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Abstract

River floodplains and reservoirs interact throughout a basin drainage network, defining a coupled human-water system with
multiple feedbacks. Recent modeling developments have aimed to improve the representation of such processes at regional to
continental scales. However, most large-scale hydrological models adopt simplified lumped reservoir schemes, where an offline
routine is run with inflows estimated by the model, with limited consideration of the complementarity between floodplains
and reservoirs on attenuating floods at regional scale. This paper presents a novel approach that fully couples river-floodplain-
reservoir hydrodynamic and hydrological models, significantly improving the representation of reservoir dynamics and operation
in the river-floodplain-reservoir continuum at large scale and across multiple dam cascades. The model is applied to the Parana
River Basin with explicit simulation of 31 large dams and river hydraulic variables at basin scale. Three types of reservoir
bathymetry representation are compared, from lumped to distributed methods, combined with three reservoir operation schemes
and varying degrees of input data requirement within two parameterization scenarios (global and regional setups). The operation
schemes were more relevant than the reservoir bathymetry representation to estimate downstream flows and water levels. While
the data-driven operation scheme, based on linear regressions between observed water levels and dam outflows, provided the
best estimates of both active storage and discharges, the more generic operation reasonably estimated discharges and peak
attenuation, albeit not as accurately for active storage. The global parameterization of reservoir operation resulted in poorer
performance compared to the regional-based one, but it satisfactorily modeled discharge and peak attenuation. Regarding the
reservoir bathymetry representation, a basin scale comparison of the lumped and distributed schemes indicated the inability of
the former to represent backwater effects. This was further corroborated by validating the longitudinal water level profile of Itaipu
dam with ICESat satellite altimetry data. Finally, the model was used to show the complementarity between floodplains and
reservoirs on attenuating floods at regional scale. Large scale models should move beyond offline coupling strategies, and include
regional-based, data-driven reservoir operation schemes together with a distributed representation of reservoir bathymetry into
river-floodplain hydraulic schemes. This will largely improve the estimation of river discharges, water levels and flood storage,

and thus the model ability to represent the regional scale river-floodplain-reservoir continuum.
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Abstract

River floodplains and reservoirs interact throughout a basin drainage network, defining
a coupled human-water system with multiple feedbacks. Recent modeling developments
have aimed to improve the representation of such processes at regional to continental
scales. However, most large-scale hydrological models adopt simplified lumped
reservoir schemes, where an offline routine is run with inflows estimated by the model,
with limited consideration of the complementarity between floodplains and reservoirs
on attenuating floods at regional scale. This paper presents a novel approach that fully
couples river-floodplain-reservoir hydrodynamic and hydrological models, significantly
improving the representation of reservoir dynamics and operation in the river-
floodplain-reservoir continuum at large scale and across multiple dam cascades. The
model is applied to the Parana River Basin with explicit simulation of 31 large dams
and river hydraulic variables at basin scale. Three types of reservoir bathymetry
representation are compared, from lumped to distributed methods, combined with three
reservoir operation schemes and varying degrees of input data requirement within two
parameterization scenarios (global and regional setups). The operation schemes were
more relevant than the reservoir bathymetry representation to estimate downstream
flows and water levels. While the data-driven operation scheme, based on linear
regressions between observed water levels and dam outflows, provided the best
estimates of both active storage and discharges, the more generic operation reasonably
estimated discharges and peak attenuation, albeit not as accurately for active storage.
The global parameterization of reservoir operation resulted in poorer performance
compared to the regional-based one, but it satisfactorily modeled discharge and peak
attenuation. Regarding the reservoir bathymetry representation, a basin scale

comparison of the lumped and distributed schemes indicated the inability of the former
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to represent backwater effects. This was further corroborated by validating the
longitudinal water level profile of Itaipu dam with ICESat satellite altimetry data.
Finally, the model was used to show the complementarity between floodplains and
reservoirs on attenuating floods at regional scale. Large scale models should move
beyond offline coupling strategies, and include regional-based, data-driven reservoir
operation schemes together with a distributed representation of reservoir bathymetry
into river-floodplain hydraulic schemes. This will largely improve the estimation of
river discharges, water levels and flood storage, and thus the model ability to represent

the regional scale river-floodplain-reservoir continuum.

1 Introduction

Reservoirs are important infrastructure for energy production, flood control, flow
regulation and water supply, among other uses (Lehner et al., 2011). Their construction
and operation have also led to major socio-environmental concerns (Grill et al., 2019;
Nilsson, 2005; Poff et al., 2010; Richter and Thomas, 2007), and efforts to improve
storage allocation (Almeida et al., 2019; Ho et al., 2017; Schmitt et al., 2019).
Reservoirs, however, operate in basins with a continuum in the river system connecting
it to rivers and floodplains, through which human societies and ecosystems interact with
dynamic two-way feedbacks (Di Baldassarre et al., 2013; Pande and Sivapalan, 2017;
Viglione et al., 2014). At regional to continental scales, this river-floodplain-reservoir
continuum is associated to a complex relationship among surface water processes. For
example, in the La Plata River Basin in South America, dozens of large reservoirs have

been built since the 1950’s interacting with complex wetland systems as the Pantanal,
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Esteros del Iberd and Parana floodplains (Minotti, 2018). In the basin, human society
has settled around floodplains for centuries, leading to a fully coupled human-water
system (Doyle and Barros, 2011; Lee et al., 2018). As the use and development of the
floodplain by society evolve, there is an increasing need to better understand the
hydrodynamic interactions in this river-floodplain-reservoir continuum, so we can better
design and operate water systems to cope with human and ecosystem demands
considering hydrological uncertainty, processes and current and future environmental

changes.

Regional to continental scale hydrological-hydrodynamic models provide a unique
opportunity to address these needs. While recent advances in large scale modeling have
improved our capability to simulate river floods at both 1D and 2D dimensions (Bates et
al., 2018; Fleischmann et al., 2020; Neal et al., 2012; Paiva et al., 2013; Schumann et
al.,, 2013; Trigg et al., 2016; Yamazaki et al., 2011), most studies on reservoir
simulation have focused on representing dam storage and operation (i.e., a water
management model) within simpler hydrological models, with less physically based
flow routing methods (Droppers et al., 2020; Hanasaki et al., 2018; Yassin et al., 2019).
In the studies by Mateo et al. (2014) and Pokhrel et al. (2018), for instance, a
hydrodynamic model was run (offline) with observed or simulated dam outflows at the
grid cell related to the dam, in order to estimate alterations in downstream flooding.
Difficulties for detailed reservoir simulation included the unknown bathymetry and

specific dam operation at very large scales, and are also a challenge.

Only recently the hydrodynamics of dam cascades were explicitly included into
regional hydrodynamic models (Shin et al., 2019; Fleischmann et al., 2019a), aiming at
representing the river-floodplain-reservoir system with a fully-coupled approach that

allowed a distributed representation of variables as discharges, water levels and flood
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extent and storage in human-altered systems. As the representation of these processes
improves, a better and integrated assessment of basin water resources and floods
becomes possible. Examples include the understanding of the relative role of
floodplains and reservoirs on flood attenuation (Fleischmann et al., 2019a), more
detailed simulation of evaporation (Shin et al., 2019), and understanding of the reservoir
influence on local climate (Degu et al., 2011; Hossain et al., 2012). The representation
of the reservoir dynamics itself and associated backwater effects and flooding in
upstream areas, and simulation of carbon cycle and phytoplankton dynamics (e.g., lake
emissions and degassing or downstream emissions; Bierkens et al. (2015)), can also
benefit from such modeling systems. Ultimately, these tools will provide an important
basis towards a fully coupled and distributed human-water modeling system within
hyperresolution Earth system models (Nazemi & Wheater, 2015; Pokhrel et al., 2016;
Wood et al., 2011), adopting detailed grids and daily temporal resolution (Gutenson et

al., 2020; Zajac et al., 2017).

Regarding the representation of dam operation in regional to global models, there
have been major improvements since pioneering studies by Hanasaki et al. (2006) and
Haddeland et al. (2006), which have been used and adapted for many studies (Adam et
al., 2007; van Beek et al., 2011; Biemans et al., 2011; Pokhrel et al., 2012; Shin et al.,
2019; Wisser et al., 2010). Since these first generic algorithms, data-driven reservoir
operation schemes are now feasible, while optimization methods have also been
developed, involving storage, outflow and inflow observations (Solander et al., 2016;
Wu and Chen, 2012; Yassin et al., 2019), and downstream water or energy demands
(Haddeland et al., 2006). All these developments highlight the ongoing necessity to
better estimate actual reservoir operation in order to achieve hyperresolution models

that are locally relevant. Cross-scale comparisons among different approaches, from
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simpler, globally-based, to more complex, regionally-derived setups, can Yyield
meaningful insights on the ways forward, especially using regionally set up models

(Fleischmann et al., 2019c; Nazemi & Wheater, 2015; Trigg et al., 2016).

