US ARMY CORPS OF
ENGINEERS POLICY,
GUIDANCE, AND

APPROACHES TO FLOOD RISK
IMPACTED BY CLIMATE
CHANGE

WILL VEATCH, PHD, PH NATIONAL SCIENCE FOUNDATION RESEARCH INFRASTRUCTURE WORKSHOP
Lead, Climate Preparedness and Resilience, USACE 29 June 2023

//A\ USACE

AND RESILIENCE

“The views, opinions and findings contained in this presentation are those of the authors(s) and should not be construed as an official Department of the Army position, policy or decision,
unless so designated by other official documentation.”




USACE APPROACH TO CLIMATE-CHANGED FLOOD RISK

USACE Civil Works Overview

USACE Climate Preparedness and Resilience Policy

What is (Climate) Resilience?

Climate Change as a Deep Uncertainty

Tools and Guidance for Climate Impacts to Riverine Flood Risk
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USACE CIVIL WORKS PROGRAM: MISSIONS

= NAVIGATION: 926 coastal harbors & 40,200 km of waterways
» HYDROPOWER: 25% of nation’s hydropower

» FLOOD RISK MANAGEMENT & SHORE PROTECTION: 14,000 km of
levees & 640 km of shore protection

» ECOSYSTEM RESTORATION 143,000 km of tidal coastline
= WATER SUPPLY

» REGULATORY: (Wetlands / US Waters)

= RECREATION: 376 M visitors to USACE projects annually

= DISASTER RESPONSE

USACE operates,
maintains, and manages
more than $232B worth of
the Nation’s water
resource infrastructure

assets.
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MITIGATION VS. ADAPTATION

Climate change mitigation is
about CARBON

USACE POLICY, GUIDANCE, AND APPROACHES TO
RIVERINE FLOOD RISK IMPACTED BY CLIMATE CHANGE

Climate change adaptationis
about WATER




MITIGATION VS.
ADAPTATION

CO. concentration, temperature, and sea level
continue to rise long after emissions are reduced
Avoiding the unmanageable

Magnitude of response Time taken to reach

' . e
Mitigation Managing the unavoidable SRR

Sea-level rise due to ice melting:
several millennia

CO2 emissions peak

0 to 100 years ,
Sea-level rise due to thermal

expansion:
centuries to millennia

Temperature stabilization:
a few centuries

CO, stabilization:
100 to 300 years

CO, emissions

T
1,000 years

Today 100 years
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USACE CLIMATE PREPAREDNESS
AND RESILIENCE HISTORY

USACE has along history in
climate change

1950s — present ice core drilling
Greenland and Antarctica

1970s led White House drought
commission

1980s addressed changing sea level
1990s economics of climate change

2000s effects on water resources,
updated policy/guidance

2010s planning and implementing
climate resilience measures

2020s interagency leaders in
mainstreaming adaptation and
resilience
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2021 USACE CLIMATE PREPAREDNESS
AND RESILIENCE POLICY STATEMENT

It is the policy of USACE to integrate climate
change preparedness and resilience
planning and actions in all activities for the
purposes of enhancing community
resilience with our water-resource projects
and ensuring the effectiveness of our
military support mission...

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

“... it will be considered at every
step in the project life cycle for all
USACE projects, both existing and

planned, ...
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RIVERINE FLOOD RISK IMPACTED BY CLIMATE CHANGE

bt CLIMATE PREPAREDNESS AN

L

As the federal government's largest and oldest manager of
water resources, the U.S, Army Corps of Engineers (USACE)
has long been successfully adapting its policies, programs,
projects, planning, and operations to impacts from important
drivers of global change and variability,

Itis the policy of USACE to integrate climate change
preparedness and resilience planning and actions in

all activities for the purposes of enhancing community
resllience with our water-resource projects and ensuring
the effectiveness of our military support mission, and to
reduce the potential vulnerabilities of those communities
and missions to the effects of climate change and variability,
USACE will provide meaningful engagernent opportunities
for environmental justice and underserved communities and
Iribal Nations 1o enable participation in clirmate adaptation
decisions that impact their communities

USACE will continue undertaking its climate change
preparedness and resilience planning, in consultation with
internal and external experts and with our districts, divisions
centers, and fiekd operating activi and will implerment

the results of that ptanning using the best avallable—and
aclionable— climate science and climate change information,
USACE will also continue its efforts with other agencles to
develop the science and engineering research on clirate
change information into the actionable basis for adapting to
clirmate change impacts, Furthermore, USACE will continue to
consider potential climate change impacts when undertaking
long-term planning, setting priotities, and making decisions
that affect its resources, programs, policies, and operations.

Thase actions, which USACE is now conducting and has
outlined for the future, are fully compatible with the principles

mm wamer RESILIENCE POLICY STATEMENT

and policy established in Executive Order 14008: Tackling
the Climate Crisis at Horme and Abroad, and with the Interim
Instructions for Preparing Draft Climate Action Plans Under
Executive Order 14008, issued on March 3, 2021

USACE understands and is acting to integrate climate
adaptation (rmanaging the unavoidable impacts) with
mitigation (avolding the unmanageable impacts), USACIE
recognizes the very significant differences between climate
change adaptation and climate change mitigation in terms
of physical complexity, fiscal and material resources, level
of knowledge and lechnical readiness, and temporal and
geographic scale

These differences mean that very different knowledge, skills,
and abilities are needed to understand, plan, and implement
climate preparedness and resilience policies and measures
as compared o the ones for implementing mitigation
measures, Itis the policy of USACE that adaptation and
mitigation investments and responses Lo climate change
must be considered together to avoid situations where
near-term mitigation measures might be implemented that
would be overcome by longer term climate impacts requiring
adaplation, or where a short-terrm mitigation action would
preclude a longer term adaptation action

