
INTEGRATED
MULTISECTOR
MULTISCALE
MODELING

This research is supported by 
the U.S. Department of Energy, 
Office of Science, as part of 
research in MultiSector 
Dynamics, Earth and 
Environmental System 
Modeling Program

Advancing scenario discovery to 
identify impacts and consequential 
dynamics for complex multi-actor 
human-natural systems

Antonia Hadjimichael, Patrick M. Reed, 
Julianne D. Quinn, Chris R. Vernon, 
Travis Thurber



¡ Human-natural systems: dynamic two-way interactions 
between human components (e.g., economic, social) and 
natural (e.g., hydrologic, atmospheric, biological, geological)

¡ When planning for human-natural systems, there exists a 
tension between ensuring rigorous assessment of 
complexity and uncertainty, as well as usability of outcomes

¡ This talk presents a framework for narrative scenario 
discovery to address this gap
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Motivation



Human-natural 
systems are 
shaped by 
many complex 
feedbacks and 
interactions
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Deep 
uncertainties 
confound our 
assessment, 
especially 
when looking 
into the future

?

?

?

?
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Scenarios help 
us reduce this 
complexity to 
narrative 
descriptions of 
the future 

Fossil-fueled development Regional rivalry

Sustainability Inequality5



But they bring 
several problems:
they only 
represent a small 
number of all the 
future possibilities
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But they bring 
several problems:
they might be 
biased by those 
involved in 
crafting them
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Exploratory 
modeling 
approaches try to 
overcome this by 
investigating 
large numbers of 
hypothetical 
futures
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Irrigation

Cumulative yearly statistics of the Colorado 
Division of Water Resources (2012)

Transbasin 
diversion

Power 
generation

Fisheries
Storage
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Prior-
appropriation 
doctrine:
Each diversion 
with level of 
seniority and 
decreed flow

Gets all water 
demands met 
before others 
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¡ How vulnerable are these water users to future climatic 
stress, increasing water demands and other uncertain 
drivers?

¡ Can we identify which stressors are most consequential 
for these users and under what conditions? 



Socio-economic 
systems 

Earth & 
Environmental 

systems

Infrastructure 
systems 

Governance 
systems 

Reservoir storage

+0%

-20%

Agricultural demands
Municipal & industrial demands
Transbasin demands

+50%

-50%

Seniority of 
environmental flows

Power plant 
non-operational

Evaporation

+1 inch/month

-0.5 inch/month

Variance of dry and 
wet conditions

´ 0.75

´ 1.25

Average dry and 
wet conditions

´ 0.98

´ 1.02

Persistence of wet 
and dry conditions

+ 0.3

- 0.3

Snowmelt timing

0 days

-60 days

10,000 runs of 
105 years

Exploratory experiment for the Upper Colorado 
River Basin
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Exploratory experiment for the Upper Colorado 
River Basin
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Assessed conditions result 
in very different impacts to 
water users in the basin



Discovery of consequential 
scenarios for different users 
Classify potential futures into 
‘successes’ and ‘failures’ 
using uncertain factors as 
predictors

Earlier snowmelt combined 
with reduced dry flows 
increases shortages

Probability of success
100% 0% 14



But this faces a couple problems

1. We don’t keep track of key dynamic processes that result in each 
scenario’s failure 

Different dynamics 
result in the same mean
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But this faces a couple problems

2. We lose the narrative simplicity of a small number of key scenarios
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So, we want to utilize 
the analytical rigor 
provided by exploratory 
modeling

…to establish narrative 
scenarios that describe 
key impacts

...while keeping track 
of fundamental 
dynamic processes 
that get us there. 

