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Summary

With its mountain-to-coast hydroclimate, strong influence of Pacific Ocean weather systems and
climate patterns, and unique land use history with strong rural-to-urban gradients, the Puget
Sound region is a natural laboratory for studying a number of complex processes in, and
interactions among, different Earth and human systems. A 1-year scoping study was initiated by
the Earth and Environmental Systems Modeling program of the Department of Energy’s Office
of Science Biological and Environmental Research. It was intended to elucidate and highlight
the rich opportunities Puget Sound offers to advance our understanding of and ability to
simulate Earth system changes and human-Earth system interactions. A literature review, multi-
day community workshop, and external input were used to develop this scoping study report.

The report first summarizes scientific understanding and knowledge gaps associated with major
regional systems, including atmosphere and climate, the land surface, coastal and marine
processes, and human systems, as well as how these systems are changing over time. It then
highlights some of the most notable extreme events in the region, including heat waves,
atmospheric rivers, droughts, and wildfires. Finally, key research opportunities for Earth and
environmental systems modeling in, above, and around Puget Sound are highlighted.
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Acronyms and Abbreviations

Al artificial intelligence

AR atmospheric river

BER Biological and Environmental Research

COMPASS Coastal Observations Mechanisms and Predictions Across Systems and
Scales

DOE Department of Energy

E3SM Energy Exascale Earth System Model

EESM Earth and Environmental Systems Modeling

ENSO El Nifio Southern Oscillation

ESM Earth system model

ESMD Earth System Model Development

GCM global climate model

HRCD high-resolution change detection

ICoM Integrated Coastal Modeling

VT Integrated Vapor Transport

ML machine learning

MSD multisector dynamics

NWIFC Northwest Indian Fisheries Commission

NWPCC Northwest Power and Conservation Council

PDO Pacific Decadal Oscillation

RCP Representative Concentration Pathway

RGMA Regional and Global Modeling Analysis

ROS rain-on-snow

SST sea-surface temperature

SWE show water equivalent

U.S. United States

USGS United States Geological Service
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1.0 Introduction

The Puget Sound region is located near the northwest corner of the contiguous United States in
the state of Washington and has a shoreline of more than 2,500 miles. Puget Sound is the
second largest estuary in the United States, with a drainage area of about 30,000 km? (Figure
1), and is part of the larger Salish Sea, which also includes the Canadian waters in the Strait of
Georgia as well as the Strait of Juan de Fuca. The region is characterized by complex terrain,
with the Olympic and Cascade mountain ranges straddling a highly populated coastal plain
(Figure 2), and features diverse land covers ranging from densely forested uplands to highly
urbanized lowlands. It is home to a rich and diverse set of terrestrial, aquatic, and coastal
ecosystems ranging from alpine glaciers to rich shellfish beds to some of the most productive
conifer forests in the world (Quinn 2010). The Puget Sound region supports a population
approaching five million people, including 29 Native American tribes. The region is a major hub
for fishing, forestry, technology, and trade, and its hydroclimate, ecological, transportation,
communication, and energy systems are strongly influenced by the region’s climate, geography,
and topography, as well as by connections to other West Coast states and international waters.

PugetSoundPartnership
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Figure 1. Puget Sound watershed boundary (Source: Puget Sound Partnership).
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Figure 2. Population density, relative population distribution, and relative land area distribution
across different elevation bins in the Puget Sound region. Based on data from the
2020 United States Census and USGS National Elevation Dataset.

With its mountain-to-coast hydroclimate, strong influence of Pacific Ocean weather systems and
climate patterns, and complex land use history with strong rural-urban gradients, the Puget
Sound region is a natural laboratory for studying the complex interactions among human and
Earth systems. Water is a particularly important resource that connects many systems across
the region, including hydropower generation, the transport of sediment and pollutants, aquatic
and marine ecosystem dynamics, shipping, and commercial and recreational activities. The
Puget Sound region (along with the broader Pacific Northwest) is experiencing a wide range of
long-term stresses such as changing atmospheric circulation patterns, sea level changes,
declining snowpack, glacial retreat, population growth, aging infrastructure, and land use and
land cover changes characterized by substantial logging and urbanization. The region also
experiences high-impact extreme events, many of which are increasing in frequency or
intensity, including AR, floods, droughts, wildfires, and heat waves.

The Puget Sound region is also quite geologically active. A number of faults crisscross the
region and several major earthquakes have struck over the past several decades, including the
magnitude 6.8 Nisqually earthquake in 2001. Even larger megathrust earthquakes originating at
the Cascadia subduction zone in the Pacific Ocean are capable of producing earthquakes
exceeding magnitude 9 and triggering large tsunamis (see, e.g., Garrison-Laney and Miller
2017). The region is also well known for its volcanoes, especially Mount Saint Helens, which
erupted explosively in 1980, and Mount Rainier, which some consider the most dangerous
volcano in North America (Scott et al. 1995). Land areas in the highly populated Puget Sound
lowlands are dominated by glacial sediments, and the steep shoreline common across Puget
Sound are prone to landslides (Karlin et al. 2004; Smith 2012). These geological threats are
notable because they mean the region has experience in preparing for and responding to
extreme events, and some of the preparedness and adaptation measures (e.g., reducing
shoreline vulnerability and landslide risks) associated with these geologic risks could be
synergistic with efforts to reduce vulnerability to climate change and extreme weather events.
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1.1 Purpose and Scope

To elucidate and highlight the rich opportunities that the Puget Sound region offers to advance
our understanding of and ability to simulate Earth system changes and human-Earth system
interactions, a 1-year scoping and pilot study was initiated in fall 2021 by the Earth and
Environmental Systems Modeling (EESM) program of the Department of Energy’s (DOE’s)
Office of Science Biological and Environmental Research (BER). DOE-BER is currently
investing in major coastal research efforts in the mid-Atlantic, Great Lakes regions through the
Integrated Coastal Modeling (ICoM), Coastal Observations, Mechanisms, and Predictions
Across Systems and Scales (COMPASS), and Interdisciplinary Research for Arctic Coastal
Environments (InteRFACE) projects, respectively, along with a number of additional synergistic
efforts focusing on specific coastal processes and domains. DOE has also defined an even
broader set of coastal research priorities (DOE 2017) and worked as part of an interagency
team to define broader priorities for coastal modeling (USGCRP 2020). The Puget Sound region
offers a unique context to further advance our understanding of coastal systems, with its West
Coast climate regime, sharp topographic gradients, and unique ecosystems, land use patterns,
and energy systems. However, the coastal context is only one way to characterize the many
research opportunities in and around Puget Sound; a similarly rich set of important research
guestions exists for regional atmospheric, terrestrial, and human systems, as well as the
interactions across these domains. Indeed, many of the topics identified in this report can also
be found among the research gaps and opportunities identified in a recent multi-agency
workshop report on hydro-terrestrial modeling (Community Coordinating Group on Integrated
Hydro-Terrestrial Modeling 2020), recent DOE workshops on Mountainous Hydroclimate and
Urban Scale Processes, and the MultiSector Dynamics 2030 Vision (Reed et al. 2022), as well
as other research scoping efforts.

As part of the scoping study, a multi-day workshop was held in March 2022 to engage the
community in developing a deeper appreciation of the current state of knowledge regarding
human and Earth system dynamics in the Puget Sound region; identifying gaps in scientific
understanding, modeling capabilities, measurements, and data; and defining key research
needs and opportunities in observing, modeling, and analyzing regional climate, extreme
events, and multisectoral dynamics. The scoping study also includes attention given to
comparing and contrasting Puget Sound features and research needs with other regions to help
identify transferable and generalizable research questions. The ultimate goal of the study is to
highlight some of the most promising research opportunities for enhancing scientific
understanding of key processes and interactions in the Puget Sound area, with an emphasis on
topics that are aligned with DOE’s programmatic and mission interests.

1.2 Report Contents and Organization

The ensuing sections of this report begin by describing the scoping study approach (Section
2.0). Next, regional systems of interest are described, including the associated scientific
understanding and knowledge gaps related to atmosphere and climate, the land surface,
coastal and marine processes, and human systems, as well as how these systems are
changing over time (Section 3.0). Section 4.0 highlights some of the most notable extreme
events in the region, including heat waves, AR, droughts, and wildfires. Finally, Section 5.0
presents key research opportunities for Earth and environmental modeling. Appendix A and
Appendix B respectively contain the related workshop flyer and agenda.
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2.0 Scoping Study Approach

A multi-pronged, integrated approach was adopted for the scoping effort. As shown in Figure 3,
this approach consisted of a pre-scoping phase, which included a preliminary literature review
and formation of a scientific steering committee; a community engagement phase, which
included a multi-day workshop with interdisciplinary experts; a synthesis phase, which combined
the literature review, findings from the workshop, and input from the steering committee and
other experts to provide an overview of the state of the science, knowledge gaps, and key
research opportunities; and an outreach phase, which will include dissemination of this report
and its findings via various mechanisms and venues.

Pre-Scope

Community Engagement

Literature review

and scientific Synthesis
steering committee | Workshop with Outreach
formation guided and open Community

discussions highlights on state

of the science and

knowledge gaps Report

dissemination

Figure 3. Approach to conducting the scoping study.

A review of relevant peer-reviewed scientific literature was conducted in preparation for the
workshop. The process, search terms, and themes are shown in Figure 4. This review was
intended to provide a reference bank and general overview of ideas and resources to draw from
when organizing the workshop as well as support the review of the current state of the science
and knowledge gaps in this report. A general search using thematic search features in the
Scopus database was used to identify any themes that may be missing, as well as papers that
may not fit a specific theme. A thematic search was conducted to focus on particular topics,
using a keyword theme list. Additional papers were added from the Connected Papers tool,
identified by the science committee, or referred to during the workshop. Following the workshop,
additional papers were collected to assess claims made during workshop sessions to aid in the
validity of this workshop report and to supplement the general content about topics discussed.
In total, 221 papers were collected and saved in an EndNote library as part of the pre-scope
review, and a total of 394 references from the pre-scope review and the full scoping study were
compiled into a reference list™.