The need for a fully-coupled approach was explicitly highlighted by some authors
(Fleischmann et al., 2019a; Shin et al., 2019). However, the benefits of representing the
reservoir dynamics fully coupled within the river-floodplain-reservoir continuum
processes with a distributed approach, over the traditional lumped and offline
representation, remains a knowledge gap in the field for large scale models. The extent
to which simple, level-pool reservoir simulations (i.e., lumped) may lead to similar
results as distributed (i.e., dynamic), more complex ones, is not yet understood. Finally,
a correct reservoir operation also needs to be incorporated to improve the understanding

of the human feedback in the river-floodplain-reservoir continuum.

This study brings a novel contribution to these gaps with an improved
representation of the river-floodplain-reservoir interactions within hydrologic-
hydrodynamic models, followed by a broad analysis of the continuum of hydraulic
variables basin-wide considering the reservoir operation effects. The contributions of
this study address three main research questions: (i) what are the differences between
simulating lumped and distributed reservoir bathymetry in coarse-scale, online coupled
hydrologic-hydrodynamic models, in terms of different variables as water levels,
discharge, flood extent and storage, and evapotranspiration? (ii) how do generic and
more data-driven reservoir operation schemes differ in terms of hydrological variables
estimation in regional scale models? And (iii) what is the relative role of floodplains
and reservoirs on flood attenuation in large-scale anthropized systems, considering
basin-wide hydrological processes? To answer these questions, new modeling

approaches to improve reservoir representation and operation are proposed and tested in
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a ~950,000 km2 watershed (Upper Parand River Basin, Brazil). Different simulation
scenarios are performed to assess the dynamics of reservoirs in terms of complexity of
bathymetry representation (lumped to distributed) and reservoir operation (from generic

to data-driven approaches, and from globally to regionally derived parameterizations).

2 Methods

2.1 Study area: The Upper Parana River Basin

The Upper Parana River Basin (Figure 1) was selected as a study area given (i) its
large number of dam cascades (in parallel and in series); (ii) the existence of large
floodplains both upstream and downstream of dam cascades; and (iii) the availability of
observed daily time series of dam inflows, outflows and storage from the Brazilian
National Water Agency (ANA). Those are desirable characteristics to address in large

scale modeling of river-floodplain-reservoir systems.

The Parana River is formed by the confluence of Grande and Paranaiba rivers in
Brazil, with major tributaries being the Tieté, Paranapanema, Ivai and Iguacu rivers, all
in its left margin. The Upper Parana River Basin has a drainage area of ~950,000 km?
and it is among those with the largest hydropower installed capacity in the world (and
almost 50% of the installed hydropower capacity of Brazil), including the Itaipu dam
(ID 18 in Figure 1) which is one of the largest dams in the world (Itaipu, 2018). Large
cities as Sdo Paulo and Brasilia (Brazil Federal Capital) are located within the basin,
which holds a population of nearly 70 million people. The wet period usually occurs

from November/January to May/June (Agostinho et al., 2000), with average annual
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rainfall of about 1400 mm (Boulanger et al., 2005). There are contrasting hydroclimatic
regions throughout the basin, with the northern (southern) regions presenting a seasonal

(non-seasonal) precipitation regime.

The basin has 86 large dams (> 30 MW) in operation, with an installed capacity of
48,083 MW (ANEEL, 2020) (Figure 1). There are also 500 (58) small (large) proposed,
planned or under construction dams, related to 5,643 (3,909) MW of installed capacity,
respectively (ANEEL, 2020). Sixty-two large dams are currently connected to the
Brazilian National Interconnected System (SIN), with 32 run-of-river and 30 flow
regulation dams (ONS, 2020), which are coordinately operated with other power
sources (e.g., thermal and wind) to generate and distribute energy to the whole system
minimizing costs (Marques & Tilmant, 2013). Most dams are also operated with
multiple uses, such as flood control, water supply and navigation. Overall, there is a
large hydrological alteration at the basin scale due to reservoir operation (Santos, 2015).
The extensive floodplains throughout the basin, as the 230 km reach in the Parana
mainstem between Porto Primavera and Itaipu dams, harbor important ecosystem

services (Agostinho et al., 2001, 2008; Baumgartner et al., 2018).
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Figure 1. The Upper Parana River Basin within South America, and the 31 simulated (green
circles) and other non-simulated Brazilian dams (red: large dams — installed capacity > 30 MW;
grey: small dams — capacity between 3 and 30 MW). The total number of large dams is 86

(green and red dots). Rivers of interest are labeled.

2.2 Hydrological and hydrodynamic representation of the river-floodplain-

reservoir continuum

The MGB model (“Modelo de Grandes Bacias” in Portuguese, an acronym
meaning “Model of Large Basins”) (Collischonn et al., 2007; Pontes et al., 2017) is
used to implement and test the proposed representation of the river-floodplain-reservoir
continuum and reservoir operation. It is a semi-distributed, hydrological-hydrodynamic
model developed to simulate large-scale basins. This model is chosen given its proven
track record of simulation in several other river basins at different scales, from regional

to continental domains (Siqueira et al., 2018). First, the original MGB modeling
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approach is presented, followed by the proposed improved representation of the

reservoirs and their hydraulic and hydrodynamic relationships with the continuum.

In MGB’s representation, the basin is divided into unit-catchments of equal river
lengths, and within each the model simulates vertical hydrological processes as
evapotranspiration, soil water infiltration and runoff generation (from surface,
subsurface and groundwater reservoirs) (Figure 2). Local runoff is added as a lateral
boundary condition to the drainage network, and a hydrodynamic routing is performed
to simulate river, floodplains and reservoirs’ surface water dynamics. Soil and
vegetation model parameters are defined for each Hydrologic Response Units (HRU’s)
within a given sub-basin, and the HRU’s are derived from a combination of soil and
vegetation maps. Evapotranspiration is computed with the Penman-Monteith equation
for soil/vegetated areas, and Penman equation for flooded areas (i.e., assumed as open
water). A dynamic two-way feedback between the hydrologic and hydrodynamic
modules is also considered, by which floodplain water can infiltrate into the unsaturated
soil, and evapotranspiration/open water evaporation and runoff generation are
dynamically computed considering the surface flooded fraction at each time step. More
details on the hydrological model are presented in Supplementary Material S2 and in
Collischonn et al. (2007), Pontes et al. (2017) and Siqueira et al. (2018). Recent MGB
applications in the Parana basin with the simpler, Muskingum-Cunge flood routing

scheme were performed in Fleischmann et al., (2019b) and Quedi & Fan, (2020).
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Figure 2. Overview of the MGB model structure: unit-catchment water and energy balance
(middle panel), river-floodplain-reservoir hydraulic routing (upper right), and types of reservoir

simulation (bottom panel).

2.2.1 MGB model river-floodplain hydrodynamic routing

The local inertia explicit method proposed by Bates et al. (2010) is adopted
within MGB to simulate 1D flow propagation along the drainage network. This method
is a simplification of Saint-Venant equations, neglecting the convective acceleration

term from the momentum equation, which has been proven satisfactory to represent
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flood wave transport along rivers at both 1D and 2D dimensions (Getirana et al., 2017,
Neal et al.,, 2012; Siqueira et al., 2018; Yamazaki et al., 2013). Within MGB,
floodplains are represented as storage units, i.e., they are ineffective areas without active
flow, river-floodplain water exchange is instantaneous, and water surface elevation is
assumed the same along the river-floodplain system within a given unit-catchment
(Paiva et al., 2011). Channel cross sections are assumed rectangular, as typically

adopted in large scale hydraulic modeling (Paiva et al., 2013; Trigg et al., 2009).

The flux between two adjacent unit-catchments is computed with the discretized

momentum Equation 1:

t
t+At _ Qi—gBiAth;S;

[ = Equation 1
out,i gM|Q§|nz quatio

Bi(hi)7/3

Where Q%% is the discharge at unit-catchment i at time ¢t + At, n is the Manning’s
coefficient, h; the flow depth between unit-catchments i and i + 1, S; the water surface
level slope, At the model time step, B; the flow width, and g the gravitational

acceleration.

