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Abstract

Early peopling of Brazil’s Northeast region (BRN) took place under an intimate relationship between humans and water
scarcity, as the region, especially the state of Ceard (CE), has dealt historically with severe drought events since the 1800’s,
which commonly led to catastrophic impacts of mass migration and deaths of thousands of people. Throughout the last century,
the so-called “Droughts Polygon” region experienced intense infrastructural development, with the expansion of a dense network
of reservoirs. This resulted in the evolution of a complex hydrologic system requiring a holistic investigation in terms of its
hydrologic tradeoffs. This paper presents a parsimonious hydrologic modeling approach to investigate the 100-year (1920-2020)
evolution of a dense surface-water network in the 24,500 km? Upper Jaguaribe Basin, with the ultimate goal of generating
insights into the coevolution of a tightly coupled human-water system. Our model is driven by both climatic and human inputs,
while model structure is allowed to evolve over time to dynamically mimic evolution of population size, reservoir count and
water demand. Hundred years of continuous growth in storage capacity experienced within the UJ Basin is found to reflect the
transition from complete vulnerability to droughts to achievement of significantly increased levels of water security. However,
drought severity had in the meantime disproportionally intensified in this period, especially in reservoirs of medium to small
capacities. Our analysis results have generated valuable insights into the different roles that reservoir expansion has played in

securing the stability of human settlement patterns in drought prone regions.
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Key points

1. A hydrologic model with evolving structure was developed to capture 100 years of
reservoir expansion in a large semi-arid basin.

2. Hydraulic expansion led to an increase in water security over that century.

3. Drought intensity and duration evolved differently through the system, with smaller

reservoirs becoming more vulnerable over time.
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ABSTRACT

Early peopling of Brazil’s Northeast region (BRN) took place under an intimate relationship
between humans and water scarcity, as the region, especially the state of Ceara (CE), has dealt
historically with severe drought events since the 1800’s, which commonly led to catastrophic
impacts of mass migration and deaths of thousands of people. Throughout the last century, the so-
called “Droughts Polygon” region experienced intense infrastructural development, with the
expansion of a dense network of reservoirs. This resulted in the evolution of a complex hydrologic
system requiring a holistic investigation in terms of its hydrologic tradeoffs. This paper presents a
parsimonious hydrologic modeling approach to investigate the 100-year (1920-2020) evolution of
a dense surface-water network in the 24,500 km? Upper Jaguaribe Basin, with the ultimate goal of
generating insights into the coevolution of a tightly coupled human-water system. Our model is
driven by both climatic and human inputs, while model structure is allowed to evolve over time to
dynamically mimic evolution of population size, reservoir count and water demand. Hundred years
of continuous growth in storage capacity experienced within the UJ Basin is found to reflect the
transition from complete vulnerability to droughts to achievement of significantly increased levels
of water security. However, drought severity had in the meantime disproportionally intensified in
this period, especially in reservoirs of medium to small capacities. Our analysis results have
generated valuable insights into the different roles that reservoir expansion has played in securing

the stability of human settlement patterns in drought prone regions.
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1. Introduction

Brazil’s Northeast (BRN) region, especially its semi-arid portion, has been historically plagued by
frequent droughts dating all the way back to the 1800°s. The occurrence of the “Great Drought”
and other similar drought events (Guerra, 1981. Neves, 2007) have been extensively reported in
historical records, and are deeply entrenched in people’s collective memory, becoming an integral
part of the folklore and culture of the region. The history of development in the Upper Jaguaribe
(UJ) Basin, which is located within the state of Ceard, is typical of how the growth of human
populations have coevolved with the development of water resources in Brazil’s driest region,
having experienced intense growth of reservoir storage capacity through the construction of a
series of dams over the last century (Malveira et al., 2012; de Aradjo and Bronstert, 2016; Pereira
et al., 2019; Medeiros and Sivapalan, 2020;).

The implementation of storage reservoirs has been a common approach to mitigate water scarcity
in arid and semi-arid regions around the world where surface water yields of catchments are not
able to meet the growing human water demand, especially in scenarios in which economical and/or
political interests favor this approach over others (Cai et al., 2008; van der Zaag and Gupta, 2008;
Campos, 2015; Abeywardana et al., 2018). Also referred to as a hard-path solution (Medeiros and
Sivapalan, 2020), the construction of dams has been widely employed elsewhere as a strategy not
only for mitigating water scarcity (Peter et al., 2014; Di Baldassarre et al., 2018), but also for flood
and drought mitigation, by buffering the natural inter- and intra-annual variability in precipitation

and streamflow.

It is becoming increasingly clear that, despite its positive socioeconomic impact, the construction
of surface reservoirs may in the long term give rise to unintended consequences, such as increased
water demand, a human tendency triggered by perceptions of increased water availability resulting
from reservoir construction (Di Baldassarre et al., 2018; Habets et al., 2018; Ribeiro Neto et al.,
2022; van Langen et al., 2022). Perceptions of improved water security brought about by the
construction of reservoirs tend to persist in society, giving rise to unregulated and unplanned
growth of both human populations and reservoir construction. An example is the development of
dense reservoir networks in the Cearéa region in Brazil over the last century (Malveira et al., 2012;
de Aradjo and Bronstert, 2016; Pereira et al., 2019; Medeiros and Sivapalan, 2020). The socio-
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economic-political and hydrologic factors that may have contributed to this phenomenon are still

poorly understood nor fully accounted for.

The acknowledgment and assessment of both the intended and unintended consequences of
reservoir expansion, including mitigation of water scarcity and possible aggravation of drought
events, is of utmost importance for understanding the long-term implications of such hard
infrastructure solutions and longer-term policy decisions (Ribeiro Neto et al., 2022). Therefore, a
comprehensive understanding of the nature of co-evolution of human-water system feedbacks and
the hydrological and socio-political drivers that might lead to emergence of the observed
phenomena (e.g., increasing dam density) are needed for clarifying the circumstances under which
such phenomena might emerge. This calls for a new generation of hydrological models that
accommodate human-water system co-evolution and support both assessment of the impacts as

well as shed light on the socio-economic mechanisms that underpin this coevolution.

Capturing the hydrological functioning of such a large network of reservoirs poses major
challenges to the modeling exercise, due to the need for specific reservoir properties and operation
rules for each unit within the system, which are commonly not available. Moreover, in the global
South, socio-political conditions prevailing in water scarce regions are normally associated with
poor monitoring of such diffuse systems, a problem further aggravated in locations where
reservoirs are built by local cooperatives and private landowners. This is certainly the case in the
Ceararegion in Brazil. To deal with water management in such data-scarce regions and yet achieve
meaningful hydrologic representation of socio-hydrological processes, a lumped hydrologic
representation of reservoir systems has often been adopted (Gintner et al., 2004). Lumped-systems
hydrological modeling approaches can also take advantage of readily available remote-sensing
data to quantify and temporally assess the density of reservoir units in regions where on-ground

information is not available (Heine et al., 2014; Zhang et al., 2016; Pereira et al., 2019).

Our hydrologic data record spans 100 years (1920-2020) of measured precipitation, runoff, and
meteorological variables in the Upper Jaguaribe, a 24,500 km? semi-arid basin that has experienced
a 100-fold increase in artificially built storage capacity throughout the last century. We couple a
lumped, conceptual hydrologic model to a lumped reservoir system model and use historical data

on reservoir construction, paired with demographic data, to simulate the system’s reservoir
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capacity and population growth from its initially pristine state to its current highly altered
condition, i.e., through an evolving model structure. Simulations with this dynamic model are then
used to track advances in water security and the mitigation of water scarcity brought about by the
build-up of reservoir capacity, including how well reservoir storage may have either helped to
mitigate against or further exacerbate the sequence of major droughts that have periodically hit the

region over the century.
2. Study Area

The Upper Jaguaribe (UJ) basin (24500 km?) is located within the state of Ceara, in the Northeast
region of Brazil (Figure 1a). It is characterized by a semi-arid climate, with mean annual
precipitation of 700 mm.y! and mean annual potential evaporation of 2100 mm.y*. Rainfall is
concentrated in the summer months (Jan-Mar, Figure 1b) with marked inter-annual variability
(coefficient of variation of 30%), as seen in Figure 1c. Runoff coefficients typically vary between
5and 10% in the region and can at times be as low as 1% (de Figueiredo et al., 2016), while rivers
are mainly ephemeral (Malveira et al., 2012; Mamede et al., 2018). Crystalline bedrock and
shallow soils characterize basin’s substrate, while the vegetation is typical of the Brazilian
Caatinga biome (mainly xerophytic woodland). The economy of the rural areas in the basin
revolves around extensive cattle farming and subsistence agriculture, consisting mainly of rainfed
beans and corn cultures (van Oel et al., 2008). The average Human Development Index (HDI) in
the 27 municipalities that make up the UJ basin is 0.605 and the average GDP per capita is
approximately US$ 2050.00 per year.

Dam construction within the Jaguaribe basin commenced in the 1900’s, intensifying from the
1960’s up to the 1990’s through the construction of numerous large and small reservoirs by both
state-led initiatives and private owners. For much of the last century, reservoir construction was
adopted by the government and the private sector as a major strategy to respond to increasing
drought risk caused by rapid population growth. Reservoir construction rate has been slowly
falling in the region in recent times, as alternative (soft path) solutions to balance water supply and
demand have been attempted. A more detailed account of reservoir construction strategy within
Jaguaribe basin, which encompasses the UJ basin, can be found in Medeiros and Sivapalan (2020).
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We used the Global Surface Water Explore (https://global-surface-water.appspot.com/) (Pekel et

al., 2016) product for estimating the current total reservoir count and considered only reservoirs

with area greater than 1 ha in this count. This process led to a total of 3500 reservoirs that exist

currently within the UJ basin, with storage capacities ranging from less than 1.0 x 10° mé to larger

than 1.94 x 10° m3.

BRAZIL
Legend
[ Brazil [ Iguatu Basin
#221 Droughts Polygon — Rivers

[] River Jaguaribe Basin [l
3 upper Jaguaribe Basin - ®

b

250

200

150

100

mm.month?!

50

0 T~ —
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

P anomaly (-)

-40.8 -39.6 -38.4 -37.2

-4.4
4.4

5.5
-5.5

-6.6
-6.6

-7.7

0 25 50km
-

-7.7

-40.8 -39.6 -38.4 -37.2

o
3

=}

<)
o

| | | ! !

1 1 )
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Figure 1. Study area: a - Location, with details of the Iguatu contributing area, as well as the Upper

Jaguaribe basin. b - Mean-monthly values of precipitation (P), potential evaporation (PET) and streamflow

(Q) for the Iguatu station. ¢ - Interannual precipitation variability, shown as % deviation of mean value

throughout the study period.
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3. Hydrologic Modeling

Our modeling approach is divided into two parts. Part 1 refers to the modeling of the Iguatu (IG)
sub-basin, which was used to calibrate the hydrologic model HYMOD for the 1920-1940 decades,
hereafter named as the undisturbed period due to minimal infrastructure construction during that
period. The IG basin accounts for 80% of the Upper Jaguaribe area and was selected due to the
availability of streamflow measurements. This calibrated model is assumed to represent runoff
production during the basin’s more pristine conditions. Model performance was then tested for the
period between 1950 and 2020, which we define as the disturbed period. Both undisturbed and
disturbed periods are broad classifications to separate the decades with reduced influence of
reservoirs from the decades when reservoir construction experienced a boom. This classification
was done based on local knowledge and applies to both IG and UJ basins. After model calibration
and validation, we implemented the reservoir system model (RSM) as an additional routing step
to the HYMOD-generated streamflow. The combined HYMOD-RSM approach was developed to
incorporate the effects of the expansion of the reservoir network over multiple decades. We
validated this approach by comparing the newly generated streamflow values against observed

ones at the IG station for the undisturbed period.

In Part 2, we applied the previously calibrated HY MOD-RSM model to the UJ basin and used the
observed values of water storage at the Ords reservoir (the largest reservoir, which is located at
the basin’s outlet) for validation. Following that, we perform diagnostic analyses with the model
to further investigate the effects of the reservoir system’s growth on hydrologic fluxes and states,
while also investigating the role of the systems dynamic in shaping water fluxes, storage and

meeting water demand in the region.
3.1. The modified HYMOD

We implemented a modified version of the HYMOD hydrologic model. HYMOD is a spatially
lumped, conceptual rainfall-runoff model consisting of six parameters and has been used in several
studies (for instance, Boyle et al., 2000; Wang et al., 2009; Quan et al., 2014; Roy et al., 2017). A
brief explanation of the model’s functioning is presented here, along with the changes
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implemented as part of this study. A more thorough discussion on the model structure and

parameters can be found in the references listed above.

The model uses daily inputs of precipitation (P) and potential evapotranspiration (PET) to generate
estimates of actual evapotranspiration (AE) and streamflow (Q). It assumes a spatially distributed

soil moisture storage (S) according to the following relationship:

~ H(t) 1+b
S(t) - Smax (1 - <1 - Hmax) > (1)

in which S,,,,, represents the maximum storage capacity (mm), H is the storage height, H,,,, IS

the maximum storage height, and b is the distribution function shape parameter relating S,,,, t0

Hmax:

Himax
= (2)

At each time step, an initial estimate of S is computed (Sp., from the initial height (Hp,g),

following Equation 1. After that, with the addition of precipitation, an initial estimate of overland

flow (OV) is computed as:
OV = (0,P + Hpey — Hmax) (3)
The infiltration (1) is then obtained as:
I=P—-0vV (4)
Following that, an intermediate storage height (H;,;) is calculated as:
Hing =1 + Hpeg (5)

which will lead to an intermediate storage (S;,,;) calculated using Equation 1. Finally, the interflow

(IF), is computed as:

IF = Speg + 1 = Sint (6)

8
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PET is then used to compute the actual evapotranspiration, which will lead to the updated storage

at the end of the time step, S.4:

ET = (PET, Sin;) (7)
Sena = Sine — ET (8)

The sum of IF and OV leads to the total runoff (TR = IF + OV), which is separated into a fast

(Qfast) and slow component (Qg;0w ), Using a split parameter, a:

Qfast =axTR 9)
Qsiow = TR — Qfast (10)

Qfas: is then routed through a series of “n” linear reservoirs in series, each with the same release
constant (K,), i.e., a Nash cascade routing scheme, while slow flow is routed through a single

linear reservoir with a K; release constant. The slow flow linear reservoir is modified with the
addition of a threshold parameter y that defines the minimum amount of storage in the slow flow
reservoir so that release can occur. This modification was attempted after the observation of poor
model performance during dry months, when no flow occurred, which was not adequately
simulated through the model. A schematic showing the HYMOD components and parameters is

shown in Figure 2a.
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208  Figure 2. The modelling approach used in this study. a — Streamflow production using HYMOD. b — Schematic
209 representation of the reservoir system model (RSM), showing the aggregation of reservoirs into classes, along

210  with the runoff routing through the system as well as the imposed demands and evaporation fluxes.