1 A complete reference list from the scoping study can be found at
https://docs.google.com/document/d/1sljE4i 5040GdJ47EASbHaWGunSw1qz82h-iYBLjalLE/edit#
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Thematic Scopus Search

General Scopus Search (TITLE-ABS-KEY (puget AND sound ) OR TITLE-ABS-
( TITLE-ABS-KEY ( puget AND sound ) OR TITLE-ABS-KEY ( KEY ( salish AND sea)) AND TITLE-ABS-
salish AND sea)) AND TITLE-ABS-KEY ( model ) AND ( KEY ( model ) AND TITLE-ABS-KEY ( )
SUBJAREA ( ceng OR chem OR comp OR eart OR ener OR
engi OR envi OR bioc)) AND PUBYEAR > 1999 AND (
LIMIT-TO ( PUBSTAGE , "final") OR LIMIT-TO ( PUBSTAGE Acidification Flood Sediment
, "aip")) AND ( LIMIT-TO ( AFFILCOUNTRY , "United States" ) Air quality Forest Snow
) AND (LIMIT-TO ( DOCTYPE, "ar") OR LIMIT-TO ( DOCTYPE Atmospheric rivers  Hydrology Streamflow
, "cp") OR LIMIT-TO ( DOCTYPE, "re")) AND ( EXCLUDE ( Carbon Hypoxia Temperature
SUBJAREA, "AGRI") OR EXCLUDE ( SUBJAREA, "MEDI") Circulation Land use Topography
) AND (LIMIT-TO ( LANGUAGE , "English" ) ) Climate Change Precipitation Upwelling
Coastline Rain on snow Water quality
Energy Runoff Wildfire
Additional Papers .
1. Identify seminal papers for core themes using Connected Papers =
2. Request key papers from workshop committee ® b ®
3. Added papers referenced in workshop e ] »
o ® o @
R - *
e - ® o "
:'® — ]
L ]
o ® e
[ % [ ]
[
. . . Ef.fects of mid-twenty-first century  s5jsh sea Response to Global Climate
PFE' Imina ry REVIEW c:m:tzar;d Ianc: c:ver change 02 Change, Sea Level Rise, and Future
) ) . the hydrology of the Puget Soun Nutrient Loads (Khangaonkar et al.
. Compiled papers in EndNote Library basin, Washington (Cuo et al. 2011) 2019) ( g
. Review title and abstract for relevance

Figure 4. Pre-scope literature review methods and outcomes. See text for details.

Based on the results of the literature review and their personal knowledge and experience, the
scientific steering committee worked with the project leadership team and DOE program
managers to design a multi-day workshop that would focus on identifying key knowledge gaps
and research opportunities in the Puget Sound region (see Appendix A). The workshop was
held over three consecutive Mondays in March 2022 using the Zoom.gov platform. A total of 62
individuals participated over the three days. Workshop participants included experts from many
different academic disciplines and with diverse professional experience representing
universities, federal and state agencies, and key nongovernmental and private sector groups,
including individuals who work with stakeholders and bring experience in co-production of
knowledge and data to advance and expedite science-to-solutions and research-to-operations-
to-research endeavors.

The workshop was organized based on topics identified by the scientific steering committee
because they were compelling research gaps that could serve as an effective focus for
discussion (see Appendix B). On the first day, the focus was on extreme events in the Puget
Sound region, including heat wave and cold-air outbreaks, extreme precipitation and floods, and
droughts and wildfires, as well as the interactions of these stressors with human and natural
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systems in the region. Plenary speakers provided context and some starting points for both
plenary and breakout group discussions. A structured Google Jamboard was used to guide
discussion and collect information in breakout groups. On the second day, the focus was on
some of the key drivers of changes in the integrated human-Earth system in and around Puget
Sound, specifically hydroclimatic drivers, atmospheric drivers, and evolving human systems.
Plenary speakers again provided context from both the climate and human systems
perspectives, and a structured Jamboard was used to guide and capture breakout group
discussions. The third day consisted of moderated open discussion to distill knowledge gaps
and a group-edited google document was used to identify and capture cross-cutting challenges
and opportunities. Throughout these discussions, there was an emphasis on identifying
knowledge gaps that aligned with the objectives and interests of DOE’s EESM.

After the workshop, the author team and scientific steering committee continued to interact
regularly to refine and distill the discussions at the workshop. We developed written summaries
of the discussions during the various breakout sessions, contacted a handful of additional
experts to reflect perspectives that were not well represented at the workshop, and invited the
plenary speakers and other workshop participants to provide additional materials and review the
draft report. The document reflects this broad range of input, but decisions regarding the final
content were ultimately the responsibility of the author team.

Scoping Study Approach 6
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3.0 Regional Systems of Interest

3.1 Atmosphere and Climate

The Puget Sound region features a maritime climate with wet winters, dry summers, and
generally mild temperatures. These and other characteristics are well documented in a large
number of online resources (e.g., Encyclopedia of Puget Sound) and peer-reviewed
publications. The region is strongly influenced by large-scale variability patterns such as the El
Nifilo Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) (see, e.g., Moore
et al. 2008 or Mote 2003). These patterns have a pronounced influence on seasonal and annual
precipitation as well as on extreme hydrologic events such as flooding in the many rivers that
drain into Puget Sound (as discussed later in this report). The influence of climate change in the
region has also been extensively studied. For example, it is generally accepted that air and
water temperatures will warm and that this warming will lead to a higher fraction of winter
precipitation falling in the form of rain, leading to cascading changes in land surface hydrology,
water resources, and a host of impacts on human and natural systems (Balling et al. 2011,
National Climate Assessment 2014, 2018). However, workshop participants noted that work is
still needed to better understand potential changes in a variety of large-scale atmospheric
circulation patterns and coupled Earth system processes that could have a significant influence
on Puget Sound, its watersheds, and their inhabitants—changes such as shifts in patterns such
as the PDO and/or ENSO, shifts in storm tracks, or changes in the coastal ocean that influence
atmospheric temperature and moisture.

The complex topographic and geographic gradients around Puget Sound often necessitate the
use of high spatiotemporal resolution to understand key processes within and across
atmospheric, terrestrial, and coastal systems. Downscaling has thus been a key tool for
understanding climate variability and change in the region (Gutmann et al. 2014; Jiang et al.
2018). Nested dynamical or quasi-dynamical models using outputs from global climate models
(GCMs) and Earth system models (ESMs) can improve the representation of orographic
features and fine-scale atmospheric processes, and hence the details of regional precipitation
patterns (see Figure 1 for an example in an adjacent region). Statistical-empirical or hybrid
approaches can also be useful for assessing the potential impacts of climate change. However,
there is no consensus on the best downscaling methods or products for representing specific
climate processes or variables (a topic currently receiving attention from the DOE-funded
HyperFACETS project), although there have been a few intercomparison studies on
combinations of GCMs and downscaling to understand changes in climate in complex terrains
(Wood et al. 2004; Mendoza et al. 2015). Additionally, downscaling methods cannot correct all
of the errors or biases in large-scale models, they can introduce their own biases, and they fail
to incorporate potential upscaled (i.e., regional-to-global) feedbacks. DOE’s Energy Exascale
Earth System Model (E3SM) has the ability to seamlessly resolve features at high resolution
through regional refinement in a global simulation domain (see, e.g., Tang et al. 2019), and the
Simple Cloud-Resolving E3SM Atmosphere Model (SCREAM; Caldwell et al. 2021) has an
ultra-high-resolution convection-resolving configuration capability. Both of these tools could be
valuable for exploring some of these processes and uncertainties, and the complex landscapes
around Puget Sound could serve as the perfect testbed for comparing and contrasting different
modeling and downscaling approaches, including the use of multiscale modeling hierarchies.
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Figure 5. Comparisons of winter (December-January-February) precipitation between regional
climate models with variable resolutions and the reference data set from PRISM
(Parameter elevation Regression on Independent Slopes Model). Source: Huang et
al. 2016.

3.2 Hydroclimate, Land Use, and Terrestrial Ecosystems

The large topographic variability and complex land use history of the Puget Sound region have
a profound impact on regional hydroclimate and terrestrial ecosystems. As in many other
mountainous regions, a considerable fraction of winter precipitation is stored in the form of
snowpack in upland watersheds and released during summer months. The range of hydrologic
regimes is especially diverse across the 21 watersheds that feed into Puget Sound due to the
high topographic gradient—roughly 20 percent of the land area is close to sea level and 20
percent is above 1,200 meters. Many of the larger rivers are managed, although the total
reservoir volume is relatively small compared to the amount of water stored in snowpack. Snow-
dominated headwater catchments are typically controlled by reservoirs operating for flood
control, hydropower, recreation, and conservation; while snow-rain transitional watersheds are
generally operated for water supply and contribute to diverse fluvial regimes at the estuaries
when finally converging with rain-dominated and mostly urban or agricultural watersheds. It is
becoming increasingly challenging to balance these competing needs (Cuo et al. 2011;
Polebitski et al. 2011) and to simulate how future flows might change under different scenarios
(Cuo et al. 2011; Traynham et al. 2011). The warming climate is anticipated to reduce winter
snowpack, further limiting summer flows, as well as raise the temperatures of snow-fed streams
and rivers (Lee et al. 2020; Mote et al. 2018; Yan et al. 2021).

Regional land use and land cover in the Puget Sound region have changed dramatically over
the past century and a-half to meet the demands of a growing population, and they continue to
evolve (Figure 6). Logging has been a dominant industry in much of the Pacific Northwest for
many years, leading to significant changes in regional landscapes and ecosystems (Bowling et
al. 2000; Gibbons and Salo 1973). Loss of riparian vegetation due to logging, in combination
with warmer winter climate and reduced snowpack, has resulted in decreased water availability
in summer and exacerbated warming in rivers, particularly in snow-rain transition watersheds
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(Yan et al. 2021). Increased riverine thermal input from changing climate and land use will likely
affect the heat balance of Puget Sound (Cao et al. 2016), which in turn affects its estuarine
ecosystem (e.g., Moore et al. 2015). Economically and ecologically valuable Pacific salmon and
steelhead are increasingly stressed, which has led to the listing of many populations under the
United States Endangered Species Act and significant investment in restoration efforts
(Fullerton et al. 2022). Affected hillslope hydrology compounded with evolving fluvial
morphology has also influenced water management and affected the sediment load of rivers
across the region (Scott and Collins 2021).
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Figure 6. 2006-2017 high-resolution land cover change detection map of the Puget Sound
region. Source: Puget Sound National Estuary Program 2020.

