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Introduction

• Flooding remains the most 
frequent and economically 
destructive natural hazard, 
resulting in more than $32 
billion losses annually, and 
projected to surpass $40 
billion by 2050.

5/6/20263

Annual average loss due to flooding (Wing et al., 2022)

https://www.nature.com/articles/s41558-021-01265-6


Introduction

Flood risk are not uniform:
• Vulnerable communities are 

often concentrated in flood-
prone areas, which 
amplifies their exposure 
and risk.
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(Tate et al., 2021)

(Tate et al., 2021)Mississippi DeltaHigh-High: hotspots with higher-
than-average exposure surrounded 
by higher-than-average social 
vulnerability.

https://link.springer.com/article/10.1007/s11069-020-04470-2
https://link.springer.com/article/10.1007/s11069-020-04470-2
https://link.springer.com/article/10.1007/s11069-020-04470-2
https://link.springer.com/article/10.1007/s11069-020-04470-2


Introduction

5/6/20265

• Increasing intensity and frequency of 
heavy precipitation events.

•  Total rainfall delivered by heaviest 
1% rainfall days increased 
significantly (1958-2021).

• Extreme rainfall events, becoming 
more intense over time.

• Current maximum possible 
precipitation estimates based on 
historical climate already 
underestimate today’s flood risk.

https://nca2023.globalchange.gov/chapter/2/



• Fore more than 75-years high-hazard 
structures designed against floods 
resulting from most possible precipitation, 
PMP.

• Nuclear facilities must be resilient to both 
pluvial flooding driven by localized PMP-
magnitude precipitation events and to 
fluvial inundation arising from flooding 
from nearby rivers or coasts. 
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Introduction



Probable Maximum Precipitation (PMP) Estimation

PMP (Current definition):  “Theoretically, 
the greatest depth of precipitation for a 
given duration that is physically possible 
over a given size storm area at a particular 
geographical location at a certain time of 
year (AMS, 2022, Hansen et al. 1982)”.

• US Weather Bureau produced series of 
national PMP documents: 
Hydrometeorological Reports (HMRs: 
1-22 in 1940s-1960s to 59 in 1999).

• As of 2023 PMP estimates have been 
updated in 16 states, based on 
regionalization/spatial homogeneity and 
stationary climate.
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Probable Maximum Precipitation (PMP) Estimation

PMP (Current):  Parameters

• Storm catalogs: measurements developed 
form old non-standard instruments and 
incomplete spatial and temporal sampling 
of storm.

• Storm transposition: most sensitive yet 
most subjective.

• Moisture maximization: assume rainfall 
scales linearly with precipitable water
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𝑃𝑀𝑃 = 𝑅𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 ∗ 𝑀𝑀𝐹 ∗ 𝑂𝑇𝐹 ∗ 𝐵𝐴𝐹

𝑅𝑜𝑏𝑠 = 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙 𝑑𝑒𝑝𝑡ℎ 

𝑀𝑀𝐹 = 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑚𝑎𝑥𝑖𝑚𝑎𝑧𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑂𝑇𝐹 = 𝑂𝑟𝑜𝑔𝑟𝑎𝑝ℎ𝑖𝑐 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝐵𝐴𝐹 = 𝐵𝑎𝑟𝑟𝑖𝑒𝑟 𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟

𝑃𝑀𝑃𝑓𝑖𝑛𝑎𝑙 = (𝑃𝑀𝑃𝑠𝑡𝑜𝑟𝑚1, 𝑃𝑀𝑃𝑠𝑡𝑜𝑟𝑚2, 𝑃𝑀𝑃𝑠𝑡𝑜𝑟𝑚3)

Envelopment: take upper bound across all storms



Probable Maximum Precipitation (PMP) Estimation

PMP (New definition):  “The depth of precipitation for a particular duration, 
location and areal extent, such as drainage basin, with an extremely low annual 
probability of being exceeded (AEP), for a specified climate period”.

