates (mm) calculated with ERA5-Land (A) and weather

station (B) data.

In general, the values obtained were very
close, presenting the same behavior throughout the
months of the year. The highest and lowest values
in the different months could be identified and
represented. A strong correlation was found, with r
> 0.95, for the five locations, confirming the
efficiency of ERAS5-Land reanalysis data when
observational data for ET, calculation are absent.

Ismael Filho et al. (2015) proved that
temperature and radiation are the two variables
with the greatest direct effect on evapotranspiration
estimates, in line with the works of Lompar et al.
(2019) and Jiang et al. (2019) who demonstrated
the reliability of temperature and radiation data
from ERAb5-Land. Furthermore, the behavior of
ETo in Figure 5a and 5b allows us to conclude that
ERA5-Land data can be reliably used in the
absence of observational data.

Similar research carried out by Paredes et
al. (2021) evaluated the accuracy of daily Penman-
Monteith-FAO ET, estimates using shortwave
radiation data (Rs) and ERA5-Land temperature
provided by ECMWF when station data were not
available. Paredes et al. (2021) used data from 37
weather stations distributed on the mainland of
Portugal, where climatic conditions vary from
semiarid to humid, and 12 weather stations located
on the Azores islands, characterized by humid,
windy and often cloudy conditions, were used for
validation. In general the results showed a good

accuracy when ETo was calculated using ERA5-
Land variables, with acceptable RMSE values
andr > 0.8 in most locations, allowing the
authors to conclude that the use of this product was
a good alternative when observed meteorological
data were not available; however, despite the good
usability of the ERAS5-Land product, further
research on its application is still needed.

Vanella et al. (2022) statistically assessed
the reliability and consistency of the global ERA5
single levels and ERA5-Land reanalysis datasets to
calculate ETo, estimates by comparing them with
agrometeorological data from 66 weather stations
for the period 2008-2020 under different climates
and topographies in Italy. A good general
agreement was obtained between ET, estimates
and station data on a daily and seasonal time scale,
especially under temperate climate conditions, with
slightly higher accuracy values for ET, estimates
using the ERA5-Land product. This confirms the
potential usefulness of reanalysis datasets as an
alternative data source to estimate ETy,
overcoming the unavailability of observational
data.

Figure 6a and 6b show the mean annual
spatial configurations of ET, (mm/year) and
precipitation (mm/year) in the NEB, respectively,
using ERA5-Land data (ETo) to estimate ET, and
CPC/NOAA data to estimate precipitation.
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Figure 6. Spatial configuration of ET, (A) and precipitation (B) (mm/year) in the NEB.

As shown in Figure 6a, maximum ETg
values were found in part of the hinterland of the
states of Rio Grande do Norte, Paraiba,
Pernambuco, Ceara, Piaui, and Bahia,
consequently associated with high levels of solar
radiation, low relative humidity and low level of
precipitation (Figure 6b), creating specific
conditions of semiarid and even arid climates. The
ET, values found here are similar to those found in
other works. For example, Junior & Bezerra (2018)
found a total mean annual ET, estimate in
Northeast Brazil of up to 2098.0 mm for the
western region of the state of Rio Grande do Norte,
Paraiba, Pernambuco, southern Ceara, eastern
Piaui, and part of northern Bahia.

CPC/NOAA data were able to represent
well the spatial configuration of the precipitation
data (Figure 6b), following the pattern presented by
INMET and researchers such as Nobre and Molion
(1988) and Marengo et al. (2011). With this
dataset, it was possible to identify specific points
of higher precipitation in some locations whose
surrounding areas present lower precipitation, such
as central Bahia and southern Ceara State,
corresponding to the location of the Chapada
Diamantina in the former and Chapada do Araripe

in the latter, which are two high-altitude mountain
regions.

Climate Classification

After the validation of the reanalysis data,
the climatic indices Iy, . and I, and the Aluner Were
calculated for the study area, the latter being the
one currently used for the climatic classification of
the Brazilian semiarid region.

The climate classification using Alunee is
shown in Figure 7. This index was apparently able
to represent well the transition between climate
types of the coastal region and the hinterland, that
is, from humid to semiarid. The largest highlighted
area corresponds to the semiarid region, with
834,448 kmz2, representing 53.8% of the total area
of the NEB (1,552,175 km?). Similar results were
found by Sales et al. (2021), who carried out a
climate classification for Northeast Brazil using
INMET 1981-2010 climatological data and the
Aluner calculated using ETo estimates by the
Penman-Monteith-FAO equation. They found a
total area of 812,026.9 km? of semiarid climate, a
value very close to that obtained in the present
study.
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Figure 7. Climate classification for the NEB according to Alunep.

A small arid area of 3,800 km2 can be
observed in the map, inserted in the Submedium
mesoregion of the S8o Francisco River (Figure 7).
This region has specific characteristics of high
temperature and evapotranspiration and irregular
precipitation, with an annual mean of less than 500
mm (Figure 6b). When comparing Figs. 6a and 6b
with Figure 7, it appears that the area classified as
presenting arid climate is very small and possibly
does not represent the regional reality, as in Figure
6b a large area on the border between Pernambuco
and Bahia is observed, extending from Piaui to the
border of Bahia with Alagoas and Sergipe, where a
high reference potential evapotranspiration is
observed (Figure 6a). Therefore, the arid area along
the Pernambuco-Bahia border likely extends from
Piaui to the Bahia-Sergipe border, and not in an
isolated core as shown in Figure 7. Thus, the arid
area in the NEB is greater than that depicted in
Figure 7. The climate classification based on
Aluner values in Figure 7 for the central area of the
NEB led to an underestimate of the arid climate in
relation to reality. However, in the vicinity of

Salvador, in the central part of the coast of Bahia,
there is a moist subhumid climate (Figure 7), but
the mean annual rainfall in this area is greater than
2000 mm/year (Simdes, 2017) and the climate is,
thus, humid. On the other hand, it is still possible
to observe that the calculation of Aluner with
ERA5-Land and CPC/NOAA data allowed to
detect areas with a dry subhumid climate in central
Bahia and southern Ceard, precisely where the
Chapada Diamantina and Chapada do Araripe are
located, two mountainous regions with high
altitudes and mean annual precipitation higher than
the surrounding areas.

Lopes et al. (2017) found similar results
shown in Figure 1.5. They performed the
calculation of the Aluner and analyzed climate
trends towards desertification in the semiarid
region of the NEB from 1961 to 2015 and detected
statistically significant trends of increasing aridity,
leading to the conclusion that this region of Brazil
may become highly prone to desertification.

The climate classification based on In is
presented in Figure 8. In this classification, the area
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with arid climate (363,919 km?) was 95.8 times
larger than that found with Aluner (3,800 km?). The
largest highlighted area (692,385 km2) still
corresponds to the semiarid region, representing
44.6% of the total area of the NEB, but 17%
smaller than the area found with Aluner (834,448
km?). Further, in relation to the classification based
on Aluner, there is an increase in the semiarid

region in the state of Maranhao and the coast of the
state of Ceard, and a decrease in the area with dry
subhumid climate (Figure 7 and 8). Similar results
of those shown in Figure 8 were obtained by other
researchers such as Marcos Junior (2018), Jesus et
al. (2019), Sales et al. (2021), and Oliveira et al.
(2021).
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Figure 8. Climate classification for the NEB according to Im.