211 3.2. HYMOD Calibration and Validation

212 We calibrated the HYMOD model over the 1920-1950 period, during which we assume human
213 influence to be minimal and the impact of reservoirs can be considered negligible. As mentioned
214  previously, this approach ensures that the calibrated model can be considered as representative of
215 a non-disturbed system, and that the runoff is generated under natural conditions. Model
216 calibration was conducted to reproduce the streamflow measured at the Iguatu station (Figure 1).
217 We used a semi-automated procedure, consisting of first fitting the model using the Shuffled
218 Complex Evolution (SCE-UA, Duan et al., 1992), with the Nash-Sutcliffe Efficiency (NSE) metric
219 as the objective function. For that, we used monthly values of observed and simulated streamflow
220  (in mm per month). After this initial procedure, we’ve manually adjusted the model parameters to
221 obtain unbiased (assessed through slope of the linear regression between observed and simulated
222 monthly values) estimates of streamflow production. Once calibrated, we compared simulated
223  values of streamflow for the disturbed period (1950-2020) through both NSE and Bias estimates,
224 using both HYMOD only, as well as the HYMOD-RSM approach, which is be described below.

10
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3.3. Reservoir System Model (RSM)

The approach adopted to simulate the reservoir system at the UJ basin, hereafter named RSM, is
based on the model proposed by Gintner et al. (2004). RSM is a lumped model where the reservoir
system is separated into different classes according to the reservoirs’ storage capacities. For each
reservoir class, the water balance is computed considering a single representative reservoir (RR)
in which local fluxes (evaporation and withdrawals) along with state variables (local volume and
height) are estimated. The RR has a storage capacity equal to the average capacity observed for
that class, as well as depth-volume-area relationships representing average conditions for that
class. The model considers a cascade-type routing of the runoff, as well as the propagation of the
unmet demands between different capacity classes. The RSM was developed and tested for the
local conditions of the Droughts Polygon, including the UJ basin, and was able to satisfactorily
simulate volumes of both small and large reservoirs within that region (Glintner et al., 2004,
Malveira et al., 2012, Bronstert et al., 2014, Mamede et al., 2018). The following section describes

the RSM formulations in detail.
3.3.1. Reservoir classes and evolution of the reservoir network

The RSM assumes the division of the reservoirs into a given number of classes. In this study, we
adopted a total of six classes, as shown in Table 1. This scheme was followed for simulations of
both the 1G as well as the UJ basins under disturbed conditions (1950-2020). While for classes 1
through 5 an actual aggregation of different reservoirs into classes is performed, class 6 is
represented by the largest reservoir within the basin, with capacity equal to Vg, (hm?). The adopted
approach enables one to parsimoniously simulate networks with thousands of reservoirs (see Table
1), combining reasonable efforts with low data entry, which is particularly important in regions
where information on small dams is scarce, such as in the study area (Pereira et al., 2019, Zhang
et al., 2016). The class ranges were defined based on the distribution of reservoirs and respective

storage capacities.

11



250

Table 1. Subdivision of reservoir system into classes, along with their hydraulic properties for both Iguatu

251 (1G) and Upper Jaguaribe (UJ) basins used in this study. Star (*) symbol denotes hydraulic properties of a
252 single reservoir (class 6).
Volume Range Total Vol Ave Vol

Class (hm?®) Res. Count ota Youme o el Avg a Avg K

N (hm?3) (hm?)
i Min Max
IG uJ G | u I | w IG uJ IG uJ

1 0.0 0.1 2127 | 2969 | 44 61 0.0 0.0 2.7 2.7 1120 | 1120
2 0.1 0.5 296 373 61 77 0.2 0.2 2.9 2.8 1432 | 1844
3 0.5 1.0 49 61 34 42 0.7 0.7 3.0 3.0 1167 | 1699
4 1.0 20.0 50 64 159 226 3.2 3.5 3.1 3.1 1468 | 3900
5 200 | Vg, 8 10 320 742 40.0 | 74.2 3.4 3.7 2408 | 2702
6 Ven 1 1 197 1940 | 197.0* | 1940* | 3.0% 4.4% | 10902* | 210*

253

254  We represent the evolution of the reservoir network over time by tracking the increase in the total

255 number of strategic reservoirs, i.e., those used to supply cities and large demand centers, which

256 are monitored by the local water management company, for which construction dates and design

257 characteristics are known. We used this subset to generate a relationship between storage capacity

258  (in % of the capacity observed in the present) versus year for both I1G and UJ basins. A total of 20

259 reservoir records were used for the estimation of capacity curve for the IG basin, whereas a total

260 of 25 reservoir records were used for the UJ basin. It is worth noting that reservoirs contained in

261 the subset used in the estimation of the system evolution belonged to classes 4 and 5 only, and that

262 no data was available on the construction of lower-class reservoirs. The hypothesis that the

263 increase rate of the system storage capacity approaches that of the strategic reservoirs can be

264  supported by the fact that, the spontaneous construction of small dams by the rural population was

265 encouraged by the success of strategic dams on supplying water, therefore it is expected that it

266 followed the public policy of reservoir construction. Furthermore, the strategic reservoirs (mostly

267 classes 5 and 6) account for over 85% of the system capacity in the UJ basin, although in much

268 lower number (Table 1). The list of reservoirs, including names, storage capacities and

269 construction dates are shown in the supplementary material (Table S1). Finally, the number of

270 reservoirs per class in each year was then computed by multiplying the system’s percent capacity

271 inagiven year, estimated as described above, by the total (current) number of reservoirs per class.

12
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3.3.2. Distribution of the generated runoff

The runoff produced by HYMOD during a given time step (Q, in m3) is distributed into fractions
contributing to each reservoir class (Q4—, , in m?), along with the runoff that is directly routed to

the catchment outlet (Qg_out, in m3/day)

Qy() = (Z Qg_n@) + Qgoue(®) (1)

Both Q4_,, and Q4. are estimated based on time-varying fractions:
Qg—n(t) = fu(t) - Qg (1) (12)
Qg—out(t) = fout(t) - Qg(t) (13)

where f,represents the fraction of @, contributing to the n class at a given time, and f,,; the
fraction of Q4 not contributing to any reservoir class, and thus directly routed to the catchment’s

outlet. The f,, values varied according to the total capacity in each class at a given moment in time.
To estimate f,, we first assumed the following empirical relationship between storage capacity and

incoming mean annual runoff:
Cu(t) =2 Qn(t) (14)

where C,, represent the storage capacity of class n (m?), and En the mean annual incoming runoff
of class n (m®). Although simplistic, the relationship indicated in Equation 14 has been shown to
hold for several reservoirs within the study region (Campos, 2015; de Araujo and Bronstert, 2016)
and represents a rule-of-thumb approach for reservoir construction used by the local population.
Indeed, Aguiar (1978) sized seven strategic reservoirs in the Droughts Polygon during the 20%"
Century, in which the ratio between accumulation capacity and annual inflow volume varies from
1.71 (Piranhas reservoir) to 2.48 (Cedro reservoir), the average value being 2.07. Interestingly, the
same relationship is approximately held when taking the whole reservoir system within the AJ
basin, thus serving as a large-scale validation of the rationale implemented at the local scale. Given

13
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the known values of C,, Equation 14 is used to produce estimates En. Following that, we

defined f,, as the ratio between an and the mean annual runoff observed for the whole basin (EB):
Q) _ Cu(®)

Qs 2-Qp
The fraction of the generated runoff contributing directly to the catchments’ outlet (f,,:(t)) is then

fn(t) =

(15)
obtained as:

foue®=1= )" fo(® (16)

3.3.3. Runoff routing and water balance at reservoir classes

The runoff produced at each time-step is routed through the reservoir system assuming a cascade-
type scheme. For each reservoir class, the incoming runoff (Q_,, in m®) is composed of Q,_,, and

the contribution from the outflow of the preceding (lower classes) reservoirs:

Qunen(®) = Qyon(t) + . 2tsD) a7
1

where Q,,:— 1S the outflow generated by a lower (x < n) reservoir class, where x is a dummy
variable. The sum term in Equation 17 means that the outflow from each reservoir class is

uniformly distributed among the higher-class reservoirs. For example, the outflow from class 2

Qout—2
4

(Qour—2) Will be distributed in 4 equal parts ( ) among classes 3, 4, 5 and 6. For each reservoir

class, the water balance equation is then solved for the representative reservoir:

Qin—n(t) Qout—n(t) Wn (t)

(@ =Wt =D+ == T P =) O ===~ 2.

(18)

where V,, is the total volume in the representative reservoir of class n (m®), 4,, is the representative
reservoir free surface area for the n'" class (m?), R, is the reservoir count within the n" class, and
W, is the withdrawal from the n'" reservoir class. Q,,,¢—,, is assumed to occur when storage capacity

is exceeded. We assumed the latter approximation to be a good representation for the reservoirs of

14
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smaller classes (1 through 4), as those classes represent the typical small earth dams seen in the
region, where no outflow devices are installed. This assumption was also kept for medium-sized
reservoirs, due to the absence of information on dam releases. Such an assumption was similarly
followed in previous studies within the same region yielding satisfactory results (for example,
Guntner et al., 2004 and Mamede et al., 2018). Finally, depth-volume-area relationships were used

in conjunction with Equation 18:

Vo (t) = Ky, - h(£)*n (19)
An(®) = ay - Ky - R(£) 7o) (20)

where h represents water depth, while K, and a,, are reservoir parameters taken as the average

within each class n.
3.3.4. Water demand and its propagation throughout the reservoir network

The withdrawal term shown in Equation 18 is the result of the competition between the demand

(D,,) and availability (V,) for each reservoir class:
if: Dp(t) < Va(t) = W (t) = Dp(t) (21)
else: Wy, (t) = Vu(0),
and: DU, (t) = Du(t) — W, ()

where DU, is the unmet demand (m?®), which is transferred to higher class reservoirs in a similar
fashion as the outflows (Eq. 17). The demand applied to each reservoir is therefore composed of a
local demand and a combination of unmet demands from smaller reservoir classes, whenever

applicable:

D (t) - n local(t) + Z M (22)

where D,,_;,cq1 (M) represents the demand imposed by the local population closer to a reservoir

of class n. The variable f,. represents a reduction factor applied to the unmet demands from lower
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reservoir classes when transferred to higher classes, resulting from the constraints involved in
transferring water in contrast to the more promptly availability in nearby reservoirs. In this study,
a value of 0.8 was adopted based on field survey with 502 families living within the Jaguaribe
Basin, conducted in 2010 (Alexandre, 2012).

Dy _10car Values were estimated through a combination of four different types of demand: rural
(Dg), urban (Dy), large irrigation projects (D;p), and industrial (D;). Dz was estimated based on
an average per capita demand (dy), along with the population living in rural areas. dy values were
also obtained from the survey conducted by Alexandre (2012) and consisted of the sum between
human-use, agriculture and livestock. Similarly, D;; was estimated based on a per capita demand
of 120 liters per day (d;) and converted to total volumes based on the population living in urban
areas. The population totals, along with the rural and urban shares for the study area was obtained
through censuses conducted by the Brazilian Institute of Geography and Statistics (IBGE) for the
decades 1940 through 2020. For the 1920’s and 1930’s we assumed the value of 90% of the total
UJ basin population to be living in rural areas. The irrigation projects are state-led projects for
which specific reservoirs are designated. Thus, D;p values were considered separately and were
obtained based on the Water Resources Plan of the State of Ceara (Ceara, 2005), and were assigned
to begin at the year of implementation of the perimeters. The industrial demand for the decades
from 2000 to 2020 was obtained from the Secretary of Water Resources of the State of Ceara
(SRH) and was taken to represent 1.8% of the State’s total industrial demand (Ceara, 2005). For
the 1990’s, industrial demand was also obtained from the Water Resources Plan of the State of
Ceara (Ceard, 2005), while no industrial demand was considered for the previous decades. Further
detail on actual values (dg, dy, total volumes for D;, and D;) are shown in the supplementary
material (Table S2 and Table S3). Finally, the different demands were aggregated into values of

D, _10ca1 @ccording to the reservoir classes:

Dg
Di_1o0cat = Da—10cat = D3—1oca1 = ? (21)
_ _ Dy D
D4—local = DS—local =—+—= (22)
3 3
_ Dy D
D6—local = ? + ? + DIP (23)
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4. Results

4.1. Dynamics of society and the reservoir system

The RSM properties, as implemented in the simulations in the IG basin are summarized in Figure
3 and Table. The evolution of the population characteristics within the basin over the century
shows an increase in the population living in rural areas from 1920 up to the 1970’s, when it started
to decline, while the share of urban population saw a constant rise since the 1930’s up to recent
years (Figure 3a). As a result, it is possible to see in Figure 3b an analogous dynamic in demands
for urban and rural water use. Figure 3 also shows the industrial demand, which started to compete
for water in the 1990’s. In this decade, the industrialization of the Ceard State commenced in the
capital Fortaleza (located by the coast) but has expanded into the hinterlands since then. The
growth of the total capacity of the reservoir system throughout the years can be depicted in Figure
3¢, which shows a rapid increase from the 1950’s following the intensification of the reservoir
policy (Campos, 2015). Finally, a summary of annual streamflow data (mm per year) versus the
total system capacity can be seen in Figure 3d, showing how, at the end of the simulation period,
the system’s total storage capacity has reached the mean annual streamflow for the 1G basin. High
storage capacity relative to runoff volumes has been documented throughout the entire Droughts
Polygon: for instance, Medeiros and Sivapalan (2020) demonstrated that in the entire Jaguaribe
Basin, where the UJ basin is located, this ratio reached nearly 2 after the implementation of the
Castanhdo, Or6s and Banabuil mega reservoirs.

