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λD(i) = λ ⌡⎮
⌠

all ω

 
 P[Imax(D) >i|ω] P[ω]dω

Objective
LongLong--term rainfall risk from term rainfall risk from TCsTCs at location A:at location A:

A

Vt

Katrina (2005)

λλDD((ii):): rate at which rate at which IImaxmax((DD)) exceedsexceeds ii at location at location 
A (events/year)A (events/year)

local recurrencelocal recurrence
((literatureliterature))

TC arrival rate TC arrival rate 
[events/yr][events/yr]

TC characteristicsTC characteristics

focusfocus

IImaxmax((DD):): maximum rainfall maximum rainfall 
intensity at location A for intensity at location A for 
averaging duration averaging duration DD

Risk analysisRisk analysis



Approach to long-term risk modeling

parameters parameters ωω == [[VVmaxmax, , RRmaxmax, , BB, , VVtt, , yy]]TT

[[IImaxmax((DD)|)|ωω]]
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Outline
Part 1: BL windsPart 1: BL winds
•• Existing BL models Existing BL models  ⇒ ⇒ limitationslimitations

•• MSMS model for the BLmodel for the BL

•• Wind fields: comparison with Wind fields: comparison with MM5MM5

Part 2: Rainfall from Winds:Part 2: Rainfall from Winds:

•• MSMS + + moisturemoisture ⇒⇒ MSRMSR modelmodel

•• Validation using Validation using MM5MM5

•• Calibration using Calibration using PRPR datadata

•• Rainfall Rainfall asymmetryasymmetry due to motiondue to motion

Conclusions and future directionsConclusions and future directions

•• StormStorm--toto--storm storm variabilityvariability of rainfallof rainfall

Part 3: Rainfall fluctuationsPart 3: Rainfall fluctuations

2 alternative 2 alternative 
approachesapproaches

•• SubSub--stormstorm
variability variability 

((large scaleslarge scales))

((small scalessmall scales))

Part 4: Application to New OrleansPart 4: Application to New Orleans
•• RecurrenceRecurrence model for model for ωω

•• Theoretical IDF curves for TC rainfall Theoretical IDF curves for TC rainfall 

•• Comparison with empirical IDF  results on Comparison with empirical IDF  results on 
all rainstorms (all rainstorms (TCsTCs and nonand non--TCsTCs) ) 

•• Design storms for New Orleans Design storms for New Orleans 
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1. Solving the Boundary Layer (BL)…

WHH

∂W
∂Z  = 

∂U
∂Z = 

∂V
∂Z =0

U=0 V=Vg 
Conditions 
at BL top
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Holland’s (1980) profileVmax=50m/s 

Rmax=40km

UU: radial   : radial   VV: tangential: tangential

WW: vertical: vertical

BL topBL top ((ZZ==HH))
Main vortexMain vortex

Stress conditions with Stress conditions with drag coefficientdrag coefficient CCD D (CD→ ∞ for non-slip)

Surface boundarySurface boundary ((ZZ=0)=0)
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Boundary layer model 1: Kepert (2001)

AnalyticalAnalytical andand depth resolvingdepth resolving

Model breaks:Model breaks:
•• for large horizontal gradientsfor large horizontal gradients ⇒⇒ R< R< 22RRmaxmax

•• for large vertical gradientsfor large vertical gradients ⇒⇒ CCDD→→ ∞∞

•• under inertial under inertial neutrallityneutrallity ⇒⇒ B B >1.8>1.8

•• for high translation velocitiesfor high translation velocities ⇒⇒ VVtt >5m/s>5m/s

Accurate for R > Accurate for R > 22RRmaxmax

factor of 6factor of 6

Features:Features:

•• Accounts for Accounts for storm translationstorm translation

LinearizedLinearized version of  BL version of  BL 
equationsequations

•• BL scale thickness: BL scale thickness: δδ((RR,,θθ))
•• BCsBCs at at ZZ=0 and =0 and ZZ==HH→→ ∞∞
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Boundary layer model 2: Shapiro (1983)

Features:Features:

•• Accounts for Accounts for storm translationstorm translation•• Vertically averagedVertically averaged

High horizontal velocitiesHigh horizontal velocities

Stability for R>Stability for R>RRmaxmax requiresrequires

constant boundary layer depth constant boundary layer depth HH=1000m=1000m

vertical diffusion coefficientvertical diffusion coefficient ⇒⇒ K=K=50000m50000m22/s/s

discretizationdiscretization stepstep ⇒⇒ ΔΔR = 5kmR = 5km

Issues:Issues:

factor of 2factor of 2

≈≈ zero vertical velocitieszero vertical velocities



Boundary layer model 3: Smith (1968)