Two fundamental changes:
•  “Upper bound” → “extremely low AEP”
• “A certain time of year” → “a specified climate period”

New definition carry formal statistical uncertainty bounds, essential for integrating 
PMP into modern Risk-Informed Decision Making (RIDM).
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Probable Maximum Precipitation (PMP) Estimation

Proposed probabilistic AEP-based PMP:

𝑃𝑀𝑃𝑝 = 𝑍𝑝 = 𝑢 +
𝜎𝑢

𝜉

𝜆

𝑝

−𝜉

− 1  

𝑤ℎ𝑒𝑟𝑒 
𝑢 = 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, 

𝜆 =mean number of exceedance per year above 
threshold 𝑢,
𝑝 = 𝑐ℎ𝑜𝑠𝑒𝑛 𝐴𝑛𝑛𝑎𝑢𝑙 𝐸𝑥𝑐𝑒𝑒𝑑𝑎𝑛𝑐𝑒 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝐴𝐸𝑃)

𝜉 𝑎𝑛𝑑 𝜎𝑢 fitted Generalized Pareto Distribution (GPD)  
parameters

5/6/202610

• Shift from multiplying empirical 
ratios to estimating quantiles of 
a statistically fitted extreme 
value distribution from climate 
model ensemble.



Case study: Edenville-Sanford Cascading Dam Failure
• On May 19, 2020 Edenville-Sanford Dams in 

Michigan failed sequentially, resulting 10,000 
evacuation and over $200 million damage.

• May 17-19, watershed received significant 
rainfall (175 – 200 mm, NWS, 2020), however 
not extreme (PMP: 437 mm, AWA 2021).

• Resulted inflow of 694 m3/s, despite spillway 
gates opened to 70% capacity, yet both dams 
still failed.

• Current dam safety frameworks focus on 
individual dam assessment based on 
deterministic approach. 
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(Ayres, 2021)



Model development: Edenville-Sanford Cascading Dam Failure

Key questions?
1. What hydraulic mechanisms governed the 

cascade failure sequence?
2. Could alternative spillway gate operations 

have prevented the breach?
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Case study: 
Edenville-
Sanford 
Cascading Dam 
Failure
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Case study: Edenville-Sanford Cascading Dam Failure
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Breach flow 
estimation:



Case study: Edenville-Sanford Cascading Dam Failure
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Flood hydrograph 
propagation:

5.25 hours

37 %



Case study: Edenville-Sanford Cascading Dam Failure
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Spillway gate operation:

• when all gates fully opened, prevent 
the breaching at both dams, with 
headwater elevation below the breach 
initiation thresholds (plot with green 
hydrograph).



Case study: 
Edenville-Sanford 
Cascading Dam 
Failure
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Flood hazard 
mapping:

All gate 75% 
opened 

(12.41 km2)

All gate 
closed 

(11.47 km2)

All gate 50% 
opened 

(12.25 km2)

All gate 
100% 

opened 
(8.56 km2)



Case study: Edenville-Sanford Cascading Dam Failure
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Way forward:
• This approach triggered dam failure when headwater elevation reached critical 

thresholds, explicit simulation of geotechnical failure mechanism, including 
static liquefication, internal erosion, and piping processes observed at similar 
embankment dams (Nemnem et al., 2025) represents an avenue for future 
refinement. 

• Future extensions could assess cascade failure dynamics under climate-
adjusted Probable Maximum Flood (Ho et al., 2025b).



Case study: Edenville-Sanford Cascading Dam Failure
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Deterministic approach: PMP is estimated as 437 mm over 72 hours
 



Case study: Edenville-Sanford Cascading Dam Failure

5/6/202620

Deterministic approach:

Real event 
(12.41 km2)

PMP-based event 
(14.24 km2)



Part 1: Accepted for publication in ASCE 
Journal of Hydrologic Engineering
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Way Forward: Probabilistic dam breach modeling and flood 
inundation mapping 

• PMP serves as a critical 
input to estimate Probable 
Maximum Flood (PMF), a 
operative flood metric.

5/6/202622



Way Forward: Probabilistic dam breach modeling and flood 
inundation mapping 

Key questions:
1. How does uncertainties form 

empirical breach parameters 
estimation propagate to 
downstream?

2. How effective is the probabilistic 
framework compared to 
deterministic approaches?

3. How does climate change alter 
dam failure and downstream 
flood risk?

5/6/202623
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𝑹𝒊𝒔𝒌
= 𝑃 𝐹𝑙𝑜𝑜𝑑 𝑙𝑜𝑎𝑑𝑖𝑛𝑔
∗ 𝑃(𝐷𝑎𝑚 𝑓𝑎𝑖𝑙𝑢𝑟𝑒|𝑓𝑙𝑜𝑜𝑑)
∗ 𝐶𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠

Way Forward: Moving toward probabilistic dam breach modeling and 
flood inundation mapping 
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Thank You!

We highly appreciate your valuable comments, feedback, and suggestions.

(contact: sunil.bista@students.jsums.edu)
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