The reservoir count and average properties per class used in RSM at 1G basin are shown in Table
1, where it is possible to see that most reservoirs have low storage capacities: 85% of all reservoirs
fall under class 1. However, class 1 reservoirs contribute only 5% to the total storage. This pattern
is usual in other regions of the Droughts Polygon, where such small reservoirs are used mostly for
cattle breeding and irrigation of small areas for livelihood (Alexandre, 2012). Finally, the
distribution of the f fractions of HYMOD generated runoff in the different reservoir classes are
shown in Figure 4a, where it is possible to notice no reservoir participation in the water balance
until the 1950°s decade, as highlighted in the figure inset. Also noteworthy is the relatively high
contribution of runoff being directly routed to the catchment’s outlet, as seen in the red line
representing f,,:. The curves representing the runoff influx into different reservoir classes show a

pattern of increase in relative contributions with respect to the class’s storage capacity, while the
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396 growth pattern associated with each of them are the same as indicated by the overall growth

397 progression shown in Figure 3c.
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Figure 1. Temporal dynamics of society and the reservoir system in the Iguatu sub-basin. a - Distribution of
urban and rural populations. b - Distribution of water demands (in mm/year). c - Evolution of the system’s
total storage capacity (in % of the total capacity). d - Comparison between annual streamflow values (solid
blue line), mean annual streamflow (dashed blue line) (both in mm/year), and the total storage capacity (in

mm).
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405  Figure 2. a - Distribution of the HYMOD generated streamflow as fractions between different reservoir classes

406 and direct contribution to the outlet of the Iguatu sub-basin. b - Same as in subplot a, but for the Upper
407  Jaguaribe Basin: A sudden change in the fraction of the runoff being directly routed to the basin’s outlet (f,,¢)

408  can be seen in 1960, the year of the construction of the Orés mega reservoir.

409 4.2. Model Performance

410 4.2.1. Calibration and Validation at the Iguatu Sub-basin

411 The effect of the introduction of the reservoir network scheme can be explored when comparing
412  the model’s ability to simulate streamflow at the IG basin’s outlet. First, we explore the simulations
413 using HYMOD only: while a good performance in terms of NSE was achieved for the monthly
414 values of simulated streamflow during the undisturbed (calibration) period (Table 2), the same
415 metrics have degraded during the validation period. When using the HYMOD combined with the
416 RSM during the disturbed period, a better performance was achieved in terms of NSE between
417 simulated versus observed streamflow, especially for the most recent decades, in which the
418 reservoir network fully developed (Table 2). Figure 5 shows a visual comparison of simulated
419 and observed values of streamflow is shown for both HYMOD and HYMOD+RSM, where it is
420 possible to see an overall reduction in streamflow at the outlet of the IG basin when the RSM is
421 included. In terms of the slope of the regression line, the combined approach tends to reduce the
422 magnitude of flows as seen by lower slope values when compared with HYMOD only results. This
423 reduction is somewhat expected since the combined approach considers human withdrawals and

424  evaporation from reservoir lakes.
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Table 1. Comparison between NSE performance and slope of the observed vs. simulated of monthly
streamflow at the Iguatu station using HYMOD only, versus HY MOD+RSM. Star (*) represents the 3
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Figure 3. HYMOD model performance at undisturbed and disturbed period. a - Time series plot showing how
monthly simulated streamflow values compare to observations using HYMOD only for the 2010-2020 decade

decades used for model calibration calibrated.

. HYMOD HYMOD + RSM
Period

NSE slope NSE slope

1920-1930* 0.82 1.04 0.82 1.04
1930-1940* 0.72 1.10 0.72 1.10
1940-1950* 0.76 0.79 0.76 0.79
1950-1960 0.83 1.06 0.84 1.05
1960-1970 0.80 0.77 0.79 0.72
1970-1980 0.74 1.22 0.80 1.13
1980-1990 0.89 1.13 0.92 1.03
1990-2000 0.40 0.79 0.47 0.69
2000-2010 0.75 1.02 0.81 0.68
2010-2020 0.10 1.08 0.62 0.65
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4.2.2. Validation at the Upper Jaguaribe Basin

To simulate water fluxes impacted by the dynamics of society and the reservoir network in a more
representative basin of the Droughts Polygon, we applied the HYMOD-RSM maodel, calibrated to
the IG sub-basin, to the whole UJ basin, which includes the mega reservoir Or6s (1.94 x 10° m®
storage capacity) in its outlet. The reservoir classification scheme implemented in the RSM at the
UJ basin (Table 1) is very similar to what was previously utilized, with the main difference being
the larger number of reservoirs per class and the existence of the Oros. For brevity, the growth in
reservoir count for the UJ basin together with the distribution of demands throughout the years are
shown in the supplementary material (Figure S1), since they are very similar to the ones at the 1G
station.

The distribution of the generated runoff of the UJ basin is shown in Figure 4b, which resembles
the pattern for the fractional contributions f; through fz. It is possible to see a switch between the
fractional runoff being directly routed to the basin’s outlet (f,,;) and that being routed to the basins
larger reservoir (fi,s:) in 1960, the year in which the Oros reservoir was built. f;,,; values tended
to decrease over time as the basin experienced a growth in the number of smaller reservoirs, which
therefore were responsible for capturing a fraction of the naturally generated runoff in the river
basin.

Figure 6 shows a comparison between simulated versus observed values of volume being stored
at the Ords reservoir. Our results suggest that the model has adequately captured the reservoir
dynamics throughout the 1996-2020 period. Although measured volumes have been recorded since
the mid-1980’s at the location, no data on the reservoir release fluxes was available until mid-
1990’s, reducing therefore the length of the observed data. It is important to note that the model
does not represent well the dynamics for the last three years of simulation. Given that calibrated
model produced good results for the last 3 years of simulation in the Iguatu station (Figure 5b),
we believe the discrepancies between observed and simulated volumes at Ords to be a drawback
of our approach of applying the 1G-based calibrated parameters for the whole UJ basin, in that
runoff production, although satisfactorily represented for the calibrated portion, might not be

adequate when including an additional area. We believe this result, as will be shown later on, will
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not impact the main findings of our study, as our goal was to analyze larger temporal patterns of

drought propagation, for which the last 3 years of simulation were not included.
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Figure 4. Model validation at the Oros reservoir, located at the Upper Jaguaribe outlet. Solid red and black

lines represent the observed and simulated volumes, respectively.

4.3. Watershed Scale Impacts of Reservoir Network Expansion

The water balance dynamics over the 1920-2020 period is illustrated in Figure 7, indicating how
the streamflow at the basin outlet changed following the reservoir network growth (Figure 7a).
First, we can see the differences between streamflow values that contribute to the Ords reservoir:
the streamflow entering the Oros reservoir (Qin altered, in red) shows consistently lower values
than the naturally generated streamflow (Qin natural, in black), which is the streamflow that would
have been generated at the same location if the basin had not experienced human-induced changes.
This reduction in streamflow production was accompanied by an increase in evapotranspiration,
as show in Figure 7b, where basin average values of annual evaporative fractions (E/P) are shown
for two cases: the natural conditions (black line) as well as the actual systems conditions (red line).
A slightly positive (not significant, p=0.09) trend in E/P values is shown to be associated with the
natural conditions as shown in the black dashed line. When human intervention is considered, the
positive trend is increased, becoming significant (p<0.001) as seen in the red dashed lines. Finally,
in Figure 7c we show the impact of the reservoir expansion on streamflow permanence in the UJ
basin. Here, we compare flow duration curves (FDC’s) under natural conditions (solid black line)
against FDC’s produced by the combined effects of reservoir classes 1 through 5 (solid red line)
as well as the full effect of the reservoir network, when the Oros dam is included (dashed red line).
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It is possible to see the overall effect of reservoirs classes 1 through 5 as being responsible for a
vertical shift in the FDC causing a reduction in the flow magnitude associated with all permanence
percentages. On the other hand, the inclusion of the Ords dam results in increasing the flow beyond
the 30% permanence while overall decreasing permanence below that threshold, when compared

to the natural setting.
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Figure 5. Impact of the dynamics of the reservoir system on the water fluxes at the Upper Jaguaribe Basin. a —
Incoming streamflow at Orés reservoir at natural conditions (Q natural, in black), versus incoming streamflow
when the reservoir network is considered (Q altered, in red). b — Annual E/P partitioning for natural (black)
versus altered conditions (red), along with estimated linear trends. ¢ — Flow Duration curve (FDC) at UJ basin
considering the basins natural conditions (Natural, in black), versus FDC modified by the inclusion of
reservoirs from classes 1-5 (Classes 1-5, in red), and FDC at the outlet of the UJ basin given the inclusion of all

reservoirs (Classes 1-6, red dashed lines).

4.4. Decadal Patterns of Intra-annual Water Availability

To better characterize the evolution of the system, we aggregated the model results into monthly
averages for 4 distinct decades, representing the periods before significant expansion of reservoir
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network (1940-1950), during its initial expansion (1960-1970), intensification (1980-1990) and
stabilization (2010-2020). We attempted to decouple the role of different drivers on the evolution
of water availability and security as 3 distinct model simulations, shown in Figure 8: (i) the
climate-only water simulation (C, in blue lines) represents water availability as the percent soil
moisture (in percent of total soil storage capacity), and was chosen to depict the systems natural
water availability, i.e., the water availability that would have been present without human
interference. (ii) the climate and infrastructure (C+l, as black lines) simulation is based on a model
run that considered only the infrastructure as it evolved over time, i.e., without withdrawal and
represents the storage made available through the expansion of the reservoir network. In red lines,
we show the actual (simulated) reservoir volumes for each reservoir class, considering withdrawal
according to the prescribed demands (simulation C+I+H). Finally, for each decade and reservoir

class, we computed an average water security index (a), as the average decadal values of percent

demand met

demand met (a = ), which is shown in each subplot.

total demand

The natural (soil moisture) availability within the system reflects the seasonal rainfall pattern at
the UJ basin, leading to higher storage capacities in the months of March through May. Due to the
lumped nature of the model, soil moisture estimates do not vary spatially (over distinct reservoir
classes), and its temporal variability is associated with the decadal variability of rainfall. The effect
of reservoir infrastructure (black lines) can be seen clearly as the extension of the water availability
beyond the system’s natural capacity: for each class, when comparing the blue and black lines, it
is possible to see how water availability (in stored volume) extends beyond the humid months.
However, it is important to note that for small reservoir classes (mainly classes 1 and 2), there are
still months (on average) for which the system runs dry, which might imply significant portions of
unmet demand, despite the existing infrastructure. With the increase in class number (and average
storage capacity), this effect is less pronounced, with reservoirs not experiencing periods of very
low to dry storage conditions. This simulated behavior, i.e., small reservoirs drying out frequently
whereas larger reservoirs hold water for longer periods, is confirmed by field observations (see,

for instance, Zhang et al., 2021).
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Figure 8. Disentangling different drivers of intra-annual water availability and security through different
decades. Three simulations are shown at each subplot: in blue, values of average soil moisture throughout the
year, representing pristine water availability conditions, and is denoted as “C” (climate driven water
availability). “C+I” simulations (climate + Infrastructure), in black, show the reservoir-driven water
availability without withdrawals, to display the impact of the evolving infrastructure in the water availability.
Last, in red, “C+I+H” simulations (climate + infrastructure + humans)

When human consumption is considered, an expected pattern is observed where the available
storage (black lines) is partially consumed, resulting in a vertical shift of the black lines towards
the red lines. With the systems’ temporal evolution, this vertical shift decreases, due to the growth
in number of reservoirs, and an overall reduction of the population size relying on each individual
reservoir. This effect is captured as a widespread increase in a-values for all classes through the
decades. The observed decadal patterns clearly show an increase in water security driven by an
expansion of storage capacity. This can also be seen when considering watershed-scale a-values,

calculated per year (Figure S2), in which it is possible to see how the system was able to reach
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average levels of water security around 90% at the beginning of this century. However, the increase
in water security over time is somewhat limited: a does not reach values closer to 1 in recent
decades for most reservoir classes, except for class 5 during the 2010-2020 decade. Thus, the
decadal averages of storage per reservoir class alone might not be sufficient to characterize the
dynamics of water security at the UJ basin. In the following section, we proceed with an inter-
annual assessment of the dynamics in water availability and security, to explore the factors shaping

the (somewhat constrained) observed growth in water security.

4.5. Interannual Patterns of Water Availability During Drought Events

To better understand the constraints in the resulting decadal evolution of water security, we
proceeded with an assessment of specific drought events. Figure 9a and 9b show the evolution of
the 2012 drought as seen through values of water security and reservoir storage according to
different simulation scenarios. This specific drought event was chosen to represent the drought
impact on water security for the given fully developed reservoir network. Figure 9a shows how «
varies throughout the years for reservoirs of different classes, along with the respective simulated
reservoir volumes. It is possible to see the effect of the drought in water security as « values and
reservoir volumes decrease from the year 2011 with the succession below average precipitation
values, followed by a recovery period around the end of the decade. It is also possible to see how
classes 4 and 5 are more resilient to droughts, since the decrease in a is lower for class 4, while

class 5 was able to maintain water supply at the full demand (o = 1) for the same period.

Next, in Figure 9b, we attempt to explore the role of network expansion in explaining the observed
decrease in water security. For that, we show how the evolution of the 2010 drought through 2
additional C+1 scenarios, where the system’s storage capacity was fixed at prescribed stages:
namely at 15% of its current capacity (dashes and “x” symbols), associated with the year of 1987,
and 50% of its capacity (dashes and circles), as in 1990. Additionally, the reservoir volumes are
shown according to the current infrastructure, as solid black lines. These results show how the
same drought event would have propagated throughout the reservoir network given different
degrees of its expansion. The results show a clear impact of the network expansion in the severity
of drought events, as seen in the vertical shifts in water availability from lower levels of

development and higher storage values towards lower storage values associated with increasing
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reservoir count. Not only that, but similar patterns can also be found for the duration of droughts,

as seen in the time (as in number of years) elapsed from drought onset until initiation of recovery

experienced within each class.
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Figure 9. Impacts of reservoir expansion on the propagation of the 2010 drought at different reservoir classes
and development scenarios. a-Progression of water security («, in dashed lines) and storage values (solid lines).
b-Scenario analysis comparing reservoir driven water availability (outputs from simulation C+l) at different

development stages (as percent of the system’s current storage capacity).

4.6. Role of Reservoir Expansion on the Evolution of Water Security and Drought Severity

throughout the Decades

The analysis performed so far has shown that the observed decadal increase in water security
associated with the reservoir network expansion was interrupted by the occurrence of drought
events, which contributed to temporary increase of unmet demand during dry years. Additionally,
when comparing the 2010 drought impact under different expansion scenarios (Figure 9c), we
found the system’s expansion to be associated with the increase in length and severity of that
drought. We now seek to expand the insights gained so far to analyze whether such phenomena
(system expansion and drought aggravation) can also be observed for different drought events
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through different decades. We included 3 additional droughts occurring at different stages within

the systems’ expansion, namely the 1941, 1969 and the 1989 droughts (shown as red rectangles in

Figure 10a, represented as sequences of below average precipitation anomalies).
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Figure 10. Temporal evolution of water security and drought impact. a: Interannual values of precipitation

anomalies highlighting the chosen droughts. b: Pre-drought water security values, showing an increase in water
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security prior to drought onset as a function of time. ¢ through e: Drought impact (change in a from pre-

drought values at years 1, 2 and 3 after drought onset, respectively).