Work to understand and adapt o the impaclts of climate
and global change is well underway and USACE has
soveral integrated programs directed al parts of climate
change adaptation. In addition, many coordinated
elermnents from other programs support the development
of approaches to understand and mainstrearn climate
change adaptation

ace.army.mil/CorpsClimate/




USACE CLIMATE ACTIONS PER 2021 CLIMATE

ACTION PLAN

YACTION1 @ACTION2 ¢)ACTION3

MODERNIZE MANAGE ENABLE
USACE Programs USACE Lands and State, Local, and
and Policies to Waters for Climate Tribal Government
Support Climate- Preparedness and Preparedness
Resilient Investments Resilience
GACTION4 @ACTION5

PROVIDE

Actionable Climate for Climate Change-

Information, Tools, Related Risks to

and Projections USACE Missions and

Operations
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WAIT, WHAT ARE ADAPTATION AND RESILIENCE?

ADAPTATION

“Adjustment in natural or human systems in anticipation of or response to a DEFINING ADAPTATION

changing environment in a way that effectively uses beneficial opportunities or
reduces negative effects.” Adaptation is an action.

RESILIENCE

W
o

“The ability to anticipate, prepare for, and adapt to changing conditions and
withstand, respond to, and recover rapidly from disruptions.” Resilience is a trait.
— EO 13653: “Preparing the United States for the Impacts of Climate Change”
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Sea-level rise (m) compared to 1995

DEFINING RESILIENCE

2016 Resilience Initiative: resilience will be implemented USACE-wide
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0% the coastal adaptation strategy of the Netherlands.

Time Environmental Research Letters (2020) 9
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THRESHOLDS, LEAD TIMES, AND DECISION POINTS

Indicator Threshold value of indicator
value A when intervention is needed
(e.g. flood risk) f====================qmmmmmoo- iF l """"
Initial Decision
oint based on \ .
P e Predicted future
conditions* ™~ g range of indicator
Monitor and £
Record values
of indicator ‘_<
Date of Lead time for planning, design
review | and construction

Based on previous work by UK Environment Tlme
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(RELATIVELY) EASY EXAMPLE: SEA LEVEL CHANGE

Sea Level Data and Projections for Washington, DC (8594900)

Active and compliant tide gauge
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HARDER
EXAMPLE: I Combined uncertainty
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HARDER EXAMPLE:
RIVERINE FLOOD RISK

District
Harhts
Stream Segments
I Terminal Stream Segment of Selected 8-digit HUC t
Selected 8-digit HUC Stream Network
Selected Stream Segment

Annual-Mean 1-day Streamflow
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DECISION-MAKING UNDER (DEEP) UNCERTAINTY

Climate Preparedness

m

A clear erTough Alternate Alternate A multiplicity Unknown
futur.e. (YVIth fUt_UFES futures of plausible
sensitivity) (with (with ranking) | futures

probabilities) (unranked)

Context

Very Certain
duesous| |eyoL

Several
Asingle A single system | system
system model model ‘_’V‘ith a which is most | models,
probablllst!c . likely with
parameterization different

system
model;
know we
don’t

structures know

W.E. Walker, R.J. Lempert, J.H. Kwakkel (2013) Uncertainty in Model-Based Decision Support.
Presented at First Workshop on Decision-Making Under Deep Uncertainty, Washington, DC 5-6 Nov 2013.
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WE CAN'T
PREDICT THE
FUTURE,

BUT WE CAN
PROVIDE
INFORMATION

Engineering and Construction
Bulletin 2018-14: Guidance for
Incorporating Climate Change
Impacts to Inland Hydrology in
Civil Works Studies, Designs,
and Projects

| PHASES

| |

START HERE

RESOURCES

Phase [:
Initial
Scoping

Identify relevant climate factors
Assess need for quantitative hydrology
and sea level change assessments and
coordinate these with CoP

Phase I11: Vulnerability Assessment (Existing Conditions and Future Without Project
Conditions)

Literature Review: Current Climate
and Climate Changes Already
Observed in the Project Area

NWS Climate Summaries, station data
from the Cooperative Observer Network.
SNOTEL, state climate synthesis reports
and other Peer.reviewed SOUICEs

¥

Investigate Trendsin Annnal
Maximnm Flow and other Relevant
Climate Variables

USACE Climate Hydrology Assessiment,
Monstationarity Detection, and Timne
Series Tools

¥

Literature Review: Projected Climate
Change and Projected Changes in
Relevant Climate Variables

National Climate Assessment and
associated Technical Inputs; USACE HUC
2 Climate Change Swmmaries; other peer-
reviewed sources

h

Investigate Projected Trends in

Hydrology and Other Relevant
Variables in Project’s HUC .4
Watershed

b 2

Watershed and HUC-4 Level
Vulnerability Assessment

Complete Quantitative Hydrology
and/or Sea Level Change Assessments,
if Required

r

USACE Climate Hydrology Assessment
Tool, Civil Works Watershed
Vulnerability Assessment Tool: other
peer-reviewed sources

g iy

ect Matter Experts and CPR CoP
Leads

Literature Review: Current Climate

and Climate Changes Already
Observedin the Project Area

¥

Investigate Trendsin Annual

Maximum Flow and other Relevant
Climate Variables

¥

Literature Review: Projected Climate

Change and Projected Changes in
Relevant Climate Variables

b

Investigate Projected Trends in
Hydrology and Other Relevant
Variables in Project’s HUC-4
Watershed

