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Western U.S. freshwater ecosystem challenges

‘The heavy reliance upon ESAs to manage freshwater ecosystems—and native biodiversity in general—is 
not  working. They are specifically designed to prevent  extinction...They are not designed or implemented  
to manage ecosystems for multiple objectives…’ (Mount et al., 2019)

CA freshwater species under ESA CA freshwater species vulnerable to extinction in 
next major drought

2
Mount et al., 2019
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‘…a new strategy for river system management is 
needed. This new strategy is underscored by the oft-
cited paradox that more human intervention is 
needed to restore ecological balance to systems that 
were originally unbalanced by human actions’ 
Brodeur et al., In Press



An Environmental Water Manager as a potential solution

Adaptive actions across multiple timescales

Real-time response to ecological 
conditions

Long term management of ecological water
(Protect, Maintain, Recover, Enhance)

Mount et al., 2016
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An Environmental Water Manager (EWM) as a potential solution
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Structure

Ecosystem Based Management
Function

Functional Flows

Water Quality

Translating environmental flows science to adaptive river system management

Environmental Water Budget

Environmental flow objectivesEnvironmental flow strategies

Brodeur et al., 2026; 
Mount et al., 2019



Understanding EWM potential through an adaptive decision-
making modeling framework

state 
aware

information 
uncertainty

multiple 
horizons

multiple 
benefits 

(objectives)

multiple 
decision 

timescales

adaptive 
decisions

EWM

Adaptive decision-making model
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An environmental water management model to simulate EWM 
adaptive decision-making

7
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Reservoir simulation model

EWB

20% Annual 
Inflow

ML emulator approach 
for water temperature 

Stylized representation 
of Shasta reservoir

Historical Shasta demands

Null et al. 2024

Core elements of the adaptive environmental water 
management model
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Current inflow

Temperature performance

Reservoir release

Day of water year

Reservoir storage

Model inputs
System States
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Core elements of the adaptive environmental water 
management model

Sunkara et al., In Preparation



90th percentile

10th percentile

Median

Model inputs
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Forecasted System States

Core elements of the adaptive environmental water 
management model

Sunkara et al., In Preparation



90th percentile

10th percentile

Median

Model inputs
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Core elements of the adaptive environmental water 
management model

Long-range forecast uncertainty is both 
an explicit decision-making input to the 
model as well as a key element of model 
state information.

Specifically, how much environmental 
water budget is left for the year is an 
uncertain quantity determined by 
forecasts, emulating real-world context

Sunkara et al., In Preparation



Core elements of the adaptive environmental water 
management model

System objectives
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Systems model + inputs

Enviro. 
Objectives

Human 
Objectives

Sunkara et al., In Preparation



Exploring adaptive management solutions

System optimization
Find the set of optimal tradeoff solutions 
across 4 objectives (3 Enviro + 1 Human)

13
Sunkara et al., In Preparation

Functional Flows

BaseflowTemps

System



Exploring adaptive management solutions

System optimization
Find the set of optimal tradeoff solutions 
across 4 objectives (3 Enviro + 1 Human)
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Functional Flows

BaseflowTemps

System
Borg evolutionary optimization algorithm:
▪ State-of-the-science for complex, high-

dimensional optimization problems
Hadka & Reed, 2013



Exploring adaptive management solutions
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Sunkara et al., In Preparation

Functional Flows

BaseflowTemps

System

Functional 
Flows Baseflow Temps System

Parallel axis plot to visualize tradeoffs
Ideal

Optimal tradeoff solution

Sub-optimal solution



Historical baseline 
performance across all 
objectives

EWM adaptive environmental water management insights: 
Tradeoffs between system objectives
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Each line is a potential 
adaptive management 
strategy

Tradeoff between objectives (e.g. baseflow 
reliability vs temperature performance)

EWM adaptive environmental water management insights: 
Tradeoffs between system objectives
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Best demand: 
Minimizing worst human 
demand shortages

Compromise solution: 
Minimizes sacrifices equitably 
across objectives

EWM adaptive environmental water management insights: 
Tradeoffs between system objectives

