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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)
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Western U.S. freshwater ecosystem challenges

‘...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
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An Environmental Water Manager as a potential solution

Adaptive actions across multiple timescales Annual+
A

Real-time response to ecological Long term management of ecological water
conditions (Protect, Maintain, Recover, Enhance)
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Examples of environmental watering objectives under different planning scenarios
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Main objective. RECOVER Main objective;: ENHANCE

> Improve ecological health > Restore key floodplain
and resilience and wetland linkages
> Improve recruitment > Enhance recruitment
opportunities for key opportunitias for key
animal and plant species animal and plant
species

Main objective: MAINTAIN

> Maintain river functioning
with reduced reproductive
capacity

> Maintain key functions of
high priority wetiands

> Manage within dry-spell
tolerances

Main objective: PROTECT

> Avoid critical loss
> Maintain key refuges
> Avoid catastrophic events
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An Environmental Water Manager (EVWM) as a potential solution

Translating environmental flows science to adaptive river system management
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Understanding EWM potential through an adaptive decision-
making modeling framework

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

adaptive decision-making
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Core elements of the adaptive environmental water
management mode]

Reservoir simulation model
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Core elements of the adaptive environmental water
management mode]

Model inputs

System States
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Core elements of the adaptive environmental water
management mode]

Model inputs

Forecasted System States

Adaptive Environmental Water
_ Management model
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Core elements of the adaptive environmental water
management mode]

T —— \ Model inputs
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Core elements of the adaptive environmental water

management mode]

System objectives

Systems model + inputs

Adaptive Environmental Water
Management model
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Exploring adaptive management solutions

System optimization
Find the set of optimal tradeoff sol

across 4 objectives (3 Enviro + 1 Human)

utions
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Exploring adaptive management solutions

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

O
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Hadka & Reed, 2013
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Exploring adaptive management solutions

Parallel axis plot to visualize tradeoffs
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EWM adaptive environmental water management insights:
Tradeoffs between system objectives
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EWM

adaptive environmental water management insights:
Tradeoffs between system objectives
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EWM adaptive environmental water management insights:
Tradeoffs between system objectives

Best demand:
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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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EWM adaptive environmental water management insights:
System dynamics for different management strategies
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EWM adaptive environmental water management insights:
System dynamics for different management strategies
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EWM adaptive environmental water management insights:
The time-varying value of information sources
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EWM adaptive environmental water management insights:
The time-varying value of information sources
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EWM adaptive environmental water management insights:
The time-varying value of information sources
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EWM adaptive environmental water management insights:
The time-varying value of information sources
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Future Work: Synergies w/emerging strategies

States - Actions Forecast Informed Reservoir Operations (FIRO)
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Key takeaways

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)
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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)
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Future Work: Stochastic scenario development and EWM
robustness
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Core elements of the adaptive environmental water
management mode]

Adaptive Environmental Water §y5tem 0ptimization
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Future Work: Real-world applications

Willamette River System Environmental Water Management
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EWM =
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= System contains 13 USACE dams Forecast Informed Reservoir Operations

= On the docket for major FIRO
implementation effort starting 2026

= Large variety of environmental water
management challenges
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Alternative EWM policies identified through optimization
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Alternative EWM policies identified through optimization
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Alternative EWM policies identified through optimization

" 85 85 20 129
U A
o
2
.
o
kS . :
= ., | Historical baseline
-% performance across
o ™ all objectives
0 77 79 157 458+
Functional flows Baseflows Degree day Worst median
reliability [%] reliability [%] failure [days] annual shortage [MCV]
- baseline

C ] ;
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Alternative EVWM policies identified through optimization

" 85 85 20 129
2 — =
ot —
p— S - .
% : “’-"‘" = Each grey line —
a > ' optimized EWM
ks .
c / policy
E Tradeoff between objectives
() i
77 79 157 458+

Functional flows Baseflows Degree day Worst median

reliability [%] reliability [%] failure [days] annual shortage [MCM]

- paseline
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Alternative EVWM policies identified through optimization

o 85 85 20 129
2 — —
g —
9 g
g = :
o
Y
o
C
o
o
O
Qv |

77 79 157 458+
Functional flows Baseflows Degree day Worst median

reliability [%] reliability [%] failure [days] annual shortage [MCM|
= baseline
\4