In Figure 10b, we show the estimated water security values for each event for reservoir classes 1-
5, and watershed-scale, at the year prior to the drought onset hereinafter referred as pre-drought
water security estimates (a,). Shown sequentially through Figure 10c-e, are the differences
between a at subsequent years and those of a, (Aa,, = @y — a,, with n = 1, 2 or 3 years) as
measures of drought impact for the years since drought onset. A clear pattern can be seen, in which
water security values at the wet (pre-drought) years have increased over time (Figure 10b) at all
reservoir classes, which is reflected in a similar trend in the watershed-scale a values. This
phenomenon was accompanied, however, by different behaviors with respect to drought severity
(Figure 10c-e): Watershed-scale negative trends (worsening of drought impacts) can be observed
for the years after drought onset, which can be mainly attributed to reservoir of classes 1 through
4, while reservoirs of class 5 have experienced increasing resilience and capacity to accommodate
such impacts. Reservoirs of class 4 have experienced a transitional response, showing a more
stable response in the first year since drought onset (Figure 10c), following a pattern similar to
that of classes 1-3 in years 2 and 3 (Figure 10d-e).

5. Discussion
5.1. Model Realism and Uncertainties

This paper presented a method for incorporating the continuous growth of a dense reservoir
network within a hydrologic system over a 100-year period. Given the pressing need for modeling
approaches that dynamically incorporate how humans interact with the water cycle (Srinivasan et
al., 2017) over longer timescales, our study provides a simple, yet efficient, way forward to tackle
the issue. Rather than the development of a purely predictive tool, our main goal was to provide
broad insights into how the observed evolution of the reservoir network has affected the water
balance at the UJ basin and to explore how the expansion of reservoir network has promoted human
adaptation/settlement onto a once inhospitable region that had dealt through its history with the
impacts of severe drought events. As such, the uncertainties in our modelling approach must be

addressed.
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Given the lack of data regarding actual historical growth in reservoir numbers for all classes, as
well as their physical properties, the choice of a simple, yet conceptually sound, representation of
the system and its growth was necessary, nonetheless allowing us to satisfactorily reproduce some
important fluxes and stores observed in the basin. It is important to emphasize the complexity of
the system in question (Peter et al., 2014): The dispersed nature of the reservoir system would
make a distributed simulation practically infeasible. Explicit representation of reservoir networks
has been attempted with the use of remote sensing techniques. For instance, Pekel et al. (2016)
processed over three million images from the Landsat satellite to assess continental water
occurrence at the global scale and its temporal dynamics. Within our study region, Zhang et al.
(2021) retrieved the relief of reservoirs by using TanDEM-X data and mapped the storage variation
of a network with high-resolution RapidEye images. However, remote sensing approaches fail to
reproduce long-term changes in reservoir occurrence and water storage, since satellite images only
became available from the 1980’s. Therefore, such approaches alone are not able to capture the
various temporal scales that drive the coupled human-water systems (Sivapalan and Bldschl,
2015).

Our model used, instead, an approximation to the prescribed human interventions, in that we have
used historical data on populational growth and reservoir construction to drive the imposed
changes in the hydrologic cycle. The approach presented here cannot be treated as a fully coupled
socio-hydrologic model, as it does not consider some important two-way feedbacks operating over
the decades in the UJ basin, as described by Medeiros and Sivapalan (2020). Understanding these
processes would help us explain the observed growth in reservoir construction at the UJ basin, and

why other feasible approaches that could have been taken by the local government did not happen.
5.2. Human Induced Changes in The Hydrologic Cycle.

The observation that the total storage capacity of the system reached approximately two times the
mean annual runoff volume produced at the basin, points out the fact that the system has evolved
from a condition in which water availability was limited by its low capacity to store water in the
early 20" Century, i.e., a hydraulic constraint, to a hydrological limitation. Ultimately, this
condition may lead to basin closure if the reservoir network continues to expand, a trend that has

been observed in several large river basins around the globe such as the Colorado, the Indus, the
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Murray-Darling and the Yellow (Molle et al., 2010). The shift in evaporation partitioning, driven
by increasing water availability in the form of reservoir lakes, has been shown to be a detectable
human imprint in the basin, and represents a drawback of the system. However, the evaporated
volume of water may be affected by other features, such as: i) water use, as intensifying the
withdrawals reduces the water level and the flooded area exposed to the atmosphere (Brasil and
Medeiros, 2020); ii) riparian vegetation, which may reduce evaporation rates by up to 30%
(Rodrigues et al., 2021). Despite its somewhat low magnitude, the statistically significant trends
in the water balance partitioning found here represent an important result given the ubiquitous
increase in evaporation, associated with the uncertainty in projected precipitation for the region in
future climate scenarios, a combination which could potentially aggravate future water availability

in the region (Rodrigues et al., 2023).

5.3. Emerging Outcomes of System’s Evolution

The 100-year long reservoir expansion at the UJ basin promoted the region’s transition from a
state of extreme vulnerability to droughts and mass migration towards one characterized by stable
human settlements and economic growth. This effect becomes clear when analyzing the population
growth over the study period, along with other socio-economic indicators: population of the State
of Ceard increased from 900 thousand inhabitants in 1900 to currently 9 million people,
approximately, while improvement of the HDI were also observed, particularly from the 1990s,

when it was 0.40 (very low human development) against 0.73 (high human development) in 2021.

The steady increase in water security throughout the decades observed in all reservoir classes was
accompanied, however, by a heterogenous response in terms of the system’s capacity to
accommodate multiple drought events. System evolution led to a pattern in which large reservoirs
were able to increase their capacity to attenuate drought impacts on water security (see the different
responses between class 5 and other classes in Figure 10), while smaller reservoirs (Classes 1-3)
experienced a diminished capacity to cope with such events. In spite of the recognized advances
in water management in the study area since the 1990s, such an emerging pattern clearly denotes
lack of centralized holistic water management strategy, which in the study region is due to the
scarcity of data on small reservoirs and the limited operational capacity of the water resources

management company. We argue that the reservoir expansion in the UJ basin arises as an
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expression of the aggregation effect (Olson, 1965), a term coined to broadly describe how

individualized optimal decision making often leads to undesirable system scale outcomes.

How can we characterize the dynamics of the system in terms of the roles played by large versus
smaller reservoirs in water availability / distribution? Due to their limited storage capacity, smaller
reservoirs (Classes 1 through 3) are rarely sufficient to sustain the local demands for longer
periods, resulting in both direct and indirect effects observed in larger reservoir classes. These
classes are said to be hydrologically inefficient, and their direct effect can be observed as the
reduction in water available flowing into reservoirs of larger classes, with the indirect effect of
propagating the water demand throughout the reservoir network. On the other hand, larger
reservoir classes (Classes 4 and 5) are more likely to meet both local demands as well as the
“imported” (demand transferred from lower classes) over long periods of time and during
droughts. Such emerging outcomes caused by the observed hydraulic gradient are also associated
with a socioeconomic counterpart, as the population living in the basin headwaters and depending
on small reservoirs have the lower per-capita income in the region. As reservoir size increases in
lower regions, so does income associated with population depending on it: in the UJ, the largest
(100,000 inhabitants) and wealthier (USD 34,000 per capita GDP, as of Sept. 2023 currency
conversion rates) city of Iguatu is located immediately upstream of the Or6s mega reservoir, at the
catchment outlet. For the entire Jaguaribe basin, the Castanhdo mega reservoir (6.7 x 10° m3
storage capacity) located further downstream supplies water to the city of Fortaleza, whose per
capita GDP is USD 48,000 (value converted from local currency (R$) to USD according to Sept.
2023 conversion rates). Interestingly, this same hydraulic-and-wealth gradient can be seen as a
space-for-time analogue of the infrastructure development in the UJ Basin, where the populations
dependent on lower class reservoir are closer to early 1900°s living conditions, being more

vulnerable to droughts than those downstream relying on larger storage capacities.

Whereas the large strategic reservoirs play a major role on providing water security, particularly
those of class 5 (see Figure 10), the smaller reservoirs contribute to its spatial distribution, also
contributing to energy efficiency by storing water closer to the consumers and at higher elevations.
Nascimento et al. (2019) assessed the impact of the reservoir density on the power demand for
water distribution in the Banabuil basin (19,800 km?), also located in the Jaguaribe basin. The
authors concluded that, if the reservoirs with storage capacities below 5 x 10° m3 (which represents
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the upper limit of class 2 in this study) did not exist, power demand would increase by 80%. If the
Banabuili mega reservoir (1.4 x 10° m3 storage capacity) was the sole water source, the power

demand would increase by 30-fold.

It is worth emphasizing that the majority of smaller storage capacity reservoirs were built
spontaneously by the local population as a result of the political and economic constraints
experienced historically. We posit that such historical and socioeconomic mechanisms have played
a pivotal role in guaranteeing definitive settlement in a region that has experienced massive
migration due to historical droughts. In this context, the networks’ hydraulic role has been to

provide the minimum conditions for such settlements to occur.
5.4. Sociohydrologic Drivers of Reservoir Network Expansion.

Could the reservoir system at the UJ basin have evolved in a different way? The understanding of
the diffuse nature of the system and its growth over time cannot be achieved without proper
acknowledgement of well-known historical socioeconomic drivers. The so-called "Dam Policy”
initiated in the early 20™ century, when the first dams were built, and society experienced their
benefits. To expand the reservoir implementation, the Federal Government launched in the 1930s
the Cooperation Dam Policy, in which public funds were used to build dams on private properties
until the 1970s. Concomitantly, large strategic reservoirs were implemented by the Federal and
State governments to supply large demand centers, such as cities and irrigation projects. However,
access of rural population to the water sources remained limited, in a process named by Srinivasan
et al. (2012) as “resource capture by elite”, encouraging the spontaneous construction of small
dams by the population. Such variability can be seen as an emergent property of the multiple socio-
political-economical processes that have taken place as the system evolved over time: the larger
reservoirs were built through public investment, whereas public-private partnerships were
involved in the construction of intermediate ones. Most importantly, community-led initiatives
resulted in the construction of small, short-lived reservoirs, that account for 95% of the dams built
in the region. Small-sized reservoirs appeared as a response from the local population to the
standing policy which favored large and medium sized reservoirs, most times located in private

(most likely access-controlled) properties.
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More work is needed to unveil the socio-economic processes leading to the evolution of the system
as has been portrayed here. Our approach can however be used to shed light and possibly aid
investigations dealing with such questions, as it has been able to represent a long-known dynamic
prevalent in Brazilian semi-arid system, especially within the state of Ceard (Campos, 2015), and
its surrounding region. Further work focusing on the understanding of the history of sociopolitical
and economic drivers of the observed system’s evolution is in preparation and could lead to
potential insights into the improvement of the model’s parameterization. To achieve such a result,
some conceptual improvements in our understanding of how humans have shaped the system’s
evolution might be necessary for future iterations of our model. For instance, the inclusion of
drought memory as driver of water demand might allow for better characterization of drought
impacts on human behavior (Song et al., 2020). Additionally, relationships between drought
memory, and (suppressed) demand, paired with socio-economic constraints, might be leveraged
to incorporate societal willingness to build dams, through both independent (local population) as

well as through larger infrastructural investments.
6. Conclusions

The Drought Polygon, in the Northeastern portion of Brazil, occupies 12% of the country and has
been historically plagued by droughts. Through the last century, the Upper Jaguaribe basin has
experienced a transition from pristine conditions towards having a high-density surface reservoir
network, possessing a great degree of variability in storage capacity (and technical complexity).
This paper investigated the hydrology of the coupled human-water coevolution through the UJ
Basin over the 1920-2020 period and attempts to shed light at the hydrologic outcomes of such

expansion.

We introduced a parsimonious hydrologic model that enabled us to capture the dynamic evolution
of storage capacity associated with reservoirs of various sizes, over a large, data-scarce region,
where ca. 3000 reservoirs have been built. Human interference was incorporated by allowing the
models structure to change, reflecting historical data on the reservoir construction, and by the use
of a variable water demand, estimated through populational data. We used our model to track how

water fluxes and security evolved over time and extracted patterns of its decadal and interannual
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variability that can provide a diagnostic understanding of socio-hydrologic processes taking place

through the reservoir expansion.

As expected, the UJ Basin experienced a steady increase in water security, allowing for the
transition from complete vulnerability to drought events, towards a state in which values closer to
90% of the total populational demand is met on average. This increase in water security had
arguably provided the necessary conditions for stable and secure human settlement in the area,
together with promoting economic and populational growth. Such growth, however, resulted in
increasing demands and spurred the expansion of the reservoir network even further, ultimately
affecting the system’s capacity to accommodate droughts, following a heterogeneous pattern:
while populations relying on smaller reservoirs became more vulnerable over time, those relying

on larger reservoirs have experienced increasing resilience to multiple year drought events.

Finally, this work represents the first step towards the development of a fully coupled socio-
hydrological framework to explain how the reservoir expansion in the UJ Basin may have taken
place. We envision further studies that will account for inclusion of the social and natural processes
at the local scale and their associated feedbacks, such as the inclusion of restrictions to the access
to water and the translation of water security and its variability into the population’s memory as a

driver of further reservoir construction.
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Key points

1. A hydrologic model with evolving structure was developed to capture 100 years of
reservoir expansion in a large semi-arid basin.

2. Hydraulic expansion led to an increase in water security over that century.

3. Drought intensity and duration evolved differently through the system, with smaller

reservoirs becoming more vulnerable over time.
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ABSTRACT

Early peopling of Brazil’s Northeast region (BRN) took place under an intimate relationship
between humans and water scarcity, as the region, especially the state of Ceara (CE), has dealt
historically with severe drought events since the 1800’s, which commonly led to catastrophic
impacts of mass migration and deaths of thousands of people. Throughout the last century, the so-
called “Droughts Polygon” region experienced intense infrastructural development, with the
expansion of a dense network of reservoirs. This resulted in the evolution of a complex hydrologic
system requiring a holistic investigation in terms of its hydrologic tradeoffs. This paper presents a
parsimonious hydrologic modeling approach to investigate the 100-year (1920-2020) evolution of
a dense surface-water network in the 24,500 km? Upper Jaguaribe Basin, with the ultimate goal of
generating insights into the coevolution of a tightly coupled human-water system. Our model is
driven by both climatic and human inputs, while model structure is allowed to evolve over time to
dynamically mimic evolution of population size, reservoir count and water demand. Hundred years
of continuous growth in storage capacity experienced within the UJ Basin is found to reflect the
transition from complete vulnerability to droughts to achievement of significantly increased levels
of water security. However, drought severity had in the meantime disproportionally intensified in
this period, especially in reservoirs of medium to small capacities. Our analysis results have
generated valuable insights into the different roles that reservoir expansion has played in securing

the stability of human settlement patterns in drought prone regions.
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1. Introduction

Brazil’s Northeast (BRN) region, especially its semi-arid portion, has been historically plagued by
frequent droughts dating all the way back to the 1800°s. The occurrence of the “Great Drought”
and other similar drought events (Guerra, 1981. Neves, 2007) have been extensively reported in
historical records, and are deeply entrenched in people’s collective memory, becoming an integral
part of the folklore and culture of the region. The history of development in the Upper Jaguaribe
(UJ) Basin, which is located within the state of Ceard, is typical of how the growth of human
populations have coevolved with the development of water resources in Brazil’s driest region,
having experienced intense growth of reservoir storage capacity through the construction of a
series of dams over the last century (Malveira et al., 2012; de Aradjo and Bronstert, 2016; Pereira
et al., 2019; Medeiros and Sivapalan, 2020;).

