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Abstract

Uncertainties in the timing and quality of rainy season are a threat for food and water security, and also in terms of fire
vulnerability. Then, understanding features associated to rainfall allows a climate characterization useful for climate and
fire risk management. We used rainfall data series (1983-2018) from 15 meteorological stations to characterize the
greatest conservation area of Brazilian-unique seasonally dry tropical forest Caatinga (northeastern Brazil). Accumu-
lated anomalies in daily series were used to determine onset and end of rainy seasons. We also determined seasonal and
annual rainfall (quality) and rain rate, and performed a dry season sub-classification. Results showed greater variability
for end dates as compared to onset dates for rainy season. Droughts in the region are becoming more severe. We found a
significant decreasing tendency of 7 mm/year on annual rainfall, of 0.3 mm/day per decade on rain rate, and an increase
of 12 days per decade on consecutive dry days. Dry season length presented a 14-year periodicity and is related with
previous but uncorrelated from posterior rainy season length. The complexity of the rainfall patterns is evidenced by the
weak correlation we found between the amount of rainfall and the rainy season length.

Keywords: climate variability, Caatinga, drought, fire vulnerability, Serra da Capivara National Park, Serra das Con-
fusdes National Park.

Caracterizacao de Longo Prazo (35 Anos) das Estacdes Secas e Chuvosas no
Semiarido do Nordeste do Brasil

Resumo

As incertezas no momento e na qualidade da estacdo chuvosa representam uma ameaca para a seguridade hidrica e ali-
mentar, ¢ também enquanto a vulnerabilidade ao fogo. Logo, entender os atributos associados as chuvas facilita a carac-
terizagdo climatica, necessaria para o manejo do risco climatico e do fogo. Utilizou-se séries pluviométricas (1983-
2018) de 15 estagdes meteoroldgicas para caracterizar a maior area de conservacdo da floresta seca tropical sazonal per-
tencente unicamente ao Brasil, a Caatinga (Nordeste do Brasil). Foram utilizadas anomalias acumuladas em séries dia-
rias para determinar o inicio e o final das estagdes chuvosas. Também foi determinada a chuva sazonal e anual
(qualidade) e a taxa de chuva, e foi executada uma subclassificagdo da estacdo seca. Os resultados mostraram maior
variabilidade para as datas de final em compara¢do com as de inicio da estagdo chuvosa. As secas na regido estdo
ficando mais severas. Foi encontrada uma tendéncia decrescente significativa de 7 mm/ano da chuva anual e de
0,3 mm/dia por década na taxa de chuva, e um incremento de 12 dias por década dos dias secos consecutivos. A duragio
da estac@o seca apresentou uma periodicidade de 14 dias e estd relacionada com o comprimento da estagdo chuvosa
anterior mas nio com a posterior. A complexidade dos padrdes da chuva é evidenciada pela fraca correlagdo encontrada
entre a quantidade de chuva e a duragdo da estacdo chuvosa.

Palavras-chave: variabilidade climatica, Caatinga, seca, vulnerabilidade ao fogo, Parque Nacional da Serra da Capi-
vara, Parque Nacional da Serra das Confusdes.
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1. Introduction

Semiarid environments are mainly characterized by
alternating rainy and dry seasons (seasonality), rainfall
concentration, periods of pronounced water shortage, and
the occurrence of fires (Allen et al., 2017; Archibald et al.,
2013; Pravalie, 2016). Uncertainties in the timing and
quality of rainy season represent a threat for food and
water security (Gutiérrez et al., 2014), and also in terms of
fire vulnerability (Holden et al., 2018). Also, climate va-
riability at various time scales affects social and natural
systems enhancing the socio-economic vulnerability of the
population of semiarid regions of the world (IPCC, 2014;
Marengo and Bernasconi, 2015; Vieira et al., 2015), and
intersecting other aspects of inequality such as ethnicity,
gender, and state policies (Yadav and Lal, 2018). More-
over, extreme events are expected to become more fre-
quent and changes in rainfall regimes in semiarid regions
are predicted as a consequence of climate change (Allen
etal.,2017; IPCC, 2012).

Three of the most important quantities determining
rainy season are onset, end, and rain rate (Liebmann et al.,
2007). These quantities are important from meteorological
and societal perspectives. From the meteorological view-
point, onset and end of rainy season represent sudden
changes in a tropical atmospheric heat source, and its rate
determines the magnitude of that heat source (Correia
Filho et al., 2019; Horel et al., 1989; Liebmann et al.,
2007). On the other hand, from a societal viewpoint, dates
of onset and end of rainy season, as well as the amount of
accumulated seasonal rainfall are of importance to agri-
culture, particularly in rainfed family agriculture which is
still a broad practice in many semiarid regions of the
world (Rockstrom et al., 2010; Sietz et al., 2006). More-
over, for agricultural and ecological studies, characteriza-
tion of the dry season can be very relevant. Timing, length
and severity of dry season affect forest biomass growth,
the risk of fires, forest recuperation after disturbances
(including fire), atmospheric carbon sequestration, and
also the sustainability of agricultural settlements (Som-
broek, 2001).