The continuity equation can be approximated for each unit-catchment river reach

as.

i T QLHAL _ gtat o 4P —F Equation 2
At =20 Qout,i Qiocal i i quation

in,i

Where V is the stored volume in unit-catchment i, ¥ Q},,

At the sum of inflows from
upstream unit-catchments, Q;,.,; the locally generated runoff, P the precipitation over
flooded areas (i.e. river reach surface area plus flooded floodplain or reservoir area), and

E the flooded area open water evaporation computed with Penman equation.
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Once the unit-catchment volume is updated with (2), water level in the unit-
catchment is estimated from its level-volume relationship (hypsometric curve). For
stages below bank elevation, this is derived from the channel cross section. For stages
above bank elevation, it represents the floodplain topography, and it is obtained with a
GIS pre-processing step that computes flooded areas associated to increments in Height
Above Nearest Drainage values (HAND; Renn0 et al. (2008)) extracted from the SRTM

Digital Elevation Model (DEM) (Siqueira et al., 2018).

Effective hydraulic parameters that are required for each river reach are channel
bed elevation, cross section bankfull width and depth, and Manning roughness
coefficient. Bed elevation is derived for each unit-catchment from the average DEM
river network pixels (Siqueira et al., 2018) subtracted by bankfull depth. The
hydrodynamic routing time step is determined by the Courant-Friedrichs-Levy
condition with an additional multiplier parameter for ensuring model numerical stability

(Bates et al., 2010; Yamazaki et al., 2011).

2.3 Reservoir routing

Two main aspects differ the proposed improved reservoir representation from
the original MGB river-floodplain routing scheme. First, at the unit-catchment
corresponding to the dam location, the momentum equation (1) is replaced by the dam
outflow equation (i.e., it is set as an internal boundary condition), which is based on
simple spillway or outlet works equations, or on more complex reservoir operation

derived from actual dam operational data.
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Second, the reservoir storage (and bathymetry) is represented in MGB by
adjusting the level-volume relationship in the unit-catchments located within the
reservoir lake, originally extracted from a DEM. If the dam did not exist during the
DEM acquisition date, the storage is already represented in the level-volume
relationships, and thus no correction is necessary. In such cases, it is only required to
define the dam outflow equation. On the other hand, if the reservoir already existed, the
DEM will likely miss the storage representation (depicting a flat lake area instead). This
demands additional bathymetry information (e.g., reservoir level-storage relationships)
to correct the model. These two main aspects were added to the MGB framework by
Fleischmann et al. (2019a). Open water evaporation and direct precipitation on lake are

considered in the same way as for floodplain areas.

In the improved reservoir representation proposed in this paper, this scheme is
further developed by comparing different types of reservoir bathymetry representation

(Section 2.4) and operation (Section 2.5), which are detailed in the next sections.

2.4 Reservoir storage representation

To improve reservoir storage representation, three different types of reservoir
storage/bathymetry representation are compared: (i) a lumped representation of the
reservoir storage, by which all storage is concentrated in one only unit-catchment
(associated to the dam location), and a distributed method in which the storage is (ii)
equally and (iii) variably split among all unit-catchments that compound the reservoir
lake, thus allowing the representation of reservoir dynamics. Figure 2 (bottom panel)

presents the schemes for the three simulation methods.
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The lumped method (i) (“Lum”) consists of concentrating the reservoir stage-
volume curve (in this study, provided by the Brazilian National Electric System
Operator - ONS) on the unit-catchment holding the dam location. This method is
analogous to a level-pool routing method, used in simpler reservoir routing schemes and
mainly assuming a horizontal water surface along the reservoir. This approaches a
dynamic method (ii and iii) if reservoir length is short, depth is large, inflow hydrograph
volume is large, and inflow hydrograph time of rise is long (Fread, 1992). Unit-
catchments along the reservoir lake are considered as a river with rectangular cross
section, and the downstream boundary condition at the dam location is considered as a

simplified uniform flow (a local average slope was adopted in this case).

The equal bathymetry method (ii) (“EQ”) consists of equally distributing the
volume through the unit-catchments that composes the reservoir. For each level, the
reservoir water surface area is equally distributed to the unit-catchments on the reservoir
domain through the stage-area relationship. Thus, all the unit-catchments that compose

a reservoir have the same storage capacity.

The variable bathymetry method (iii) (“Var”) explicitly simulates the reservoir
dynamics to improve accuracy in the distribution of reservoir volume across the unit-
catchments associated to the reservoir lake. Since the DEM measures the surface water
level, there is no information on it about the reservoir bathymetry. Thus, the proposed
method estimates the stage-area curve below the reservoir water level (RWL) and
combines it with the stage-area curve above the RWL to construct the reservoir actual
stage-volume curve, which can be later checked against existing data (in this study,
provided by the Brazilian National Electric System Operator - ONS). This method has

four steps:
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1) Estimation of the stage-area curve above the RWL in a given unit-catchment.
This process is automatically obtained using the DEM information within a unit-

catchment, by counting the number of cells lower than a specific elevation.

2) Estimation of the “original” river bank elevation in every unit-catchment
within the reservoir lake. The “original” riverbanks (i.e., in pristine conditions) were
inundated by the dam. Thus, the bank elevation of all unit-catchments that compose the
reservoir were defined through a linear interpolation between the bank elevation just
downstream of the dam, and the one immediately upstream of the reservoir lake

(Equation 3).
Zi = Zdown + (Zup - Zdown) X (AXdown,i/AXdown,up) Equation 3

Where Z represents the bank elevation and A X the distance between the river
sections. The indices i, down and up represent the sections of the i-th unit-catchment
within the reservoir, and the sections immediately downstream to the dam and upstream

to the reservoir lake, respectively.

3) Estimation of the stage-area curve for the levels below RWL.: it is assumed
that the water surface area below the RWL linearly increases with level, and that the
water surface area at the river bank elevation is zero. Thus, the stage-area curve below
RWL is a line going from an area equal to zero at the river bank elevation (Z;) to the

first point in the stage-area curve above RWL.

4) Matching the estimated reservoir stage-volume curve with the actual one: the
reservoir stage-volume is a table relating reservoir volume (V,)) with level (Z). It can be
directly compared to the reservoir stage-area curve built with the combination of all the
unit-catchments within the reservoir (hereafter Res), which is a table relating area
(Ares) to level (Z). In every position j on the stage-area table, a level increment (Z/ —

16
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Z771) is multiplied by its related reservoir surface water area ((A£35+A{?;;)/2),
resulting in an incremental volume (A VRjes). Then, the incremental volume observed on
the stage-volume curve related to the level Z/ (AVOj = Vaj — Voj_l) is divided by the
calculated incremental volume calculated from the stage-area curve (A VRjes), generating
a volume ratio (VR/ = AVOj / AVRjeS). The stage-area curve of each unit-catchment (i)

within the reservoir is recalculated independently to keep the same incremental volume

as the actual stage-volume curve:

i,j-1 ij-1

*1,J — j Lj ;
(aRes + Apes ) = VRI X (aRes + Apes Equatlon 4

*Lj i i,j i,j—1 i,j—1 .
Ares = VR) X (Ages + Ages ) — Apes Equation 5
Where a;’ is the water surface area of the unit-catchment i at the stage-area

table position j related to the level Z/. The superscript * indicates the recalculated a
values. Equations 4 and 5 indicate an adjustment on the water surface area in level Z/ in

order to preserve the incremental volume indicated by the actual stage-volume curve.

This process is repeated through all levels (Z* to Z™) of the stage-volume curve,

modifying the stage-area curve of each unit-catchment within the reservoir.

2.5 Reservoir operation

The dam release is set as an internal boundary condition of the hydrodynamic
model (MGB), by replacing Equation 1 by a dam outflow equation. Three types of
operation schemes are compared here, considering two different approaches each: one

based on regionally available data, and another with global-based parameterization. The

17



372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

three operation types are representative of different approaches that have been
implemented in state-of-the-art modeling systems, from generic to data-driven ones,

described as follows.

2.5.1 Reservoir operation schemes H06 and HO6Glob

This is a generic, inflow-based operation based on the equation proposed by
Hanasaki et al. (2006) and adapted by Shin et al. (2019). This operation considers that
the dam outflow is a simple function of the inflow modulated by the dam regulation
capacity and the storage at the beginning of each hydrological year. Here, it is used at a
daily basis and for hydropower plants, so that it does not take into account downstream

water demands for irrigation or other uses. Dam outflow is defined by Equation 6:
Q(i,t) = RiK; Iy + (1 — R4 Equation 6

Where Q(i, t) is the ith dam outflow at the time step t, R; a regulation capacity constant
that can be calibrated with observations or estimated with Equation 7 (Shin et al., 2019),
L, and I._; the annual average and dam inflow, respectively, and K;, the storage

fraction at the beginning of the hydrological year (Equation 8). The hydrological year of
each dam is defined as the month where the naturalized flow becomes lower than the

average (i.e., the beginning of the drawdown season) (Hanasaki et al., 2006).
R; = min(1, ac;) Equation 7
Kiy = Stirsty/aC; Equation 8

The term c¢; is the ratio between the reservoir maximum storage C; and the

annual average dam inflow ratio (¢; = C;/I,), Srirst,y IS the storage at the beginning of

18



395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

each hydrological year y, and «C; is the target storage, where « is a constant set to 0.85

following Hanasaki et al. (2006).

