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IY =X

Figure 1 Model Domain Configuration. Black — Best track, Green

— Control run, Red — Era—Interim reanalysis data. ........ -9 -

Figure 2 Tracks of Typhoon Rusa corresponding Black — RSMC
Best track. <Upper> Green -CTRL, Blue — PHYS mean, and
Red — SKEBS mean forecast, with open circle for OO hourly
positions, closed circle for 12 hourly positions. <Lower
Left> Thin red — SKEBS members with Red — ensemble
mean. <Lower Right> Thin multiple colors — PHYS members

with Blue — ensemble mean.....cooveeveeieioeeiceeeeieen, — 22 —

Figure 3 Track error of <Upper> Green — CTRL, <Lower Left>
Red — SKEBS ensemble mean, and Thin Red — error of each
of SKEBS ensemble member. <Lower Right> Blue — PHYS
ensemble mean, Thin multiple colors — error of each PHYS

ensemble member corresponding Red dashed — ensemble

spread of SKEBS and Blue dashed — PHYS. ............... - 24 —

Figure 4 Intensity of ensemble members. Green — CTRL, Red —



SKEBS ensemble mean, Blue — PHYS ensemble mean, Thin
red — intensity of each SKEBS ensemble members, and Thin
multiple colors — intensity of each PHYS ensemble members.
<Upper Right> ensemble spread of intensity on SKEBS and

PHY S o — 28 —

Figure 5 Typhoon size of ensemble members. <Left> Green —
CTRL, Red — SKEBS ensemble mean, thin red — size of each
SKEBS ensemble member. <Right> Blue — PHYS ensemble
mean, Thin multiple colors — size of each PHYS ensemble

1001S) 001 01<) (RNNURURR PP PREPRP - 30 —

Figure 6 Spatial distribution of 96—hour 850hPa temperature
(K). <Upper> RMSE of CTRL, <Middle> RMSE for Left —
SKEBS, Right — PHYS. <Bottom> Ensemble spread Left —

SKEBS and Right - PHYS ..., - 33 —

Figure 7 Same as Figure 6 except for wind speed (m/s). — 34 —

Figure 8 Typhoon track sensitivity to parameterizations. <Left>

Cumulus parameterizations, <Right> Microphysics

_Vi_



parameterizations. Dot for 24 hourly positions. Black track

corresponds to RSMC best track....coovevevveiviniiniinninn... — 38 —

Figure 9 Typhoon model result using CTRL physics set except

Kain Fritsch cumulus parameterization. <Upper Left> Black
— Best track, Red — SKEBS ensemble mean, Blue — PHYS
ensemble mean, Green — CTRL, <Upper Right> Same as
<Upper Left> except inclusion of SKEBS ensemble
members, <Bottom> Same as <Upper Right> except for

minimum Sea level PreSSULe. v, -39 —

Figure 10 <Upper> Surface wind speed (m/s) (filled), mean sea

level pressure (contour) for Tiedtke and Kain Fritsch
cumulus parameterizations. <Middle> Relative vorticity (10~
°s™1) (filled) and surface wind streamline. <Bottom> West—
East Cross Section along the typhoon center. Relative
humidity (%), virtual temperature (‘C), and surface wind

speed attached DElOW ..cvn e — 40 —

Figure 11 SKEBS sensitivity test results for ensemble size.

Green — CTRL, Red - 10 members, Blue — 30 members.

— Vil —



<Upper Left> Track error (km). <Upper Right> Track error
spread (km). <Lower Left> Minimum sea level pressure
spread (hPa). <Lower Right> Minimum sea level pressure

(NP@) .+ e - 42 -

Figure 12 Ensemble track sensitivity result. <Upper Left>
Default, <Upper Right> Setl, <Lower Left> Set 2, <Lower
Right> Set 3. See the text for parameter setting details. ....—

45 —

Figure 13 SKEBS sensitivity test results for backscatter ratio.
Green — Default, Red — Setl, Blue — Set 2, Purple — Set 3,
Black — Best track. <Upper Left> Track error (km). <Upper
Right> Track error spread (km). <Lower Left> Minimum
sea level pressure spread (hPa). <Lower Right> Minimum

sea level pressure (hPa) ....ooooee oo — 46 —

Figure 14 SKEBS sensitivity test results for backscatter
ratio.96—hour 850hPa temperature (K). <Upper> RMSE of
CTRL, <Middle> RMSE for Default, Setl, Set2, Set3,

<Bottom> Spread for Default, Setl, Set2, Set3. Markers

— Viil —



around Korean Peninsula represent the center of Typhoon.

