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Motivation

• Why…?

Model

• Parameterization of Storm Intensity and Beach Resilience
• Physically Informed Probabilistic Fragility Model
• Trained on 34-year observational record

Hurricanes 
Helene & Milton

• Statewide Forecasts, error estimates
• Comparison with notable storms
• Explore variation between Anna Maria Island and Longboat Key
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CI A World Factbook (2017)



SEASIDE PARK
 Large Dunes | Moderate Impacts 
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Post-Hurricane Sandy (11/05/2012)



Winter Storm Orlena (2021)
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The model
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STORM 
INTENSITY

LOCAL 
MORPHOLOGY

CHARACTERISTICS

MODEL IMPACT 
PREDICTION
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Wave (WIS | WW3) 

Water Level 
(NYHOPS | CERA)

Dune Volume & 
Berm Width 

(NJBPN Beach Surveys | 
USACE NCMP)

Fragility 
Curves

Probability of 
Damages



Damage Class apply to the Dune Erosion only
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Class
Volume loss (% of 
pre-storm dune 

volume)
Interpretation

Minimal < 5% No measurable 
impacts

Moderate 5% to 40% Visually apparent 
erosion/scarping

Major > 40%
Overwash likely;

Onset of 
damages upland



Storm Hazard Matrix
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Storm Hazard Matrix
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I nstantaneous Erosion 
I ntensity (I E I )

IEI 𝑡𝑡𝑖𝑖 =  𝑊𝑊∗
0.068𝐻𝐻𝑏𝑏 𝑡𝑡𝑖𝑖 + 𝑆𝑆 𝑡𝑡𝑖𝑖
𝐵𝐵 + 1.28𝐻𝐻𝑏𝑏 𝑡𝑡𝑖𝑖

Lemke and Miller (2020)
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Dune Volume

Dune Engineering Demand Parameter (EDP)

𝐸𝐸𝐸𝐸𝐸𝐸 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 (𝑅𝑅𝑓𝑓)

𝐸𝐸𝐸𝐸𝐸𝐸 =
𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼4

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑉𝑉𝑉𝑉𝑉𝑉 𝑥𝑥 𝑟𝑟2

𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  1 − exp
−EDP
1697

1.35
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J anssen and Miller (2022)



Dune Engineering Demand Parameter (EDP)
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𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑃𝑃𝑃𝑃𝑃𝑃4

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑉𝑉𝑉𝑉𝑉𝑉 𝑥𝑥 𝑟𝑟 2

Engineering Demand 
Parameter (EDP)

Dune Volume



Mantoloking

Point Pleasant Beach



Mantoloking

Point Pleasant Beach

Point Pleasant Beach, NJ – Post Sandy



Mantoloking

Point Pleasant Beach

Mantoloking, NJ – Post Sandy



Mantoloking

Point Pleasant Beach



Model Sensitivity & Parameter Isolation

Hurricane Sandy  
(2012)

 Change in vulnerability 
as a function of dune 
volume

Winter Storm 
Orlena (2021)

 Change in vulnerability 
as a function of berm 
width

Winter Storm I zzy 
(2022)

 Captures s patial 
variation in s torm 
intens ity
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Combining S torm I ntens ity with Dune Volume and B erm 
W idth as a modified moment of inertia is  an efficient way to 
characterize the capacity of a dune (Day et al, 2023)



Hurricane Helene & Milton
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Wave (WW3) 

Water Level 
(CERA)

Dune Volume & 
Berm Width 

(USACE NCMP)

Fragility 
Curves

Probability of 
Damages
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What about beach state?

 Extracted (3) profiles across each segment
 18 transects in total
 I n 9 profiles , we could not identify a dune
 Elevation from 2022 US ACE  NCMP

2022 USACE NCMP Topobathy Lidar DEM: Gulf 
Coast (FL) |  I nPort 
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https://www.fisheries.noaa.gov/inport/item/71772
https://www.fisheries.noaa.gov/inport/item/71772
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Anna Maria Holmes B each B radenton B each B each Club B uttonwood Cove Golf Course
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Anna Maria Holmes B each B radenton B each B each Club B uttonwood Cove Golf Course
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Takeaways

 Storm intensity perspective:
- Helene – near Cedar Key compares to Hurricane Opal;  forecast generally underestimated 
- Milton – near Manasota Key compares with Hurricane Michael;  forecasts  generally overestimated

 For the area of interest (e.g., Holmes B each & Longboat Key) both storms appear to have similar 
- Provides an interesting case study;  is  the damage due to Helene or cumulative impacts?