Urban development in the Puget Sound lowlands has increased dramatically over the past
several decades (Alberti et al. 2004; Hepinstall-Cymerman et al. 2013). This urbanization has
had a profound influence on regional hydrology and flood regimes (Cuo et al. 2011, 2009);
ecosystem dynamics (Moscrip and Montgomery 2007); river, coastal, and nearshore water
guality (Alberti and Bidwell 2005; Feely et al. 2010; Sun et al. 2016); and a host of other
environmental processes. Urbanization tends to fragment Earth systems to the point that their
environmental functions, such as draining or filtering water, are degraded. Housing density and
parcel position have been found to be good predictors of land cover composition changes, with
implications for both urban planning and modeling of the impacts of urbanization (Figure 7).

In contrast to climate-related changes, which generally reduce summer water availability,
urbanization-related changes are projected to increase annual streamflow in lowland streams
and increase the aggregate inflow to Puget Sound (Cao et al. 2016). Simulations focused on
urban catchments in the Puget Sound basin (Sun et al. 2016) also suggest that urbanization will
have greater effects than climate change on the magnitude and seasonal variability of
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streamflow, sediment, and phosphorus loads. Brandenberger et al. (2011) reported changes in
hypoxia levels in Puget Sound pre- and post-urbanization, while noting the potential influence of
climate oscillations when explaining water quality variability. Alberti and Marzluff (2004)
concluded that more research on urban patterns was needed to define and predict “human and
ecosystem functions in urban ecosystems,” and workshop participants indicated that this
research gap has only grown over time. Some of the human system dynamics associated with
urbanization, such as population dynamics and infrastructure, are discussed in the Human
Systems (Section 3.4 below).
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Figure 7. Distribution of land cover across parcels with different land use in King County, WA.
Source: Alberti and Marzluff 2004.

The terrestrial ecosystems around Puget Sound have been profoundly impacted by logging,
urbanization, water management, and other human activities. A number of groups have
developed detailed high-resolution models capable of resolving many of the key land system
processes, often with an emphasis on the influence of wildfire, forestry practices, urbanization,
and other management decisions on water resources (e.g., the Distributed Hydrology Soil
Vegetation Model — DHSVM). As noted above, several tools have also been developed to study
land use and land cover changes in the region. In general, however, there has been
considerably more attention in the published literature given to Puget Sound coastal and marine
ecosystems than to terrestrial ecosystems in the surrounding watersheds. There is an
opportunity to leverage, connect, and extend existing tools, including E3SM’s land model and
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other tools that have not previously been used to study Pacific Northwest terrestrial ecosystems
in detail.

A number of additional observational, modeling, and knowledge gaps also exist in
understanding integrated hydro-terrestrial systems around Puget Sound. For example, despite a
number of field campaigns (e.g., OLYMPEX), observations of snowpack, soil moisture, and
water quality have major observational deficits that in turn constrain model development,
calibration, and validation. Improved modeling approaches for representing hydrological,
ecological, and biogeochemical processes in regions with large topographic gradients are also
needed, and they need to include the influence of variabilities patterns and the changes induced
by long-term warming, human development patterns, and other stressors. There is also a need
to improve the coupling of climate projections with water management activities, such as the
growth in multisectoral water demands and implications for both water quality and water
availability across the region. Projecting future changes in hydropower resources in the context
of climate change, land use changes, and competing water management objectives such as
flood control is a major challenge for the Pacific Northwest as well as many other regions.
Additional research needs identified by workshop participants related to terrestrial systems are
described in the final section of this report.

3.3 Coastal and Marine

A large number of academic, federal, state, local, tribal, and nongovernmental organizations are
also involved in monitoring and modeling Puget Sound itself. For example, multiple groups have
developed high-resolution coastal ocean models capable of representing tidal circulations,
waves, storm surges, tsunamis, sediment transport, biogeochemistry, and other processes in
Puget Sound and the broader Salish Sea (e.g., Salish Sea Model, LiveOcean, SalishSeaCast
NEMO Model, PS-CoSMoS). These models require extremely high resolution to account for the
complex flow patterns arising from Puget Sound’s high tidal range and complex geography and
bathymetry. There has also been considerable work done to understand regional sea level rise
(e.g., Miller et al. 2018; Seattle Public Utilities map of Sea Level Rise; NOAA Sea Level Rise
Viewer), and regional planners have started to incorporate these projections into decision-
making about urban planning and adaptation (e.g., Raymond et al. 2018; Feifel and Braddock
2021; Island County Sea Level Strategy 2020). Fewer entities have considered the combined
impact of sea level rise, climate change, and land use land cover change on salinity intrusion,
though it has been shown that all three processes are important to consider (Yang et al. 2015).

Puget Sound is home to a huge range of species, with complex food webs spanning the
nearshore, pelagic, and intervening areas, all of which are strongly influenced by the influx of
freshwater, sediments, and nutrients from rivers and nearshore environments (Ruckelshaus and
McClure 2007). As in many heavily developed coastal environments, Puget Sound ecosystems
have been impacted by a variety of human activities, including forestry, agriculture, urban
development, dams, and the attendant changes in runoff, sediment, and pollutants. Key
conservation species like the salmon and orca, both of which have been declining in numbers,
have been a major driver for understanding regional hydrology and water quality (Figure 8).
Puget Sound is a hotspot for early market tidal energy development (Yang et al. 2021), and the
physical and ecological implications of widespread tidal energy deployment are largely
unknown. A number of groups, such as the Nature Conservancy’s Stormwater Heatmap, and
entities such as the Puget Sound Partnership and its Puget Sound Ecosystem Monitoring
Program, have developed tools to help understand Puget Sound ecosystems and the factors
influencing them. The shared water boundary with Canada creates interesting transboundary
management challenges across terrestrial, freshwater, estuarine, and coastal ecosystems.
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Figure 8. Survival rates of three species of salmonids—the Chinook, the coho, and the

steelhnead—have experienced sharp declines in Puget Sound since the 1970s.
Source: Adapted from Salish Sea Marine Survival Project by Long Live the Kings.

While robust data and modeling capabilities exist for many of the systems in Puget Sound, there
are still a number of capability and knowledge gaps, as well as a need to better understand and
simulate how hydroclimate, riverine, marine, and human systems interact. For example, there is
a need to better model surface and groundwater interactions as well as bi-directional subsurface
exchanges along the shoreline, especially with respect to saltwater intrusion and lowland
agriculture impacts. Modeling within ecosystems has strengths, but there is need for better
coupling across ecosystem boundaries, especially between small-scale ecosystem models and
larger representations of climate in the nearshore area and the freshwater-estuary interface
(e.g., marshes). Tidal cycles and their interactions with river discharge, wave, extreme weather
events (e.g., wind) and sea level rise need to be more comprehensively represented, as well as
the potential environmental effects of tidal energy development. Additional study of the potential
impacts of sea level rise will also be critical to understand the visibility and severity of impacts in
the region, especially with highly urbanized areas occupying a significant portion of the interior
coastline.
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3.4 Human Systems

The previous sections have already highlighted several important human activities and stressors
in the Puget Sound region, such as water management, forestry, and urbanization. Indeed,
many of the region’s environmental systems have been profoundly shaped by human
development patterns and other activities. Many human activities are also influenced by climate
variability and long-term warming, along with other short- and long-term Earth system
processes. The Puget Sound and broader Pacific Northwest region have an extremely active
research community focusing on human-Earth system interactions. However, many data,
knowledge, modeling gaps remain.

Human habitation in the Puget Sound region dates back over 10,000 years. The original Native
American inhabitants have been called Puget Salish, Southern Coast Salish, or Lushootseed
people, with tribes including the Nisqually, Skagit, Snoqualmie, and others. The first European
settlements appeared in the mid-19th century and expanded rapidly with the Gold Rush.
Population has surged again over the past several decades alongside economic growth,
especially in urban centers, with additional growth being forecast in the decades ahead (e.g.,
PSRC Macroeconomic Forecast 2018, VISION 2050). Factors shaping population shifts and the
accompanying development patterns include the constrained geography of the region and
policies affecting the region’s tribes and communities of color (D’Aquila 2022; NWIFC 2014). As
climate change leads to increasingly inhospitable conditions in other regions, western
Washington State has been viewed as a potential climate refuge (Bryan 2021; Policygenius
2022), but understanding the processes that drive migration at different scales and the potential
role of climate in shaping those processes remains an outstanding research challenge
(Saperstein 2015).

One unigue feature of human systems in the Puget Sound and broader Pacific Northwest region
is the dominance of hydropower in the regional energy mix; it represents approximately 66
percent of net electricity generation in the state (EIA 2022; also see Figure 9). Wind and solar
resources managed by utilities serving the Puget Sound region are growing rapidly, with
installations primarily located in eastern and central Washington (see, e.g., PSE 2022). Because
many parts of the Pacific Northwest feature peak energy demand during the winter, hydropower
is typically exported to California during summer months, when demands there are highest
(2021 Northwest Power Plan; Western Energy Imbalance Market). Along with the impact of
climate change on regulated flow and hydropower (Lee et al. 2016), markets can also affect flow
regimes (Kern et al. 2012). For instance, recent changes in markets and electricity generation
portfolios have been shown to decrease weekly release peaking in rivers managed for
hydropower (Déry et al. 2022). Washington State has adopted aggressive targets for
decarbonizing regional energy systems, and the large existing fraction of renewable energy
production in the region should generally make decarbonization easier than in some other
regions (de Chalendar et al. 2019). However, it also means that further carbon emissions
reductions will have to come from other sectors, such as transportation, which creates different
energy transition challenges than in other regions of the county where fossil fuels underpin
electric power production (see, e.g., E3 2019).
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dependencies in how human systems are connected. Data sources: S&P Global
Platts 2018, NOAA/NCEI Climate Division.