SubstituteSubstitute UU and and VV into the BL equationsinto the BL equations

Integrate Integrate in thein the vertical vertical directiondirection accounting for boundary conditions accounting for boundary conditions 

SolveSolve ordinary differential equations (ordinary differential equations (ODEsODEs) for ) for EE((RR)) and and δδ((RR))

KarmanKarman & & PohlhausenPohlhausen momentum integral method: momentum integral method: 

AssumeAssume that dependence of that dependence of VV and and UU on on ZZ is of the is of the EkmanEkman type:type:

V(R,Z)=Vg(R) f[Ζ/δ(R)] U(R,Z)=Ε(R) Vg(R) g[Ζ/δ(R)]

 f(η) = -e-η (a1 sin η + a2 cos η) 
 g(η)=1-e-η (a1 cos η + a2 sin η) 

gradient 
winds

BL scale 
thickness Smith (1968): Smith (1968): EkmanEkman solutionssolutionsamplitude 

coef.

Limitations:Limitations:
Stationary hurricanesStationary hurricanes

aa11,,aa22 = = const.const. ⇒⇒ Applies only for Applies only for nonnon--slip slip BCsBCs



ΩΩ & & ΨΨ functionsfunctions:: Ψ(r,θ,η) = g(r,θ,η) Vt cosθ+ f(r,θ,η) (Vg-Vt sinθ) -Vt cosθ 
Ω(r,θ,η) = g(r,θ,η) (Vg-Vt sinθ)- f(r,θ,η) Vt cosθ+Vt sinθ 

Modification of Smith (1968) for a moving storm

Wind speeds (relative to the moving vortex): Wind speeds (relative to the moving vortex): 

U(R,θ,Z)=Ε(R,θ) Ψ
⎣
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⎦
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Z

δ(R,θ)  
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Z
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WH(R,θ) =- 

1
R 
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0

H
∂(RU) 

∂R + 
∂V
∂θ

 dZ

SolveSolve a system of nona system of non--linear partial linear partial DEsDEs for for EE((RR,,θθ)) and and δδ((RR,,θθ))

storm translation storm translation 
speedspeed f(R,θ,η) = -e-η [a1(R,θ) sin η + a2(R,θ) cos η] 

 g(R,θ,η)=1-e-η [a1(R,θ) cos η + a2(R,θ) sin η] 

surface stressessurface stresses solve a linear system forsolve a linear system for aa11 andand aa22

ff & g functions& g functions::

MS modelMS model
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Model comparison: Stationary hurricane
((VVmaxmax=50m/s, =50m/s, RRmaxmax=40km, =40km, BB=1.6,=1.6, KK=50m=50m22/s, /s, CCD D =0.003=0.003))

Vertically averagedVertically averaged ((1km1km)) radialradial windswinds

Vertical Vertical wind velocity at H=1kmwind velocity at H=1km

Vertically averaged Vertically averaged ((1km1km)) tangentialtangential windswinds

Moving hurricane:Moving hurricane:
validation in terms validation in terms 

of rainof rain……



2. Rain due to large-scale wind convergence

……use use MSMS model to  model to  
calculate calculate WWHH
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vertical winds vertical winds ((HH==3km3km))

surface surface rainraterainrate

MSR modelMSR model

Assumption:Assumption:
rainraterainrate= upward = upward water vapor fluxwater vapor flux at the top of the boundary layerat the top of the boundary layer

Ī  ∝  WH
large-scale rainfall intensity vertical wind velocity at H

const.= moisture content of air
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Calibration: (b) using PR/TRMM data

……almostalmost unbiasedunbiased
estimationestimation
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Rainfall asymmetry due to motion

A(R,θ) =  
Ī(R,θ)- Īs(R)

Īs(R)

Rainfall asymmetryRainfall asymmetry

rainfall intensity 
at (R,θ)

azimuthal
average

•• Shear:Shear: the difference between the 200 (the difference between the 200 (≈≈10km10km) and ) and 
800800--hPa (hPa (≈≈3km3km) wind velocities in the annular region ) wind velocities in the annular region 
between 200 and 800km from the TC center  between 200 and 800km from the TC center  

