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Hydropower model enables users to explore representations of four key concerns relevant to the selection and evaluation of
EMc:]:i}; alternative reservoir configurations: 1) management approaches to improve the passage of sediment through and

around reservoirs to avoid storage capacity loss and downstream ecological impacts; 2) search for flexible and
adaptive reservoir operating policies designed to achieve multiple objectives; 3) alternative design features such
as dam gates, which are necessary to enable ecologically-focused reservoir features; and 4) uncertainties asso-
ciated with hydroclimatic drivers and sediment processes. PySedSim is intended to support deliberative decision-
making and design processes. We highlight PySedSim’s functionality by demonstrating its use in a real decision
context focused on identifying siting, design, and operation alternatives for the proposed Sambor mega Dam in
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1. Introduction

Plans exist for building over 3700 hydropower dams globally in the
next 20 years (Zarfl et al., 2015). Intensive hydropower development is
currently being planned in river basins that host over one third of the
world’s riverine biodiversity, including the Mekong, Amazon, and
Congo, among others (Winemiller et al., 2016; Vorosmarty et al., 2010;
Zarfl et al., 2019). Most of these rivers flowed freely several decades ago,
but have recently experienced increased pressure from hydropower
development. Currently, less than 25% of large rivers flow uninter-
rupted for their entire length (Grill et al., 2019). Given that hydropower
dams are typically sited, designed, and operated to maximize power
production rather than to preserve ecosystem health and productivity
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(IFC, 2015), they pose a direct and significant risk to several hundred
million impoverished people who depend upon riverine ecosystem ser-
vices to support their food security and economic welfare (McIntyre
et al., 2016).

The world’s most productive riverine ecosystems typically rely on
highly dynamic and complex biophysical processes to drive productiv-
ity. For example, in the Mekong and Amazon River basins, a dynamic
annual flood pulse drives productivity by annually transporting sedi-
ment, nutrients, and many fish species into floodplains. The floodplains
then rapidly expand in areal extent, encouraging the exchange of energy
between terrestrial and aquatic environments (Junk et al., 1989). Dams
in such river basins, and elsewhere, have historically disrupted these
natural processes, including altering natural flow regimes (Poff et al.,
1997); trapping sediment (Vorosmarty et al., 2003) and nutrients
(Maavara et al., 2015); preventing fish migration (Noonan et al., 2012;
Bunt et al., 2012); and reducing ecosystem connectivity by fragmenting
habitats, especially for migratory fish species (Andrén, 1994; Larinier,
2001; Fahrig, 2003; Noonan et al., 2012; Bunt et al., 2012). The exter-
nalities associated with dams have led some to argue that healthy
freshwater fisheries and dams cannot coexist, especially in tropical river
basins (Winemiller et al., 2016; Fearnside, 2016).

Regardless of these potential negative consequences, hydropower
development is likely to proceed in many river basins globally (Moran
et al., 2018). Given this reality, society could benefit from planning
approaches that seek to support the discovery of more balanced out-
comes with respect to ecological, energy, food, and other potential de-
mands. To achieve this balance may require significant, integrated, and
ecologically-focused modifications to the siting, design, and operation
(SDO) features of planned dams (Wild et al., 2019a). Even in river basins
where dams are no longer being planned but are instead being removed
(e.g., in the United States), or retrofitted with ecologically-focused
design features, it seems reasonable to explore significant reoperation
of the modified network of dams to restore ecological integrity
(Opperman et al., 2011). This will require a departure from the tradi-
tional hydropower development paradigm, which considers ecological
concerns only after hydropower potential is optimized.

This study contributes PySedSim, an open-source, object-oriented,
Python-based, daily time step river basin simulation model for flow,
sediment, and hydropower in networks of reservoirs and river channels
to facilitate exploring ecologically-oriented SDO alternatives. The model
is designed for use in feasibility and pre-feasibility (IFC, 2015) screening
assessments of alternative river basin infrastructure plans involving
reservoirs. The model is flexible, both in its software design (e.g.,
object-oriented structure) and its core functionality and features (e.g.,
exploring tradeoffs across multiple conflicting objectives). PySedSim
users can explore representations of four key concerns relevant to the
selection and evaluation of alternative reservoir configurations: 1)
management approaches to improve the passage of sediment through
and around reservoirs to avoid storage capacity loss and downstream
ecological impacts; 2) search for flexible and adaptive alternative
reservoir operating policies designed to achieve multiple objectives; 3)
alternative design features such as dam gates, reservoir bypasses, and
other hydraulic infrastructure, which are necessary to enable ecologi-
cally focused reservoir operational practices (e.g., fish and sediment
passage); and 4) uncertainties in hydroclimatic drivers and in the
physical processes of sediment production, transport, reservoir trapping,
and reservoir management. While some existing river basin modeling
tools can address one or several of these concerns, we know of none that
address them all in a single tool.

Modeling tools designed to support river basin infrastructure plan-
ning and management have tended to focus on water. Examples include
IRAS (Matrosov et al., 2011; Loucks et al., 1995), WEAP (Yates, 2005),
OASIS (Sheer, 2000), Riverware (Zagona et al., 2001) and Modsim
(Labadie et al., 2000). Such water management-oriented models have
not typically accounted for natural and managed sediment processes,
such as alternative strategies for better managing sediment flows
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through and around reservoirs. Thus, they have not been effective for
exploring options for managing basin-scale sediment balances via
alternative dam network configurations and reservoir operation strate-
gies. This lack of focus on sediment-related functionality in river basin
planning models historically has occurred for at least two reasons. First,
sediment transport and accumulation in reservoirs has not traditionally
been viewed as a major objective of concern in river basin planning
efforts (Annandale, 2013), despite the threat that reservoir sedimenta-
tion poses to water management and ecosystem health (Grant et al.,
2003; Petts and Gurnell, 2005). Second, sediment production, transport,
trapping, and management are complex to represent, particularly when
it comes to the distribution and management of sediment within large
networks of complex reservoir bodies.

The complexity posed by the movement of sediment through natural
and man-made water bodies has led to the development of several
models that consider sediment management at very fine spatiotemporal
process resolution, and often for a small number of sediment manage-
ment approaches such as reservoir flushing (Chang et al., 2003; Gal-
lerano and Cannata, 2011; Khan and Tingsanchali, 2009; Shokri et al.,
2013; U.S. Army Corps of Engineers, 2016; Danish Hydraulic Institute,
2017; Shin et al., 2019). Increased process resolution creates extra
computational burden, and carries additional data collection re-
quirements, such as river and reservoir bathymetry and sediment grain
size distribution. This computational and data collection burden can
make these higher-resolution tools difficult to deploy in the
multi-objective, multi-reservoir, stochastic river basin planning contexts
for which PySedSim was designed. There are some tools that take a
coarser resolution approach to sediment simulation to enable
basin-scale analyses. For example, Pal and Galelli (2019) and Tangi et al.
(2019) have developed models capable of exploring options for con-
trolling sediment flows and managing basin-scale sediment balances via
alternative configurations of dam networks. These tools are very effec-
tive in basin-scale, sediment-focused infrastructure planning contexts,
but they lack the detailed representations of reservoir and dam infra-
structure required to explore the implications of alternative
multi-objective reservoir operation strategies, including those seeking to
improve water management, or increase the passage of sediment
through or around reservoirs. Conversely, PySedSim simulates alterna-
tive reservoir sediment management strategies in reservoir networks
with enough detail to capture the implications for sediment balances,
hydropower, hydrology, ecology, and other considerations, but without
so much detail that basin-scale Monte Carlo analyses are not possible. In
particular, its representation of dam features (e.g., gates) and reservoir
operations, and the ability to search for alternative operating policies
designed to achieve multiple objectives, also make PySedSim suitable
for use in a traditional stakeholder-driven river basin planning context,
even when sediment is not a focus.

PySedSim has a software architecture that allows users to rapidly
explore alternative SDO problem formulation hypotheses. This is inte-
gral to facilitating exploration and evaluation of candidate hydropower
SDO modifications that may be necessary to reduce reservoirs’ impacts
on the ecological integrity of river basins. Indeed, the most effective
modeling tools and scientific studies in influencing policy agendas have
often been those that change the way key issues are defined and framed,
and on the array of options for dealing with issues that are considered,
rather than only the actions that are ultimately taken (Cash et al., 2003).
PySedSim is intended to serve as a flexible iterative problem exploration
framework (Fig. 1) that can be deployed to support deliberative
decision-making processes.

Fig. 1 illustrates the deliberative decision support framework that
PySedSim has been designed to support. It begins with initial problem
formulation (Step 1), which includes defining objectives (deterministic
or probabilistic), constraints, and uncertainties; the extent to which
reservoir operating policies will be pre-specified or searched for; the
network of reservoirs and river channel locations to be considered;
reservoir design features such as dam gates; and reservoir sediment
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Fig. 1. PySedSim is best used as part of an iterative process that involves first formulating the problem (i.e., key uncertainties, style of reservoir operating policies,
and performance metrics), specifying or generating alternative reservoir operating policies that satisfy the various performance metrics given the desired extent of
uncertainty, and exploring the tradeoffs those many policies create. This iterative approach is illustrated in this paper through three alternative problem formulations
that represent the real process undertaken by a team of experts during the pre-feasibility study of Sambor Dam in Cambodia.

management strategies to be applied. In Step 2, PySedSim leverages
advances in multi-objective evolutionary optimization (Coello et al.,
2007; Reed et al., 2013; Maier et al., 2014) to identify tradeoffs among
objectives comprised of a suite of alternative reservoir SDO options.
Some users may wish to initially skip this step, beginning instead with
simulating pre-specified SDO options (e.g., reservoir rule curves in an
existing reservoir design), returning later to optimization if warranted.