Considerable attention has been given to understanding how climate change will affect human
systems across the Pacific Northwest (e.g., Mauger et al. 2015). For example, air temperature
increases are expected to decrease winter electricity demands but increase summer demands
(2021 Northwest Power Plan). Precipitation, runoff, and flood frequency changes are informing
the design of stormwater (e.g., Rosenberg et al. 2010) and port infrastructure (Simpson 2012;
Figure 10) and leading to recommendations to increase culvert width to maintain fish passages
and reduce damage to road infrastructure in rural to suburban areas (Climate Robust Culvert
Design Project; Mauger et al. 2021; Wilhere et al. 2008). The differential climate risks faced by
communities across Washington State have also been examined and there are ongoing efforts
to understand differential impacts on human well-being (e.g., Climate Impacts Group et al. 2018;
GODEEP). However, impact studies typically look at impacts on a single system or sector
across a small set of scenarios, typically with fixed assumptions about how other processes and
interactions might change or how systems might evolve or adapt. Impact studies also tend to be
end-user oriented, with limited influence on improving fundamental understanding of human and
coupled human-Earth system processes. A more comprehensive description of human-Earth
system interactions across Puget Sound would include accounting for the complex interactions
within and among physical infrastructure, demographic and economic changes, land use
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change, technology development and deployment, resource use, and policy and management
decisions of all sorts. These are many of the same topics, sectors, and challenges that the
MultiSector Dynamics Community of Practice has been discussing more broadly as it seeks to
develop frameworks for modeling and understanding the co-evolution of human and natural
systems across different scales and geographic contexts (Earth’s Future 2022). Workshop
participants noted that certain features of the Puget Sound region, such as the high fraction of
hydropower in its energy mix (and hence strong energy-water linkages) and the relatively sharp
urban-to-rural gradients in regional development patterns, could make it a particularly interesting
testbed for exploring multisector interactions.
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Figure 10. Projected area and depth of flooding in the City of Olympia, Washington, during a
100-year flood event with +6 inches of sea level rise. Source: Simpson 2012,
reproduced from Mauger et al. 2015.

Another overarching theme noted during the workshop was the importance of including human
activities more explicitly in coupled Earth system modeling, both to improve the ability of models
to inform decision-making and to account for the dynamic feedbacks between human decisions
and environmental trends. DOE’s E3SM already includes several human system processes,
including water management (MOSART-WM) and agricultural decision-making (Kyle et al.
2011), at spatial and temporal scales appropriate for global Earth system modeling. Other DOE
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projects, such as Integrated Multisector Modeling and Program on Coupled Human and Earth
Systems, have developed approaches for coupling human and natural system models to
exchange information at the much higher resolutions that many human systems require.
However, as spatial domains shrink and spatial resolution grows, there remain unresolved
guestions around the most appropriate way to represent upscaled feedbacks or interactions with
other regions. In the context of Puget Sound, this could include things like understanding
migration patterns or the impact of supply chain disruptions on regional economic activity.
Another idea proposed at the workshop is to mine available data and regional studies that relate
the response of human systems to climate stress. Artificial intelligence (Al) and machine
learning (ML) are emerging methods to explore potential interactions by representing human
actors in human-Earth system models (e.g., Ekblad and Herman 2021).

Workshop participants also noted that stronger engagement of the social sciences would be an
important prerequisite for improving how human systems and their interactions with the
environment are represented in models. For example, understanding the factors driving urban
development patterns or the rate of adoption of new technologies requires understanding and
accounting for human decision-making at many levels. Biedenweg (2017) looked at the
influence of demographics on environmentally oriented human well-being metrics across the
Puget Sound region but found no robust relationships and noted high variability in the results. A
few efforts in other regions have started representing human decision-making in models, such
as the influence of changing flood risk patterns on real estate markets (Chandra-Putra &
Andrews 2020). Representing decision-making in models more holistically is a particularly
important and challenging topic, especially in the context of climate change mitigation and
adaptation (see, e.g., Moss et al. 2013). However, we currently lack adequate understanding of
the many factors influencing decision-making, such as scales of governance, institutional
arrangements, formal and informal norms, culture, perceptions, values, etc.

A final challenge associated with modeling human activities, decision-making, and interactions
with Earth systems is the presence of many deep uncertainties (see, e.g., Marchau et al. 2019).
Characterizing uncertainty can become increasingly difficult as the number of systems being
simulated increases. The community has been developing and testing frameworks and
approaches for doing so in a multisector context, and some best practices are beginning to
emerge (e.g., Addressing Uncertainty in MultiSector Dynamics eBook). An overarching need in
progressing forward with improving combined human system and natural system models is to
bring together researchers with human system-oriented science questions and researchers with
Earth system science questions to develop modeling experiments that can begin to construct
linkages and quantify uncertainties relate to different use cases.
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4.0 Extreme Events and Impacts

As in many regions, some of the most consequential interactions between human and natural
systems across Puget Sound occur in the context of extreme weather or climate events that
lead to major damage or disruptions. Projecting future changes in these events is difficult but
critical for understanding the potential risks to human life, well-being, and livelihoods, as well as
critical infrastructure, and to aid in planning for mitigation or adaptation measures across
multiple time scales (Santella et al. 2009; Hallegatte et al. 2007; Hanna and Marqusee 2022;
Copping et al. 2018). Extreme weather and climate events have of course happened throughout
time, and some are even critical for long-term ecosystem health. However, many types of
events are becoming more frequent and more intense due to human-induced climate change
(Trenberth et al. 2015), and explicit attribution of extreme events to human activities is a
maturing field (Swain et al. 2020; Van Oldenborgh et al. 2022).

The extreme events that received the most interest and attention before and during the
workshop were related to regional hydroclimate, including atmospheric rivers (ARs), rain-on-
snow (ROS) events, and the attendant flooding and flood risks. This focus on hydroclimatic
extremes is not surprising given the cascading impacts that hydrologic changes can have
across the Puget Sound region’s interconnected systems. Other extreme events identified in the
literature review and discussed at the workshop include heat waves, cold snaps, droughts, and
wildfires, all of which are associated with significant impacts on regional inhabitants,
infrastructure, and ecosystems. In many cases, long-term stresses associated with human
activities are increasing the attendant vulnerabilities and risks, such as through the proliferation
of buildings at the wildland-urban interface. The sections below summarize the mechanisms,
implications, and uncertainties associated with the extreme events discussed at the workshop,
including how human activities might be intentionally or unintentionally exacerbating or
mitigating the associated risks. Additional information is available in the cited references as well
as the extended bibliography and the end of this report.

4.1 Heat Waves and Cold Snaps

The Puget Sound region typically experiences some of the mildest summer temperatures in the
country. As a consequence, there are fewer adaptation options for extreme heat (such as air
conditioning) than in other regions, and the potential impacts of extreme heat on regional
systems can be more severe (Arnold et al. 2022; Young 2012). Although heat waves in western
Washington State have been rare historically, they have been increasing in recent years, with a
sharp uptick in the number of days per year with maximum temperatures exceeding 90 degrees
Fahrenheit (First Street Foundation 2022a; RiskFactor). Night-time heat events have occurred
even more frequently than daytime heat events in the last few decades (Bumbaco et al. 2013),
which is consistent with the rate of increase in summer minimum temperatures being about
three times greater than in summer maximum temperatures over the historical record.

Public interest and research activity increased sharply after a record-setting heat wave that
occurred in 2009 (e.g., Bumbaco et al. 2013), a heat wave in 2015 that was accompanied by
severe drought (Steel et al. 2019) and a protracted marine heat wave (Bond 2021), and most
recently after a truly exceptional heat dome event in late June 2021 that shattered temperature
records across the state with temperatures 15-20°C above normal maximum temperatures
(Figure 11). The 2021 event led to far-reaching impacts across many human and natural
systems, including water resources, agriculture, energy production, human health, and
terrestrial, aquatic, and marine ecosystems (Raymond et al. 2022; Suryan et al. 2021; White et
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al. 2022; Washington State Department of Health 2021). An attribution analysis determined that
there was little to no chance of an extreme heat event of this magnitude occurring without
human-caused climate change as a driver (Philip et al. 2021), thereby highlighting the role of
human activities in driving long-term changes in extreme heat.
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Figure 11. Observed daily maximum temperature anomalies in degrees Celsius for June 27
and June 28, 2021, relative to the normal maximum temperature for the same time
of year. Source: Philip et al. 2021.

The mechanisms and drivers of heat waves in the Pacific Northwest are fairly well understood:
the most extreme summer temperatures occur when ridging dominates the atmospheric flow,
and the highest daytime temperatures in the Puget Sound lowlands are associated with easterly
or northeasterly winds that drive downslope and offshore flow. However, the characteristic
regional atmospheric circulation pattern associated with “hot day” events differs from that
associated with “hot night” events, and there can be additional amplifying or mitigating factors
such as soil moisture content. Despite this general understanding of the mechanisms and
interactions with other systems, several modeling challenges remain. In the current generation
of climate models, representing synoptic-scale ridging and blocking events remains a key
challenge (see, e.g., Liu et al. 2022). A multiscale modeling of heat waves is a more general
research need (Grotjahn et al. 2016). Additionally, given the substantial natural variability
associated with atmospheric circulation patterns, large ensemble simulations are typically
needed to isolate the response of features such as ridging and blocking to anthropogenic
forcing. As a result, considerable uncertainties exist in the projections of future heat waves in
many regions, including the Pacific Northwest.

An additional and equally important modeling challenge is understanding the potential
interactions with and impact of heat waves on other systems in the Puget Sound region. Heat
waves interact with other Earth systems including the marine environment, wildfires, drought
(Mazdiyasni and AghaKouchak 2015), and other vegetation impacts and feedbacks (Klein et al.
2022). Heat waves also have societal implications, which have generally not been studied in
depth, including public health, productivity and economic impacts, energy systems impacts and
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adaptations (such as installation of air conditioning), and public perceptions of climate change. It
is generally well understood that urbanization leads to higher temperatures where population
densities are also highest, exacerbating the impacts of extreme heat (Qian et al. 2022). The role
of urbanization on heat waves around Puget Sound has been explored in the context of urban
planning practices that can alleviate the human stresses—practices such as green parks (e.g.,
Stone et al. 2010, King County Heat Mapping project), but remains an area to be further
examined. It has also been suggested that increases in the frequency of extreme heat in the
Puget Sound region may reduce its attractiveness to climate refugees (Milman 2021).

