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 Storage units = 103 km3  Flux units = 103 km3 y-1
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But it’s difficult to characterize local hydroclimate threats and impacts using     
global-scale anomalies, so look for those in specific, smaller domains.

Many climate change signals can be read in anomalies from 
standard hydrologic cycle descriptions
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I sure need a 
deterministic routing of 

future Q.

Hmmm,  will that Pr become rain- on-
snow? When? Where? How much? For 

how long? How to represent the 
uncertainty in that change? Use BMA? 
With MCMC for the rare events? Oh-

maybe derive MY OWN METHOD! 

However, a sizable gap can open between the best climate 
science and regionally specific hydrologic information for 
characterizing risk and taking action
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“ It is the policy of USACE to integrate 
climate change adaptation planning and 
actions into our Agency’s missions, 
operations, programs, and projects. ”

“… using the best available – and actionable –
climate science and climate change information.” 

“… it shall be considered at every step in the 
project life cycle for all USACE projects, both 
existing and planned, … to reduce vulnerabilities 
and enhance the resilience of our water-
resource infrastructure.”

USACE work to bridge that gap: Policy, data, tools

jeffrey.r.arnold@usace.army.mil | Southwest Extreme Precipitation Symposium | 27 March 2019
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Quantitative Analysis: not required at present;                                    
supporting information for those analyses are in development

 Detection
 Attribution       of a climate change signal in relevant hydroclimatic variables
 Projection
 Adjustment (Hedging) of hydrology values to account for increased uncertainty

 No quantitative 
change to the 
project’s hydrology

 Use published 
information and data 
commensurate with 
scales of decision + 
consequences

 Assess potential 
impacts to the 
project’s goals, 
engineering designs, 
+ operational 
constraints

 Make outputs 
available during 
project alternative 
selection + 
engineering design

Qualitative Analysis: 
required of all projects 
begun after May 2014, 
or underway with 
hydraulics + hydrology 
analyses less than 50% 
complete 

ECB 2018-14, “Guidance for Incorporating Climate Change Impacts to 
Inland Hydrology in Civil Works Studies,  Designs,  and Projects”
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http://gdo-dcp.ucllnl.org/downscaled_cmip_projections

Mizukami et al., GMD 2016

How does USACE characterize regional-scale threats and impacts to 
test its climate vulnerabilities and preparedness now? 
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http://gdo-dcp.ucllnl.org/downscaled_cmip_projections

http://hydro.washington.edu/Lettenmaier/Models/VIC

Mizukami et al., GMD 2016

How does USACE characterize regional-scale threats and impacts to 
test its climate vulnerabilities and preparedness now? 
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http://gdo-dcp.ucllnl.org/downscaled_cmip_projections

http://hydro.washington.edu/Lettenmaier/Models/VIC
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How does USACE characterize regional-scale threats and impacts to 
test its climate vulnerabilities and preparedness now? 
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http://gdo-dcp.ucllnl.org/downscaled_cmip_projections

http://hydro.washington.edu/Lettenmaier/Models/VIC
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Mizukami et al., GMD 2016

MizuRoute v01

Built on USGS Geospatial Fabric vector-type river network
Routed flows two ways at any point on this network:

VIC-style Unit Hydrograph 
Lagrangian-style Kinematic Wave

How does USACE characterize regional-scale threats and impacts to 
test its climate vulnerabilities and preparedness now? 
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Quantitative Hydrologic Storylines
Modeling-chain paths defined for specific hydrologic end-points

Clark et al., CCCR (2016)
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Quantitative Hydrologic Storylines
Modeling-chain paths defined for specific hydrologic end-points

Clark et al., CCCR (2016)
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Quantitative Hydrologic Storylines
Modeling-chain paths defined for specific hydrologic end-points

Clark et al., CCCR (2016)

QHS :: Models and products objectively selected
from the broadest possible ensembles and linked to
provide plausible climate change portrayals, with
uncertainty estimates, for answering specific
questions in water-resource planning and operations

jeffrey.r.arnold@usace.army.mil | Southwest Extreme Precipitation Symposium | 27 March 2019
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QHS: Why do we want them?
To reveal, characterize, and reduce uncertainty in using climate projections

Clark et al., CCCR (2016)

We need strategies for 
objective sub-sampling from 
the increasingly large 
ensembles of models and 
products at each link of the 
modeling chain in order to 
define the plausible, useful 
spread of future conditions.
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QHS: Why do we want them?
To reveal, characterize, and reduce uncertainty in using climate projections

Clark et al., CCCR (2016)

We need strategies for 
objective sub-sampling from 
the increasingly large 
ensembles of models and 
products at each link of the 
modeling chain in order to 
define the plausible, useful 
spread of future conditions.

 Significant gaps remain in understanding sources and relative 
contributions of uncertainty to the final projections.

 Revealing and characterizing these uncertainties has to happen 
before reducing them.

 Reduce overall uncertainty by choosing more reliable methods.

 Test formal and objective selection approaches for producing a 
tractable set of ensemble members.
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QHS: How are they made?
Informed sub-selection or weighting within an expanded model ensemble

 Create large ensemble of downscaled projections (>350 members on 1/8o grids) 
including multiple emissions scenarios, GCMs, and initial conditions sets.

 Characterize and reduce uncertainties in climate downscaling – augment current 
empirical-statistical and dynamical output sets with new products including from ICAR, 
the Intermediate Complexity Atmospheric Research model (Gutmann, et al., JHM 2016). 