This increase in the arid region according
to Im (Figure 8) in relation to Aluner (Figure 7) is
due precisely to the high levels of ET, and low
precipitation in this region (see Figure 6a and 6b)
and consequent higher water deficit. However, in
the central part of Ceard, in part of the border
between Ceara and Piaui, and on the western
border of Paraiba with Pernambuco, rainfall is
higher than that of the Pernambuco-Bahia border,
and in these same areas the reference potential
evapotranspiration is lower than that of the
Pernambuco-Bahia border. Evidently, these areas
do not have the same climate. Thus, Thornthwaite
climate classification produced an overestimation
of the arid climate in relation to reality. Similarly,
according to this classification, the climate in the

southeastern coast of Bahia fell into the moist
subhumid category, but this area is actually known
to have a humid climate (Sambuichi & Haridasan,
2007; Simdes et al., 2017; Mencia et al., 2017;
Mencia et al. al., 2021). Overall, the classifications
based on Aluner and I generated different climates
in many areas of the NEB. However, comparing the
configurations of these two climate classifications
(Figure 7 and Figure 8) with that shown in Figure
6a and 6b, it is not possible to determine which of
the two best represents the climate of the NEB,
especially concerning the extent of the arid area,
which is large according to In but very small
according to Aluner. Therefore, in the present
work, a new index, the la, is proposed.
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The climate classification based on la is
presented in Figure 9. It is observed that the
classification with this index was able to represent
very well the climate types of the NEB, respecting
the climatic transition from the coast (humid) to the

central part (arid), as well as, from the central part
to the northwest, in the border with the Amazon
Forest, describing with good reliability the
transition from arid to humid climates.
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Figure 9. Climate classification for the NEB according to l.

Two areas classified with arid climate are
observed in Figure 9: a small area in the center-
north region of Rio Grande do Norte and other in
the Submedium mesoregion of the S&o Francisco
River and its surroundings, covering totaling a total
of 128,940 km? in areas of the states of Bahia,
Piaui, and Pernambuco, which represents 8.3% of
the territory of the NEB. In Piaui the arid area is
found in the high and medium Canindé
microregion; in Pernambuco, in the Submedium
mesoregion of the S&o Francisco River; and in
Bahia, in the region known as Raso da Catarina.
Comparing Figs. 6a and 6b with Figure 9, it is
observed that the degree of aridity — which leads to
the classification of the climate as arid — presented
in Figure 9 is consistent with the reference
evapotranspiration (Figure 6a) and precipitation

(Figure 6b) fields. It is noteworthy that these areas
are known to be very dry and present high degree
of aridity, especially the Raso da Catarina (Conti,
2005; Lucena et al., 2016; Lopes et al., 2017). The
center-north region of Rio Grande do Norte, which
corresponds to the Angicos microregion, is also
known for its high degree of aridity, with rainfall
below 500 mm/year and reference
evapotranspiration above 2000. These
characteristics were also observed by Diniz &
Pereira (2015). Thus, important differences are
seen in the extent of the arid climate obtained by
the three methods. When using Aluner and I, arid
areas cover 0.25% and 23.4% of the total area of
the NEB, respectively, while this percentage is
found to be 8.3% when using the ls. In their
analysis of areas of the NEB that have the highest
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degree of susceptibility to desertification, Lopes et
al. (2017) found an area that is greater in relation to
the aridity indicated by Il and lower than that
indicated by launer. Therefore, it is observed that
Aluner underestimated and I overestimated the
size of arid areas in the NEB.

The climate classifications with Alunep
(Figure 7) and la (Figure 9) detected very similar
areas with semiarid climate, namely, 833,448 km?
and 823,032 km2, representing 53.7% and 53% of
the total area of the NEB, respectively,
corresponding to a difference of only 0.7%
between the two indices. In turn, the semiarid area
obtained with I, represented 44.6% of the area of
the NEB, since part of the areas with semiarid
climate was estimated to have arid climate.
Regarding the dry subhumid climate type, the areas
obtained with the three methods, b, Aluner and I,
were very close, representing 18.2% (282,759
km?), 17.3% (268,063 km?) and 19.4% (301,741
km?) of the total area of the NEB, respectively. On
the other hand, the estimated areas with moist
subhumid climate varied: 218,044 km? (14.0% of
the NEB) with lap, 346,483 km? (22.3% of the
NEB) with Alynep, and 129,184 km? (8.3% of the
NEB) with In. The areas classified as presenting
humid climate presented very similar values

Conclusion

The statistically satisfactory results of the
validation of ERA5-Land and the CPC/NOAA
reanalysis  temperature, wind speed and
precipitation data carried out in the present study
demonstrate that these reanalysis data can be used
safely in the absence of observed data.
Precipitation showed the highest MAE, RMSE and
SES values, obviously because among the analyzed
variables, this is the one with the highest
interseasonal and interannual variability. However,
precipitation showed good correlation indices in all
municipalities, with r > 0.95. Regarding the
variables air temperature and wind speed, with the
exception of wind speed data from the Recife — PE
station, the MAE, RMSE, SES values and the
correlation coefficients indicated that the ERA5-
Land and CPC/NOAA reanalysis data can be used
to estimate these variables in the NEB.

As for ETo estimates using ERA5-Land
reanalysis and weather station data, the values
showed a strong correlation, with r > 0.95 for the
five locations, with very close results, making it
possible to identify the highest and lowest ETg
values in the different months of the year and, thus,
confirming the efficiency of using the ERA5-Land

according to la (99,400 km?) and Aluner (100,381
km?), representing 6.4% and 6.5% of the total area
of the NEB, respectively. In turn, according to Inm,
the humid climate covered 65,946 km?, which
corresponds to 4.2% of the area of the NEB.

An interesting result is the classification of
the climate on the coast of the border between the
states of Alagoas and Sergipe as dry subhumid
observed with the use of the three indices (Figure
7, 8 and 9). Marengo et al. (2019) described
remnants of savanna vegetation near the coast of
the border between the states of Alagoas and
Sergipe, and Cantidio and Souza (2019), in their
study on Atlantic Forest, described areas of
Caatinga in that region too. Another commonality
among the three indices is that the semiarid climate
type occupied the largest area compared to the
other climate types, covering 53.8%, 44.6% and
53.0% of the total area of the NEB according to the
Alunep, Im and lap, respectively.

Thus, our results showed that climate
systems based on I, and Aluner presented a
tendency towards more arid and more humid
climates, respectively, in relation to reality, while
the I, proved to be more robust for a more accurate
classification of the climate.

reanalysis data when observed data are not
available for the calculation of ETo,

The results obtained in the statistical
analysis indicate that ERA5-Land and CPC/NOAA
data can be used in the absence of reliable
observational data, emerging as an alternative to
solve problems related to the terms of temporal and
spatial coverage of data in the NEB. Comparisons
with observed data are fundamental for the
identification of uncertainties in their use in studies
addressing  agricultural, climatological and
hydrological simulations on the Brazilian territory.

Regarding the climate classification, both
Aluner and Iy represented well the transition of
climate types from the coastal region to the
hinterland, from humid to arid. However, in
general, in transitional areas between climate types,
the classification based on Aluner Showed a trend
towards more humid climates, while the one with
Im showed a trend towards more arid climates.

In turn, the use of the Il is safe and
indicated for climatic classifications mainly of dry
lands, as it was able to clearly represent the
different types of climates of the NEB, especially
the arid, semiarid and dry subhumid climates.