In Step 3, the performance of all (or a subset) of the identified or pre-
specified alternatives can be simulated under a range of uncertainties in
hydrologic and sediment processes defined in Step 1. In Step 4, users can
connect to external visual analytic tools to navigate alternative

solutions. This includes visually searching for policies that balance
concerns across conflicting objectives and comparing the results across
alternative formulations. Any given problem formulation may only
involve a subset of these steps, and indeed any step along the way may
offer some insight (e.g., into new objectives) that warrants returning to
the problem formulation step to reframe the problem.

The remainder of this paper is organized as follows. The methodol-
ogy section describes key PySedSim model features, functionality, and
software design principles, and compares PySedSim to existing river
basin models. The case study section introduces the design and opera-
tional context for the proposed Sambor Dam in Cambodia, for which we
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will demonstrate PySedSim’s capabilities to analyze hydropower pro-
duction, sediment management, and fish passage concerns. This section
also introduces three alternative problem framings that are representa-
tive of the real decision context where PySedSim was used to iteratively
(Fig. 1) identify and evaluate alternative SDO options for the Sambor
Dam. Our results compare the insights gained from these alternative
formulations, demonstrating how PySedSim facilitates iterative problem
formulation and refinement to aid the discovery of decision-relevant
insights in complex SDO contexts. Readers interested in detailed guid-
ance on PySedSim features and use should also reference the model’s
user manual, which is available at the model’s GitHub repository.

2. Methods
2.1. Classification of modeling functionality

Fig. 2 provides a graphical taxonomy for classifying PySedSim’s
functionality relative to existing tools that might be considered for use in
a river basin reservoir planning context. The figure highlights common
differences among existing models with respect to three categories (each
shown in a different colored box): the processes they include (both
physical processes and management processes), the mathematical rep-
resentations of those processes, and the nature of the questions the
model is designed to explore (e.g., simulation versus optimization).
Within each of the three colored boxes there exist categories of choices,
each of which is represented by a tree. In general, these trees are
intended to describe some of the key features that models used in a river
basin planning context may have. Options within a given tree are not
necessarily mutually exclusive modeling choices. For example, models
such as PySedSim can have both deterministic and stochastic simulation
options, and may even represent different processes with different levels
of detail. Boxes outlined in red are used to highlight where PySedSim’s
features reside within this hierarchy of potential modeling choices.

Beginning with Box I (“Processes Included”), river basin models
often include representations of natural physical processes, which
describe how water and sediment move through the natural landscape
(e.g., rainfall and runoff); as well as management processes, which
describe the various ways in which these natural processes may be
modified by infrastructure (e.g., management of water and trapping of
sediment in reservoirs). Striking a balance between computational de-
mands and end use purpose, PySedSim is limited in its abstraction of
detailed natural physical processes. In the water resources domain,
natural physical processes frequently accounted for in models include
rainfall, runoff, groundwater infiltration, and channel flow. Among
these processes, PySedSim accounts only for routing of flows through
networks of river channels, relying on user-selected external models (e.
8., SWAT) for the other processes. With respect to sediment, models are
often classified as either loading models, which account for production
of sediment suspended in watershed runoff, or as receiving models,
which route sediment through channels and reservoirs (Kalin and
Hantush, 2003). PySedSim is a receiving model, designed to receive
input from a loading model (e.g., SWAT). An important difference
among receiving models is with respect to the degree to which sediment
management processes are included. PySedSim includes numerous
sediment management processes, such as the trapping of sediment in
reservoirs, the distribution of that sediment within reservoirs’ storage
geometry, and the various ways in which sediment can be removed or
passed through or around reservoirs.

In reviewing existing river basin simulation models (e.g., Matrosov
et al., 2011; Loucks et al., 1995; Yates, 2005; Sheer, 2000; Zagona et al.,
2001; Labadie et al., 2000), we found a dearth of models that include
treatment of both sediment and water processes, especially reservoir
sediment management. Sediment management-focused models typically
do not include detailed representations of water management issues.
Likewise, water management-focused models typically do not explicitly
account for any of the natural or managed sediment processes from Box
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L. PySedSim includes water management features such as reservoir op-
erations and river routing capabilities, though it does not include water
demand and supply modeling, or groundwater, which water
management-focused models typically do.

Box II (“Process Representations™) in Fig. 2 shows that all of the
natural and managed water and sediment processes from Box I can be
represented with varying degrees of complexity, including the mathe-
matical representations of relationships, the extent to which uncertainty
is represented, and the resolution of the model in both space and time.
PySedSim employs empirical process relationships with a specific intent
to enable SDO analyses given the data-limited nature of most problem
settings. It also offers the flexibility to explore, through Monte Carlo
simulation, the uncertainty in the numerous parameters that define
these empirical relationships, including parameters for sediment pro-
duction, sediment transport, reservoir sediment trapping, and reservoir
sediment management. With respect to spatiotemporal resolution,
PySedSim is a lumped model in that users are permitted to define pa-
rameters for discrete model elements (e.g., river channel segments). The
model is a one-dimensional fixed-bed model, in that it does not explicitly
represent channel or reservoir cross-sections and their feedbacks with
flow processes, as can be accounted for in more detailed models such as
HEC-RAS (U.S. Army Corps of Engineers, 2016). A daily time step was
selected to facilitate coupling with existing daily time step loading
models such as SWAT.

With respect to process representation in reservoir sediment man-
agement, models focused on sediment management often represent only
a limited number of alternative sediment management strategies, such
as flushing (e.g., Chang et al., 2003; Gallerano and Cannata, 2011; Khan
and Tingsanchali, 2009; Shokri et al., 2013), and do so at fine resolution.
Such detailed process representations require more data, such as sedi-
ment grain size distribution and reservoir bathymetry. Detailed simu-
lations also tend to be more computationally intensive and are difficult
to embed within a broader multi-reservoir network simulation. For
example, HEC-RAS (U.S. Army Corps of Engineers) and Mike21C
(Danish Hydraulic Institute, 2017) offer physically-based simulations of
management processes such as sluicing and flushing. Conversely,
PySedSim enables less detailed assessments of multiple alternative
sediment management strategies for large-scale multi-reservoir systems.

Box III (“Identification and Evaluation of Management Actions™)
within Fig. 2 highlights how existing models differ in the questions they
are designed to answer. PySedSim is a simulation model in that it ad-
dresses “what-if” scenarios—what may happen if a particular scenario
(e.g., hydroclimatic inputs or reservoir network configuration) is
assumed or if a particular decision (e.g., reservoir operating policy) is
made. Conversely, optimization models seek to identify the “best” de-
cision or tradeoffs among alternative equally optimal decisions. While
PySedSim is a simulation model at its core, it facilitates direct coupling
with external optimization models. Finally, as with process representa-
tions, management actions can be identified and evaluated in both
deterministic and stochastic (Monte Carlo) contexts in PySedSim. For
example, the model’s stochastic simulation-optimization functionality
will search for robust operating policies that perform well under a range
of future uncertainties. PySedSim is a “preliminary screening model”
(Loucks and Van Beek, 2017; Loucks 2020) in that its best use is to
explore a wide range of alternatives and the tradeoffs in performance
across them. The coupled simulation-optimization functionality enables
users to “screen out” a large number of less desirable alternatives,
leaving a relatively smaller number of potentially desirable alternatives
to be evaluated later with other, more detailed (e.g., finer spatiotem-
poral resolution) simulation models. For example, during the hydro-
power project development process (IFC 2015), this more detailed
modeling is typically done during the detailed design phase, rather than
during preliminary screening of alternatives. This detailed phase of
analysis could also include higher-resolution assessment of specific
sediment management alternatives (e.g., sluicing, flushing, dredging,
etc.) at specific reservoir sites (e.g., using process-based models like
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Fig. 2. Classification diagram of key differences in model functionality among the range of existing modeling tools that might be considered for use in the river basin
infrastructure planning context for which PySedSim was designed.
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HEC-RAS).
2.2. Detailed model functionality and assumptions

2.2.1. Overview

PySedSim includes a unique combination of four core model fea-
tures: 1) representing alternative reservoir sediment management ap-
proaches, 2) representing detailed dam design features (e.g., gates), 3)
supporting multi-objective optimization frameworks for discovering
reservoir operating policies and their resulting tradeoffs, and 4) facili-
tating stochastic Monte Carlo simulation for characterizing uncertainty
in hydrologic and sediment processes. Fig. 3 illustrates some of these
model features in the context of an example PySedSim simulation
network of river channel segments, reservoirs, and connecting junctions,
through which water and sediment are routed and stored on a daily basis
in a simulation. Any PySedSim simulation network is comprised of some
combination of these three building blocks. The features illustrated in
Fig. 3a are organized into two categories: sediment (left) and water
(right).

2.2.2. Natural water and sediment processes

In keeping with its intended use as a screening model, PySedSim
employs relatively simplistic (i.e., empirical) approaches to representing
complex sediment processes, including sediment production, transport,
reservoir trapping and distribution, and reservoir management (left-
hand side of Fig. 2). At its core, PySedSim includes most of the sediment
simulation functionality present in the SedSim simulation model (Wild
et al., 2019b; Wild and Loucks, 2015a; https://github.com/FeralFlows/
SedSim), but with new features that support stochastic simulation and
multi-objective optimization. SedSim has been applied in other studies to
evaluate the hydrologic, sediment, and hydropower implications of
reservoirs (Wild and Loucks 2014, 2015b, 2016; Souter et al., 2020).
While PySedSim’s python-based, object-oriented software design (sec-
tion 2.4) is much different from SedSim’s Visual Basic for Applications
(VBA)-based software design, both models allow users to exploit the
same EXCEL-based interface if desired. This simple interface ensures
backward compatibility with previous SedSim applications, and facili-
tates training of less advanced users (e.g., river basin stakeholders).

As shown in Fig. 3b, water and sediment can only enter the modeled
system at junctions. Flows specified at junctions represent incremental
daily water and sediment runoff from the local watershed (i.e., between
successive incremental flow junctions). The model simulates a single
median sediment grain size rather than a grain size distribution. Junc-
tion inputs must be externally gathered (e.g., from gage station data) or
generated (e.g., simulated with a separate model such as SWAT (Neitsch
et al., 2009)). Users can also specify parameters for a rating curve
function that describe daily sediment load production as a function of
daily hydrologic flow.