The climatology of rainy season onset and end has
been studied using several methodologies. Kousky (1988)
used outgoing long-wave radiation as a proxy for rainfall
to analyze rainy season in South America, while Horel
et al. (1989) used it for studying rainy season in the Ama-
zon basin and tropical South America. Instead, ground-
based rainfall observations with pentad averages was used
by Marengo et al. (2001) to study rainy season onset and
end in the Amazon basin. Liebmann and Marengo (2001)
and Liebmann et al. (2007) introduced a methodology,
also derived from ground-based rainfall observations, that
defines rainy season onset and end by analyzing accumu-
lated daily anomalies in rainfall. In this way, it is not
necessary to choose any threshold in order to identify the

rainy season. Since it was proposed, this methodology has
been widespread used (Camberlin et al., 2009; Coelho
et al., 2016; Debortoli et al., 2017; Marjuki ef al., 2016).

Dry seasons are the time periods between those of
rainy seasons, and are completely determined by the dates
of onset and end of two consecutive rainy seasons. The
delayed arrival of rains or the anticipated end of rainy sea-
sons can lead to rainfall values below the annual mean
leading to a meteorological drought (Van Loon et al.,
2016). Thus, dry season characterization can also be use-
ful to understand and analyse droughts. Consecutive dry
days (CDD), the maximum number of consecutive days in
a year with daily rainfall under some threshold, has been
used in the literature as a measure for drought (Frich et al.,
2002; IPCC, 2012; Marengo et al., 2017).

In northeastern Brazil (NEB) multiple droughts have
been documented since the sixteenth century (Marengo
et al., 2017, 2018). Impacts of droughts are still important
in recent years, a multi-annual drought extended over the
period 2012-2017 in NEB, considered the worst of recent
decades, was devastating to some agricultural, livestock,
and industrial producers, causing lack of drinking water in
residential wells, extremely low reservoir levels and ser-
ious restrictions to pasture availability due to the late arri-
val of rain, even triggering social unrest in some districts
in rural areas (Barbosa et al., 2019; Gutiérrez et al., 2014;
Marengo et al., 2017, 2018; Martins et al., 2018).

Interannual variation in rainfall over NEB is related
to large-scale atmospheric and oceanic characteristics.
There is a relationship between rainfall anomalies in the
region and El Nifio and the Southern Oscillation (ENSO)
phenomenon (Clarke, 2008). The low phase of the South-
ern Oscillation (El Niflo) is associated to reduced rainfall
in NEB, while its high phase is associated to enhanced
rainfall (La Nifia) (Marengo et al., 2018). Interannual va-
riation in rainfall is also related to sea-surface temperature
(SST) anomalies in the Atlantic and to the position of Inter
Tropical Convergence Zone (ITCZ) (Hastenrath, 2012;
Rodrigues and McPhaden, 2014). A northward displace-
ment of the ITCZ leads to drought in NEB (Hastenrath,
2012; Kane, 1997).

Climate characterization is also useful for unders-
tanding fire regimes, since climate, together with topo-
graphy, soil and vegetation combine to create unique fire
dynamics (Bond and Keeley, 2005; Cochrane, 2003).
Moreover, many threats to biodiversity which have
anthropogenic origin, like climate change, agricultural
expansion, logging, overgrazing, and land-use change
interact with and alter fire regimes (Shlisky et al., 2009).
In particular, climate change alters the key factors that
control fire: temperature, precipitation, humidity, wind,
ignition, biomass, dead organic matter, vegetation species
composition and structure, and soil moisture (Shlisky
et al., 2007). In turn, rainfall indirectly controls fire acti-
vity by the production and, thus, by the availability of
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fuels (Mayr et al., 2018), and also by determining the fuel
moisture that limits the extension of fires (Argafaraz
et al., 2018). Therefore, both the amount and distribution
of rainfall through the year shapes fire regimes.

In this context, we focused on a region of semiarid
NEB that includes two fully protected areas: Serra das
Confusdes and Serra da Capivara National Parks, that
together constitute the greatest conservation area of the
Brazilian-unique biome Caatinga (seasonal dry tropical
forest) and its ecotone with Cerrado (savanna). The aim of
this work was to characterize the interannual variability of
onset, end and length of the rainy and dry seasons in this
region. Also, to identify long-term trends and to study the
relations between rainy season features (onset, end and
length) with seasonal rainfall. Moreover, we aimed at
characterizing the severity of dry season and its long-term
trend. A spatial daily average of rainfall over the stations
within the study area was constructed to guarantee data
availability for a long-term characterization (35 years),
since available data from the stations within the region is
incomplete. Besides contributing to the understanding of
interannual variability of rainfall in this climate and socio-
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economic vulnerable region of NEB, we also aimed to
discuss its implications to the local environment and fire
regimes.

2. Material and Methods

2.1. Study area

The study was conducted in the southern part of the
Brazilian state of Piaui, a semiarid region located between
the sediment basin of Parnaiba river and the peripheral
depression of the Sdo Francisco river (Lemos and Rodal,
2002). The landscape is a mosaic of cultural uses and Caa-
tinga vegetation that is adapted to the semiarid climate
(Olmos, 1992; Prado, 2003; Santos et al., 2014). It pre-
sents in the southwestern region an ecotonal area between
Caatinga and Cerrado with predominance of deciduous
forest and arboreal Caatinga (Dinerstein et al., 2017).