. 2

N\

Assessment

Phase [11: Risk

Identify Risks to Project Features,
and, if applicable,
Aunticipated Thresholds Reached, and
Possible Adaptive Responses Once
Thresholds are Crossed

r

PDT and Subject T\-Ieh

b
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Vulnerability Assessment




https://www.usace.army.mil/corpsclimate/

Home User Guide Nonstationarity Detection Tool p Literature Literature
Consensus Consensus
Sea Level Rise with USACE SLC Scenarios for Apalachicola, FL (8728690) PRIMARY VARIABLE Trend n) Trend (n)

TOOLS AND GUIDANCE MAKE CLIMATE SCIENCE ACTIONABLE

ATTENTION INTERNET EXPLORER USERS: I you are experiencing issues accessing the tool, please check that compatibility mode is tumed off. You can find instructions for turning t

Nonstationarity Detector | Trend Analysis

Nonstationarities Detected using Maximum Annual Flow
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DEPARTMENT OF THE ARMY ER 1100-2-8162
Corps of Engineers
411 G Street, NW
CECW-CE Washington, DC 20314-1000
CECW-P

Engineer Regulation

No. 1100-2-8162 15 June 2019

Global Changes
INCORPORATING SEA LEVEL CHANGE IN CIVIL WORKS PROGRAMS

1. Purpose. This Regulation provides United States Army Corps of Engineers (USACE)
guidance for incorporating the direct and indirect physical effects of projected future sea level
change across the project life cycle in managing, planning, engineering, designing, constructing,
operating, and maintaining USACE projects and systems of projects.

2. Applicability. This Regulation applies to all USACE elements having Civil Works
responsibilities and is applicable to all USACE Civil Works activities. This guidance is effective

immediately and supersedes all previous guidance on this subject.

3. Distribution Statement. This publication is approved for public release; distribution is
unlimited.

4. References. Required and related references are at Appendix A. A glossary is included at
the end of this document.

5. Geographic Extent of Applicability.

a. USACE water resources management projects are planned, designed, constructed, and

operated locally or regionally. For this reason, 1t 1s important to distinguish between global
mean sea level (GMSL) and local (or “relative™) mean sea level (MSL). At any location,
changes in local MSL reflect the integrated effects of GMSL change plus changes of regional
geologic, oceanographic, or atmospheric origin as described in Appendix B and the Glossary.

b. Potential relative sea level change must be considered in every USACE coastal activity
as far inland as the extent of estimated tidal influence. Fluvial studies that include backwater
profiling should also include potential relative sea level change in the starting water surface
elevation for such profiles, where appropriate. The project vertical datum must be the latest
vertical reference frame of the National Spatial Reference System, currently North American
Vertical Datum of 1988, to be held as constant for tide station comparisons, and a project datum
diagram must be prepared per Engineer Manual 1110-2-6056.

This regulation supersedes ER 1100-2-8162, dated 31 December 2013 1

TECHNICAL GUIDANCE

ER 1100-2-8162: Incorporating Sea Level Change in Civil
Works Programs

EP 1100-2-1: Procedures to Evaluate Sea Level Change:
Impacts, Responses, and Adaptation

ECB-2018-14: Incorporating Climate Change Impacts to
Inland Hydrology in Civil Work Studies, Designs, and
Projects

EP 1100-1-5: USACE Guide to Resilience Practices

ECB 2020-6: Implementation of Resilience Principles in the
Engineering and Construction Community of Practice

EC 1100-1-113: Incorporating Study-Specific Projections of
Climate-Changed Meteorology and Hydrology

https://www.publications.usace.army.mil/

https://www.wbdg.org/ US Army Corps  (ETTTY)

of Engineers @




USACE APPROACH TO CLIMATE-CHANGED FLOOD RISK

» Climate change is happening now and will
continue

= Climate mitigation and adaptation are
both critical

= USACE policy requires that climate change
be considered in planning

= [nability to predict # total ignorance

= Guidance and tools translate science into
action

Flooding in a small Virginia fishing community experiencing
subsidence and relative sea level rise
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NATURE-BASED SOLUTIONS FOR CLIMATE RESILIENC
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THE TRUTH IS COMPLICATED

Contents lists available at ScienceDirect

Ocean Engineering

journal homepage: www.elsevier.com/locate/oceaneng

The potential of wetlands in reducing storm surge

Ty V. Wamsley ®*, Mary A. Cialone?, Jane M. Smith?, John H. Atkinson®, Julie D. Rosati®

@ Coastal & Hydraulics Laboratory, US Army Engineer Research & Development Center, 3909 Halls Ferry Rd., Vicksburg, MS 39180, USA
® Arcadis-US, Boulder, CO, USA
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Fig. 9. The 100- and 1000-yr surge level across Caernarvon for the base and future condition.

PHYSICS TODAY

Modeling the physics
of storm surges

Donald T. Resio and Joannes J. Westerink

Despite the potentially catastrophic consequences of storm surges, the
physics of surge generation and propagation has historically been poorly
understood, and many misconceptions about surges still exist.