The implementation of storage reservoirs has been a common approach to mitigate water scarcity
in arid and semi-arid regions around the world where surface water yields of catchments are not
able to meet the growing human water demand, especially in scenarios in which economical and/or
political interests favor this approach over others (Cai et al., 2008; van der Zaag and Gupta, 2008;
Campos, 2015; Abeywardana et al., 2018). Also referred to as a hard-path solution (Medeiros and
Sivapalan, 2020), the construction of dams has been widely employed elsewhere as a strategy not
only for mitigating water scarcity (Peter et al., 2014; Di Baldassarre et al., 2018), but also for flood
and drought mitigation, by buffering the natural inter- and intra-annual variability in precipitation

and streamflow.

It is becoming increasingly clear that, despite its positive socioeconomic impact, the construction
of surface reservoirs may in the long term give rise to unintended consequences, such as increased
water demand, a human tendency triggered by perceptions of increased water availability resulting
from reservoir construction (Di Baldassarre et al., 2018; Habets et al., 2018; Ribeiro Neto et al.,
2022; van Langen et al., 2022). Perceptions of improved water security brought about by the
construction of reservoirs tend to persist in society, giving rise to unregulated and unplanned
growth of both human populations and reservoir construction. An example is the development of
dense reservoir networks in the Cearéa region in Brazil over the last century (Malveira et al., 2012;
de Aradjo and Bronstert, 2016; Pereira et al., 2019; Medeiros and Sivapalan, 2020). The socio-



74
75

76
77
78
79
80
81
82
83
84
85

86
87
88
89
90
91
92
93
94
95
96
97

98
99
100
101
102

economic-political and hydrologic factors that may have contributed to this phenomenon are still

poorly understood nor fully accounted for.

The acknowledgment and assessment of both the intended and unintended consequences of
reservoir expansion, including mitigation of water scarcity and possible aggravation of drought
events, is of utmost importance for understanding the long-term implications of such hard
infrastructure solutions and longer-term policy decisions (Ribeiro Neto et al., 2022). Therefore, a
comprehensive understanding of the nature of co-evolution of human-water system feedbacks and
the hydrological and socio-political drivers that might lead to emergence of the observed
phenomena (e.g., increasing dam density) are needed for clarifying the circumstances under which
such phenomena might emerge. This calls for a new generation of hydrological models that
accommodate human-water system co-evolution and support both assessment of the impacts as

well as shed light on the socio-economic mechanisms that underpin this coevolution.

Capturing the hydrological functioning of such a large network of reservoirs poses major
challenges to the modeling exercise, due to the need for specific reservoir properties and operation
rules for each unit within the system, which are commonly not available. Moreover, in the global
South, socio-political conditions prevailing in water scarce regions are normally associated with
poor monitoring of such diffuse systems, a problem further aggravated in locations where
reservoirs are built by local cooperatives and private landowners. This is certainly the case in the
Ceararegion in Brazil. To deal with water management in such data-scarce regions and yet achieve
meaningful hydrologic representation of socio-hydrological processes, a lumped hydrologic
representation of reservoir systems has often been adopted (Gintner et al., 2004). Lumped-systems
hydrological modeling approaches can also take advantage of readily available remote-sensing
data to quantify and temporally assess the density of reservoir units in regions where on-ground

information is not available (Heine et al., 2014; Zhang et al., 2016; Pereira et al., 2019).

Our hydrologic data record spans 100 years (1920-2020) of measured precipitation, runoff, and
meteorological variables in the Upper Jaguaribe, a 24,500 km? semi-arid basin that has experienced
a 100-fold increase in artificially built storage capacity throughout the last century. We couple a
lumped, conceptual hydrologic model to a lumped reservoir system model and use historical data

on reservoir construction, paired with demographic data, to simulate the system’s reservoir
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capacity and population growth from its initially pristine state to its current highly altered
condition, i.e., through an evolving model structure. Simulations with this dynamic model are then
used to track advances in water security and the mitigation of water scarcity brought about by the
build-up of reservoir capacity, including how well reservoir storage may have either helped to
mitigate against or further exacerbate the sequence of major droughts that have periodically hit the

region over the century.
2. Study Area

The Upper Jaguaribe (UJ) basin (24500 km?) is located within the state of Ceara, in the Northeast
region of Brazil (Figure 1a). It is characterized by a semi-arid climate, with mean annual
precipitation of 700 mm.y! and mean annual potential evaporation of 2100 mm.y*. Rainfall is
concentrated in the summer months (Jan-Mar, Figure 1b) with marked inter-annual variability
(coefficient of variation of 30%), as seen in Figure 1c. Runoff coefficients typically vary between
5and 10% in the region and can at times be as low as 1% (de Figueiredo et al., 2016), while rivers
are mainly ephemeral (Malveira et al., 2012; Mamede et al., 2018). Crystalline bedrock and
shallow soils characterize basin’s substrate, while the vegetation is typical of the Brazilian
Caatinga biome (mainly xerophytic woodland). The economy of the rural areas in the basin
revolves around extensive cattle farming and subsistence agriculture, consisting mainly of rainfed
beans and corn cultures (van Oel et al., 2008). The average Human Development Index (HDI) in
the 27 municipalities that make up the UJ basin is 0.605 and the average GDP per capita is
approximately US$ 2050.00 per year.

Dam construction within the Jaguaribe basin commenced in the 1900’s, intensifying from the
1960’s up to the 1990’s through the construction of numerous large and small reservoirs by both
state-led initiatives and private owners. For much of the last century, reservoir construction was
adopted by the government and the private sector as a major strategy to respond to increasing
drought risk caused by rapid population growth. Reservoir construction rate has been slowly
falling in the region in recent times, as alternative (soft path) solutions to balance water supply and
demand have been attempted. A more detailed account of reservoir construction strategy within
Jaguaribe basin, which encompasses the UJ basin, can be found in Medeiros and Sivapalan (2020).
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We used the Global Surface Water Explore (https://global-surface-water.appspot.com/) (Pekel et

al., 2016) product for estimating the current total reservoir count and considered only reservoirs

with area greater than 1 ha in this count. This process led to a total of 3500 reservoirs that exist

currently within the UJ basin, with storage capacities ranging from less than 1.0 x 10° mé to larger

than 1.94 x 10° m3.
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Figure 1. Study area: a - Location, with details of the Iguatu contributing area, as well as the Upper

Jaguaribe basin. b - Mean-monthly values of precipitation (P), potential evaporation (PET) and streamflow

(Q) for the Iguatu station. ¢ - Interannual precipitation variability, shown as % deviation of mean value

throughout the study period.
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3. Hydrologic Modeling

Our modeling approach is divided into two parts. Part 1 refers to the modeling of the Iguatu (IG)
sub-basin, which was used to calibrate the hydrologic model HYMOD for the 1920-1940 decades,
hereafter named as the undisturbed period due to minimal infrastructure construction during that
period. The IG basin accounts for 80% of the Upper Jaguaribe area and was selected due to the
availability of streamflow measurements. This calibrated model is assumed to represent runoff
production during the basin’s more pristine conditions. Model performance was then tested for the
period between 1950 and 2020, which we define as the disturbed period. Both undisturbed and
disturbed periods are broad classifications to separate the decades with reduced influence of
reservoirs from the decades when reservoir construction experienced a boom. This classification
was done based on local knowledge and applies to both IG and UJ basins. After model calibration
and validation, we implemented the reservoir system model (RSM) as an additional routing step
to the HYMOD-generated streamflow. The combined HYMOD-RSM approach was developed to
incorporate the effects of the expansion of the reservoir network over multiple decades. We
validated this approach by comparing the newly generated streamflow values against observed

ones at the IG station for the undisturbed period.

In Part 2, we applied the previously calibrated HY MOD-RSM model to the UJ basin and used the
observed values of water storage at the Ords reservoir (the largest reservoir, which is located at
the basin’s outlet) for validation. Following that, we perform diagnostic analyses with the model
to further investigate the effects of the reservoir system’s growth on hydrologic fluxes and states,
while also investigating the role of the systems dynamic in shaping water fluxes, storage and

meeting water demand in the region.
3.1. The modified HYMOD

We implemented a modified version of the HYMOD hydrologic model. HYMOD is a spatially
lumped, conceptual rainfall-runoff model consisting of six parameters and has been used in several
studies (for instance, Boyle et al., 2000; Wang et al., 2009; Quan et al., 2014; Roy et al., 2017). A
brief explanation of the model’s functioning is presented here, along with the changes
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implemented as part of this study. A more thorough discussion on the model structure and

parameters can be found in the references listed above.

The model uses daily inputs of precipitation (P) and potential evapotranspiration (PET) to generate
estimates of actual evapotranspiration (AE) and streamflow (Q). It assumes a spatially distributed

soil moisture storage (S) according to the following relationship:

~ H(t) 1+b
S(t) - Smax (1 - <1 - Hmax) > (1)

in which S,,,,, represents the maximum storage capacity (mm), H is the storage height, H,,,, IS

the maximum storage height, and b is the distribution function shape parameter relating S,,,, t0

Hmax:

Himax
= (2)

At each time step, an initial estimate of S is computed (Sp., from the initial height (Hp,g),

following Equation 1. After that, with the addition of precipitation, an initial estimate of overland

flow (OV) is computed as:
OV = (0,P + Hpey — Hmax) (3)
The infiltration (1) is then obtained as:
I=P—-0vV (4)
Following that, an intermediate storage height (H;,;) is calculated as:
Hing =1 + Hpeg (5)

which will lead to an intermediate storage (S;,,;) calculated using Equation 1. Finally, the interflow

(IF), is computed as:

IF = Speg + 1 = Sint (6)

8
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PET is then used to compute the actual evapotranspiration, which will lead to the updated storage

at the end of the time step, S.4:

ET = (PET, Sin;) (7)
Sena = Sine — ET (8)

The sum of IF and OV leads to the total runoff (TR = IF + OV), which is separated into a fast

(Qfast) and slow component (Qg;0w ), Using a split parameter, a:

Qfast =axTR 9)
Qsiow = TR — Qfast (10)

Qfas: is then routed through a series of “n” linear reservoirs in series, each with the same release
constant (K,), i.e., a Nash cascade routing scheme, while slow flow is routed through a single

linear reservoir with a K; release constant. The slow flow linear reservoir is modified with the
addition of a threshold parameter y that defines the minimum amount of storage in the slow flow
reservoir so that release can occur. This modification was attempted after the observation of poor
model performance during dry months, when no flow occurred, which was not adequately
simulated through the model. A schematic showing the HYMOD components and parameters is

shown in Figure 2a.
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208  Figure 2. The modelling approach used in this study. a — Streamflow production using HYMOD. b — Schematic
209 representation of the reservoir system model (RSM), showing the aggregation of reservoirs into classes, along

210  with the runoff routing through the system as well as the imposed demands and evaporation fluxes.

211 3.2. HYMOD Calibration and Validation

212 We calibrated the HYMOD model over the 1920-1950 period, during which we assume human
213 influence to be minimal and the impact of reservoirs can be considered negligible. As mentioned
214  previously, this approach ensures that the calibrated model can be considered as representative of
215 a non-disturbed system, and that the runoff is generated under natural conditions. Model
216 calibration was conducted to reproduce the streamflow measured at the Iguatu station (Figure 1).
217 We used a semi-automated procedure, consisting of first fitting the model using the Shuffled
218 Complex Evolution (SCE-UA, Duan et al., 1992), with the Nash-Sutcliffe Efficiency (NSE) metric
219 as the objective function. For that, we used monthly values of observed and simulated streamflow
220  (in mm per month). After this initial procedure, we’ve manually adjusted the model parameters to
221 obtain unbiased (assessed through slope of the linear regression between observed and simulated
222 monthly values) estimates of streamflow production. Once calibrated, we compared simulated
223  values of streamflow for the disturbed period (1950-2020) through both NSE and Bias estimates,
224 using both HYMOD only, as well as the HYMOD-RSM approach, which is be described below.

10
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3.3. Reservoir System Model (RSM)

The approach adopted to simulate the reservoir system at the UJ basin, hereafter named RSM, is
based on the model proposed by Gintner et al. (2004). RSM is a lumped model where the reservoir
system is separated into different classes according to the reservoirs’ storage capacities. For each
reservoir class, the water balance is computed considering a single representative reservoir (RR)
in which local fluxes (evaporation and withdrawals) along with state variables (local volume and
height) are estimated. The RR has a storage capacity equal to the average capacity observed for
that class, as well as depth-volume-area relationships representing average conditions for that
class. The model considers a cascade-type routing of the runoff, as well as the propagation of the
unmet demands between different capacity classes. The RSM was developed and tested for the
local conditions of the Droughts Polygon, including the UJ basin, and was able to satisfactorily
simulate volumes of both small and large reservoirs within that region (Glintner et al., 2004,
Malveira et al., 2012, Bronstert et al., 2014, Mamede et al., 2018). The following section describes

the RSM formulations in detail.
3.3.1. Reservoir classes and evolution of the reservoir network

The RSM assumes the division of the reservoirs into a given number of classes. In this study, we
adopted a total of six classes, as shown in Table 1. This scheme was followed for simulations of
both the 1G as well as the UJ basins under disturbed conditions (1950-2020). While for classes 1
through 5 an actual aggregation of different reservoirs into classes is performed, class 6 is
represented by the largest reservoir within the basin, with capacity equal to Vg, (hm?). The adopted
approach enables one to parsimoniously simulate networks with thousands of reservoirs (see Table
1), combining reasonable efforts with low data entry, which is particularly important in regions
where information on small dams is scarce, such as in the study area (Pereira et al., 2019, Zhang
et al., 2016). The class ranges were defined based on the distribution of reservoirs and respective

storage capacities.