Scenario HO6 estimates R from a calibration procedure based on regionally
available observations, while scenario HO6Glob (global) adopts equation (6) for

estimating R.

2.5.2 Reservoir operation schemes 3PT and 3PTGIlob (Three-point rule curve)

This is a target storage-and-release-based rule (Yassin et al. (2019), consisting of
a three-point rule built upon simple dam characteristic parameters, as minimum and
maximum operational levels, and maximum discharges (jError! No se encuentra el
origen de la referencia.a). Similar approaches were adopted by Zajac et al. (2017) and
Yassin et al. (2019). This operation emulates a reservoir rule curve that is constant
throughout the year with outflow as a linear function of water level, guided by three
points. The regional approach (scenario 3PT) adopts the following points based on
actual dam information (i.e. observations): minimum operational level (for which
outflow is zero), average operational level (for which outflow is obtained from the
average observed outflow), and maximum design level (associated to the dam design
discharge). Supplementary Material S1 presents the adopted parameters for all dams.
Scenario 3PTGlob (global approach) follows Zajac et al. (2017), and adopts the
percentiles 0.1, 0.3 and 0.97 for the minimum (conservative), normal, and maximum
(flood) storages, which are associated to the 5th, 30th, and 97th percentiles of

naturalized daily discharge, respectively.
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Figure 3. Reservoir operation exemplified for the Jurumirim Dam (ID 1 in Figure 1), for the (a)
operation scheme ‘3PT’, considering only three pre-defined points related to dam characteristics
(water level and design discharges), (b) ‘REG’ scheme, with significant regression between
observed monthly mean water level and dam outflow obtained for the month of December, and
(c) ‘REG’ scheme, without significant regression for the month of September. The blue dots
represent observations, and the lower (upper) extrapolation of the reservoir operation for ranges
out of observations is depicted in red (black). See description of the operation schemes in the

text (Section 2.5).

2.5.3 Reservoir operation schemes REG and REGGIlob (Regression-based rule)

This is also a target storage-and-release-based rule based on a data-intensive
approach (jError! No se encuentra el origen de la referencia.b and jError! No se
encuentra el origen de la referencia.c). Linear regressions are computed between
observations of monthly average water levels and dam outflows, so that it emulates a
rule curve for each month of the year following the actual operation (Oliveira and
Loucks, 1997). A similar operation was investigated by Solander et al. (2016). For each
month, positive relationships are adopted as those with Pearson correlation higher than

0.4, which is considered satisfactory based on a visual inspection (jError! No se
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encuentra el origen de la referencia.b). For non-positive relationships (jError! No se
encuentra el origen de la referencia.c), the monthly average discharge was used for all
simulated days for a given month. For water levels out of the observed range for a given
month, dam characteristics related to minimum operational level (for which outflow is
zero), and maximum design level (dam design discharge) were adopted, and linearly

interpolated with the observed ranges.

The global approach (scenario REGGIlob) adopts long term outflow average
instead of monthly regressions, making the operation similar to the standard operating
policy (SOP) (Draper and Lund, 2004), considering the long term streamflow as the

demand.

2.6 Model application in the Upper Parana River Basin

The model was applied to the Upper Parana River Basin with daily time step for
the period 1% Jan 1979 to 31% Dec 2015 (35 years + 1 spin-up year). It was run with in-
situ daily precipitation from 2030 gauges from the following institutions: Brazilian
National Water Agency (ANA), Water Resources Agency of Argentina

(BDHI) (http://bdhi.hidricosargentina.gov.ar/) and National Meteorological and

Hydrological Service of Paraguay (DMH) (https://www.meteorologia.gov.py/). Details

on precipitation data interpolation to model units are provided in Supplementary
Material S2. Long term climate averages from 195 stations of the Brazilian National

Institute of Meteorology (INMET, available at <http://www.inmet.gov.br/>) were used

to compute evapotranspiration.
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Drainage network and unit-catchments (total of 9625 units with 10 km long river
reaches) were derived from the 90 m Hydrosheds SRTM DEM (Lehner et al., 2008)
with the IPH-HydroTools GIS toolkit (Siqueira, et al., 2016a). Hydrologic Response
Units (HRU’s) were used to define homogeneous regions for the rainfall-runoff
parameters, and were derived from the South America HRU map developed by Fan et
al. (2015). Model parameters related to soil, vegetation and river hydraulics (bankfull
width and depth from geomorphic relationships, and Manning’s roughness coefficient)

are further discussed in Supplementary Material S2.

The model was calibrated (validated) for the period 1990-2010 (1980-1990) with
143 in-situ discharge gauges from ANA considering the pristine scenario (i.e., without
reservoirs). Naturalized flows from ONS were considered for gauges downstream of
dams. Supplementary Material S2 presents details on the model adjustment, including
performance metrics and simulated hydrographs. Overall, the model satisfactorily
represented natural discharges basin-wide, with 78% (79%) of the evaluated gauges
with Nash-Sutcliffe (Log Nash-Sutcliffe) metric > 0.6 for the validation period, and

42% of the gauges with the absolute value of bias < 10%.

The 30 regulation dams within SIN were considered, in addition to Itaipu dam (a
run-of-river dam but very relevant in terms of size and energy production) (Figure 1).
For simplicity, all other run-of-river reservoirs were not considered in the simulations,
since our focus was on dams with regulation capacity. To properly address basin-wide
flow regulation, the dams were only considered after their year of inauguration, so that
the model simulated the dam first filling. The effects of reservoirs were not used for
model calibration, but only considered for the scenarios presented in the following

Section 2.7.
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2.7 Experimental design

A total of 12 simulation scenarios were run, considering the different reservoir
bathymetry representation and reservoir operation schemes (Table 1). The performance
of a given reservoir simulation was first assessed in terms of discharge and active
storage for all dams. Observed time series of active storage and dam outflows were

obtained from ANA (https://www.ana.gov.br/sar/). The hydrodynamics was assessed in

terms of the water surface elevation longitudinal profile at Itaipu dam, by comparing
simulations with satellite altimetry estimates from the ICESat mission (Schutz et al.,
2005). ICESat carries a LIDAR sensor and has a maximum inter-track distance of 30
km and a repeat cycle of 91 days. A basin scale assessment was also made by
computing, for each river reach, the root mean squared deviation (RMSD) between

simulated water levels under scenarios Lum, Eq and Var (Table 1).

Model performance for discharge was assessed with Nash-Sutcliffe (NSE),
normalized root mean squared error (NRMSE) of peak discharges, and relative errors in
high (Quo, i.e., discharge that is exceeded 10% of the time) and low flows (Qgo). For
reservoir active storage, NRMSE and Pearson correlation metrics were adopted. Finally,
the average peak attenuation for each dam was assessed by first computing the
discharge reduction between dam inflow and outflow for each of the dam’s maximum
annual events, followed by estimation of the average of the annual values. The

simulated peak attenuation was compared to the observed one with the NRMSE metric.

In addition, the role of the online coupling between hydrology and hydrodynamic

processes was tested by performing tests with and without coupling in Section 3.1. The
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simulation without coupling was performed by considering that evapotranspiration only
occurs from the non-flooded soil/vegetation system, i.e., reservoir open water

evaporation is not considered into the evapotranspiration computation.

Since there is high uncertainty on the estimation of the active flow width (B in
Equation 1) along the reservoir when it is simulated in a distributed way (i.e., reservoir
storage types Egq and Var; Section 2.4), hydrographs are presented in Section 3.1
considering two types of computation: (i) adopting the original channel width estimated
from geomorphic relationships, and (ii) considering the active width for unit-catchments
within reservoirs as the unit-catchment flooded area divided by its length (10 km), i.e.,

considering that there is active flow along the whole reservoir cross section area.