Wetlands don’t always mitigate surges

Modelers and community planners alike want to know the
degree to which marshes and coastal forests slow inland
surge penetration. A commonly stated rule of thumb says
that a storm surge is attenuated at a rate of 1 m for every
14.5 km of marsh as the surge propagates inland from the
shore. That estimate is based on a US Army report that ex-
amined inland penetration for seven storms occurring be-
tween 1909 and 1957 throughout southern Louisiana.? How-
ever, the data display considerable scatter and suggest that
the attenuation rate for those storms ranges from —1 m per
20 km to —1 m per 7 km.

enefit

US Army Corps
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Floodplain Flood Warning
Policy and and
Management Preparedness

Seawalls and Detached
Revetments Groins Breakwaters

Maritime =
Dunes and Barrier Oyster and Vegetated
Forests/Shrub
Beaches oGt Islands Coral Reefs Features
Bridges, Todd S., et al. Use of natural and nature-based features (NNBF) for coastal resilience. US Army Engineer -M
Research and Development Center, Environmental Laboratory, Coastal and Hydraulics Laboratory, 2015. US Army Corps

of Engineers @



NATIONAL PROJECTION DATABASE
- NAP @ ﬁ&tiﬁi‘f&; ¥ ocEANOGRAPHY
N Y. b, ”“S”'i Downscaled CMIP3 and CMIP5

SCRIPPS st o

1 b

CR

“— RUSGS e Climate and Hydrology Projections

Contar 22 c e o . i X . i . . . .
CIRES This site is best viewsd with Chrome (recommended) or Firefox. Some features are unavailable when using Intarneat EXplorer. Requirss JavaScript fo be
enabisd.

Trouble accessing the FTP? Many web browsers no longer support FTP URLs.

Welcome About Tutorials Projections: Subset Request Projections: Complete Archives Feedback Links

Downscaled CMIPS climate and hydrology projections’ documentation and release notes available here.

Summary

This archive contains fine spatial resolution translations of climate projections over the contiguous United States (U.5.) developed using three Figure 1. Central Tendency Changes in Mean-Annual
downscaling techniques (monthly ECSD Figure 1, daily BCCA Figure 2, and daily LOCA Figure 3), CMIP3 hydrologic projections over the Frecipitation aver the configuous LS. from 1970-1998 fo
western U.S_, and two sets of CMIP5 hydrology projections, corresponding to monthly BCSD climate projections, and corresponding to daily 2040-2069 for BCSD3, BCSDS, and Difference.

LOCA climate projections, both over the contiguous UU.S. as well as Canadian portions of the Columbia River and Missouri River Basins. :
Mean-Annual Precipitation Change, percent

Archive content is based on global climate projections from the World Climate Research Programme’s (WCRP's) Coupled Model CMIP3,1970-1339 to 2040-2069 50%tile
Intercomparison Project phase 2 (CMIP3) multi-model dataset referenced in the Intergovernmental Panel on Climate Change Fourth — ‘—1'_“

Assessment Report, and the phase 5 (CMIPS) multi-model dataset that is informing the IPCC Fifth Assessment. — -

—af

For infermation about downscaled climate and hydrology projections development, please see the About page.

Purpose

The archive is meant to provide access to climate and hydrologic projections at spatial and temporal scales relevant to some of the watershed
and basin-scale decisions facing water and natural resource managers and planners dealing with climate change. Such access permits several

ppeseanshess EER B Tl

» assessment of potential climate change impacts on natural and social systems {e.g., watershed hydrology, ecosystems, water and -20 -10 0 10 20
energy demands).

» assessment of local to regional climate projection uncertainty. Mean-Annual Precipitation Change, percent

* risk-based exploration of planning and policy responses framed by potential climate changes exemplified by these projections. ChiFs,1970-1933 to 2040-2069 =0F%tile
™ ™k
Archive History “r ‘ “
= . A

* November 2007: Archive launched, initially serving 112 projections of monthly BCSD CMIP3 temperature and precipitation projections % 4 ;
over the contiguous U.S. for the period 1950-2099. |

https://gdo-dcp.uclinl.org/downscaled_cmip_projections/  UsArmy Corps

of Engineers @
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REVIEWS

NATURE REVIEWS | EARTH & ENVIRONMENT

A typology of compound weather
and climate events

Jakob Zscheischler® 2=, Olivia Martius'>#, Seth Westra®, Emanuele Bevacqua®,
Colin Raymond™®, Radley M. Hortoniy®, Bart van den Hurk'™", Amir AghaKouchak®'* 13,
Aglaé Jezéquel'*'5, Miguel D. Mahechad /57, Douglas Maraun'®,

Alexandre M. Ramos®'s, Nina N. Ridder®?°, Wim Thiery?' and Edoardo Vignotto®?
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MATURE CLIMATE CHANGE | WOL 10 | JULY 2020 | 583 | wam.rature r L= Editorial
Moving beyond |solated events

Research addressing compound and connected events, and their integrated risk to the natural and built world,
is gaining momentum. Paradigms are now evolving to classify and analyse the processes forming such links —
whether physical or societal, direct or indirect — and the role of climate change in their ultimate impacts.
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THE NONSTATIONARITY DETECTION TOOL

Background

Assess stationarity in annual instantaneous peak
stream flow & gage height data series

0‘ Data pulled from USGS streamflow gages
and updated every six months

AR Only gages with at least 30 years of data is
@ included for analysis to ensure robustness

Core Capabilities

Nonstationarity
Detection

o
I Nonstationarity Detector  TrendAnalysis  Method Explorer  Help

ities D d using i Annual Flow

inCFS

Annual Peak Streamflow

Formal technical guidance is included in
Engineering Technical Letter 1100-2-3

01513500-SUSQUEHANNA RIVER AT VESTAL NY

Method

Analysis

Statistical Tests Heatmap

P

Water Year

Nonstationarity Detection Tool

The USGS streamflow gage sites available for assessment within this application
include locations where there are discontinuities in USGS peak flow data collection
throughout the period of record and gages with short records, Engineering judgment
should be exercised when carrying out analysis where there are significant data gaps

In general, a minimum of 30 years of continuous streamflow measurements must be
available before this application should be used to detect nonstationarities in flow
records.