Optimized policies have better
performance than the historical baseline
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We select two solutions for further exploration

" 85 85 20 129
e 4 £ Compromise
() . .
o solution: Social
g planner perspective
kS
C
- Best demand : Water
é . user perspective
S 79 157 458+
Functional flows Baseflows Degree day Worst median

reliability [%] reliability [%] failure [days] annual shortage [MCM|

- paseline Compromise - Best Demand

&
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Variation in importance of state information for compromise policy

Percentage contribution by each state information

X . .
= from delta moment independent analysis
c

-E 80_

S

x

L 6o

£

c 40+

S

5

Qo  20]

7

5,

g Oct Jén Abr Jdl Sép

©

g

o

Month
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Variation in importance of state information for compromise policy

Different state
o . . . .
S 100 information considered in
- B 90th percentile forecast .
O - v the analysis
< 10th percentile forecast
o 80
% median forecast
Y 6o
= I temperature satisfaction
ﬁ inflow next day
c 40y :
o Il previous release
S
_g 20, B inflow
-
)
v m storage
© 01
U] ; ; ; ; .
> Oct Jan Apr Jul  Sep
)
0
Q
o

Month
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Variation in importance of state information for compromise policy

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

X 100
8 B 90th percentile forecast
-% 80 10th percentile forecast
o
) . Temperature has the median forecast
% least contribution B temperature satisfaction
2 20 inflow next day
o ' .
et I previous release
-}
= 201 Reservoir storage is mmm inflow
) .
R%! — important towards end of
© pm storage
0 0 water year
= Oct  Jan Apr  Jul Sep e Satisfy water demands
2 Month during summer
on . . .
* Maintain river flows
downstream

Comell r Environmental
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Variation in importance of state information for compromise and best
demand policy

Compromise Best demand

100 100; Median forecast information is

/ important for demand focused
policy to estimate releases

-

st

(o]
o

80 1

median forecast

(o)}
o

60 -
B temperature satisfaction
inflow next day

Relative distribution shift explained [%]

40 40 -

I previous release
20+ 20 - mm inflow

B storage
0 - 0 -

Oct Jan Apr Jul  Sep
Month Month
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Centerfor [ gm Defense i3
Sustainability < Fund




Building off an EWM conceptual framework

Project efforts EWM Conceptual Framework
States —> Actions
I’- ---------- ..'\\
( A | Environmental Water
( Conceptual (R:eogzlt::;cy [ Manager (Ewm) E Short term
E W M Institutional : O : E:\::({;i.n;etlianses
\ fra m | ng Sociopolitical : | Communication
1 |
N I I
1 |
! !
Quantitative . : Environmental Water :
Information I B 3 Long-term
EWM demo System states 0,0 : udget : V- Planning
Forecasts | $ ] : :- Hedging
Environment : EEEED 3 I @ Adapting
\\ EIEID ’I

Ecosystem Based Management?

Brodeur et al., In Review
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Centerfor [ gm Defense
Sustainability < Fund
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EWM elements: Ecosystem-Based Management

EBM is a management strategy that:
leverages flexible and robust governance structures
/En\—,i_r;;_n:;;;;l_v_\,;:er\ * targets improved ecosystem conditions for biodiversity
Manager (EWM) e accounts for coupled natural-human system dynamics
O e prioritizes multi-benefit actions over species-specific

Ecosystem structure Ecosystem function

States = Actions

Environmental Water
Budget (EWB)'

g ey

hS

Ecosystem Based
Management (EBM)’

e L e L L
"-——————————————————————-

-

/

Spawning
Adult

(Mount et al., 2019)
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EWM elements: Environmental VWater Budget

EBM benefits from an EWB:

States - Actions
prescribed volume of water w/senior water right

o . \
/Environmental Watery ¢ dedicated solely for environmental purposes
Manager (EWM)

O

* should include both storage and inflow capacity
e can be adaptively allocated with the quantity, quality,
and timing for the greatest ecosystem benefits
EWB

Functional Flows

4.55

"-——————————————————————-

|
|
|
|
I
I
I
I
1
|
|
|
I
I
I
I
I
I
|
|
I
|
1

=000 £
=5 ogr £
\ oo g System In-basin
N e -7 g
Ecosystem Based g W
ater ualit
Management (EBM)’ 2 _ Y
1.25 g \Q,,{A& rf > 3 o |
o Storage allocation 100% Seelhead trut : Chinook salmon
Centerfor |7/ g Defense
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Translating the EVWM concept to a pilot model

Conceptual Framing
States

Context

Regulatory -
Institutional —
Sociopolitical I

Information s

System states o o
Forecasts
Environment

/ Environmental Water
Manager (EWM)

- Actions

X

————————————

O

1

I

1

1

1

1

1

I

1

: Environmental Water
1

1

I

1

1
\
\

Y
Y
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
|
1

S ——

-------

Ecosystem Based Management?