Finally, the developed regional scale hydrodynamic model was used to investigate
the relative role of floodplains and reservoirs on flood attenuation. This was carried out
following the approach by Fleischmann et al. (2019a), where the model was run with
three river/floodplain scenarios: (i) pristine flow scenario (naturalized flow; with
floodplains but without reservoirs); (ii) without both floodplains and reservoirs, where
cross sections were assumed always rectangular and thus disregarding floodplain
topography; and (iii) with both floodplains and reservoirs. The role of reservoirs on
flood attenuation was estimated by computing the peak attenuation between scenarios
(i) and (iif) for the maximum flood event of each simulation year. The role of
floodplains was similarly computed, but considering the difference between scenarios

(i) and (i). Table 1 summarizes the model runs.
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533 Table1l

534  Reservoir simulation scenarios.

Reservoir Storage Scenario
Operation details
operation* representation**
HO6 Lum HO6Lum
H06 Eq HO6Eq R calibrated
HO06 Var HO6Var
HO06Glob Var HO06GlobVar R estimated as min(1, ac;)
3PT Lum 3PTLum Minimum, normal and maximum levels
3PT Eq 3PTEq and outflows derived from dam
3PT Var 3PTVar characteristics
3PTGlob Var 3PTGlobVar Minimum, normal and maximum levels
and normal and maximum outflows
estimated as simple percentiles as
proposed by Zajac et al. (2017)
REG Lum REGLum Monthly linear regressions between level
REG Eq REGEq and outflows; months with low
REG Var REGVar correlation use monthly average outflow
instead
REGGIob Var REGGIobVar Annual average outflow used for all

months

535

536 * Reservoir operation: HO6 (based on Hanasaki et al. (2006)), 3PT (three-point rule curve), REG (regression-based

537  operation). “Glob” refers to the global parameterization of each operation type.

538 ** Reservoir storage representation types: Lumped (Lum), Equal bathymetry (Eq), Variable bathymetry (Var).

539

540
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3  Results

3.1 Effects of reservoir storage representation

This section presents the results and differences in the reservoir dynamics
according to the storage representation approaches (Lum, Eq, Var). While all schemes
yielded similar estimates of dam outflows, as exemplified for a few dams in Figure 4a,
some key differences were identified. In some cases, the lumped method led to a
discharge attenuation in relation to the other two methods (smaller and delayed peaks).
This is due to the typical approach adopted on large-scale hydrological modeling in the
lumped (offline) simulation, i.e., using as inflows the simulated discharges at the dam
location, instead of computing the inflows as the modeled flows at the river reaches
close to the most upstream reservoir lake area. This approach causes the flood wave to
be routed along the reservoir as it was a river reach, adding artificial routing along the
drainage network. Hence, for lumped model applications, it is best to select all
tributaries that drain into the reservoir (along with direct lake inputs) and consider it as
the dam inflow. This effect was clearer for Itaipu dam, which is located in the lower part

of the basin, integrating the effects of all upstream dams and having a long reservoir.

Our results show that simpler, lumped reservoir models can simulate downstream
discharge similarly to dynamic and distributed ones (Figure 4a). However, the lumped
method fails to represent backwater effects when compared to the distributed methods
(Equal and Variable bathymetry) (Figure 5a). High deviation among Lum and Var
scenarios (RMSD > 10 m for some reservoirs) occurs for most reaches upstream from

dams.
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As a validation experiment, ICESat satellite altimetry data were used to assess the
simulated profile of water surface elevation along Itaipu reservoir under the three
different storage schemes (Figure 5b). The lumped method is unable to simulate it
properly, and the slope in the upstream part of the lake was better represented with the
Var method. An intermediate behavior was obtained with the Eq method. Although this
method considers the reservoir to behave as a large box with horizontal water level, the
lake is assumed as connected to the rest of the drainage network, and thus the method is

capable to represent backwater.

On the other hand, the actual level in the lake area closer to the dam is more
dependent on the dam operation, and its simplification led to higher errors in the
estimated Itaipu reservoir storage. For instance, the low water level in Oct/2003 (lake
level closest to the dam at 216.6 m; Figure 5b) is related to the low simulated active
storage (around 14 km3; see Figure 6d in next section), while actual values were around
219.3 m for level and 18.1 km3 for storage. Itaipu is also a large dam (~170 km long),

and its lake is composed of many unit-catchments (which are 10 km long).

The hydrographs presented in Figure 4a also compare different ways of
representing flow width in the distributed reservoir simulation (bold lines), as well as
scenarios with and without reservoir open-water evaporation (i.e., not considering an
online hydrologic-hydrodynamic coupling; dashed lines). Downstream discharges had
mostly similar values, indicating a low sensitivity to both flow width conceptualization

and the online coupling scheme.

Regarding evapotranspiration estimates, differences among Lum, Eq and Var
scenarios would arise if reservoir flooded areas were largely divergent, but this
difference was relatively small in comparison to other model uncertainties. Our

estimations of reservoir evaporation rates are in agreement with other studies in the
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Parana Basin (Bueno et al., 2016). Looking at the basin scale, we estimated an increase
of annual ET rates by 15 mm/year due to existence of reservoirs. The net reservoir
evaporation (i.e., reservoir evaporation minus the evapotranspiration that would occur
without the lake, which is equal to the difference between blue and red lines in Figure
4b) for the assessed lakes varied between 21+12 mm/month (mean+SD) for Itaipu and
70x41mm/month for Itumbiara (located in the north of the basin; ID 19 in Figure 1).
This loss can be relevant during dry periods, and thus must be accounted for in large
scale models. For instance, loss in energy production due to reservoir evaporation in the
Brazilian southeast region was estimated as 2% (over 900 MW; Zambon et al., 2018),
and it is also an important measure to assess regional scale reservoirs’ water footprint
(Semertzidis et al., 2019). At Itumbiara dam, the modeled evapotranspiration was highly
constrained by soil moisture during austral winter, what explains the large net
evaporation losses. This difference led to a higher peak simulated under the scenario
without open water evaporation (Figure 4a). When looking at finer scales,
evapotranspiration rates will drastically differ. Since the lumped (offline) method is not
able to represent the dynamic conversion between dry and flooded soil/vegetation, the
representation of local scale coupled processes between surface and atmosphere will

perform poorly, as well as the local scale runoff estimation.
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Figure 4. (a) Daily climatology of simulated dam outflows for the three types of storage representation
(Lumped, Equal bathymetry, Variable bathymetry) and for Barra Bonita (ID 3 in Figure 1), ltumbiara
(ID 19), Foz do Areia (1D 15) and Itaipu (ID 18) dams. Results adopt the operation R. Bold colors refer to
default scenarios with two different flow width values (which converge to very similar values), while
dashed lines with light colors are scenarios not computing reservoir open water evaporation. (b) Monthly
climatology of open water evaporation (ET-Res; Penman equation) and evapotranspiration without
reservoir effects (ET-NoRes; i.e., Penman-Monteith equation not considering reservoir surface area) at

the location of the dam sites. The operation scheme REG is adopted for all plotted results.
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Figure 5. (a) Spatial assessment of RMSD regarding simulated water level, for scenarios lumped x
variable bathymetry (left column) and equal x variable bathymetry (right column). Higher RMSD values
indicate higher discrepancy between storage representation types to estimate backwater effects. Green
circles refer to the simulated dams. (b) Validation of the simulated longitudinal water level profile along
Itaipu reservoir with ICESat altimetry data for three different dates. The Itaipu reservoir lake area is

highlighted in the panel a. The operation scheme REG is adopted for all plotted results.
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3.2 Effects of reservoir operation

This section compares the different reservoir operation (H06, 3PT, REG, in order
of increasing data requirement) and storage/bathymetry representation schemes (Lum,
Eqg, Var), addressed in terms of dam outflow and reservoir hydrodynamics. The
differences among the simulated operation schemes are larger than among the reservoir

bathymetry types for discharge and active storage estimation (Figure 6 and Figure 7).

Results for the same four dams analyzed in the previous section show that the
REG operation scheme led to far better outflow estimation for Itumbiara and Itaipu
dams. In these cases, operations HO6 and 3PT also outperformed the natural flows
scenario (i.e., without reservoir effects). The overall model performance in representing
basin-wide hydrologic regime alteration (as depicted by Itaipu dam) shows that the best
performance was obtained for REG (NSE 0.69), followed by HO06 (0.47) and 3PT
(0.19), and that all of them outperformed the scenario without dams (-0.26). For
Itumbiara, the better performance of REG for outflow compared to the other scenarios
can be seen in the better depicted seasonality, also reflected on the storage simulation.
For Foz do Areia dam, located in a river with low precipitation seasonality, all model
versions led to similar estimates as the natural flow scenario, i.e., the inclusion of
reservoirs did not lead to improvements. The simulation performance for active storage
(NRMSE) was similarly satisfactory for the four dams and all scenarios, except for
Itaipu under operation REG, which outperformed the others by significant margins (9%

for REG, against 23% and 27% for HO6 and 3PT, respectively).

A similar behavior was observed when looking at the ensemble of 31 dams (Figure
7 and Figure 8), which was supported by a basin-wide assessment for the whole drainage

network (Supplementary Material S3). The highest differences were obtained for NSE,
31



654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

where REG had the best performance, followed by H06 and 3PT, and for active storage
r, for which REG was followed by 3PT and HO06. Indeed, a more satisfactory
performance was expected for REG given its more data-intensive nature. The three-
point rules (3PTLum, 3PTEq, 3PTVar and 3PTGlobVar) had the lowest performance
for discharge in terms of NSE, but this was not the case for high (Q10) and low flows
(Qe) and peak discharges. Interestingly, for low flows, all operation types were
outperformed by the natural flow scenario, showing that the tested operations led to

excessive discharge attenuation (i.e., overestimated base flows) during dry periods.