•• MotionMotion MSR + cyclonic redistribution of rain MSR + cyclonic redistribution of rain 

On average,On average, shear shear points to thepoints to the rightright ofof motionmotion…… ((≈≈ 7575oo))

Ensemble average over all Ensemble average over all 
TC TC intensitiesintensities and and shearshear

magnitudesmagnitudes

Ensemble average over all Ensemble average over all 
TC TC intensitiesintensities and and 
translation speedstranslation speeds

shear

Distance from TC center (km)

TRMM (observed) MSR (simulated)

motion

Distance from TC center (km)

A motion based parameterization of rainfall asymmetry suffices fA motion based parameterization of rainfall asymmetry suffices for risk analysisor risk analysis



A

Katrina (2005)

3. Statistical model of rainfall fluctuations
An observerAn observer--type approach:type approach:

Interested Interested inin IImaxmax((DD)),, the the maximum maximum 
rainfallrainfall intensity at intensity at locationlocation AA for for 
averagingaveraging durationduration DD

maximum maximum spatially averaged rainfall spatially averaged rainfall 
intensityintensity forfor a continuously sliding a continuously sliding 

window of lengthwindow of length ll

l =l =DVDVtt

Frozen field Frozen field 
assumptionassumption

Imax(D) = Imax(l)  

……TRMM products are TRMM products are 
rainfall snapshots rainfall snapshots 

Vt

l l 

yy
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Statistical model of [Imax(l)|ω]

Imax(5km)

 - IMSR(L)  

MSRMSR estimate for estimate for 
the mean the mean rainfall rainfall 
intensityintensity inside inside LL

LL=400km=400km

LL≈≈400km400km

 - IMSR(L)  
 - I(L) 

β  

amplification amplification 
factor factor for the for the 

maximum inside lmaximum inside l

γmax(l) 

corrects the corrects the modelmodel
mean relative to the mean relative to the 

empiricalempirical meanmean
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Statistical model of [β|ω]

β =
- I(L)

 - IMSR(L)
 

MSR MSR rainfall rainfall 
estimateestimate

empirical empirical 
rainfallrainfall mean mean 

inside interval Linside interval L

ξ
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lnlnββ standardized to (0,1standardized to (0,122))

empiricalempirical

N(0,1N(0,122))

z

Dependence of Dependence of mmlnlnββ and and σσlnlnββ on on VVmaxmax, , RRmaxmax and y and y is small and can be neglectedis small and can be neglected
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σσlnlnββ((ξ)= )= 00..2525ξ +0.87+0.87

mmlnlnββ((ξ)= )= --0.50.5

Statistics of lnβ

……ββ((ξξ) ~ lognormal) ~ lognormal

Parsimonious parameterization:Parsimonious parameterization:

 ξ = ln(y')-0.4ln(ĪMSR) 

y' = |y/Rmax| function of ω
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Distribution of [γmax(l)|ω]

empirical empirical mean mean 
inside Linside L

γmax(l) = 
   Imax(l)

  - I(L)
 

maximum maximum rainfall rainfall 
intensityintensity inside a inside a 

continuously sliding continuously sliding 
window of length lwindow of length l

Direct approach :Direct approach :

γi(l) = 
   Ii(l)

  - I(L)
 

average average rainfall rainfall 
intensityintensity inside linside l

random random 
variable variable with with 

unit meanunit mean

γγmaxmax= = maxmax{{γγ11, , ......, , γγL/lL/l}}

Indirect approach:Indirect approach:
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Maxima approach
•• Calculate the empirical Calculate the empirical meanmean and and variancevariance of of γγmax max for different for different ll and and ĪĪ((LL))

quadratic fitquadratic fit

linear fitlinear fit

quadratic fitquadratic fit

linear fitlinear fit

•• DevelopDevelop parametric expressionsparametric expressions for the dependence for the dependence 
of the mean and variance of of the mean and variance of γγmax max on on l l andand ĪĪ((LL))
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•• Find a suitable distribution model for Find a suitable distribution model for γγmaxmax, , 
bounded inbounded in [1,[1,LL//ll]]

γmax



…statistical assessment
For each spatial scale For each spatial scale ll, use the model, use the model to calculate the to calculate the theoreticaltheoretical nonnon--
exceedanceexceedance probabilityprobability of the of the empirical maximaempirical maxima..

