Journal of Hydrology 632 (2024) 130850

Contents lists available at ScienceDirect

Journal of Hydrology

FI. SEVIER

journal homepage: www.elsevier.com/locate/jhydrol
Research papers ' :.)
At the extremes: Assessing interrelations among the impacts of and

responses to extreme hydroclimatic events in Ceara, Northeast Brazil

a,b,*

Cydney K. Seigerman ™" , Nicolly Santos Leite , Eduardo Savio P.R. Martins **,

Donald R. Nelson ¢

2 Research Institute for Meteorology and Water Resources - Ceard State (FUNCEME), Avenida Rui Barbosa, 1246, Aldeota, Fortaleza, Ceara 60115-221, Brazil
Y Department of Anthropology, University of Georgia, Baldwin Hall, 355 South Jackson Street, Athens, GA 30602, USA

¢ Graduate Studies in Water Resources (PosDeha), Federal University of Ceard, Campus do Pici — Bloco 713, Fortaleza, Ceara 60400-900, Brazil

4 Institute for Resilient Infrastructure Systems, University of Georgia, Athens, GA 30602, USA

ARTICLE INFO ABSTRACT

This manuscript was handled by Nandita Basu,
Editor-in-Chief

As climates continue to change, semi-arid rainfall regimes are projected to become increasingly more extreme,
with longer dry periods and fewer, but more intense, heavy rainfall events. This process of hydroclimatic
intensification increases the risk associated with successive extreme climate hazards, such as drought and then

Keywords: . heavy rainfall, in the same area. However, the development of effective adaptation strategies to drought, heavy
ED’;ZE“;:[ rainfall events rainfall, and flood hazards is hampered by the lack of integrated analyses that consider the interactions among
Floodging these hazards and responses to them. To increase understanding of these interactions, this paper examines im-
Adaptation pacts of and adaptive actions taken in response to prolonged drought (2012-2018) and subsequent extreme

rainfall and flooding (March and April 2023) in the semi-arid region of Ceard, Northeast Brazil. We find that
policies and adaptive measures focus primarily on drought hazard, while preparation for extreme rainfall events
and flooding is scant. Management plans and long-term adaptive strategies are being developed for drought and
not other extreme hydrometeorological events. Additionally, emergency measures for extreme rainfall and
flooding are much less structured than those for drought. As such, the paradigm “Convivéncia com o semiarido”
(“Living with the semi-arid region”) remains limited to adapting to drought hazard, ultimately hindering
adequate extreme rainfall and drought responses. To promote more effective adaptive strategies in the context of
hydroclimatic intensification in semi-arid regions, drought, heavy rainfall, and flood responses must be
considered in a more integrated manner to create management plans to prepare for the potential impacts of these
hazards into the future.

Semi-arid regions
Water management

1. Introduction’

Rainfall regimes in semi-arid regions are becoming ever more
extreme, with longer dry periods and fewer, but more intense, heavy
rainfall events—a process called hydroclimatic intensification (de Oli-
veira et al., 2014; Medeiros et al., 2022). Semi-arid regions are

particularly vulnerable to hydroclimatic intensification, given charac-
teristic rainfall levels below potential evapotranspiration rates
throughout most of the year and severe runoff during rainfall events
(Panthou et al., 2018). Extreme rainfall and flooding are essential for
surface water and ground water recharge in semi-arid regions (Geris
et al., 2022; Liu et al., 2011), but these extreme events often result in
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catastrophic consequences—including socioeconomic loss, erosion and
land degradation, infrastructure damage, and loss of life—in semi-arid
regions globally (Sumi et al., 2022).> As exposure to drought and
heavy rains and flooding increases, areas that are unable to recover from
one disaster may be more likely to experience compound disasters, with
adverse outcomes greater than the sum of two isolated events
(McGreevy and Adrien, 2023). Yet, few studies analyze risk and adap-
tation measures related to drought in conjunction with those associated
with heavy rainfall and flooding, which limits understanding of possible
interactions and hinders the development of adaptation strategies to
minimize risk to extreme events (Ward et al., 2020). To help fill this gap,
this paper examines outcomes of and responses to extreme rainfall and
flooding in 2023 in the semi-arid region of Ceard, Brazil and their re-
lationships to adaptation measures to severe drought from 2012 to 2018
and prolonged drought impacts in the region. Integrative approaches to
address the impacts of and responses to hydrometeorological extreme
events is imperative given the current and projected increases in in-
tensity, frequency, and overlapping consequences of drought, heavy
rains, and flooding.

Ceara forms part of Northeast Brazil (NEB), known for suffering due
to drought and the modernist paradigm of “Combate contra a seca”
(“Fight against drought”) that guided drought policies focused on large
infrastructure projects in the region throughout the 20th century (Alves
da Silva, 2007). In the late 20th century, a new paradigm, “Convivencia
com o semiarido” (“Living with the semi-arid region™), developed with a
greater focus on local, sociotechnological solutions (Alves da Silva,
2007). Despite the shift in perspective from fighting against drought to
coexisting with the semi-arid region, both paradigms center drought and
drought impacts.

The focus on drought in policies reflects the persistence of drought
and drought-related disasters in the region. The droughts of 1877-1879,
1915, 1931, 1973, 1983, 1993, and 1998 evoke memories of unequal
suffering in the Cearense sertao, as well as the implementation of large-
scale infrastructure solutions in response to drought. The most recent
drought (2012-2018) is considered the worst drought in Ceara’s his-
tory, impacting various sectors and posing challenges for urban and
rural human water supply (Marengo et al., 2017; Pontes Filho et al.,
2020). Despite the historical emphasis on drought, deficiencies in
drought management greatly exacerbated drought impacts and the
water crisis (Martins et al., 2018). Long-term drought impacts were
observed in the Banabuit River Basin (BRB) of Ceara through February
2023 (Monitor de Secas, 2023).

From 2007 to 2023, the majority of emergency declarations in Ceara
were related to drought, with the highest number of declarations
registered from 2012 to 2017 (CEDEC, 202.3; Fig. A1) However, 2008,
2009, and 2023 stand out given the elevated number of declarations due
to heavy rain or flooding. In 2009, there was a greater number of dec-
larations due to extreme rainfall or flooding than to drought. During the
most recent heavy rainfall events in March and April 2023, flooding due
to heavy rain and the failure of small dams (i.e., the uncontrolled release

2 For regional examples, please see: Northeast Brazil (de Oliveira et al.,
2014), Northern Africa (Werren et al., 2016), the Sahel (Panthou et al., 2018),
Sub-Saharan Africa (Geris et al., 2022), the Mediterranean (Hooke, 2019), the
Middle East (Rahman et al., 2016), China (Zhang et al., 2018) and Southwest
United States (Yang and Smith, 2018).

3 Long-term impacts are on timescales of more than 12 months and are
usually hydrological or ecological, such as reservoirs at their inactive volume
for prolonged periods (Monitor de Secas, 2023b). The inactive volume is
reached when the reservoir level is below the level of the water abstraction
infrastructure.

4 The declaration of a state of emergency is a political process that occurs at
the municipal, state, and federal levels. It is overseen by the State Civil Defense
Agency, although emergency declarations are made at the municipal level and
then ratified at the federal level. A declaration of emergency or calamity gives a
municipality access to federal funding through the Civil Defense.
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of water from a reservoir through a dam due to structural failures) led to
distress throughout the region, particularly in rural areas and more
impoverished urban neighborhoods. Between March 22 and April 5,
2023, three of the 15 municipalities in the BRB (Piquet Carneiro, Sen-
ador Pompeu, and Pedra Branca) declared states of emergency due to
heavy rains and one municipality (Milha) declared a state of public
calamity (Table A.1).° At that time, eight municipalities, including
Milha, were already under declared states of emergency due to short or
long-term drought (Table A.1). As emergency declarations last 180 days,
Milha became simultaneously under a state of emergency due to long-
term drought (declared November 10, 2022) and a state of public ca-
lamity due to heavy rains (declared March 28, 2023).