A square of 2.5° side that includes Serra da Capivara
and Serra das Confusdes National Parks was used to
define our study area and all meteorological stations
within that square were considered (see Fig. 1).
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Figure 1 - (Color online) Study area represented by a square of 2.5°x2.5° that includes Serra da Capivara and Serra das Confusdes National Parks
(green), state of Piaui, NEB. Meteorological stations are depicted by (blue) dots, their sizes represent the availability of data in the period under con-

sideration (July 1983 to June 2018).



380 Long-term Rainy and Dry Season Characterization in Semiarid Northeastern Brazil

Serra da Capivara National Park protects approxi-
mately 134 thousand ha of Caatinga vegetation and
archaeological sites, including rock paintings and the ear-
liest evidence of human occupation in South America
(Lahaye et al., 2013). Serra das Confusdes National Park
is the biggest conservation unit of Caatinga vegetation
with 834 thousand ha, preserving not only Caatinga eco-
systems but also the Caatinga-Cerrado ecotone (IBAMA,
2003). It also presents some relicts of Atlantic forest in the
deep canyons, rock outcrops, caves, rock paintings and
archaeological sites. Both parks were declared as areas of
extreme priority for the conservation of the biodiversity of
the Caatinga (Tabarelli and Silva, 2003), which presents a
high level of endemism of succulents and woody species
(Prado, 2003). Even when an ecological corridor between
the parks was created in 2005, it is crossed by a paved road
without safe passage for wildlife, and there exist several
settlements with practices such as livestock rearing and
family agriculture.

Most of the study area (70.7%) belongs to the tropi-
cal with dry winter climate (Aw), according to Koppen's
climate classification. The Aw climate presents in Brazil a
west to east humidity gradient, belonging our study area to
the west region which is the driest one within that climate,
and limiting with the dry semiarid with low latitude and
altitude climate (BSh) to which the remaining 29.3% of
the area belongs to (Alvares et al., 2013).

2.2. Rainfall data

We worked with daily rainfall data from the Brazi-
lian National Institute of Meteorology (INMET acronym
in Portuguese) (INMET, 2018) and the National Water
Agency of Brazil (ANA acronym in Portuguese) (ANA,
2018). All meteorological stations within the study area
with available data in the period of July 1983 — June 2018
were considered (see Fig. 1). This 35-year long period
exceeds the time period used in climatology to define nor-
mals (30 years).

We organized all data in the so-called climatological
years, beginning on July 1 of each year and ending on June
30 of the next year, that is, starting on the dry period in
order to include just one complete rainy season by year.
For each day, we averaged the daily rainfall over all avail-
able stations. Monthly averages for the study area, as well
as annual averages, were constructed from this previous
average over stations. In this way, availability of daily data
for the complete period was guaranteed even when the
data of individual stations is not complete for the whole
period. Data availability for each station can be seen in
Fig. 1. For comments about the quality of the data by year
see Table S1 and Table S2.

2.3. Identification of onset and end of rainy season

The onset and end of the rainy season for each cli-
matological year was established following the methodo-

logy of Liebmann et al. (2007). Thus, if R(j) is the daily
rainfall on day j for our study area and R is its annual
average, a quantity called anomalous accumulation, A(y),
is defined in the following way:

A()=>_ (RG)-R) (1)
i=1

where day 1 is taken to be July 1 (in the dry period). Thus,
the onset of the rainy season of a given climatological year
will be the day after that for which A(j) reaches its mini-
mum value. In a similar way, the end of the rainy season
corresponds to the day in which A4(j) reaches its maximum
value. The rainy season length is calculated as the differ-
ence (in days) between the onset and the end. The rain rate
is the average of the daily rainfall within the dates corre-
sponding to the rainy season.

2.4. Dry season characterization

The dry seasons are the time periods between those
of the rainy seasons. Thus, it is possible to identify the
beginning and end of each dry season from the dates cor-
responding to the previous and posterior rainy seasons.

2.4.1. Early, middle and late dry season

Transitions from rainy to dry season are not always
sharp, and the same is true the other way around. We iden-
tified three possible stages within each dry season follow-
ing Alves and Pérez-Cabello (2017). First, we searched for
the longest period of consecutive days with daily rainfall
lower than 5 mm, and called it middle dry season. In this
portion of the dry season, rainfall is in its minimum
expression. Thus, length of the middle dry season can be
though as a measure of the severity of the dry season. This
stage is usually preceded by a transition period from the
previous rainy season with intermediate level of rainfall
(early dry season), and followed by another transition pe-
riod towards the next rainy season (late dry season). These
transition periods are absent in some years that present
sharp beginning and/or end of rainfall.