1492

Sales, E. S. G.; Matsunaga, W. K.; Braga, C.C.; Sakamoto, M. S.; Lucena, D. B.; Brito, J. I. B.; Arraut, J. M



Revista Brasileira de Geografia Fisica v.17, n.03 (2024) 1478-1500.

Acknowledgments

The authors would like to thank the
Coordination for the Improvement of Higher
Education Personnel (CAPES) for funding this
research.

References

Abraha, M.G., Savage, M.J., 2008. Comparison of
estimates of daily solar radiation from air
temperature range for application in crop
simulations. Agricultural and Forest
Meteorology 148, 401-416.

Allen, R. G., Pereira, L. S., Raes, D., & Smith, M.
1998. Crop evapotranspiration-Guidelines for
computing crop water requirements-FAO
Irrigation and drainage paper 56. Rome, 281 pp.

Alves, J. M. B., Servain, J. & Campos, J. N. B.
2009. Relationship between ocean climatic
variability and rain-fed agriculture in Northeast
Brazil. Climate Research, 38.
https://doi.org/10.3354/cr00786

ANA - Agéncia Nacional de Aguas. Capacidade de
agua disponivel dos solos no Brasil.
https://metadados.snirh.gov.br/geonetwork/srv/
api/records/28fe4baa-66f3-4f6b-b0d2-
890abf5910c4, 2021. Acesso: 15 janeiro 2021.

ANA - National Water Agency. Monitor for
May/2018. Available at:
https://monitordesecas.ana.gov.br/mapa?mes=5
&ano=2018. Accessed: May 21, 2021.

Andreoli, R. V. & Kayano, M. T. 2006. Tropical
Pacific and South Atlantic effects on rainfall
variability over Northeast Brazil. International
Journal of Climatology, 26.
https://doi.org/10.1002/joc.1341

Araujo, C. S. P. D, Ippolito, M., & Almeida, C. D.
G. C. D. 2022. Evaluation of air temperature
estimated by ERAS5-Land reanalysis using
surface data in Pernambuco,
Brazil. Environmental Monitoring and
Assessment, 194,
https://doi.org/10.1007/s10661-022-10047-2.

Assis, F.N., Mendez, M.E., 1989. Relacdo entre a
radiacdo fotossinteticamente ativa e radiacao
global. Pesquisa Agropecuaria Brasileira 24,
797-800.

Baldochi, D.D., Valentini, R., Running, S.,
Oechels, W., Dahlman, R., 1996. Strategies for
measuring and modeling carbon dioxide and
water vapour fluxes over terrestrial ecosystems.
Global Change Biology 2, 159-168.

Bat-Oyun, T., Shinoda, M., Tsubo, M., 2012.
Effects of cloud, atmospheric water vapor, and
dust on photosynthetically active radiation and

total solar radiation in a Mongolian grassland.
Journal of Arid Land 4, 349-356.

Brazil. Ministry of National Integration. New
delimitation of the Brazilian semi-arid region.
2017. Available at:<
http://sudene.gov.br/planejamento-
regional/delimitacao-do-semiarido>. Accessed
on April 3, 2020.

Brito, Y. M. A., Rufino, I. A. A,, Braga, C. F. C.,
& Mulligan, K. 2021. The Brazilian drought
monitoring in a multi-annual perspective.
Environmental Monitoring and Assessment,
193. https://doi.org/10.1007/s10661-020-
08839-5.

Campos, J. N. B. 2015. Paradigms and Public
Policies on Drought in Northeast Brazil: A
Historical Perspective. Environmental
Management, 55.
https://doi.org/10.1007/s00267-015-0444-x

Cantidio, L. S. & Souza, A. F. 2019. Aridity, soil
and biome stability influence plant ecoregions
in the Atlantic Forest, a biodiversity hotspot in
South America. Ecography, 42.
https://doi.org/10.1111/ecog.04564

Cardoso, S., & Quadro, M. F. L. 2017. Analise
comparativa de dados de precipitacdo gerados
pelo “Climate Prediction Center—CPC” versus
dados observados para o Sul do Brasil. Revista
Brasileira de Geografia Fisica. 10, 1180-1198.

Castelletti, C.H.M., Silva, J.M.C., Tabarelli, M.,
Santos, A.M.M., 2004. Quanto ainda resta da
Caatinga? uma estimativa preliminar. In: Silva,
J.M.C., Tabarelli, M., Fonseca, M.T., Lins, L.V.
(Orgs.), Biodiversidade da Caatinga: areas e
acOes prioritarias para a conservacgdo.
Ministério do Meio Ambiente, Brasilia, pp. 91-
100.

Castro, D. P., Rodrigues, J. F. M., Borges-Leite, M.
J., Lima, D. C. & Borges-Nojosa, D. M. 2019.
Anuran diversity indicates that Caatinga
relictual Neotropical forests are more related to
the Atlantic Forest than to the Amazon. PeerJ.
https://doi.org/10.7717/peer;j.6208

Chen, M., Shi, W., Xie, P., Silva, V. B., Kousky,
V. E., Wayne Higgins, R., & Janowiak, J. E.
2008. Assessing objective techniques for gauge-
based analyses of global daily precipitation.
Journal of Geophysical Research: Atmospheres
113, 1-13.

Chirico, G. B., Pelosi, A., De Michele, C.,
Bolognesi, S. F., D’Urso, G. 2018. Forecasting
potential evapotranspiration by combining
numerical weather predictions and visible and
near-infrared satellite images: an application in

1493

Sales, E. S. G.; Matsunaga, W. K.; Braga, C.C.; Sakamoto, M. S.; Lucena, D. B.; Brito, J. I. B.; Arraut, J. M


https://metadados.snirh.gov.br/geonetwork/srv/api/records/28fe4baa-66f3-4f6b-b0d2-890abf5910c4
https://metadados.snirh.gov.br/geonetwork/srv/api/records/28fe4baa-66f3-4f6b-b0d2-890abf5910c4
https://metadados.snirh.gov.br/geonetwork/srv/api/records/28fe4baa-66f3-4f6b-b0d2-890abf5910c4
https://doi.org/10.1007/s10661-022-10047-2
https://doi.org/10.1007/s10661-020-08839-5
https://doi.org/10.1007/s10661-020-08839-5

Revista Brasileira de Geografia Fisica v.17, n.03 (2024) 1478-1500.

southern Italy. The Journal of Agricultural
Science 156, 702-717.

Comin, A. N., Justino, F., Pezzi, L., Gurjdo, C. D.
S., Shumacher, V., Fernandez, A., Sutil, U. A.
2020. Extreme rainfall event in the Northeast
coast of Brazil: a numerical sensitivity study.
Meteorol. Atmos. Phys. 133.
https://doi.org/10.1007/s00703-020-00747-0.

Conti, J. B. 2005. A questéo climatica do Nordeste
brasileiro e os processos de desertificacdo.
Revista Brasileira de Climatologia. 1, 7-14.

Correia Filho, W. L. F., Oliveira-Junior, J. F.,
Santiago, D. B., Terassi, P. M. B., Teodoro, P.
E., Gois, G., Blanco, C. J. C., Souza, P. H. A,
Costa, M. S., Gomes, H. B., Santos, P. J. 2019.
Rainfall variability in the Brazilian northeast
biomes and their interactions  with
meteorological systems and ENSO via
CHELSA product. Big Earth Data. 3, 315-337.