Water and sediment entering a junction in a given day immediately
enter the next downstream channel segment or reservoir, and are
thereafter routed through that downstream element along with any
sediment and water entering from upstream. Fig. 3¢ depicts this routing
process for an example river channel segment i. The model maintains
flow routing options consistent with some of those available in the
SWAT model (Neitsch et al., 2009), including Manning’s equation
routing. As shown in Fig. 3¢, each channel segment is assumed to have a
‘carrying capacity’ (Bagnold, 1977) to produce suspended sediment in
its outflow as a power function of water outflow rate. If the concentra-
tion of sediment suspended in the water column exceeds the channel’s
carrying capacity, some sediment settles to the channel bed (i.e.,
deposition dominates). Otherwise, sediment is scoured from the channel
bed (i.e., resuspension dominates).
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2.2.3. Managed water and sediment processes

2.2.3.1. Reservoir sediment trapping, distribution, and management. The
model includes representations of reservoir sediment trapping, distri-
bution, and management processes (as shown in Fig. 3d). The fraction of
inflowing sediment mass trapped in a reservoir during each time period,
or trapping efficiency, is determined as a function of sediment particle
size and residence time of water in the reservoir (Brune, 1953). This
results in declining trapping efficiency with declining storage capacity
(Minear and Kondolf 2009; Morris and Fan, 1998). Within the reser-
voir’s storage capacity, the volume occupied by settled sediment mass
depends on its user-specified bulk density. Fig. 3d shows that the model
differentially distributes deposited sediment within the reservoir’s
active and dead storage zones (Lara and Pemberton, 1963), which
captures the impact of sedimentation on reservoir operations.

Despite the availability of techniques to improve sediment passage
through and around reservoirs (Kondolf et al., 2014b; Annandale 2013),
planning studies of large reservoir networks typically focus on predict-
ing sediment trapping (e.g., Kummu et al., 2014; Kondolf et al., 2014),
rather than on assessing the potential to reduce it (Wild et al., 2016,
2019a; Wild and Loucks, 2014; Schmitt et al., 2018). This capability is
needed when simulating alternative dam development configurations in
basins such as the Amazon, Congo, and Mekong, as these river basins
transport among the world’s highest annual sediment loads (Milliman
and Meade, 1983). Fig. 3 does not depict PySedSim’s representations of
sediment management processes, which are relatively more complex
and therefore appear in the model’s user manual. In general, PySedSim
employs empirical approaches to simulating the effectiveness of flushing
(Atkinson, 1996), sluicing (Churchill, 1948), and density current vent-
ing (Morris and Fan, 1998) at removing or passing sediment through a
reservoir. Before considering simulating particular reservoir sediment
management techniques with PySedSim, an external model such as
RESCON should first be used to assess the economic and technical
feasibility of those techniques given the reservoir’s site-specific char-
acteristics (Palmieri et al., 2003, Efthymiou et al., 2017).

2.2.3.2. Reservoir operations and dam design features. Reservoirs are
assumed to be regulated by a dam, the daily outflows from which are
determined by an operating policy, subject to constraints related to the
dam’s outlet works and primary operational objectives. As listed on the
right-hand side of Fig. 3, PySedSim offers flexibility in exploring reser-
voir operations. Numerous studies have noted the potential value of
optimization in contributing to the ongoing multi-objective river basin
development dialogue globally (Sabo et al., 2017; TNC, 2016; Ziv et al.,
2012; Opperman et al., 2015; Grill et al., 2014, 2015; Roy et al., 2020;
Cronin et al., 2016; Kondolf et al., 2018; Schmitt et al., 2018; Wild et al.,
2019a; Schmitt et al., 2019; Intralawan et al., 2018; Song et al., 2020).
PySedSim has been developed to support the flexible representation of
candidate reservoir operations and simulation of their performance. The
software offers specific support for the evolutionary multi-objective
direct policy search (EMODPS) analytic framework (Giuliani et al.,
2016; Guariso et al., 1986; Oliveira and Loucks, 1997; Koutsoyiannis
and Economou, 2003) for quantifying operational tradeoffs. The
EMODPS simulation-optimization framework is implemented by facili-
tating a full coupling of PySedSim with external multi-objective evolu-
tionary optimization algorithm (MOEA) solvers (Coello et al., 2007;
Reed et al., 2013; Zatarain Salazar et al., 2016). The closed-loop feed-
back structure of the identified operating policies can flexibly adapt to
changing site conditions, where site conditions can be abstracted using
any relevant reservoir state variables as inputs (e.g., water surface
elevation, inflow, and time of year). Objectives are defined by the user as
a function of any PySedSim model state variables (e.g., daily suspended
sediment passage, flow rates, etc.) for any system element (i.e., junction,
reservoir, or channel). The ability to identify adaptive operating policies
is a distinct advantage in assessing the potential for SDO alternatives to


https://github.com/FeralFlows/SedSim
https://github.com/FeralFlows/SedSim

T.B. Wild et al. Environmental Modelling and Software 136 (2021) 104947

(A) Key Simulation Network Components and Features

Sediment Water

Incremental runoff
(incremental flows)

Flow
direction

Powerhouse specifications
Spillway and other gates

Channel routing

Reservoir Operating Policies
+Policy Search

-Pre-specify
(B) Incremental Flow and Sediment Load Production
Loading: External Model Receiving: PySedSim
Junction Sediment, S
®
o <
",'“' ©
—_ @ S
. (required) 2 5
. ol ol |
/\‘ o (%]
%*%x Time o Time
Watershed YN — Realization 1 o — Realization 1
RN """ Realization N o “=-* Realization N
() Channel Sediment Routing (D) Reservoir Sediment
i Trapping and Distribution
ow Direct;
1on .
Channel Reservoir Outlet Types
Q_in
— .
S_in Q out, Spillway
‘%‘v@: S_out=c(Q_out, )* Mid-Level
T Powerhouse
I Water column Trapping: Low-level
- :.". Suspended sediment Brune (1953)
I Bottom sediment
I Dam ® Junction (regular) .
. o . River channel segment
- Reservoir @ Junction (incremental inflow)

Fig. 3. (a) Schematic of a PySedSim simulation network composed of three building blocks: reservoirs, river channel segments, and the junctions that connect them.
Core simulation processes and model features are highlighted with colored boxes, blue representing water and brown representing sediment. (b) deterministic or
stochastic time series of incremental flow and sediment enters the modeled system at incremental junctions. (c) Channel processes include flow and sediment routing.
(d) Sediment trapping is simulated using Brune (1953), then distributed within the active and dead storage zones per user specifications. Multiple dam outlet (i.e.,
gate) types can release water and sediment.



T.B. Wild et al.

mitigate ecological impacts (Wild et al., 2019a). The theoretical details
of PySedSim’s EMODPS approach to identifying tradeoffs composed of
alternative reservoir operating policies appears in Wild et al. (2019a), as
well as in the model’s user manual.

While PySedSim directly supports a search for alternative reservoir
operating policies, the software’s architecture also theoretically enables
searching alternative relevant decision spaces, such as the locations of
reservoirs in networks, by including these decision variables among
those that define reservoir operating policies. The code modifications
required to do this are discussed in the user manual at the paper’s online
repository. Conducting such joint planning-management simulation-
optimization, particularly for large scale systems (e.g., with numerous
dams), creates the potential for steep computational expense. This is one
of the reasons that such joint planning-management analysis has long
posed a challenge in the water resources and environmental systems
literature (Zeff et al., 2016; Loucks and van Beek, 2017; Wild et al.,
2019; Bertoni et al., 2019; Herman et al., 2020; Trindade et al., 2020).
The EMODPS approach PySedSim uses to explore tradeoffs across
alternative portfolios of decision variables avoids the “curse of dimen-
sionality” (Bellman, 1957) that limits the power of dynamic
programming-based approaches in joint planning-management contexts
(Giuliani et al., 2016).

In order to accurately evaluate sediment removal, sediment passage,
and fish passage, PySedSim enables users to explore the performance of
dams with alternative detailed design features. This includes not only
reservoir storage capacity and geometry (i.e., elevation-volume-area
curve) but the presence of low-level outlets, mid-level outlets (i.e.,
sluice gates), spillways, and hydraulic bypass channels, and their spec-
ifications (e.g., elevation-discharge capacity curves).

2.2.4. Uncertainty analysis

The effectiveness of the previously discussed design and operational
features can be evaluated in either stochastic (Monte Carlo) or deter-
ministic mode. This enables users to explore performance of alternative
operating policy and design configurations under different hydrologic
and sediment uncertainties, as well as to identify SDO features that
perform robustly under these uncertainties. PySedSim’s Monte Carlo
functionality enables users to sample the multiple empirical model pa-
rameters employed in representing sediment processes, including sedi-
ment production from the watershed, transport in river channels,
trapping in reservoirs, and various representations of reservoir sediment
management processes. Parameter sampling is possible across a diverse
array of probability distributions (e.g., normal, uniform, triangular,
etc.). To explore uncertainty in hydroclimatic conditions, users may
generate stochastic sequences of daily hydrologic and sediment inflows
using external models or techniques (e.g., Stedinger and Taylor, 1982).
PySedSim provides support for Monte Carlo simulation by sampling
these externally-generated time series and organizing the stochastic
simulation results.