Cold snaps were not discussed in their own breakout session at the workshop, but were
touched on in the same group that discussed heat waves. Extreme cold is generally expected to
lessen in severity in the Puget Sound region over time, with extreme cold conditions projected to
become more rare (Mauger et al. 2015; Snover et al. 2005). This change over time will have
interactions with other human systems, including winter-time electricity consumption, public
health, and infrastructure design. The mechanisms and drivers of cold snaps are fairly well
understood, cold air flowing through mountain gaps being one of the key processes (see, e.g.,
Sheridan and Lee 2018). However, climate models typically over-predict the intensity of cold
shaps compared to observations, and these cold biases persist even with downscaling (Leung
and Qian 2003), in part because there tends to be insufficient blocking of cold air by terrain to
the north and east of Puget Sound and hence an unrealistically high frequency and intensity of
cold-air incursions. These results suggest that significant uncertainties remain in accurately
simulating both the large-scale flow patterns and detailed interactions with topography that drive
extreme cold snaps, as well as extreme heat waves.

Workshop participants also noted that the topography and physical geography of the Puget
Sound region, with two mountain ranges surrounding lowlands and a fairly narrow strip of water,
has important effects on the development and spatial characteristics of temperature extremes.
Gaps in topography, such as the Fraser River Valley, link areas with very different air masses,
and the flows through these gaps can affect the development and persistence of extreme
events (Environment Canada and U.S. Environmental Protection Agency 2014). The relatively
cool and constant temperature of the water in Puget Sound, as well as the presence of steep
topographic temperature gradients, also creates refuges for people and animals capable of
moving to escape extreme temperatures. As noted above, built-up areas can also have a
significant influence on local temperatures. Given all of these challenges and uncertainties,
workshop participants noted that Puget Sound could serve as a powerful testbed for improving
the ability of climate models to represent the multiscale processes that drive extreme
temperature events.

4.2 Extreme Precipitation and Runoff

ARs, ROS events, and the associated riverine flooding were the subject of some of the most
active discussions before, during, and after the workshop, both in terms of their impacts and
outstanding research needs. While these processes are not unique to the Puget Sound region,
they do occur frequently and can have outsized impacts due to the region’s geography. Hence,
it could be a natural laboratory for observing and modeling key processes shaping these events
across multiple scales.

ARs are filamentary corridors of moisture transport that are responsible for a majority of the
extreme precipitation events along the U.S. West Coast (see Figure 12), as well as several

other regions around the world. The relatively lower-elevation Cascade Range is particularly
conducive to intense AR precipitation (Rutz et al. 2014; Chen et al. 2018). The mechanisms
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behind ARs, the atmospheric circulation patterns that create them, and their connection to sea-
surface temperatures (SSTs) are generally well understood (Ryoo et al. 2015; Chen and Leung
2020; Tan et al. 2020). However, large gaps exist in our understanding of their behavior and
their impacts, especially as they make landfall in regions that feature complex topography.
Studies have shown that enhanced model resolution reduces errors in simulating historical ARs,
particularly because of the improved ability to simulate orographic processes (Huang et al.
2020). Additional knowledge gaps include those related to understanding AR moisture uptake
along its path, especially over oceans (L’Ecuyer et al. 2015), and improved validation data and
techniques (Cannon et al. 2017), including approaches for identifying ARs from meteorological
fields (Shields et al. 2018). The winds associated with ARs can also cause damage and could
potentially increase AR-induced coastal flood risks, but only a few studies have examined AR
winds (e.g., Waliser and Guan 2017). Extreme precipitation and river discharge anomalies, like
those observed during the 2014—-2016 marine heat wave, can have major effects on circulation,
ecosystem productivity, and biogeochemistry in the downstream Salish Sea estuarine
ecosystems (Khangaonkar et al. 2021).
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Figure 12. AR frequency based on IVT250, which is strongly correlated with cool-season
precipitation and defines an AR as a contiguous region 22,000 km in length with
integrated vapor transport (IVT) = 250 kg m—1 s—1. Source: Adapted from Rutz et
al. 2014.

An additional, and consequential, uncertainty is how AR events might be changing. Sensitivity
studies have been performed with increased SSTs (Chen and Leung 2020) and coupled model
simulations under various climate change scenarios (Espinoza et al. 2018; Gao et al. 2015;
Hagos et al. 2016). These studies suggest that climate warming is increasing the number of
ARs as well as their moisture transport and precipitation totals, but they also indicate that
dynamical changes may modulate the latitudes of their landfall. Some studies project stronger
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winter ARs over the West Coast mountains by the end of the 21st century (Gershunov et al.
2017; Rhoades et al. 2020).

The influence of AR intensity, frequency, and landfall duration on snowpack is another key
guestion, especially given the importance of snowpack for regional water resources. Satellite
observations can accurately determine the freezing level (Cannon et al. 2017), but there are
limits to current data availability and modeling capability. Long-term observations suggest that
AR days are responsible for 34 percent of seasonal snowfall in the Cascade mountain range
(Hu and Nolin 2019). A strong relationship is also found between ARs and winter snowpack in
dynamical modeling, although no clear trend was found between ARs and snowpack during the
spring season, likely due to variations in freezing level and the form of precipitation (Goldenson
et al. 2018). In parallel to ARs’ association with flood hazards, ARs play a key role in drought
alleviation in the Pacific Northwest, where 60 percent —74 percent of all persistent drought was
terminated by the arrival of AR storms (Dettinger 2013).

ARs are also responsible for many ROS events that frequently occur along the mountain ranges
of the Pacific coast and have received considerable attention due to their potential to drive
major flooding episodes (Li et al. 2019; Sun et al. 2022). The Oroville Dam failure in February
2017 with a repair estimate of $1.5 billion and evacuations of about 190,000 people is a notable
example of ROS floods that have major socioeconomic impacts. An examination of ROS events
at more than 4,000 sites in the western United States from 1949 to 2003 found a decreasing
trend in ROS events at lower elevations, associated with decreased snowfall and a shorter
duration of snow cover on the ground under warmer climate conditions (McCabe et al. 2007).
Simulations of ROS events in the future warmer climate also suggested less frequent ROS in
the Pacific region due to its warmer winter conditions (Musselman et al. 2018).

Considerable uncertainties remain, however, in predicting individual ROS events and projecting
how they might change in the future. As with ARs, the combination of large elevation gradients,
a maritime climate, complex regional land use and land cover patterns, and local expertise
makes the Puget Sound region a particularly attractive location to advance understanding of the
complex processes that drive ROS conditions. For example, the relatively mild winter
temperatures create challenges in simulating snowpack dynamics, because the energy balance
dynamics of snowpack is sensitive to even small errors in atmospheric forcing when
temperatures are at or near 0°C (Raleigh et al. 2016; Sun et al. 2019). In regions that have
complex topography it is also more challenging to resolve warm rain processes that involve
many interacting microphysical processes (Zhang et al. 2019), leading to greater uncertainties
in the amount of rainfall during ROS events. There are also uncertainties in the conditions (rain
volume and temperature, antecedent snowpack, site elevation, etc.) under which runoff is more
likely to be enhanced by accelerated snowmelt versus diminished by snowpack by absorbing or
freezing a portion of the rain. Forest alterations from natural and human disturbances (e.qg., fire,
clearcut logging) can modulate ROS events by influencing snow accumulation and melt, and
ROS runoff can in turn directly affect soil moisture, which plays a key role in vegetation-
precipitation and vegetation-climate feedbacks (Sun et al. 2022; Varhola et al. 2010). Finally,
observational data sets on climate, snowpack, and runoff under ROS conditions are very
limited, especially in the snow-rain transition zone (e.g., 300-1500 m) where ROS is most
common and most sensitive to changes in climate.

4.3 Flooding

While ARs and ROS events are scientifically interesting, much of the interest in better
understanding these phenomena stems from their key role in driving major flooding events. A
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continental United States-wide analysis (Sun et al. 2022) suggested that the 100-year 24-hour
extreme runoff events are typically highest in magnitude along the mountains of the west coast
as a result of ROS events (Figure 13). However, connecting ARs and ROS events to flooding
and other impacts is a main challenge at the scale of existing global Earth system models.
Complex terrain across landscapes of the Puget Sound basin leads to strong heterogeneity in
the spatiotemporal distribution of atmospheric forcing (precipitation, temperature, and radiation
fluxes), vegetation cover, soil moisture, snowpack dynamics, runoff generation, and other
processes that contribute to riverine flood dynamics (Cao et al. 2016, 2020; Yan et al. 2021).
For example, variations in snowpack can occur at a small hillslope scale (10—-100 m) in
mountainous regions, resulting in significant observed variability in snow depth (Clark et al.
2011; Currier and Lundquist 2018). Understanding and finding ways to represent these
processes in models, including where ultra-high resolution is needed and which subgrid
parameterizations are most appropriate, will be crucial for improving projections of future flood
risk in the Puget Sound basin.

100-year 24-hour 24-hour
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Figure 13. 100-year 24-hour extreme runoff events (in millimeters) and the dominant
mechanism over the continental United States. Source: Sun et al. 2022.

