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What is a 100-year flood?



Motivation

Applications for flood or surge frequency analysis:

AFlood insurance studies. The NFIP requires return period inundation values on Flood
Insurance Rate Maps (FIRMS), which determine insurance rates.

AFloodcont r ol studies. An example I s the deter mins
100-year levee heights during reconstruction after Katrina

AFlood mitigation studies. An example is the ongoing reassessment on whether coastal
nuclear plants meet 1 in 10,000 year flood protection criteria.

AFlood impact studies. Determine if return levels change due to urban runoff changes,
floodplain restoration, channel modification, etc.
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A Flood Insurance Rate Maps (FIRMSs)
A Levee height design
A Elevation or protection design for nuclear plants



Concept- Freqguency analysis
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Figure 1. Variability in Total Annual Rainfall
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Figure 3. Normal Distribution Function




Return frequency

A For example, if daily rainfall has exceeded 6 inches ten times in a thirty year recorc
the return frequency==n/t, or 10/30=0.33, or 33.3%

A Thereturn periodis 1/R, or 3 years. This is treverageinterval between the events of
a particular magnitude

A A 1% return frequency is a 1§@ar return period

A A0.2%return frequency is &00-yearreturn period

A A1E4%return frequency is 40,000yearreturn period

Chances of Being Flooded

Flood Level

Period 10-yr | 25-yr | 50-yr 100-yr

of Time | Flood | Flood | Flood Flood
52Sa&a y20 YSIYy | Fft22R 200dzNBR'"™*S g8NE"™ a|ys &'8| NA H
For example, t_hep)_robablllty of a 106year flood occurringn 10vears | 65% |34% | 18% 10%
30years (the lifetime of the average home mortgage) is 26.0

0 vyears |88% [56% |33% 18%
It could even occur multiple times in a century. 30 years | 9%6% | 71% | 45% 26%

S0 years | 99% | 87% 64% 39%




Extreme return frequencies
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Figure 12. Example Annual River Flood Data

Need to use a different probability distribution. Examples arenognal, logPearson Type
lll, and Generalized Extreme Value (GEV). GEV Type | is called a Gumbel distribution, G
Type Il is &rechetdistribution, and GEV Type Ill is a Weibull distribution.
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Concept- Joint probability

A Joint probability refers to théikelihoodof two or more conditions occurring at the same tirr

A Thejoint probability for two events, A and B,g@spressed mathematicalps P(A,B)t is
calculatedoy multiplyingthe probability of event A, expressed as P(A)hgyprobabilityof
event B, expressed as B(B

A The probability of two rolled dice simultaneously being the number five is (1/6)X(1/6)=0.

A Howeverthe dependence between the two or more conditions should be-trorial, i.e.
neither independent nor fully dependent

A It isa useful statistito use when two or more observable phenomena can occur
simultaneously
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Figure 17. lllustration of Joint Probability for Two Events

http:/ /www.mathworks.com/help/toolbox/stats/brn2ivz-85.html



JPM usefulness for storm surge

A Earlier techniques (tide gauge analysis or the Empirical Simulation Technique) are sens
sample size in tide or surge simulation datasets, and cannot capture the range of storm
possibilities capable of producing, for example, the 1% annual flood event.

A The JPM approach, however, has the conceptual advantage of considering all possible
consistent with the local climatology, each weighted by its appropriate rabe@idrrence.

A Themost basic JPM approach assumes a parametric storm description involving severz
hurricanedescriptors, such as:

A Central pressure
A Rnax

A Storm direction
A Storm speed

A Appropriate probability distributions are determined for each parameted discretized

A Allpossible parameter combinations (each defining a synthetic storm) are simulatedausir
storm surge model



Math formalism (from Toro paper)
PNmecsyn >n) = NJ...J: fu(x) Pn(x) > n] dx (1)

where A is the annual rate of storms of interest, vector x represents the
storm characteristics and fi(x) represents the joint probability
distribution of these characteristics, P[n(x) > n]is the probability that
a storm of characteristics x will generate a flood elevation in excess of

an arbitrary value .
For numerical calculations, the multiple integral in Equation 1 is

approximated by a summation over a discrete set of storm-parameter
values, as in:

P[Huesisyn > 1] = EX Pln(x) > 1] (2)

=1

where each term in the summation corresponds to one combination
of storm parameters (i.e., one synthetic-storm), withannual rate \;

{2YSOGAYS& dzy OSNIFAyGe Aad AyOfdzRSR (KNERdIZAK
Pln(x) > n] = Pln= (x) + £>n] (3)

a.,, is the model calculated surge height



The results from the production runs provide the
peak flood elevation at each grid point for each of the

synthetic storms. The first step in the surge
frequency calculations is to construct the
complementary cumulative distribution function
(CCDF) of surge elevation (sometimes called the hazard
curve) at each grid point. The process is simple and
involves the evaluation of Equations 2 and 3, which may
be combined into Equation 4 as follows:

PNty > 1] =EAP[Na (x) +e>n]  (4)

where 7« (x:) is the peak flood elevation obtained by
the production run for storm i at the grid point being
considered. This calculation is performed for many
values of the flood-elevation of interest y (using an
increment of 0.1 ft), obtaining a CCDF
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Figure 10. Example of complementary cumulative distribution function
(CCDF) of maximum annual surge height at one grid point.
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ADevelop probability distributions for each storm paramef@y,., intensity, etc.)
from observations
AEstablish rate of storm occurrence in space time
ASubdivideeach distribution into a small number of discretieces (i.e., 6 values

AConstructall possible hypothetical tracks takingall possible combinations of
the stormguantities.For example, with sxalues forfour parameters one
02y &0 NHzO( & ©év Haplc ¢ & BRI RDAGKdebiBN X-6 speed)

AConducthydrodynamlc simulations (surge model, wave coupling, sometimes
hydrology) with multiple tracks for each storm type sufficiently spaced for
shoreline influence (landfall and bypassing). Track spacing is typical,gner
about ten tracks per site (12,960 simulations)

AFor each storm, computeighest surge for locations of interest, tag it with rate
occurrence

AConstruct a histogram of rate versus surge height
AFind the 1% surge elevation for edobation
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AJPM fine if only SLOSH is needed, but not for-réghlution runs using ADCIRC

AJPMOS techniques seeks to reduce the number of simulations in an intellige
way (fewer combinations, tracks) while maintaining accurate frequency returr
values

AJPMOS are sometimes tested with JPM SLOSH runs to see if tl@SPM
assumptions roughly match on open coasttions

AOne possibility is a Monte Carlo JPM which randomly selects a sample from
possible combinations but enough to hopefully sufficiently capture the propei
range of possibilitiesHowever, sample size questions still exist.

ATwo of the established technigues (next two slides) are:
AResponse Function JPOB (JPMDSRS)
AQuadrature JPMDS (JPMDSQ)



Response Surface Method

ARestricts parameters based on sensitivity response experiments (i.e. only thr
pressure values chosen). It is found certaln combinationdirzear, some
responses strongerthad 0 KSNA X | YR aavYzz2uKEé

ACarefully choosing parameters limits combinations, and reduces simulations

ATypical example of steps:

A Step 1: Start with ~5 tracks roughly perpendicular to landfall region and a few values oRp.ar@onduct
the simulations. Interpolate or extrapolate other surge values in #i® pplane

A Step2: Add a few more oblique angles45°), simulate on a reduced-R,., combination (compared to Step
1), interpolate/extrapolate

A Step 3: Vary by a few storm speed parametsisiulate on durther reducedp-R, ., combination (compared
to Step2), interpolate/extrapolate

A Step 4: Interpolate/extrapolate in track space for one p &g,
AThis process can yield over 50,000 storms.

AProbIems are in choosing the proper parameters restrictions (needs expert
judgment) which can also be arbitrary; the accuracy of the interpolation; and
use of extrapolation. But results compare well to JIHEQ.