In comparing PySedSim to other river basin simulation models, we
found widespread exclusion of uncertainty analysis capabilities
regardless of a model’s core process focus (i.e., water or sediment). In
the water management domain, existing models are often limited in
their ability to handle even well-characterized (e.g., hydroclimatic)
uncertainty. Uncertainty analysis is theoretically possible in any simu-
lation model for which execution can be automated, but many models do
not directly support Monte Carlo simulation with simple user specifi-
cations. With respect to sediment management, few models include
stochastic representations of the sediment management processes (e.g.,
Shokri et al., 2013). Regardless, accounting for uncertainty in models
with very detailed representations of sediment management would
render these models even more unlikely to be applicable in a river basin
planning setting. The capability to evaluate the impacts of key un-
certainties is foundational to evaluating the risk-driven objectives of
decision relevance in many river basins (Quinn et al., 2017).
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2.3. Software design

As illustrated in Fig. 4, PySedSim’s software architecture is designed
to support flexibility, extensibility, transparency, provenance, and
scalability. Flexibility is addressed by providing a breadth of river basin
and infrastructure features that can be readily represented in SDO ap-
plications. Transparency refers to the extent to which model users and
prospective developers can view and understand the software’s design
and structure. Provenance refers to the chronology of ownership and
development of a model. Scalability refers to PySedSim’s ability to be
implemented across a range of computing resources, from laptops to
high-performance parallel supercomputers. This helps users to effec-
tively manage the computational demands in their analyses (e.g., sim-
ulations of larger systems, uncertainty assessments, simulation-
optimization). Finally, extensibility refers to facilitating a broad range
of analytical workflows that exploit current and emerging software
tools. Each of these five software architecture design features is
addressed separately below.

Flexibility is achieved in PySedSim through object-oriented and
modular software design. The enlarged box on the upper right-hand side
of Fig. 4 demonstrates a simplified Unified Modeling Language (UML)
diagram of a representative sample of core PySedSim classes and their
hierarchical relationships. This serves as just one example of the
numerous classes used to organize the model’s key processes and fea-
tures. Core sub-classes are shown at the bottom of the UML diagram. Any
given model application requires creating multiple of these core sub-
classes and piecing them together into a unique network of reservoirs,
channels, and junctions. PySedSim’s object-oriented design facilitates
integration of multiple energy and ecological concerns into a single
model, because prospective co-developers can easily extend the model’s
functionality to include new or different ecological or other concerns.

PySedSim facilitates extensibility through outward connectivity to
external Python-based packages and tools. The enlarged box on the
lower right-hand side of Fig. 4 provides a sample of existing connections
between PySedSim and external python packages, as well as examples of
potential future external connections. Some packages are required for
PySedSim to run basic simulations, whereas others are used to extend
PySedSim’s functionality only in select circumstances (e.g., optimiza-
tion). For example, Fig. 4 shows that to facilitate identification of
tradeoffs and optimization of operating policies, PySedSim connects to
the Borg multi-objective evolutionary optimization algorithm (Hadka
and Reed, 2013). While PySedSim directly supports the Borg MOEA,
PySedSim can be coupled with any open-source MOEA that is
Python-based or has a Python wrapper, such as the Project Platypus li-
brary (https://github.com/Project-Platypus/Platypus). To facilitate
scalability,  especially in  Monte Carlo simulation or
simulation-optimization experiments, PySedSim uses the Python-based
Message Passing Interface for Python (i.e., mpi4py) package (Dalcin
et al., 2005, 2008, 2011). To facilitate user interaction with the model
software and efficient data import, PySedSim uses the Python-based
OpenPyXL library to import Excel-based data (Gazoni and Clark,
2017). To facilitate data processing and export, PySedSim uses the
Python-based pandas software for panel data manipulation and analysis
(McKinney, 2012) to organize, process, and export simulation data. By
enabling the use of an Excel-based user interface and efficient produc-
tion of data outputs, these connections facilitate PySedSim’s goal to
serve as a decision support system (Loucks, 1995). To facilitate data
visualization, PySedSim uses the matplotlib package (Hunter, 2007). To
facilitate use of external hydrologic and sediment modeling tools,
PySedSim is built to accept inflows and sediment loads in the same style
as those produced by the SWAT model (Neitsch et al., 2009). Such
external modeling exercises (e.g., SWAT) that enhance PySedSim ana-
lyses often require extensive expertise and data sets. Thus, PySedSim
applications can benefit from leveraging the modeling outputs produced
by other, more-detailed studies. While the model does not currently
connect directly to an external Python-based stochastic hydrology
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Fig. 4. PySedSim’s five core software design features (left hand side): flexibility, transparency, provenance, scalability, and extensibility. Flexibility and extensibility

are highlighted (right-hand side).

package for hydroclimatic uncertainty analysis, the model is structured
to facilitate establishment of such a future connection, as well as to
Sensitivity Analysis libraries (e.g., the sensitivity analysis library SALib
developed by Herman and Usher, 2017).

In a river basin modeling context, transparency is likely the single
most important factor in facilitating replicability and reproducibility
(Ceola et al., 2012), which are often overlooked but fundamentally
important requirements for designing and executing sound scientific
experiments (Peng, 2011). Transparency also encourages extensibility
by enabling users to more effectively understand and extend the model.
PySedSim is transparent via its object-oriented and modular code
design, and extensive in-code documentation, which clarify model
structure; by providing fully replicable example model applications,
which are explored in this paper; and in that the code is open-source.
The model’s open-source repository facilitates provenance by enabling
co-developers to contribute code on the model’s public repository.
Finally, scalability is important in the context of evolutionary optimi-
zation methods, which can require many simulations to converge on
reliable solutions. PySedSim is scalable in that it supports cluster-based
parallelization of simulation-optimization and Monte Carlo simulation
experiments. This functionality is available to users through several
PySedSim functions that optionally call the mpi4py package. Details are
provided in the model user documentation and in function docstrings.

3. Model application case study: Sambor Dam, Mekong River
basin (Cambodia)

3.1. Background

The Mekong River in Southeast Asia is one of the world’s most
productive and dynamic rivers, hosting an open-access wild capture
fishery of over 1200 fish species (Poulsen et al., 2004). The basin’s 60
million inhabitants rely on the river for food and income security, har-
vesting 2.1 million metric tons of fish per year at a retail value of up to
$7.8 billion US per year (Hortle, 2009). Less than 30 years ago, the river
(Fig. 5a) flowed freely for 4350 km (MRC 2016). Today, over 40 large
hydropower dams exist, with over 100 more dams proposed or under
construction (MRC 2016). The proposed Sambor mega Dam has been a
major focus for the Government of Cambodia (GoC) in its efforts to
generate hydropower revenue and secure a reliable domestic energy
supply.

Sambor’s original design (China Southern Power Grid Company,
2008) was proposed to extend 18 km across the Mekong River, which
would make it one of the world’s longest dams (Lehner et al., 2011). As
the basin’s downstream-most proposed dam, it would be sited in prox-
imity to Tonle Sap Lake, one of the world’s most productive freshwater
lakes (Lamberts, 2006) that provides up to 80% of Cambodia’s protein in
some areas (Hortle, 2007). Over 50 species of fish annually migrate
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upstream past the planned dam site to main stem and tributary spawning
grounds (Barlow et al., 2008; Halls and Kshatriya, 2009). After spawn-
ing, the fish swim downstream past the planned dam site, returning to
the floodplains to feed. Eggs laid in tributaries become larvae that
naturally passively drift back downstream to the floodplains while sus-
pended in the river’s flow. Nearly all of the Mekong’s natural 160 Mt/y
sediment load is transported annually past the dam site as well.
Designed to maximize energy production, the Sambor design poses
fundamental ecological concerns because it would provide inadequate
means of passing the river’s significant migratory fish biomass and
would be too large and wide to effectively pass sediment, nutrients, and
fish larvae downstream (Wild and Loucks, 2015b).

In a multi-year partnership with the GoC (NHI, 2017), Wild et al.
(2019a) used PySedSim to study the potential for alternative Sambor
Dam SDO options to produce more balanced outcomes with respect to
ecological and energy production goals. As shown in Fig. 5, an alter-
native dam concept, Sambor Ecological Alternative (i.e., Sambor EA),
was identified that includes numerous siting and design features to
encourage sediment and fish passage. The dam’s salient design feature is
a completely unregulated natural bypass channel to the east of the
reservoir that exists to facilitate sediment passage and fish migration.
Sambor EA’s geographic location is shown in Fig. 4a. Fig. 4b shows a
plan view of the dam and reservoir, overlaid by a PySedSim model
schematic of the river channel segments, junctions and reservoir that
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make up the PySedSim implementation of Sambor EA used for demon-
strative purposes in this paper. Ultimately, the iterative process of
exploring Sambor alternatives (described in Section 3.2) contributed to
the success of NHI (2017) in directly influencing the GoC to postpone all
mainstem Mekong dam construction (Ratcliffe, 2020).

3.2. Iterative problem formulation overview

PySedSim supported the stakeholder engagement and pre-feasibility
planning process surrounding Sambor and Sambor EA (NHI, 2017)
through an extended, iterative problem formulation and exploration
process with basin stakeholders (Fig. 1). In this paper we demonstrate
PySedSim’s use across three formulations that compare searching for
(rather than pre-specifying) operating policies, conducting stochastic
versus deterministic analysis, and exploring combinations of multiple
performance metrics that reflect diverse stakeholder preferences. Each
candidate formulation builds upon prior formulations to arrive at final
recommendations to decision makers (NHI, 2017).

To evaluate performance across formulations, we evaluated Sambor
EA reservoir operation alternatives using daily simulation output from
the six PySedSim state variables below, which we selected to reflect
diverse stakeholder preferences.
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. Daily energy production (GW-h), E. Hydropower production at the
Sambor EA powerhouse.

. Daily bypass attraction flow rate (m>/s), F. The bypass channel in
Fig. 5b will be the primary route for fish to circumnavigate the dam.
This variable represents the attraction of fish into the bypass channel
during upstream migration (Bunt et al., 2012; Noonan et al., 2012).

. Daily larvae flow fraction (unitless, 0-1), L. Larvae can die due to
predation and starvation if they are trapped in a reservoir while
drifting downstream (Agostinho et al., 2007; Pelicice and Agostinho,
2008; Pompeu et al., 2011; Suzuki et al., 2011; Pelicice et al., 2015).
This variable uses the fraction of main stem flow each day that either
enters the bypass (i.e., safe passage), or enters the reservoir when
velocities are suitable for passage (Fig. S1), to estimate the daily
fraction of larvae safely passing the site. Wild et al. (2019a) describe
the modeling approach to evaluate suitability of reservoir hydraulic
conditions for larvae passage.