 Characterize and reduce uncertainties in hydrologic modeling – augment current sets 
with new products including from SUMMA, the Structure for Unifying Multiple 
Modeling Alternatives model (Clark, et al., WRR 2015).

 Develop objective framework for specific water-resource management decisions 
relevant under climate-changed future conditions.

 Build and apply evaluation metrics for each step of model ensemble generation for 
three attribute sets: 

model diversity – using model genealogy indicators and output similarity
climate sensitivity – using standard metrics for responses to 

changes in radiative forcing
process fidelity – interpreting suites of metrics for model skill in current 

climate as one indicator of fidelity to 
real-world hydrologic processes.

jeffrey.r.arnold@usace.army.mil | Southwest Extreme Precipitation Symposium | 27 March 2019



QHS: How are they made? (cont’d)

Interpret model behavior for comparative performance and diversity

Change in Streamflow (%), 1980s to 2080s, by RCP, Downscaling Method, Hydrologic Model, and 
Parameter Set (for VIC only; one set common to PRMS) for One Domain, Yakima River at Kiona, WA

jeffrey.r.arnold@usace.army.mil | Southwest Extreme Precipitation Symposium | 27 March 2019

work by Andy Wood and Joe Hamman, 
NCAR RAL and CGD
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QHS: How are they made? 
Interpret model behavior for comparative performance and diversity (cont’d)

Mean Annual Pr Change (%), 1980s to 2080s, by GCM and Downscaling Method for Two Domains

jeffrey.r.arnold@usace.army.mil | Southwest Extreme Precipitation Symposium | 27 March 2019

work by Ethan Gutmann and Joe Hamman, 
NCAR RAL and CGD
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QHS: How are they made? (cont’d)

Change in Pr means and extremes with BCSD and LOCA, 2080s – 1980s

work by Ethan Gutmann and Joe Hamman, 
NCAR RAL and CGD
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QHS: How are they made? (cont’d)

Change in Pr means and extremes with BCSD and LOCA, 2080s – 1980s

work by Ethan Gutmann and Joe Hamman, 
NCAR RAL and CGD
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Libby Dam :: ~7.5 km3 capacity
~19000 ha surface area
>23000 km2 catchment area
600 MW installed capacity 

QHS: Proof of concept
RMJOC-II outputs produced by UW w/OSU, UI, BPA, Reclamation + USACE
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Libby Dam :: ~7.5 km3 capacity
~19000 ha surface area
>23000 km2 catchment area
600 MW installed capacity 

QHS: Proof of concept
RMJOC-II outputs produced by UW w/OSU, UI, BPA, Reclamation + USACE

10 GCMs selected from CMIP5 for RCPs 4.5 + 8.5
downscaled through BCSDm + MACA  

VIC (3 parameter sets) + PRMS
_______________________

160 different futures for climate + streamflow
The Columbia River Management Joint Operating 

Committee, Phase II (RMJOC-II) Dataset

jeffrey.r.arnold@usace.army.mil | Southwest Extreme Precipitation Symposium | 27 March 2019
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Proof of concept: Actual operations decision calendars
Select or derive measures to relate projected values to real decisions

jeffrey.r.arnold@usace.army.mil | Southwest Extreme Precipitation Symposium | 27 March 2019
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Proof of concept: Actual operations decision calendars
Select or derive measures to relate projected values to real decisions
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Proof of concept: Actual operations decision calendars (cont’d)

(Very) Hypothetical Examples

Baseline Measure :: How successful operating to the rule curve or to 
other specific targets – flood risk, hydropower, etc.?  

Change Threshold :: How much change is significant for that operations 
element? and how much change is projected?

Risk Tolerance :: If inflow targets are projected to be 20% lower or 
refill elevations 10% further out in half of the projections, e.g., can 
operations recover and still meet performance measure?

jeffrey.r.arnold@usace.army.mil | Southwest Extreme Precipitation Symposium | 27 March 2019
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Proof of concept: Actual operations decision calendars (cont’d)

(Very) Hypothetical Examples

Baseline Measure :: How successful operating to the rule curve or to 
other specific targets – flood risk, hydropower, etc.?  

Change Threshold :: How much change is significant for that operations 
element? and how much change is projected?

Risk Tolerance :: If inflow targets are projected to be 20% lower or 
refill elevations 10% further out in half of the projections, e.g., can 
operations recover and still meet performance measure?

jeffrey.r.arnold@usace.army.mil | Southwest Extreme Precipitation Symposium | 27 March 2019



27

Water managers must understand and reduce risks to their planning and operations

This is NOT the same as understanding and reducing the science uncertainties in projecting future 
conditions around a manager’s planning and operations time-tables.

A manager’s understanding of her risks, though, depends fundamentally on the proper characterization  
and communication of those science uncertainties.

Uncertainties inhere unequally in all links of the future-conditions modeling chain. To  date, however, 
water-resource vulnerability studies have not sampled the full distribution of those uncertainties, 
leaving a manager exposed to risks she can’t control or even see.

Large ensembles of models are very good for characterizing the uncertainties but terrible for time-
and resource-limited applications.

New, process-based models and evaluation tools for faster ensemble run production and uncertainty 
estimation are being developed in collaboration with Reclamation, NCAR, and UW to characterize the 
hydroclimate processes important for water- resource decisions under changed- climate conditions.

We’re eager to collaborate!

Summary

jeffrey.r.arnold@usace.army.mil | Southwest Extreme Precipitation Symposium | 27 March 2019



28

Thanks for your invitation and interest!

Disclaimer: The views, opinions, and findings expressed here should 

not be construed as an official Department of the Army position, 

policy, or decision, unless so designated with official documentation.
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