 Suggestions welcome & collaborators are welcome
- areas of interest or notable differences in outcomes

 We anticipate running forecasts  for Florida for any event modeled by CERA for 2025 season. I f 
interested:

mjanssen@ stevens.edu or jmiller@ stevens.edu 
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mailto:mjanssen@stevens.edu
mailto:jmiller@stevens.edu
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S torm I ntens ity 
Clas s I E I  R ange

Approximate 
R eturn P eriod 

(Current Climate)

Lik ely Dune 
Volume Los s  

(order of 
magnitude)

Lik ely S torm 
Hazard Matrix  
I mpact s cale 

(Leaman et al. ,  
2021)

E xtreme 120 ≤ I EI > 50-yr > 40%
Overwash;  

I nundation;  Dune 
Retreat

S evere 100 ≤ I EI  < 120 27-yr to 50-yr ≤ 40% Dune Face Erosion

Nuis ance 70 ≤ I EI  < 100 6-yr to 27-yr ~10%
Collis ion, Dune 

Face Erosion

I ns ignificant I EI  < 70 < 6-yr None
Swash, Minor 

B each narrowing
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Seaside Park

Ortley Beach
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Reproduced from the New Jersey Beach Profile Network (NJBPN)
Coastal Research Center, Stockton University

SEASIDE PARK 9/20/2010

ORTLEY BEACH 9/20/2010
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Dune Damage Class ifications
Moderate:  Dune Volume Loss 5%  -  40%

Major:  Dune Volume Loss > 40%

S S P 1-1.9 (Low E mis s ions )
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Dune Damage Class ifications
Moderate:  Dune Volume Loss 5%  -  40%

Major:  Dune Volume Loss > 40%

S S P 5-8.5 (High E mis s ions )
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The Engineering Demand Parameter (EDP)

 Eliminate highly correlated parameters

 Emphasize easily measurable parameters

65

𝑃𝑃 𝐶𝐶 𝐼𝐼𝐼𝐼
𝑅𝑅𝑓𝑓

= 𝐸𝐸𝐸𝐸𝐸𝐸 =  1 − 𝑒𝑒𝑒𝑒𝑒𝑒
−𝐸𝐸𝐸𝐸𝐸𝐸
𝜆𝜆

𝜅𝜅

𝐸𝐸𝐸𝐸𝐸𝐸 =
𝐼𝐼𝐼𝐼
𝑅𝑅𝑓𝑓

=
𝐼𝐼𝐼𝐼𝑖𝑖

𝑅𝑅𝑓𝑓𝑓𝑓𝑗𝑗 ,𝑅𝑅𝑓𝑓𝑓𝑓𝑘𝑘 …𝑅𝑅𝑓𝑓𝑓𝑓𝑚𝑚

Rf (Morphologic)

IM

Im
pa

ct
s

Lemke (2021)
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New Jersey SEI Climatology (Lemke and Miller, 2020)
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Global Sea Level Rise from IPCC
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Three SSP scenarios outlined in the I PCC’s Assessment Report 6 listed with the projected global sea 
level rise with respect to 1995 – 2014 GMSL and global surface temperature difference with respect to 
1850 – 1900 levels

I P CC 
S cenario

S LR  2050 (m) S LR  2100 (m)
Degrees  w arming 

2100 (° C)
Notes

SSP1-1.9
“ Low ”

0.18 
(0.15 – 0.23)

0.38 
(0.28–0.55)

1.4 
(1.0 – 1.8)

Sustainable pathway with low greenhouse gas and 
CO2 emissions declining to net zero around 2050 

then remaining at levels  of net negative CO2 
emissions

SSP2-4.5
“ Middle”

0.20
(0.17 – 0.26)

0.56 
(0.44–0.76)

2.7 
(2.1 – 3.5)

I ntermediate greenhouse gas and CO2 emissions 
which remain at their currently level until 

approximately 2050 before declining

SSP5-8.5
“ High”

0.23
(0.20 – 0.29)

0.77 
(0.63–1.01)

4.4 
(3.3 – 5.7)

Very high greenhouse gas and CO2 emissions with 
no decline



Local Sea Level Rise
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S egment W L S tation
S S P 1-1.9 
“ Low”  (m)