17



FRamework for Narrative Scenarios and 
Impact Classification (FRNSIC)

I

III

Problem 
framing

Multi-trait 
classificationIV

Multi-trait 
storyline 

discovery

II Evaluation 
across many 

states of 
the world

Narrative 
scenarios
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Narrative 
scenarios

FRamework for Narrative Scenarios and 
Impact Classification (FRNSIC)

IIIMulti-trait 
classificationIV

Multi-trait 
storyline 

discovery

II Evaluation 
across many 

states of 
the world

IProblem 
framing

Formulation of:
Uncertain futures
Impact measures
Key relationships
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IProblem 
framing

Narrative 
scenarios

FRamework for Narrative Scenarios and 
Impact Classification (FRNSIC)

IIIMulti-trait 
classificationIV

Multi-trait 
storyline 

discovery

II Evaluation 
across many 

states of 
the world

System simulation 
across all candidate 
states of the world
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IProblem 
framing

Narrative 
scenarios

FRamework for Narrative Scenarios and 
Impact Classification (FRNSIC)

IV
Multi-trait 

storyline 
discovery

II Evaluation 
across many 

states of 
the world

dynamic properties

impact groupsIIIMulti-trait 
classification

Classification of:
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IProblem 
framing

FRamework for Narrative Scenarios and 
Impact Classification (FRNSIC)

IIIMulti-trait 
classification

II Evaluation 
across many 

states of 
the world

Identification of 
narrative 
scenarios of 
dynamic states 
and impacts

Narrative 
scenarios

IV
Multi-trait 

storyline 
discovery

22



Demonstrate hypothetical planning context 
where the FRNSIC might be used 24



Low water levels of Lake Granby on Friday, May 14, 2021, in Granby. 
Hugh Carey, The Colorado Sun 25



Narrative planning scenarios 

Scenarios 
describe 
key driver 
assumptions 
(no impacts)
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Implementing the Water Plan in 
the UCRB and local concerns

https://www.coloradobasinroundtable.org/about/

• Charged with water planning for the Colorado River 
Basin within Colorado. 

• As part of a statewide initiative to develop 
Colorado’s Water Plan, completed its own Basin 
Implementation Plan to address water needs within 
the basin. 

• Allocates funding to address the basin’s water 
challenges.

• Members include people from agriculture, domestic 
water providers, environmental and recreation 
entities, state agencies, and interested citizens.
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* not actual members of the Colorado Basin Roundtable

There’s a broad 
range of possible 
uncertain futures

We’re interested in how sustained 
and severe droughts might impact 

our local water users across the 
different UCRB regions

We are also concerned 
with meeting our federal  

obligations to downstream 
users  
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Using FRNSIC in a hypothetical 
planning context for the UCRB

I

III

Problem 
framing

Multi-trait 
classificationIV

Multi-trait 
storyline 

discovery

II Evaluation 
across many 

states of 
the world

Narrative 
scenarios

Consider broad 
range of plausible 

drought futures

Identify key drivers 
and impacts on local 
agricultural users and 

downstream deliveriesScenarios 
are narrative 
descriptions 
of both

Identify drought 
planning scenarios 
that capture key 
local impacts and 
their drivers to help 
inform future 
adaptation 
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Narrative 
scenarios

Using FRNSIC in a hypothetical 
planning context for the UCRB

IIIMulti-trait 
classificationIV

Multi-trait 
storyline 

discovery

II Evaluation 
across many 

states of 
the world

IProblem 
framing

Identify drought 
planning scenarios 
that capture key 
local impacts and 
their drivers to help 
inform future 
adaptation 
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Exploring internal variability gives rise to 
previously unseen drought conditions

Synthetic streamflow sequences with same statistical properties can 
show more decades of drought than those experienced

I
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Changing system properties 
affect how we classify drought

Establishing a 
drought 
threshold 
during a wet 
period would 
mean more 
drought years 
are classified 
in the future. 