Figure 16 SKEBS sensitivity test results for backscatter ratio.
Green — Default, Red — Setl, Blue — Set 2, Purple — Set 3,
Black — Best track. <Upper Left> Track error (km). <Upper
Right> Track error spread (km). <Lower Left> Minimum
sea level pressure spread (hPa). <Lower Right> Minimum

sea level pressure (hPa)
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5% (deterministic model) & EZAA S Y7l fsiA &

k2] oA =  Cellular Automation Stochastic Backscatter

Scheme (CASBS)E olgste] A7l WS asteilth. 9714 A&

oL,
flo

A2 71% Stochastic Kinetic Energy Backscatter Scheme (SKEBS)

N

i

ECMWE $37] 745 dBre Aggdomi FAAqrne gt 4l g

i
2

{

BE PRAIIEE 7oleheTt (Berner et al. 2009). E&, ¥4 3P

[e2
o

(tendency) 2 EgAAdS xdEsh) 2%t  stochastic  physics

parameterization tendency (Buizza et al. 1999) #'H-& 3o = ECMWE,

UK Met Office s& M3 02 yet 7133 M A s el #ol

o

*

ARG oA 3L 3l

rlr

g o]

olgA ME gE Ed xS vlwdk o)jd AT

i

T A=,
Doblas—Reyes et al. (2009)2 multi—model, multi—parameter, “13] 1.

stochastic

o) [
Ass TA @

(A

perturbation< 23 AAH
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(unperturbed single—model systems) ¥} Blwslo] HU} t] SAEH AR
Bt ARt o] A2 7] tE BFPoA BE o A7E
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o] o] e 27 oA BEex A7 71 HluwE o Htl Berner
et al. (2011)2 multi—physics scheme ¥} Stochastic Kinetic Energy
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2.1. A5 9 »3 HH

2.1.1.29 %7] 8 4= (ERA-Interim)

HES ®slry] gete] Ede %7] g¥AE® ERA-Interim
reanalysisAt5 & AFE-3IA T 2 AFolA A3t ERA—Interim A&+

H/\]-I:

O -

ol
rlr

6A17F Ao 2 AFEH QO™ (Dee et al. 2011) F%

o

CRds

0.7 X 0.7 degree ©]a, 912 7] S 1000 hPa H¥ 1 hPa7}#] 37

MZE o]Foj#] it} GRIB A= A x| J&ste Waw dts +3ut
22 o]l&AE&ELE &% land—sea mask, e H7| ¢ =52, AR
T, AU E, EgRn, A7, el slddtes Mas Aoy

B, 718, FRnREE, G el

2.1.2.Best track A&

AT e ZEe HE 2o Aol AAL BE A2 D s
Hlwst7] ¢ 3sFe] Regional Specialized Meteorological Center (RSMC)
Tokyo HI& AlE A A|¥3ti= RSMC Best Track A= & AF&3SlTh
o] A5+ HiFol AEE 5 FUE Y AMNAES AWS, SHIP A5

_6_



off
ftlo

Fgsto] FAAEE WEs AAHS AT 2 F A3 HGAL
(consistency check) #IAS A, FEZ<Q A AF<Q best tracks
AArskAl @tk RSMC best track Argis HA B oAl WHAS= BE
Haol et ARE 7FAI SlolA FolAlote] FilEE HF e ROE

Azt f83 Anz A" 5+ 9o

6AIZE, T& 3A7 (HH o
A

™ i
e fA, A%, A7, AdSS o RS Awska Sl

2.2. WRF 2d 9 »d 44

oAt AFEst B El2 Weather Research and Forecasting (WRF)
version 3.5 ©]t}. WRF Edl& =915 A| A" sidals= aAlo] st 3