Modeling opportunities:

Modeling challenges:

°
Short term

Enviro. releases
Coordination
Communication

Long-term

Planning Y
Hedging

Adapting

)

* Adaptive decision-making frameworks
» Systems model coupling strategies

* Uncertainty aware optimization

* Advanced hindcast datasets

Cornell
Atkinson
Center for
Sustainability

<

Environmental
Defense
Fund

State-aware, adaptive agent

Actions across multiple timescales for
multiple benefits

Uses information across time-horizons
(current obs = long-range forecasts)
Informational uncertainty

Modeling problem formulation

State information ) Action space

Current system state:

L
| 2
]

* x % = - — ;ﬁ
Future system state: .
T oT T A}
o= | &_ @

1 L NN

________
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Abstracting the EWM with EMODPS

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

Environmental flow demands

:  Annual reservoir inflow H Adaptive Environmental Water TN
H X% of annual inflow-forecastas 2 Management model .
H Environmental Water Budget H Inflows O g ‘"';'e”;:’ I base flow demands
E 1 E /] E Spring recession  Fall
E Forecast uncertainty E H pulse
] Y . H
: e : N :
: \_/ Wm@ : Air and inflow H
: r~ : temperature i ive = Environmental
| emors oW mamed v R : Environmental Adaptlve E onmenta TR TR R R R
0 HSEFS ‘;ni - :fe ;:ﬂ forae st H Water Manager Policy = Water Budget
3 i B ]
i H Environmental temperature demands
Day of water year e —————— E_i\_/gt_gr_n_s_ mgc_.i_e_l ----------- 20 —— temperature threshold
00000 — ’ ,R_e_sfl"_"_'[t_e_“]'l_"l‘ld_e_'_, ~ L 7 — GUBTEEELD oo
1 Reservoir ” CEQUAL W2 ~o _;l m
Daily timestep HEFS ‘time-to-go’ water-year inflow ® | operations model {' \i Fu| M/ \/\/\,\ % '
. . 2 1 f
forecasts including ensemble uncertainty ! i I sl AVAVAULN R
! 1 i * I
Historical demands| ! ! i O NDIJIFMAMI I AS
Wet : ] i
1 11
e . ] LSTM Emulator "
S = I i i
= I 1 i
= = ! i i System demands
g Forecasts \ \\ A S
3 I o L o Ny
E] A
£
<

-
N | o Q
* ﬂ Evolutionary Multi-Objective % O
Direct Policy Search optimization

Crit-Dry

o] N 8] J F M A M J J A S
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Simulation model setup

Simulation modeling
framework

Adaptive Environmental Water
Management model

Stylized representation

o : ;

of Shasta reservoir |EP “"\:—
Flood storage (Dec— Apr) Environmental  Adaptive Environmental

Water Manager Policy : WaterBudget :

Q
w T
s %
83
®3
2

|
2§ U Syat HENTIDCE -
g | 52 y; Reservoir temp model "«
S 2 4 Reservoir o7 TS T e ~
J

; CE-QUAL-W2

LSTM Emulator

|

| J—
B
\

operations model

Historical Shasta demands

Null et al. 2024

N e

~. e mmme——— e —————— ol

______________________________________

Comell Environmental
Centerfor |7/ g Defense
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20%
Annual
Inflow

ML emulator approach
for water temperature

Inputs
& air

temp

_%) winds

;\) cloud

ccccc

‘ i‘nﬂaw ‘
CE-QUAL-W2 e LSTM deep learning model
2D Hydrodynamics Model 3}511':55 Temperature emulator

LSTM emulator
to CE-QUAL-W2
simulations

CE-QUAL-W2 simulated
outflow temperatures
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High resolution temperature model: CE-QUAL-W?2