Costa, M. S., Oliveira-Junior, J. F., Santos, P. J.,
Correia Filho, W. L. F., Gois, G., Blanco, C. J.
C., Teodoro, P. E., Silva Junior, C. A, da
Santiago, D. B., Souza, E. O., Jardim, A. M. R.
F. 2021. Rainfall extremes and drought in
northeast Brazil and its relationship with El nino
—southern oscillation International. Journal of
Climatology. 41, 2111-2135.

Costa, R. S,, Silva, T. M., & Santos, V. A. 2023.
Impacts of seasonal changes in Brazil: an
approach using ERA5-LAND reanalysis data.
Brazilian Bulletin of Physical Geography, 15,
123-137.

Couto, F. T., Salgado, R., Costa, M. J., & Prior, V.
2015. Precipitation in the Madeira Island over a
10-year period and the meridional water vapour
transport  during the winter  seasons.
International Journal of Climatology. 35, 3784-
3759.

CPC/NOAA - Global Unified Gauge-Based
Gauge-Based Analysis of Daily Precipitation
data fornecido pela National Oceanic and
Atmospheric Administration,
https://psl.noaa.gov/data/gridded/data.cpc.glob
alprecip.html. 2021. Acesso: 20 jan. 2021.

CPTEC. Centro de Previsdes de Tempo e Estudos
Climaticos, 2012. Disponivel:
http://www.cptec. inpe.br. Acesso: 03 set.
2014.

Cunha, A.P.M.do.A., Alvala, R.C.dos.S., Oliveira,
G.S., 2013. Impactos das mudangas de
cobertura vegetal nos processos de superficie na
regido semidrida do Brasil. Revista Brasileira de
Meteorologia 28, 139-152.

Da Silva, H. S., Silva, J. R. S., & Stosic, T. 2020.
Multifractal analysis of air temperature in

Brazil. Physica A: Statistical Mechanics and its
Applications. 549.
https://doi.org/10.1016/j.physa.2020.124333.

De Pauw, E., Gobel, W., Adam, H. 2000.
Agrometeorological aspects of agriculture and
forestry in the arid zones. Agricultural and
Forest Meteorology. 103.
https://doi.org/10.1016/S0168-1923(00)00118-
0.

Diniz, M. T., & Pereira, V.H. C. 2015.
Climatologia do estado do Rio Grande do Norte,
Brasil: sistemas atmosféricos atuantes e
mapeamento de tipos de clima. Boletim Goiano
de Geografia. 35, 488-506.

ECMWEF. European Centre for Medium-Range
Weather Forecasts, https://www.ecmwf.int.
2021. Acesso: 25 jan. 2021.

EMBRAPA SEMIARIDO, 2013. Centro de
Pesquisa Agropecuaria do Tropico Semiarido.
Médias anuais da Estacdo Agrometeorolégica
de Bebedouro. Petrolina. Disponivel: http:/
www.cpatsa.embrapa. br: 8080/  servicos/
dados met/ ceb-anual. html. Acesso: 17 ago.
2014.

Erfanian, A., Wang, G., Fomenko, L. 2017.
Unprecedented drought over tropical South
America in 2016: significantly under-predicted
by tropical SST. Scientific Reports. 5811.
https://doi.org/10.1038/s41598-017-05373-2.

Feindouno, S., Guillaumont, P., Simonet, C. 2020.
The physical vulnerability to climate change
index: an index to Be used for international
policy. Ecological Economics. 176.
https://doi.org/10.1016/j.ecolecon.2020.106752

Fernandes, I. G., Pimenta, F. M., Saavedra, O. R.,
& Silva, A. R. 2021. Offshore validation of
ERAS reanalysis with hub height wind
observations of Brazil. IEEE PES innovative
smart grid technologies conference-Latin
America. https://
doi.org/10.1109/ISGT LatinAmerica52371.202
1.9542993.

Figliuolo, G. C., Rita V. Andreoli, R. V., Kayano,
M. T., Costa, J. A. C., Rego, W. H. T. & Moraes,
D. S. 2020. The role of the Atlantic
Multidecadal Oscillation precondition in the
teleconnection of different El Nifio-Southern
Oscillation types and impacts on the 15°N-15°S
South  American  sector  precipitation.
International Journal of Climatology, 40, 4,
1943-1964. https://doi.org/10.1002/joc.6309

Fontana, D.C., Alves, G.M., Roberti, D., Moraes,
O. L.L., Gerhardt. A., 2012. Estimativa da
radiacdo fotossinteticamente ativa absorvida

1494

Sales, E. S. G.; Matsunaga, W. K.; Braga, C.C.; Sakamoto, M. S.; Lucena, D. B.; Brito, J. I. B.; Arraut, J. M


https://psl.noaa.gov/data/gridded/data.cpc.globalprecip.html
https://psl.noaa.gov/data/gridded/data.cpc.globalprecip.html
https://doi.org/10.1016/j.physa.2020.124333
https://doi.org/10.1016/S0168-1923(00)00118-0
https://doi.org/10.1016/S0168-1923(00)00118-0
https://doi.org/10.1038/s41598-017-05373-2
https://doi.org/10.1016/j.ecolecon.2020.106752
https://doi.org/10.1016/j.ecolecon.2020.106752

Revista Brasileira de Geografia Fisica v.17, n.03 (2024) 1478-1500.

pela cultura da soja através de dados do sensor
Modis. Revista Bragantia 71, 563-571.

Giambelluca, T.W., Scholz, F.O.G., Bucci, S.J.,
Meinzer, F.C., Goldstein, G., Hoffmann, W.A.,
Franco, A.C., Buchert, M.P., 2009.
Evapotranspiration and energy balance of
Brazilian savannas with contrasting tree
density. Agricultural and Forest Meteorology
149, 1365-1376.

Gleixner, S., Demissie, T., & Diro, G. T. 2020. Did
ERAS improve temperature and precipitation
reanalysis over East Africa? Atmosphere. 11, 1-
19.

Gower, S.T., Kucharik, C.J., Norman, J.C., 1999.
Direct and indirect estimation of leaf area index,
f PAR, and net primary production of terrestrial
ecosystems. Remote Sensing of Environment
70, 29-51.

Gutiérrez, A.P.A., Engle, N.L., Nys, E.D,
Molejon, C., Martins, E.S., 2014. Drought
preparedness in Brazil. Weather and Climate
Extrems 3, 95-106.

Hastenrath, S. & Heller, L. A. 1977. Dynamics of
climatic hazards in northeast Brazil. Quarterly
Journal of the Royal Meteorological Society,
103, 17-92.
https://doi.org/10.1002/qj.49710343505

Hastenrath, S. 2012. Exploring the climate
problems of Brazil’s Nordeste: a review.
Climatic Change. 112.
https://doi.org/10.1007/s10584-011-0227-1

IBGE - Brazilian Institute of Geography and
Statistics. Brazilian semi-arid region, what it is.
Available at:<
https://www.ibge.gov.br/geociencias/organizac
ao-do-territorio/estrutura-territorial/15974-
semiarido-brasileiro.html?=&t=0-que-e>.
Accessed on December 20, 2020.

INMET - Instituto Nacional de Meteorologia.
https://bdmep.inmet.gov.br/. 2021, Acesso: 20
mar. 2021.

IPCC Climate Change. Impact, Adaptation and
Vulnerability, IPCC WGII AR5 Summary for
Policymakers.
https://www.ipcc.ch/report/ars/wg?2/, 2014
Acesso: 15 abr. 2021.