9

o 9 AT o] F ol mHPoITh WRFE 9 EA

_

£

(fully compressible nonhydrostatic) 2@ %2, o2 #EA=Z 23S u}

7Ve Ax A48 7|9k (terrain—following dry hydrostatic—pressure) < ©]

4

11, &% FAIZTAZE Arakawa C—grid ZAAF AAZS o] &3ttt A7F 4

< 22k 34, Runge—kutta A3F A2 275 AREete] 3 9 54 A%

S

3l 2xfo| A 6x}7FA 9] o] F (advection) 54 S Al w3t T AAZRA
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(Top boundary condition)
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WRFE Y real—datac] si@shs 59 BAxTACR AQ5H BAx
7 (specified lateral boundary conditions) = AFEsl=d A4 A AA %=
7 (lateral boundary conditions)< #]d#] % (specified zone) ¥} ¢3}A]
(relaxation zone) &2 FAHET QA HL g9 or Aoy F472
AZEA Uiatel o&l A s m 2 Adea= Y Tl upgFelA 2714

G285 2 AFES ERA-InterimAl5E ZojoA Fv). &3 A T EHoA

YT =l G 4 gAe Aole] Jegow B FRel uAe] WRF
290l W3 (nudging) HE AL gtk F o] % A M5

ERA—InterimAt59} WRFRE &S] A#7t A& AIZHE, S 0% AAadS

5% sl Sw A 2aL AT Ak,

2 QFeNE WRF R3¢ #HAPEES 20 km = BPFH FA

Aol o 200 x 200 A7 G ow o] By AW FAST ®
s

lo

gt HES Roaty] Slste] AAROR 427)9 FOoE AAE U

el Hd 52 10 hPaz A8t BFe] Aztel] wE dds 1] 9
sto] 608 AIZF tAC R 12041%F A2kl 3A%F 3+ EHARE o
ATt EF Aol ¥ EwWQle] FA91A= Best Track? 9 - A% #he
A Htsto] A5 TE Model error 5 FHujstoZ W 7] 93] best track
¥} ERA-interimAt5 & B]1.3}o] initial condition error 7} 7Hg 22 Al A

= A3t Rusa B #3593 =il 99 242 Figure 1 3 2
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Figure 1 Model Domain Configuration. Black — Best track, Green -

Control run, Red — Era—Interim reanalysis data.
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2.3. A9 AlE AA

B AT A= 2002 HAs 1535 Bl <FAF(Rusa)’S 20029 8

9 2794 12 UTCHE 9€ 12 12 UTC7HA 120A417F 79 335t o).

2.4. IZE WH T7A WH
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default A& ¥ vl FAe3th wA TS % decorrelation time ] thgk ¥l
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Table 1: Configuration of the multiphysics Ensemble. Betts—Miller (BM),

Community Atmosphere Model

(CAM), Kain—Fritsch (KF), Mellor—

Yamada—Janjic (MYJ), Rapid Radiative Transfer Model (RRTM), Rapid

Update Cycle (RUC), WRF Single—Moment 6-—class (WSM6), and

Yonsei University (YSU). Morrison (Morrison double—moment)

Member Land Microphysics PBL Surface  Cumulus  Longwave  Shortwave
Surface Layer

1 Noah—MP WSM6 YSU YSU Tiedtke RRTMG RRTMG
2 Noah—MP Morrison MYNN3  MYNN Tiedtke Dudhia Goddard
3 Noah—MP Ferrier ACM2 ACM2 BM RRTMG Dudhia
4 Noah—MP WSM6 MYNN3  MYNN BM Goddard RRTMG
5 Noah—MP Thompson YSU YSU KF CAM CAM
6 Noah—MP Ferrier ACM2 ACM2 KF Goddard Dudhia
7 Noah—MP WDM6 MYNN3  MYNN Tiedtke Dudhia Goddard
8 Noah—MP Morrison MYNN3 MYNN  New SAS CAM CAM
9 Noah—MP Thompson ACM2 ACM2 New SAS CAM CAM
10 Noah—MP WDM6r YSU YSU BM RRTMG Goddard