Given the gravity of flood impacts in years with extreme rainfall
events in Ceara and other semi-arid regions, the “living with the semi-
arid region” paradigm should be expanded to include extreme events
related excess water (i.e., flooding and heavy rainfall). Under the current
paradigm, semi-arid is often conflated with drought, and policies and
technologies stress “living with drought” (e.g., Lindoso et al., 2018; Silva
et al., 2021). In parallel, “living with flood” strategies have centered
flood-related adaptations, particularly in temperate and continental
riverine environments (Cuny, 1991; Ferreira et al., 2020). Both sets of
approaches emphasize the importance of governance and infrastructure-
focused adaptations, but drought and flood remain analytically isolated.
To better adapt to both hydrometeorological extremes in semi-arid re-
gions into the future, the interrelations between these events must be
recognized in policy and action.

2. Study area

The Banabuit River Basin (BRB) forms part of the semi-arid region of
Ceara, NEB (Fig. 1). The tropical semi-arid region is characterized by
distinct rainy and dry seasons; low average annual rainfall (<800 mm);
and high temperatures (maximums around 36 °C), evapotranspiration
rates (around 2000 mm/year), and spatial and temporal rainfall vari-
ability. More than 70 % of Ceara is characterized by a crystalline rock
basement and shallow soils, which limit groundwater storage potential.
Deep wells are often dry or have water with high salinity. As such,
constructing small to large reservoirs for surface-water storage is a
popular strategy to increase water supply, despite the region’s high
evapotranspiration rates.

The BRB forms part of the Jaguaribe River Basin and has a drainage
area of 19,647 km? (13.4 % of the area of Ceard). Nineteen state-
monitored reservoirs and more than 17,000 other private and munic-
ipal reservoirs serve important roles for human consumption, animal
husbandry, and agricultural practices. Across the 15 municipalities that
compose the BRB, 61.5 % of households live in urban areas and 38.5 %
in rural areas, according to the 2010 Brazilian Census (IBGE, 2023).
Rural households depend primarily on rainfed agriculture, and milk
production in the region has greatly increased over the past decade
(Section 4.2.1). According to the Municipal Alert Index of Ceara (IMA),
10 of the 15 municipalities of the BRB were considered to have high or
medium-high levels of vulnerability over the past 10 years, where
vulnerability was assessed based on 12 agricultural, meteorological, and

5 According to the Brazilian Decree No. 7.257 (Brazil, 2010), a state of
emergency is defined as an “abnormal situation, caused by disasters, causing
damages and losses that imply the partial impairment of the response capacity
of the public power of the affected entity.” A state of public calamity is defined
as an “abnormal situation, caused by disasters, causing damage and losses that
imply a substantial impairment of the response capacity of the public power of
the affected entity” (Brazil, 2010).
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Fig. 1. The Banabuit River Basin (BRB), Ceara, Northeast Brazil.

hydrological indicators (Fig. 2).°

Precipitation in Ceara is intricately influenced by a range of atmo-
spheric and oceanic systems throughout the year. The primary driver of
the rainy season (February to May) is the Intertropical Convergence
Zone (ITCZ), with droughts during this period linked to anomalies in the
Atlantic system (Hastenrath and Greischar, 1993; Hastenrath and Heller,
1977). The El Nino-Southern Oscillation (ENSO) also plays a crucial
role, where La Nina typically brings above-average rainfall and El Nino
leads to drought conditions (Kayano and Capistrano, 2014). Addition-
ally, the Madden-Julian Oscillation (MJO) has intraseasonal impacts
(Valadao et al., 2017; Vasconcelos Jr. et al., 2018). Various other climate
systems—including the South American Monsoon System, cold fronts,
upper tropospheric cyclonic vortices, quasi-linear convective systems,
easterly wave disturbances, and mesoscale convective complex-
es—contribute to precipitation events in the region throughout the year,
each with its own unique characteristics (Comin et al., 2021; Ferreira
and Mello, 2005; Gomes et al., 2015; Vasconcelos Jr. et al., 2018). Un-
derstanding the interactions of these systems is essential for effective
climate prediction and water resource management in Ceara.

® The Municipal Alert Index of Ceara (IMA) was developed in 2004 by the
Permanent Interinstitutional Group for Coexistence and Sustainable Develop-
ment of the Semi-Arid Region, a group created by the Institute of Research and
Economic Strategy of Ceara (IPECE), with the participation of technicians from
various Cearense government agencies (IPECE & SEPLAG, 2022: 5). It classifies
municipalities into one of four vulnerability classes: high, medium high, me-
dium low, and low. The IMA is primarily used by the State Secretariat of
Agriculture (SDA) and the State Secretariat of Planning and Management
(SEPLAG) in decisions regarding public projects to increase rural development
and secure access to water, such as Projeto Sao José (SDA, 2023), Convivéncia
com o Semiarido (P2MCS) (Bezerra, 2023) and multi-dimensional projects
financed by the World Bank (World Bank, 2019).

3. Hydrometeorological dynamics of Ceara and the BRB

The 2012-2018 drought was one of the longest multi-year droughts
experienced in Ceard since historical records began in the 19th century
(Martins et al., 2017). Individually, the rainy seasons from 2012 to 2018
are ranked better than the tenth most critical year in the history of
systematic records, but the persistence of drought reveals a very
different drought footprint (Escada et al., 2021; Martins and Vasconce-
los, 2017; Martins et al., 2017). Over these years, Ceara experienced
extended periods of serious (10th percentile), extreme (5th percentile),
and exceptional (2nd percentile) drought with high negative rainfall
anomalies (Martins and Vasconcelos, 2017). Since 2017, rainfall levels
in the BRB for the rainy season have reached or exceeded the long-term
mean (calculated from 1991 to 2020) (Fig. 3). In 2019 and 2021, the
deviation from the mean was close to zero.

Despite average to above-average rainfall from 2017 to 2022, long-
term impacts of drought were still observed in the region through
February 2023 (Fig. 4a).” The prolonged presence of drought impacts
are related to the high spatial and temporal distribution of rainfall, as
well as the intensity of rainfall events (Siqueira and Teixeira Nery,
2021). Regions coming out of drought, such as the BRB, may not
experience meteorological drought (below-average precipitation and
relatively dryness), while still experiencing impacts of hydrological
drought (prolonged water-resource deficits) and/or agricultural drought
(pastures or crops that had not completely recovered) (Monitor de Secas,
2023b; Wilhite and Glantz, 1985). After the rainfall events in March
2023, the Monitor indicated lack of drought for the entire state of Ceara
for the first time since the Monitor was launched in 2014 (Fig. 4b).

7 The February/2023 Brazil Drought Monitor map reflects the drought from
November/2022 to January/2023 in a small central area of Ceara. In addition
to reservoir levels, the monitor uses several products as support information on
droughts, such as satellite-based products on soil moisture and vegetation
health index.
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Fig. 2. The evolution of the class of vulnerability for the municipalities in the BRB according to the Municipal Alert Index (IMA) of Ceard. (Elaborated by Authors).
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Fig. 3. Deviation from the long-term rainfall mean (1991-2020) of the rainy season (February, March, April, and May) in the BRB and the State of Ceara from 2010
to 2023. For 2023, the deviation was calculated with rainfall data for February, March, and April (FMA). The deviation from the mean was close to zero in 2019 and

2021 for the BRB. (Data source: FUNCEME).