2.5. Data analysis

We report averages and standard deviations (not
standard errors) because we are interested in the charac-
terization of the central tendency and interannual varia-
bility of the quantities. Long-term trend in annual rainfall
was evaluated with a linear regression as a function of
time. Linear regressions were also used to analyze the
long-term trends of the following quantities: onset date,
end date, length, and rain rate of rainy season, length of
dry season and length of middle dry season. Seasonality
was established by means of the average of monthly rain-
fall over the 35-year long period, and also by calculating
the 3-month average of monthly rainfall. After rainy sea-
son onset and end dates were calculated for the complete
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period, the seasonality was re-evaluated as the proportion
of annual rainfall that lies within the rainy season. That
accumulated rainfall from onset to end of rainy season is
called seasonal rainfall, and its relations with rainy season
features (onset and end dates, and length) were evaluated
using Pearson correlations. Also, Pearson correlation was
used to evaluate if dry season length is more related to
previous or posterior rainy season length. Autocorrelation
of dry season length was calculated to test if there exists
some periodicity in the duration of the dry seasons. All
calculation were performed in the R software environment
(version 3.4.4, R core Team, 2018) and results were con-
sidered significant for P < 0.05.

3. Results and Discussion

3.1. Trend in annual rainfall

The annual rainfall for each climatological year from
July 1983 to June 2018 can be seen in Fig. 2. It averages
749 + 140 mm and presents a significant decreasing ten-
dency of 7+2 mm/year as it turns out from the linear
regression that was fitted (P =0.0019, R?> = 0.2576). This
is compatible with the slight rainfall decrease observed in
several stations of NEB (da Silva, 2004). The negative
tendency observed in annual rainfall could worsen in the
future, since climate change scenarios indicate that the
semiarid part of NEB will present rainfall deficit and
increased aridity (Marengo and Bernasconi, 2015; Ma-
rengo et al., 2017; Vieira et al., 2015).

The minimum annual rainfall occurred in the clima-
tological year 2011-2012 and was just 433 mm; on the
opposite extreme, annual rainfall reached 1024 mm on the
exceptionally wet climatological year 1985-1986. This
very high interannual variability for rainfall was before
indicated for NEB (Correia Filho ef al., 2019; Lyra et al.,
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Figure 2 - Annual rainfall for the climatological years between July 1983
and June 2018 and its linear trend ( — 7 + 2 mm/year).
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2017) and is also typical in other semiarid regions of the
world, like the Sahel and northeastern Africa (Nobre and
Molion, 1988).

3.2. Monthly rainfall

The interval between November and April con-
centrates 90% of the annual rainfall, and that percentage
climbs up to almost 96% if we also include October, see
Fig. 3. Oppositely, averaged monthly rainfall is below
8 mm for the very dry period extending from June to Sep-
tember and reaches only 22 mm in May. The interannual
variability of monthly rainfall is very large, as can be seen
by the error bars in Fig. 3 that represent standard devia-
tions.

Monthly rainfall peaks both in January and March,
with a 3-month accumulated rainfall reaching a maximum
during January-February-March (JFM), as can also be
seen in Fig. 3. This double peak of monthly rainfall has
also been reported for other regions like central and
coastal parts of the state of Bahia that present a maximum
in December and a secondary maximum in March (Nobre
and Molion, 1988). Instead, in the northern part of NEB
(near Fortaleza city) rainfall monthly maximum occurs
during March and April, coastal areas in the eastern part
(near Recife city) receive its maximum during May and
July, and the southern and southwestern, in December
(Hastenrath, 2012; Marengo and Bernasconi, 2015; Nobre
and Molion, 1988).

3.3. Rainy season characteristics

Daily rainfalls and the corresponding anomalous
accumulation, as calculated for each climatological year
from 1983-1984 until 2017-2018, are shown in Figs. 4 and
5. From those calculations we obtained the dates of onset,
end, and length of the rainy seasons that can be seen in
Table S3 and Table S4.
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Figure 3 - Monthly rainfall averaged over the period from July 1983 to
June 2018. Error bars represent standard deviations. Three-month aver-
age centered at each month is also shown.
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Figure 4 - (Color online) Daily rainfall and anomalous accumulation for each climatological year from July 1983 to June 2001. Onset (left blue dashed
vertical line), end (right red dashed vertical line) and length (in days) of the rainy season are shown for each plot.

No significant tendency was found by fitting a linear season length (P = 0.9839, R? < 00001). Nevertheless, the
regression as a function of time for onset date (P = 0.1805, three quantities greatly varied from year to year, as can be
R*=0.0536), end date (P = 0.2866, R* = 0.0343) or rainy seen in Fig. 6. The average beginning of the rainy season
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Figure 5 - (Color online) Daily rainfall and anomalous accumulation for each climatological year from July 2001 to June 2018. Onset (left blue dashed
vertical line), end (right red dashed vertical line) and length (in days) of the rainy season are shown for each plot.

is November, 11. The variability of its onset, quantified as
the standard deviation, is 20 days. In the same way, the
average date for the end is April, 11, with a variability of

25 days. A larger variability on the time of end as com-
pared to onset is common over most regions of the world
according to Janowiak and Xie (2003). On a 21-year
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Figure 6 - (Color online) (a) Rainy season interannual variability between July 1983 and June 2018. The lower (black) line represents the onset dates and
the upper (gray) line, the end dates of the rainy seasons. Thus, the (light-blue shadowed) area between both curves represents the rainy season for the
whole period. The vertical length between the curves represents the rainy season length for each climatological year. The two longest and the two shortest
rainy seasons are identified. The darkest central shadow (blue rectangle) represents those dates that are always within the rainy season. See main text for
more details. (b) Boxplot of onset and end of the rainy season. Atypical values (outliers) are shown as black dots.

study, the lowest variability with regard to rainy season
onset was found over China and southeast Asia with
10 days or less, and the highest in the Austral-Asian
domain with 20-30 days; while the highest variation on
rainy season end (20-40 days) was observed over North
America and the Austral-Asian region, and the lowest (10-
20 days), over tropical Africa, continental India, and the
western portion of southeast Asia (Janowiak and Xie,
2003). Thus, the variability of the onset of the rainy season
in our study area is close to the highest while that of the
end, being 5 days longer (25% longer), is among the inter-
mediate values.