2.5.2. Stochastic Kinetic Energy Backscatter Scheme (SKEBS)

Stochastic Kinetic Energy Backscatter Scheme (SKEBS)& 4% &
Fol| A ofAR R st A o] R RYE EEAAS &
EEYOoR ndskeE WHoltt. FAEFAME AR R S} dagle] A4

ol Aek @ =} (truncation error) 7} WSt Sk diffusion®] 2] A]

=t ol Hes YoFuAt g g W AR 55 243 & &
Aok olgA wEoR Hes A4S (streamfunction) 9 2%

(temperature)©] Hall 02X + WA A& ~¥ (1=2) F¥ vtZ 2 A
= A o] FEHIE (S, At =t — ) wwolUA & YA o] F

o3l ot} olEgA BHe® AR oux 7t A= md AR Ao A

£

ol

TR YA o] AXE G3S n|x (=, backscattered) AAAQ th7] <]

e WA "k Zlo] 712 A<l ofoltjololtt. (Shutts 2005)

olefolli= Berner et al. (2011) o w2} SKEBSY o]&24 <l A7 374



S A5}l Stochastic kinetic energy source® AAFS}H]

i)

3

i

(homogeneous) 3t FZ9A (random) 8] AAS 7R &= AA A F4

Rt

T4 % (effective streamfunction perturbation) (W) 21(1)3} o] A9

Ol

bt

Yy, t) =rD(x,y,t) P'(x,y,t) ey

A7IA x8 ye 27 WRF BHe AAE A4k -4 2 H-5
wakolr t= Al D(x,y,t) = A9A ouA AAE (dissipation rate),
Y'(x,y, ) 229 AT dF 52 Ay (forcing), r< backscatter

ratio® 2v|gtty. WRFE A= r+DaS A2 desiA A 1 JFx3k

=

£  WRF  version3.5 o A= 1.0E-05 m?s~3 (streamfunction),

1.0E-06 m2s~3 (temperature) = 743}

A (Dol ' (x,y,t) A A Feodl FFelAM e AT Hde

o]
Foh B-A W ke, P-% B e e,
K/2 L2

Y'(x,y,t) = Z z wlk‘l(t)eZEi(kx/XHy/Y) )
k=—K/2 1=—L/2



K/2 L2

ay Y k=-K/21=-L/2 “
all) i K/2 L/2
Tl .
v (X y, t) ax 7 Z Z klplk‘l(t)ezm(kx/XHy/Y) (4)

k=—K/2 1=-L/2

oA7IA, kS 12 242 294 A xoF yiEe gholn t= AIZHS 9n|
gt Felo] BEQl e2mil/X+ly/Y) = WRFO A}z EHdl (0<x<X, 0<y<Y)
oA MZ 42 (orthogonal) ¢l 7| AE4EZ FAH T} 7|4 "k spectral =

ol (0<k<§, 0<1<§) oAl white noise”} ofd A& 4o FAF A

ol

Fol EARGH, of FATr e =edd SN dd dAE de dHHe

2 W) frh R, FHF5Y FAG] ARHL FRYE Rl A9

AR1 32 o] g3tth o] A7k A#A S Spectral Markov 302 sk 4 (5)
L e
P (E+ A = (1= )Y’ (D) + grVa g (t) (5)

OoI71A g () Bt 00 Ztom FiAb(covariance, < g (t)enm(t) >)°l
0%8,m0n0s; ¢ Gaussian white noise®]il (1-a) ¥ linear autoregressive
parameter, gi;< 78 FFE ZPEHE noise amplitude® T3 2o] power
lawz o}



1 = bpf, ! (6)

2 (6) oA py, = radial wavenumber 1T (py; = k2/X%+12/Y2). Z12]3l b

© amplitudeZH oo} o] ] #r},

s K/2 L2
Bya / 2B+2
- [anazr At] /where T = Z Z Prel @
¥ k=—K/21=-1/2

3tA, Al (5)9 Markov #Age 93 AR12 #7]%4# (autocorrelation) < Al

(8)3} o] & & Utk

gota _ ghola _ gho?
1-1-a)? aR-a) 2-a)

<Y 09,0 >= ®)
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2.6. Experiment Method
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Figure 2 Tracks of Typhoon Rusa corresponding Black — RSMC Best
track. <Upper> Green —CTRL, Blue — PHYS mean, and Red — SKEBS
mean forecast, with open circle for 00 hourly positions, closed circle for
12 hourly positions. <Lower Left> Thin red — SKEBS members with Red

