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The Schuylkill River, a lifeline for Philadelphia, faces intensifying stress
from urbanization and increasingly severe extreme hydrometeorological
events (EHMESs) driven by climate change. Understanding how urban es-
tuarine rivers respond to EHMEs remains challenging due to limited high-
resolution data and the complexness of human-modified landscapes. Here,
we combine long-term hydrological records, a 1-m resolution urban land-
scape model, remote sensing, citizen-generated data, and advanced hy-
drodynamic simulations to examine the Schuylkill River’s response to
EHMEs, focusing on Hurricane Ida’s unprecedented flood on September
1, 2021. Ida triggered the river’s highest-ever recorded flow discharge
of 3,367.7 m¥/s—nearly 100 times its average flow. This unique dataset
enabled us to build a comprehensive flood model, capturing the dynam-
ics of urban flooding and its impacts on Philadelphia’s population at the

street level. Our analysis reveals that past hydrological conditions and
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high-resolution urban terrain models are essential for accurately resolv-
ing water pathways and identifying the most vulnerable populations dur-
ing EHMEs. Furthermore, we discovered that extreme discharges in the
Schuylkill have intensified over the past century, underscoring escalating
flood risks for Philadelphia’s residents. Our numerical experiments re-
veal that extremer flow discharges added to high tide conditions, working
as a “downstream water gate”, can create significant expansions of the
flooded area, penetrating through Philadelphia’s most densely populated
neighborhood. These findings highlight the urgent need for integrated
research on EHMEs in urban estuaries worldwide to enhance flood pre-

paredness and resilience.

Introduction

Floods are the most frequent and pervasive hazard among natural disasters. There is
around 1.6 billion people vulnerable to 1-in-100-year floods, among which 89% come from
low- and middle-income countries!. These extreme hydrolometeological events (EHME),
including floods and storms, have caused global annual economic losses of $136.7 billion
on average between 2003 and 20222. The number has dramatically increased in the 215t
century, surpassing $350 billion in 20243, which is more than seven times the amount Presi-
dent Biden allocated for climate resilience and adaptation®. In many regions, the harshness
of rain-generated floods is expected to worsen due to the intensification of super storms fu-
eled by climate change and widespread urbanization around rivers 267 which often hinder
their natural pathways and lateral expansion towards human-altered floodplains®. Further-
more, in the case of tidally influenced rivers, continuous sea level rise and tropical cyclones
19;10

striking coastal regions more intensively at landfal is amplifying the severity of floods
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and population vulnerability11?12. Currently, 13.3% of the population (40.8 million people)
in the contiguous United States (CONUS) is vulnerable to a 1-in-100-year flood '3. Yet,
despite broad recognition of flood risks across the CONUS, future trends remain poorly un-
derstood, creating uncertainties in local-scale flood management '3:'4—particularly in small
catchments ® and estuarine cities 81718 The latter is the scenario of many cities settled
along the coastline of the Atlantic Ocean and other regions, including Southeast Asia and
Europe 19, witnessing the increasing frequency of compound floods owing to forceful rain-
storms carried by hurricanes and typhoons '2. A vivid example is the City of Philadelphia.
Despite its historical legacy, the “Schuylkill (Hidden Creek) River” crossing the City of
Philadelphia has long been ignored. However, the recent impact of Hurricane Ida, one of the
most destructive and top 6 economic loss disasters in the past two decades??, serves as a
stark reminder of the inherent connection between the city and its iconic river. The remnants
of Hurricane |da, along with seven subsequent tornadoes that swept through Philadelphia
between September 15t and 2nd 2021, resulted in an unprecedented discharge and a dev-
astating flood wave along the Schuylkill River, leaving long-lasting flood damage across the
city2!. Previous research has focused on examining the water quality and availability of the
Schuylkill River22:23:24:25 nyt there is still a critical gap in understanding the river's dynam-
ics and the potential flood risks within its catchment, which requires urgent investigation
and analysis. Addressing these challenges is of utmost importance, especially in the lower,
tidally influenced section of the Schuylkill, where the complex and poorly explored interplay
between tidal and flood waves26:27:28:29 may create extreme flow conditions, significantly
increasing hazards for the densely populated Center City area and the surrounding neigh-
borhoods. As Hurricane lda’s remnants swept through Philadelphia, the peak discharge of
the flood wave in the Schuylkill River coincided with a low yet rising tide, raising the ques-

tion on how the interaction between flood waves and tides impact the flooding magnitude in
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urban estuaries such as the Lower Schuylkill River.
While hydrodynamic models enable simulating flood inundation on complex terrains,
comprehensive representation and prediction of floods in urban catchments persist as a

significant interdisciplinary challenge30?31.

This is because of the still limited coverage
of LiDAR-based high-resolution urban landscape models and access to coherently inte-
grated multidimensional observations to constrain such model32:33. Furthermore, several
of the broadly used modeling frameworks still lack the ability to efficiently operate multi-
dimensional data and perform accurate, high-fidelity numerical integration of the governing

equations 34:3%

, Which impede the robustness of mass and momentum budgets, thus ex-
acerbating the challenge. Nevertheless, high-resolution terrain mapping is continually ad-
vancing, leading to the development of digital elevation models that capture cities’ intricate
landscapes. Combined with integrated, publicly available databases, terrain models unlock
new opportunities to gain deeper insights into the dynamics of urban flooding. This allows
us to characterize better how storm waters store and flow through metropolitan landscapes,
paving the way for an in-depth understanding of this complex phenomenon and its impacts
on communities at the human scale.

This study presents a comprehensive analysis of the urbanized Lower Schuylkill water-
shed under EHME and its impact on surrounding communities, with an intentional focus on
Philadelphia’s unprecedented flooding caused by the remnants of Hurricane Ida in 2021.
We reveal that the severity of compound flood inundation in Philadelphia is significantly
exacerbated by urbanization. Specifically, the impervious surfaces of the urban landscape
have a dual effect: they increase surface runoff by hindering infiltration, while the city’s com-
plex infrastructure acts as a labyrinth, trapping runoff before it reaches major watercourses,

ultimately affecting nearby rivers and floodplains. Our findings also highlight the dispropor-

tionate impact of Hurricane Ida on the lowest-income population, who suffered the most,
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emphasizing the urgent need for targeted interventions to protect vulnerable communities.
Additionally, we discovered a disturbing trend of shortened return periods for extreme river
discharge events over recent decades. Indeed, our model shows that the Schuylkill River’'s
capacity to buffer extreme events without flooding has been reduced to a 100-year return
period. Beyond this threshold, the river expands laterally at a logarithmic rate. Lastly, our
study underscores tides and rainfalls’ significant yet differential influence in shaping the
discharge and flooding extent of the Schuylkill River. These critical findings provide guid-
ance for urban planners and policymakers in Philadelphia, and although they might seem
uniquely local, the challenges we uncover and tackle here are pervasive across estuarine

cities worldwide 38, each with its distinctive scenery and characters.

Scenery and characters

We examine the interplay between three main characters, the City of Philadelphia, the
Schuylkill River, and Hurricane Ida, to unveil how urban landscapes connected to estuarine

rivers face EHME intensified by climate change. But who is who in this scenario?

Philadelphia

The City of Brotherly Love is the cradle of the United States of America (USA), the keeper
of its history, and the heart of the grand metropolitan area of the Mid-Atlantic (Fig. 1A). With
a stable 1.5 MM population over the last 50 years, Philadelphia is the sixth most populous
city in the USA, a diverse and multicultural university city, which is bordered by the East by

the Delaware River and crossed by the Schuylkill River (Fig. 1B).






