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1.0 Product Definition

Flooding is one of the costliest natural hazards, inflicting billions of dollars in annual damages.'
Low-lying coastal areas are particularly prone to a range of flood hazards, including direct runoff from
heavy rainfall (pluvial flood), river flooding (fluvial flood), and coastal storm surges and high tides
(coastal flood). When these flood drivers overlap spatially or temporally, they can lead to “compound
flooding”, which often results in more severe damage,*® as exemplified by Hurricane Irene (2011) —a
storm that caused unprecedented compound flooding in many Mid-Atlantic areas.”® With projected
increases in extreme precipitation, intensified hydrological cycle, sea level rise, and continued coastal
development, urban coastal populations and infrastructures face escalating risks.”"> Accurate flood
predictions are crucial for effective flood risk management and resilience strategies in these areas.

Sponsored by the U.S. Department of Energy (DOE), a coastal flood modeling framework
(DHSVM-FVCOM-RIFT) has been developed for regional-to-urban integrated modeling of fluvial,
pluvial, and coastal flood processes at sub-kilometer spatial resolution. This framework couples regional
hydrology (DHSVM'" — Distributed Hydrology Soil Vegetation Model), coastal hydrodynamics
(FVCOM?" — Finite-Volume Community Ocean Model), and urban hydrodynamics (RIFT'® — Rapid
Infrastructure Flood Tool) models. The term 'sub-kilometer regional-to-urban’ refers to simulations that
span extensive regional landscapes to detailed urban environments at spatial resolutions from 150 meters
to 10 meters. In this report, we demonstrate that driven by kilometer- or near-kilometer-scale
atmospheric forcing, the DHSVM-FVCOM-RIFT framework skillfully predicts sub-kilometer-scale
flooding across river, coastal, and urban systems, even during complex compound flooding events. The
modeling capability and accuracy are demonstrated in two distinct U.S. coastal areas through: (1) an
event-scale modeling of the 2022 compound flooding event in the Puget Sound region and (2) long-term
modeling (1985-2019) of integrated fluvial, coastal, and pluvial flooding across the Delaware River, Bay,
and Philadelphia. The sub-kilometer modeling capabilities were evaluated for each regional
demonstration using available observational data. For example, DHSVM was evaluated using
observational streamflow data, FVCOM was evaluated using observational tide gage data, and RIFT was
evaluated using observational instream water surface elevation data. For the Puget Sound region in the
Pacific Northwest, the modeling focused on a single compound flooding event in 2022. This event,
characterized by concurrent king tides, rain-on-snow river flooding, and storm surges, caused extensive
flooding across the Puget Sound region, especially in Seattle’s Duwamish District. The modeling of this
event was conducted using DHSVM-FVCOM-RIFT, driven by 3-km atmospheric forcing from the
Simple Cloud-Resolving Energy Exascale Earth System (E3SM) Atmosphere Model (SCREAM) with
regional refinement. The modeling framework accurately captured the tidal ranges and timing, as well as
influence from storm surges and river discharge. Analysis of tide, river, and surge effects on coastal
flooding indicates the importance of modeling the strong nonlinear interactions between the forcing
mechanisms.

In the Delaware coastal region, we used the DHSVM-FVCOM-RIFT framework to conduct 35-year
continuous simulations of watershed-coastal processes, aiming to provide a more comprehensive
evaluation of flood modeling accuracy over extended time scales. Due to the computational demands of
generating kilometer-scale atmospheric forcing, we used near-kilometer-scale atmospheric forcing from
the WRF-TGW'” dataset. This dataset offers 12-km, 40-year historical climate simulations that are
dynamically downscaled from climate reanalysis data using the Weather Research and Forecasting
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(WRF) model. Through extensive evaluations against available observational data, including river
discharge, coastal water level, and urban flooding, this modeling framework consistently demonstrates
skillful flood prediction across both coastal regions. Notably, we also demonstrate the capability of this
framework for property-level assessments of probabilistic flood hazards, flood drivers, and infrastructure
flood exposure in Philadelphia. Overall, we found that river flooding plays a significant role in
Philadelphia flooding, contributing to 73% of events, either as a single driver or as a component in
compound driver cases. We also identified three compound flood events involving concurrent surge,
pluvial flooding, and river flooding, highlighting the complexity of flood drivers in Philadelphia and
emphasizing the need for models that accurately represent the interactions between multiple flood drivers.