Formulation I:

Formulation Il:
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4. Daily trapped sediment load (kg), St. This variable represents the

suspended sediment load trapped in the reservoir’s storage capacity.
The river’s suspended sediment load sustains the river’s geomorphic
structure (Rubin et al., 2015) and habitats (Halls et al., 2013),
transports nutrients (Liljestrom et al., 2012; Arias et al., 2014), and
slows the subsidence of the Mekong delta landform, which poses an
existential threat to its nearly 20 million inhabitants (Kondolf et al.,
2018; Schmitt et al., 2017).

. Daily reservoir total storage capacity loss (%), S¢. This variable

represents the loss in total reservoir storage capacity (m>). Total
storage capacity is the sum of “active” storage capacity, which is
accessed during normal operations, and “dead” storage capacity.
Sedimentation reduces reservoir storage capacity and hence energy
production and reliability, as well as other benefits dams provide
(Mahmood, 1987; White, 2001). Globally, storage capacity is being
lost in reservoirs at a rate of 0.5%-1% per year (Mahmood, 1987;
White, 2001).
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Fig. 6. Comparison of three alternative problem formulations seeking to identify balanced reservoir operation strategies for the Sambor EA Dam (shown in Fig. 5b)
with respect to the use of optimization, inclusion of uncertainty, and the number and nature of performance metrics used to evaluate policies.

11



T.B. Wild et al.

6. Daily sediment load released from the dam during flushing
events (kg), Sr. To enable passage of sediment through the site, our
simulations implemented annual sediment sluicing (i.e., pass-
through) and flushing (i.e., removal). The less frequently flushing
takes place, the larger the short-term sediment pulses released
downstream become relative to natural conditions, thereby posing
risks to ecosystems downstream (Wild et al., 2016).

We summarized each daily time series variable temporally (e.g.,
annually, monthly, or daily) and statistically (e.g., mean and quantile) to
create decision-relevant performance metrics, such as mean annual en-
ergy production. Detailed mathematical definitions of these perfor-
mance metrics are provided in Section II of the paper’s Supplement. In
particular, Table S3 shows each formulation’s performance metrics and
corresponding equations. Fig. 6 summarizes the key differences across
the three formulations with respect to performance metrics. Each
formulation has a potential space of 2 columns and 4 rows in which
performance metrics can reside. Columns represent the nature of sta-
tistical metrics of performance, focused on either risk neutral mean
performance or a more risk-averse worst first percentile of the empirical
cumulative distribution function, depending on the formulation. Rows
represent the time scales of interest for each of the performance metrics,
ranging from daily to annual. Within each formulation, each individual
shape (i.e., square or circle) in the figure corresponds to a different
metric. Squares reflect pre-specification of reservoir operating policies,
whereas circles reflect a search for operating policies via optimization.
The color of a shape represents the category of its corresponding per-
formance metric, including sediment, fish, larvae, and energy. The
sediment (i.e., brown-colored) category includes all three of the
sediment-related time series variables discussed previously. Filled and
hollow shapes correspond to deterministic and stochastic simulation of
metrics, respectively.

Deterministic evaluations consisted of a historical simulation using
the full 100-year long flow record available at the Stung Treng gage
station near the Sambor EA dam site. Alternatively, the Monte Carlo
simulations consisted of a stochastic ensemble of five 100-year simula-
tions, each driven by a randomly drawn sequence of synthetically
generated (Nowak et al., 2010; Kirsch et al., 2013) inflow hydrology and
corresponding daily sediment loads. See Section III (e.g., Fig. S2) of the
paper’s Supplement for further details on our approach to synthetic flow
generation. As shown in Fig. 6, formulations implementing optimization
(Formulations II and III) seek to maximize or minimize performance
with respect to the mean or 1st percentile of the empirical cumulative
distribution function (CDF) for the 500 values (i.e., 5 realizations of 100
years). Performance was maximized in all objectives except for the
sediment-related objectives, which were minimized.

In the following subsections we briefly introduce a short synopsis of
each of the three formulations and discuss their results. Detailed
mathematical definitions for each of the formulations and performance
metrics appears in Section IV of the Supplement. Section V of the Sup-
plement details the paper’s computational experiments, including
model configurations and computing requirements. To run each
formulation, follow the model installation instructions on the model’s
GitHub repository, then run the desired formulation’s Python script (e.
g., formulation _I_serial.py for the serialized version of the Screening
formulation).

3.3. Formulation I: problem screening

3.3.1. Formulation I overview

The Problem Screening formulation (“Screening”) represents a
typical starting point in a dam pre-feasibility study (IFC 2015), wherein
a particular dam concept (i.e., location and basic design specifications)
has been identified, but in order to evaluate its suitability for investment
the dam’s performance potential must be evaluated (e.g., with respect to
energy production and adverse ecological impacts). Sambor EA has the
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capacity to store less than 0.5% of mean annual inflow. The tendency in
pre-feasibility studies of similarly hydrologically small (i.e., low ca-
pacity:inflow ratio) reservoirs is to specify energy-maximizing run-o-
f-river operations, much like specifying a static design feature. To reflect
this standard planning approach, the Screening formulation includes an
energy-maximizing rule curve (i.e., Energy rule curve), as shown in
Fig. 7. Rule curves for Sambor EA were strongly shaped by the reser-
voir’s complex hydraulic configuration, which is detailed in the Ap-
pendix (Fig. S1). In brief, the reservoir’s unregulated upstream end
means that lower water levels increase reservoir inflows and reduce
spillage into the unregulated bypass channel. Thus, energy production is
not maximized by maximizing water level, because high water levels
imply significant spillage. To reflect diverse stakeholder preferences,
and to attempt to capture the potential for tradeoffs across objectives,
we also include two ecologically-focused rule curves: one focused on
larvae passage (i.e., the Larvae rule curve) and one focused on adult fish
passage (i.e., Adult Fish rule curve). The Larvae rule curve was designed
to enable year-round downstream passage of fish larvae. The Adult Fish
rule curve was designed to benefit adult fish passage around the dam by
maximizing the rate of flow spilled into the bypass channel. Disciplinary
experts identified these rule curves during the pre-feasibility study of
Sambor Dam (NHI, 2017). Across all formulations, operating policies
implement identical approaches to improving sediment passage through
and around the Sambor EA reservoir, including annually passing
inflowing sediment through the reservoir (i.e., sluicing through
mid-level outlets) and infrequently removing deposited sediment from
the reservoir (i.e., flushing through low-level outlets).

To highlight the difficulty in pre-specifying rule curves that perform
well under uncertainty across multiple metrics, the three rule curves
were simulated both deterministically, using the 107-year historical
hydrologic record, and stochastically, using synthetically generated
hydrologic sequences to modestly sample well-characterized hydrologic
uncertainty. Performance was then evaluated both deterministically and
stochastically with a wide range of metrics reflecting different temporal
and statistical filtering of the six time series variables introduced in
section 3.2.1. Formulation I is referred to as the Problem Screening
Formulation because we initially explore a large set of metrics, then sift
through those metrics to inform a more targeted subset of metrics for
future problem formulations. Fig. 6 shows that all metrics in the
Screening formulation were evaluated annually, except for sediment
flushing, which was evaluated on a monthly basis to capture the po-
tential for ecologically harmful short-term spikes in sediment load. In
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Fig. 7. Three operating policies (i.e., rule curves) were identified by experts
from different fields during the pre-feasibility study of Sambor Dam (NHI,
2017) to capture diverse stakeholder preferences. The Energy rule curve reflects
the preference to maximize energy production, while the Adult Fish and Larvae
rule curves focus on maximizing different aspects of ecological performance.
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total, the Screening formulation consists of 12 simulations: one deter-
ministic and one stochastic simulation for each of the three rule curves,
with and without reservoir sediment management taking place. In this
sense, the Screening formulation is a departure from the traditional dam
pre-feasibility analysis because it emphasizes evaluating policy perfor-
mance under a wide range of performance metrics and uncertainties to
better understand performance potential and tradeoffs.

3.3.2. Formulation I results

The nine plots in Fig. 8 report the performance of the three expert-
elicited operational rule curves. The top row of plots (Fig. 8a—c) report
the rules’ attained performance for energy production, larvae passage,
and fish passage. Fig. 8d-i summarize the rule curves’ performance for
sediment, including the quantity trapped, the effect of the trapped load
on storage capacity, and the magnitude of sediment released down-
stream of the dam during the month of June (when the majority of
flushing events take place). For these metrics, Fig. 8d—f reflect simula-
tions in which no sediment management takes place, whereas Fig. 8g-i
account for sediment management effects. Within each figure, the three
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rule curves are designated by different colors. Across the metrics of
performance, the deterministic performance results are plotted as single
mean values (i.e., vertical lines) representing the three candidate rule
curves’ mean annual performance for a single historical time series of
hydrologic and sediment inflows. In contrast, stochastic performance
(dashed lines) for a given rule curve is plotted as an empirical cumula-
tive distribution function (CDF). Each CDF represents the distribution of
performance across all years in the Monte Carlo simulation. As the slope
of the CDFs become flatter, the variance in attained performance metrics
is increasing. Each stochastic CDF represents a simulation with five
inflow sequences of 100 years, or 500 annual values. This sampling level
was confirmed to provide stable convergence for the more extreme
quantiles in the empiric CDFs.