The average of the rainy season length over the com-
plete period is 152 + 26 days. The longest rainy season was
in 2009-2010, when it lasted for 189 days, while the se-
cond largest, with 184 days, was in 1999-2000. On the
opposite extreme, the shortest rainy season was on clima-
tological year 2015-2016 with just 87 days, and the second
shortest, with 89 days, was in 2003-2004. If we compare
the longest rainy season with the shortest one, the
102 days of difference represent almost 67% of the avera-
ge rainy season length for the period. This great variation
on rainy season length, and thus of the period in which
rainfall is expected consistently, is one of the factors of
socio-economic vulnerability of rural populations in NEB,
affecting specially the rainfed crops of family agriculture,
and also the availability of pastures for livestock feed and
the storage of water for human consumption (de Andrade
etal.,2016; IPCC, 2014). In Fig. 6(a), the two longest and
the two shortest rainy seasons are identified, as well as the
interval from December 31 to February 02, that lies
always in the rainy season for the whole period from 1983
to 2018. This 39-days long interval is defined by the latest
onset (December 31, corresponding to year 1984) and the
earliest end (February 2, year 2002) of the rainy season.

Rain rate for each climatological year can also be
seen in Table S3 and Table S4. It presents a marginally
significant tendency of —0.03+0.02 (mm/day)/year

(P=0.0648, R?> =0.0996). This decreasing tendency is
clear in Fig. 7, but its statistical significance is somehow
masked by two atypical values corresponding to years
1991-1992 and 2003-2004, that are easily identified in the
figure. Checking its daily rainfalls and the corresponding
anomalous accumulation it is clear that on the climatolo-
gical year 1991-1992 rainfall was high and very consistent
over the complete rainy period (Fig. 4(i)). Instead, on cli-
matological year 2003-2004 there were some rainfalls
before the identified onset that were followed by a dry
spell of almost 20 days (Fig. 5(c)). There, the anomalous
accumulation takes values very close to the absolute mini-
mum. If onset were defined associated to that secondary
minimum (November, 01), rain rate would be
5.71 mm/year (not atypical anymore) instead of
7.69 mm/year and the linear regression for the rain rate
would have the same slope —0.03 £0.01 (mm/day)/year
with significant results P =0.0251, R* =0.1430. Thus,
rain rate presents a decreasing trend, which means that the
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Figure 7 - Rain rate for the climatological years between July 1983 and
June 2018 and its linear trend ( — 0.03 £ 0.02 (mm/day)(year).
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average of daily rainfall during the rainy season is low-
ering approximately 0.3 mm/day per decade.

3.3.1. Rainy seasons features and seasonal rainfall

The seasonal rainfall is the accumulated rainfall
from onset to end of each rainy season and can be calcu-
lated from the obtained dates and the daily rainfall series.
In the tropics and subtropics, the amount of rainfall during
the rainy season is substantial relative to annual rainfall,
contributing between 60% and 80% (Janowiak and Xie,
2003). For our study area, we found that seasonal rainfall
represents on average 90% of the annual rainfall, which
reveals the strong seasonality of the region.

Surprisingly, seasonal rainfall is uncorrelated with
onset date (r=0.0968, P=0.5798), and presents weak
correlations with end date (r=0.4359, P =0.0088), and
rainy season length (» = 0.3416, P = 0.0446). These unex-
pected results were also found in the Amazon basin, where
Marengo et al. (2001) found little correlation between sea-
sonal rainfall and rainy season length, with r-values below
0.35 in most regions. This was somewhat confirmed by a
global-scale study by Janowiak and Xie (2003), that also
found weak correlations between seasonal rainfall and
rainy season length. They also found weak correlations
between onset/end date for rainy season and seasonal rain-
fall.

3.4. Dry season characteristics

The average length of the dry season is 214 + 34
days. It is 1.41 times larger than the mean length of the
rainy season (152 + 26 days). No significant tendency was
found by fitting a linear regression as a function of time
for dry season length (P =0.8316, R* =0.0014).

The longest dry season was in 2002 and lasted
303 days, and the second longest was in 2016 and lasted
271 days. Instead, the year 2009 presented the shortest
dry season, lasting 143 days, and 2017, the second
shortest, with 165 days. The latest beginning of the dry
season is May 25 (corresponding to the year 1995) and
its earliest end is October 06 (year 2009). Thus, the 135-
day interval between those dates lies always within the
dry season for the whole period under consideration
(1983-2018).

