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PrOieCt AIms Exploratory Work

1) Probabilistic representation of
storm tide and inundation
predictions.

2) Model parameter constraints
and uncertainty for hindcasts. =

11111

Problem to Solve

* To do this even with computationally
costly models that restrict size of

ensemble in operational setting |
- Surge + tides (+ wind waves) on /‘,

Y ’7 U.s. DEPARTMENT OF _ Argonne National Laboratory is a - -
spmmsess
7 ENERGY ISR bty igh-resolution meshes
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HURRICANE STORM TIDE
UQ METHODOLOGY
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QOutline of Methodology

1) Perturb parameters of forecasted tropical cyclone (e.qg.,
trajectory, intensity, and size) in a realistic and efficient way.

2) Simulate coastal flooding in the landfall region of ensemble
perturbation from 1) using hydrodynamic model.

3) Perform probabilistic analysis / uncertainty quantification
(UQ) of water levels / flood-depth for the affected regions,
providing useful outputs
- Hindcast: sensitivity and uncertainty maps
- Forecast: sensitivity, exceedance water levels/probability maps
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https://github.com/noaa-ocs-

1) H U R R I CA N E P E RTU R B ATI O N modeling/EnsemblePerturbation

Florence 2018 cross_track comparison Florence 2018 along_track comparison

440N

4 variables perturbed based
on historical forecast errorsS...

Following similar method to P-Surge

40°N —=— original.22
= along_track_1.22

- along_track 2.22

w—— original.22
- cross_track_1.2:
-~ cross_track_2.2;

36°N 36°N

a) Cross-track [normal]

- offset forecast location by . 2N
perpendicular distance

b) Along-track [normal]
- offset forecast location
up/down the track 2apl i e

c) Storm intensity [normal]
- Vmax: maximum wind speed
(central pressure also adjusted accordingly)

d) Storm size [uniform]
- Rmax: radius of maximum wind speed
- 134, 50, 64-kt radii for Generalized Asymmetric

Holland Model (GAHM) parametric vortex T oy 7

Abdolali, A., et al. (2021). Ocean Dynamics,
https://doi.org/10.1007/s10236-020-01426-9 Argonne o ‘ 75
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https://github.com/noaa-ocs-modeling/EnsemblePerturbation
https://github.com/noaa-ocs-modeling/EnsemblePerturbation

https://github.com/noaa-ocs-
modeling/EnsemblePerturbation

1) FORECAST ERROR TABLES

TABLE Al. Mean absolute forecast error: cross track (n mi).

ot CHOL TABLE A3. Mean absolute forecast error: V.. (kt).
VT = forecast validation time.

nitial Vipy (VT = 0) Initial Vi (VT = 0) (kt)

VT (h) <50 kt 50-95 kt ~95 kt VT (b) <30 50-95 =95 Hindeast
in
[ o 4,98 2.89 1.85 | Lo 1.45 2.26 250 | cas
iV T6.16 TT38 7770 12 4.01 375 7.94
24 23.10 16.83 12.68 24 6.17 8.54 11.53
36 28.95 21.10 17.92 36 8.42 9.97 13.27
48 38.03 2776 25.01 48 10.46 11.28 12.66
72 56.88 47.51 40.48 72 14.28 13.11 13.41
96 92.95 68.61 60.69 96 18.26 13.46 13.46
120 119.67 103.45 79.98 120 19.91 12.62 13.55
TABLE A4. Upper- and lower-bound forecast errors: R,y (sm); sm = U.S. statute mile.
Initial Ryax (VT = 0) (sm)
VT (h) <15 15-25 25-35 35-45 =45
0 0-00-0:00} o g-oe 0:00—0-00] 0.00-6:00} £:00-0:00] Linear
12 —17.15, 2.47] —13.29, 5.74] —11.26, 10.56] —14.82, 18.24] —22.40, 25.43] t lation t
24 ~23.55,2.31] [-18.16, 9.45] —17.93, 13.31] [—12.13,21.01] [-18.04 3430]) EXtrapoiationto
36 —24.90, 4.20] [—25.18, 9.24] —14.88, 17.36] [-11.19, 24.89] [-1.08,4322] O-hr for hindcast
48 [—30.57, 3.64] [—29.75, 9.80] [—13.36, 18.98] [—8.47, 31.64] 8.46, 43.78]
60 [~37.83, 1.33] [—27.25, 10.07] [-13.70, 19.29] [—6.35, 31.09] [8.18, 43.14]
72 [—45.11, —0.99] [—24.75, 10.35] [—14.04, 19.60] [—4.24, 30.54] [7.93, 42.51]
96 [-55.26, —3.72] [~29.71, 13.94] [~11.43, 19.67] [0.37, 30.46] [2.49, 38.55]
120 [~61.26, —9.56] [—35.46, 11.77] [—11.71, 19.62] [—0.84, 32.59] [3.19, 40.56]