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

CE-QUAL-W2 Hydrodynamic & Shasta Thermal Control Device
(TCD) diagram

Water Quality Model

Dam

— Cornell .
2 Atkinson r Environmental
A Center for /- Defense

Sustainability << Fund



High resolution temperature model: CE-QUAL-W?2

We implement a plausible, ‘cold pool conserving’ rule-based selective
withdrawal scheme

Rule-based TCD scheme Shasta Thermal Control Device
(TCD) diagram

Spillway
3252 m

Water Temperature

Upper gate: 316.1m I

Cold Warm

Middle gate: 287.2 m l
Lower gate: 256.6 m I

Side gate: 226.2 m I

Bottom

175.5 m
Junl Jul 15
UPR Aug 15
MID el o
o -
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High resolution temperature model: CE-QUAL-W?2

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

20

—— Observed
18 CE-QUAL-W2 simulation
16 |
_ | | w
9 el | F I
= |
gn— | l /‘ ’ h ’ f | { ’ |
£ )
\, A MMW [ty
N
6—
1 9ISZ 1 9I96 20l00 20I04 2OI08 20I1 2 20I1 6 20120 20I24
(] fmeon Environmental
7 Soneneniity 2 Fund 52




Lightweight LSTM temperature emulator

We fit a computationally efficient deep learning emulator to the outputs of the
high-resolution temperature model using the same inputs

Inputs

|
29 winds
F(Q) Cloud Iﬁ
S e
CE-QUAL-W2 LSTM deep learning model
2D Hydrodynamics Model g} storage Temperature emulator

T release

LSTM emulator
to CE-QUAL-W?2
simulations

CE-QUAL-W2 simulated
outflow temperatures

Comell Environmental
Centerfor |7/ g Defense
Sustainability < Fund
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Lightweight LSTM temperature emulator

Out-of-sample testing

—_ W2

- LSTM
1 - - optimal
suitable

2018 2019

2020 2021 2022 2023 2024

Computational tractability:
CE-QUAL-W2 runtime: ~15 min
LSTM runtime (prediction): <<<1 sec

&

Cornell
Atkinson
Center for
Sustainability <

Environmental
Defense
Fund

4 === mean

-2

0 2
Temp error (C)
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EWM EMODPS input variables

Input Variables:
System States

Adaptive Environmental Water
_ Management model

@ Temperature Satisfaction é EP
aaln's's

Environmental
Water Budget

Environmental  Adaptive
Water Manager Policy

Inflow in the current period

- /7 . Reservoir temp model

-[HH]—(]— [ Reservoir '/’ CE-QUAL-W2 \\
@ | operations model | '|

@ Day of water year ! : :
| i i

1 ] 1

1 ] ]

: : LSTM Emulator i

- Reservoir Release > l | i

I ] 1

\ l\ I‘

LY
h M ’/,
g} Reservoir Storage T T

Comell Environmental
Center for /# Defense
Sustainability < Fund
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EWM EMODPS input variables

Input Variables:
Time-to-go forecasts

.........................................................
Annual reservoir inflow

H P00 X% of annual inflow-forecast as
Environmental Water Budget

Forecast u ncertalnty
\_/ MM‘MJ\ h‘

Estimated EWB updated via
HEFS ensemble median forecast

SsssmsEsEEEEEEEEEEEEEEEEEEEEEEEE"

Daily timestep HEFS ‘time-to-go’ water-year inflow
forecasts including ensemble uncertainty

Wi
. 90t percentile T

S

10t percentile

Annual Inflow (MAF)

Cornell ]
Atkinson Environmental

Center for /- Defense
Sustainability < Fund

2
4
0

|

Forecasts

lo’lo.

«

i Reservoir temp model

Adaptive Environmental Water
Management model

QS UTSEEEEEEEEEEEEEEEEER

Environmental
Water Budget

Systems model

Environmental  Adaptive
Water Manager Policy

.