The three longest dry seasons (2002, 2007, and
2016) are associated to early endings of the previous rainy
season. These early endings appear as atypical values of
the distribution of rainy season end dates, and can be seen
as outliers in the boxplot of Fig. 6(b). Four outliers were
identified and all of them represent early endings of the
rainy season, corresponding to climatological years 1991-
1992, 2001-2002, 2006-2007 and 2015-2016. No atypical
values were identified as late endings and the distribution
of onset dates present no atypical values.
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Since the dry season is defined from the dates of the
previous and posterior rainy seasons, the lengths of dry
and rainy seasons are clearly not independent. In order to
asses if dry season length is more related to the previous or
posterior rainy season, we calculated the Pearson correla-
tions for the two cases. The correlation was significant
between dry season length and previous rainy season
length (r= —0.6722, P <0.0001) but it was not with the
posterior one (r= —0.2736, P=0.1174). This suggests
that the length of the dry season is more regulated by the
end date of the rainy period than by its onset date.

The autocorrelation of the dry season length can be
seen in Fig. 8. It presents a significant negative value for a
time lag of 7 years (consistently, the second largest mod-
ulus is positive for a time lag of 14 years). Thus, a short
dry season could be expected seven years after a long one.
And, in the same way, seven years after a long dry season,
a short one could be expected. This 14-years long periodi-
city resemble that of 13 years found by Kane (1997) on
long-term (130-years) series of rainfall in Fortaleza
(coastal area on NEB).

3.4.1. Severity of the dry season

Transitions from the rainy to the dry season can be
sharp: 38% of the years under consideration presented no
early dry season. That is, 13 of 34 years presented the
longest dry period at the very beginning of the dry season.
In a similar way, 10 of 34 years (29%) presented no late
dry season, which means that the driest period was imme-
diately followed by the next rainy season without a transi-
tion period. Most of the years that presented no late dry
season (7 of 10, 70%) were consecutive years from 2006
to 2012. The dry seasons of the years 2006, 2008, 2012,
and 2015 were particularly dry with no single day with
rainfall above 5 mm, therefore those years had only mid-
dle dry season with neither early nor late dry seasons.

Figure 8 - Autocorrelation function of dry season length. Dashed lines
represent the 0.95 confident interval.
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The early dry season has an average length of 24 +
27 days, the middle dry season of 158 + 31 days, and the
late dry season of 31 +31 days. Thus, dry season in our
study area is mainly composed by a long very dry period
at the middle with short transition periods that are absent
in many of the years.

Although the years 2002 and 2016 had the two long-
est dry seasons, none of them presented the longest middle
dry season. Years 2007 and 2008 are both at the top of that
list, with 224 consecutive days of rainfalls under 5 mm,
followed by 2012 (219 days), 1994 (200 days) and 2015
(195 days). Longer middle dry seasons seems to be more
common in recent years. In fact, a linear regression fit of
middle dry season length presented an increase with time
of 1.2+0.5 days/year (P =0.0240, R> =0.1492) for the
34-year-long period considered. This result is in accor-
dance with the increase in consecutive dry days that was
predicted for NEB as a consequence of climate change
(IPCC, 2012; Marengo et al., 2017). Consecutive dry days
(CDD), that is, the maximum number of consecutive days
in a year with daily rainfall under some threshold, has
been used as a drought indicator (Frich et al., 2002; IPCC,
2012; Marengo et al., 2017). Length of middle dry season,
as used here, is equivalent to a CDD index with a
5 mm/day threshold.

Other thresholds has been considered in the litera-
ture, the more widely used is 1 mm/day (Frich ef al., 2002;
Guerreiro et al., 2013; TPCC, 2012). de Andrade et al.
(2016) adopted a threshold of 2 mm/day on a study per-
formed in NEB, following results from Fernandes et al.
(2015) that showed that cowpea (Vigna unguiculata (L.)
Walp.) is able to maintain transpiration and photosynthetic
rates with around 2 mm of daily rainfall. This crop is
widely produced under rainfed systems in NEB, being of
extreme importance for family agriculture in the region.
Analyzing our data again with these threshold values for
the CDD, we found the same tendency as with 5 mm/day.
That is, a slight statistically-significant increase in the
number of CDD: for 2 mm/day, it is 1.2 £ 0.5 days/year
(P=0.0349, R>=0.1317), and for 1 mm/day, it is 1.1+
0.5 days/year (P=0.0393, R>=0.1261). Therefore, we
can say that droughts are becoming more severe.

The dates of beginning, end and length of the dry
season, including those of its three stages: early, middle
and late dry season are detailed in Table S3 and Table S4.

3.4.2. Comparison with a savanna enclave in Brazilian Amazon

Alves and Pérez-Cabello (2017), analyzing a shorter
time period that covers from 2000 to 2016 on a savanna
enclave of the Brazilian Amazon, found a dry season
length of 163 + 9 days, which is 1.31 times shorter that the
dry season of our study area. The early, middle and late
dry seasons lengths that they found were 78 £ 4 days, 54 £
8 days, and 29 + 5 days, respectively. That is qualitatively

and quantitatively different from ours results. In first
place, we found a dry season with a long middle period
preceded and followed from short transitions, whereas
they found well-defined transition periods of comparable
length with the middle dry season. In fact, the early dry
season is longer that middle dry season. Comparing, the
middle dry season of our study area is almost 3 times
longer and presents a variation in its length 6.75 times lar-
ger. It is clear that, besides our study area being an ecotone
between Caatinga and Cerrado (savanna), the dry season
characteristics are very different of those found for the
savanna enclave in the Amazon.