11



250

Table 1. Subdivision of reservoir system into classes, along with their hydraulic properties for both Iguatu

251 (1G) and Upper Jaguaribe (UJ) basins used in this study. Star (*) symbol denotes hydraulic properties of a
252 single reservoir (class 6).
Volume Range Total Vol Ave Vol

Class (hm?®) Res. Count ota Youme o el Avg a Avg K

N (hm?3) (hm?)
i Min Max
IG uJ G | u I | w IG uJ IG uJ

1 0.0 0.1 2127 | 2969 | 44 61 0.0 0.0 2.7 2.7 1120 | 1120
2 0.1 0.5 296 373 61 77 0.2 0.2 2.9 2.8 1432 | 1844
3 0.5 1.0 49 61 34 42 0.7 0.7 3.0 3.0 1167 | 1699
4 1.0 20.0 50 64 159 226 3.2 3.5 3.1 3.1 1468 | 3900
5 200 | Vg, 8 10 320 742 40.0 | 74.2 3.4 3.7 2408 | 2702
6 Ven 1 1 197 1940 | 197.0* | 1940* | 3.0% 4.4% | 10902* | 210*

253

254  We represent the evolution of the reservoir network over time by tracking the increase in the total

255 number of strategic reservoirs, i.e., those used to supply cities and large demand centers, which

256 are monitored by the local water management company, for which construction dates and design

257 characteristics are known. We used this subset to generate a relationship between storage capacity

258  (in % of the capacity observed in the present) versus year for both I1G and UJ basins. A total of 20

259 reservoir records were used for the estimation of capacity curve for the IG basin, whereas a total

260 of 25 reservoir records were used for the UJ basin. It is worth noting that reservoirs contained in

261 the subset used in the estimation of the system evolution belonged to classes 4 and 5 only, and that

262 no data was available on the construction of lower-class reservoirs. The hypothesis that the

263 increase rate of the system storage capacity approaches that of the strategic reservoirs can be

264  supported by the fact that, the spontaneous construction of small dams by the rural population was

265 encouraged by the success of strategic dams on supplying water, therefore it is expected that it

266 followed the public policy of reservoir construction. Furthermore, the strategic reservoirs (mostly

267 classes 5 and 6) account for over 85% of the system capacity in the UJ basin, although in much

268 lower number (Table 1). The list of reservoirs, including names, storage capacities and

269 construction dates are shown in the supplementary material (Table S1). Finally, the number of

270 reservoirs per class in each year was then computed by multiplying the system’s percent capacity

271 inagiven year, estimated as described above, by the total (current) number of reservoirs per class.

12




272

273
274
275

276

277

278

279

280
281

282
283
284

285

286
287
288
289
290
291
292
293
294

3.3.2. Distribution of the generated runoff

The runoff produced by HYMOD during a given time step (Q, in m3) is distributed into fractions
contributing to each reservoir class (Q4—, , in m?), along with the runoff that is directly routed to

the catchment outlet (Qg_out, in m3/day)

Qy() = (Z Qg_n@) + Qgoue(®) (1)

Both Q4_,, and Q4. are estimated based on time-varying fractions:
Qg—n(t) = fu(t) - Qg (1) (12)
Qg—out(t) = fout(t) - Qg(t) (13)

where f,represents the fraction of @, contributing to the n class at a given time, and f,,; the
fraction of Q4 not contributing to any reservoir class, and thus directly routed to the catchment’s

outlet. The f,, values varied according to the total capacity in each class at a given moment in time.
To estimate f,, we first assumed the following empirical relationship between storage capacity and

incoming mean annual runoff:
Cu(t) =2 Qn(t) (14)

where C,, represent the storage capacity of class n (m?), and En the mean annual incoming runoff
of class n (m®). Although simplistic, the relationship indicated in Equation 14 has been shown to
hold for several reservoirs within the study region (Campos, 2015; de Araujo and Bronstert, 2016)
and represents a rule-of-thumb approach for reservoir construction used by the local population.
Indeed, Aguiar (1978) sized seven strategic reservoirs in the Droughts Polygon during the 20%"
Century, in which the ratio between accumulation capacity and annual inflow volume varies from
1.71 (Piranhas reservoir) to 2.48 (Cedro reservoir), the average value being 2.07. Interestingly, the
same relationship is approximately held when taking the whole reservoir system within the AJ
basin, thus serving as a large-scale validation of the rationale implemented at the local scale. Given

13
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the known values of C,, Equation 14 is used to produce estimates En. Following that, we

defined f,, as the ratio between an and the mean annual runoff observed for the whole basin (EB):
Q) _ Cu(®)

Qs 2-Qp
The fraction of the generated runoff contributing directly to the catchments’ outlet (f,,:(t)) is then

fn(t) =

(15)
obtained as:

foue®=1= )" fo(® (16)

3.3.3. Runoff routing and water balance at reservoir classes

The runoff produced at each time-step is routed through the reservoir system assuming a cascade-
type scheme. For each reservoir class, the incoming runoff (Q_,, in m®) is composed of Q,_,, and

the contribution from the outflow of the preceding (lower classes) reservoirs:

Qunen(®) = Qyon(t) + . 2tsD) a7
1

where Q,,:— 1S the outflow generated by a lower (x < n) reservoir class, where x is a dummy
variable. The sum term in Equation 17 means that the outflow from each reservoir class is

uniformly distributed among the higher-class reservoirs. For example, the outflow from class 2

Qout—2
4

(Qour—2) Will be distributed in 4 equal parts ( ) among classes 3, 4, 5 and 6. For each reservoir

class, the water balance equation is then solved for the representative reservoir:

Qin—n(t) Qout—n(t) Wn (t)

(@ =Wt =D+ == T P =) O ===~ 2.

(18)

where V,, is the total volume in the representative reservoir of class n (m®), 4,, is the representative
reservoir free surface area for the n'" class (m?), R, is the reservoir count within the n" class, and
W, is the withdrawal from the n'" reservoir class. Q,,,¢—,, is assumed to occur when storage capacity

is exceeded. We assumed the latter approximation to be a good representation for the reservoirs of
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smaller classes (1 through 4), as those classes represent the typical small earth dams seen in the
region, where no outflow devices are installed. This assumption was also kept for medium-sized
reservoirs, due to the absence of information on dam releases. Such an assumption was similarly
followed in previous studies within the same region yielding satisfactory results (for example,
Guntner et al., 2004 and Mamede et al., 2018). Finally, depth-volume-area relationships were used

in conjunction with Equation 18:

Vo (t) = Ky, - h(£)*n (19)
An(®) = ay - Ky - R(£) 7o) (20)

where h represents water depth, while K, and a,, are reservoir parameters taken as the average

within each class n.
3.3.4. Water demand and its propagation throughout the reservoir network

The withdrawal term shown in Equation 18 is the result of the competition between the demand

(D,,) and availability (V,) for each reservoir class:
if: Dp(t) < Va(t) = W (t) = Dp(t) (21)
else: Wy, (t) = Vu(0),
and: DU, (t) = Du(t) — W, ()

where DU, is the unmet demand (m?®), which is transferred to higher class reservoirs in a similar
fashion as the outflows (Eq. 17). The demand applied to each reservoir is therefore composed of a
local demand and a combination of unmet demands from smaller reservoir classes, whenever

applicable:

D (t) - n local(t) + Z M (22)

where D,,_;,cq1 (M) represents the demand imposed by the local population closer to a reservoir

of class n. The variable f,. represents a reduction factor applied to the unmet demands from lower
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reservoir classes when transferred to higher classes, resulting from the constraints involved in
transferring water in contrast to the more promptly availability in nearby reservoirs. In this study,
a value of 0.8 was adopted based on field survey with 502 families living within the Jaguaribe
Basin, conducted in 2010 (Alexandre, 2012).

Dy _10car Values were estimated through a combination of four different types of demand: rural
(Dg), urban (Dy), large irrigation projects (D;p), and industrial (D;). Dz was estimated based on
an average per capita demand (dy), along with the population living in rural areas. dy values were
also obtained from the survey conducted by Alexandre (2012) and consisted of the sum between
human-use, agriculture and livestock. Similarly, D;; was estimated based on a per capita demand
of 120 liters per day (d;) and converted to total volumes based on the population living in urban
areas. The population totals, along with the rural and urban shares for the study area was obtained
through censuses conducted by the Brazilian Institute of Geography and Statistics (IBGE) for the
decades 1940 through 2020. For the 1920’s and 1930’s we assumed the value of 90% of the total
UJ basin population to be living in rural areas. The irrigation projects are state-led projects for
which specific reservoirs are designated. Thus, D;p values were considered separately and were
obtained based on the Water Resources Plan of the State of Ceara (Ceara, 2005), and were assigned
to begin at the year of implementation of the perimeters. The industrial demand for the decades
from 2000 to 2020 was obtained from the Secretary of Water Resources of the State of Ceara
(SRH) and was taken to represent 1.8% of the State’s total industrial demand (Ceara, 2005). For
the 1990’s, industrial demand was also obtained from the Water Resources Plan of the State of
Ceara (Ceard, 2005), while no industrial demand was considered for the previous decades. Further
detail on actual values (dg, dy, total volumes for D;, and D;) are shown in the supplementary
material (Table S2 and Table S3). Finally, the different demands were aggregated into values of

D, _10ca1 @ccording to the reservoir classes:

Dg
Di_1o0cat = Da—10cat = D3—1oca1 = ? (21)
_ _ Dy D
D4—local = DS—local =—+—= (22)
3 3
_ Dy D
D6—local = ? + ? + DIP (23)
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4. Results

4.1. Dynamics of society and the reservoir system

The RSM properties, as implemented in the simulations in the IG basin are summarized in Figure
3 and Table. The evolution of the population characteristics within the basin over the century
shows an increase in the population living in rural areas from 1920 up to the 1970’s, when it started
to decline, while the share of urban population saw a constant rise since the 1930’s up to recent
years (Figure 3a). As a result, it is possible to see in Figure 3b an analogous dynamic in demands
for urban and rural water use. Figure 3 also shows the industrial demand, which started to compete
for water in the 1990’s. In this decade, the industrialization of the Ceard State commenced in the
capital Fortaleza (located by the coast) but has expanded into the hinterlands since then. The
growth of the total capacity of the reservoir system throughout the years can be depicted in Figure
3¢, which shows a rapid increase from the 1950’s following the intensification of the reservoir
policy (Campos, 2015). Finally, a summary of annual streamflow data (mm per year) versus the
total system capacity can be seen in Figure 3d, showing how, at the end of the simulation period,
the system’s total storage capacity has reached the mean annual streamflow for the 1G basin. High
storage capacity relative to runoff volumes has been documented throughout the entire Droughts
Polygon: for instance, Medeiros and Sivapalan (2020) demonstrated that in the entire Jaguaribe
Basin, where the UJ basin is located, this ratio reached nearly 2 after the implementation of the
Castanhdo, Or6s and Banabuil mega reservoirs.

The reservoir count and average properties per class used in RSM at 1G basin are shown in Table
1, where it is possible to see that most reservoirs have low storage capacities: 85% of all reservoirs
fall under class 1. However, class 1 reservoirs contribute only 5% to the total storage. This pattern
is usual in other regions of the Droughts Polygon, where such small reservoirs are used mostly for
cattle breeding and irrigation of small areas for livelihood (Alexandre, 2012). Finally, the
distribution of the f fractions of HYMOD generated runoff in the different reservoir classes are
shown in Figure 4a, where it is possible to notice no reservoir participation in the water balance
until the 1950°s decade, as highlighted in the figure inset. Also noteworthy is the relatively high
contribution of runoff being directly routed to the catchment’s outlet, as seen in the red line
representing f,,:. The curves representing the runoff influx into different reservoir classes show a

pattern of increase in relative contributions with respect to the class’s storage capacity, while the
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396 growth pattern associated with each of them are the same as indicated by the overall growth

397 progression shown in Figure 3c.
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Figure 1. Temporal dynamics of society and the reservoir system in the Iguatu sub-basin. a - Distribution of
urban and rural populations. b - Distribution of water demands (in mm/year). c - Evolution of the system’s
total storage capacity (in % of the total capacity). d - Comparison between annual streamflow values (solid
blue line), mean annual streamflow (dashed blue line) (both in mm/year), and the total storage capacity (in

mm).
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405  Figure 2. a - Distribution of the HYMOD generated streamflow as fractions between different reservoir classes

406 and direct contribution to the outlet of the Iguatu sub-basin. b - Same as in subplot a, but for the Upper
407  Jaguaribe Basin: A sudden change in the fraction of the runoff being directly routed to the basin’s outlet (f,,¢)

408  can be seen in 1960, the year of the construction of the Orés mega reservoir.

409 4.2. Model Performance

410 4.2.1. Calibration and Validation at the Iguatu Sub-basin

411 The effect of the introduction of the reservoir network scheme can be explored when comparing
412  the model’s ability to simulate streamflow at the IG basin’s outlet. First, we explore the simulations
413 using HYMOD only: while a good performance in terms of NSE was achieved for the monthly
414 values of simulated streamflow during the undisturbed (calibration) period (Table 2), the same
415 metrics have degraded during the validation period. When using the HYMOD combined with the
416 RSM during the disturbed period, a better performance was achieved in terms of NSE between
417 simulated versus observed streamflow, especially for the most recent decades, in which the
418 reservoir network fully developed (Table 2). Figure 5 shows a visual comparison of simulated
419 and observed values of streamflow is shown for both HYMOD and HYMOD+RSM, where it is
420 possible to see an overall reduction in streamflow at the outlet of the IG basin when the RSM is
421 included. In terms of the slope of the regression line, the combined approach tends to reduce the
422 magnitude of flows as seen by lower slope values when compared with HYMOD only results. This
423 reduction is somewhat expected since the combined approach considers human withdrawals and

424  evaporation from reservoir lakes.
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Table 1. Comparison between NSE performance and slope of the observed vs. simulated of monthly
streamflow at the Iguatu station using HYMOD only, versus HY MOD+RSM. Star (*) represents the 3
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Figure 3. HYMOD model performance at undisturbed and disturbed period. a - Time series plot showing how
monthly simulated streamflow values compare to observations using HYMOD only for the 2010-2020 decade

decades used for model calibration calibrated.