FImax
(Imax,emp) ~ U[0,1] If the model is correct, then If the model is correct, then 

Similar results for Similar results for 
other approachesother approaches……
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4. Application to New Orleans

200km

Recurrence model forRecurrence model for ωω == [[VVmaxmax, , RRmaxmax VVtt, , yy]]TT ……and B and B = 1= 1

VVtt ~~ LN with LN with m m = 6m/s & = 6m/s & σσ = 2.5m/s= 2.5m/s
(Vickery (Vickery et alet al., 2000, Chen ., 2000, Chen et alet al. 2006). 2006)

lognormal lognormal withwith
m = m = 3.9623.962--0.005670.00567ΔΔP, P, σσ = = 0.3130.313

(Vickery (Vickery et alet al., 2000)., 2000)
[[RRmaxmax||ΔΔPP]] ~~

(km)(km)

lognormal lognormal withwith
m = m = 4.8 4.8 ΔΔPP 0.5590.559,, σσ = 0.15 = 0.15 mm
(Willoughby and (Willoughby and RahnRahn, 2004), 2004)

[[VVmaxmax||ΔΔPP]] ~~
((m/sm/s))

shifted lognormal shifted lognormal withwith
mmlnlnΔΔPP = = 3.153.15, , σσlnlnΔΔPP = 0.68, = 0.68, 

Shift par. Shift par. = 18mb = 18mb (IPET, 2006)(IPET, 2006)
ΔΔPP ((mbmb)) ~~

((indind.).)

αα ~ N[~ N[--5.45.4oo,(34.9,(34.9oo))22] ] 
(IPET, 2006)(IPET, 2006)

yy = = --z z coscos((αα))
zz ~ U[~ U[--500km, 500km]500km, 500km] ((indind))

y

z

α

λ = 0.57 events/yr

PP[[VVmaxmax,R,Rmaxmax]]
PP[[VVtt]]

PP[[yy]]

A

Vt

TC

Joint density PJoint density P[[ωω]]
(assuming (assuming indind.).)
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Application to New Orleans: IDF curves
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Rainfall Risk and  IDF curves:Rainfall Risk and  IDF curves:

IDFsIDFs:: plots of i againstplots of i against DD andand
T T = 1/= 1/λλDD((ii)) (years)(years)

•• For For largelarge DD and and TT
TCsTCs dominate risk.dominate risk.

•• For For small Dsmall D applies the rule:applies the rule:
““convection is convectionconvection is convection””



Design storms for New Orleans
Modal values of Modal values of [[ωω||DD,,TT]:]:
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Conclusions (1)

Developed a Developed a modelmodel of of peak rainfall intensitiespeak rainfall intensities from from TCsTCs with the with the 
following characteristics:following characteristics:

•• Explicit parameterizationExplicit parameterization of the hurricane: of the hurricane: ωω==[[VVmaxmax, , RRmaxmax,V,Vtt, , yy]]TT

•• Physical modelPhysical model (MSR) (MSR) to obtain to obtain largelarge--scale rainfallscale rainfall given given ωω

•• Statistical modelStatistical model for for smallsmall--scalescale variability on rainfall maxima: variability on rainfall maxima: γγmaxmax((ll))

•• Statistical model Statistical model forfor largelarge--scalescale (storm(storm--toto--storm) rainfall fluctuationsstorm) rainfall fluctuations:: ββ

•• CCalibrationalibration and and validationvalidation using PR/TRMM datausing PR/TRMM data



Conclusions (2)

Uses of Model:Uses of Model:

Mean Mean windwind field characterization:   field characterization:   MS modelMS model

Obtain distribution of Obtain distribution of maximum rainfallmaximum rainfall intensity given storm intensity given storm 
parameters parameters ωω:    :    MSRMSR + + Stat. modelStat. model

Obtain Obtain designdesign rainfall rainfall intensitiesintensities ii for given for given ((D,TD,T))

Obtain Obtain designdesign storm parameters storm parameters ωω for given for given ((D,TD,T))

AssessAssess relative importance of relative importance of TCsTCs and other rainstormsand other rainstorms

ComplementComplement wind, surge, and wave risk models with a rain modelwind, surge, and wave risk models with a rain model



Future Directions 

Develop a simple parameterization for Develop a simple parameterization for ĪĪMSRMSR

Extend to locations farther inlandExtend to locations farther inland

ShortShort--term rainfall forecastingterm rainfall forecasting

Apply a similar approach to assess risk from TC winds Apply a similar approach to assess risk from TC winds 



Thanks!Thanks!