3.5. Droughts in northeastern Brazil

During the time period considered in this work,
drought episodes in NEB have been reported in the years:
1986-87, 1992-1993, 1997-1998, 2001-2002, 2005, 2007,
2010 e 2012-2016 (Marengo et al., 2017, 2018). Being
those of the years 1997-1998 and 2012-2015, the ones
reported as the most severe in the period (Brito et al.,
2018; Gutiérrez et al., 2014; Marengo et al., 2018; Rodri-
gues and McPhaden, 2014).

For our study area, the lowest annual rainfall was in
2011-2012 which initiated a period of seven consecutive
years with annual rainfall under the average. This period
coincides with the most severe drought reported for recent
decades in NEB, extending from 2012 to 2015. Also, the
dry seasons of 2012 and 2015 are two of the only four that
presented only middle dry season, meaning that there was
very little rainfall outside the rainy seasons of those years.
Moreover, 2012 presented the third longest middle dry
season (third largest number of CDD). Major droughts in
NEB are usually related to El Nifio, as those of 1986-1987,
1997-1998, 2005, 2010 and 2015 (Marengo et al., 2018)
and are due to the northward displacement of the ITCZ
(Hastenrath, 2012). But not all droughts in NEB are rela-
ted to El Nifio, the 2011-2012 drought was on a non-El
Niflo year. La Nifia events are usually associated to wet
periods in NEB due to a southward migration of the ITCZ,
but an opposite SST gradient in the tropical Atlantic can
happen when the cooling is concentrated in the central
Pacific instead of the eastern Pacific, thus leading to a
northward migration of the ITCZ and to drought in the
NEB, that was the case of the 2011—-2012 drought event
(Rodrigues and McPhaden, 2014).

On the other hand, the drought of 1997-1998 was
also considered severe in NEB but annual rainfall was
near the average for our study area, and neither dry season
nor middle dry season were particularly long. This results
are consistent with those of Cunha ef al. (2018) that ana-
lyzed spatial-temporal pattern of drought in NEB and
found that despite 1997-1998 being a severe drought in
NEB, it was not so intense in our study area.

The three longest dry seasons (2002, 2007, and
2016) occurred during years that have been reported as



Sparacino ef al.

presenting droughts in the region. Moreover, from the
above listed 16 years with reported drought, 10 had annual
rainfall below the average (62% of the cases), 9 presented
a dry season longer than the average (56%), and in 7 of
those years the middle dry season was longer than the cor-
responding average length (44%). All these features cha-
racterize the so-called meteorological drought that is
associated to rainfall deficit. The impacts of meteorolo-
gical droughts can be diminished (or enhanced) by appro-
priate (or inadequate) public policies (Few and Tebboth,
2018; Sandstrom and Juhola, 2017). Drought is a complex
phenomena and its ecological and socioeconomic impacts
are influenced by human activities in several ways. In first
place, meteorological droughts are influenced by the cli-
mate variability caused by anthropogenic climate change.
But, their impacts depend also on changes in the land use,
irrigation, reservoir construction and water abstraction
which can or can not lead to soil moisture drought or
hydrological drought (Van Loon ef al., 2016). Sometimes,
also agricultural droughts are considered to quantify
impacts on crop yields (Bachmair et al., 2016).

3.6. Implications on fire regimes

Here, we identified a reducing level of annual rain-
fall as a long-term linear trend for the region, as well as a
significant increase on CDD. Both have been mentioned as
mechanisms that increase fire frequency and extent at a
global scale (Shlisky et al., 2007). The decrease in rainfall
affects biomass production and, thus, the availability of
fuels, indirectly controlling fire activity (Mayr et al.,
2018). It also influences fuel moisture that limits the
extension of fires (Alvarado ef al., 2017; Arganaraz et al.,
2018).

Also, the high variability on the timing and quality
of rainy season presents itself as a threat in terms of fire
vulnerability, with dry seasons extending for as much as
303 days, as was the case in 2002. We found great inter-
annual variability on the total amount of rainfall, which
ranged from as little as 433 mm to as much as 1024 mm.
This variability is also a threat in terms of fire vulner-
ability since a very wet year could be followed by a very
dry one increasing the risk of fire because great biomass
production on wet years remains available as fuel during
posterior dry periods. In fact, a fire database is available
for this region in which a multiple—year process was
described to explain large extensions burned in the Capi-
vara-Confuses Mosaic for particular years (Argibay et al.,
2020). The multiple—year process consists of a combina-
tion of a year with above-average rainfall followed by a
year with below-average rainfall as 2010-2011 (854 mm)
and 2011—2012 (433 mm) leading to a fire season (2012)
in which large extensions were burned (Argibay et al.,
2020). Seasonally dry tropical forests, as Caatinga, present
high rates of biomass production during the rainy season
directly associated with the amount of rainfall (Martinez-
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Ramos et al., 2018). Thus, the combination of years with
abundant rainfall followed by dry years with low rainfall
levels and extended dry season periods are particularly
risky.