Ismael Filho, A., Borges, P. D. F., Aradjo, L. D. S.,
Pereira, A. R., Lima, E. D, Silva, L. D. S., &
Santos Junior, C. D. 2015. Influéncia das
variaveis climéticas sobre a evapotranspiragao.
Gaia Scientia, 9, 62-66.

Jacovides, C.P., Tymvios, F.S., Asimakopoulos,
K.L., Theofilou, K.M., Pashiardes, S., 2003.
Global photosynthetically active radiation and
its relationship with global solar radiation in the
Eastern Mediterranean basin. Theoretical and
Applied Climatology 74, 227-233.

Jardim, A. M. D. R. F,, da Silva, M. V., Silva, A.
R., dos Santos, A., Pandorfi, H., Oliveira-
Junior, J. F., De Lima, J. L.M.P., De Souza, L.
S. B., Junior, G. N. A,, Lopes, P. M. O., Da
Silva, T. G. F. 2021. Spatiotemporal climatic
analysis in Pernambuco state, Northeast
Brazil. Journal of Atmospheric and Solar-
Terrestrial Physics. 223.
https://doi.org/10.1016/j.jastp.2021.105733.

Jesus, A. D. 2021. From fighting against droughts
to coexisting with the Semiarid. International
Journal Semiarid, 4,
https://doi.org/10.56346/ijsa.v4i4.99

Jesus, J. B., Souza, B. B., Oliveira, A. M. S., &
Gama, D. C. 2019. Aridity index and climatic
risk of desertification in the semiarid state of
Sergipe. Revista Brasileira de Climatologia. 24,
214-2217.

Jiang, H., Yang, Y., Bai, Y., & Wang, H. 2019.
Evaluation of the total, direct, and diffuse solar
radiations from the ERA5S reanalysis data in
China. IEEE Geoscience and Remote Sensing
Letters, 17. https://
doi.org/10.1109/LGRS.2019.2916410.

Junior, J. B. C., & Bezerra, B. G. 2018. Anélises da
evapotranspiracdo de referéncia e do indice de
aridez para o Nordeste do Brasil. Revista de
Geociéncias do Nordeste. 4, 72-89.

Kato, T., Tang, Y., Gub, S., Cui, X., Hirota, M.,
Du, M., Li, Y., Zhao, X., Oikawa, T., 2004.
Carbon dioxide exchange between the
atmosphere and an alpine meadow ecosystem
on the Qinghai-Tibetan Plateau, China.
Agricultural and Forest Meteorology 124, 121
134.

Kayano, M. T., Andreoli, R. V. & Souza, R. A. F.
2019. Pacific and Atlantic multidecadal
variability relations to the El Nifio events and
their effects on the South American rainfall.
International ~ Journal  of  Climatology.
https://doi.org/10.1002/joc.6326

Kayano, M.T. & Capistrano, V.B. 2014. How the
Atlantic Multidecadal Oscillation (AMO)
modifies the ENSO influence on the South
American rainfall. International Journal of
Climatology, 34.
https://doi.org/10.1002/joc.3674.

Krishnan, P., Meyers, T.P., Scott, R.L., Kennedy,
L., Heur, M., 2012. Energy exchange and

1495

Sales, E. S. G.; Matsunaga, W. K.; Braga, C.C.; Sakamoto, M. S.; Lucena, D. B.; Brito, J. I. B.; Arraut, J. M


https://bdmep.inmet.gov.br/
https://doi.org/10.1016/j.jastp.2021.105733
https://doi.org/10.1002/joc.3674

Revista Brasileira de Geografia Fisica v.17, n.03 (2024) 1478-1500.

evapotranspiration over two temperate semi-
arid grasslands in North America. Agricultural
and Forest Meteorology 152, 31-44.

Lavers, D. A., Simmons, A., Vamborg, F. &
Rodwell, M. J. 2022. An evaluation of ERA5
precipitation for climate monitoring. Quarterly

Lompar, M., Lali¢, B., Deki¢, L., & Petri¢, M.
2019. Filling gaps in hourly air temperature data
using debiased ERAS data. Atmosphere. 10, 2-
24.

Longo-Minnolo, G., Vanella, D., Consoli, S.,
Intrigliolo, D.S., Ramirez-Cuesta, J.M. 2020.
Integrating forecast meteorological data into the
ArcDualKc model for estimating spatially
distributed evapotranspiration rates of a citrus
orchard. Agricultural Water Management. 231.
https://doi.org/10.1016/j.agwat.2019.105967.

Longo-Minnolo, G., Vanella, D., Consoli, S.,
Ramirez-Cuesta, J.M. 2022. Assessing the use
of ERA5-Land reanalysis and  spatial
interpolation methods  for  retrieving
precipitation  estimates at basin  scale.
Atmospheric Research. 271.
https://doi.org/10.1016/j.atmosres.2022.106131

Lopes, I., Santos, S., Leal, B. G., & Melo, J. 2017.
Variagdo do indice de aridez e tendéncia
climatica a desertificacdo para a regido
semidrida do nordeste brasileiro. Revista
Brasileira de Geografia Fisica 10, 1014-1026.

Lucena, J. A. de, Wanderley, L. S. de A, &
Ndbrega, R. S. 2016. Risk desertification in
Cabrob¢ / PE: climatic conditions and human.
Revista Geama The Journal of environment, 2,
149-159.

Lyra, G. B., Oliveira-Janior, J. F., Gois, G., Cunha-
Zeri, G., Zeri, M. 2017. Rainfall variability over
Alagoas under the influences of SST anomalies.
Meteorol. Meteorology and Atmospheric
Physics. 129. https://doi.org/10.1007/s00703-
016-0461-1.

Marcos Junior, A. D., Silveira, C. D., Vasconcelos
Junior, F.C, Guimardes, S. O., & Costa, J. M. F.
2018. Classificagdo Climatica de Thornthwaite
para 0 Brasil com Base em Cenéarios de
Mudancas Climaticas do IPCC-AR5. Revista
Brasileira de Meteorologia. 33, 647-664.

Marengo, J. A. & Bernasconi, M. 2015. Regional
differences in aridity/drought conditions over
Northeast Brazil: present state and future
projections, Climatic Change, 129.
https://doi.org/10.1007/s10584-014-1310-1.

Marengo, J. A., Alves, L. M., Alvala, R. C. S,
Cunha, A. P., Brito, S., Moraes, O. L. L. 2018.
Climatic characteristics of the 2010-2016

Journal of the Royal Meteorological Society.
https://doi.org/10.1002/qj.4351.

Lima, E. S., Santos, F. P., & Costa, G. R. (2024).
Regional climate trends in Brazil: an analysis
based on ERA5-LAND reanalysis data.
Geography in Focus, 12, 34-47.
drought in the semiarid northeast Brazil region.
An. Acad. Bras. Cienc. 90, 1973-1985.

Marengo, J. A., Alves, L. M., Beserra, E. A., &
Lacerda, F. F. 2011. Variabilidade e mudangas
climéaticas no semiarido brasileiro. Recursos
hidricos em regides aridas e semidridas. In:
Recursos hidricos em regibes éridas e
semiaridas., Campina Grande — Paraiba, pp.
385-422.

Marengo, J. A., Cunha, A. P., Nobre, C. A., Ribeiro
Neto, G. G., Magalhaes, A. R., Torres, R. R.,
Alvala, R. 2020. Assessing drought in the
drylands of northeast Brazil under regional
warming exceeding 4 C. Natural Hazards. 103,
2589-2611.