In addition to high river discharge (i.e., fluvial flooding), landscapes throughout the Puget Sound
watershed are exposed to flooding driven by extreme precipitation (pluvial flooding), and/or king
tides and storm surges (coastal flooding). Many low-lying coastal areas are already affected by
the co-occurrence of these phenomena, foreshadowing future scenarios of intensified
compound flooding along the coast under sea level rise (Hamman 2012; Mauger et al. 2015),
which is projected to be as large as 24 inches in the Pacific Northwest during the 21st century
(Mauger et al. 2016; Sweet et al. 2022). The complex coastal environment of Puget Sound, with
its large tideflats and varying degrees of subsidence or uplifting (Newton et al. 2021), adds
intricacy and challenges to predicting flood events near the shoreline. Coastal models operating
at the regional or basin-wide scale do not typically have adequate nearshore resolution to
simulate the details of coastal flooding, but unstructured grid frameworks can be applied to yield
accurate simulations at the scale of the entire Puget Sound (Yang et al. 2019, 2020) and to
resolve interactions with coastal river floodplains and project the potential influence of sea level
rise on the scale of an individual river delta (Yang et al. 2012; Yang et al. 2015). Extracting key
elements from these fine-scale models to entire deltas, regions, and ultimately global scale
models is a major challenge for predicting the mechanisms and impacts of coastal and inland
flooding. Subsurface dynamics (e.g., seawater intrusion, surface and groundwater interaction)
are also important processes to capture, but to date this has only been done at a smaller scale
of a small floodplain plot (Yabusaki et al. 2020).
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The challenges associated with simulating urban flooding are in many ways greater still, given
the need for extremely highly resolved climate data, high-resolution land use and land cover
data to characterize human development patterns, and high-resolution modeling tools capable
of simulating relevant features and processes—which for many urban areas around Puget
Sound can include coastal and riverine flooding in addition to pluvial flooding driven by highly
localized extreme precipitation. Flash floods from intense rain events can be exacerbated by
reduced soil water storage from impervious surfaces and shortened overland runoff paths in
urban drainage systems, and these details can vary considerably depending on infrastructure
age, stormwater system design, and many other detailed factors. The timing of overland
flooding can also be quite different from that due to coastal storm surge, king tides, and flooding
from rivers swollen by upland precipitation. Finally, urban flooding can be associated with large
pulses of nutrients and pollution from surface contaminants, sewage, and other sources, all of
which end up in Puget Sound.

While there has been considerable progress in simulating riverine and coastal flooding,
capabilities for predicting or projecting future changes in urban and compound flooding events
are much more limited. More difficult still is simulating the potential influence of climate change,
sea level rise, urbanization, and other long-term trends on compound flooding. Coupling of land,
river, atmospheric, and coastal hydrodynamic models has only been explored in a one-way
manner in Puget Sound (Yang et al. 2015). Capabilities in modeling the hydrodynamics and
interactions of these processes at the tidal transition zone are lacking for accurately predicting
total water levels, inundations, waves, and saltwater intrusion in the highly developed Puget
Sound lowlands, as are assessment tools to understand feedbacks and evaluate the mitigation
strategies (e.g., forestry management for wildfire, riparian and river restoration, etc.). Improved
understanding of the influence of extreme precipitation and flooding on river biogeochemistry
and the chemistry of the water entering Puget Sound is a closely related research challenge.

Human safety, utilities, and access to critical services all rely on accurate flood predictions,
warnings, and long-term infrastructure adaptations for resilience. Many rivers throughout the
Puget Sound watershed have dams for hydropower or flood control, but some of these systems
are aging and operating rules may need to be updated to account for changes in flood risks. In
addition to climate warming and the attendant hydroclimate changes, historical channelization of
rivers and widespread land cover and vegetation changes alter water flow patterns and can
increase water velocity, despite intentions to prevent flooding. Many restoration projects and
partnerships are under way to restore degraded systems using both advanced engineering
techniques and nature-based approaches (e.g., Puget Sound Restoration Fund), as well as the
integration of social science (Biedenweg et al. 2021). Development patterns also continue to
evolve, and flood risks are increasingly being taken into account when making land use and
infrastructure decisions (e.g., Floodplains by Design; King County Sea Level Rise Risk Area;
Binder and Morse 2016). Very few of these human systems and processes are explicitly
included in models, and there are significant research (and research-to-operations-to-research)
opportunities in modeling the impacts on and responses of human systems to flooding and other
extreme events.

Two additional topics that were discussed briefly by workshop participants in the context of
flooding were landslides and sediment transport. The physiography and geology of the Puget
Sound region features a lot of steep slopes and exposed glacial deposits prone to erosion, and
intense precipitation and flooding can exacerbate the attendant landslide risks (Moon et al.
2011; Scott and Collins 2021). Following three weeks of heavy precipitation in 2014, a large
mudslide near Oso, Washington, killed more than 40 people and caused significant property
damage. While soil saturation was determined to be the primary factor in that event, other
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factors were at play, including altered groundwater migration, weakened soil consistency
because of previous landslides, and changes in hillside stresses (Stark et al. 2017). Making
direct connections between landslide risks and extreme precipitation events, or other human
and Earth system processes, is challenging because hillslope failure mechanisms can vary
widely and the risks depend on a number of highly site-specific characteristics. Nevertheless,
some studies have suggested that intense AR also have the potential to increase landslides
(Mauger et al. 2015).

Sediment transport caused by erosion or landslides from upstream flooding has a number of
impacts, including reservoir sedimentation, degraded water quality in streams and Puget Sound,
regional carbon and nutrient cycling, and even amplification of downstream flood risks due to
morphological changes (Nones 2019). Sea level rise and changes in coastal flooding could also
have a significant impact on floodplain sediment transport and ecosystem dynamics, with
enhanced saltwater intrusion (Yang et al. 2015). Sediment erosion and transport can be
challenging to model due to the number of factors involved, but progress has been made in
doing so in both Earth system models (e.g., Li et al. 2022; Tan et al. 2021) and higher resolution
river models (Doten et al. 2006; Sun et al. 2016; HSCTM2D). The Puget Sound region would
make an excellent testbed for examining sediment transport and landslides, and there has been
a considerable amount of data collected to aid in model development, calibration, and
validation, including one of the most comprehensive archives of landslide information in the
United States (Department of Natural Resources Geologic Information Portal).

4.4 Droughts and Wildfires

While drought conditions are not as common in the Puget Sound basin as in some other
regions, they do occur and can have profound implications due to the many regional systems
that depend on water resources. The mechanisms that can lead to drought include warmer
temperatures leading to less snowpack and/or higher evapotranspiration, persistent blocking
high pressure ridges leading to less precipitation, and increases in local water stress due to
surface-groundwater interactions and/or human management of water resources. The entire
Pacific Northwest experienced record-breaking drought in 2015 that included an abnormally low
snowpack (Figure 14), which in turn was driven by abnormally warm winter temperatures (Steel
et al. 2019; Harpold et al. 2017). A more recent drought in 2021 followed by a heat wave led to
most of the Pacific Northwest being under abnormally dry or drought conditions (Ansah and
Walsh 2021). Droughts are typically associated with low summer river flows and unusually high
water temperatures, which have major consequences for water supplies, salmonid species,
agriculture, energy production, and ecosystem health.
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Figure 14. Map of Washington showing the snow drought (i.e., abnormally low level of snow
water equivalent or SWE) on April 1, 2015. Source: USDA/NRCS.

The frequency and severity of droughts around Puget Sound are expected to increase with
climate change, especially as increasing temperatures are combined with declines in spring
snowpack and summer precipitation (River Management Joint Operating Committee 2018;
Mauger et al. 2015; Hamlet et al. 2005). While it was rare historically, the conditions
experienced in 2015 are expected to become typical by the mid-21st century (Marlier et al.
2017). Concurrent drought and heat wave conditions are also increasing due to climate change
(Mazdiyasni and AghaKouchak 2015), and precipitation trends suggest that the frequency and
intensity of hot-dry events will continue to increase (Bevacqua et al. 2022).

Despite significant work conducted on improving our understanding and ability to model large-
scale interactions among temperature, precipitation, and topographic dynamics, the modeling of
droughts of different types, how they might change, and how they may affect the coupled
human-Earth system differently in the future still presents significant challenges. These
challenges include, for example, the complexity of modeling snow droughts, aquifer storage
response to droughts, and accounting for the many human actions that interact with natural
hydrological system (e.g., dam operating rules, water demands and changes due to population
growth and agricultural land expansion, forest management practices that influence snowpack,
compliance with water rights and treaties, etc.). In addition, human management boundaries are
often artificial and do not follow watershed boundaries or interactions across management
scales, which is especially significant in a highly managed region where water availability
impacts span large geographical areas and multiple jurisdictions. The ability to manage the
challenges arising from increasing drought frequency and intensity, compound extreme events
(concurrent heat wave and drought), and extreme events in rapid succession (e.g., drought
followed by flood), were identified during the workshop as being important research gaps. It was
also noted that there are several definitions of drought, including those based on precipitation
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thresholds, hydrologic methods, and energy needs. Clarifying the definitions of drought was
identified as another gap.

Wildfire represents another relatively rare, yet potentially catastrophic process that can affect
the Puget Sound region, especially the forested areas on the western slopes of the Cascade
mountains (Stevens-Rumann and Morgan 2019). The region historically exhibits a 35- to 300-
year wildfire frequency with low to moderate stand replacement severity. Forest management
practices and development at the wildland-urban interface around the region have significantly
increased the potential for large and catastrophic fires (Halofsky et al. 2018; Radeloff et al.
2018; Hammer et al. 2007). At the time of this writing (September 2022), two large wildfires
have led to the evacuations of several communities, the closure of two of the three major
highways connecting the Puget Sound region with eastern Washington, and the de-energizing
of several transmission lines. Some analyses have suggested that wildfires in the region are
likely to increase in the future with changes in climate, population, and land use (Stevens-
Rumann and Morgan 2019; Zhong et al. 2021), but considerable uncertainties remain.