. HYMOD HYMOD + RSM
Period

NSE slope NSE slope

1920-1930* 0.82 1.04 0.82 1.04
1930-1940* 0.72 1.10 0.72 1.10
1940-1950* 0.76 0.79 0.76 0.79
1950-1960 0.83 1.06 0.84 1.05
1960-1970 0.80 0.77 0.79 0.72
1970-1980 0.74 1.22 0.80 1.13
1980-1990 0.89 1.13 0.92 1.03
1990-2000 0.40 0.79 0.47 0.69
2000-2010 0.75 1.02 0.81 0.68
2010-2020 0.10 1.08 0.62 0.65
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4.2.2. Validation at the Upper Jaguaribe Basin

To simulate water fluxes impacted by the dynamics of society and the reservoir network in a more
representative basin of the Droughts Polygon, we applied the HYMOD-RSM maodel, calibrated to
the IG sub-basin, to the whole UJ basin, which includes the mega reservoir Or6s (1.94 x 10° m®
storage capacity) in its outlet. The reservoir classification scheme implemented in the RSM at the
UJ basin (Table 1) is very similar to what was previously utilized, with the main difference being
the larger number of reservoirs per class and the existence of the Oros. For brevity, the growth in
reservoir count for the UJ basin together with the distribution of demands throughout the years are
shown in the supplementary material (Figure S1), since they are very similar to the ones at the 1G
station.

The distribution of the generated runoff of the UJ basin is shown in Figure 4b, which resembles
the pattern for the fractional contributions f; through fz. It is possible to see a switch between the
fractional runoff being directly routed to the basin’s outlet (f,,;) and that being routed to the basins
larger reservoir (fi,s:) in 1960, the year in which the Oros reservoir was built. f;,,; values tended
to decrease over time as the basin experienced a growth in the number of smaller reservoirs, which
therefore were responsible for capturing a fraction of the naturally generated runoff in the river
basin.

Figure 6 shows a comparison between simulated versus observed values of volume being stored
at the Ords reservoir. Our results suggest that the model has adequately captured the reservoir
dynamics throughout the 1996-2020 period. Although measured volumes have been recorded since
the mid-1980’s at the location, no data on the reservoir release fluxes was available until mid-
1990’s, reducing therefore the length of the observed data. It is important to note that the model
does not represent well the dynamics for the last three years of simulation. Given that calibrated
model produced good results for the last 3 years of simulation in the Iguatu station (Figure 5b),
we believe the discrepancies between observed and simulated volumes at Ords to be a drawback
of our approach of applying the 1G-based calibrated parameters for the whole UJ basin, in that
runoff production, although satisfactorily represented for the calibrated portion, might not be

adequate when including an additional area. We believe this result, as will be shown later on, will
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not impact the main findings of our study, as our goal was to analyze larger temporal patterns of

drought propagation, for which the last 3 years of simulation were not included.
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Figure 4. Model validation at the Oros reservoir, located at the Upper Jaguaribe outlet. Solid red and black

lines represent the observed and simulated volumes, respectively.

4.3. Watershed Scale Impacts of Reservoir Network Expansion

The water balance dynamics over the 1920-2020 period is illustrated in Figure 7, indicating how
the streamflow at the basin outlet changed following the reservoir network growth (Figure 7a).
First, we can see the differences between streamflow values that contribute to the Ords reservoir:
the streamflow entering the Oros reservoir (Qin altered, in red) shows consistently lower values
than the naturally generated streamflow (Qin natural, in black), which is the streamflow that would
have been generated at the same location if the basin had not experienced human-induced changes.
This reduction in streamflow production was accompanied by an increase in evapotranspiration,
as show in Figure 7b, where basin average values of annual evaporative fractions (E/P) are shown
for two cases: the natural conditions (black line) as well as the actual systems conditions (red line).
A slightly positive (not significant, p=0.09) trend in E/P values is shown to be associated with the
natural conditions as shown in the black dashed line. When human intervention is considered, the
positive trend is increased, becoming significant (p<0.001) as seen in the red dashed lines. Finally,
in Figure 7c we show the impact of the reservoir expansion on streamflow permanence in the UJ
basin. Here, we compare flow duration curves (FDC’s) under natural conditions (solid black line)
against FDC’s produced by the combined effects of reservoir classes 1 through 5 (solid red line)
as well as the full effect of the reservoir network, when the Oros dam is included (dashed red line).
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It is possible to see the overall effect of reservoirs classes 1 through 5 as being responsible for a
vertical shift in the FDC causing a reduction in the flow magnitude associated with all permanence
percentages. On the other hand, the inclusion of the Ords dam results in increasing the flow beyond
the 30% permanence while overall decreasing permanence below that threshold, when compared

to the natural setting.
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Figure 5. Impact of the dynamics of the reservoir system on the water fluxes at the Upper Jaguaribe Basin. a —
Incoming streamflow at Orés reservoir at natural conditions (Q natural, in black), versus incoming streamflow
when the reservoir network is considered (Q altered, in red). b — Annual E/P partitioning for natural (black)
versus altered conditions (red), along with estimated linear trends. ¢ — Flow Duration curve (FDC) at UJ basin
considering the basins natural conditions (Natural, in black), versus FDC modified by the inclusion of
reservoirs from classes 1-5 (Classes 1-5, in red), and FDC at the outlet of the UJ basin given the inclusion of all

reservoirs (Classes 1-6, red dashed lines).

4.4. Decadal Patterns of Intra-annual Water Availability

To better characterize the evolution of the system, we aggregated the model results into monthly
averages for 4 distinct decades, representing the periods before significant expansion of reservoir
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network (1940-1950), during its initial expansion (1960-1970), intensification (1980-1990) and
stabilization (2010-2020). We attempted to decouple the role of different drivers on the evolution
of water availability and security as 3 distinct model simulations, shown in Figure 8: (i) the
climate-only water simulation (C, in blue lines) represents water availability as the percent soil
moisture (in percent of total soil storage capacity), and was chosen to depict the systems natural
water availability, i.e., the water availability that would have been present without human
interference. (ii) the climate and infrastructure (C+l, as black lines) simulation is based on a model
run that considered only the infrastructure as it evolved over time, i.e., without withdrawal and
represents the storage made available through the expansion of the reservoir network. In red lines,
we show the actual (simulated) reservoir volumes for each reservoir class, considering withdrawal
according to the prescribed demands (simulation C+I+H). Finally, for each decade and reservoir

class, we computed an average water security index (a), as the average decadal values of percent

demand met

demand met (a = ), which is shown in each subplot.

total demand

The natural (soil moisture) availability within the system reflects the seasonal rainfall pattern at
the UJ basin, leading to higher storage capacities in the months of March through May. Due to the
lumped nature of the model, soil moisture estimates do not vary spatially (over distinct reservoir
classes), and its temporal variability is associated with the decadal variability of rainfall. The effect
of reservoir infrastructure (black lines) can be seen clearly as the extension of the water availability
beyond the system’s natural capacity: for each class, when comparing the blue and black lines, it
is possible to see how water availability (in stored volume) extends beyond the humid months.
However, it is important to note that for small reservoir classes (mainly classes 1 and 2), there are
still months (on average) for which the system runs dry, which might imply significant portions of
unmet demand, despite the existing infrastructure. With the increase in class number (and average
storage capacity), this effect is less pronounced, with reservoirs not experiencing periods of very
low to dry storage conditions. This simulated behavior, i.e., small reservoirs drying out frequently
whereas larger reservoirs hold water for longer periods, is confirmed by field observations (see,

for instance, Zhang et al., 2021).
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Figure 8. Disentangling different drivers of intra-annual water availability and security through different
decades. Three simulations are shown at each subplot: in blue, values of average soil moisture throughout the
year, representing pristine water availability conditions, and is denoted as “C” (climate driven water
availability). “C+I” simulations (climate + Infrastructure), in black, show the reservoir-driven water
availability without withdrawals, to display the impact of the evolving infrastructure in the water availability.
Last, in red, “C+I+H” simulations (climate + infrastructure + humans)

When human consumption is considered, an expected pattern is observed where the available
storage (black lines) is partially consumed, resulting in a vertical shift of the black lines towards
the red lines. With the systems’ temporal evolution, this vertical shift decreases, due to the growth
in number of reservoirs, and an overall reduction of the population size relying on each individual
reservoir. This effect is captured as a widespread increase in a-values for all classes through the
decades. The observed decadal patterns clearly show an increase in water security driven by an
expansion of storage capacity. This can also be seen when considering watershed-scale a-values,

calculated per year (Figure S2), in which it is possible to see how the system was able to reach
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average levels of water security around 90% at the beginning of this century. However, the increase
in water security over time is somewhat limited: a does not reach values closer to 1 in recent
decades for most reservoir classes, except for class 5 during the 2010-2020 decade. Thus, the
decadal averages of storage per reservoir class alone might not be sufficient to characterize the
dynamics of water security at the UJ basin. In the following section, we proceed with an inter-
annual assessment of the dynamics in water availability and security, to explore the factors shaping

the (somewhat constrained) observed growth in water security.

4.5. Interannual Patterns of Water Availability During Drought Events

To better understand the constraints in the resulting decadal evolution of water security, we
proceeded with an assessment of specific drought events. Figure 9a and 9b show the evolution of
the 2012 drought as seen through values of water security and reservoir storage according to
different simulation scenarios. This specific drought event was chosen to represent the drought
impact on water security for the given fully developed reservoir network. Figure 9a shows how «
varies throughout the years for reservoirs of different classes, along with the respective simulated
reservoir volumes. It is possible to see the effect of the drought in water security as « values and
reservoir volumes decrease from the year 2011 with the succession below average precipitation
values, followed by a recovery period around the end of the decade. It is also possible to see how
classes 4 and 5 are more resilient to droughts, since the decrease in a is lower for class 4, while

class 5 was able to maintain water supply at the full demand (o = 1) for the same period.

Next, in Figure 9b, we attempt to explore the role of network expansion in explaining the observed
decrease in water security. For that, we show how the evolution of the 2010 drought through 2
additional C+1 scenarios, where the system’s storage capacity was fixed at prescribed stages:
namely at 15% of its current capacity (dashes and “x” symbols), associated with the year of 1987,
and 50% of its capacity (dashes and circles), as in 1990. Additionally, the reservoir volumes are
shown according to the current infrastructure, as solid black lines. These results show how the
same drought event would have propagated throughout the reservoir network given different
degrees of its expansion. The results show a clear impact of the network expansion in the severity
of drought events, as seen in the vertical shifts in water availability from lower levels of

development and higher storage values towards lower storage values associated with increasing
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reservoir count. Not only that, but similar patterns can also be found for the duration of droughts,

as seen in the time (as in number of years) elapsed from drought onset until initiation of recovery

experienced within each class.
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Figure 9. Impacts of reservoir expansion on the propagation of the 2010 drought at different reservoir classes
and development scenarios. a-Progression of water security («, in dashed lines) and storage values (solid lines).
b-Scenario analysis comparing reservoir driven water availability (outputs from simulation C+l) at different

development stages (as percent of the system’s current storage capacity).

4.6. Role of Reservoir Expansion on the Evolution of Water Security and Drought Severity

throughout the Decades

The analysis performed so far has shown that the observed decadal increase in water security
associated with the reservoir network expansion was interrupted by the occurrence of drought
events, which contributed to temporary increase of unmet demand during dry years. Additionally,
when comparing the 2010 drought impact under different expansion scenarios (Figure 9c), we
found the system’s expansion to be associated with the increase in length and severity of that
drought. We now seek to expand the insights gained so far to analyze whether such phenomena
(system expansion and drought aggravation) can also be observed for different drought events
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through different decades. We included 3 additional droughts occurring at different stages within

the systems’ expansion, namely the 1941, 1969 and the 1989 droughts (shown as red rectangles in

Figure 10a, represented as sequences of below average precipitation anomalies).
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Figure 10. Temporal evolution of water security and drought impact. a: Interannual values of precipitation

anomalies highlighting the chosen droughts. b: Pre-drought water security values, showing an increase in water
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security prior to drought onset as a function of time. ¢ through e: Drought impact (change in a from pre-

drought values at years 1, 2 and 3 after drought onset, respectively).

In Figure 10b, we show the estimated water security values for each event for reservoir classes 1-
5, and watershed-scale, at the year prior to the drought onset hereinafter referred as pre-drought
water security estimates (a,). Shown sequentially through Figure 10c-e, are the differences
between a at subsequent years and those of a, (Aa,, = @y — a,, with n = 1, 2 or 3 years) as
measures of drought impact for the years since drought onset. A clear pattern can be seen, in which
water security values at the wet (pre-drought) years have increased over time (Figure 10b) at all
reservoir classes, which is reflected in a similar trend in the watershed-scale a values. This
phenomenon was accompanied, however, by different behaviors with respect to drought severity
(Figure 10c-e): Watershed-scale negative trends (worsening of drought impacts) can be observed
for the years after drought onset, which can be mainly attributed to reservoir of classes 1 through
4, while reservoirs of class 5 have experienced increasing resilience and capacity to accommodate
such impacts. Reservoirs of class 4 have experienced a transitional response, showing a more
stable response in the first year since drought onset (Figure 10c), following a pattern similar to
that of classes 1-3 in years 2 and 3 (Figure 10d-e).

5. Discussion
5.1. Model Realism and Uncertainties

This paper presented a method for incorporating the continuous growth of a dense reservoir
network within a hydrologic system over a 100-year period. Given the pressing need for modeling
approaches that dynamically incorporate how humans interact with the water cycle (Srinivasan et
al., 2017) over longer timescales, our study provides a simple, yet efficient, way forward to tackle
the issue. Rather than the development of a purely predictive tool, our main goal was to provide
broad insights into how the observed evolution of the reservoir network has affected the water
balance at the UJ basin and to explore how the expansion of reservoir network has promoted human
adaptation/settlement onto a once inhospitable region that had dealt through its history with the
impacts of severe drought events. As such, the uncertainties in our modelling approach must be

addressed.
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Given the lack of data regarding actual historical growth in reservoir numbers for all classes, as
well as their physical properties, the choice of a simple, yet conceptually sound, representation of
the system and its growth was necessary, nonetheless allowing us to satisfactorily reproduce some
important fluxes and stores observed in the basin. It is important to emphasize the complexity of
the system in question (Peter et al., 2014): The dispersed nature of the reservoir system would
make a distributed simulation practically infeasible. Explicit representation of reservoir networks
has been attempted with the use of remote sensing techniques. For instance, Pekel et al. (2016)
processed over three million images from the Landsat satellite to assess continental water
occurrence at the global scale and its temporal dynamics. Within our study region, Zhang et al.
(2021) retrieved the relief of reservoirs by using TanDEM-X data and mapped the storage variation
of a network with high-resolution RapidEye images. However, remote sensing approaches fail to
reproduce long-term changes in reservoir occurrence and water storage, since satellite images only
became available from the 1980’s. Therefore, such approaches alone are not able to capture the
various temporal scales that drive the coupled human-water systems (Sivapalan and Bldschl,
2015).

Our model used, instead, an approximation to the prescribed human interventions, in that we have
used historical data on populational growth and reservoir construction to drive the imposed
changes in the hydrologic cycle. The approach presented here cannot be treated as a fully coupled
socio-hydrologic model, as it does not consider some important two-way feedbacks operating over
the decades in the UJ basin, as described by Medeiros and Sivapalan (2020). Understanding these
processes would help us explain the observed growth in reservoir construction at the UJ basin, and

why other feasible approaches that could have been taken by the local government did not happen.
5.2. Human Induced Changes in The Hydrologic Cycle.