I

Different 
periods 
might 
experience 
different 
distributions 
of 
conditions

Rolling windows of streamflow
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IProblem 
framing

Narrative 
scenarios

FRamework for Narrative Scenarios and Impact 
Classification (FRNSIC)

IIIMulti-trait 
classificationIV

Multi-trait 
storyline 

discovery

II Evaluation 
across many 

states of 
the world

Consider broad 
range of plausible 

drought futures
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Paleo 
reconstructionHistorical

CMIP5 
projections

Exploratory 
ensemble

Intentionally 
enveloping 
history and 
projections

Explore 
effects of 
both how 
internal 
variability 
and changing 
properties 

II
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Earth & 
Environmental 

systems

Variance 
of dry 
conditions

´ 0.75

´ 2.63

Average dry 
conditions

´ 0.90

´ 1.03

Persistence of 
dry conditions

+ 0.3

- 0.65

1,000 states of 
the world

Variance 
of wet 

conditions

´ 0.39

´ 1.25

Average wet 
conditions

´ 0.97

´ 1.03

Persistence of 
wet conditions

+ 0.33

- 0.33

Streamflow 
properties 
under dry 
conditions

Streamflow 
properties 
under wet 
conditions

II
Statistically varying dry and wet 
properties of streamflow 
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IProblem 
framing

Narrative 
scenarios

FRamework for Narrative Scenarios and Impact 
Classification (FRNSIC)

IV
Multi-trait 

storyline 
discovery

II Evaluation 
across many 

states of 
the world

IIIMulti-trait 
classification

Identify key drivers 
and impacts on local 
agricultural users and 

downstream deliveries
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Classify temporal dynamics of each SOW

SOWs with 
the same 

variability in 
dry conditions 
as historical 
experience

SOWs with the 
same average 
dry conditions 
as historical 
experience

SOWs with as 
many drought 

years as 
historical 

experience

III
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Classify temporal dynamics of each SOW

Variance

Average Drought 
occurrence

III

39

𝑉𝑆 = {𝑠!,# ∈ 𝑆|
0.76 ≤ 𝜎$! ≤ 1.38}

𝑀𝑆 = {𝑠!,# ∈ 𝑆|
0.99 ≤ 𝜇$! ≤ 1.01}

𝐷𝑆 = {𝑠!,# ∈ 𝑆|
𝑑!,# ≤ 30}



Variance

Average Drought 
occurrence

IIIClassify temporal dynamics of each SOW
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𝑉𝑆

𝑀𝑆 𝐷𝑆

III

𝑉𝑆 ∩ 𝑀𝑆 𝑉𝑆
∩ 𝐷
𝑆

𝑀𝑆
∩
𝐷𝑆

Classify temporal dynamics of each SOW

𝑉𝑆 = {𝑠!,# ∈ 𝑆|0.76 ≤ 𝜎$! ≤ 1.38}

𝑀𝑆 = {𝑠!,# ∈ 𝑆|0.99 ≤ 𝜇$! ≤ 1.01} 𝐷𝑆 = {𝑠!,# ∈ 𝑆|𝑑!,# ≤ 30} 41

Overlap sets where 
both conditions are met



III

𝑉𝑆

𝑀𝑆 𝐷𝑆

𝑉𝑆 ∩ 𝑀𝑆 𝑉𝑆
∩ 𝐷
𝑆

𝑀𝑆
∩
𝐷𝑆

𝑉𝑆′

𝑀𝑆′ 𝐷𝑆′

𝑉𝑆′ ∩ 𝑀𝑆′ 𝑉𝑆
′ ∩
𝐷𝑆
′

𝑀𝑆′
∩
𝐷𝑆′

SOWs within the experienced 
historical context

SOWs with plausible 
changes in 
hydroclimatic 
conditions

Classify temporal dynamics of each SOW
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IProblem 
framing

Narrative 
scenarios

FRamework for Narrative Scenarios and Impact 
Classification (FRNSIC)

IV
Multi-trait 

storyline 
discovery

II Evaluation 
across many 

states of 
the world

IIIMulti-trait 
classification

Identify key drivers 
and impacts on local 
agricultural users and 

downstream deliveries
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Classify impacts of each SOW

Are basin downstream 
deliveries lower than history?