2.0 Product Documentation

This report documents DOE's advanced capability in simulating regional-to-urban flooding from
integrated pluvial, fluvial, and coastal impacts, using the DHSVM-FVCOM-RIFT modeling framework.
The modeling capability and accuracy are demonstrated in two distinct U.S. coastal areas through: (1) an
event-scale modeling of the 2022 compound flooding event in the Puget Sound region, driven by 3-km
SCREAM atmospheric forcing; and (2) long-term modeling of integrated fluvial, coastal, and pluvial
flooding across the Delaware River, Bay, and Philadelphia, driven by 12-km WRF-TGW climate
simulations (1985-2019). More details on the modeling framework, the atmospheric forcing applied, and
the coastal regions studied are described below.

2.1 Integrated Flood Modeling Framework

The framework consists of three one-way coupled, process-based models: (1) DHSVM,'*!® a
watershed hydrology model that simulates hydrological processes at a spatial resolution of 90150 m;
(2) FVCOM,'>" a 3D coastal hydrodynamic model that simulates coastal storm surges and flooding. Its
resolution varies from tens of kilometers along the open ocean boundary to hundreds of meters within
river channels; (3) RIFT,'¢ a 2D hydrodynamic model that simulates urban flooding at a 10-m resolution.
As illustrated in Figure 1, DHSVM generates spatially distributed river discharge, which establishes the
river boundary condition for FVCOM at the river-ocean interface. Subsequently, FVCOM generates
spatially continuous coastal water levels. Urban flooding is then simulated using RIFT, which uses the
outputs from DHSVM and FVCOM as its river and coastal boundary conditions, respectively, at their
domain interfaces.
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Figure 1. The integrated modeling framework for sub-kilometer regional-to-urban modeling of flood
hazards. This modeling capability is demonstrated in two distinct U.S. coastal regions: Puget Sound,
driven by 3-km SCREAM atmospheric simulations, and Delaware, driven by 12-km WRF-TGW climate
simulations.

2.2 Meteorological Forcing

3-km SCREAM (Puget Sound)

For the 2022 compound flooding events in the Puget Sound, a newer version of SCREAM was used
to produce atmospheric forcing for this event, as described in detail in the Q2 metric report. The
SCREAM domain features a refined region with 3.25-km grid spacing over the U.S. Pacific Northwest
and the northeastern Pacific Ocean within a global domain at 25-km grid spacing. Nudging was applied to
grid cells outside the transition zone with grid spacing varying from 3.25 km to 25 km. The updated
SCREAM significantly improved the simulation of orographic precipitation in the region. During the
2022 event, SCREAM showed peak precipitation and temperature biases of -10% and 0.16 K,
respectively, when compared to observations.

12-km WRF-TGW (Delaware)

The meteorological data for Delaware is sourced from the 1980—2019 historical segment of
WRF-TGW climate dataset'’, which is dynamically downscaled from European Centre for
Medium-Range Weather Forecasts version 5 re-analysis (ERAS), with a spatial resolution downscaled
from ~30 km to 12 km using the WRF model. This dataset provides extensive meteorological variables at
hourly and three-hourly resolutions over the contiguous United States. As demonstrated in Jones et al.
(2023),'7 WRF-TGW?’s precipitation patterns align well with the observationally derived Parameter-
elevation Regressions on Independent Slopes Model (PRISM)?. Notably, it only slightly underestimates
the 95th percentile of daily maximum precipitation in the Mid-Atlantic region and generally captures
locations of tropical cyclone landfalls, as compared to the International Best Track Archive for Climate
Stewardship (IBTrACS)*' database.
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2.3 Distinct Flood Dynamics in Delaware versus Puget Sound