The operation scheme REG, which relies on observed data, provided the best
discharge estimates with a median NSE of 0.3 and a maximum of 0.75 for the 31
reservoirs. Although the basin-wide hydrological alteration was relatively well captured,
e.g., at Itaipu dam location (Figure 6), the non-data intensive schemes (H06 and 3PT)

need further improvements if aiming at locally relevant estimates of dam operation.

The analysis of regional (H06, 3PT, REG) versus global-based parameterizations
(HO6GIob, 3PTGlob, REGGIob) showed that the global ones had a relatively poorer
performance in relation to their regional counterparts. For instance, the regression with
monthly values (REGGlIob), considering long term averages as outflow, presented the
poorest performance for peak NRMSE and high and low flows, while 3PTGlobVar
scenario presented the poorest representation of active storage. However, for certain
purposes these global approaches could already provide valuable discharge estimates,
e.g., for providing a general understanding of regional scale hydrological alteration. For
example, median NSE values were 0.1 (0.1) for scenario HO6 (HO6Glob), and 0.3 (0.1)
for REG (REGGIob), showing the just slightly better performance of the regional
parameterization. The global setups were also more accurate than naturalized flows for

all metrics except for low flows.
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There was an overall satisfactory model performance to estimate peak attenuation,
with Pearson correlation between 0.72 and 0.91, and NRMSE between 10% and 22%
(Figure 8). The different types of storage representation led to very similar NRMSE
values between simulation and observation, and the same occurred for the reservoir
operation, although HO6 was slightly better than 3PT, which in turn was marginally
better than REG. This is interesting given the low degree of data requirement in the HO6
scheme. The global-based parameterization led to less accurate results for scenarios
HO06Glob and REGGIob, but not for 3PTGlob, in relation to their counterparts HOG6,
REG and 3PT. Among all assessed metrics in Figure 7, the only one for which a
noticeable difference was obtained regarding storage representation was the correlation
of peak attenuation, for which the variably distributed storage (Var) yielded better

values than the other ones.

The capability of the dams’ regulation capacity (total active storage divided by
long term average discharge; red to blue colors in Figure 8) to predict peak attenuation
was also investigated. A positive trend between regulation capacity and peak attenuation
was clearer for REG (i.e., lower attenuation values with red color and higher ones with
blue). The lack of a clear relation resulted from the behavior of the three dams with
largest regulation capacity (Serra do Facdo, Nova Ponte and Emborcacdo dams; ID’s 30,
24 and 14 in Figure 1, respectively), which were associated to a relatively small peak

attenuation (around 10%).

Finally, the dry years of 2000-2001 provide a stress test for our modeling system.
During this period, a major drought affected the Brazilian hydropower system, which is
associated to delays in generation investment leading to a large energy crisis in the
country (Jardini et al., 2002). In Jan/2000, Itaipu and Barra Bonita (ID 3 in Figure 1)

dams reached their lowest levels (observations available since 1993). The same
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occurred for Itumbiara in Nov/2001. Among the four analyzed reservoirs in Figure 6,
only Foz do Areia, located in the Brazilian southern region, did not have an extreme
year during this period. The REG scenario was able to satisfactorily simulate some of
dams’ drawdowns, but there was no clear pattern among the representation of this
extreme year: this scheme estimated a too high (small) drawdown for Itaipu (Itumbiara)

dam, but yielded satisfactory estimates for Foz do Areia and Barra Bonita dams.
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Figure 6. Simulated dam outflow (Q) and active storage (Act Sto) for the different operation types (HO6,

3PT, REG), with the variably distributed reservoir simulation method, for four dams (Itumbiara, ID 19 in
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Figure 1; Barra Bonita, 3; Foz do Areia, 15; and Itaipu, 18). NSE and NRMSE performance metrics for
each scenario are presented for discharges (left column) and storage (right column), respectively. Pristine
simulated flows (i.e., without dams; “Nat”) are also presented. The unit “hm3’ stands for cubic

hectometers (i.e., 10% m3).
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Figure 7. Model performance for discharge (NSE; NRMSE of peak discharges; and errors in high (HF)
and low flows (LF)) and active storage (NRMSE and r) for the 12 scenarios of operation types and
reservoir simulation methods (Table 1), as well as for the naturalized (pristine) flow scenario (Nat; for
discharge analysis only). Results are presented as boxplots containing values of the 31 simulated dams,
and the metric median values are presented below the scenario names. From left to right, the operation

schemes are ordered in terms of increasing data requirement.

35



727

728
729
730
731
732

733

734

735

736

737

738

739

Variable bathymetry

Lum Variable bathymet
umped Equal topo ymetry + Global par
NRMSE = 11%, r=0.86 NRMSE = 11%, r=0.87 NRMSE = 10%, r=0.89 NRMSE = 13%, r=0.79
100 100 100 100
HO6 5, o o 50
. . . . . i
.
e e W AT
%\ Y % o e e 3 . o % %
s 0 0 0 0
= 0 50 100 0 50 100 0 50 100 0 50 100
15
2| 2
RMSE = 15%, t=0.72 NRMSE = 15%. r=0.76 NRMSE = 15%, r=0.80 NRMSE = 17%, r=0.82
E = 100 oL 100 — L 100 L 100 el
2 =
3] 2
7] = - "
g « >
=] —z H
=] 8 3PT sols, : 50 [o, : 50 { e 50
g a, R . . . . 4 . P .
L] .
g| B 2 .Y R
=] = b e ' .
2 = 0 0 0 0
= g 0 50 100 0 50 100 0 50 100 0 50 100
—
5| .2
S| w»m
= — 5%, 1= NRMSE = 17%, r=0.89 NRMSE = 17%, r=0.91 NRMSE = 22%, r=0.82
g 100 (RMSE = 15%, r=0.84 100 CLi 100 L 100 !
g .
L]
=] > . [ 0o 2
= . . . .
g REG s0 r 50 b 50 c. 50(8,e @
& v . . / ~: e
s .y o -.." 2
o] (W > o s * /
]
0 0 0 0
v 0 50 100 0 50 100 0 50 100 0 50 100

Observed peak attenuation (%)

Regulation capacity (years)

0 0.5 1
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parameterization — Global par), and each column to a storage representation scheme (Lumped, Equal
bathymetry, Variable bathymetry). Each point refers to a simulated dam, and colors refer to the dam

regulation capacity (total active storage divided by long term average discharge, in years).

3.3 The relative role of floodplains and reservoirs on flood attenuation

River-floodplain-reservoir hydrodynamic models have been used to understand
the effects of reservoirs on downstream flooding (Fleischmann et al., 2019a; Mateo et
al., 2014; Pokhrel et al., 2018; Shin et al., 2019, 2020). Here we follow the methodology

proposed by Fleischmann et al. (2019a) and use the developed MGB model structure,
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with distributed representation of reservoir bathymetry and a fully coupled river-
floodplain-reservoir scheme, to investigate the relative role of natural floodplains and
reservoirs on flood attenuation along the Upper Parand Basin. Generally, natural
floodplains and reservoirs have a complementary role on flood attenuation in the basin.
While floodplains are more important along tributaries’ headwaters (e.g., lguacu,
Paranapanema, Grande and Ivinhema rivers) and in the lower reaches of the Parana
mainstem, reservoir effects are more relevant along medium to lower reaches of
tributaries (Figure 9). Part of the reservoirs’ storage is currently allocated for flood
control during the wet season (Oct-Apr), following the coordinated operation of the

Parana dam cascades (ONS, 2019).

Located along the Parand mainstem, the 230 km floodplain between Porto
Primavera and Itaipu dams is known as the last natural large wetland in the Upper
Parana Basin (see Figure 1 for location), with important ecosystem processes relying on
it (Agostinho et al., 2001). The flood storage along this area leads to major discharge
attenuation that is propagated downstream, and it is fundamental for flood control in
benefit of both Itaipu dam and riverine cities. If the reservoirs did not exist, the reaches

flooded by the reservoir lakes would provide additional storage along the floodplain.