YesNo

No

No No

No

No No

Yes

Yes Yes

Yes

Yes Yes

Were more than 
50% of users short? 

Were they 
short more 
than 10%? 

III
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Are basin downstream 
deliveries lower than history?

Yes
Hierarchical 
color scheme 
for groups of 
impacts

IIIClassify impacts of each SOW
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YesYes
Were more than 

50% of users short? 

IIIClassify impacts of each SOW
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YesYes
Were they 
short more 
than 10%? 

IIIClassify impacts of each SOW
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Were more than 
50% of users short? 

Were they 
short more 
than 10%? 

YesYes

YesYes

IIIClassify impacts of each SOW
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No

No

No

No

Were more than 
50% of users short? 

Were they 
short more 
than 10%? 

IIIClassify impacts of each SOW
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III

Users>= 50%

YY

N
Basin deliveries 

<= P
10

Y

Sho
rta

ge

>=
 10

%

Classify impacts of each SOW
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IProblem 
framing

FRamework for Narrative Scenarios and 
Impact Classification (FRNSIC)

IIIMulti-trait 
classification

II Evaluation 
across many 

states of 
the world

Identification of 
narrative 
scenarios of 
dynamic states 
and impacts

Narrative 
scenarios

IV
Multi-trait 

storyline 
discovery
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Combining both to identify narrative 
storylines

Variance

Average Droughts

IV
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Variance

Average Droughts

𝑀𝑆 ∩ 𝑃𝑆 𝑉𝑆 ∩ 𝐷𝑆

𝑀𝑆 ∩ 𝐷𝑆

Combining both to identify narrative 
storylines IV
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% of SOWs 
that produce 
these 
impacts

Variability

Droughts

Combining both to identify narrative 
storylines IV

Mean
54

Group 1

Users
>= 50%

YY

N
Basin deliveries 

<= P10
Y

Shorta
ge

>=
 10

%



Summarizing changes in Impacts

Group 3
Group 1

Group 2

Variability

Droughts

Group 4

IV

Mean
55

Users
>= 50%

YY

N
Basin deliveries 

<= P10
Y

Shorta
ge

>=
 10

%



Summarizing changes in Impacts

Variability

Droughts

IV

Mean
56

Users
>= 50%

YY

N
Basin deliveries 

<= P10
Y

Shorta
ge

>=
 10

%



Summarizing changes in Impacts

Variability

DroughtsFull extent shows 
number of SOWs in 
each subset

Users
>= 50%

YY

N
Basin deliveries 

<= P10
Y

Shorta
ge

>=
 10

%

IV

Mean
57



Most SOWs do not meet any of the 
impact criteria

Some only affect deliveries or an 
increased number of users
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82 SOWs

100 SOWs

41 SOWs

SOWs within the experienced 
historical context

Same variability and
drought occurrence

Sa
m
e
av
er
ag
e
an
d v

ari
abi

lity

Same average and drought
occ

urr
en
ce

Implications for UCRB
If planners expect future conditions 
to be like the past

* not actual members of the 
Colorado Basin Roundtable



SOWs within the experienced 
historical context

Same variability and
drought occurrence

Sa
m
e
av
er
ag
e
an
d v

ari
abi

lity

Same average and drought
occ

urr
en
ce

Historical 90th 
percentile

Implications for UCRB

* not actual members of the 
Colorado Basin Roundtable
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Basin deliveries downstream
(x historical 10th percentile)

Cumulative basin shortages
(x historical 90th percentile)

Year

Historical 10th 
percentile

Drought 
period

The Unknown Normal
• Downstream deliveries drop 

below historical worst 10
• Basin shortages accumulate 

to over 5 times the historical 
worst 10 

If planners expect future conditions 
to be like the past



A lot more of the SOWs in our ensemble 
have these dynamic properties

Much more severe impacts, including 
SOWs with impacts in all three groups
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SOWs with plausible changes 
in hydroclimatic conditions