The Delaware and Puget Sound coastal regions are both exposed to flood hazards resulting from a
complex interplay of fluvial, pluvial, and coastal processes. However, their distinct geographical and
climatic conditions result in unique flood characteristics, making them ideal for evaluating the robustness
and transferability of our flood modeling capabilities. The Delaware region (Figure 2a) is characterized
by a humid continental climate, where floods are primarily driven by short, intense rainfall events,
rain-on-snow, and hurricane landfall typically occurring in late summer and fall.'®** When storm surge
from hurricanes coincides with heavy rainfall and river flooding, it can lead to severe compound flooding,
as exemplified by Hurricane Irene (2011). In contrast, the Puget Sound region with steep mountain terrain
(Figure 2b), typically experiences flooding during the winter and spring from heavy precipitation or
rain-on-snow events. Extreme flood events are frequently linked to atmospheric rivers (ARs), which
produce heavy precipitation and strong winds upon making landfall over mountainous areas such as the
U.S. west coast.”>** Unlike the Delaware region, king tides are an important driver of coastal inundation
in Puget Sound.'” When king tides coincide with heavy rainfall and river flooding, they create a
substantial risk of compound flooding. This was notably the case during the 2022 compound flood event.
During this event, the Puget Sound region, particularly the Duwamish area in Seattle, experienced
widespread flooding from a combination of king tides, storm surge, and river flooding caused by rain on
SNOW.
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Figure 2. The domains of DHSVM-FVCOM-RIFT for flood modeling in: (a) the Puget Sound region,
where DHSVM was configured for the Green River basin, FVCOM domain extends 175 to 250 km
offshore of the Olympic Peninsula and a further 300 km inland to South Puget Sound, and the RIFT
domain is confined within the HUC12 watershed (ID: 171100130305), which includes the Duwamish
area; (b) the Delaware region, where DHSVM was configured for the Delaware River basin, FVCOM
domain extends ~700 km offshore from the mid-Atlantic coast and ~215 km upstream from the Delaware
Bay mouth, and the RIFT domain covers the City of Philadelphia-Schuylkill River watershed (HUC12:
020402031008).
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3.0 Results

3.1 Modeling the 2022 Puget Sound Compound Flood Event

Fluvial and Coastal Flood Modeling Performance

To simulate the compound flood event of December 2022, we used 3-km SCREAM atmospheric
simulations as inputs for DHSVM-FVCOM-RIFT. Additionally, we used an ensemble of WRF
atmospheric simulations to assess and compare their performance alongside SCREAM in simulating this
compound flooding event. For fair comparisons, WRF was configured also at 3-km grid spacing within
the regionally refined domain of SCREAM. WREF generated an ensemble of 10 simulations using various
combinations of atmospheric physics parameterizations, two land surface models, and two reanalysis
boundary conditions (ERAS and the North American Regional Reanalysis [NARR]).

For river flooding, we evaluated sub-kilometer DHSVM streamflow simulations using gauge
observations at the outlet of the Green River Basin (Figure 3). Sub-kilometer simulations driven by
SCREAM proved most accurate, achieving a Kling-Gupta Efficiency (KGE) for daily streamflow of 0.77,
where a KGE score of 1 indicates perfect agreement. In contrast, the daily KGE for the WRF ensemble
varied significantly, ranging from -0.17 to 0.58. Similarly, the mean percent bias for SCREAM-driven
simulations was 6.1%, while the WRF ensemble exhibited a broader bias range from -52.1% to 58.6%.
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M 2400m 175 + WRE
! s SCREAM
150 1
.
w
£ 100t
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75t
50 -

12113000

25

0!
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Figure 3. Comparisons of observed streamflow (thick grey line) and DHSVM-simulated streamflow for
the December 2022 compound flood event. Observations were taken from a USGS gauge at the outlet of
the Green River Basin, the most downstream gauge not influenced by tides, as shown on the left panel
where the color shading corresponds to the surface elevation indicated by the color bar. The DHSVM
simulations include those driven by the SCREAM simulation (orange line) and an ensemble of WRF
simulations (light blue shaded area). The SCREAM-driven streamflow simulations provide the best match
to observed streamflows during the event.

For coastal flooding, sub-kilometer Water Surface Elevation (WSE) simulations from FVCOM were
evaluated using hourly observations from seven NOAA tide gauges and one USGS tidal river gauge in
Duwamish during the event (Figure 4). The results demonstrate strong agreement, with correlation
coefficients ranging from 0.93 (Duwamish) to 0.99 (Neah Bay), and the mean bias ranging from -0.4 m
(Tacoma) to -0.05 m (Neah Bay). Tidal ranges and timing are accurately captured, as well as influence
from storm surges and river discharge.
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Figure 4. Comparison of FVCOM-simulated water surface elevations with eight NOAA tide gauge
observations for the December 2022 compound flood event, as shown on the left map.