The comparison between scenarios with and without floodplains shows that the
magnitudes of maximum flows are likely to be largely overestimated if basin-wide
floodplain storage is not considered (Figure 9b). For instance, for the Iguagu River at
Fluvidpolis, ignoring this effect would lead a 10-yr flood to be estimated as 6,000 m3/s
(green dots in Figure 9b) instead of 3,000 m?¥s (blue and red dots). The effect of
upstream floodplains propagate downstream (Figure 9a), although they affect the lower
reaches of only a few tributaries (e.g., lguacu river, with attenuation > 20% for all

reaches along the river mainstem). Simulated and observed hydrographs at Agua
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Vermelha and Itaipu dams also stress the role of floodplains and reservoirs on discharge
alteration, for both high and low flows. The large effect of floodplains relates to the
difference between green and black lines in Figure 9b. Furthermore, the major role of
reservoirs on flood attenuation along main rivers makes their representation

fundamental to correctly estimate flood frequencies in the downstream reaches.

Finally, performing an online, fully coupled simulation of the river-floodplain-
reservoir continuum allows a continuous representation at the regional scale of the
spatial-temporal variation of hydraulic variables as water levels. It is exemplified for the
Iguacu river mainstem, a major southern tributary of the Parand (Figure 10).
Longitudinal (maximum and minimum) water surface elevation profiles, as well as
maximum flooded areas, highlight the connected hydrological-hydraulic processes that
occur basin-wide. Along the Iguacu, major floodplains occur in the upper reaches, from
the most upstream parts close to Curitiba city (detail iii in Figure 10b), to Unido da
Vitoria and Fluvidpolis cities (see Figure 9b and detail ii in Figure 10b). A geologic
control creates valleys with rapids between floodplains, setting up hydraulic controls
and increasing upstream floodplain storage. Unido da Vitéria is also affected by
backwater effects from Foz do Areia dam, located a few kilometers downstream. In this
study we only simulated regulation dams, while run-of-river ones were not considered
and thus are not represented in the simulated water surface elevation continuum.
Downstream of the cascade, the Iguacu has again an incised valley with small
floodplains, and the river width is controlled by the hydraulic control of the large Iguagu
Falls (detail i in Figure 10b). This example reinforces the model capability to represent

the coupled human-water system at regional scale.
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Figure 9. (a) Relative role of floodplains and reservoirs on flood attenuation, in terms of
average attenuation of maximum annual events. The HO6Var reservoir simulation scenario is
adopted because of smallest peak attenuation NRMSE. (b) At-a-station assessment of flood
attenuation by floodplains at four locations in upstream tributaries (location in figure a), in
terms of simulations with and without floodplains, and observed (Obs) maximum annual
discharges (flood frequency analysis). Maximum simulated flood extents are presented as blue
areas in the left figures, together with Google Earth imagery and the location of the gauges

(yellow). (c) Simulated and observed hydrographs at Agua Vermelha and Itaipu dams (location
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Figure 10. (a) Longitudinal profiles of maximum and minimum simulated surface water

elevation (blue lines) along the Iguagu river mainstem for the scenario REGVar. Distance is
measured from the confluence between Iguacu and Parana rivers. The three regulation dams
simulated along the Iguagu mainstem are presented in the profile (green circles), as well as the

run-of-river dams not simulated (red) and some locations of interest (yellow). (b) Maximum
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simulated flood extent for the same reaches from figure a. Details (i), (ii) and (iii) show

particular areas together with Google Earth Imagery.

4  Discussion

4.1 Improving the representation of reservoir operation in large scale models

This study compared generic reservoir operation schemes (H06 scenario, based
on Hanasaki et al. (2006)) to data-driven ones (scenarios 3PT, related to the three-point
rule curve, and REG, associated to linear regressions between monthly water levels and
dam outflows). As expected, the data-driven approach led to more accurate discharge
and storage estimates. For example, while the operation HO6 outperformed 3PT in the
hydrology metrics, approaching REG, it provided the worst results in terms of tracking
observed storage (Figure 7). In this case, accumulated flow errors lead to poor storage
estimates (Turner et al., 2020). HO6 has few parameters and it is apparently too simple
for a complex interconnected system. In turn, the REG scheme is similar to the one by
Solander et al. (2016) in the way that it fits a relation between storage and outflow. It is
also related to Yassin et al. (2019), since it estimates the actual operational levels from
observed data at a monthly basis, adopting dam characteristics for levels out of the
observed ranges, thus emulating the actual reservoir rule curve. The satisfactory
performance of this rule is also associated to relatively low bias in MGB estimates (see
Supplementary Material S1), since inflow bias can largely affect reservoir simulation

schemes (Turner et al., 2020).

The global-based parameterization (i.e., the one that does not require

regionally/locally available detailed data) led to a slightly poorer performance in

41



832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

comparison to the regional-based one for discharge, and it was generally more accurate
than naturalized flows, providing a reasonable approach to represent hydrological

alteration at regional scales.

Finally, the results from the adopted operations should be analyzed by
considering the context in which the real system is operated. In Brazil, the actual
operation of all major dams is defined considering the large-scale interconnected
hydrothermal power system (SIN), based on operational decisions reallocating storage
inter-temporally throughout the system to minimize spills and energy production costs.
The SIN is divided into regional interconnected subsystems (South, South-east, Central-
west, Northeast and North) with significantly diverse hydrological characteristics. As
the operation of a given hydropower plant affects others units downstream, a system
wide operation strategy prevails over individual ones. First, an energy generation
solution is determined for the whole system, which is later disaggregated to individual
power units. Given the high contribution of hydropower in the mix (over 65%) and
stochasticity of inflows, operating costs depend on present and future decisions. ONS
defines the dispatch schedule for all generating units connected in the SIN (hydropower,
thermal, wind and nuclear) on a monthly basis based on a merit order (from lower to
higher cost), and considering current reservoir storage and flow forecasts. Hence, when
a group of reservoirs is low in storage in a given region, hydropower plants from
another region can be dispatched and the energy transferred, avoiding the use of local
thermal plants. The coordinated operation ranges from long term (four years) to

dispatch scheduling (every half hour).

The improvement of regional scale models may involve hedging operations
(reducing releases to minimize the probability of more severe cutbacks in the future ;

You & Cai (2008)) and coordinated operations (Marques & Tilmant, 2013; Marques et
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al., 2006; Rougé et al., 2019), which are typically not considered. In this study, the REG
scheme was designed to represent an average behavior (rule curve) of the coordinated
system, which trades off its capability to depict anomalous years (especially dry ones).
Approaches focusing on a single reservoir may disregard basin-scale flood or drought
control that exists within a coordinated operation (Rougé et al., 2019). Furthermore, to
improve estimates, a detailed operation would require the representation of actual
hydraulic structures (spillways, outlet works, etc.) (Fleischmann et al., 2019a) which is
not always available to dams worldwide. As our purpose is to perform regional scale
simulations, simplified operations were chosen for better model applicability. Potential
future improvements should expand the REG operation to multiple regressions
including other relevant explanatory variables beyond observed levels (e.g., Solander et
al. (2016)). These relevant variables should be chosen based on homogeneous behavior
in specific regions (i.e. not all regions would have the same explanatory variables with
the same coefficients). On the other hand, the proposed methodology could be easily
expanded to continental scale domains (e.g., Siqueira et al. (2018)), provided
information on dam characteristics as stage-area curves and observed time series of
storage and outflows is available. Finally, the proposed operation approaches do not
take into account water withdrawals and consumptive demands associated (e.g.
irrigation), as those are small in the context of the studied Parana basin, and their effect
is localized, so that we focused on hydropower generation dams instead. In future work,
distributed modeling systems should explicitly simulate reservoir dynamics, as more
information becomes available. In Brazil, recent national scale mapping of irrigation
schemes (ANA, 2017) could be coupled to the MGB framework, combined with recent

developments in large scale modeling of reservoir operation under timely varying water
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demands (Biemans et al., 2011; Haddeland et al., 2014; Hanasaki et al., 2006; Voisin et

al., 2017).

4.2 On the importance of representing the river-floodplain-reservoir continuum

in large scale models

The presented model of the river-floodplain-reservoir continuum at regional scale
provides a continuous depiction of the spatial-temporal variation of hydraulic variables
as water surface elevation and flood extent and storage. The consideration of a
distributed reservoir bathymetry was shown to be fundamental to estimate backwater
effects, as revealed by a basin-scale comparison between lumped and distributed
schemes (equal and variable bathymetry), and an ICESat-based validation of the Itaipu
reservoir longitudinal water level profile. Backwater effects are required for many
applications, e.g., to perform real-time monitoring of the impact of a given reservoir on
an upstream city (see the Iguacu River case study in Section 3.3), or to correctly

estimate the dam inflow along lateral tributaries.