In Section 3.1, we analyze the extreme rainfall events in the Bana-
buid region using rain gauge data and historic means. Section 3.2 fo-
cuses on water levels of state-monitored reservoirs before and after the
extreme rain events. Rainfall and radar data were provided by FUN-
CEME, the Research Institute for Meteorology and Water Resources -
Ceara State. Reservoir monitoring data are available for the 157 reser-
voirs monitored by the State Water Resource Management Company of
Ceara (COGERH) (19 of which are located in the BRB) and were ob-
tained from the Hydrological Portal of Ceara.’

8 https://www.hidro.ce.gov.br/.

3.1. Rainfall analysis

Flooding in the BRB was the result of the heavy rainfall events in
March and April and concurrent breaching of small dams. Factors such
as precipitation intensity, volume, and timing, as well as the charac-
teristics of riverbed and drainage basin (e.g., soil composition, urbani-
zation, and the presence of dams), impact flood intensity (Seneviratne
et al., 2021). In certain areas of the BRB, flooding was primarily trig-
gered by a combination of consecutive rainy days and the extended
duration of precipitation events. Rather than being predominantly
caused by isolated extreme daily precipitation events, these floods
typically resulted from a sequence of rainy days, with most of the daily
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Fig. 4. Drought Monitor for Ceara for (a) February 2023 and (b) March 2023. (Source: Monitor de Secas, https://monitordesecas.ana.gov.br/).

rainfall events concentrating 80-90 % of the total precipitation within a
short span of 1.5 to 3 h.

To assess rainfall intensity, daily rainfall values for the period March
1 to April 19, 2023 were obtained from the Hydrological Portal of Ceara.
The range of dates was selected based on the concurrence of extreme
flooding and emergency situations in the region. For municipalities with
more than one rain gauge, the gauge with the maximum recorded
rainfall was used.’ While hourly (or higher frequency) precipitation data
provide better information on rainfall intensity than daily totals, heavy
rainfall event thresholds are normally defined based on daily rainfall
records due to the lack of sub-daily rainfall data, as is the case here (de
Oliveira et al., 2014). The maximum daily rainfall recorded for each
municipality illustrates the high concentration of days with relatively
strong to extreme rainfall events in March and April (Fig. A.2). Radar
analysis also shows that the rainfall maximums in the BRB occurred in a
few hours, indicating high rainfall intensity.

Following Gouvea et al. (2018), maximum daily rainfall values by
municipality were categorized as weak, moderate, strong, or extreme
based on the daily rainfall totals recorded at a single rain gauge. Table 1
summarizes the frequency of extreme daily rainfall (rainfall greater or
equal to 50 mm) per municipality, while the full categorization is
available in Table A.2. All municipalities in the BRB except Itatira
experienced extreme rainfall events. Five had at least one day of rainfall
between 100 and 150 mm, and two (Quixeramobim and Milha) recorded
one extreme rainfall event of more than 150 mm. The maximum rainfall
value recorded was 190 mm in Milha on March 27, 2023.

The rainfall in Milha during March 2023 was truly exceptional. The
extreme cumulative rainfall value of 190 mm in Milha represents the
highest daily precipitation recorded in the systematic record started in
January 1974. When analyzed using a fitted generalized extreme dis-
tribution model, it corresponds to a 530-year return period, underlining
the rarity and severity of this event. The total precipitation of 423.7 mm
in Milha for the month of March also far surpassed the climatological
expected value of 182.2 mm, marking a significant deviation of 132.6 %
above the mean.

The rainfall events from March 1 to April 19 led to positive anomalies
compared to the long-term mean (1991 - 2020) for March and April in

9 We use the rain gauge with the maximum recorded rainfall in the analysis
as a heuristic to illustrate the high frequency of heavy rainfall events in the
region over the 50-day period. The data of maximum precipitation coincide
with the dates when the flood impacts were felt, indicating some causal relation
between the recorded precipitation and the floods that occurred in the affected
regions. Additionally, a radar analysis reveals that the precipitation-inducing
systems cover extensive regions throughout the duration of precipitation re-
cords at gauge stations, spanning from 7 a.m. to 7 a.m.

14 of the 15 municipalities in the BRB (Fig. 5). Even before the end of
April, all municipalities except Itatira demonstrated higher rainfall
levels than the historic mean. The concentration of rainfall in the west
and center of the BRB is significant, as rainfall in this area makes
important contributions to water levels in state-monitored reservoirs
and other reservoirs key to human water supply in urban areas and
surrounding rural communities. Changes in reservoir levels in the BRB
are presented in the following section, and discussion on the impacts of
the heavy rainfall follows in subsequent sections.

3.2. State-monitored reservoir levels

COGERH currently monitors 19 reservoirs in the BRB, which have a
total storage capacity of 2,674.59 hm®. Table A.3 in the supplementary
information indicates the municipality where each reservoir is located,
the years it was constructed, its capacity, and whether it is administered
by the Federal Government, the State Government of Cear4, or a private
party. Daily readings are made available for all COGERH-monitored
reservoirs via the Hydrological Portal of Ceard.'” The rainfall events
in March and April 2023 transformed the water-storage scenario of
monitored reservoirs the BRB (Fig. 6). On February 1, 2023, the total
volume of water stored in these reservoirs was 259.42 hm® (9.7 %), three
reservoirs were completely dry, and seven reservoirs had a volume be-
tween 0 and 5 % (Fig. 6a). In comparison, on March 31, the total volume
stored in monitored reservoirs was 597.16 hm?® (22.32 %), no reservoir
was completely dry, only two reservoirs had a volume between 0 and 5
%, and four had begun to spill over (Fig. 6b). By the end of the extreme
rainfall events, on April 19, the total volume stored by monitored res-
ervoirs was 1,032.25 hm® (38.59 %), only one reservoir had a volume of
less than or equal to 5 %, and seven were overflowing (Fig. 6¢). The
reservoir volumes and percent capacity corresponding to Fig. 6 are
available in Table A.4.

The Quixeramobim Reservoir exemplifies this transformation
(Fig. 7). The reservoir was at 0 % capacity until March 17, when water
from flows from non-controlled areas (i.e., areas not regulated by up-
stream, monitored reservoirs) began to fill the Reservoir. After much
anticipation by residents, the Quixeramobim Reservoir began to over-
flow on April 2, 2023, in large part due to the influx of water from up-
stream reservoirs that had begun to overflow in the preceding days.

19 For reservoirs in a state of collapse, measurements may not be recorded for
a period of time, and volumes may not be available for all calendar dates.
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Table 1

Frequency by municipality of days (7 a.m. to 7 a.m.) with extreme accumulated
rainfall for March 1 to April 19, 2023 (50 days total).>>° (Data Source: Hy-
drological Portal of Ceara, http://www.hidro.ce.gov.br/).

Municipality Days of Recorded Extreme Rainfall Total days of
50 mm < x 100 mm < x 150 extreme rainfall
< 100 mm < 150 mm mm < X

Banabuit 5 0 0 5

Boa Viagem 7 0 0 7

Ibicuitinga 2 0 0 2

Itatira 0 0 0 0

Jaguaretama 5 0 0 5

Madalena 8 1 0 9

Milha 2 1 1 4

Mombaca 5 0 0 5

Monsenhor 3 0 0 3

Tabosa

Morada Nova 10 0 0 10

Pedra Branca 4 0 0 4

Piquet Carneiro 3 1 0 4

Quixada 3 0 0 3

Quixeramobim 12 3 1 16

Senador Pompeu 3 1 0 4

@ The definition of “extreme” as cumulative rainfall of > 50 mm in 24 h is
based on the work by Gouvea et al. (2018).

b For each municipality, the highest daily rainfall value from March 1 to April
19, 2023 was determined from rain gauge data provided by FUNCEME. Accu-
mulated rainfall is available for 24-hour periods.