We can select solutions with different management preferences to 
understand the impact on system tradeoffs, human vs environmental 
and environmental vs environmental
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High variability in year-to-year 

storage dynamics

EWM adaptive environmental water management insights: 
System dynamics for different management strategies

Day of Water Year

19
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High variability in year-to-year 

storage dynamics

EWM adaptive environmental water management insights: 
System dynamics for different management strategies

Constrained storage 

variability to achieve 

optimal compromise

More variability to meet 

downstream human 

demands

Day of Water Year Day of Water Year Day of Water Year
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EWM adaptive environmental water management insights: 
The time-varying value of information sources

Compromise Combination of forecast 

information dominant early in 

Water Year
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EWM adaptive environmental water management insights: 
The time-varying value of information sources

Compromise Uppermost ensemble members 

most important input
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EWM adaptive environmental water management insights: 
The time-varying value of information sources

Compromise

Storage and inflow become 

highly important inputs later in 

Water Year

23
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EWM adaptive environmental water management insights: 
The time-varying value of information sources

Compromise Best Demand

24
Time-varying, value-of-information dynamics differ 
between adaptive management strategies



Future Work: Synergies w/emerging strategies

Environmental water markets

Forecast Informed Reservoir Operations (FIRO)

Synergies
• Modeling tools and strategies
• Institutional and operational flexibility
• Improvements to water supply 

reliability for the environment
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Key takeaways

26

▪ An Environmental Water Manager (EWM) is a potential solution to maximize the 
ecological performance of managed river systems

▪ Exploring potential EWM benefits via models requires representation of state-
aware, multi-timescale actions across multiple human and environmental objectives

▪ Our adaptive environmental water management model enables this exploration 
through novel coupling of water systems and quality models and the integration of 
forecast information

▪ We can develop insights into system tradeoffs, system dynamics, and the value of 
information under different adaptive environmental water management strategies
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Global freshwater ecosystem challenges

‘Freshwater ecosystems cover <1% of earth’s surface, but host ~1/3 of vertebrate species and 10% of all 
species’ (Tickner et al., 2020)

‘Riverine ecosystems provide services to billions of people, yet remain among the most undervalued, 
overexploited, and degraded ecosystems worldwide’ (Arthington et al., 2024)



Global freshwater ecosystem challenges

‘…an estimated ∼50% of the global river volume is currently altered by either flow regulation or 
fragmentation, the pending construction of ∼3,700 major hydropower dams is expected to increase this 
percentage to 93%’ (Barbarossa et al., 2020)

Grill et al., 2019

Free-
flowing 
rivers

Highly 
altered 
rivers

30



Future Work: Stochastic scenario development and EWM 
robustness

Streamflow

Temperature

Demands

…

Stochastic inputs EWM adaptive decision-making robustness

31



Borg evolutionary optimization algorithm:
▪ State-of-the-science for complex, high-

dimensional optimization problems

Core elements of the adaptive environmental water 
management model

System optimization
Find the set of non-dominated solutions 
across 4 objectives (3 Enviro + 1 Human)

32
Sunkara et al., In Preparation

Hadka and Reed, 2013



Future Work: Real-world applications

Forecast Informed Reservoir Operations 
(FIRO)

Willamette River System

▪ System contains 13 USACE dams
▪ On the docket for major FIRO 

implementation effort starting 2026
▪ Large variety of environmental water 

management challenges

Environmental Water Management

EWM 
impacts?
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Alternative EWM policies identified through optimization

Each vertical axis is an 
objective function

Preferred direction of 
performance
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129 million cubic 
meters is the worst 
median annual deficit

Number of days in 
timeseries temperature 
exceeds thresholds

79% of time 
baseflows are 
satisfied

Alternative EWM policies identified through optimization

77% of time 
functional flows 
are satisfied
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Historical baseline 
performance across 
all objectives

Alternative EWM policies identified through optimization
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Each grey line – 
optimized EWM 
policy