Fig. 8 reveals three key points for guiding the evolution of future
Sambor EA problem formulations. First, there is significant variance in
performance across numerous performance metrics under a modest
sampling of well-characterized uncertainty. As an example of important
variance at Sambor EA, Fig. 8a shows that annual energy production
varies from the mean by as much as 50% in best and worst case years for
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Fig. 8. Deterministic and stochastic multi-objective performance for the three Screening formulation rule curves identified by experts from different fields in the pre-
feasibility study of Sambor EA dam. Deterministic performance is plotted as a single mean value (i.e. vertical line) for each rule curve, whereas stochastic perfor-
mance under synthetically generated sequences of hydrologic and sediment inflows is captured with empirical cumulative distribution functions (CDFs). The first row
of figures shows the performance of the three rule curves for energy production, larvae passage, and anabranch channel adult fish attraction flow. The middle row of
figures shows sediment-related performance for the three rule curves if no reservoir sediment management is conducted, whereas the bottom row shows performance
for these same policies and metrics with sediment management (i.e., flushing and sluicing) implemented.
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each of the three policies. This has important financial implications, as
the dam’s financier must maintain adequate cash flows to service the
debt incurred in constructing the dam, not just on average but also
during periods of lower hydrologic inflows. This strongly suggests future
problem formulations should account for uncertainty in identifying and
evaluating candidate operating policies. It has long been known that
optimizing policies to achieve mean-focused performance metrics often
tacitly exposes policies to broader variability in performance (Beyer and
Sendhoff, 2007). The variability in performance across the probability
distribution for each metric underscores the importance of sampling
multiple stochastic hydrologic futures to more reliably approximate the
distribution tails (i.e., extreme events).

Second, the results from the Screening formulation show that eval-
uating a small handful of pre-specified policies designed to achieve
performance in a single objective has two important consequences. To
begin, this approach suffers from the potential for strong decision maker
regrets as performance could likely be substantially improved in all
metrics (i.e., a dominated set of candidate actions), despite the best ef-
forts of disciplinary experts. Additionally, even if the policies are theo-
retically optimal in each single metric, evaluating a small handful of
policies can only reveal that performance conflicts exist, rather than
explicitly quantifying their complex tradeoffs. For example, the Larvae
rule curve was unsurprisingly the best performing with respect to the
larvae passage objective (Fig. 8b), yet it performed the worst of the three
policies with respect to energy production (Fig. 8a) and bypass flow for
adult fish passage (Fig. 8c). Together, these results suggest future
problem formulations should include an optimal search for reservoir
operating policies and the tradeoffs they create, rather than pre-
specifying rule curves, which is at present standard practice in most
simulation frameworks (Loucks et al., 1995; Sheer, 2000; Labadie et al.,
2000; Zagona et al., 2001; Matrosov et al., 2011; Yates, 2005).

Third, the middle and bottom panels of Fig. 8 demonstrate the value
of PySedSim’s ability to evaluate reservoir sediment management met-
rics. Fig. 8d shows that despite its ecologically-focused redesign, Sambor
EA could trap 5-8 million metric tons of ecologically important sus-
pended sediment on average annually. Fig. 8d shows that this could
result in an annual loss of 0.25-0.6% of total reservoir storage capacity
per year. This implies the reservoir could lose up to nearly 25% of its
storage capacity by the time of transfer of ownership of the dam. This
result has important implications for the GoC, who would only assume
ownership of the devalued reservoir after a concession period of up to 40
years (NHIL, 2017).

Options are available to mitigate storage capacity loss. Fig. 8g and h
show that implementation of annual sediment pass-through (i.e.,
sluicing) and irregular removal (i.e., flushing) every 15 years for
drawdown periods of about one week significantly limit deposition and
storage capacity reduction by regularly preventing and removing
deposited sediment. These increased sediment flows show that signifi-
cant basin-wide sediment trapping (e.g., as predicted by Kondolf et al.,
2014), both in the Mekong and elsewhere, is not a foregone conclusion.
Much of the scientific literature focused on reservoir sedimentation,
particularly in the Mekong (e.g., Kondolf et al., 2014; Kummu et al.,
2010), is geared toward impact prediction and vulnerability assessment,
rather than practical management approaches to mitigating impacts
(Wild and Loucks, 2014, 2015b, 2016; Wild et al., 2019a). However,
implementing these approaches requires dams be sited and designed (e.
g., with low-level outlets) to enable these approaches to be applied
(Kondolf et al., 2015; Annandale, 2013; Kondolf et al., 2014; MRC,
2009). PySedSim captures design details, such as low- and mid-level
gates, that facilitate this evaluation.

While the potential for sediment management options exist, a com-
parison of Fig. 8f-i shows that techniques such as flushing can have
negative impacts if not managed carefully. Specifically, irregularly
flushing sediment from the reservoir can significantly distort the river’s
natural probabilistic sedigraph (i.e., sediment duration curve) down-
stream of the dam site during the month of June, when flushing occurs
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most frequently. Sediment discharge increases not only on average, but
also in the more extreme quantiles of the probability distribution,
creating the potential for significant ecological impacts downstream
(Wild and Loucks, 2016). One potential solution is to increase the fre-
quency of flushing, though this creates a tradeoff with the objective to
maximize annual energy production.

3.4. Formulation II: Discovering Tradeoffs

3.4.1. Formulation II overview

While the three Screening formulation rule curves potentially
represent reasonable efforts at maximizing performance among three
objectives, there is no guarantee these policies perform well compared
to other possible operational rules or that they perform well under un-
certainty. Moreover, it is difficult to assess how the expert-defined
operational rules are striking compromises across the complex trade-
offs that likely exist across ecological concerns and power production.
Ending the analysis at the Screening formulation could misrepresent
Sambor EA’s potential to achieve balanced ecology-energy outcomes.
This motivated the need for the Discovering Tradeoffs (i.e., “Tradeoffs”)
formulation, in which we conduct an optimal search for policies
designed to perform well across multiple objectives under uncertainty.

The Tradeoffs formulation seeks to identify, rather than pre-specify,
alternative reservoir operating policy alternatives that perform well on
average under hydrologic uncertainty. As shown in Fig. 6, this formu-
lation seeks to identify policies that perform well with respect to a subset
of four of the performance metrics that demonstrated strong tradeoffs
and decision relevance in the Screening formulation. Namely, reservoir
sediment trapping and storage capacity loss metrics are dropped
compared to the Screening formulation, and finer temporal scale is
adopted for the adult fish passage and sediment flushing metrics.

Rather than seeking to identify a single “optimal” operating policy,
PySedSim’s multi-objective simulation-optimization approach identifies
the suite of candidate operating policies whose performance in at least
one objective cannot be improved without degrading performance in
one or more of the remaining objectives (i.e., Pareto approximate so-
lutions). A fully coupled multi-objective evolutionary algorithm
(MOEA), the Borg MOEA (Hadka and Reed, 2013), parameterizes and
iteratively refines operating policies, optimizing them in response to
their simulated performance with respect to four metrics. Reservoir
operating policies take the form of parameterized non-linear gaussian
radial basis functions (RBFs). These RBF parameters serve as the deci-
sion variables the MOEA uses to control policy performance. Addition-
ally, the Tradeoffs formulation includes three sediment management
variables in its optimal search related to sediment flushing: (1) the fre-
quency of sediment flushing operations, constrained from 1 to 15 years;
(2) the day of the year on which to begin considering flushing the
reservoir, constrained from days 120-225 to avoid dry season and
monsoon conditions (Wild et al., 2016); and (3) the reservoir inflow rate
(m%/s) triggering flushing drawdown to occur, constrained from
6000-10,000 m®/s. Section V of the Supplement contains a summary of
key MOEA-related assumptions across formulations, and the perfor-
mance of the MOEA in relevant formulations.

3.4.2. Formulation II results

The four-objective ecology-energy tradeoffs (in Fig. 9) resulting from
the Tradeoffs formulation provide a broader context for understanding
key performance conflicts and for exploring diverse stakeholder pref-
erences. Fig. 9 represents the best approximation for Sambor EA’s con-
trol policy tradeoffs accumulated across 25 trials of MOEA-based search.
For visual clarity, Fig. 9 only displays a representative subset of 100
policies from the approximately 500 in the original set. PySedSim
processing reference_set module optionally automates this thinning using
the concept of e-dominance (Laumanns et al., 2002). In Fig. 9, each of
three axes corresponds to a different objective, while color represents a
fourth objective to maximize dry season flow rate spilled into the bypass
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Fig. 9. Visualization of tradeoffs in performance across four objectives (energy, larvae, adult fish and sediment) in the Tradeoffs formulation for Sambor EA dam.
Each plotted point represents a different candidate operating policy. The three expertly-derived rule curve policies from the Screening formulation are also

highlighted.

channel to attract migrating fish. The direction of better performance in
Fig. 9 is toward the upper right of the figure, as marked by black arrows.
The theoretical ideal policy in Fig. 9 is represented by a blue star at the
upper right of the plot.

The Screening formulation policies are included among the reference
set of the Tradeoffs formulation policies in Fig. 9 to facilitate compari-
son. Each of the three pre-specified rule curves was dominated (i.e.,
outperformed in all four objectives) by at least one member of the
Tradeoffs formulation reference set of control policies identified through
optimization, when re-evaluated with random sequences of inflow hy-
drology and sediment loads (via the processing reference_set module).
While the Screening formulation policies were outperformed, they were
still close to optimality. However, the Screening formulation policies all
reside in one extreme region of the broader tradeoff frontier discovered
in the Tradeoffs formulation. Thus, while pre-specified rule curves may
perform reasonably well without any optimization, it is nevertheless
very difficult to capture the complex, nonlinear nature of the tradeoff
frontier by designing a small set of pre-specified policies. This result
clearly demonstrates the value of identifying rather than specifying
operating policies in a river basin infrastructure planning context.