Reservoir
operations model

l ] ———
e e e e e e e e e e ——

-

’
N
\‘h

i ———— - — -
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“Time-to-go’ forecast usage

Real-world
(San Joaquin River Restoration Program)

Research

(Adaptive Function Flows Model)

Probabilistic Annual Unimpaired Flow Forecasts each Month

w
S
Functional Flow Regime Index

70 =
—— 0.10 exceedance
SAN JOAQUIN RIVER il e
60 —— 0.50 exceedance -
RESTORAT'ON pROG RAM o —— 0.75 exceedance
E - 0.90 exceedance
GE) 50 0.99 exceedance
Table 1: 2023 Restoration flow allocation history § %
Unimpaired 3
Runoff = 30 -
Forecast Forecast Restoration 9
Allocation Blending (at forecast Allocation at | Restoration Flows £
Type Issue Date Applied exceedance) ravelly Ford | and URFs Released < 20
0
Initial Ja";‘g;gzo' 0/100 3(':?20ng 556.542 TAF (through
’ January 19, 2023) 10
167.564 January 1 February 1 March 1 April 1 May 1 June 30
Updated February 17, 30/70 3,080 TAF 557.038 TAF (through Forecast Forecast Forecast Forecast Forecast Known Volume
2023 (at 50%) :
February 16, 2023) 90
179.992 200 _jWet Season Peak| [Spring Pulse and Recession|
Updated Mazrg;; 4 0/100 4(':?;0ng 557.038 TAF (through N a0
° March 13, 2023)
70
. 60/40 212.083 500
Updated Agg'zgo’ (0/0+50/+100/+2 “(Qﬁgotff 557.038 TAF (through ‘ o
00 offset) o April 20, 2023) =
E
408.525 <
Final M;gzgs, 50/50 4'GfgoTan 557.038 TAF (through g
(at 50%) May 15, 2023) a0
200 ! Wet Season Baseflow] | 20
\ Dry Season Baseflow
Johnson, 2024  \Water year type updates /A-«.\- i ;
1] =
based on WY forecasts S R
@Q@" « ¥ ¥ ¥ ? vo@ &6'9 oécv \;o*?’& o‘@v \”Qo u‘?‘o’b
Cornell ; Yarnell et al., 2024
Atkinson Environmental ’
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HEFS hindcast dataset for Shasta (1989-2023)

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

Weather Models Climatology

>l >

A
|
|

l— 4 \;' —_
A

- %
rrent — ey
watershed === I R - T T
ndiions === | @ TTTUUtttrrcccoessseeae’ TTSESE,
. A J
Y Y
OBSERVED FUTURE

— Cornell .
2 Atkinson Environmental
Centerfor |7/ g Defense
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o |
=
g =
Days 0-28 Days 29-365
o |
R
3
Timeline | 2
< Q
E ®
@ Streamflow Forecasts g
8
~
- - -~
" - o : e . 8
- s L . b
P s S N
_- S 3s
- o |
& -
r T T T T T T T T T T 1
101 1M1 121 n 21 an 4an 51 61 mnm 8/1 N

1980-2022 daily
climatology of
temp/precip

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

—— Obs
HEFS
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Time-to-go WY forecasts

Cumulative forecast for WY Time to go forecast for
2021 -Jan1 WY 2021 -Jan 1
1 — obs "1 — Obs-cumul
> - HEFS I —— HEFS-wy-med
—— HEFS-med - - -~ HEFS-wy-90
e I HEFS-90 Wet T Wet_ 4 --- HEFS-wy-10

~ o HEFS-10 90% - - .

cumul flow (MAF)

! T T T T T T T T T T 1 [ I T T T T T T T T I
101 1M 121 ” 21 3n 41 51 61 m 2l an 1011 111 121 M 21 3N 4/ 51 61 ™" 8M

Inflow observed (e.g. 90-day observed inflow @ Jan 1)
+ Predicting this:
End of WY

Inflow projected (e.g. 275 day HEFS cumulative forecast @ Jan 1) _
cumul inflows

Comell Environmental
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Time-to-go WY forecasts

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

Comell Environmental
Centerfor |7/ g Defense
Sustainability < Fund

Key state transitions

—— Obs-cumul
—— HEFS-wy-med
--- HEFS-wy-90
--- HEFS-wy-10

Decreasing
uncertainty

cumul flow (MAF)

2 3 4 5 6 7 8 9 10
1

[ I T | T T T T I T I 1
101 1M1 12/1 m”n 21 3N 41 51 6/1 ™" 8N 9

Increasing
knowledge

days

Actual end state



Time-to-go stochastic forecasts

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 Uncertainty bounds of stochastic HEFS
(WY 2021) (WY 2021)