A correct representation of hydrodynamics at the basin scale was also shown to be
fundamental for flood frequency analysis, considering both reservoirs and floodplains’
effects (Fleischmann et al., 2019a; Tanaka et al., 2017; Wang et al., 2017; Zajac et al.,
2017; Zhao et al., 2020). Project flood discharges are usually estimated with simplified
methods as unit hydrographs that do not consider river floodplain attenuation. An
interesting and open research question relates to how far upstream can these floodplain
storage effects go, what has major implications for water resources management.
Floodplains alter the celerity of flood waves at the whole basin scale, and are a major

driver of hydrograph shape across scales (Collischonn et al., 2017; Fleischmann et al.,
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2016). Besides, here we have assessed the role of flood attenuation in riverine wetlands,
while at the very upstream reaches, upland rain-fed wetlands may also change towards

flood generating areas, requiring further studies (Acreman and Holden, 2013).

Natural floodplains provide valuable ecosystem services in terms of flood
attenuation and resilience, and its quantification requires new tools (Ameli & Creed,
2019; Wu et al., 2020). Building new dams (especially if designed for purposes
different than flood control), as well as new developments in floodplain areas (e.g.,
levees), may remove the large floodplain storage effects that protect downstream
reaches against floods. This was shown for many rivers, as the Mississippi with
hundreds of kilometers of levees deactivating the river natural flood storage (Hey and
Philippi, 1995) and the Danube river (Schober et al., 2014). Furthermore, a benefit-cost
analysis of acquiring floodplain lands to avoid flood damage was performed for the
whole USA recently (Johnson et al., 2020), and suggested that the cumulative flood
damages exceeds the costs of land acquisition for a 2070 scenario. The synergic effects
of reservoirs and floodplains on flood attenuation have been increasingly addressed in
the literature with large scale models (Shin et al., 2020), and are in accordance with our
results. The analysis and modeling improvements provided here indicate that the
synergy between floodable areas and the operation of dam cascades at the whole basin
scale is relevant and requires further understanding, which is beyond simpler large scale
models relying solely on hydrodynamic simulations along downstream floodable areas.
In the case of the Parana basin, inserting the proposed methodology into a proper flood

risk management framework will require real-time flood monitoring and forecasting.
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4.3 Perspectives on simulating the river-floodplain-reservoir continuum at large

scales

The development of coupled river-floodplain-reservoir modeling systems is
associated to the hyper-resolution global modeling agenda, aiming for example to
improve medium-range flood forecasts (Zajac et al., 2017) that are locally relevant
(Bierkens et al., 2015; Fleischmann et al., 2019c; Rajib et al., 2020; Wood et al., 2011)
within land surface, earth system or global hydrological models, and explicitly
representing reservoir dynamics within detailed grids (Shin et al., 2019; Wada et al.,
2016; Zajac et al., 2017). From continental to global scales, these models are powerful
tools to assist national and world agencies on the coordinated planning of reservoir
expansion, as well as understanding the effects of current and future dams on water and
biogeochemical cycles (Bierkens et al., 2015; Wada et al., 2016), and their interaction
with climate change, contributing to improve global water security (Adam et al., 2007;
Arias et al., 2020; Dang et al., 2019; Ehsani et al., 2017; Poff et al., 2016; Williamson et
al., 2009). On the other hand, from local to regional scales, they can be used for actual
dam operation, real-time monitoring and forecasting systems, and estimation of locally

relevant discharges at high spatial-temporal resolution.

The necessity of spatially and temporally continuous fields of state variables as
river discharges and levels has prompted the combination of remote sensing datasets
and hydraulic models (Bréda et al., 2019; Gleason and Durand, 2020). ICESat altimetry
data provide valuable information for lakes (Gao, 2015; O’Loughlin et al., 2016) and
are very promising for validating large scale reservoir modeling systems, while new
missions as ICESat-2 (threefold increase in sampling density) and SWOT will increase

our capability to remotely monitor reservoirs and estimate reservoir parameters and
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even reservoir operation (Bonnema & Hossain, 2017, 2019; Busker et al., 2019;
Getirana et al., 2018; Van Den Hoek et al., 2019; Yao et al., 2019; Yoon et al., 2016;
Yoon & Beighley, 2015). New global datasets of reservoir characteristics are also
promising, including new methodologies to estimate reservoir area-depth-volume
relationships based on remote-sensing datasets (Crétaux et al., 2016; Fassoni-Andrade
et al., 2020; Gao et al., 2012; Lehner et al., 2011; Li et al., 2020; Liebe et al., 2005;
Mulligan et al., 2020; Yigzaw et al., 2019, 2018). These advances contributed to the
development of reservoir representation in global hydrological models (Doll et al.,
2009; Sutanudjaja et al., 2018; Voisin et al., 2013; Wada et al., 2016; Yassin et al.,
2019; Zhou et al., 2017), including the data-driven operations schemes as presented here
and in other recent studies (Turner et al., 2020), and are shaping the new generation of

large scale water resources models.

Regarding large scale model improvement, we have adopted a 10 km river reach
discretization for the Parand basin, in accordance with current practices adopted in
regional to global hydrological models (i.e., 5-10 km; Shin et al., 2019; Wada et al.,
2016; Zajac et al., 2017). However, higher resolution (i.e., 1 km or smaller) are required
to better represent relatively small dams. Our results indicate the need for better
representation of reservoir bathymetry distribution in order to correctly address local
scale hydraulic processes as backwater effects, corroborating recent studies (Adam et

al., 2007; Shin et al., 2019).

Finally, we have also discussed the role of fully coupling hydrological-
hydrodynamic processes in a two-way scheme. The MGB model considers a dynamic
surface water cover, and the associated changes in evapotranspiration/runoff generation,
e.g., by alternating the soil/vegetation Penman-Monteith equation with the open water

Penam evaporation scheme. Considering reservoir evaporation was also implemented
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by other modeling systems (Adam et al., 2007; Mamede et al., 2018; Zhao et al., 2016).
This consideration is particularly important during dry periods, and even more
important for reservoirs in semi-arid regions (Bonnema et al., 2016; Celeste and Billib,
2010; Dall et al., 2009; Mamede et al., 2018). Besides a dynamic flood fraction cover,
other reservoir processes at local scale should also be included, as reservoir

sedimentation (Zhao et al., 2016) and ground seepage.

5 Conclusions

In this study we presented the successful development and a thorough analysis of a
regional scale model capable to simulate the daily river-floodplain-reservoir continuum
that exists along large basins. A case study was performed in the ~950,000 km2 Upper
Paranad River Basin in South America, considering 30 regulation reservoirs and the
Itaipu run-of-river dam, which is the largest in world in terms of energy production.
Twelve simulation scenarios considering different reservoir bathymetry representation
and reservoir operation schemes were performed, and assessed in terms of water levels,
discharges, flood extent and reservoir storage. A methodology to assess the relative role
of floodplains and reservoirs on basin-wide flood attenuation was presented, providing a
powerful way to understand regional scale floods and the value of preserving natural

floodplains’ services. We conclude that:

« A distributed representation of reservoir bathymetry in large scale hydrological
models is required for accurate predictions of backwater effects, upstream

surface water elevation and flooding;
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Both lumped and distributed representations of reservoir bathymetry in large
scale hydrological-hydrodynamic models provide similar predictions of

downstream river discharges and water levels;

A data-driven operation scheme based on historical data of reservoir storage and
outflows adds significant value to the accuracy of reservoir storage predictions,

if compared to more generic algorithms;

Although the data-driven approach outperforms more generic schemes (namely,
the HO6 method) in terms of discharge estimation, the simpler generic schemes
provide reasonable estimates, and thus can be useful to estimate regional scale

hydrological regime alteration;

Global-based parameterizations of operation schemes lead to only slightly
poorer performance in comparison to more regionally-based ones, providing

reasonable estimates of regional scale hydrological regime alteration;

However, to properly simulate the river-floodplain-reservoir continuum at
regional scale, satisfactory simulation of water levels and reservoir storages are
required, and thus large-scale models should include data-driven reservoir
operation approaches based on regional parameterization, and distributed

reservoir bathymetry (if possible, with a variable bathymetry scheme);

In the Parana River Basin, the floodplains are mainly located in upper parts of
some tributaries and in the river mainstem, while reservoir effects are more
important for flood attenuation along medium and lower reaches of tributaries.
In this case, floodplains and reservoirs provide complementary flood attenuation

at regional scale;
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» The existence of river floodplains across the whole basin can lead to major flood
attenuation at the regional scale, and not only in downstream lowland reaches, as

usually assumed in large scale models;

* Major overestimation of flood design discharges can occur if the model does not
consider upstream floodplain and reservoir storage effects, especially in the

context of flood frequency analysis.

Finally, our results stress the importance of simulating the river-floodplain-reservoir
continuum at large scales. Increasing computational capacity with intense cloud
computing, and new remote sensing-based datasets and techniques, are quickly pushing
the development of large to global scale models, and thus improving to a great extent

our understanding and prediction capability regarding reservoir-floodplain interactions.
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