Marengo, J. A., Torres, R. R., & Alves, L. M. 2017.
Drought in Northeast Brazil—past, present, and
future. Theoretical and Applied Climatology,
129, 1189-1200.

Marques, T. V., Mendes, K., Mutti, P., Medeiros,
S., Silva, L., Perez-Marin, A. M., ... & Bezerra,
B. 2020. Environmental and biophysical
controls of evapotranspiration from Seasonally
Dry Tropical Forests (Caatinga) in the Brazilian
Semiarid. Agricultural and Forest Meteorology.
287.https://doi.org/10.1016/j.agrformet.2020.1
07957.

Martins, E. S. P. R., Magalh&es, A. R., Fontenele,
D. 2017. The 2010-2017 multi-year drought in
the Northeast and its impacts. Strategic
Partnerships, 22. 17-40.

Martins, M.A., Tomasella, J., Dias, C.G. 20109.
Maize yield under a changing climate in the
Brazilian Northeast: impacts and adaptation.
Agricultural Water Management. 216, 339-350.

Matsunaga, W. K., Sales, E. S. G., Junior, G.C. A,
Silva, M. T., Lacerda, F. F., De Paiva Lima, E.,
... & De Brito, J. I. B. 2023. Application of
ERAS5-Land reanalysis data in zoning of climate
risk for corn in the state of Bahia—Brazil.
Theoretical and Applied Climatology, 1-19.

McNicholl, B., Lee, Y. H., Campbell, A. G., &
Dev, S. 2021. Evaluating the Reliability of Air
Temperature  from ERAS Reanalysis
Data. IEEE Geoscience and Remote Sensing
Letters. 19.
https://doi.org10.1109/LGRS.2021.3137643.

Medina, H., Tian, D., Srivastava, P., Pelosi, A.,
Chirico, G.B. 2018. Medium-range reference

1496

Sales, E. S. G.; Matsunaga, W. K.; Braga, C.C.; Sakamoto, M. S.; Lucena, D. B.; Brito, J. I. B.; Arraut, J. M


https://doi.org/10.1002/qj.4351
https://doi.org/10.1016/j.agwat.2019.105967
https://doi.org/10.1016/j.atmosres.2022.106131
https://doi.org/10.1007/s00703-016-0461-1
https://doi.org/10.1007/s00703-016-0461-1
https://doi.org/10.1016/j.agrformet.2020.107957
https://doi.org/10.1016/j.agrformet.2020.107957
https://doi.org/10.1109/LGRS.2021.3137643

Revista Brasileira de Geografia Fisica v.17, n.03 (2024) 1478-1500.

evapotranspiration forecasts for the contiguous
United States based on multi-model numerical
weather predictions. Journal of Hydrology. 562,
502-517.

Mencia, F. P. H., Zanchi, F. B. & Lopes, E. R. N.
2021. Climatic characteristics and their
implications among the pedological and
topographical aspects of southern Bahia, Brazil.
Revista Brasileira de Climatologia, 29.
http://dx.doi.org/10.5380/rbclima.v29i0.71108

Middleton, N., Thomas, D. 1992. World Atlas of
Desertification, UNEP, 2 ed, London, 69 pp.

Middleton, N., Thomas, D. 1997. World Atlas of
Desertification, UNEP, 2 ed, London, 182 pp.

Moraes, R. A., Rocha, J. V., & Lamparelli, R. A.
2014. Determination of total accumulated
rainfall, global radiation, evapotranspiration
and degree-days originated from the ECMWF
model to sugar cane crop. Engenharia Agricola.
34, 322-331.

Moura, A. D. & Shukla, J. 1981. On the dynamics
of droughts in Northeast Brazil: observations,
theory and numerical experiments with a
general circulation model. Journal of the
Atmospheric Sciences, 38, 12.
https://doi.org/10.1175/1520-
0469(1981)038<2653:0TDODI>2.0.CO;2

Moura, M.S.B., Galvincio, J.D., Brito, L.T.de.,
Souza, L.S.B.de., S4, I.1.S., Silva, T.G.F.da,,
2007. Clima e agua de chuva no Semi-Arido. In:
BRITO, L.T.L., Moura, M.S.B., Gama, G.F.B.
(Orgs.). Potencialidades da Agua de Chuva no
Semi-Arido Brasileiro. 1 ed. Embrapa Semi-
Avrido, Petrolina, pp. 37-59.

Miiller. A.G., Bergamaschi, H., 2005. Eficiéncias
de interceptacdo, absorcdo e uso da radiacdo
fotossinteticamente ativa pelo milho (Zea mays
L.), em diferentes disponibilidades hidricas e
verificacdo do modelo energético de estimativa
da massa seca acumulada. Revista Brasileira de
Agrometeorologia 13, 27-33.

Negm, A., Jabro, J., Provenzano, G. 2017.
Assessing the suitability of POWER-NASA
agro-climatology archive for estimating daily
meteorological ~ variables and  reference
evapotranspiration in Sicily, Italy. Agricultural
and Forest Meteorology. 244, 111-121.

Nobre, C. A., & Molion, L. C. B. 1988. The
climatology of droughts and drought prediction.
The Impact of Climatic Variations on
Agriculture, Assessments in Semiarid Regions,
In: Parry, M., Carter. TR, and Konijn, NT,
Kluwer Academic, pp. 305-323.

Nobre, P., Melo, A.B.C., 2001. Variabilidade
climatica intrasazonal sobre o Nordeste do

Brasil em 1998-2000. Revista Climanalise.
Disponivel:
http://www6.cptec.inpe.br/revclima/revista/pdf
fartigo_variabilidade_dezO1.pdf. Acesso: 20
ago. 2014.

Novick, K.A., Stoy, P.C., Katul, G.G., Ellsworth,
D.S., Siqueira, M.S.B., Juang, J., Oren, R.,
2004. Carbon dioxide and water vapor exchange
in a warm temperate grassland. Oecologia 138,
259-274.

Oliveira, A. P. B. & Castro, G. G. P. 2021. The
precariousness of women’s work in the
Petrolina/Juazeiro  Pole, located in the
northeastern semiarid and the need for public
policies as a way to mitigate inequalities.
International Journal of Advanced Engineering
Research and Science, 8.
https://dx.doi.org/10.22161/ijaers.83.9

Oliveira, J. R., Pereira, L. S., & Costa, M. A. 2023.
Analysis of precipitation patterns in Brazil using
ERAS5-LAND reanalysis data. Brazilian
Climatology, 20, 78-92.

Oliveira, M.B.L., Santos, A.J.B., Manzi, A.O.,
Alvala, R.C.S., Correia, M.F., Moura, M.S.B.,
2006. Trocas de energia e fluxo de carbono
entre a vegetacdo de caatinga e atmosfera no
nordeste brasileiro. Revista Brasileira de
Meteorologia 21, 166-174.

Oliveira-Janior, J. F., Gois, G., Silva, I. J.L., Souza,
E.O., Jardim, A. M. D. R. F., Silva, M. V., Shah,
M., Jamjareegulgarn, P. 2021. Wet and dry
periods in the state of Alagoas (Northeast
Brazil) via Standardized Precipitation Index.
Journal of Atmospheric and Solar-Terrestrial
Physics. 224,
https://doi.org/10.1016/j.jastp.2021.105746

Paiva, C.M., 2005. Estimativa do balanco de
energia e da temperatura da superficie via
satélite NOAA-AVHRR. Tese (Doutorado).
Rio de Janeiro, UFRJ.