¢ The variable x represents the maximum recorded accumulated rainfall value
for a given day and municipal.

4. Consequences of and responses to the extreme events

To situate the hydrological data within the sociohydrological context
of the BRB, we draw on the authors’ combined experience in the region.
This includes the development of research projects in the region over the
past decades, as well as ethnographic fieldwork in Quixeramobim from
October 2021 to September 2023. Participant observation and semi-
structured interviews were conducted with civil servants at the Munic-
ipal Civil Defense, technical experts at state and municipal levels, and
residents of rural communities in the BRB.

Archival data include newspaper articles, social media posts, and
government reports available online. Based on in-person fieldwork and
archival research, negative consequences of the extreme rainfall events
in the BRB in March and April are provided in Table 2. This list is not
comprehensive but rather exemplifies the vulnerabilities of the region to
extreme rainfall events. Flooding occurred throughout the region due to
heavy rains, reservoir overflow, and reservoir failure. Across Ceara, the
government registered 2,994 people as displaced or left homeless, 29
people injured, and seven deaths due to the extreme events (Grupo de
Contingencia, 2023). Limited transportation access in rural areas,
caused by flooding and/or strong river currents, isolated rural commu-
nities and districts and led to interruptions in schooling. Additionally,
the extreme rain events negatively impacted the milk industry, partic-
ularly in the municipalities of Milha and Senador Pompeu.

In addition to the emergency situations created, farmers noted crop
losses due to the heavy rains and floods, as well as due to lack of rainfall
in late April and early May 2023. In Cachoeirinha, a rural community in
Quixeramobim, crops were lost due to overflow flooding of a private
reservoir into areas that had been suitable for planting in past years
(farmer from Cachoeirinha, personal communication, April 4, 2023).
Additionally, an agronomist from the Landless Workers Movement
(MST) explained that excessive rain makes sprouting difficult due to
mud (personal communication, May 8, 2023). As such, many farmers
waited until soil conditions improved after the rains (i.e., the soils
became drier) to plant crops. However, they then expressed concern that
they would lose their corn crop due to the dry period that followed the
heavy rains (personal communications with farmers in Nenelandia and
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Cruxatd, Quixeramobim, May 7 and May 13, 2023).

Consequences of and reactions to the 2023 extreme hydrometeoro-
logical events in Ceara provide insight into the relationships among risk,
vulnerabilities, and adaptation strategies to drought, extreme rainfall,
and flooding. Adaptation strategies may be adaptive (i.e., decrease or
avoid risk or harm) in some contexts and maladaptive (i.e., increase risk
of adverse outcomes or vulnerability to hazards) in others (D’ Alisa and
Kallis, 2016; Glover and Granberg, 2021). Table 3 summarizes emer-
gency and long-term adaptation strategies to hydrometeorological
hazards in the BRB organized by response type (i.e., infrastructure,
assessment/decision-making tool, governance, and public policy
response). Observed and/or potential positive and negative outcomes
for each strategy are provided. In the rest of this section, we highlight
the dynamics of several of these actions across local and state levels in
the context of the 2012-2018 drought and heavy rainfall events in
March and April 2023.

4.1. Emergency responses

Over the course of the 2012-2018 drought, implemented solutions
proved insufficient to withstand the continuation of below-average
rainfall. Emergency measures helped assuage the more extreme conse-
quences of drought (e.g., death, livestock losses, and migration) and
included emergency credit lines, government-subsidized crop insurance
for impoverished families and farmers who suffer crop loss (Garantia
Safra), and water truck delivery services (Operagao Carro Pipa) to supply
water for human consumption (Bretan and Engle, 2017). However, these
measures are often costly, provide opportunities for clientelism, and can
become chronic buffers to drought emergencies (Nelson and Finan,
2009). The impacts of the 2012-2018 drought catalyzed work toward
strategies to reduce the need for emergency responses, including im-
provements in forecasting, monitoring, and vulnerability/resilience as-
sessments and the development of drought management plans at
different governance levels and with different levels of participatory
planning (Gutiérrez et al., 2014; Marengo et al., 2017).

The emergency situations that arose during the heavy rain events in
March and April 2023 underscore the reactionary nature of flood
management in Ceara. Emergency actions in response to flooding car-
ried out at the state level by the State Civil Defense and Secretariat of
Social Protection (SPS) included the distribution of 2,600 basic food
baskets (cestas basicas), 1,582 kg of fresh food and pasta, and 464 mat-
tresses across 24 municipalities, including Pedra Branca, Piquet Car-
neiro, Senador Pompeu, Itatira, and Milha in the BRB (Grupo de
Contingencia, 2023). Additionally, the SPS distributed Social Rent
(Aluguel Social) payments of R$400 (~80 USD) per affected family (i.e.,
families left homeless or forced to evacuate their homes because of high
flood or landslide risk) to the mayor’s offices of impacted municipalities
with declared states of emergency or public calamity recognized by the
State of Ceard, according to Law No. 18.331 (Ceara, 2023). In addition
to the provisioning of cash, food, and other basic needs, other emer-
gency measures were taken to cope with flooding, including the
cancelation of classes and/or public-school transportation and emer-
gency road maintenance by municipal and state government agencies.

The Contingency Group of Ceara (Grupo de Contigéncia), an interin-
stitutional governance body formed in 2015 to mitigate drought impacts
in Ceara, shifted its focus to the emergency flood situations during this
period. The attempt to utilize the Contingency Group as a governance
tool to respond to the flood emergencies was ineffective. The Contigency
Group was not adequately prepared to respond to floods, because key
institutions to respond to landslides, dam breaches, and floods do not
form part of it, and certain institutions, such as the State Water and
Sewage Company (CAGECE), were not appropriately positioned within
it for flood responses. Moreover, there was a noticeable lack of coordi-
nation in responding to these hazards.
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Fig. 5. Rainfall anomaly in mm calculated for March and April 2023 for the municipalities in the BRB. The rainfall anomaly was calculated by subtracting the long-
term monthly mean for March and April from the reported monthly rainfall for each municipality for March 2023 and April 1-19, 2023. (Data source: Hydrological

Portal of Ceard, http://www.hidro.ce.gov.br/).
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Fig. 6. Water storage volume of reservoirs in the BRB in February, March, and April 2023. For C (Cedro Reservoir), reservoir volume data from April 17 was used
instead of April 19, as data were not available for April 18 or 19 for the reservoir. The reservoirs are labeled A through S in alphabetical order: A, Banabuit; B,
Capitao Mor; C, Cedro; D, Cipoada; E, Curral Velho; F, Fogareiro; G, Jatoba; H, Monsenhor Tabosa; I, Patt; J, Pedras Brancas; K, Parabibt; L, Poco do Barro; M,
Quixeramobim; N, Sao José I; O, Sao José II; P, Serafim Dias; Q, Trapid II; R, Umari; S, Vieriao. (Data source: Hydrological Portal of Ceara, http://www.hidro.ce.

gov.br/).