Alternative EWM policies identified through optimization

Tradeoff between objectives
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Optimized policies have better 
performance than the historical baseline

Alternative EWM policies identified through optimization
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We select two solutions for further exploration

Compromise 
solution: Social 
planner perspective

Best demand : Water 
user perspective
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Variation in importance of state information for compromise policy
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Variation in importance of state information for compromise policy
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Variation in importance of state information for compromise policy

MonthR
el

at
iv

e 
d

is
tr

ib
u

ti
o

n
 s

h
if

t 
ex

p
la

in
e

d
 [

%
]

Forecast information is important during beginning of 
water year considering its uncertainty

Reservoir storage is 
important towards end of 
water year
• Satisfy water demands 

during summer 
• Maintain river flows 

downstream

Temperature has the 
least contribution
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Variation in importance of state information for compromise and best 

demand policy
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Median forecast information is 
important for demand focused 
policy to estimate releases



Building off an EWM conceptual framework

Conceptual 
EWM 

framing

Quantitative 
EWM demo 

Brodeur et al., In Review

EWM Conceptual FrameworkProject efforts
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EWM elements: Ecosystem-Based Management
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EBM is a management strategy that:
• leverages flexible and robust governance structures
• targets improved ecosystem conditions for biodiversity
• accounts for coupled natural-human system dynamics
• prioritizes multi-benefit actions over species-specific

Ecosystem structure Ecosystem function

(Mount et al., 2019)



46

EBM benefits from an EWB: 
• prescribed volume of water w/senior water right 
• dedicated solely for environmental purposes
• should include both storage and inflow capacity
• can be adaptively allocated with the quantity, quality, 

and timing for the greatest ecosystem benefits
EWB Functional Flows

Water Quality

(Mount et al., 2019; Null et al., 2024)

EWM elements: Environmental Water Budget



Translating the EWM concept to a pilot model
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State information Action space

Conceptual Framing

Modeling problem formulation

Modeling challenges:
• State-aware, adaptive agent 
• Actions across multiple timescales for 

multiple benefits 
• Uses information across time-horizons 
     (current obs → long-range forecasts) 
• Informational uncertainty

Modeling opportunities:
• Adaptive decision-making frameworks
• Systems model coupling strategies
• Uncertainty aware optimization
• Advanced hindcast datasets



Abstracting the EWM with EMODPS 
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We utilize EMODPS to explore EWM adaptive environmental water management 
strategies and interrogate their outcomes



Simulation model setup
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Stylized representation 
of Shasta reservoir

Simulation modeling 
framework

EWB

20% 
Annual 
Inflow

ML emulator approach 
for water temperature 

Historical Shasta demands

Null et al. 2024



High resolution temperature model: CE-QUAL-W2
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We first develop a high-resolution temperature model with a representation of 
Shasta Reservoir’s Thermal Control Device (TCD)

CE-QUAL-W2 Hydrodynamic & 
Water Quality Model

Shasta Thermal Control Device 
(TCD) diagram



High resolution temperature model: CE-QUAL-W2
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We implement a plausible, ‘cold pool conserving’ rule-based selective 
withdrawal scheme 

Shasta Thermal Control Device 
(TCD) diagram

Rule-based TCD scheme
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Observed
CE-QUAL-W2 simulation

Simulations from this model capture Shasta observed dynamics well with a bit of 
low bias*

*Note: There is no historical record of actual TCD decisions

High resolution temperature model: CE-QUAL-W2



Lightweight LSTM temperature emulator
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We fit a computationally efficient deep learning emulator to the outputs of the 
high-resolution temperature model using the same inputs
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Computational tractability:
CE-QUAL-W2 runtime: ~15 min
LSTM runtime (prediction): <<<1 sec

Lightweight LSTM temperature emulator

Out-of-sample testing



EWM EMODPS input variables
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Inflow in the current period

Temperature Satisfaction

Reservoir Release

Day of water year

Reservoir Storage

Input Variables: 
System States



EWM EMODPS input variables
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Input Variables: 
Time-to-go forecasts