Paredes, P., Trigo, I., de Bruin, H., Simdes, N., &
Pereira, L. S. 2021. Daily grass reference
evapotranspiration with Meteosat Second
Generation shortwave radiation and reference
ET products. Agricultural Water Management.
248.
https://doi.org/10.1016/j.agwat.2020.106543

Pelosi, A., Medina, H., Villani, P., D’Urso, G.,
Chirico, G.B. 2016. Probabilistic forecasting of
reference evapotranspiration with a limited area
ensemble prediction system. Agricultural Water
Management. 178, 106-118.

Pelosi, A., Terribile, F., D’Urso, G., Chirico, G.B.
2020. Comparison of ERA5-Land and UERRA
MESCAN-SURFEX reanalysis data with

1497

Sales, E. S. G.; Matsunaga, W. K.; Braga, C.C.; Sakamoto, M. S.; Lucena, D. B.; Brito, J. I. B.; Arraut, J. M


http://dx.doi.org/10.5380/rbclima.v29i0.71108
https://doi.org/10.1016/j.agwat.2016.09.015

Revista Brasileira de Geografia Fisica v.17, n.03 (2024) 1478-1500.

spatially interpolated weather observations for
the regional assessment of reference
evapotranspiration. Water. 12.
https://doi.org/10.3390/w12061669

Pereira, A. B., Lima, C. D., & Oliveira, D. F.
(2024). Recent advances in the use of ERA5-
LAND reanalysis data for climate studies in
Brazil. Brazilian Journal of Meteorology, 21,
56-69.

Pereira, A.R., Angelocci, L.R., Sentelhas, P.C.,
2002. Agrometeorologia — fundamentos e
aplicacOes préaticas. Agropecuaria, Guaiba.

Poli, P., Hersbach, H., Dee, D. P., Berrisford, P.,
Simmons, A. J., Vitart, F., Fisher, M. 2016.
ERA-20C: An atmospheric reanalysis of the
twentieth century. Journal of Climate. 29, 4083-
4097.

Pontes Filho, J. D., Souza Filho, F. D. A., Martins,
E.S.P.R., & Studart, T. M. D. C. 2020. Copula-
based multivariate frequency analysis of the
2012-2018 drought in Northeast Brazil. Water.
12. https://doi.org/10.3390/w12030834.

Querino, C.A.S., Moura, M.A.L., Querino,
J.K.A.S.Q., Von Randow, C., Marques Filho,
A.O., 2011. Estudo da radiacdo solar global e
indice de transmissividade (kt) externo e
interno, em uma floresta de mangue em alagoas
— Brasil. Revista Brasileira de Meteorologia 26,
204-294.

Radin, B., Bergamaschi, H., Junior, C.R., Barni,
N.A., Matzenauer, R., Didoné, |.A., 2003.
Eficiéncia de uso da radiacéo
fotossinteticamente ativa pela cultura do
tomateiro em diferentes ambientes. Pesquisa
Agropecudria Brasileira 38, 1017-1023.

Ribeiro, S. K., & Santos, A. S. 2016. Mudancas
climéticas e cidades: relatorio especial do painel
brasileiro de mudancas climaticas. Rio de
Janeiro, 120 pp.

Rolim, G. S., Sentelhas, P. C., & Barbieri, V. 1998.
Planilhas no ambiente EXCEL TM para o0s
calculos de balancos hidricos: normal,
sequencial, de cultura e de produtividade real e
potencial. Revista Brasileira de
Agrometeorologia 6, 133-137.

Rotenberg, E., Yakir, D., 2010. Contribution of
semi-arid forests to the climate system. Science
327, 451-454.

Ruiz, S. A. G., Barriga, J. E. C., & Martinez, J. A.
2021. Wind power assessment in the Caribbean
region of Colombia, using ten-minute wind
observations and ERA5 data. Renewable
Energy. 172, 158-176.

Sadeghi, S. M. M., Attarod, P., Van Stan, J. T,
Pypker, T. G. 2016. The importance of

considering rainfall partitioning in afforestation
initiatives in semiarid climates: a comparison of
common planted tree species in Tehran, Iran.
Science of The Total Environment 568, 845-
855. Sales, E. S. G., Araujo, F. D. S,
Matsunaga, W. K., & Brito, J. . 2023.
Relationship of NDVI and EVI with climate
indices in Northeast Brazil. Geoenvironment
Online, 47.

Sales, E. S. G, Araujo, F. D. S., Matsunaga, W. K.,
& Brito, J. 1. 2023. Relationship of NDVI and
EVI with climate indices in Northeast Brazil.
Geoenvironment Online, 47.

Sales, E. S. G., Matsunaga, W. K., Nunes, M. M.
A. M., Baracuy, J. H., da Cunha Campos, J. M.
A., & de Brito, J. I. B. 2021. Classificacdo de
areas semiaridas e sublimidas secas utilizando
diferentes indices climéticos. Revista Brasileira
de Geografia Fisica 14, 479-491.

Sambuichi, R. H. R. & Haridasan, M. 2007.
Recovery of species richness and conservation
of native Atlantic forest trees in the cacao
plantations of southern Bahia in Brazil.
Biodiversity and Conservation, 16.
https://doi.org/10.1007/s10531-006-9017-x.

Santana, A. S., De Santos, G. R. 2020. Impacts of
the 2012-2017 drought in the semi-arid region
of the Northeast: notes on the approach to
guantitative data and qualitative conclusions.
In: Regional, Urban and Environmental
Bulletin. Institute of Economic and Applied
Research - IPEA.

Santos, F. G., Costa, H. L., & Lima, M. P. 2023.
Potentiality of ERA5-LAND reanalysis data in
modeling extreme events in Brazil. In Anais do
Congresso Brasileiro de Meteorologia (Vol. 15,
No. 2, pp. 210-225). Brazilian Meteorological
Society.

Santos, S.de.A., Correia, M.de.F., Aragdo,
M.R.da.S., Silva, P.K.de.O., 2012. Aspectos da
variabilidade sazonal da radiacdo, fluxos de
energia e CO2 em éarea de Caatinga. Revista
Brasileira de Geografia Fisica 4, 761-773.

Sena, J. P. O., Melo, J. S; Lucena, D. B; Melo, E.
C. S. 2012. Comparacdo entre dados de chuva
derivados do Climate Prediction Center e
observados para a regido do Cariri Paraibano.
Revista Brasileira de Geografia Fisica 2, 412-
420.

Siefert, C. A. C., Dombrowski Netto, N.,
Marangon, F. H. S., Schultz, G. B., Silva, L. M.
D. R., Fontenelle, T. H., & Santos, |. D. 2021.
Avaliacdo de Séries de Velocidade do Vento de
Produtos de Reanalises Climaticas para o Brasil.
Revista Brasileira de Meteorologia 36, 689-701.

1498

Sales, E. S. G.; Matsunaga, W. K.; Braga, C.C.; Sakamoto, M. S.; Lucena, D. B.; Brito, J. I. B.; Arraut, J. M



Revista Brasileira de Geografia Fisica v.17, n.03 (2024) 1478-1500.

Silva, A. B., Oliveira, C. D., & Santos, E. F. 2023.
Use of ERA5-LAND reanalysis data for climate
analysis in Brazil. Revista Brasileira de
Climatologia, 10, 45-58.

