
Climate Extremes at the City–River Interface: Insights from the Philadelphia-
Schuylkill System
By Dingyu Xuan, M. Ani Hsieh, Leandro S. Pongeluppe, Mackenzie M. Weaver,
Michael E. Mann, Douglas Jerolmack & Hugo N. Ulloa.
This is a non-reviewed preprint submitted to EarthArXiv. Subsequent versions
may have slightly different content after peer review.

Peer-reviewed Statement

1



Climate Extremes at the City–River Interface:1

Insights from the Philadelphia-Schuylkill System2

D. Xuan1,2*, M. A. Hsieh3,4, L.S. Pongeluppe5, M. M. Weaver1, M. E. Mann1,
D. J. Jerolmack1,4, and H. N. Ulloa1*

1 Department of Earth and Environmental Science, University of Pennsylvania, USA
2 Department of Civil and Environmental Engineering, Imperial College London, UK

3 Department of Computer and Information Science, University of Pennsylvania, USA
4 Department of Mechanical Engineering and Applied Mechanics, University of Pennsylvania, USA

5 Wharton School, University of Pennsylvania, USA

3

Hurricane Ida struck the U.S. East Coast in August 2021, pushing the4

Schuylkill River in Philadelphia to a record discharge nearly 100 times5

larger than its average flow. As one of the most severe disasters of the6

21st century, Ida exemplifies the increasing frequency and intensity of ex-7

treme hydrometeorological events under climate change. Predicting ur-8

ban flood pathways remains challenging due to the complex interplay of9

rainfall-runoff and river–tide–landscape interactions. To address this, we10

developed a high-resolution (street-resolved) flood model integrating Li-11

DAR terrain data, bathymetric surveys, and land use-based surface fric-12

tion across Philadelphia. We find that impervious surfaces and fragmented13

infrastructure exacerbate pluvial flooding and localized waterlogging, in-14

creasing exposure for both low- and high-income communities. Scenario-15

based simulations reveal a tipping point: a logarithmic increase in inunda-16
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tion areas for return periods above 100 years, and 2-7% additional flooding17

when peak discharge coincides with high tide—rising to up to 15% under18

projected sea level rise by 2100. Our findings underscore the compound-19

ing impacts of climate extremes in urban river systems and the need for20

integrated forecasting and adaptive planning—particularly in vulnerable,21

low-lying, and rapidly urbanizing regions worldwide.22

Introduction23

Hurricane Ida made landfall as a Category 4 hurricane in Louisiana on August 29, 2021, un-24

leashing strong winds, storm surges, and intense rainfall that devastated the Gulf Coast1;2.25

As it moved inland, remnants of the storm and seven tornadoes that struck Philadelphia26

between September 1–2 triggered an unprecedented discharge and a 1-in-100-year flood27

along the Schuylkill River, causing widespread damage3. Extreme hydrometeorological28

events (EHMEs) like Ida have caused average global losses of $136.7 billion annually29

(2003–2022)4;5, surging to over $350 billion in 2024 alone6. Rain-driven floods are ex-30

pected to intensify with climate extremes and expanding urbanization, which constrains31

rivers and alters floodplain dynamics7;8;9;10. In tidally influenced rivers, sea-level rise32

(SLR) and stronger tropical cyclones further amplify flood severity and human vulnerabil-33

ity11;12;13;14. Currently, 13.3% of the U.S. population—over 40 million people—is exposed34

to 1-in-100-year floods15. However, future flood risks in urban and coastal areas remain35

poorly quantified16;17;18;19, hindering effective mitigation15;20. Philadelphia exemplifies36

this challenge: as the third-most populous east coast city in the U.S. (1.5M residents), it37

is bounded by the Delaware River to the east and bisected by the Lower Schuylkill River38

(Fig. 1A-C).39

The Schuylkill River rushes through bedrock rapids as it enters Philadelphia, transi-40
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tioning from piedmont to coastal plain, where urban development is concentrated21. His-41

torically, the Schuylkill functioned as both sewer and navigation routes during the 19th42

century, supporting Philadelphia’s rapid industrial and population growth22. By the 20th43

century, flood-control measures—channelization and levee construction—were introduced44

to reduce mounting flood risks23, such as Fairmount Dam. These interventions enabled45

dense riverside development but also severed the river’s connection to its natural flood-46

plain, diminishing its ability to absorb and regulate extreme events. Meanwhile, average47

annual discharge of the river (25-160 m3/s) has increased since 1931, typically peaking in48

spring but now showing more frequent and extreme autumn peaks from hurricane inten-49

sification under climate change24;25;26. Current infrastructure struggles with intensifying50

EHMEs, as demonstrated by Hurricane Ida. A broader knowledge gap persists in under-51

standing how urban rivers, especially those tidally influenced, respond to compounding52

stressors like EHMEs and SLR. This challenge extends far beyond Philadelphia, affecting53

cities worldwide where fluvial–tidal interactions remain poorly understood but can amplify54

flood impacts27;28;29;30;31. While hydrodynamic models hold promise for urban flood fore-55

casting and resilience planning, several challenges remain: limited availability of detailed56

terrain data, sparse observations for model calibration, difficulties in integrating heteroge-57

neous datasets, and trade-offs between computational efficiency and storage for fine-scale58

simulations32;33;34;35.59

Here, we develop a high-resolution flood modeling framework for the Philadelphia-Schuylkill60

system, employing the GPU-accelerated LISFLOOD-FP numerical framework36;37;38;39;40,61

to resolve street-level inundation dynamics. Our findings reveal a dual amplification of flood62

risk driven by urbanization: impervious surfaces increase runoff by reducing infiltration,63

while engineered infrastructure forms drainage bottlenecks that impede flow toward ma-64

jor waterways. We also identify Hurricane Ida’s disproportionate impact on both low- and65
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high-income populations, who experienced comparable flood exposure—underscoring the66

need for targeted protection of vulnerable communities. We find that the Schuylkill River’s67

current 100-year flood capacity (Q100 � 3,480 m3/s) represents a tipping point: surpass-68

ing it triggers nonlinear increases in inundation extent. Additionally, climate change has69

compressed return periods—flows once considered 1-in-50-year events (e.g., 2,000 m3/s70

in the 1950s) now occur statistically every three years. Rainfall and topography primarily71

govern flood patterns, whereas tidally modulated downstream water levels can further ex-72

pand inundation in riparian areas. While these findings provide critical guidance for urban73

planners and policymakers in Philadelphia, the challenges we uncover and tackle are in fact74

representative of riverine and coastal cities globally41, each influenced by their own distinct75

environmental and socio-economic contexts.76

Results77

Modeling framework78

Our model integrates the city’s first 5-m LiDAR-derived terrain model and the latest Schuylkill79

River bathymetry survey to best calculate flow direction. Surface roughness is then cal-80

ibrated from National Land Cover Datasets based on the relationship between frictional81

Manning coefficients and land use (Materials and Methods). The model solves the inter-82

action of upstream river flow, downstream tidal elevation, and rainfall across the domain,83

as three primary boundary conditions. The outputs include water depth, flow velocity and84

discharge.85

To validate the model’s ability to reproduce flooded areas within the floodplain, we used86

citizen-reported data, drone and satellite images, and on-site observations42. Drone im-87

ages from Hurricane Ida closely match the model’s outputs, especially along the east bank88
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