90th percentile

10th percentile

Median



‘Time-to-go’ forecast usage

Real-world
 (San Joaquin River Restoration Program)

Research
 (Adaptive Function Flows Model)

Yarnell et al., 2024

Johnson, 2024 Water year type updates 
based on WY forecasts



HEFS hindcast dataset for Shasta (1989-2023)
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Daily historical 
observations 
(1990-2023)

Daily NOAA/NCEP Global 
Ensemble Forecast (GEFS) 
version 12 hindcasts
(1990-2023)

1980-2022 daily 
climatology of 
temp/precip

365-day forecast 
(1993-10-01 example)



Time to go forecast for 
WY 2021 – Jan 1

Cumulative forecast for WY 
2021 – Jan 1

90%

10%

50%

Time-to-go WY forecasts

Inflow observed (e.g. 90-day observed inflow @ Jan 1)

+
Inflow projected (e.g. 275 day HEFS cumulative forecast @ Jan 1)

Predicting this:
End of WY 
cumul inflows



Under WY typing framework, shows:
• Real-world uncertainty about WY 

water supply outcomes 
• Decrease of uncertainty as WY end 

approaches
• Key transition periods for knowledge 

uncertainty

Can be a realistic representation of 
an EWM’s water supply knowledge at 
any state in 30-yr historical record

Increasing 
knowledge

Decreasing 
uncertainty

Key state transitions

Time-to-go WY forecasts

Actual end state



Time-to-go stochastic forecasts
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To support time varying sensitivity analysis, we developed a stochastic 
resampling technique to produce 100 random forecast samples for 1990-2023

HEFS time-to-go hindcast 
(WY 2021)

Uncertainty bounds of stochastic HEFS
(WY 2021)



EWM adaptive management through EMODPS
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state 
aware

information 
uncertainty

multiple 
horizons

multiple 
benefits 

(objectives)

multiple 
decision 

timescales

adaptive 
decisions

EWM

EMODPS



EWM EMODPS multiple objectives
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EWM objective function formulation
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2. Minimum baseflows (water quantity)

𝐽𝑓𝑢𝑛𝑐 =
σ 𝑆𝑡

𝑇

Maximize the reliability of 
functional flow satisfaction

𝐽𝑏𝑓𝑙𝑜𝑤 =
σ 𝐵𝑡

𝑇

Maximize the reliability of 
minimum baseflow satisfaction

1. Functional flows (water quantity)



65

Minimize the accumulated 
degree day failure

3. Temperature objective (water quality)

Accumulated degree day failure = sum of days with outflow temperature > 
suitable temperature threshold for cold-water salmonids

𝐽𝑡𝑒𝑚𝑝 = ෍ 𝑡𝑒𝑚𝑝𝑡 < 𝑡𝑒𝑚𝑝_𝑙𝑖𝑚𝑖𝑡

EWM objective function formulation
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4. Demand Satisfaction
𝐽𝑑𝑚𝑑 = Minimize worst 𝐦𝐞𝐝𝐢𝐚𝐧 𝐚𝐧𝐧𝐮𝐚𝐥 𝐝𝐞𝐟𝐢𝐜𝐢𝐭 across 
all demand types 

Refuges

In-Basin

Exports

System

𝜃∗ = argmin𝜃𝐽(𝜃)                                                          

𝐽 =

−𝐽𝑓𝑢𝑛𝑐

−𝐽𝑏𝑓𝑙𝑜𝑤

−𝐽𝑡𝑒𝑚𝑝

−𝐽𝑑𝑚𝑑

Demands are determined by water year type

Deficit is the difference between water supply and demand 

EWM objective function formulation



EMODPS to explore alternative EWM adaptive policies
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Reservoir

State aware Multi-objective



EMODPS to explore alternative EWM adaptive policies
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Reservoir

State aware Multi-objective

𝑢 = ෍

𝑛=1

𝑁

𝑤𝑛 exp −
𝑋𝑛 − 𝑐𝑛

𝑟𝑛

2

Radial Basis Function (RBF)