S S P 2-4.5
“ Middle”  (m)

S S P 5-8.5
“ High”  (m)

2050
NJ 1 – NJ 5 Sandy Hook 0.282 0.302 0.332
NJ 6 – NJ 9 Atlantic City 0.278 0.298 0.328

NJ 10 – NJ 13 Cape May 0.275 0.295 0.325
2100

NJ 1 – NJ 5 Sandy Hook 0.596 0.776 0.986
NJ 6 – NJ 9 Atlantic City 0.586 0.766 0.976

NJ 10 – NJ 13 Cape May 0.580 0.760 0.970

I ncreases in local sea level (m) by shoreline segment relative to 1995-2014 mean sea level using the 
I PCC’s global sea level rise projections as a baseline

Station Record Length MSL trend 
(mm/yr)

Est. VLM
(mm/yr)

Sandy Hook
8531680 75 3.90

(3.65 – 4.15)
-2.27

(-2.34 – -2.20)

Atlantic City
8534720 96 3.99

(3.81 – 4.17)
-2.17

(-2.28 – -2.06)

Cape May
8536110 42 4.06

(3.32 – 4.80)
-2.10

(-2.35 – -1.85)

Estimated vertical land movement from long-term tide gauges via NOAA



Observed Impacts of Hurricane Sandy
Spatial Variation
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South North

Landfall

Measured Dune Losses based on NJ B PN

NJ BPN
Stockton University Coastal Research Center



Well-documented impacts and drivers

Storm I ntensity spatial gradient
Correlations between beach state and damage

 B arone, D.A., McKenna, K.K., Farrell, S .C., 2014. Hurricane Sandy:  B each-dune performance at New 
J ersey B each Profile Network s ites 82.

 Overbeck, J .R ., Long, J .W., Stockdon, H.F., 2017. Testing model parameters for wave-induced dune 
erosion using observations from Hurricane Sandy. Geophysical Research Letters  44, 937–945. 

 Walling, K., T.O. Herrington and J .K. Miller, 2016. Hurricane Sandy damage comparison:  Oceanfront 
houses protected by a beach and dune system with vs. without a rock seawall, Shore & B each, 
84(3), 35-41.
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Storm Intensity – Hurricane Sandy
Spatial Variation
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South North Lemke and Miller, 2020



Beach profile parameters
Spatial Variation
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Farrell et al. 2013; Lemke and Miller 2021

South North



Beach profile parameters – pre-Sandy
Spatial Variation
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Farrell et al. 2013; Lemke and Miller 2021

South North



Resilience and demand – Sandy
Spatial Variation
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑉𝑉𝑉𝑉𝑉𝑉 ×  𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 2

South North



Resilience and demand – Sandy
Spatial Variation
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𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑃𝑃𝑃𝑃𝑃𝑃4

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑉𝑉𝑉𝑉𝑉𝑉 × 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 2

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑉𝑉𝑉𝑉𝑉𝑉 ×  𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 2

South North



Predicted Impacts of Hurricane Sandy
Spatial Variation
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South North



Driving parameter isolation – beach resilience
Spatial Variation
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South North



Driving parameter isolation – beach resilience
Spatial Variation
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Driving parameter isolation – beach resilience
Spatial Variation
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Driving parameter isolation – storm intensity
Spatial Variation
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South North



Driving parameter isolation – storm intensity
Spatial Variation
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Driving parameter isolation – storm intensity
Spatial Variation
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The EDP Fragility Curve

𝑃𝑃 𝐶𝐶 𝐼𝐼𝐼𝐼
𝑅𝑅𝑓𝑓

= 𝐸𝐸𝐸𝐸𝐸𝐸 =  1 − 𝑒𝑒𝑒𝑒𝑒𝑒
−𝐸𝐸𝐸𝐸𝐸𝐸
𝜆𝜆

𝜅𝜅

 I M = Storm I ntensity Measure

 R f = B each Resilience (e.g., beach width)

 Fit Coefficients:
- κ  ( 1.14 | 1.32 )
- 𝜆𝜆  ( 570 | 4428 )

J anssen and Miller (2022), The Engineering Demand Parameter 
and Applications to Forecasting Dune I mpacts 

90



In final form…
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𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑃𝑃𝑃𝑃𝑃𝑃4
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