Pringle, William J, Zachary Burnett, Khachik Sargsyan, Saeed Moghimi, and Edward Myers. 2023. “Efficient
Probabilistic Prediction and Uncertainty Quantification of Tropical Cyclone-Driven Storm Tides and Inundation.”
Artificial Intelligence for the Earth Systems 2 (2): e220040. https://doi.org/10.1175/AIES-D-22-0040.1.
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https://github.com/noaa-ocs-modeling/EnsemblePerturbation
https://github.com/noaa-ocs-modeling/EnsemblePerturbation
https://doi.org/10.1175/AIES-D-22-0040.1

1) PERTURBATION - QUASI-MONTE CARLO

Low-discrepancy Korobov sequence

59 training pertubation(s) of 4 variable(s)

59 training pertubation(s) of 4 variahle(s)
cross_track

cross_track max_sustained_wind_speed radius_of_maximum_winds
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H . ° « o
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8 101 ° e o * -1.0
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0.05 g 1 "
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)‘I
0,051 - - - - - r - : I , . , I
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Sampling has a determined structure
- 96.7% of distribution with 59 members
- 95% of distribution with 39 members
ENERGY T el - 90% of distribution with 19 members Argonne &
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2) STORM TIDE SIMULATION Resolution of HSOFS,4

ADCIRC
=> ADCIRC v55 2D hydrodynamics as0s
=> Astronomical tides
=> Built-in Holland 1980, CLE15, and -

GAHM vortex models e A%

SCHISM
=> SCHISM in 2D mode ey ia
—> Astronomical tides e
=> Coupled with Parametric Hurricane N 'L"u";;,'ﬁ;ﬂ:.‘;’::r?i‘l?? g _ 2 TEW B

Modeling System (PaHM) using S — Y

GAHM vortex model

Open-source python libraries

P — — =>» CoupledModelDriver handles [(_:oupled]
: model setup (generates input files)
- =>» EnsemblePerturbation generates
Overview Repositories 27 Projects 7 Packages Teams 6 People ' 20 mUItIple InStanceS Of model Setup Arggﬂmgng‘zg

3 & https://github.com/n ocs/0OCS-... E

element circumradius [m]


https://github.com/adcirc/adcirc-cg/releases
https://github.com/noaa-ocs-modeling/CoupledModelDriver
https://github.com/noaa-ocs-modeling/EnsemblePerturbation

2) PARAMETRIC HURRICANE VORTEX MODELS

Partially Empirical

The Holland Model The GAHM

I B = 0.50 ~ EEmB=050
B B=075 ! EEmB=075
s B=1.00 g B=100
B=1.50 i B=150
0.8 I B = 2.00 08 | B =200
3 | :oe. i
Jfos JEos :
s> 048 2504
02 02 >
e 3
2 3 e 2 3
4 5 0 log, R 4 5 0 log, R
/R, ne IR, e i
B o — _ ~@\ttmaz /1) 9
P(r) = P + (P, — P.)e Bnar/” () Plr) = Fe + (B = Fo)e

V() = | Vs Pl (e ) + (27 - )

Holland less accurate
for small Ro

NonlinearAcceleration

2 2

Multiple-Isotach Radial Wind Multiple-Isotach Interpolation

GAHM uses multiple isotach e 100
interpolation for all 4 quadrants fan -
200 0

)‘(nm)_400 e .-2002(:"“) 200

Irene  2011-08-26 00:00:00

V(r) — ‘/Vé’;u(l YRy el (R 2 1 (- 1T

R —
¢ Coriolisforce
~ V"rr2taa: /R'ma:r: _ Vmaz
mem f Rm,am f
(12)
(13)

https://wiki.adcirc.org/
Generalized Asymme
tric Holland Model
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https://wiki.adcirc.org/Generalized_Asymmetric_Holland_Model
https://wiki.adcirc.org/Generalized_Asymmetric_Holland_Model
https://wiki.adcirc.org/Generalized_Asymmetric_Holland_Model
https://wiki.adcirc.org/File:Fig_9._GAHM.png
https://upload.wikimedia.org/wikipedia/commons/b/b5/Fig_2._GAHM.png