EMODPS to explore alternative EWM adaptive policies
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Reservoir

State aware Multi-objective

Reservoir

Reservoir

Reservoir

Policy 1

Policy 2

Policy N



EMODPS to explore alternative EWM adaptive policies
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Reservoir

State aware Multi-objective

Reservoir

Reservoir

Reservoir

Policy 1

Policy 2

Policy N

RBF Parameter Optimization
Multi-master Borg

24 Decision variables
4 Objectives

100k NFE in ~6 hrs (Hopper, 
nodes=?)
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128 thousand acre-ft is the 
worst median annual deficit

Number of days in 
timeseries temperature 
exceeds thresholds

84% of times 
demands are 
satisfied

78% of times 
demands are 
satisfied

128

398+

Worst median 

annual shortage [TAF]

Optimization results: 4 objectives



Optimization results: 4 objectives
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Ideal solution

Tradeoff between objectives

128

398+

Worst median 

annual shortage [TAF]



Explore 2 selected solutions and Baseline
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Compromise 
solution: Social 
planner perspective

Best demand : Water 
user perspective



System dynamics for the selected solutions
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Day of water year

Median across years simulated



System dynamics for the selected solutions
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Day of water year
Less carryover storage; 

hence reduced drought 

resilience

Lower storage compared to 

compromise releasing more 

water demand satisfaction 
Higher storages to prepare 

for drought extremes 

High carryover storage – also 

manages temperatures



System dynamics for the selected solutions
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Day of water year

Median across years simulated

Percentiles of number of years 

storage is below the value

10% of the simulated 20 years; storage 

is below ~2.5 MAF at the 

corresponding day of the water year



System dynamics for the selected solutions
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Day of water year

Median across years simulated

Variation across different years 

of simulation

Also, daily dynamics captured



System dynamics for the selected solutions
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Minimum storages at the 

beginning of water year

Balanced variations across 

simulated years



Environmental water shortages
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Late Fall – Winter period have 

higher shortages compared to 

compromise/best demand 

Spring shortages are higher; reduced 

snowmelt and low inflows into reservoir

High reliability in satisfaction of 
functional flows; hence lower 
shortages
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Variation in importance of state information for compromise solution

Day of water year
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Delta index indicates sensitivity 
to state information
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Variation in importance of state information for compromise solution

Day of water year
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Forecast 
information is 
important during 
beginning of water 
year

Reservoir storage is 
important towards end of 
water year

Temperature has the 
least contribution



Future Work: Stochastic scenario development and EWM robustness
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Streamflow

Temperature

Demands

…

Stochastic inputs EWM adaptive decision-making robustness



Future Work: Synergies w/emerging strategies
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EWM

Environmental water markets

Forecast Informed Reservoir Operations (FIRO)

Synergies
• Modeling tools and strategies
• Institutional and operational flexibility
• Improvements to water supply 

reliability for the environment



Future Work: Real-world applications

84

Forecast Informed Reservoir Operations 
(FIRO)

Willamette River System

▪ System contains 13 USACE dams
▪ On the docket for major FIRO 

implementation effort starting 2026
▪ Large variety of environmental water 

management challenges

Environmental Water Management

EWM 
impacts?



Discussion
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   J  f u n c =   ∑   S t T


   J  b f l o w =   ∑   B t T


   J  t e m p = ∑    t e m p t < t e m p _ l i m i t


   J  d m d     = Minimize   worst   𝐦 𝐞 𝐝 𝐢 𝐚 𝐧   𝐚 𝐧 𝐧 𝐮 𝐚 𝐥   𝐝 𝐞 𝐟 𝐢 𝐜 𝐢 𝐭   across  


  all   demand   types  


   𝜃 ∗ = argmi  n 𝜃 J ( 𝜃 )


  J =    [      −  J  f u n c    −  J  b f l o w    −  J  t e m p    −  J  d m d ]


   u  =  ∑  n = 1 N   w n  exp  (  −    (     X n −  c n   r n ) 2 )