Wet Wet Bounds

HEFS
— HEFSqy,

— HEFS,
HEFS

w— HEFS,eq
— HEFSg
5 5 — HEFSyg
W W w— HEFSmeq

Crit-Dry Crit-Dry

Annual Inflow (MAF)
Annual Inflow (MAF)

&) N D J F M A M J J A S O N D J F M A M J J A S

Comell Environmental
Center for /# Defense
Sustainability < Fund

toch
sHEFS;;"
stoch
SHEFSS "
toch
sHEFS; o
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EWM adaptive management through EMODPS

EMODPS
o N B B B B B B B &8 &8 B B &8 B B &8 B B B | '
[ state ] : State Action Response :
aware I Weather 7 Control policy
Y I -
Rl = (( multiple
[ information ] L S | EEreE i | benefits
. | Storage Parameters: {x1,x2,...xN} | . .
uncertainty J i conrans e e L\ (objectives) )
. : v e Feedback I
[ multiple ] e ———————————— l
horizons '® multiple
adaptive EWM decision
decisions timescales

— Cornell .
2 Atkinson Environmental
A Centerfor |7/ g Defense
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EWM EMODPS multiple objectives

Environmental flow demands

functional flow demands

Adaptive Environmental Water .
_ Management model peak

QS USEIEEEEEEEEEEEEEEEER

I base flow demands

Spring recession  Fall
pulse

O NDJFMAMIIJ AS

Environmental
Water Budget

Environmental  Adaptive
Water Manager Policy

2
d

.- Environmental temperature demands
Systems model o —— temperature threshold
ittty A ~ — outfl
00001 — /7 Reservoir temp model N - Yia outtiow temperature degree-day failures
! Reservoir ST e T T . s % A
operations model el g|7\/ V\A\,n N
. \VaVAVLVS
< >

O N DJFMAMIJJ AS
Forecasts \ S @ A &
A i, M o ‘h‘,
B L e s =
* Evolutionary Multi-Objective % 5

Direct Policy Search optimization

«

System demands

el R ——

Cornell .
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EWM obijective function formulation

1.

Functional Flows, taf

2.

&

Functional flows (water quantity)
200 mmm Fall pulse, taf Winter Pulse, taf
150 mmm Spring Recession, taf  =——Functional Flows, taf
100 1

50 +

o

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

Minimum baseflows (water quantity)

1200
10% Inflows BN 30% Inflows —— Environmental baseflows

I 20% Inflows I 40% Inflows

1000 4

800 4

11T ‘

N | ‘ | [
; vhJLJLLLIJMIJkd“‘ululmlhld‘.uimJl JlJLlu'a.m
Cornell Environmental
Atkinson ’

Def
S ity 2 Fand

Total flow (taffmonth)

Maximize the reliability of
functional flow satisfaction

Jfunc = % %

Maximize the reliability of
minimum baseflow satisfaction

B
]bflow = L v

T
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EWM obijective function formulation

3. Temperature objective (water quality)

a) Water temperature objectives for suitable habitat

O 201 e o = = = = - o - = = e o o o

R - Minimize the accumulated

= . . .

T 12 4 / == Suitable temperature objective H

@ o Winter-run egg survival degree day fallure

% 8 1 —e—Winter-run, fall-run, late fall-run juvenile survival

E 4 —a—Winter-run adult pre-spawner survival

E I—o—F?II-run&late flall-runladult plre-spa'rwnerst,lrvwal ]temp — E tempt < temp_llmlt
7]

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep

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

Comell Environmental
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EWM objective function formulation

4. Demand Satisfaction .. ] ..
Jama = Minimize worst median annual deficit across

System all demand types

Deficit is the difference between water supply and demand
In-Basin

o
O
Refuges é
>

Demands are determined by water year type

0* = argming/(6)

Exports v [ —Jfunc |

—Jbflow
_]temp
| —Jama -

— Cornell .
2 Atkinson Environmental
Centerfor |7/ g Defense
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EMODPS to explore alternative EWM adaptive policies

UN“’F
P
"
)
ey

State aware

S
CEE1N

Cornell ]
Atkinson Environmental

Center for /- Defense
Sustainability < Fund

Adaptive
policy

—

Multi-objective

5%
==

0

=
4
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EMODPS to explore alternative EWM adaptive policies