2) PARAMETRIC HURRICANE VORTEX MODELS

CLE15 merges theoretical models for inner and outer regions

Inner:

Emanuel, Kerry, and Richard Rotunno. 2011. “Self-Stratification of Tropical Cyclone Outflow. Part I:
Implications for Storm Structure.” Journal of the Atmospheric Sciences 68 (10): 2236—49.
https://doi.org/10.1175/JAS-D-10-05024.1.

Outer:

Emanuel, K. (2004). Tropical cyclone energetics and structure. In E. Fedorovich, R. Rotunno, & B. Stevens
(Eds.), Atmospheric Turbulence and Mesoscale Meteorology: Scientific Research Inspired by Doug
Lilly (pp. 165-192). Cambridge: Cambridge University Press. doi:10.1017/CB09780511735035.010

Background winds as function
of forward speed, Vs

S  Varying factor with radial wind fraction _

I Vel (ADCIRC; Luettich & Westerink, 2004)

Vma.x

I Empirically derived constant reduction
factor with angle 20 deg counter-clockwise

IVA (LC12; Chavas and Lin, 2012)

H80/GAHM

CLE15

55~
m—(nner
CLE15 —ouler
501 == Merged
X Merge point
45+
40 H Chavas, Daniel R., Ning Lin, and Kerry Emanuel. 2015. “A
Model for the Complete Radial Structure of the
35 Tropical Cyclone Wind Field. Part I: Comparison with
Observed Structure.” Journal of the Atmospheric
Sciences 72 (9): 3647-62.
— 301 https://doi.org/10.1175/JAS-D-15-0014.1.
R
E
>25
20
15
10
D 1 | 1 1 1 1 | 1 1
0 100 200 300 400 500 600 700 800 900
r [km]
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https://doi.org/10.1175/JAS-D-10-05024.1

3) UQ ANALYSIS METHOD ly

cross-track,

along-track, Y = V10, [:5), s [yfX)

Vmax, Rmax Output
1. Find an approximation of /\ 'E Computational Model P@“
: . y=/x)
Input-output map: the surrogate x  Parameters maxelev. |V
Polynomial Chaos (PC), or t-
Data
K K Measurement Model
! =
U~ up¥p(€) Z=fU)=) W8 =80 1
k=0 k=0
Output PC :
Input PC e 3. Build CDF of PC to get

* Neural Network (NN)
on a reduced dimension space (PCA)

the exceedance
probabilities/heights

0.9 7
2. Compute sensitivity indices (GSA) 1 onte-Carth sampiing o
Main Effect Sobol Index a | zz;ré)r? 2}2 \(/iiigf;)large
g _ Var[B(Z(gl&) _
Var|Z(€)] .

Jonne & |75
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Figure courtesy of

3) I NVE RS E U Q Khachik Sargsyan, SNL

cross-track,

along-track,
Vmax, Rmax h% :{fl(x),fz(x), ffM(x)}
Output
e ; Computational Model Pédi?ﬁons
X Parameters y =/ y
max elev.

o
o
>

= |ikelihood, P(Y/x)
== Prior, P(x)
=== Posterior, P(x/Y)

o
(=}
(%))
pa v a ey

Measurement Model
z =gl%)

o
o
e

|

g

o

o
|

Sample surrogate with Markov Chain Monte
Carlo (MCMC) and use Bayesian Inference
0 Frmret S with HWM observations to converge to
O ‘ 18 2| constrained posterior set of parameters

Parameter 'x'

Probability density function
<
o
w
1 l 1

o

o

o
N

o
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31 Aug 2018 - 17 Sep 2018
130 kt » 937 hPa = 39.7 ACE

Non-Tropical

H : : ] L Subtropical
| ] H . > Tropical Depression
- ; A Tropical Storm
| / i i O Category 1