Review Site Information in Site Selector tab:

€ Back to Site Selector

Parameter Selection

Select a data type

Instantaneous Peak Streamflow -

Site Selection B

Select a state

NY -
Select a site
01513500-SUSQUEHANNA RIVER AT VESTAL NY -

Update Plot after Selecting Parameters:
 Refresh Plot

View Results and Gage Details

GAGE DRAINAGE AREA (SQM)
The gage has a drainage area of 3941 square miles.

PLOT CHECK
If an axis does not line up, change the timeframe to start closer to
the period of record

B} BAYESIAN CHANGEPOINT TEST
Not Applied - Assumption of Normality Not Met

Sensitivity Parameters

(Sensitivity parameters are described in the manual. Engineering judgment is required if non
default parameters are seletected)




NONSTATIONARITIES TAKE MANY FORMS

Types of Nonstationarities

There are three main types of nonstationarities we are concerned about (below). Note, nonstationarities can be abrupt and
sudden (detected as change points) or smooth and gradual changes (trends over time)

Change in the “central tendency” of the data Change in the “volatility” of the data Change in both characteristics of the data

- |

| .' | .'jl| B "Jl |'| ||I."“ "I'II il \N\/
||| [ha | |1“'F iy )” il

‘l
; \!, ﬂ}pj 5 L l rli

TEEaa

| I|IJ1|I",'“'” '||-'| II|II ol I ;|i|

Il||'.
e

Flom
Flow

I
! i

Magnitude: Changes are
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While presence of all three criteria is of

substantive enough to particular value, consensus of multiple
u Iv u . o fo . . f
: = - significant nonstationari M en cof |

impact engineering decisions ) .
a strong nonstationarity
US Army Corps -
of EngirYeers%

Robustness: Several types

Consensus: Multiple

of changes are detected all
at once

different tests detect
the same kind of change




MEAN AND VARIANCE TESTS

Most tests work by iteratively stepping through the data and breaking the observed record into two sub-records at each year. The tests
then compare measures in the two samples.

Mean Variance
Lombard Wilcoxon Pettitt Mood
Nonparametric test which nests the Nonparametric test that identifies A nonparametric case of a Pearson’s Chi-test that
Wilcoxon score function within the changepoints by testing whether two evaluates change points based on volatility in medians
Lombard test statistic to detect both samples come from the same population between defined samples

smooth and abrupt shifts in mean

Mann-Whitney Bayesian CPD Lombard Mood

Nonparametric test that compares the Parametric test that uses MCMC sampling Nonparametric test which nests the Mood score function
average magnitude of randomly selected to test if the series can be broken into within the Lombard test statistic to detect both smooth
values pulled from both samples of data partitions with a constant mean and abrupt shifts in variance by time

US Army Corps —%
of Engineers @



DISTRIBUTION TESTS

Nonstationarities in distribution can reflect a significant change in a distribution’s parameters or a shift to an entirely
new distribution that may have drastically different characteristics

Cramer-Von-Mises Kolmogorov-Smirnov

Nonparametric test that compares two distributions by Nonparametric test that compares two distributions by
evaluating a test statistic of distributional distance evaluating a test statistic of distributional distance

Nonparametric test that partitions the dataset into two subsets

Simultaneously tests mean and variance statistics in the two at the most likely changepoint, then it partitions those subsets
samples, where inequality indicates a shift into further subsets, and continues partitioning until the
differences between the subsets are no longer significant.

US Army Corps -_m 3
of Engineers @




TREND SIGNIFICANCE TESTS

Whether there is a relationship between the data and time (i.e., a trend in the time series) can be tested as well, but again, many tests
should be used concurrently as each has its own strengths and weaknesses. Apply trend analysis tests to full period of record and subsets
of data prior to and after each strong nonstationarity detected.

Correlation Tests Slope Tests

Tests whether Spearman’s rho (correlation) is statistically

significantly different from 0. More widely used. ] ] _ o o
Tests whether best-fit trendline slope is statistically significantly

different from 0

Mann-Kendall

Tests whether Kendall’s tau (correlation) is statistically

Tests which compares the strength of the signal in mean to the
variation of the data. The smaller the magnitude of the p-value,
the greater chance of a trend.

Tests whether the Sen’s slope, which takes the average across all
slopes between pairs of data throughout the series, is
statistically significantly different from 0

vo Hll!ly CUIps> _
of Engineers @ U.S.ARMY



THE CLIMATE HYDROLOGY ASSESSMENT TOOL

Background

Displays simulated streamflow, temperature
and precipitation data.

Climate Hydrology Assessment Tool

Modeled Timeseries Trend Analysis. Monthly Box Plots: Epoch-Based Changes Help

Analyzes trends across climate modeled

M o . 3 Show HUC-8s in HUC-4 on map: Select HUC-8 for modeling:
What's in the CHAT tool: Reference Map of HUC-2, HUC-4
hindcasts and projections R oo vuce, v, - e . ETYR

« CHAT displays various simulated historical and future, climate-

P AR

changed streamflow, temperature, and precipitation outputs Please Note: Some HUC-8s do not have data and some HUC-8s do not have corresponding HUC-8 boundries. Please type search in HUC-8 dropdown and if HUC-8 is not found,
derived from 32 global climate models (GCMs). The selected GCM contact CPR support (cprsupport@usace.army.mil) for specific inquiries about shapefiles and data used in CHAT.
- outputs are part of the CMIP-5 suite of models. Streamflow,
Compa res cllmate modeled trends for both precipitation and temperature data are analyzed annually. + HUC 2
. . . . Precipitation and temperature data is also analyzed - W o
SI m u | ated h I Sto rl Ca I a n d p ro ecte d futu res comparatively by describing changes in monthly precipitation 02
J and temperature between different epochs (time periods). W o3
* Annual data is assessed for both a historic period (water years r g:
1951-2005) and a future period (water years 2006-2099). Monthly 06
precipitation and temperature is analyzed by determining the W o7
. . mean of the monthly value for the variable of interest for each 08
Ope rationa | |1Zes EIementS Of the ﬂOW GCM for three epochs: 1950-2005 (baseline), 2035-2064 (mid- = o
. . century), and 2075-2099 (end of century). The difference . 1
d Iscussed I n ECB 2018_ 14 between GCM/Month/Epoch means are determined for both the m :;
baseline vs. mid-century and baseline vs. end of century epochs. 14
« Variables avail for is in CHAT include: s
Stremflow: Annual maximum mean monthly streamflow 16
Precipitation: :;