Implications for UCRB
If planners expect future conditions to change

* not actual members of the 
Colorado Basin Roundtable



Implications for UCRB
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SOWs with plausible changes 
in hydroclimatic conditions

Changing variability and
drought occurrence

Ch
an

gi
ng

av
er
ag
e a

nd

var
iab

ility

Changing average and drough
t oc

cur
ren

ce

If planners expect future conditions to change

Basin deliveries downstream
(x historical 10th percentile)

Cumulative basin shortages
(x historical 90th percentile)

* not actual members of the 
Colorado Basin Roundtable

Historical 10th 
percentile

Historical 90th 
percentile

Drought 
period

Year

The Unforeseen 
Struggles:
Similar but exacerbated impacts 
to deliveries and local shortages



Distribution of impacts across water 
districts IV

Same SOWs have 
different impacts 
on the WDs of the 
UCRB

Users largely 
unaffected

Majority of 
SOWs affect 
users 63

SOWs with plausible 
changes in hydroclimatic 
conditions



The Unforeseen Struggles across scales IV

64

SOWs with plausible 
changes in hydroclimatic 
conditions

Basin deliveries downstream
(x historical 10th percentile)

Cumulative basin shortages
(x historical 90th percentile)

Historical 90th 
percentileHistorical 10th 

percentile

Drought 
period

Year Year

Year

Year Year

Shortage as percentage of demand (%)

Shortage as 
percentage of 

demand (%)
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Do these thresholds represent everyone’s risk 
aversion?

SOWs with plausible 
changes in hydroclimatic 
conditions

65* not actual members of the 
Colorado Basin RoundtableYear

Year Year

Shortage as percentage of demand (%)

Shortage as 
percentage of 

demand (%)

My senior right is 
never short, so a 
10% shortage is 

catastrophic!

If too many water users 
in our district are short, 
it jeopardizes local jobs. 

Examine the implications of 
alternative performance metrics 
on the discovery of 
consequential scenarios



Distribution 
of impacts 
across 
different 
thresholds

IV

>=25%

>=50%

>=75%

User 
threshold

Shortage level

>=5% >=7% >=10%

Fr
eq

ue
nc

y 
of

 h
is

to
ric

al
 10

th
 p

er
ce

nt
ile

 b
as

in
 d

el
iv

er
ie

s

1x

2x

10x

Changes from 
violet to yellow 
and from purple 
to blue

Changes from 
blue to yellow and 
from purple to 
violet

Changes in 
color intensity
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Distribution 
of impacts 
across 
different 
thresholds

IV

>=25%

>=50%

>=75%

User 
threshold

Shortage level

>=5% >=7% >=10%

Fr
eq

ue
nc

y 
of

 h
is

to
ric

al
 10

th
 p

er
ce

nt
ile

 b
as

in
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el
iv

er
ie

s

1x

2x

10x
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Allow us to reflect 
different levels of 
stakeholder risk 
aversion or experience

Even though these are 
very extreme impact 
thresholds, most SOWs 
meet at least one



¡ FRNSIC addresses a gap between the rigor of exploratory 
modeling and the usability of traditional narrative scenarios

¡ Narrative scenarios capture both dynamic properties and 
impact groups

¡ Examining alternative combinations of impact thresholds 
allows us to address decision-relevance for systems with 
many actors
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Take-home messages
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Thank you!

Find me at:
hadjimichael@psu.edu
https://www.hadjimichael.info/
@a_hadjimichael
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10/1/23 70

Hydrologic Model - Synthetic Generator

Dry State Wet State

Dry State p00 = 0.68 p01 = 0.32

Wet 
State

p10 = 0.35 p11 = 0.65

μ0 μ1

σ0 σ1Dry state

Wet state
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…partly, but 
not entirely 
explained by 
water rights

I
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