Analysis of Tide, River, and Surge Effects on Coastal Flooding

The relative contributions of tides, surge, and river flow to total water levels (TWL) are analyzed
between Duwamish and Seattle locations (Figure 5). The Duwamish location is 12 km upstream of
Seattle, near the mouth of the estuary. We compared simulated water level from isolated effects of tide,
surge, and river forcings, each simulated independently in models with all other forcings turned off. The
simulation combining all forcings provided comprehensive TWL simulations, which show significant
differences between Seattle and Duwamish, primarily manifested in higher low waters at Duwamish
(Figure 5a). This variation is partly due to tidal effects, which display similar high waters but distinct low
waters at each location (Figure S5b). More importantly, river contributions to Duwamish range from
1.6-2.5 m, yet are minimal at Seattle (Figure 5d), illustrating significant spatial variability in river-driven
water levels. Storm surge, generated both remotely and locally in Puget Sound, peaks near 1.8 m.
However, it affects both locations nearly equally, suggesting that surge impacts are rather spatially
consistent across the region (Figure 5¢). Further, the summed maximum water levels from tide-only,
surge-only, and river-only simulations at Duwamish do not match the maximum TWL, suggesting strong
nonlinear interactions between the forcing mechanisms that are important to model.
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Figure 5. Comparison of FVCOM-simulated water surface elevations for the December 2022 compound
flood event at the Seattle (black) and Duwamish (dashed red) gauge locations for four forcing sensitivity
runs: (a) total water levels from combined tide, surge, and river forcings, (b) water level from tide-only
simulation, (¢) water level from surge-only simulation, and (d) water level from river-only simulation,
indicating significant spatial variability in river-driven water levels. Mean sea level (MSL) is indicated in
each panel (dashed gray).

Modeling Urban Flooding

We ran the RIFT model at a 10-meter resolution to simulate urban flooding during the compound
event for the HUC12 watershed (ID: 171100130305), which includes areas of Duwamish near Seattle that
experienced significant flooding. The river/coastal boundary forcing for RIFT were provided by
DHSVM/FVCOM. Although the absence of high-water mark measurements and in-channel water depth
data within the domain precluded a detailed evaluation of RIFT, the model's simulations (Figure 6) align
broadly with publicly available reports that indicate approximately two feet of flooding in some
Duwamish neighborhoods (e.g., near the west bank of the lower Duwamish waterways).



July 2024 DOE/SC-CM-24-003

Peak Flood Depth (m)
) |.:t::" £ ; Nis
T 2.00
47.56°N B
1.75
47.55°N (g 1.50
1.25
47.54°N
1.00
47.53°N 0.75
- 0.50
47.52°N
- 0.25
: —L 0.00
122.35°W 122.33°W 122.31°W

Figure 6. RIFT-simulated peak flood depths (at 10-m resolution) in the most impacted areas of the Lower
Duwamish River during the 2022 compound flooding event.

3.2 Multi-Decadal Flood Modeling in the Delaware River and Bay, and
Philadelphia

Regional-to-Urban Flood Modeling Performance

The DHSVM-FVCOM-RIFT framework was employed to run long-term simulations (1985-2019) of
sub-kilometer integrated fluvial, pluvial, and coastal processes across river, urban, and coastal systems.
The model simulations in each of these systems were evaluated against observations, consistently
demonstrating good accuracy. Daily series of river discharge simulated by DHSVM were compared with
observations from six USGS gauges along the mainstem of the Delaware River (Figure 7). The
simulations closely matched the observed flow patterns, with the KGE for daily streamflow ranging from
0.6-0.73.
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Figure 7. Evaluation of modeled and observed daily streamflow at selected USGS gauges along the
Delaware River mainstem. To enhance readability, instead of showing time series, the figure presents
mean daily discharges, which are calculated by averaging the daily flows for each calendar day across all
simulated years.