Silva, A. S. A., Cunha Filho, M., Menezes, R. S.
C., Stosic, T. & Stosic, B. 2020. Trends and
persistence of dry—wet conditions in Northeast
Brazil. Atmosphere, 11.
https://doi.org/10.3390/atmos11101134

Silva, B.B.da., Lopes, G.M., Azevedo, P.V., 2005.
Determinacdo do albedo de &reas irrigadas com
bas em imagens LANDSAT 5-TM. Revista
Brasileira de Agrometeorologia 13, 11-21.

Silva, T.G.F., Zolnier, S., Moura, M.S.B., Souza,
L.S.B., 2013. Sazonalidade do Controle de
Evapotranspiracdo  pela  Cana-de-AgUcar
Irrigada e Caracteristicas Aerodindmicas da
Cultura no Semiarido brasileiro. Revista
Brasileira de Geografia Fisica 6, 621-634.

Silva, T.G.F.da., Moura, M.S.B., Zolnier,
S., Soares, J. M., Souza, L.S.B.de., Branddo,
E.O., 2011. Variacdo do balanco de radiacdo e
de energia da cana-de-acUcar irrigada no
Semiarido brasileiro. Revista Brasileira de
Engenharia Agricola e Ambiental (Online) 15,
139-147.

Silva, V. P. R. 2004. On climate variabilityin
Northeast of Brazil. Journal of Arid
Environments. 58.
https://doi.org/10.1016/j.jaridenv.2003.12.002

Simdes, Y. S., Silva, E. H. B. C. & Aradjo, H. A.
2017. Rainfall zoning of Bahia State, Brazil: an
update proposal. Ambiente & Agua - An
Interdisciplinary Journal of Applied Science,
13. https://doi.org/10.4136/ambi-agua.2171

Soares; M.O., Campos; C. C., Carneiro, P. B. M.,
Barroso, H. S., Marins, Teixeira, C. E. P.,
Menezes, M. O. B., Pinheiro, L.S., Viana, M.B.,
Feitosa, C. V., Sdnchez-Botero, J. ., Bezerra, L.
E. A., Rocha-Barreira, C. A., Matthews-Cascon,
H., Matos, F. O., Gorayeb, A., Cavalcante, M.
S., Moro, M. F., Rossi, S., Belmonte, G., Melo,
V. M. M., Rosado, A. S., Ramires, G., Tavares,
T.C. L. & Garcia T. M. 2021. Challenges and
perspectives for the Brazilian semiarid coast
under  global  environmental  changes.
Perspectives in Ecology and Conservation, 19.
https://doi.org/10.1016/j.pecon.2021.06.001

Sobral-Souza, T., Lima-Ribeiro, M. S. & Solferini,
V. N. 2015. Biogeography of Neotropical
Rainforests: past connections between Amazon
and Atlantic Forest detected by ecological niche
modeling.  Evolutionary  Ecology,  29.
https://doi.org/10.1007/s10682-015-9780-9.

Souza, A.P., Escobedo, J.F., 2013. Estimativas da
radiacdo global incidente em superficies
inclinadas com base na razdo de insolagéo.
Revista Brasileira de Ciéncias Agrarias 8, 483-
491.

Souza, P.J.deO.P.de., Rocha, E.J.P.da., Ribeiro, A.,
Souza, E.B.de., 2010. Radiation balance in a
soybean ecosystem in the Amazon. Revista
Ciéncia Agrondmica 41, 582-592.

Tarek, M., Brissette, F. P., Arsenault, R. 2020.
Evaluation of the ERAS reanalysis as a potential
reference dataset for hydrological modelling
over North America. Hydrology and Earth
System Sciences, 24. 2527-2544.

Teixeira, A.H.C., Bastiaanssen, W.G.M., Ahmad,
N.D., Moura, M.S.B.de., Bos, M.G., 2008.
Analysis of energy fluxes and vegetation-
atmosphere parameters in irrigated and natural
ecosystems of semi-arid Brazil. Journal of
Hydrology 362, 110-127.

Thorhnwaite, C., & Matter, J. 1955. The water
balance, publication in climatology. Centerton:
Drexel Institute of Technology. Centerton, 104
Pp.

Thornthwaite, C. W, 1948. An approach toward a
rational classification of climate. Geographical
review 38, 55-94.

UNEP. United Nations Environment Programme,
1992. World Atlas of Desertfication. Londres,
69 pp.

Vanella, D., Intrigliolo, D. S., Consoli, S., Longo-
Minnolo, G., Lizzio, G., Dumitrache, R. C.,
Ramirez-Cuesta, J. M. 2020. Comparing the use
of past and forecast weather data for estimating
reference evapotranspiration. Agricultural and
Forest Meteorology. 295.
https://doi.org/10.1016/j.agrformet.2020.10819
6.

Vanella, D., Longo-Minnolo, G., Belfiore, O. R.,
Ramirez-Cuesta, J. M., Pappalardo, S., Consoli,
S., D’Urso, G., Chirico, G. B., Coppola, A.,
Comegna, A., Toscano, A., Quarta, R,
Provenzano, G., Ippolito, M., Castagna, A.,
Gandolfi, C. 2022. Comparing the use of ERA5
reanalysis  dataset  and ground-based
agrometeorological data under different
climates and topography in Italy. Journal of
Hydrology: Regional Studies. 42.
https://doi.org/10.1016/j.ejrh.2022.101182.

Varejdo-Silva, M.A., 2006. Meteorologia e
Climatologia. Verséo digital, 2. ed. Recife.

Wang, H., Jia, G., Fu, C., Feng, J., Zhao, T., Ma,
Z.,2010. Deriving maximal light use efficiency
from coordinated flux measurements and
satellite data for regional gross primary

1499

Sales, E. S. G.; Matsunaga, W. K.; Braga, C.C.; Sakamoto, M. S.; Lucena, D. B.; Brito, J. I. B.; Arraut, J. M


https://doi.org/10.1016/j.agrformet.2020.108196
https://doi.org/10.1016/j.agrformet.2020.108196
https://doi.org/10.1016/j.ejrh.2022.101182

Revista Brasileira de Geografia Fisica v.17, n.03 (2024) 1478-1500.

production modeling. Remote Sensing of
Environment 114, 2248-2258.

Wang, H., Prentice, I.C., Davis, T.W., 2014.
Biophsyical constraints on gross primary
production by the terrestrial biosphere.
Bogeosciences 11, 5987-6001.

Wu, G., Qin, S., Mao, Y., Ma, Z., & Shi, C. 2022.
Validation of precipitation events in ERA5 to
gauge observations during warm seasons over
eastern China. Journal of Hydrometeorology 23,
807-822.

Yuan, W., Liu, S., Yu, G., Bonnefond, J.M., Chen,
J., Davis, K., Desai, A.R.; Goldstein, A.H.,

Gianelle, D., Rossi, F., Suyker, A.E., Verma,
S.B., 2010. Global estimates of
evapotranspiration and  gross  primary
production based on MODIS and global
meteorology data. Remote Sensing of
Environment 114, 1416-1431.

Zhang, X., Gu, S., Zhao, X., Cui, X., Zhao, L., Xu,
S.,Du, M., Jiang, S., Gao, Y., Mg, C.,, Tang, Y.,
2010. Radiation partitioning and its relation to
environmental factors above a meadow
ecosystem on the Qinghai Tibetan Plateau.
Journal of Geophysical Research 115.

1500

Sales, E. S. G.; Matsunaga, W. K.; Braga, C.C.; Sakamoto, M. S.; Lucena, D. B.; Brito, J. I. B.; Arraut, J. M