Workshop participants and external sources generally agreed that direct wildfire impacts and
risks are probably of less concern around Puget Sound than for adjacent regions in the Pacific
Northwest (e.g., First Street Foundation 2022b). That being said, many of the knowledge gaps
that exist for understanding heat waves, extreme precipitation, and drought are similar to those
that exist for understanding fire risk, and these processes are obviously linked. Additional needs
for fire predictability—which were highlighted in more detail at the recent ICAMS (Interagency
Council for Advancing Meteorological Services) Wildland Fire Workshops—include coupled
modeling of weather, fire behavior, and the land surface. Puget Sound workshop participants
also identified the need to better understand the impact of wildfire smoke, particularly its impact
on human health and environmental health (Errett et al. 2019; Ball et al. 2021), because smoke
from wildfires in adjacent regions often moves into the Puget Sound basin. While conceptually
understood, smoke impacts on air quality have not been explored in a systematic way (see,
e.g., NASEM 2022).
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5.0 Key Research Opportunities for Modeling

The preceding sections have highlighted some of the complex Earth system processes and
coupled human-Earth system dynamics that distinguish the Puget Sound region. The region’s
complex topography and geography, strong rural-to-urban gradients, and Pacific maritime
climate make it a compelling testbed for advancing scientific understanding in a multiscale and
multisystem context. While much has been learned about atmospheric, terrestrial, marine, and
human systems across the Puget Sound region, including the potential impacts of climate
change and different types of extreme events, many observational, modeling, and integration
gaps remain. In this section, the scoping study author team has attempted to filter and distill the
key knowledge, methodological, and data gaps identified by workshop participants and other
contributors into research topics that are aligned with DOE/BER/EESM program interests. In
doing so, we have attempted to focus on opportunities that would leverage and extend existing
modeling tools and activities, and on topics that are also relevant to other regions.

Before describing specific research opportunities, however, it is useful to share one overarching
observation by workshop participants regarding research opportunities in the Puget Sound
region: the importance and value of engaging with regional partners and stakeholders. The
Pacific Northwest is home to a large and engaged climate and global change science and
practitioner community that includes universities, state and local governments, tribes, utilities,
nongovernmental organizations, and the private sector. This community spans a wide range of
expertise and interests motivated to pursue various aspects of fundamental and applied science
challenges relevant to the region. Some members of the community focus on scientific
discovery and the tools needed to make those discoveries, including co-production of
knowledge, while others emphasize the information and capabilities needed to support effective
decision-making. DOE is well positioned to leverage the strengths of both of these communities
to advance knowledge in a use-inspired scientific framework. The HyperFACETS project has
shown the value of engaging with local and regional stakeholder communities to guide scientific
efforts, and there has been a renewed emphasis across many parts of DOE on the benefits of a
“research-to-operations-to-research” paradigm for advancing knowledge. The Puget Sound
region offers excellent opportunities to embrace this approach across the research areas
described below.

5.1 Earth System Modeling Opportunities

The geographic context of Puget Sound and existing community strengths in modeling different
components of the Earth system make it an ideal setting for enhancing the representation of key
processes and interactions in numerical models. The workshop and literature review identified a
number of specific areas in which improvements in regional and/or global Earth system models
would be helpful for improving our ability to predict and project future changes in and around
Puget Sound as well as in other regions. Many of these are centered on processes that involve
topography, such as orographic precipitation and flooding driven by ARs and ROS, as well as
on feedbacks between different system components of the natural and human-Earth system.
There was also a strong sentiment for incorporating additional human system dynamics into
Earth System models as an important area of focus. DOE’s E3SM would be an obvious target
for some of these enhancements; it has a non-hydrostatic atmosphere model, regional
refinement capability, a land surface model that includes a subgrid hierarchical structure to
represent subgrid heterogeneity, a radiative transfer scheme that represents topographic effects
on solar radiation, an irrigation module and an urban canopy model, and a river routing model
that already includes a basic representation of water management coupled with irrigation water
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demand.. Other processes, such as compound flooding along the complex Puget Sound
shoreline or the inclusion of human decision-making across multiple systems and scales, would
likely require coupling with other models. More detailed, limited-domain models could also help
inform the development of certain processes in E3SM and other large-scale models, as would
using a hierarchy of modeling constructs to evaluate E3SM performance. The following is a non-
exhaustive list of some of the key topics of research DOE would be well positioned to lead:

¢ Improving the representation of subgrid heterogeneity in coastal regions with complex terrain
and assessing its influence on atmospheric and terrestrial processes

e Representing the multiscale surface-atmosphere interactions that drive extreme temperature
events, especially large-scale blocking events combined with the finer-scale resolution
needed to resolve local temperature differences

o Processes that control the predictability of AR behavior, such as moisture transport,
precipitation over the ocean, and freezing level in regions with complex topography

¢ Refined resolution and process representation for predicting snowpack dynamics and
associated extreme events (e.g., ROS, snow drought), which is particularly difficult in Puget
Sound due to its warm winter conditions interacting with complex topography

o Warm rain processes, interactions of rain with existing snowpack, and processes controlling
ROS runoff

¢ Inclusion of additional time-varying urbanization processes in Earth system modeling
frameworks to study its influence on local-to-regional climate, hydroclimate, radiative fluxes,
flooding, drought, and other atmospheric and terrestrial processes

¢ Two-way surface-atmosphere feedbacks across urban-rural and topographic gradients,
especially those involving snow and vegetation and associated with extreme events (e.g.,
ARs, ROS, droughts, and wildfire)

o Enhancing the representation of water management activities in ESMs, e.g., more dynamic
reservoir operation rules and multisectoral water supply decision-making

e Representation of compound coastal flooding processes, including surface and groundwater
interactions, floodplain and sea level interactions, and corresponding biogeochemical
changes and impacts.

5.2 Regional Climate Simulation and Analysis Opportunities

Similarly, the unique features of the Puget Sound region offer a number of opportunities to
advance our understanding of important Earth system processes through the design,
evaluation, and analysis of numerical simulations and related observations. Some of the
research gaps relevant to these activities are closely related to the model development
opportunities noted above, while others represent areas in which existing data and/or modeling
tools already have the potential to significantly advance scientific understanding of processes
that occur across Puget Sound as well as other regions. Workshop participants noted a number
of specific areas in which model intercomparisons, development of metrics and benchmarks,
advanced statistical analyses, uncertainty characterization, and other methods could yield
readily transferable scientific understanding of key processes in and interactions across
atmospheric, terrestrial, and marine systems, including the following:
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e Leverage or partner with HyperFACETS to evaluate optimal downscaling methods and
products for representing specific Earth system processes or variables, and improving the
characterization of uncertainties associated with downscaling approaches.

¢ Conduct experiments to understand the tradeoff between climate downscaling versus E3SM
regional refinement in regions with complex geography.

¢ Use multi-model, multiscale ensemble simulations to isolate the impact of anthropogenic
forcing versus internal variability on extreme events and related atmospheric circulation
features such as ridging and blocking.

¢ Design and conduct novel experiments that help identify the initiation, evolution, and impact
on local climate of extreme events such extreme temperature (e.g., blocking) and precipitation
events (e.g., ARs).

¢ Design and conduct novel experiments to understand the mechanistic connections between
extreme events and modes of climate variability and hence, predictability of extreme events at
subseasonal-to-multi-decadal timescales.

¢ Develop storylines for extreme event attributions and projections of future changes in extreme
events in the Puget Sound region.

¢ Develop a high-resolution land data assimilation product that includes natural processes and
the impact of human systems.

e Couple watershed, coastal, and atmospheric models to better understand the processes of
compound flooding events (e.g., the impact of AR winds), and how they evolve under different
scenarios of sea level rise, climate change, land use land cover changes, and competing
water management objectives.

e Use AI/ML and other analysis techniques to better understand the drivers of rain/snow
transitions, especially in the context of complex terrain, the relationship between ARs and
snowpack dynamics, and drivers and predictability of wildfires.

¢ Enhance understanding of the sensitivity of snowpack and ROS to forest alterations at
different elevations and contexts.

5.3 Human and Human-Earth System Modeling Opportunities

Workshop participants repeatedly highlighted the need to improve the representation of human
systems in Earth and environmental systems models, as well as the need to develop more
complete and detailed modeling approaches for a variety of relevant human systems. These
same research gaps exist in many regions around the world, but the research community
around Puget Sound would be particularly well suited to addressing a number of key systems
and interactions, including forest management, urban science, transportation infrastructure,
building science, the electric grid, economics, water management, human and environmental
health, and the impacts of climate and other global changes on under-represented communities.
Building on recent work in the MultiSector Dynamics community (Yoon et al. 2022), workshop
participants also suggested that it would be helpful to develop a typology of human system
processes and interactions with regional Earth systems to help identify and target missing or
under-represented processes and interactions more comprehensively. This typology would be
extremely useful for prioritizing specific model developments, coupling approaches, and data
needs, and would also help to connect domain knowledge gaps with specific human system
impacts, decisions, and societal benefits—all of which would help enable a true “research-to-
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operations-to-research” paradigm. The following were some of the specific research activities
identified during the scoping study:

¢ Simulate drivers of regional population changes and how these drivers might change in future
decades under different socioeconomic, policy, and climate scenarios.

o Clarify the forces and factors controlling urban and regional development patterns, along with
the attendant land use and land cover changes.

¢ Link local-scale forest management decisions with regional policies and regulations and with
global human and Earth system changes (e.g., economics, carbon dioxide levels) to better
understand the drivers and land use and land cover consequences.

o Understand historical and projecting future changes in water resources under different
scenarios of hydrologic changes and human use, especially in heavily managed watersheds
experiencing snow-to-rain transitions.

¢ Represent the influence of humans on the terrestrial-aquatic interface across urban-to-rural
contexts, including shoreline modification and sediment transport, runoff and water quality,
use of green flood control measures, etc.

¢ Develop modeling approaches to connect different human systems (e.g., population trends,
urbanization, buildings, energy, and transportation) at local-to-regional scales.

¢ Improve the representation of human decision-making at different scales and across linked
systems, including factors that drive or influence decision-making (e.g., culture, perceptions,
values, decision-making, institutions, authority, etc.).

o Use AI/ML approaches to leverage existing data sets to better understand the behavior of
specific human systems (e.g., energy use, healthcare, etc.) as well as connectivity between
them.

¢ Explore new methods to generate and evaluate integrated scenarios and storylines, including
large ensembles of exposure scenarios to better understand risk profiles, ML-based scenario
discovery approaches, and outcome-oriented metrics.

¢ Develop new approaches to model multiple dimensions of human well-being and using these
approaches to understand the vulnerabilities and risks associated with different segments of
the population.

5.4 Cross-cutting Needs and Collaboration Opportunities

In addition to identifying research that would be aligned with the strategic aims of DOE’s EESM
program, scoping study participants identified additional science gaps that could potentially be
filled by other BER programs, other parts of DOE, other federal agencies, or various state and
local groups. The ideas listed below thus represent opportunities to build cross-programmatic
and cross-institutional resources and collaborations that would complement potential
DOE/EESM-funded efforts in the region.