1. Annual-Maximum 3-Day Precipitation

2. Annual-Maximum1-Day Precipitation Leaflet | © OpenStreetMap contributors © CARTO

oo, o 3. Drought Indicator (i.e. annual maximum number of

Co re Cap ablll t’es consecutive dry days) Plea'se acknowledge the US Army Corps of Engineers for producing this CHAT tool as part of their progress in climate preparedness and resilience and making it freely
4. Annual-Accumulated Precipitation avaliable:

5. Change in Epoch-Mean of Monthly Accumulated

Global Climate Model Trend Analysis of
(GCM) based Simulated Hindcast &

hydrologic Timeseries Future Period

& Inter-model Spread Hydrology

US Army Corps
of Engineers @




CONSIDERING PATTERNS

While the NSD tool focuses on change points and the presence of a trend in observed data, CHAT allows for analysis of the magnitude and
significance of the trends in simulated, unregulated historical and projected, future data (with interactive visualizations)

The Data Analytic Capabilities

Uses simulated historical and projected
future climate-modeled data derived Trend Tests: p-value tests of whether a trend is present (typically
from 32 state-of-the-art Global Climate ‘ use a significance threshold <0.05)
Models for two RCPs: 4.5 & 8.5

|/"’ Simulated annual-maximum A2 Trend Measurement: Fits and visualizes trend lines over the data

average monthly runoff for using simple linear regression, reporting slope magnitude
each 8-digit HUC watershed

% Annual water year-based

resolution (Oct 1 — Sep 30) Timeframe-based Analysis: Separate trend fits and significance

tests for the simulated historical (1951-2005) and projected,
future (2006-2099) time periods.




NEW DATA INCLUDED IN THE LATEST CHAT

CHAT is actively integrating meteorological (temperature and precipitation) climate model parameters to complement streamflow information.

The Data Parameters

New parameters will derive from the
same simulated historical and
projected future climate-modeled data
derived from 32 state-of-the-art Global
Climate Models

Precipitation:

Annual-maximum of daily accumulated precipitation
Annual-maximum of 3-day mean of daily accumulated precipitation
Annual-maximum of 3-day sum of daily accumulated precipitation
"Drought": Annual maximum number of consecutive dry days
Annual-sum of daily accumulated precipitation

Simulated meteorological
Epoch-mean differences in monthly-sum of daily accumulated precipitation

parameters for each 8-digit
HUC watershed

Temperature:

Annual water year-based

resolution (Oct 1 — Sep 30) Annual-average of daily average temperature

+ Annual-maximum of daily maximum temperature

New Epoch-based resolution Epoch-mean differences in monthly average of daily average temperature
Epoch-mean differences in monthly maximum of daily maximum temperature




ANALYZING FUTURE PROJECTIONS

CHAT allows the user to consider future conditions with climate model projections across two combined emissions scenarios
(RCP 4.5 and RCP 8.5)

Climate data are generated from a wide range of global
climate model and emission scenario combinations from
the CMIP5 project (available at: https://gdo-dcp.uclinl.org/)

Global climate models are downscaled using the
Localized Constructed Analogs (LOCA) method

Data is then fed through the Variable Infiltration Capacity
(VIC) model (which is a macroscale hydrologic model)

VIC output is used to create daily, 8-digit HUC streamflow
data that are subsequently aggregated to annual
maximums of average monthly streamflow

Climate Hydrology Assessment Tool v2.2

Simulated Streamflow (cfs)

40k

30k | A

20k

W“N\M‘/\/\/\F‘N

1950 1960 1970

An

HUC 02050103 - Owego-Wappasening

nual-Maximum of Mean Monthly Streamflow

riod Outputs Assume: Combined RCPs 4.5 & 8.5*

1980 1990 2000 2010 2020 2030 2040 2050 2060

= Simulated Historical-Mean

Water Year

Simulated Historical-Range == Simulated Future-Combined RCP-Mean

A A A A e A AN A A s Ao AN

2070 2080 2090 2100

Simulated Future-Combined RCP-Range

Climate model data is presented for the VIC model stream segment that most closely represents the cumulative flow at the terminal routing

segment transecting the downstream 8-digit HUC watershed boundary. Historic climate hindcast data (shown above) should not be treated the
same as historic, observed data, and projected future data should not be compared directly to observed data.

or Engmeers ®




ANALYZING FUTURE PROJECTIONS (CONT.)

CHAT allows the user to consider future conditions with climate model projections for a selected 8-digit HUC watershed in two tabs

]

Annual-Maximum of Mean Monthly Streamflow

Modeled Streamflow Explorer

Se This tab visualizes an annual maximum monthly timeseries of climate change driven

' hydrological model outputs.

D A A oo | » Climate models are based on a wide array of assumptions, resulting in a range of
) projected flows at the 8-digit HUC level per year. This reflects the uncertainty.

e .| = Asageneral central tendency over time, the mean of the models can be

referenced.