WSE simulations from FVCOM were evaluated using hourly WSE observations from various NOAA
gauges and generally showed strong agreement (Figure 8). During the five most impactful hurricanes in
the region, including Hurricanes Isabel (2003), Wilma (2005), Ernesto (2006), Irene (2011), and Sandy
(2012), FVCOM-simulated WSE has correlation coefficients ranging from 0.91-0.97, and mean biases
ranging from 0.08-0.18 m.
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Figure 8. Evaluation of FVCOM-simulated water surface elevation with observations during five major
storm events at two NOAA tide gauge locations: Newbold, NJ (NB) in the most upstream Delaware River
and Lewes (LW) near the Delaware Bay mouth, as shown on the left map.

We identified a total of 242 flood events impacting Philadelphia based on predefined thresholds for
local rainfall, and river and coastal conditions used as RIFT boundary-condition forcings. Due to the
absence of high-water mark data, RIFT simulations were evaluated using hourly WSE measurements
from two USGS gauges on the Schuylkill River. One gauge is upstream and the other is downstream of
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Fairmount Dam. For the periods with available measurements, RIFT was evaluated for 76 flood events
post-2007 at the upstream gauge and 28 events post-2016 at the downstream gauge, both showing
reasonable accuracy based on several error metrics (Figure 9). For instance, the median correlation
coefficients are 0.91 upstream and 0.89 downstream; the median biases in peak flood water depth were
-0.02 m upstream and -0.09 m downstream. Notably, RIFT successfully captured the impact of Fairmount
Dam, which creates non-tidal conditions upstream and tidal influences downstream, as confirmed by the
gauge readings.
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Figure 9. Boxplot showing the evaluation of RIFT simulations for water surface elevation against
measurements from two USGS gauges on the Schuylkill River in Philadelphia, as indicated on the left
map. The error metrics displayed include Kling-Gupta Efficiency (KGE) and Pearson's correlation
coefficient (R), which are dimensionless, and bias in peak water level (Pbias) and root-mean-square error
(RMSE), measured in meters. The symbol 1 on the x-axis indicates metrics for the non-tidal gauge
upstream of Fairmount Dam, while | denotes the tidal-influenced gauge downstream.

Prevalence of Compound Flood Drivers in Philadelphia

Among the 242 flood events identified over 35 years, we analyzed the top 70 events with the highest
inundated areas. This equates to approximately two events per year, which are considered major flood
events. Our analysis identified eight primary drivers of these major flood events, including fluvial-only,
pluvial-only, surge-only, and various compound drivers (involving > 1 flood driver).

The circular pie chart (Figure 10) shows the proportional contribution of each flood driver to
Philadelphia’s major flood events. Notably, 44% of these events result from compound drivers.
Furthermore, 30% of these events involve simultaneous flooding from the Schuylkill and Delaware
Rivers, combined with surge, rain, or both. Specifically, storm surges frequently coincide with
simultaneous river flooding in these two rivers, contributing to 18% of events, primarily during fall and
winter. Only 6% of flood events are caused by surge-only, typically affecting near-coast areas without
extending inland. Pluvial factors contribute to 27% of events, with pluvial-only (local heavy rainfall)
being the cause of 15%, primarily in summer. Combined pluvial and river flooding in both rivers account
for 9% of events, frequently in fall. Overall, river flooding plays a significant role in Philadelphia
flooding, contributing to 73% of events, either as a single driver or as a component in compound driver
cases. Three "All" compound flood events were identified involving concurrent surge, pluvial flooding,
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and river flooding in both rivers. These events include Hurricane Irene (August 2011), Hurricane Floyd
(September 1999), and the Northeast Winter Storm (April 2007). This analysis highlights the complexity
of flood drivers in Philadelphia, emphasizing the need for models that accurately represent the
interactions between various flood drivers. Effective flood management in this context requires integrated
strategies that consider these multifaceted flood contributing factors.