4.2. The construction of reservoirs as an infrastructure response

4.2.1. Small reservoirs

Small reservoirs have transformed the sociohydrologic dynamics of
the BRB and Ceara more broadly, providing an important adaptive
strategy for local communities and dairy farmers while becoming one of
the most significant maladaptations during the extreme rainfall events

in 2023. In Ceara, 105,843 reservoirs with walls of at least 20 m in
length have been identified (FUNCEME, 2021). The BRB is the river
basin with the second highest number of reservoirs (17,299), and at the
municipal level, Milha and Piquet Carneiro have two of the highest
reservoir densities in the state (FUNCEME, 2021). Almost all of the
reservoirs were constructed privately or by municipal governments and
are unmonitored (i.e., percent volume and water quality measurements
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Fig. 7. The Quixeramobim Reservoir’s transformation during the rainy season of 2023: (a) March 12 (0 %), (b) March 17 (1.16 %), (c) April 3 (100 %).

(Photos: Authors).

Table 2

Examples of negative consequences of the extreme rainfall events in March and
April 2023 in the BRB, as reported in news sources and personal correspon-
dences with the Civil Defense of Ceara.

Municipality Negative Consequences

Madalena Flooding; in-person classes for grade schools suspended

Quixada Flooding; falling trees and suspension of electrical power;
damage to houses and stores.

Milha Flooding; failure of at least 40 private reservoirs; in-person
classes suspended; homes and stores destroyed and residents
homeless; damaged roads; milk industry negatively impacted

Senador Flooding; risk of large dam failure; paved and dirt road blocked,

Pompeu flooded or collapsed; milk industry negatively impacted

Piquet Carneiro Flooding; paved and dirt roads blocked, flooded or collapsed;
private reservoir failure; evacuation of population from the urban
center

Flooding; grade-school classes suspended or made virtual in rural
areas; grade-school bus transportation suspended indefinitely in
rural areas; rural communities and districts isolated due to high
water levels; private dam failure

Flooding; risk of dam failure; evacuation of rural communities

Quixeramobim

Pedra Branca

are not carried out in a systematic manner). Small reservoirs usually
have an earth-filled embankment dam, made of compact earth, while
some have more rudimentary mud structures (barreiros), which are
characterized by low water-retention capacity during prolonged periods
of drought (Molle and Cadier, 1992). Most reservoirs do not retain water
from one rainy season to another, typically reaching critical levels in
November or December. Sometimes used for household water con-
sumption, these reservoirs are primarily used for livestock water supply,
irrigation, and year-long fodder production in Ceard. Owning a private
reservoir can lead to greater autonomy and lower socioeconomic
vulnerability for producers. Farmers can also take advantage of the
moisture retention on the shores of reservoirs to cultivate beans, fodder,
and other crops in the dry season.

The intensification of small reservoirs in the BRB is a key strategy for
the expansion of dairy production in municipalities including Quixer-
amobim, Senador Pompeu, and Milha. Milk producers emphasize the
importance of private small reservoirs for dairy farming: “I have to
produce in my reservoir [....] the dam was our salvation for our crops
[....] [It is what] creates abundance” (Dairy producer from Piquet Car-
neiro, personal communication, 2020).'! In Milha, where dairy pro-
duction increased 837 % between 2012 and 2021 (IBGE, 2023), the
mayor exalted the municipal program to construct small reservoirs as “a
task force to strengthen our dairy farming” (Quixeramobim News,

11 Original quote: “Eu tenho que produzir na minha barragem [....] o acude foi
a nossa salvagao para a lavoura [....] [E o que] gera fartura.”

2022).'? As a part of the program, the municipal government supplies
machinery and technical assistance to construct a small reservoir, while
reservoir maintenance becomes the owner’s responsibility.

The construction of private reservoirs is an adaptive practice for
dairy producers and farmers, but it has maladaptive consequences for
hydrologic dynamics in river basins. In semi-arid regions, the presence
of small reservoirs can result in significant annual streamflow reduction
during dry years, which becomes more intense during extended
droughts (Rabelo et al., 2022). According to technical experts at
COGERH and FUNCEME, the immense quantity and high density of
these small structures in Ceard may interfere with the recharge of large,
strategic reservoirs (Rodrigues, 2020). This negatively impacts urban
and peri-urban water supplies, as the recharge of the strategic reservoirs
that provide water to these areas is interrupted, even in years with
average and above-average rainfall.

In addition to these issues, the politics of small reservoirs increase the
risk of flooding due to dam failure. While most of these reservoirs would
not meet volume or height characteristics of the National Reservoir
Safety Policy,'” they have high potential to cause damage. The lack of
proper maintenance or other technical deficiencies led to the breaching
of more than 40 dams in Milha, in addition to failures and risk of
reservoir failure in other municipalities in the BRB (Superintendent of
SOHIDRA, personal communication, April 6, 2023). Vegetation growth
in the spillway and near the embankment of earthen reservoirs can
compromise the structural integrity and increase the risk of failure
(Escolano-Sanchez and Fernandez-Serrano, 2015).

The state of calamity declared in Milha was directly related to the
flooding caused by the rupture of these reservoirs. Likewise, the rupture
of a private reservoir in the district of Belém in Quixeramobim isolated
several rural communities, and emergency measures were carried out by
the government to provide food and supplies to stranded residents and
to repair roads in the flooded region to restore access (Resident of the
community Pontal Alegre, personal communication, April 7, 2023). Due
to the combination of lack of access and power outages, milk producers
in these communities were forced to dump milk stored in community
tanks. In Pontal Alegre (Quixeramobim), 7,000 liters of milk were lost
(Resident of Pontal Alegre, personal communication, May 14, 2023).
These losses and hardships were the result of local dams breaking and
subsequent flooding, suggesting that the monitoring and maintenance
outlined in the National Reservoir Safety Policy are not being carried out
adequately.

12 QOriginal quote: “uma grande forca tarefa para fortalecer nossa pecudria
leiteira”.

13 The National Reservoir Safety Policy (Law No. 14.066) applies to reservoirs
with a capacity of at least three million cubic meters; wall height of at least
15 m; or medium to high potential damage in economic, social, environmental
terms or in terms of loss of human life (Brazil, 2020).
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Key emergency and long-term strategies to drought and extreme rainfall/flooding (flood) employed in Ceard. Strategies are categorized by four response types:
infrastructure (I), governance (G), public policy responses (P), and assessment/decision-making tools (A).

Strategy

Response
Type

Response
Horizon

Drought or
Flood
Response

Responsible Actor(s)”

Positive and Negative Consequences

Level of Impacts

Small reservoirs

Large reservoirs

Intrabasin water
transfers through
pipeline systems

Projeto Malha d’Agua
(Water Pipeline
Network Program)

Well drilling

State Contingency
Group
(Grupo de
Contigencia)
Drought management
plans

Social technologies
(rain-harvesting

cisterns, water reuse

systems)

Water trucks programs

(Operagao Carro
Pipa)

Federal cash transfers
for crop losses
(Garantia Safra)

Seasonal forecasting

Long-term

Long-term

Emergency

Long-term

Emergency,
long-term

Emergency,
long-term

Long-term

Long-term

Emergency

Emergency

Long-term

Drought

Drought,
flood

Drought

Drought

Drought

Drought

Drought

Drought

Drought

Drought,
flood

Drought,
flood

Municipalities, individuals

DNOCS, Brazilian Army,
municipalities

State Secretariat of Water
Resources (SRH), COGERH

SRH, FUNCEME, French
National Research Institute
for Sustainable
Development (IRD)