The Tradeoffs formulation results show that reducing the magnitude
of sediment load released during flushing requires a tradeoff with energy
production. Importantly, the Tradeoffs formulation was designed with
no long-term sediment passage objective because the Screening formu-
lation results (Fig. 9) showed that the combination of sluicing and
flushing, and small storage capacity relative to annual inflow, would
likely enable highly effective sediment passage at Sambor EA. However,
the quantity of sediment load released during flushing events is of
ecological importance. Fig. 9 reveals that some policies produced an
average sediment load release during flushing events of up to 18 Mt/d.
In contrast, the natural daily sediment load during the monsoon season
is 1 Mt/d (Koehnken, 2014). Policies with ecologically problematic
sediment releases (toward the front and bottom of Fig. 9a) also produced
the most hydropower, and vice versa. The presence of this important
tradeoff underscores the value of PySedim’s flexibility to include
flushing-related parameters in the optimal search process. This tradeoff
occurs because emptying a reservoir to conduct flushing reduces energy
production, so policies prioritizing energy production flushed as

infrequently as possible, thus releasing much larger sediment loads
during flushing events.

Finally, the presence of blue- and green-colored policies (i.e., with
the highest bypass spillage rates) throughout much of the tradeoff space
in Fig. 9 demonstrates that this objective is not in strong conflict with
other objectives as anticipated. The lower limit of the color bar (5200
m>/s) shows that even the poorest performing policies with respect to
fish bypass flow were still on average spilling in excess of 50% of the
main stem’s 13,200 m®/s mean annual flow rate into the bypass chan-
nels. Given that all policies in the Tradeoffs formulation performed well
with respect to mean annual bypass flow rate, the Alternatives formu-
lation was designed to include a dry season bypass flow objective to
evaluate fish passage potential in both seasons. A dry season energy
production metric was also created in the Alternatives formulation to
enable better understanding of the energy sacrifice required to pass dry
season larvae and adult fish.

While Fig. 9 is a crude representation of tradeoffs across complex
ecological objectives, it nevertheless facilitates a detailed discussion
among decision makers and technical experts regarding how to define
acceptable ecological performance targets, in order to navigate tradeoffs
in search of a subset of candidate alternatives. Literature regarding
ecological performance metrics and thresholds is sparse in the Mekong,
in large part due to the paucity of data describing the life cycle processes
of over 1200 species of fish. The Mekong River Commission (MRC) de-
fines effective fish passage as “providing safe passage for 95% of the
target species under all flow conditions” (Mekong River Commission,
2009). While it is not straightforward to directly apply this criterion to
fish pass flow rates, it can readily be applied to larvae passage flow rates.
Referring to Fig. 9, policies that only meet or exceed this 95% criterion
would require substantial (and likely economically nonviable) energy
production losses. This result initiated some key questions and extensive
debate regarding the temporal and statistical definition of the 95% cri-
terion. For example, given fish life cycle processes in the wet season
contribute relatively more to the fishery’s productivity, could sustain-
able fishery outcomes still result from a compromise in which the cri-
terion is met more frequently in the wet season as opposed to the dry
season? Also, is the criterion defined only for average conditions, or does
it need to be met even in worst case conditions? Given the potential
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impact of Sambor EA on the appreciable socioeconomic value of the
Mekong fishery, we pursued the Alternatives Formulation, in which
ecological objectives are optimized with respect to an approximation of
worst-case conditions (i.e., 1st percentile of performance metric CDFs)
(Quinn et al., 2017). Maximizing performance in worst-case conditions
is likely to produce policies robust to future hydrologic uncertainty that
perform well even in the worst (e.g., drought) years. Recent geopolitical
tension resulting from drought conditions (Stone, 2010) underscores the
value of such policies.

3.5. Formulation III: Refining Alternatives

3.5.1. Formulation III overview

The Screening formulation sought to identify a subset of decision-
relevant metrics from among a large set, while the Tradeoffs formula-
tion took that subset of metrics and sought to identify a wide array of
alternative operating policies that perform well across that subset of
measures. However, the presence of sharp tradeoffs among energy and
ecological objectives in a critical and sensitive ecosystem such as the
Mekong naturally raises questions about how best to carefully define
ecological performance metrics and thresholds. In response, the
Refining Alternatives formulation (“Alternatives”) reflects a shift in
focus to more carefully defining ecological performance metrics, and
navigating the resulting refined tradeoffs in search of candidate alter-
natives. Specifically, Fig. 6 shows that larvae passage is converted into a
seasonal variable to discover strategies more capable of facilitating
ecologically critical wet season larvae passage. Dry season larvae pas-
sage is also evaluated, which is why two larvae metrics appear under
Formulation III in Fig. 6. Additionally, the sediment flushing metric is
converted into a daily metric to reflect the ecological impacts of large
sediment releases over very short periods of time. Given the potential for
problematic ecological performance in this critical ecosystem, the Al-
ternatives formulation also shifts all performance metrics to definition in
the worst first percentile rather than the mean. This ensures that policies
will be robust, in that they will be designed to perform well in an
approximation of worst-case conditions (Quinn et al., 2017). A worst
first percentile (i.e., the 1st or 99th) was used as an estimator to
approximate worst case behavior because quantiles are more stable and
convergent than the maximum or minimum values resulting from a
given stochastic simulation, as is commonly done in robust optimization
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(Taguchi, 1986; Quinn et al., 2017; Stedinger et al., 1993; Castelletti
et al., 2012; Beyer and Sendhoff, 2007).

3.5.2. Formulation III results

The Alternatives formulation differs from previous formulations
primarily in its conservative approach to defining worst-case (i.e., 1st
percentile) metrics. The parallel axis plot in Fig. 10, which is reproduced
from Wild et al. (2019a) for purposes of comparing formulations, sum-
marizes the tradeoffs across the six objectives that define the Alterna-
tives formulation. Each vertical axis represents performance for one of
the six objectives. The axes are oriented such that performance improves
moving vertically upward on each axis. Each line represents a different
operating policy. Each policy’s performance is designated by where it
intersects each vertical axis. The steepness of the diagonal lines between
two adjacent axes displays the degree of tradeoff for solutions between
the two objectives. The theoretical ideal policy would be a single blue
horizontal line crossing at the top of all the axes. Rather than repre-
senting objectives defined in the mean, the performance of policies in
Fig. 10 represents an approximation of worst-case conditions by evalu-
ating performance in the 1st percentile of the CDF of corresponding
performance metrics.

Fig. 10 reveals the potential for 1st percentile performance to be
significantly worse than mean performance. For example, dry and wet
season larvae passage performance can be as poor as 18% and 40%,
respectively, compared to 56% in mean annual conditions. Also, sedi-
ment loads can be over twice as large in worst-case conditions. Addi-
tionally, the Tradeoffs formulation (Fig. 9) did not reveal a particularly
strong tradeoff between mean annual fish bypass attraction flows and
other objectives. Conversely, Fig. 10 shows worst-case dry season flows
can be below 500 m3/s. Depending on the timing of these discharge
values, this could potentially represent less than 10% of dry season main
stem discharge, which would supply less than the generic 10% fish pass
criterion employed in many studies (Thorncraft and Harris, 2000).

Numerous policies in Fig. 10 reflect this problematic dry season flow
condition. Referring to Fig. 10 (third axis), a cluster of red-colored
policies creates very low worst-case bypass attraction flows for fish
migration during the dry season. However, many of these same policies
create hydraulic conditions in the reservoir capable of achieving high
levels of dry season larvae passage (fourth axis). These policies also
significantly reduce high-value dry season energy (fifth axis), because
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Fig. 10. Parallel coordinate plot demonstrating multi-objective tradeoffs for the Alternatives formulation, as shown in Wild et al. (2019a).
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the site’s hydraulics (Fig. S1 in the Supplement) require extensive
drawdown to increase inflow and thus velocities. This requires directing
more water down the main stem instead of spilling it into the bypass.
This existence of a potential tradeoff among ecological objectives
themselves (i.e., larvae and adult fish passage), as opposed to between
energy and ecological objectives, was entirely unforeseen, and was not
clearly identified in Formulations I and II. The appearance of problem-
atic performance and unforeseen tradeoffs underscores the benefit of an
iterative formulation approach (Fig. 1) in a complex, multi-stakeholder
river basin decision context.

Having identified rich tradeoffs across multiple probabilistic sea-
sonal fish life cycle and energy production metrics, it is next possible to
navigate Fig. 10 in search of potential solutions worth exploring in more
detail. Three policies highlighted in Fig. 10 (“Energy”, “Compromise”,
and “Larvae”) illustrate examples of different candidate decision pref-
erences. The “Larvae” policy achieves acceptable fish-related perfor-
mance in 95% of days in both seasons with hydraulic conditions
conducive to larvae passage. The “Larvae” policy performs poorly in the
dry season larvae passage objective, making this policy less attractive
across stakeholder interests. Just as with the “Larvae” policy, the “En-
ergy” policy in Fig. 10 performs poorly with respect to the larvae flow
fraction objective. In response to the potentially problematic multi-
objective performance of the “Larvae” and “Energy” policies, we high-
light a potential “Compromise” policy. The “Compromise” policy shows
that compromising on larvae passage in both seasons could significantly
improve energy production compared to the “Larvae” policy, while also
significantly improving rates of dry season bypass spillage for fish
migration and reducing the magnitude of flushed sediment loads. This

Formulation I:
Problem
Screening

Formulation IlI:
Discovering
Tradeoffs

Environmental Modelling and Software 136 (2021) 104947

policy prioritizes wet season larvae passage because of its relative
importance to the fishery, achieving 90% larvae performance in the wet
season, but only 60% in the dry season. Rarely will a single formulation
of a particular problem result in the refined insight and compromise
solutions that result from Fig. 10. The iterative approach to problem
formulation and refinement (of complexity in representing un-
certainties, objectives, and reservoir operations) described in Fig. 1 ul-
timately enabled more distinct tradeoffs to take shape and potential
compromises to be identified.