Category 2
Category 3

Category 4

HURRICANE KESESESe Sl
I: L O R E N C E Best-track
2018

Plot generated using troPYcal

U.S. DEPARTMENT OF  Argonne Mational Laboratory is a
EN ERG U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC
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Holland
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34°N

33°NfF s

PARAMETRIC
VORTEX MODEL
COMPARISON

- WIND SPEEDS
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wind speed [m/s]

=
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High water oy Holland TN
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Trajectory

BEST-TRACK =
PERTURBATION
- 19 ENSEMBLES *
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GAHM ENSEMBLE COMPARISON

0.500
o ens_1 (left) -
0.278
2.5
0.167
Best-track 350N
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0 —0.056
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1.5£
C
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- '0% -0.500
ens_19 (right) L
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w

Modeled [m]
%]

Florence2018 - HWM comparison: Holland

COMPARISONS

- ENSEMBLE MEAN

U.s. DEPARTMENT OF _ Argonne National Laboratory is a

ENERGY ... 5crrimse freray ornioy

Florence2018 - HWM comparison: CLE15
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Sensitivities - Holland Sensitivities - CLE15
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GAHM different
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37°N

CLE15
SENSITIVITIES

GEOSPATIAL

34°N
33°N
32°N
MmaX
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cross track - CLE1
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¥y o
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33°N
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[PRIOR] GEOSPATIAL UNCERTAINTY

15 Uncertainty - GAHM

v

Uncertainty - Holland Uncertainty - CLE

37°N|- X2

36°N

35°N|

34°N| -

e B e s et

32°N| |
80°W 79°W 78°W 77°W 76°W 75°W 30°W 79°W 78°W 77°W 76°W 75°W30°W 79°W 78°W 77°W 76°W 75°W

Similar patterns between all
models, GAHM less uncertain
than Holland & CLE15 as more *-
constrained by r34/r50/r64

Argonne & 75




BAYESION INFERENCE TO
CONSTRAIN INPUT AND
OUTPUT DISTRIBUTION
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CLE15
Markov Chain PDF

cross track along track KDE for cross track KDE for along track
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Modeled [m]

w

rJ

HIGH-WATER MARK COMPARISONS
- POSTERIOR RANGE SMALLER AND REDUCES ERROR

Florence2018 - HWM comparison: CLE15

best-track /"
< prior range ) "
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1 o STDE = 0.26 m
10 R2 = 0.84
: ME =-0.25'm
. RMSE = 0.42 m|
’,_’ - STDE = 0.34 m
o R2 = 0.71
0 1 2 3 4 5

™ U.S. DEPARTMENT OF _ Argonne National Laboratory is a
LZJENERGY Uz, 0errimentol eneroy laboratory
N7 managed by UChicago Argonne, LLC.
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Florence2018 - HWM comparison: GAHM
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[POSTERIOR] GEOSPATIAL UNCERTAINTY

Posterior uncertainty - Hollamsterior uncertainty - CLE1%sterior uncertainty - GAHM

6°N 0.125
] .) 0.100
5°N|- .E.

0.075E
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0.050%
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2°N]| 0.000

80°W 79°W 78°W 77°W 76°W 75°30°W 79°W 78°W 77°W 76°W 75°VQ°W 79°W 78°W 77°W 76°W 75°W

 GAHM has much smaller uncertainty (MCMC may not
have converged correctly)
 CLE15 has the most but reduced to less than 0.15 m
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Florence2018 - best-track: CLE15 Florence2018 - MAP prediction: LE15
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POSTERIORI PREDICTION COMPARISON
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Main effect is to increase storm
Size as most sensitive parameter

—— best-track 175 —— best-track
120 —— MAP track —— MCMC track
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Summary

1) Dimensionally-reduced NN surrogate model trained on gMC model
ensemble with cross-validation technique

2) Sensitivities and uncertainty computed from surrogate model

3) Observations used to constrain the likely ensemble range and update
input TC error parameters through MCMC

4) For Florence, CLE15 produces smallest errors, most sensitive to
Rmax. Uncertainty up to 0.5 m a priori, reduced to <0.15 m with HWM
constraints. Suggests a larger Rmax with track to left.

Ongoing/Future work:

* Test more storms
* Alternative method(s) for Rmax/r34/r50/r64 perturbation
* Perturbing hydrodynamic model parameters e.g., bottom friction
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