SOHIDRA, municipalities,
individuals

SRH

State government,
universities, local
institutions

Federal government, non-
government organizations,
individuals

Brazilian Army,
municipalities

Federal government, state
government, municipalities

FUNCEME, CPTEC, INMET

Positive: Increase in animal husbandry (cattle
and milk); subsoil moisture for harvesting during
summer and dry periods; water storage
Negative: Interruption of water flow to strategic
reservoirs; lack of integrity leads to failure during
heavy rains

Positive: Increase water availability for multiple
uses; flood mitigation

Negative: Perpetuation of Drought Industry and
political corruption

Positive: Water supply for household uses and
production

Negative: Conflicts between upstream and
downstream communities and between
communities and water authorities

Positive*: Guarantee water quality and quantity
for urban areas, increase water available (e.g., by
decreasing water losses due to river-aquifer
interactions and evapotranspiration in open
canal systems), and significantly reduce
dependence on and costs associated with water
truck programs (SRH, 2023)

Negative*: Management strategies unclear;
potential management conflicts at the municipal
level and in rural areas; does not contemplate
most diffuse rural communities

*These are expected outcomes, as the projects are
currently being executed

Positive: Increase water availability for
household uses; desalination systems help
increase water potability for human consumption
Negative: Water table depletion; water often
briny and unsuitable for human consumption
Positive: Support short and long-term decision
making in response to drought vulnerabilities
Negative: Unprepared to respond adequately to
extreme rainfall and flood risk

Positive*: Support short and long-term
decisionmaking

Negative*: Potential to leave out key actors and
support decisions that negatively impact specific
populations

*The effectiveness of these plans in Ceard is
unknown as they were developed but not
implemented during the 2012 — 2018 drought
Positive: Rainwater capture to supply potable
drinking water yearlong; water storage for use
when do not have other sources; reduction of
distance to reliable water source; greater
independence for families

Negative: Dependence on federal government
limited reach of program from 2016 to 2022
Positive: Rural dwellers gain access to water for
household consumption

Negative: Rural dwellers become dependent on
water delivery service; costly; often poor water
quality

Positive: Increased food security, as farmers
receive money for food and other household
needs

Negative: Encourages persistent vulnerability of
small farmers (Nelson and Finan, 2009)
Positive: Supports seasonal and long-term
decision making; increased knowledge and
autonomy of farmers to develop agricultural
practices

Negative: May not be used by households or
large-scale agriculture due to distrust and
forecasts’ large spatial and temporal scales and
technical presentation

Local, river basin,
regional

Local, regional,
state

Household,
municipal,
regional, state,
federal

Municipal, river
basin

Household,
community,
municipal

Regional, state

Local, regional,
state

Household,
community

Household,
community

Household

Household,
regional, state

(continued on next page)
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Strategy Response

Type

Response
Horizon

Drought or
Flood
Response

Responsible Actor(s)”

Positive and Negative Consequences Level of Impacts

Sub-seasonal A
forecasting

Long-term,
emergency

Drought,
flood

Weather forecasting A Emergency Flood

Drought monitor A Long-term Drought

Flood-risk assessment A Long-term Flood

FUNCEME, CPTEC

FUNCEME, INMET, CPTEC

National Water and
Sanitation Agency of Brazil
(ANA), FUNCEME

CPRM, FUNCEME

Positive: Monitoring of urban centers to
anticipate the collapse of water supply systems
from days to months in advance; prioritization of
resource allocation (e.g., installation of pipeline
system for water transfer and Civil Defense
emergency responses)

Negative: May not be used by households or
large-scale agriculture due to distrust and
forecasts’ large spatial and temporal scales and
technical presentation

Positive: Support short-term decision making
and assess areas of higher risk; prioritization of
allocation of emergency resources (food,
household goods, etc.); increased knowledge and
autonomy of farmers to develop agricultural
practices

Negative: May not be used by farmers given
technical presentation and distrust

Positive: Support short and long-term decision
making for drought responses; assist
municipalities to solicit drought policies, such as
water-truck services

Negative: Regional scale may result in
overlooking critical situations at the community
level

Positive: Support short and long-term decision-
making in urban areas

Negative: Focus on urban areas leaves rural
areas without adequate flood-risk information

Household,
regional, state

Household,
regional, state

Regional, state

Local

@ Acronyms: DNOCS - National Department of Works Against Drought; CPTEC - the Center for Weather Forecasting and Climatic Studies; INMET — National

Meteorological Institute of Brazil/ SRH - State Secretariat of Water Resources.

4.2.2. Large reservoirs

In Cear4, the construction of large reservoirs is a historic response to
drought emergency (Escada et al., 2021; Martins et al., 2017). In the
BRB, these include the Cedro Reservoir—the first large reservoir con-
structed in Brazil and conceived by the Brazilian Empire in response to
the devastating drought in 1877-1879 (Monteiro, 2020)—as well as the
Banabuii and Quixeramobim Reservoirs constructed as responses to
widespread drought in the late 1950s. Currently, these reservoirs are
monitored by COGERH and supply water for multiple uses to urban
centers and surrounding rural regions connected via canals or pipelines.
River basin committees make allocation decisions for the water stored in
the state-monitored reservoirs, selecting from different rate-flow sce-
narios calculated by COGERH (Lemos et al., 2020). During the 2012 —
2018 drought, these reservoirs reached critical levels in part due to
mismanagement of the water stored (Director of the Regional COGERH
Office—Quixeramobim, personal communication, August 17, 2023).
One objective of the Proactive Drought Management Plans (Section 4.4)
is to avoid such situations during periods of extreme drought by estab-
lishing maximum water-release rates based on reservoir levels.

COGERH annually inspects all state-monitored reservoirs before and
after the rainy season in order to identify possible faults in infrastructure
integrity and to repair damage to prevent future dam failure (Superin-
tendent of SOHIDRA, personal communication, April 6, 2023). This
monitoring process follows the requirements outlined in the National
Reservoir Safety Policy (Law No. 14.066, 2020), which states that the
“empreendedor™'* of a reservoir is responsible for the maintenance and
monitoring of said reservoir (Brazil, 2020). During the extreme rainfall

14 An empreendedor is defined as a private or governmental agent with real
rights over the lands where the dam and reservoir are located or who exploit the
dam for their own benefit or that of the community and may be an individual, a
community association, municipal government, or state agency (e.g.,
COGERH), among others.

10

events in March and April 2023, none of the state-monitored reservoirs
failed, a testament to the effectiveness of regular reservoir maintenance
by COGERH.

4.3. Climate forecasting

Seasonal climate forecasting provides useful information for
decision-making processes across different sectors, including agricul-
ture, water management, and health (Ceglar and Toreti, 2021; Escada
et al., 2021). However, despite its potential utility, climate forecast in-
formation is not guaranteed to be incorporated into decision-making
processes (Lemos et al., 2002). Salience, relevance, authority, and
legitimacy are key factors for how different actors use or do not use
forecast information when making decisions (Taddei, 2008).

Seasonal climate forecasting in Ceara has developed tremendously in
recent decades (Escada et al., 2021; Marengo et al., 2022). Since 2012,
FUNCEME has employed objective forecasting, producing forecasts
directly from selected models. This allows the direct use of the forecast
in impact assessment models (e.g., hydrological models in order to
predict inflows to the main reservoirs of the state) and minimizes
subjectivity inherent to consensus forecasting methods that incorporate
negotiation processes into forecast development. FUNCEME'’s forecasts
are probabilistic, providing probabilities for rainfall above, near, and
below the historic mean (Martins and Vasconcelos, 2017).