3.6. Reservoir operations

To better understand the new knowledge that is gained in each
successive problem formulation, it is helpful to view the operating
policies of which the tradeoffs are comprised. Fig. 11 plots a represen-
tative subset of reservoir operating policies from each formulation. Each
column of figures represents a different formulation. The top figure in
each column represents simulated mean monthly Sambor EA water
surface elevation, while the lower figure represents the reservoir release
rate resulting from the operating policy. Each colored line represents a
different operating policy. (The dashed gray line in the lower row of
figures represents the mean monthly main stem flow rate at the reservoir
site. Main stem flow rate is included, as opposed to reservoir inflow,
because it remains the same across the formulations and policies.
Reservoir inflows differ across policies as a result of the site’s hydraulic
configuration, which induces different inflow rates depending on the
reservoir’s water levels, as shown in Fig. S1). The Screening formulation
policies represent the three expert-specified rule curves introduced in
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Fig. 7. The Tradeoffs formulation and Alternatives formulation policies,
selected from the reference sets of their respective formulations, repre-
sent the very best performing policies for each objective. Hence, the
number of policies grows as the formulations evolve to reflect the
increasing number of objectives in those formulations. Colors are used to
reflect four objective themes: energy, larvae, adult fish, and sediment.
Solid lines are used to distinguish policies corresponding to objectives
defined in the mean, whereas dotted lines correspond to objectives
defined in the 1st percentile. Each policy was reevaluated using
randomly generated sequences of inflow hydrology and sediment loads
that were not used during the identification (i.e., pre-specification or
optimization) of the policies.

Beginning with the Screening formulation, Fig. 11a and b show that
the energy policy and fish policy maintain similar water levels and
similar reservoir releases. This important finding, which suggests (at this
dam site) that energy-focused operations naturally produce conditions
favorable for adult fish passage, is a direct result of the reservoir’s
unique ecologically-oriented hydraulic design, which naturally induces
significant spillage into the reservoir’s anabranch channel at the reser-
voir water levels required for significant energy production. Second, the
operational strategy required for managing larvae (i.e., Larvae rule
curve) requires maintaining low reservoir water levels (Fig. 11a) while
main stem flow rates (Fig. 11b) are low. Water levels are increased only
when flow rate (and corresponding velocity) increases to create condi-
tions with sufficient sustained velocity to pass larvae through the
reservoir. These strong seasonal differences in policies underscore the
importance of PySedSim’s flexibility to define objectives seasonally. In
comparison to the Screening formulation, the Tradeoffs formulation
policies (Fig. 11c and d) reflect the methodological differences in the
approaches used to define the policies (i.e., optimization versus pre-
specification). For example, the optimization-based Tradeoffs formula-
tion produces a more refined larvae-focused policy that maintains lower
water levels for longer into the dry season than the corresponding policy
from the Screening formulation. Key differences in policies from the
Alternatives formulation in comparison to policies from the Tradeoffs
formulation are a direct result of the use of objectives defined (1)
seasonally rather than only annually, and (2) in the 1st percentile versus
the mean. For example, the policies performing the best with respect to
wet and dry season larvae passage carefully time their reservoir
emptying and refill processes very differently, keeping water levels
lower during their respective seasons of focus. These policies are espe-
cially conservative, seeking to avoid poor performance even in the worst
years. For this reason, water levels are kept lower, and for longer du-
rations, than would otherwise be necessary.

The most important general result from Fig. 11, which is most
evident in Fig. 11e and f, is the vast space of reservoir operation possi-
bilities, and resulting differing multi-objective performance, that exist at
such a hydrologically small reservoir. Hydrologically small reservoirs
are widely regarded as relatively benign alternatives not requiring
careful intra-annual operation. Fig. 7 demonstrates that this general-
ization is unlikely to apply to dams such as Sambor EA that have a
diverse array of design features oriented toward improving sediment
and fish passage. This demonstrates the importance of tools with
PySedSim’s flexibility in river basin infrastructure planning applications
wherein ecologically-focused changes to the SDO features of planned
dams are of interest. The importance of reservoir operations in this case
study highlights the potential drawbacks of focusing solely on spatial
optimization of dam locations in identifying alternative hydropower
portfolios (Ziv et al., 2012; Schmitt et al., 2018; Opperman et al., 2015;
Jager et al., 2015). Failing to search for reservoir operation options
could constrain the potential to identify more balanced alternatives to
proposed dams.

4. Conclusions

Intensive and pervasive hydropower dam development is expected
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over the next several decades, including in some of the world’s most
ecologically diverse river basins (e.g., the Mekong, Congo, and Amazon)
(Winemiller et al., 2016; Vorosmarty et al., 2010; Zarfl et al., 2015;
Moran et al., 2018). This infrastructure development, as planned, is
expected to result in severe consequences for ecosystems, as well as for
the hundreds of millions of impoverished people who depend on riverine
ecosystems to support their food security and economic welfare
(McIntyre et al., 2016). These ecological impacts are anticipated
because hydropower dams are typically sited, designed, and operated to
maximize power production rather than to preserve ecosystem health
and productivity (IFC, 2015). To strike more balanced performance
across ecological, energy, food, and other potential objectives in these
contexts will require re-thinking the traditional approach to hydropower
planning in at least two respects. First, rather than focusing on planning
one dam at a time, long-term hydropower planning should more stra-
tegically consider the cumulative interactions and impacts of all existing
and planned dams (Sabo et al., 2017; TNC, 2016; Ziv et al., 2012;
Opperman et al., 2015; Grill et al., 2014; Cronin et al., 2016; Kondolf
et al., 2018; Schmitt et al., 2018; Wild et al., 2019a; Schmitt et al., 2019;
Intralawan et al., 2018; Song et al., 2020; Grill et al., 2015; Roy et al.,
2020). This could produce positive outcomes, such as building first those
dams that marginally produce the most power relative to their negative
(e.g., ecological) impacts. Second, significant modifications will be
required to the siting, design, and operation (SDO) features of planned
dams (Wild et al., 2019a), particularly those expected to be most im-
pactful in the context of sensitive ecosystems. To facilitate this transition
toward identifying hydropower alternatives with more balanced per-
formance, this paper and its Supplement introduce and describe the
features of the PySedSim modeling framework and its successful appli-
cation in a real hydropower planning context.

PySedSim is an open-source, object-oriented, Python-based, daily
time step river basin simulation model for flow, sediment, and hydro-
power in networks of reservoirs and river channels capable of exploring
ecologically-oriented SDO alternatives. PySedSim is designed for use in
feasibility and pre-feasibility (IFC, 2015) screening assessments of
alternative river basin infrastructure plans involving reservoirs. The
model is flexible, both in its software design and its core functionality
and features. PySedSim users can explore representations of four key
concerns relevant to the selection and evaluation of alternative reservoir
configurations, particularly in the ecologically sensitive contexts
described earlier: 1) management approaches to improve the passage of
sediment through and around reservoirs to avoid storage capacity loss
and downstream ecological impacts; 2) search for flexible and adaptive
alternative reservoir operating policies designed to achieve multiple
objectives; 3) alternative design features such as dam gates, reservoir
bypasses, and other hydraulic infrastructure, which are necessary to
enable ecologically focused reservoir operational practices (e.g., fish
and sediment passage); and 4) uncertainties in hydroclimatic drivers
and in the physical processes of sediment production, transport, reser-
voir trapping, and reservoir management. While some existing river
basin modeling tools can address one or several of these concerns, we
know of none that address them all in a single tool. PySedSim has a
software architecture that allows users to exploit these four core features
in a manner that facilitates rapid testing of alternative SDO problem
formulation hypotheses. This is integral to facilitating exploration and
evaluation of candidate hydropower SDO modifications that may be
necessary to reduce reservoirs’ impacts on the ecological integrity of
river basins. Indeed, the most effective modeling tools and scientific
studies in influencing policy agendas have often been those that change
the way key issues are defined and framed, and on the array of options
for dealing with issues that are considered, rather than only the actions
that are ultimately taken (Cash et al., 2003).

PySedSim was used in a multi-year, multidisciplinary study con-
ducted in partnership with the Government of Cambodia (GoC) seeking
to identify and evaluate alternative dam sites, designs, and operation
(SDO) options as candidates to replace the proposed Sambor Mega Dam



T.B. Wild et al.

on the Mekong River (Wild et al., 2019a; NHI, 2017). As proposed,
Sambor Dam would be one of the world’s longest and most environ-
mentally impactful hydropower dams, spanning 18 km across the lower
Mekong River’s floodplains, with the potential to trap significant
quantities of sediment critical for downstream ecosystems (e.g., the
Vietnam Delta), and block the migration routes for over 50 species of
fish. Using PySedSim, we focused on one particular alternative dam
location and design (Sambor Ecological Alternative, or Sambor EA), and
iteratively explored tradeoffs across multiple conflicting ecological and
hydropower objectives of decision relevance, seeking to produce the
information needed to allow the GoC to identify what they considered
the most balanced plan. This iterative problem formulation process
exposed us to the complexity of this system we were analyzing and the
need to address a succession of new questions and issues as we pro-
ceeded. In this paper, we describe three alternative problem formula-
tions that capture the evolution of this iterative decision support
process. Each formulation builds upon prior formulations to arrive at the
final recommendations to decision makers (NHI, 2017). Through these
system representations, which naturally grow in complexity, we show
that as operating policies were searched for rather than pre-specified, as
more conflicting objectives were identified and included, and as more
uncertainty was acknowledged, new objectives of interest, and tradeoffs
among them, emerged. This increasing insight changed the way the
problem was framed and also revealed new options for satisfying mul-
tiple objectives that were not previously considered. The flexibility of
the modeling tools, both in software design and functionality, to itera-
tively explore and discover increasingly realistic formulations that
reflect diverse stakeholder preferences greatly enhanced the discussions
with the GoC surrounding river basin development that have been tak-
ing place. PySedSim could similarly be used to enhance the discussion
surrounding river basin development that is currently taking place in
other river basins globally. PySedSim’s capacity to contribute solutions
to challenging problems in these contexts can be enhanced by exploring
new linkages with frameworks in the following areas: many-objective
robust decision making (Hadjimichael et al., 2020; Hadka et al., 2015;
Kasprzyk et al., 2013), power systems (Chowdhury et al., 2020a,b),
energy-water-land nexus planning and management (Khan et al., 2020),
and sensitivity analysis (Herman and Usher, 2017).
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