AAnN alternate interpolation scheme is known as 8parse grid method
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Example of interpolation/extrapolation in Step 1 for one track
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Black dots indicate 9 simulated storms for
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indicated where bilinear interpolation is
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Above 110mb, the surge response
function is extrapolated by maintaining a
constant p gradient.



Quadrature Method

ASeeks parameters and annual rates for several hundred runs by minimizing
mean square error of integration

AThis minimization algorithreelectsthe optimal parameter combinations and
assigngepresentative weight$o each of thecombinations

AThis turns the multdimensional JPM integraito a weighted summation with
specific weights for the optimal parameter combinations.

AVarious assumptions are made to simplify integral. Need to test against SLC
JPM. This also helps determine the optimum number of tracks.



1)

2)

Optimal Methods for extremely rare events (1 in 10,000 year)

Procedures are similar, but conduct thousands of SLOSH runs to determin
optimal combinations for the peak surge events, then refine with several d
ADCIRC runs. Derive response frequency curves.

¢cKSY R2 | GOKSO1€é UAUK RSUSNXNAYVAA
hurricanes and quagierpendicular angles, and see if the results roughly m:

the probabilistic results. If not, there may be an issue with the synthetic tra
or the pdf assumptions.




Generation of synthetic storm datasets

1) Intensity,R,,,, direction qualitatively based on local climatology; space®& hy

2) Empirical equations based on climatology, and include random error (Vickel
al. 2000)

3) Model downscaling
a) Climate model

b) Beta and Advection Model (BAMS) coupled to a balanced vortex model with 1D oce
coupling (Emanuel 2006a,b). Steering currents (850 anarit)@re from a general
circulation model.

References
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Emanuel, K., 2006a: A statisticeterministic approach to hurricane risk assessméuntl. Amer. Meteor.
Soc, 87, 299314.

Emanuel, K., 2006b: Climate and tropical cyclone activity: A new model downscaling apjr@aichate
19, 47974802.



Empirical track generation equatiotl

Alnc;=Inci+; —Inc;=a; +a» x ¥; + a3 x A; + ag © Ing;
+as x 0; + ag X 01 + & (1)

AB; =01 —0;=b; + by x ¥j+ b3 x A+ by x ¢; +bs x
0; + bg x 0;—1 + & (2)

Avi=us—w=c1tc2 xTi+c3 x Ti-g +Ca Xy +Cs
X Ui-1 -+ €3 (3)

where ¥ and A = latitude and longitude of typhoon
center. respectively: ¢ = translation speed: 6 = head-
ing: T = sea surface temperature: u = maximum sus-
tained wind speed: € = random error.

The symbol A situated before each parameter de-
notes the change of this quantity over the current pe-
riod: the subscripts 1 and 1 + 1 specified for each pa-
rameter express the value at the corresponding time
step: and ay. a,. etc. 1s a set of constants for each rec-
tangular grid cell within the research area. When the
hurricane travels from one grid cell to another. these
values are changed accordingly. The constants are
computed using a multiple linear regression solution.
Because this process is repeated until the synthetic
typhoon makes landfall or final dissipation over the
sea. a full track 1s created. along with all main pa-
rameters. at each time step.

Pressure
more
common,
but wind
can be
used too

0.00 2.00 4.00

in(-=In{1=-CDF}))

&6.00 -4.00 =2.00

o

o
©

MP 450
1
09 080 1.60
In(c (m/s))
~ MP 2150

a.&0 0.80

0.20
I E—

Sg00 -8.00
APPROACH ANGLE

2.00

2.40

12.00

w1

0.18 D0.20
—

/i
il

4.00

1M

B.00 12.00

¢ (m/s)

-

=

|

o 4

D. T T T : T

SB.00 -B.00 2.00 12.00
APPROACH ANGLE *10'

Validation
examples
from

Vickery et
al. (2000)



Example applied to the po$tatrina
New Orleans levees reconstruction



Table 1. Summary of the 152 HSDRRS JPM-03 hurricane tracks, stratified by central pressure, radius of maximum winds,
translation speed, track direction, primary and secondary plus intensity [Saffi-Simpson scale), and numberof stormsin each
group. From Jacobsen{2013),
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