Seasonal forecasts produced by FUNCEME, the Center for Weather
Forecasting and Climatic Studies (CPTEC), and the National Meteoro-
logical Institute of Brazil (INMET) inform long-term policy decisions at
the state level in Ceard. Seasonal forecasting was fundamental to water
management decisions during the 2012-2018 drought period, support-
ing decisions to avoid collapse of many urban water systems and
reducing the negative consequences of prolonged drought (Martins and
Magalhaes, 2015). While seasonal forecasting is valuable for minimizing
potential drought consequences, decisions based on forecasts may not
always be viable when uncertainties are high or when situational
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dynamics warrant alternative actions. The best option for drought pre-
paredness is the integration of seasonal forecasts and drought-risk
monitoring (Marengo et al., 2022).

Seasonal forecasting is not necessarily an effective tool for flood
preparedness, as seasonal total rainfall may not be correlated to flood
levels (Coughlan de Perez et al., 2017). Rather, sub-seasonal climate
forecasting and weather forecasting (Moudi Pascal et al., 2023), as well
as seasonal streamflow forecasts and river-basin-level hydrological
models (Coughlan de Perez et al., 2017; Sahu et al., 2017), are more
adept to prepare for and respond to extreme rainfall events and flooding.
Weather forecasts are produced by FUNCEME, INMET, and CPTEC,
while FUNCEME and CPTEC have recently advanced sub-seasonal
climate forecasting for periods of 7, 14, 21, and 44 days. After the
initial heavy rain events in March 2023, FUNCEME’s weather and sub-
seasonal climate forecasts helped guide the execution of strategic pre-
ventative actions in high-risk areas led by the Civil Defense and other
state organs. The Civil Defense was particularly concerned about the
possible continuation of rainfall events in areas that had already entered
collapse, including Milha. Emergency actions included evacuation of
areas at risk for flooding and the inspection of small dams that could
pose a risk of rupture.

4.4. Drought management plans

Drought management plans at different levels of management are
fundamental to move away from crisis management approaches (Wilhite
and Knutson, 2008). The recent prolonged drought catalyzed the
development of different drought management plans in Ceara to miti-
gate drought impacts at the state, municipal, or reservoir-system level.
At the state level, the Drought Coexistence Action Plan (O Plano de A¢oes
de Convivencia com a Seca) was developed in 2015 to evaluate drought
consequences and define emergency, medium-term, and long-term ac-
tions from a multi-actor perspective by aggregating the demands of
different sectors (Governo do Estado do Ceara, 2015). The Cearense
Municipal Agricultural and Livestock Farming Pilot Plan to Prepare for
and Respond to Droughts (Plano Piloto Agropecuario Municipal de Pre-
paragao e Resposta as Secas do Ceara) addressed drought vulnerabilities
from a municipality perspective, and drought plans were developed for
seven municipalities from 2014 to 2020, including in Piquet Carneiro
(2014) and Quixeramobim (2016) (SDA, 2020). With the exception of
Piquet Carneiro, plan development involved workshops with represen-
tatives from municipal and state level institutions to define solutions to
drought-related problems using collective activities. While the project
improved planning vision and articulation between different social and
government institutions, important actors related to family agriculture
were absent from the process (Farias Neto, 2019). Beginning in 2021 and
currently ongoing, the Proactive Drought Management Plans Initiative
(Plano de Gestao Proativa de Secas) uses a proactive water allocation
decision-making process based on the sociotechnical methodology used
in Participatory Drought Preparedness Plans to develop reservoir-system
drought plans (Souza Filho et al., 2023). Led by the Federal University of
Ceara (UFC) in collaboration with FUNCEME, the SRH, the Cearense
Foundation for Research Support (FUNCAP), universities, and river
basin committees, the Initiative collectively establishes operating pol-
icies for state-monitored reservoirs based on drought indicators and
group-defined goals (See Appendix A for more details on the how plans
are developed through the Initiative). The effectiveness of the three
types of plans to improve drought management and minimize conflicts is
still unknown but rather must be evaluated in upcoming years during
and after future periods of drought.

4.5. Flood risk assessment
There are limited initiatives for flood management in Ceara. In

general, flood mapping, which is essential for effective flood manage-
ment, is performed periodically and limited to urban areas. Flood
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mapping identifies the extent and distribution of flood risks, and long-
term satellite monitoring can be used as a forecasting tool (Mudashiru
et al., 2021). In Brazil, flood mapping is often carried out by the Com-
pany of Mineral Resource Research (CPRM) under the auspices of the
Brazilian Ministry of Mining and Energy. However, mapping is typically
limited to urban areas, hindering flood risk planning in more remote,
rural areas where flooding may be common. In response to the extreme
rainfall events in March and April 2023, researchers at FUNCEME began
emergency and long-term flood risk mapping across Ceara. For areas
with high probability of heavy rainfall, flood risk was mapped as an
emergency action.

4.6. Federal cash transfers for crop losses

Garantia Safra (Harvest Guarantee) is a subsidized crop insurance
program established in 2002 through the Brazilian Federal Government
that supports low-income small farmers in NEB who have lost crops due
to drought or excess rainfall. While the program accounts for crop losses
due to both drought and excess rain, in Cear4d, the program is most often
associated with losses due to lack of rainfall. In a speech about Garantia
Safra in February 2023, Ceara Governor Elmano de Freitas observed,
“Crop loss due to drought is very common for us in the Northeast [....]
Garantia Safra is a very important drought policy for us [....] The
forecast is for good rains, so we are preparing for future years”'® (Falcao,
2023). Of the 184 Cearense municipalities, 181 qualify for Garantia
Safra. For an individual farmer to receive the benefit, they be registered
through their municipality, and there must be proof of average harvest
lost at the municipal level equal to or greater than 50 % in rice, beans,
corn, cassava, or cotton due to drought or excess rain in the growing
season (Brazil, 2002). Initially, only farmers in municipalities with
federal declarations of emergency or calamity were able to benefit from
the program, but this requirement was removed in 2008 (Valadares
et al., 2022). The value of the benefit increased from R$850 for the
2021/2022 season to R$1200 for the 2022/2023 season (Ministério da
Agricultura, Pecudria e Abastecimento, 202.3). Per registered farmer, the
Federal Government is responsible for contributing at least 40 % of the
benefit (R$480 in 2022/2023), while participating states must pay 12 %
(R$144 in 2022/2023), municipalities 6 % (R$72), and individual
families 2 % (R$24). For the 2021,/2022 season, 37,710 family farmers
across 47 municipalities received the benefit for crop loss (a total value
of R$850,000) (Ministério da Agricultura, Pecuaria e Abastecimento,
2023). For 2022/2023, about 200,000 farmers registered for the pro-
gram across the state of Ceara (Falcao, 2023).

5. Discussion

Climate-related adaptive strategies have developed primarily in
response to drought and drought impacts. This is understandable, given
that historically, drought events have produced greater long-term im-
pacts and challenges across local, state, and regional levels. Drought also
saturates perceptions about Ceara and the Northeast (Seigerman et al.,
2021). Descriptions of the hunger, economic hardship, and suffering due
to drought fill accounts from throughout the occupation of present-day
NEB, beginning in the 16th century (Campos, 2014). The Great Drought
of 1877-1879 further engrained drought into the region’s identity, as
socioeconomic and political struggles in the region became a national
concern and elites in the north used drought as a discursive instrument
to develop regional identity (Albuquerque Jr., 2021). Drought remains
at the forefront of political and popular discourse. In the 1940s, the
Brazilian Government established the Drought Polygon within NEB,

15 Original text: “A perda de safra para nés do Nordeste é muito comum com a
seca. A Garantia Safra é uma politica de convivéncia com a seca muito
importante para nés [....] A previsao é de boas chuvas, portanto estamos nos
preparando para anos futuros.”
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which continues to be the focal region of drought-related public pro-
grams supported by the Superintendency of Development in the
Northeast (SUDENE) and the National Department of Works Against
Drought (DNOCS). In the rural area of the BRB, family histories of the
immense hardship during the 1915 and 1932 droughts mingle with the
living memory of those who worked on public work projects or invaded
city centers to provide food for their families during droughts through
the early 1990s. The 2012-2018 drought and its socioeconomic impacts
further cemented the government’s investment in mitigation and
adaptive drought actions.