¢ Acquire additional atmospheric observations and surface data for developing, calibrating, and
validating models, including data on AR precipitation amount/type, snowpack, and soil
moisture. This might include, for example, an Atmospheric Radiation Measurement (ARM)
campaign focused on the snow-rain transition zone.

¢ Leverage and build additional data on water quality in and around Puget Sound, especially
during and after flooding events.

Key Research Opportunities for Modeling
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Leverage and build connections with urban planning and infrastructure data and modeling
efforts to better understand how water and energy systems are connected to regional
transportation, communication, supply chains, land use, etc.

Partner with organizations aimed at better understanding climate impacts in the Puget Sound
region, including impacts on different communities and segments of the population, to better
understand and simulate vulnerabilities, risks, and potential adaptation approaches.

Develop improved understanding and ability to model landslide risks, including how the risks
might be changing due to climate change and other factors.

Understand potential synergies between geologic hazard preparedness and climate
adaptation efforts.

Engage with agencies involved in human and environmental health to improve understanding
and ability to simulate impacts of wildfire smoke, degraded air and water quality, and other
ongoing changes in the region.

Partner with “big data” organizations around Puget Sound to develop and/or leverage novel
analytic methods with non-traditional observations such as cell phone data and even citizen
science to help better understand human systems.

Conduct joint modeling exercises that engage multiple teams across organizations and
programs; for example, through the use of coordinated and tailored scenarios and storylines.

Improve representation of fire predictability through coupled modeling of weather, fire
behavior, and the land surface.

Support efforts aimed at making data discoverable, sharable, and interoperable.

Key Research Opportunities for Modeling
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Appendix A — Workshop Flyer

Puget Sound Earth-Human System Dynamics
Virtual Workshop

Photo by Weston Norwood on _Unsplash

Day 1: Monday March 7, 2022 9am-12pm PST
Day 2: Monday March 14, 2022 9am-12pm PDT
Day 3: Monday March 21, 2022 9am-12pm PDT

Pacific Northwest National Laboratory (PNNL) is organizing a workshop on Puget Sound Earth-
Human System Dynamics, to be held virtually on March 7, March 14 and March 21,9 am - 12
pm Pacific Time.

Puget Sound is among highly vulnerable coastal regions affected by global warming with
complex terrain ranging from mountains to coastal plains and diverse land cover from densely
forested uplands to urbanized lowlands. Located in the northwest corner of Washington state,
Puget Sound is characterized by complex terrain and strong urban to rural gradients in the
maritime climate. With a diverse and evolving population, growing infrastructure and important
ecological resources, it offers the opportunity to explore significantly contrasting geographic and
hydroclimatic characteristics and human-Earth interactions, adding important perspectives to
our understanding of the evolution and behavior of coastal regions in the United States. This
region provides the unique opportunity for the Department of Energy (DOE) Office of Science
Biological and Environmental Research Program (BER)’s Earth and Environmental Systems
Modeling program (EESM) to advance and test their capabilities in advancing knowledge on
multi-scale interactions at coastal interfaces. This study is supported by all three program areas
in EESM—Earth System Model Development (ESMD), Regional and Global Modeling Analysis
(RGMA), and MultiSector Dynamics (MSD)—bringing together modeling capabilities in
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understanding and simulating coastal systems and their vulnerability to climate change as well
as other stresses including natural and human interactions.

The objectives of the workshop are to identify key knowledge gaps in modeling the interactions
of natural and human systems in the region of the Puget Sound / Salish Sea, and to ascertain to
what extent it might serve as a proxy for other mountainous maritime regions with strong urban
to rural gradients. Specifically, we will identify future research activities that are aligned with
DOE priorities and will inform research areas that could be part of DOE's long term,
programmatic vision for improved understanding of Earth system science through modeling,
data, and observation.

The workshop will bring together scientific experts to review the current state of knowledge;
identify gaps in modeling capabilities, including gaps in measurements and data; and define
research needs and key next steps to advance the frontiers of knowledge in regional
hydroclimate, hydrologic extremes, and multisectoral dynamics in Puget Sound, as well as how
these compare with needs in other regions. Workshop participants will include experts from
universities, federal and state agencies, and key nongovernmental and private sector groups,
including individuals that work with stakeholders and/or who bring experience and interest in co-
production of knowledge and data to advance and expedite science-to-solutions.

Workshop Structure and Process:

The workshop will be held in three, 3-hour long virtual sessions, March 7, March 14 and March
21 from 9am to 12pm Pacific.

This workshop will be open to invited participants only and we expect about 50 participants.
Workshop co-chairs, the science committee and DOE have identified a set of key topics for the
workshop to address.

We will focus on drivers, mechanisms and impacts of extreme events in the Puget Sound
region, specifically heat wave and cold air outbreaks, extreme precipitation and floods, and
droughts and wildfires. We will also look into drivers of Atmospheric-Terrestrial-Coastal-Human
interactions at different scales, specifically climate variability and change and evolving human
systems as drivers of interactions among water, energy and biogeochemical cycles and
processes governing such interactions. We will follow with discussion of cross-cutting
challenges and opportunities, and identification of research priorities aligned with DOE’s mission
and collaborative opportunities with other agencies.

Outcome: A report will be produced by September 2022 to DOE on our findings.

The report will summarize the discussions and findings of the literature review and workshops
and make recommendations on future research activities that are aligned with DOE'’s interests
and would enhance scientific understanding of key processes and interactions in the Puget
Sound area as well as other regions.

Background and motivation: While Puget Sound has drawn considerable attention from a
wide spectrum of stakeholders including scientists, resource managers, and policy makers,
critical knowledge gaps remain with respect to the interactions between atmospheric processes,
hydrological extremes, water management, and their interactions with energy and land systems
in the highly complex coastal region. For example:
e Orographic precipitation is a key component of the water cycle of Puget Sound,
dominating snowpack and streamflow variability. However, modeling orographic
precipitation remains a challenge even on weather timescales.

Appendix A A.2



PNNL-33801

e Under global warming, Earth System models project a robust increase in precipitation on
the lee side of mountains and sharpening of storms, but the mechanisms driving these
changes and the consequential hydrologic impacts are not well understood.

e Modeling and projecting snowpack and snow drought in maritime climates with complex
terrain such as Puget Sound is also a major challenge, in part because snowpack
variability exhibits greater sensitivity to uncertainties in atmospheric forcing and model
structure compared to other snowy regions.

e Hydroclimatic drivers of wildfire and the subsequent impacts on regional ecosystems,
human settlements, and air and water quality.

e Earth-Human system interactions are not well understood and their respective
representation in sectoral models are most often missing the dynamic representation of
drivers of change. This complexity leads to significant uncertainties in regional
hydroclimatic and human systems dynamics under extreme conditions such as water
scarcity or compound coastal flooding.

The research gaps briefly discussed above motivate a set of key research questions:

1. How do the complex terrain and coastal environment of Puget Sound interact with the
large-scale environment and contribute to local-to-regional hydrologic extremes?

2. How well can regional and global models simulate the hydroclimate and integrated water
cycle of the coupled human-earth system of Puget Sound?

3. How might climate variability and change and societal responses to climate change
(e.g., energy, water management, and land use transitions) alter the water cycle in the
Puget Sound and influence water availability, energy, food security, wildfires, and overall
resilience both locally and remotely?

4. What insights can be gained by contrasting the climate impacts and societal response in
Puget Sound with the mid-Atlantic, Arctic, Great Lakes and other coastal regions?

The workshop aims to engage the community in developing a deeper understanding of the
current portfolio of research activities related to these overarching science questions, refine key
research questions based on identified knowledge gaps, and identify strategic opportunities for
DOE.

Committee Chairs
e Nathalie Voisin, PNNL
e Ning Sun, PNNL
e Debbie Rose, PNNL

Scientific Committee Members

e Bart Nijssen, UW
Chris Nolte, EPA
Guillaume Mauger, UW CIG
lan Kraucunas, PNNL
Jeff Arnold, USACE
Lynn McMurdie, UW
Ruby Leung, PNNL
Simone Alin, NOAA PMEL
David Judi, PNNL
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Appendix B — Workshop Agenda

Puget Sound Earth-Human System Dynamics
Virtual Workshop Agenda

Day 1 - Monday March 7 (9 am-12 pm PST)
9:00 Welcome and introduction to scoping study and goals
9:10 Welcome from DOE and agency context
e Gary Geernaert, CESD division director, DOE BER
e Xujing Davis, ESMD program manager, DOE BER
9:20 Workshop agenda
9:30 Plenary presentations on extreme events (15-min each)
Flavio Lehner (Cornell) - Extreme Events Uncertainties and Attributions
Ruby Leung (PNNL) - Atmospheric Rivers
Ronda Strauch (Seattle City Light) - Powering through Extremes
10:15 Break
10:20 Breakout Sessions
Breakout #1: Heat wave and cold snaps
Breakout #2: Floods, Atmospheric Rivers and rain on snow
Breakout #3: Wildfires and droughts
11:35 Report outs
11:55 Next Steps and Adjourn

Day 2 - Monday March 14 (9 am-12 pm PDT)
9:00 Welcome and Context
9:05 Report back from Day 1 Breakouts
9:40 Plenary presentations: drivers of co-evolving Earth-Human systems (15-min each)
Nick Bond (University of Washington)
Marina Alberti (University of Washington)
10:10 Break
10:15 Breakout Sessions — Drivers of co-evolving Earth-Human systems
Breakout #1: Atmosphere/climate as drivers of co-evolving Earth-Human
systems
Breakout #2: Hydroclimate drivers of co-evolving Earth-Human systems
Breakout #3: Human systems as drivers of co-evolving Earth-Human systems
11:40 Reconvene to summarize key scales and processes that emerged in breakout sessions
11:55 Next Steps and Adjourn

Day 3 - Monday March 21 (9 am-12 pm PDT)
9:00 Welcome and Summaries

9:10 Report back from Day 2 Breakouts, Q&A
10:00 DOE Program Areas

10:20 Modeling Challenges - Open Mic Discussion
11:45 Next steps and closing
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