Annual-Maximum of Mean Monthly Streamflow

Modeled Streamflow Trend Analysis

This tab fits linear regression models to simulated historical (1951-2005) and
projected future (2006-2099) data separately.

-------------------------- * Each trend can be assessed by the model slope, R-squared, and trend
significance (p-value based on three statistical tests).

wews "1 e These trends can be directly compared as a proxy for climate change impact.

I
*

Simulated Stremflow (cfs)
R 2

All climate outputs provide unregulated flows. This makes comparison to observed data challenging unless observed data comes from a
“pristine” or unregulated watershed.



NEW FEATURES OF CHAT

CHAT recently integrated meteorological (temperature and precipitation) climate model variables to complement the streamflow variable.

Annual-Mean Temperature
Mean of Historic (1951-2005) & Future (2006-2099) Model Outputs
Future Period Outputs Assume: Both RCP Scenarios

[
e
2
B
]
g
3
- W
g 1 . ahanl
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E
=
1960 1980 2000 202¢ 2040 2060
Water Year
= Simulated Historical-Mean Simulated Historical-Range = Simulated Future-RCP 4. 5-Mean
Simulated F re-RCP 4.5-Range Simulated Future-RCP 8.5-Mean Simulated Future-RCP 8.5-Range
Annual-Maximum of Mean Monthly Streamflow =
Trends in Mean of Historic (1951-2005) & Future (2006-2099) Model Outputs
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Modeled Timeseries Explorer

This tab displays annual timeseries and inter-simulation range visualizations of
modeled hydrological and meteorological variables for the selected HUC-8
watershed. Temperature and precipitation variables are available for each RCP
scenario separately or overlaid together (as shown at left).

Modeled Timeseries Trend Analysis

This tab shows a trend analysis of a selected variable (temperature, precipitation or
streamflow) for the simulated historical data and projected future data and presents
the results of several statistical tests for monotonic trends in the data.

Monthly Box Plots: Epoch-Based Changes

This tab displays modeled monthly epoch-based changes for various meteorological
variables for the selected HUC-8 watershed. These figures depict the change in the
mean simulated variable values between two climatological time periods called
"epochs”.



NEXT STEPS FOR CHAT

CHAT is also targeting a transition from 8-digit HUC oriented selection to stream segment-oriented selection of simulated streamflow data.

Current vs Planned

Regional:

CHAT currently renders data for the
terminal or outlet stream segment
associated with the user-selected 8-
digit HUC watershed.

Local:

A future iteration of CHAT will allow
finer-scale selection by

rendering data for a user-selected
stream segment.

Image Credit: https://en.wikipedia.org/wiki/Strahler_number



THE TIME SERIES TOOLBOX

Background

Home

1. Explore Data

» Data Upload

2. Model-Based Analysis

3. Nonstationarity Detection

4. Time Series Analysis

Origin Story: Originally developed for the data science team to support ad-hoc analytic requests, but with increased

investment overtime, it’s become a flexible tool for the broader user community to conduct their own analysis.

Provides the same function as NSD but on any dataset, while simultaneously including additional features that may be
of value and of interest to users (e.g., breakpoint or seasonality analysis).

Visualization Diagnostic Plots

Build Time Series Models
Time Series Modeling Forecast

Time Series Modeling: The Time Series Toolbox helps you
determine the appropriate time series model by using
techniques that control for seasonality, trend, and
nonstationarities and visualizing outputs.

Select a time series model:

Model:

() Time Series Linear Model

@ Auto Regressive Integrated Moving Average (ARIMA)

O Exponential Smoothing (ETS) 1o

Confidence Interval:

— Uploaded Data

97%
— Lower Confidence Interval

1960 2000
year

— Model Forecast
Forecast Range

— Fitted Model
— Upper Confidence Interval

Source: Red River, Monthly USGS Gauge Data

Core Capabilities

Data Visualization / Exploration
Trend & Seasonality Analysis

Seasonal Cycle Analysis

Nonstationarity & Breakpoint Tests

Time Series Modeling




TIME SERIES TOOLBOX FEATURES

Many users require flexible tooling for customized analysis of their own data. To support these operational needs, USACE has
developed the Time Series Toolbox to aid in the repeatable, quantitative analysis of time series data.
Core Capabilities

DATA EXPLORATION SEASONAL DECOMPOSITION

Allows users to upload custom datasets for visual inspection,
summary statistic analysis, and customizable preprocessing
Allows users to rapidly understand patterns and core
characteristics in their data set

Displays Magnificent Seven summary statistics to characterize NONSTATIONARITY
the uploaded data

* Performs a series of statistical methods to detect, extract, and
decompose seasonal patterns

* Analyzes the data for nonstationarity and displays this analysis in
three different graphs |

TREND ANALYSIS

MODELING
Fits customizable trend lines to data, with supporting visuals

Uses hypothesis testing to measure the significance of the
measured trends

* Explores three time series models to extract both model fit
statistics and the model’s forecasts for the uploaded data

US Army Corps 3
of Engineers @



DATA EXPLORATION

The Time Serries Toolbox enables the user to upload a dataset of interest. The Data Summary, Magnificent Seven and Seasonal Cycle
subtabs offer various metrics and visualizations for users to better understand and analyze their dataset.