Conversely, critical rainfall and flooding events are less frequent,
more isolated, and interspersed between years with rainfall below and
near average levels. These events also evoke paradoxical emotions, as
the influx of water causes both relief and distress. When asked about
major rainfall events, a family in the rural community Tanquinhos,
Quixeramobim, recounted the 2009 rainy season with awe: although
flooding caused major hardship after dividing the community into two,
the rains filled drying reservoirs and provided a sense of water security
into the following year (personal communication, April 4, 2022). During
community meetings held in May through August 2023, several rural
dwellers observed that they were grateful for the rainfall events that
year. A small farmer from the community Cruxati explained that despite
his losses, with water, they can make do, but without water, suffering is
much greater (personal communication, May 13, 2023). The govern-
ment’s attention to rain and flood hazards and related risks at the state
level during and after the extreme events in March and April was a direct
result of the large number of affected areas, particularly in the BRB. In
this section, we highlight incoherencies between different infrastructure
solutions, governance mechanisms, social programs, and assessment-
based actions in response to drought and to extreme rainfall/flooding
and potential synergies among these responses to address hydrometeo-
rological extreme events into the future.

Small reservoirs can be maladaptive during both drought and
extreme rainfall. The heavy rains in March and April 2023 were bene-
ficial for small and large reservoir recharge in the BRB. However, he
dams of small reservoirs throughout the region broke in 2023 due to
inadequate structure or maintenance in conjunction with the rainfall
intensity, resulting in flooding and critical situations. The outcomes
indicate that the National Reservoir Safety Policy is insufficient and
highlight the need for actions to address the construction, management,
and maintenance of small reservoirs, such as those suggested by Pisa-
niello et al. (2015). Further research on the benefits and potential harms
of small reservoir construction across levels (i.e., the individual small
farm to the hydrological basin) and during drought and extreme rainfall
events in semi-arid regions is also needed (Rabelo et al., 2022).

The attempt to employ the State Contingency Group as a governance
mechanism to respond to extreme rainfall and flooding events exposed
the lack of flood-response preparation by the State of Ceara. It became
evident that a group with a different institutional composition is
required created to anticipate and respond to disasters related to
extreme rainfall more effectively. The alternative group would concen-
trate on events such as flooding, landslides, and related infrastructure
disruption (e.g., road blockages, power outages, and reservoir failure).
While many institutions would play fundamental roles in both groups,
roles would shift during periods of heavy rainfall and flooding. For
example, during periods with high risks of extreme flooding, FUNCEME
would carry out monitoring and forecasts with very short (up to three
hours) to short (three days) ranges. The State Civil Defense and SOP
could supervise on-the-ground actions to ensure their continuation in
the weeks after the initial emergency response.

The federal crop insurance program Garantia Safra and meteoro-
logical forecasting tools stand out for their ability to address both
drought-related and excess-water-related situations. Globally, analyses
of crop insurance most commonly focus on drought, while flood and
excessive rainfall are rarely discussed (Abdi et al., 2022). Although
Garantia Safra is often considered a social program focused on drought-

12

Journal of Hydrology 632 (2024) 130850

related crop losses, it importantly also supports family farmers who have
losses due to excess water. An elevated number of farmers to receive the
benefit due to loss caused by flooding for the 2022/2023 season is ex-
pected. In terms of assessment tools, over the past decade, drought
stimulated advances in seasonal climate forecasting, which is used in
bulk water allocation decisions and has helped help government
agencies prepare for rainy seasons with high probability of below-
average rainfall. Weather and sub-seasonal climate forecasting are key
for flood risk monitoring in areas of known high risk and have the po-
tential to support actions by a new state-level unit focused on hazards
related to excess water. Importantly, the current lack of flood risk as-
sessments limits knowledge of flood risk and consequently the ability to
use forecasting and monitoring techniques more strategically.

As hydroclimatic intensification continues in semi-arid regions,
policies and actions must more adequately address the interconnections
between consecutive extreme hydrometeorological events and potential
compound impacts. Yet how to develop more holistic solutions remains
unclear. The unpredictability of flash floods in semi-arid regions is a
major challenge and needs to be incorporated into planning, mitigation,
and adaptive strategies (Zhang et al., 2018). Over the past years, nature-
based solutions (NBS), which incorporate green infrastructure to address
socioecological challenges, have been proposed as more holistic ap-
proaches to reduce disaster risk (IUCN, 2017). In semi-arid regions, NBS
can play significant roles in reducing flood risk (Abdrabo et al., 2022),
while restoration of degraded drylands and development of agroforestry
systems may reduce drought and flood risk (Seddon et al., 2020).
However, like their built infrastructure counterparts, NBS are typically
implemented for a single objective, such as drought or flood mitigation
(Carvalho et al., 2022). Greater attention to the broader socioecological
outcomes of NBS, particularly in the Global South, is needed to better
understand the full potential of these approaches to reduce vulnerability
to hydrometeorological extremes (Chausson et al., 2020).

Assessment-based responses from which lessons from drought can be
carried over to extreme rainfall and flooding are the drought manage-
ment plans actively being developed through participatory processes at
the river-basin level in Ceara. The recent extreme rain and flood events
indicate that preparation for these extreme events should also be
included in proactive management plans. Flood risk assessment should
include both urban and rural areas, as well as the inspection of the
integrity of small reservoirs throughout the river basin. A popular
empirical approach is the multi-criteria decision-making method
(MCDM), a participatory method in which key actors collaborate to
evaluate and select alternatives for the given problem scenario using
criteria (e.g., costs, environmental impact, social impact, and effec-
tiveness) that are subsequently measured and weighted (Mudashiru
et al., 2021). The participatory structure of MCDM is similar to that of
the approaches used in the development of Proactive Drought Man-
agement Plans in Ceard. Flood risk analysis should be incorporated into
management plans to mitigate exposure and the severity of flood
impacts.

6. Conclusions

As semi-arid areas experience increasingly extreme events on both
sides of the hydroclimatic spectrum, “living with the semi-arid region”
requires more integrative approaches that embrace the interrelations
among these events and their impacts. Some adaptative mechanisms,
including crop insurance, climatic and weather forecasting, and the
restoration of degraded drylands, can successfully help mitigate the risk
of disaster in semi-arid regions due to flooding and heavy rains. Yet
adaptative actions typically prioritize drought. Extreme rainfall and
flooding, in turn, become addressed through emergency responses. In
Ceara, a focus on drought led to unpreparedness at the local and state
levels to respond to the extreme events in March and April 2023. Res-
ervoirs spilled over for the first time in over a decade, bringing relief to
urban centers and rural communities in precarious water situations.
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However, the historically extreme rainfall events also led to flooding and
property loss, among other negative consequences, requiring emergency
actions. Across semi-arid regions, there is potential to explore NBS as
complementary or alternative approaches to current built-infrastructure
solutions. The development of NBS together with policies that consider
the intertwining dynamics of drought, extreme rainfall, and flooding
may lead to more sustainable living with the semi-arid region.
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