The observation that the total storage capacity of the system reached approximately two times the
mean annual runoff volume produced at the basin, points out the fact that the system has evolved
from a condition in which water availability was limited by its low capacity to store water in the
early 20" Century, i.e., a hydraulic constraint, to a hydrological limitation. Ultimately, this
condition may lead to basin closure if the reservoir network continues to expand, a trend that has

been observed in several large river basins around the globe such as the Colorado, the Indus, the
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Murray-Darling and the Yellow (Molle et al., 2010). The shift in evaporation partitioning, driven
by increasing water availability in the form of reservoir lakes, has been shown to be a detectable
human imprint in the basin, and represents a drawback of the system. However, the evaporated
volume of water may be affected by other features, such as: i) water use, as intensifying the
withdrawals reduces the water level and the flooded area exposed to the atmosphere (Brasil and
Medeiros, 2020); ii) riparian vegetation, which may reduce evaporation rates by up to 30%
(Rodrigues et al., 2021). Despite its somewhat low magnitude, the statistically significant trends
in the water balance partitioning found here represent an important result given the ubiquitous
increase in evaporation, associated with the uncertainty in projected precipitation for the region in
future climate scenarios, a combination which could potentially aggravate future water availability

in the region (Rodrigues et al., 2023).

5.3. Emerging Outcomes of System’s Evolution

The 100-year long reservoir expansion at the UJ basin promoted the region’s transition from a
state of extreme vulnerability to droughts and mass migration towards one characterized by stable
human settlements and economic growth. This effect becomes clear when analyzing the population
growth over the study period, along with other socio-economic indicators: population of the State
of Ceard increased from 900 thousand inhabitants in 1900 to currently 9 million people,
approximately, while improvement of the HDI were also observed, particularly from the 1990s,

when it was 0.40 (very low human development) against 0.73 (high human development) in 2021.

The steady increase in water security throughout the decades observed in all reservoir classes was
accompanied, however, by a heterogenous response in terms of the system’s capacity to
accommodate multiple drought events. System evolution led to a pattern in which large reservoirs
were able to increase their capacity to attenuate drought impacts on water security (see the different
responses between class 5 and other classes in Figure 10), while smaller reservoirs (Classes 1-3)
experienced a diminished capacity to cope with such events. In spite of the recognized advances
in water management in the study area since the 1990s, such an emerging pattern clearly denotes
lack of centralized holistic water management strategy, which in the study region is due to the
scarcity of data on small reservoirs and the limited operational capacity of the water resources

management company. We argue that the reservoir expansion in the UJ basin arises as an
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expression of the aggregation effect (Olson, 1965), a term coined to broadly describe how

individualized optimal decision making often leads to undesirable system scale outcomes.

How can we characterize the dynamics of the system in terms of the roles played by large versus
smaller reservoirs in water availability / distribution? Due to their limited storage capacity, smaller
reservoirs (Classes 1 through 3) are rarely sufficient to sustain the local demands for longer
periods, resulting in both direct and indirect effects observed in larger reservoir classes. These
classes are said to be hydrologically inefficient, and their direct effect can be observed as the
reduction in water available flowing into reservoirs of larger classes, with the indirect effect of
propagating the water demand throughout the reservoir network. On the other hand, larger
reservoir classes (Classes 4 and 5) are more likely to meet both local demands as well as the
“imported” (demand transferred from lower classes) over long periods of time and during
droughts. Such emerging outcomes caused by the observed hydraulic gradient are also associated
with a socioeconomic counterpart, as the population living in the basin headwaters and depending
on small reservoirs have the lower per-capita income in the region. As reservoir size increases in
lower regions, so does income associated with population depending on it: in the UJ, the largest
(100,000 inhabitants) and wealthier (USD 34,000 per capita GDP, as of Sept. 2023 currency
conversion rates) city of Iguatu is located immediately upstream of the Or6s mega reservoir, at the
catchment outlet. For the entire Jaguaribe basin, the Castanhdo mega reservoir (6.7 x 10° m3
storage capacity) located further downstream supplies water to the city of Fortaleza, whose per
capita GDP is USD 48,000 (value converted from local currency (R$) to USD according to Sept.
2023 conversion rates). Interestingly, this same hydraulic-and-wealth gradient can be seen as a
space-for-time analogue of the infrastructure development in the UJ Basin, where the populations
dependent on lower class reservoir are closer to early 1900°s living conditions, being more

vulnerable to droughts than those downstream relying on larger storage capacities.

Whereas the large strategic reservoirs play a major role on providing water security, particularly
those of class 5 (see Figure 10), the smaller reservoirs contribute to its spatial distribution, also
contributing to energy efficiency by storing water closer to the consumers and at higher elevations.
Nascimento et al. (2019) assessed the impact of the reservoir density on the power demand for
water distribution in the Banabuil basin (19,800 km?), also located in the Jaguaribe basin. The
authors concluded that, if the reservoirs with storage capacities below 5 x 10° m3 (which represents
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the upper limit of class 2 in this study) did not exist, power demand would increase by 80%. If the
Banabuili mega reservoir (1.4 x 10° m3 storage capacity) was the sole water source, the power

demand would increase by 30-fold.

It is worth emphasizing that the majority of smaller storage capacity reservoirs were built
spontaneously by the local population as a result of the political and economic constraints
experienced historically. We posit that such historical and socioeconomic mechanisms have played
a pivotal role in guaranteeing definitive settlement in a region that has experienced massive
migration due to historical droughts. In this context, the networks’ hydraulic role has been to

provide the minimum conditions for such settlements to occur.
5.4. Sociohydrologic Drivers of Reservoir Network Expansion.

Could the reservoir system at the UJ basin have evolved in a different way? The understanding of
the diffuse nature of the system and its growth over time cannot be achieved without proper
acknowledgement of well-known historical socioeconomic drivers. The so-called "Dam Policy”
initiated in the early 20™ century, when the first dams were built, and society experienced their
benefits. To expand the reservoir implementation, the Federal Government launched in the 1930s
the Cooperation Dam Policy, in which public funds were used to build dams on private properties
until the 1970s. Concomitantly, large strategic reservoirs were implemented by the Federal and
State governments to supply large demand centers, such as cities and irrigation projects. However,
access of rural population to the water sources remained limited, in a process named by Srinivasan
et al. (2012) as “resource capture by elite”, encouraging the spontaneous construction of small
dams by the population. Such variability can be seen as an emergent property of the multiple socio-
political-economical processes that have taken place as the system evolved over time: the larger
reservoirs were built through public investment, whereas public-private partnerships were
involved in the construction of intermediate ones. Most importantly, community-led initiatives
resulted in the construction of small, short-lived reservoirs, that account for 95% of the dams built
in the region. Small-sized reservoirs appeared as a response from the local population to the
standing policy which favored large and medium sized reservoirs, most times located in private

(most likely access-controlled) properties.
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More work is needed to unveil the socio-economic processes leading to the evolution of the system
as has been portrayed here. Our approach can however be used to shed light and possibly aid
investigations dealing with such questions, as it has been able to represent a long-known dynamic
prevalent in Brazilian semi-arid system, especially within the state of Ceard (Campos, 2015), and
its surrounding region. Further work focusing on the understanding of the history of sociopolitical
and economic drivers of the observed system’s evolution is in preparation and could lead to
potential insights into the improvement of the model’s parameterization. To achieve such a result,
some conceptual improvements in our understanding of how humans have shaped the system’s
evolution might be necessary for future iterations of our model. For instance, the inclusion of
drought memory as driver of water demand might allow for better characterization of drought
impacts on human behavior (Song et al., 2020). Additionally, relationships between drought
memory, and (suppressed) demand, paired with socio-economic constraints, might be leveraged
to incorporate societal willingness to build dams, through both independent (local population) as

well as through larger infrastructural investments.
6. Conclusions

The Drought Polygon, in the Northeastern portion of Brazil, occupies 12% of the country and has
been historically plagued by droughts. Through the last century, the Upper Jaguaribe basin has
experienced a transition from pristine conditions towards having a high-density surface reservoir
network, possessing a great degree of variability in storage capacity (and technical complexity).
This paper investigated the hydrology of the coupled human-water coevolution through the UJ
Basin over the 1920-2020 period and attempts to shed light at the hydrologic outcomes of such

expansion.

We introduced a parsimonious hydrologic model that enabled us to capture the dynamic evolution
of storage capacity associated with reservoirs of various sizes, over a large, data-scarce region,
where ca. 3000 reservoirs have been built. Human interference was incorporated by allowing the
models structure to change, reflecting historical data on the reservoir construction, and by the use
of a variable water demand, estimated through populational data. We used our model to track how

water fluxes and security evolved over time and extracted patterns of its decadal and interannual
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variability that can provide a diagnostic understanding of socio-hydrologic processes taking place

through the reservoir expansion.

As expected, the UJ Basin experienced a steady increase in water security, allowing for the
transition from complete vulnerability to drought events, towards a state in which values closer to
90% of the total populational demand is met on average. This increase in water security had
arguably provided the necessary conditions for stable and secure human settlement in the area,
together with promoting economic and populational growth. Such growth, however, resulted in
increasing demands and spurred the expansion of the reservoir network even further, ultimately
affecting the system’s capacity to accommodate droughts, following a heterogeneous pattern:
while populations relying on smaller reservoirs became more vulnerable over time, those relying

on larger reservoirs have experienced increasing resilience to multiple year drought events.

Finally, this work represents the first step towards the development of a fully coupled socio-
hydrological framework to explain how the reservoir expansion in the UJ Basin may have taken
place. We envision further studies that will account for inclusion of the social and natural processes
at the local scale and their associated feedbacks, such as the inclusion of restrictions to the access
to water and the translation of water security and its variability into the population’s memory as a

driver of further reservoir construction.
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Table S1. List of Reservoirs in the Upper Jaguaribe Basin and their year of construction.

Reservoir Sub-basin Municipality Capacity (m?3) Capacity (hm?3) Executing agency Source of resources Program Construction year
Do Coronel Al/IG Saboeiro 1,770,000 1.77 STATE OF CEARA Acgudes Regionais 1946
Vdrzea do Boi Al/IG Taua 51,910,000 51.91 DNOCS UNION 1954
Pocgo da Pedra AJ/IG Campos Sales 52,000,000 52.00 DNOCS UNION 1958
Pau Preto AJ/IG Potengi 1,808,767 1.81 DNOCS Acgudes Regionais 1960
Oros A Oros 1,940,000,000 1,940.00 DNOCS UNION 1961
Rivaldo Carvalho AJ/IG Catarina 19,520,000 19.52 STATE OF CEARA 1966
Trici AJ/IG Taud 16,500,000 16.50 DNOCS UNION 1987
Caigaras AJ/IG Banabuiu 1,070,000 1.07 DNOCS STATE OF CEARA Acudes Regionais 1988
Espirito Santo Al/IG Taua 3,300,000 3.30 SRH STATE OF CEARA Agudes Regionais 1988
Favelas AJ/IG Taud 30,100,000 30.10 DNOCS UNION 1988
Forquilha Il AJ/IG Taua 3,400,000 3.40 DNOCS UNION 1988
Monte Sion Al/IG Parambu 3,100,000 3.10 SRH / SOHIDRA STATE OF CEARA Agudes Regionais 1990
Quinqué Al Acopiara 7,130,000 7.13 DNOCS UNION 1990
Caldeirao AJ/IG Saboeiro 5,000,000 5.00 SRH / SOHIDRA STATE OF CEARA Agudes Regionais 1991
Parambu AJ/IG Parambu 8,530,000 8.53 SRH STATE OF CEARA Acgudes Regionais 1992
Marcio Fernandes AJ/IG Iguatu 1,500,000 1.50 SRH / SOHIDRA STATE OF CEARA Acgudes Regionais 1993
Valério AJ/IG Altaneira 2,020,000 2.02 SRH / SOHIDRA STATE OF CEARA Agudes Regionais 1995
Trussu Al Iguatu 301,000,000 301.00 SRH / DNOCS STATE/UNION Acgudes Regionais 1996
Canoas AJ/IG Assaré 69,250,000 69.25 SRH / SOHIDRA STATE/UNION Acudes Regionais 1999
Bengué A)/IG Aiuaba 19,560,000 19.56 SRH / SOHIDRA STATE / BIRD / BNDES PROURB 2000
Muquém AJ/IG Carius 47,643,406 47.64 SRH / SOHIDRA STATE / BIRD / BNDES PROURB 2000
Faé A Quixelo 24,408,688 24.41 SRH / SOHIDRA STATE / BIRD / BNDES PROGERIRH 2004
Arneiroz || Al/IG Arneiroz 197,060,000 197.06 SRH / SOHIDRA STATE / UNION / BIRD PROAGUA 2005

Antonina do PROGERIRH

Mamoeiro AJ/IG Norte 20,490,000 20.49 SRH / SOHIDRA STATE / BIRD ADICIONAL 2012




Table S2. List of water demands per decade.

Urban Urban Demand Rural Rural Demand* LEUETIEL

Year Population (hm?3/y) Population (hm?3/y) Demand
(hm?/y)

1920 10,554 0.46 94,984 18.01 -
1930 13,614 0.60 122,530 23.23 -
1940 23,751 1.04 193,920 36.77 -
1950 33,980 1.49 241,902 45.87 -
1960 67,801 2.97 247,310 46.89 -
1970 110,663 4.85 335,727 63.66 -
1980 146,298 6.41 308,453 58.49 -
1991 201,896 8.84 274,276 52.01 0.77
2000 261,077 11.44 248,148 47.05 3.42
2010 310,44 13.60 230,020 43.62 3.42

Table S3. List of large-scale irrigation projects and their associated water demands. (*) Symbols denote a
demand being applied to reservoirs of class 5. (**) Symbol denote a demand being applied to the Oroés
reservoir (class 6).

. Starting
3
Project name Demand (hm3/y) —
Varzea do Boi* 5.868 1975
Vdrzea do Iguatu** 39.73 1990
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Figure S1. Temporal dynamics of society and the reservoir system in the Upper Jaguaribe Basin sub-basin. a - Distribution of

urban and rural populations. b - Distribution of water demands (in mm/year). ¢ - Evolution of the system’s total storage
capacity (in % of the total capacity). d - Comparison between annual streamflow values (solid blue line), mean annual

streamflow (dashed blue line) (both in mm/year), and the total storage capacity (in mm).
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Figure S2. Evolution of annual values of water security (e). Highlighted as red dots are the years with below average

precipitation, whereas in black, years with above average precipitation.