F.Delaw+
F.Schuy+
Surge Rain

Al 9%

F.Delaw+
F.Schuy+ 18%
Surge
F.Delaw+
F.Schuy

15%

F.Delaw Rain

Figure 10. The proportional contribution of eight primary flood drivers to Philadelphia’s major flood
events. Notably, 44% of these events result from compound drivers (involving > 1 flood driver). The
primary drivers include: pluvial (labeled as Rain), storm surge (Surge), Delaware River flooding
(F.Delaw), Schuylkill River flooding (F.Schuy), and compound drivers combining these elements,
including concurrent river flooding (¥.Delaw+F.Schuy), river flooding with surge
(F.Delaw+F.Schuy+Surge), river flooding with rain (F.Delaw+F.Schuy+Rain), and all factors combined
(ALL).

Property-Level Mapping of Flood Hazard and Infrastructure Flood Exposure

The 10-meter modeling of urban inundation in Philadelphia enables detailed assessment of
property-level flood vulnerability linked to specific flood drivers. For instance, by analyzing average
flooding probabilities at the pixel level during major flood events (Figure 11), we observed significant
variation in flood risks across different city areas. These variations arise from the differing spatial patterns
and extents of impact of individual or combined flood drivers. Higher flood probabilities are notably
present in low-lying areas along the Delaware and Schuylkill Rivers, particularly in South and Southwest
Philadelphia where Schuylkill River converges with the Delaware River, making these areas susceptible
to pluvial, fluvial, and surge impacts. Additionally, pluvial flooding impacts more inland areas not
directly adjacent to major rivers, such as neighborhoods in West Philadelphia.
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Probability [%]
60 40

Figure 11. Flood probability mapping of Philadelphia at 10-meter resolution. The central map shows the
flood probability across the city, while the inset panels zoom into areas particularly susceptible to
flooding.

We further assessed the flood exposure of critical infrastructure, using occupancy type information
from the National Structure Inventory (NSI) and infrastructure polygons from the USGS National
Structures Dataset. For each infrastructure type (e.g., banks, hospitals, emergency response facilities, and
schools), we calculated the average inundated areal fraction over 70 major flood events with a flood depth
threshold set to 0.15 m. For more concise results, infrastructure types were grouped by their respective
damage category: commercial, industrial, public, or residential. Among these, residential infrastructure
was most affected, with an average inundated areal fraction of 0.2, indicating that 20% of these facilities'
areas were inundated during major flood events. Notably, industrial infrastructure, a critical asset
category, is predominantly located in high-probability flood zones along the Schuylkill River in South
Philadelphia (Figure 12), with an average inundated areal fraction of ~10%. Analysis of the contributions
of each flood driver to flood exposure for each damage category indicates that industrial, commercial, and
residential areas are primarily impacted by pluvial flooding, while public areas are most affected by
compound riverine and coastal flood drivers (F.Delaw+F.Schuy+Surge).

12



July 2024 DOE/SC-CM-24-003

0.35 o

COM
IND

0.301

40.03°N 0251

0.204

0.15+
0.10+

0.05 1

0.00

39.97°N

39.91°N
39.94°N
39.9°N |

39.91°N 30.89°N [/

39.88°N ’

39.88°N

75.24°W 75.21°W 75.18°W

[ T

0 20 40 60 80 100
75.28°W  75.24°W  75.2°W  75.16°W Probability [%]

Figure 12. (a) Point locations of critical infrastructure grouped by damage categories: commercial
(COM), industrial (IND), public (PUB), and residential (RES); (b) boxplot showing the inundated areal
fraction for each damage category during major flood events; (c) flood probability of South Philadelphia
where industrial properties are densely located.

4.0 Summary

This report clearly demonstrates and evaluates DOE's advancements in regional-to-urban integrated
fluvial, pluvial, and coastal flood modeling capabilities. Driven by atmospheric forcing from kilometer-
and near-kilometer scale simulations from the DOE SCREAM model and a regional climate model,
respectively, this modeling framework consistently demonstrates skillful flood prediction across two
distinct U.S. coastal regions—the Delaware region in the Mid-Atlantic and the Puget Sound region in the
Pacific Northwest. The physics-based modeling approach enhances our understanding of flood drivers
and characteristics, underscoring the importance of capturing the intricate interactions among pluvial,
fluvial, tidal, and surge processes. Looking forward, these tools will support projections of future flood
hazards and enhance our understanding of potential shifts in flood drivers, which is essential for
informing adaptive decisions for flood management and mitigation planning.
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