Other fire vulnerability identified for the region is
the existence of very dry years without transition seasons
from and to rainy seasons. This superimposes to the
intrinsically extreme seasonal climate we found in which
90% of rainfall is concentrated on the rainy season, which
makes the long dry period intrinsically fire prone. The
subdivision of the dry season seems to be appropriate to
describe the differences in moisture conditions that drive
fire activity. The fire database constructed by Argibay
et al. (2020) for the same study area shows that the season
with larger extension burned is the middle dry season, fol-
lowed by the late dry season. Early dry seasons are the
ones with less extension burned. This could reflect the fact
that vegetation, during this period, is still with moisture
derived from rains, even when rainy season has finished.
Thus, dry season classification we made here prove to be
useful for understanding fire dynamics and could as well
be useful in other regions to understand fire regimes.

4. Summary and Conclusions

We have constructed a long-term series of daily
rainfall data by spatial averaging the available data of
ground-based stations, that otherwise present incomplete
series, for semiarid NEB. The region includes two fully
protected areas that together constitute the largest con-
servation area of Caatinga, a seasonally dry tropical forest
that occurs only in Brazil. Assembling and analyzing long-
term data is necessary to study ecological processes, such
as those of fire regimes and their alteration by climate
change. From our analysis, it is clear that high interannual
climatic variations are the norm in the region, and should
be incorporated in decision-making processes, particularly
in the management of the two protected lands included in
the area.

Protected areas have a crucial role in preserving bio-
diversity, ecosystem and landscape in situ, but protected
areas of Caatinga and its ecotone with Cerrado are still
poorly investigated and in need for studies that may help
management decisions. In this sense, any study in which
seasonality represents an important factor could benefit
from the characterization that we have made here, not only
studies related to fire but also to any seasonal ecological
process, for example studies about population dynamics or
species phenology. Particularly, yearly dates for start and
end of rainy and dry seasons based on ground-based daily
rainfall observations could be used to made dynamical
approaches to any process, accounting for the real inter-
annual variations in the timing and quality of rainy season.
Avoiding, in this way, the usual rigid approach of defining
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seasons by climate normals and ignoring what is, in fact,
happening on the particular years of the study.

A strong seasonality was evidenced by the con-
centration of 90% of rainfalls found in the rainy season,
which in average extends for 152 days. Onset date of rainy
season, as well as its end date and length presented high
interannual variability, which can be summarized upon the
fact that only 39 days exclusively belonged to rainy season
for the complete 35-year period of this study, from
December 31 to February 02. Note that this can be consi-
dered the only period with consistent rainfall and is barely
longer than a month. As compared, 135 days (between 4
and 5 months) belonged always to the dry season, from
May 25 to October 06. The high interannual variability
also characterizes the region in terms of annual and
monthly rainfall.

As a long-term tendency, we have identified a sig-
nificant decrease in annual rainfall. Also, we have showed
that consecutive dry days presented a significant increas-
ing linear tendency considering a threshold of 5 mm for
daily rainfall, and also with thresholds of 2 mm and 1 mm.
That is, the number of consecutive dry days, very dry days
and extremely dry days are all increasing. Thus, droughts
are becoming more severe. Among the considered features
of the rainy season, onset and end dates, and length of the
rainy season presented no significant tendency. Instead,
rain rate showed a significant decreasing trend. Thus, the
decrease in annual rainfall would be associated to a dimin-
ishing rate of rainfall on the rainy season rather than a
shorter rainy period or a change in its timing.

The complexity of the rainfall patterns are evidenced
by the low correlation between seasonal rainfall and rainy
season length. Seasonal rainfall presented a moderate cor-
relation with end date of rainy season but it was uncorre-
lated with its onset date. This could mean that the end of
rainy season is the most relevant feature to characterize
the amount of rainfall, and years with poor rainfall would
be mainly associated with early endings. This is reinforced
by the negative correlation of dry season length with pre-
vious rainy season length but not with the posterior one,
and by the fact that the atypical values found on onset and
end dates distributions represent, all of them, early end-
ings of rainy season.

Certain regularity can be attributed to dry season
patterns, we have found a significant autocorrelation for
the dry season length, with a periodicity of 14 years,
which means that short and long dry seasons alternate
separated by approximately 7 years.
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Supplementary Material

Table S1 - Meteorological station locations and source of the
corresponding data.

Table S2 - Minimum (MIN), maximum (MAX) and average
(AVG) number of stations with available data for each cli-
matological year under consideration. The average is cal-
culated over each day of the climatological year and the
associated standard deviation (STDEV) is also shown.
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Table S3 - Dates of onset and end of each rainy season for the
period between July 1983 and June 2018, as calculated
from the anomalous accumulation for each climatological
year. The length in days and the rain rate of each rainy
season are also shown.

Table S4 - Dates of beginning and end, length and rain rate of
each dry season in the period between July 1983 and June
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2018. The corresponding dates for early, middle, and late
dry seasons are also shown, as well as their lengths in
days.
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