State aware Multi-objective

w2 | 3 |
@ §}§ Adaptive @% %

~ policy - >
Radial Basis Function (RBF)

— Cornell .
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A Centerfor |7/ g Defense
Sustainability < Fund




EMODPS to explore alternative EWM adaptive policies

UN,‘,,“
P
"
=<
ey

State aware

Cornell
Atkinson
Center for
Sustainability

r En\;ironmenial
gm Defense
< Fund

Adaptive
policy

Policy 1 J
% }5
2 :
Policy 2
v X

0l

Multi-objective

Reservoir

Adaptive
policy
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EMODPS to explore alternative EWM adaptive policies

State aware Multi-objective

w2 | 3 |
Sl | ae [ J P

RBF Parameter Optimization
Multi-master Borg
24 Decision variables
4 Objectives

100k NFE in ~6 hrs (Hopper, Policy N
nodes="?)

Q Comell Environmental
A Centerfor |7/ g Defense
Sustainability < Fund




Optimization results: 4 objectives

L 2_0

12.8 ~

Number of days in
timeseries temperature
exceeds thresholds

128 thousand acre-ft is the
worst median annual deficit

84 84
i
I
o 84% of times
S demands are
EJ satisfied
o i
o
Y-
O
-
O
O
J
=
N
78 79
Functional flg 5q0 : OWS
reliability [of 78% of times {15,
demands are
satisfied
Witl- TorceastiL
Senieriiny "4 Rama >

157

Degree day
failure [days]

398+

Worst median
annual shortage [TAF]

- phgseline
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Optimization results: 4 objectives

Ideal solution

Tradeoff between objectives

84 84
O A
- .
g
Q
J :
o
Y
@]
5 :
O
y
=
\L
78 79
Functional flows Baseflows
reliability [%] reliability [%]
With forecast
M Sistainabiity <4¥ Fund

157 398+

Degree day  Worst median
failure [days] annual shortage [TAF]

- gseline
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Explore 2 selected solutions and Baseline

84 84 20 137
Compromise
v A solution: Social
U .
@ planner perspective
Q
g Best demand : Water
‘S user perspective
-
RS,
(s
v
=
78 79 157 291+
Functional flows Baseflows Degree day Worst median
reliability [%] reliability [%] failure [days] annual shortage [TAF]
—— paseline = \\ith forecast Compromise - Best demand

Comell Environmental

Center for Defense 23
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System dynamics for the selected solutions

Baseline Compromise Best Demand

T 4.5 4 4.5 4 4.5 -

=

=

v 4.0 4.0 4.0 -

(=]

@

2 3.5 4 3.5 - 3.5 -

S

2 3.0 - 3.0 1 3.0 1

]

3]

1]

s T T T T T T T T T T T T

0 100 200 300 0 100 200 300 0 100 200 300

Day of water year

Median across years simulated

Cornell
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Centerfor |7/ g Defense
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System dynamics for the selected solutions

Lower storage compared to

Higher storages to prepare = compromise releasing more

for drought extremes water demand satisfaction
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System dynamics for the selected solutions

&

Baseline
o o 100
<<
= al - 80
o Percentiles of number of years
© - 60 storage is below the value
8 . /
s , \ - 40
g W k =
g - -20
“
o . T 0
0 200
Day of water year 10% of the simulated 20 years; storage
is below ~2.5 MAF at the
Median across years simulated corresponding day of the water year
Rien (17, Bupeongrente
(S:L?Sr}rgei{‘lg%’ilify 4 Fund 70



System dynamics for the selected solutions
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System dynamics for the selected solutions
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Environmental water shortages

Spring shortages are higher; reduced
snowmelt and low inflows into reservoir
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Late Fall — Winter period have
higher shortages compared to
compromise/best demand

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

Forecast
information is
important during
beginning of water
year

Temperature has the
least contribution
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Future Work: Stochastic scenario development and EVWWM robustness

Stochastic inputs
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Future Work: Synergies w/emerging strategies

Forecast Informed Reservoir Operations (FIRO)
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Future Work: Real-world applications

Willamette River System Environmental Water Management

'Q
EWM =
e TR impacts? O
= System contains 13 USACE dams Forecast Informed Reservoir Operations

= On the docket for major FIRO
implementation effort starting 2026

= Large variety of environmental water
management challenges
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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 )