Upload Data & Data Summary: Pre-Processing Options: Seasonal Cycle: Monthly
Explore Tab - csv file Fill-in Missing Data/ Data metrics of mean, min., & max.
Aggregation

They fought like seven hundred

20k

THE
—— IVIAGNIFICENT
Data Upload SEVEN T Seasonal Cycle Graph

nt to uplosd. It should be = cav file with two columns, the first of which is the date vector
ryy) and the second of which is the data for analysis. The first row should be column

Use default file (Red River, monthly flow dats) 7 :
Enter title {optional) - carries on to future tabs
Enter x-axis label (opt) Enter y-axis label (opt) *
Research suggests that these measures are both :
Popecestg effective & efficient in classifying climate data & " Ranoe 3 8124 &
_=I.eclmedmd for handling missing values: i . . " il o
o i understanding hydrologic behavior. Olpu— . LRI
e 1) L-Mean: Average value
e 2) LCV (Coefficient of L-Variance): Relative variability ‘ - . :
O 3) L-Skewness: Asymmetry - probability distribution o—
4) L-Kurtosis: Tail density - probability distribution r
5) AR1: Autoregressive lag-one correlation coefficient
6) Amplitude: Best Fit Annual sinusoidal curve height
; i i i US Army Corps
7_) Phase.‘AngIe of annual sinusoidal curve at time zero ot Engineers b




TREND & NONSTATIONARITY ANALYSIS

The Time Series Toolbox allows users to detect if there are any nonstationarities and/or monotonic trends
present in the data, which can significantly impact decision-making around future series behavior.

Methods Used in the Time Series Toolbox Nonstationarity R —
Trend Analysis (SAME AS NSD Tool): DEteFtiOﬁi ' ’\
o Traditional & Sen’s Slope (Increasing/Decreasing?) * Visualization & | 1,., \“1\”(“ i
o t-Test, Mann-Kendall, Spearman (p-value<0.05?) summary of Y

. . . nonstationarity
Nonstationarity Analysis (SAME AS NSD Tool): analysis of time

ll W ‘,1 | \H \"'ll:“\'

o 12 Statistical Tests (11 Nonparametric + 1 Parametric) series data :

o Abrupt & Smooth Nonstationarities: Mean, Variance, Distribution e Statistical l|

o Three Panes: Data Visualization, Consensus/Robustness, Magnitude Significance : ll
* Strong

Data with Slope Fits {Traditional and Sen's Skope)

Nonstationarities
e Selected Tests are
Monotonic Trends: optimized for
e Directionality of Trends annual peak flow
» Statistical Significance data, using these
«  Multiple Tests ' tests for other data
R gy W & types might not be
A SO appropriate




SEASONAL DECOMPOSITION

Seasonal decomposition refers to a series of statistical methods that attempt to separate out three of the different components
(trend, seasonality, and error) embedded within time series data.

Data = Trend + Seasonality + Error Consistent increases or Recurring patterns across Any changes once the
decreases in the data regular windows of time former are removed

360-

350+

340+

330-

320+

Original Data (CO2 levels)

Data

vvvvvvvvv

(((((((

Methods Used in the Time Series Toolbox

Moving Average Decomposition: Moving averages are
fit to the data to identify both trends and seasonality

STL (Seasonal-Trend Decomposition by LOESS): LOESS
(Local Polynomial Regression) curves are fit to the data

to identify both trends and seasonality

US Army Corps
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BREAKPOINT ANALYSIS

Breakpoints can be used to “segment time series data.” Model prediction and characterization are improved if an analyst can build
separate, individual models within distinct segments of the data.

Fit Regression Models to Data: Test for Change Points: Segmented Analysis and
Calculate model fit error Across regression fit errors Model Development

Methods Used in the Time Series Toolbox Plotted Data with Identified Breakpoints

20000

Hypothesis tests on model errors use a range of parameters for
evaluations. Multiple tests should be considered for robust analysis.

CUMSUM (Cumulative Sums of Squared Errors) uses the running total of
the squared errors as the test parameter f [\)

1900 1920 1940 1960 1980 2000
year

MOSUM (Moving Sums of Squared Errors) uses the moving sum of the

squared errors as the test parameter
NA 1
Average Years Between Breakpoints Number of Breakpoints

of Engineers @ oy~




TIME SERIES MODELS

Time series models are powerful tools for characterizing data. They can be used in short-term forecasting, error handling,
interpretation, and decomposition, while also helping diagnose how consistently the data behaves over time.

Time Series Models:
Offer near-term
predictions on data,
with some measure
of confidence on
those predictions

Residual Analysis:
Help provide a sense
of how “predictable”
the data is over time,
which can be very
insightful

Time Series Modeling Forecast

5000

— Uploaded Data
—— Lower Confiden:

Residuals Over Time

i
ce Interval  — Upps

year

tted Model
er Confidence Interva

Methods Used in the Time Series Toolbox

Linear Models: A linear regression model that also
accounts for the trend and seasonality present in
the data

ARIMA (Auto Regressive Integrated Moving
Average): A model that describes the data through
a combination of recurring historical patterns
(autoregressive) and overall trends (moving
average)

ETS (Exponential Smoothing): A model that
describes the data using weighted moving averages
where the most recent data is weighted more than
historical data

US Army Corps 5
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OVERVIEW OF STATISTICAL TESTS

Statistical Test Parametric? | Single or Multiple Type of Smooth or
Nonstationarities? Nonstationarity | Abrupt

R-Package: The Change Point Model (CPM)

Cramer-von-Mises No Multiple Distributional Abrupt
Kolmogorov Smirnov No Multiple Distributional Abrupt
Mann-Whitney No Multiple Mean Abrupt
Lapage No Multiple Distributional Abrupt
Mood No Multiple Variance Abrupt

The Lombard Model
Wilcoxon No Single Mean Both

Mood No Single Variance Both
Other Methods
Pettitt No Single Mean Abrupt

Bayesian Changepoint | Yes Multiple Mean Abrupt

Energy Based Divisive | No Multiple Distributional Abrupt :
)' !
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