— ensemble mean. <Lower Right> Thin multiple colors — PHYS members

with Blue — ensemble mean.
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3.1. Forecast ensemble mean error vs ensemble spread
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Figure 3 Track error of <Upper> Green — CTRL, <Lower Left> Red —
SKEBS ensemble mean, and Thin Red - error of each of SKEBS
ensemble member. <Lower Right> Blue — PHYS ensemble mean, Thin

multiple colors — error of each PHYS ensemble member corresponding

Red dashed — ensemble spread of SKEBS and Blue dashed — PHYS.



3.1.1. Typhoon Track

) Ensemble mean forecast
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ii) Error—spread consistency

SKEBS A&elM= or 60413t 744 RHe =443 2 B35ty
Error — spread consistency? A&S HG1 (5, YAE A Hd 2349}
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3.1.2. Typhoon Intensity

i) Ensemble mean forecast

Era—interim A5+ S T4 d7ldds 138 =9 4=t
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xR 7F it 7P 5 g7l wiiEel Edlelert B A7 Sl
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Hito]l SKEBS 8 Harro oz oz /dEo] Bl (Figure 4).



ii) Ensemble Spread
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Figure 4 Intensity of ensemble members. Green — CTRL, Red — SKEBS

ensemble mean, Blue — PHYS ensemble mean, Thin red — intensity of

each SKEBS ensemble members, and Thin multiple colors — intensity of

each PHYS ensemble members. <Upper Right> ensemble spread of
intensity on SKEBS and PHYS.



3.1.3. Typhoon Size

Era—interim &2 259} vlwsdle] AES F~33 ;. H=

N
)
1o

o
<

upgo]l A o] wmpte] o} A FrastEE A Edel &%

o
otk
o

et wiAst7] Y8 850 hPa 1EW % 25m/s oAl 39 Ro|=
AAeRith. SKEBS dE B8 % CTRL Adduv B3 Ae]=7F 2

A BYEAT A xd vpze] g3E o= AT wjA$k 850 hPa 1= o]

gt e A upEo] =S| wlEo] MaAo® mR CTRL Rl A5
o7 Bt SKEBS ¢ PHYS 9] Afo|= TA7F Agiygdoe=r ¢ & Ao

2 Helth PHYS 9dAE HiS AR o8 EgRF3E Agsidn e+
Abo]l =7} best track¥ B]S28HA] R T} 72417 ol 2= ¢ IA RO

% 9t} (Figure 5).



SKEBS Multi-physics

TC 850-hPa 25m/s Area (1075 km”2)

0 24 48 72 96 120

Figure 5 Typhoon size of ensemble members. <Left> Green — CTRL,
Red — SKEBS ensemble mean, thin red — size of each SKEBS ensemble
member. <Right> Blue — PHYS ensemble mean, Thin multiple colors —

size of each PHYS ensemble member.



3.1.4. Spatial distribution
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Figure 6 Spatial distribution of 96—hour 850hPa temperature (K).
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3.2. Sensitivity tests on model uncertainty in SKEBS

39S St%lal, Ensemble size® EH w43t A3¥, I8la epxHoR
SKEBS parameter®] Stochastic forcing perturbation magnitude® &3}

A decorrelation times T2 A 3te] SKEBS AAE A7 st Wl

3.2.1.Physics Parameterization
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Figure 9 Typhoon model result using CTRL physics set except Kain
Fritsch cumulus parameterization. <Upper Left> Black — Best track, Red
— SKEBS ensemble mean, Blue — PHYS ensemble mean, Green — CTRL,
<Upper Right> Same as <Upper Left> except inclusion of SKEBS
ensemble members, <Bottom> Same as <Upper Right> except for
minimum sea level pressure.
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surface wind speed attached below

Rl ke AT



3.2.2.Ensemble Size
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Figure 11 SKEBS sensitivity test results
Red — 10 members, Blue — 30 members. <Upper Left> Track

CTRL,

for ensemble size. Green —

error (km). <Upper Right> Track error spread (km). <Lower Left>

Minimum sea level pressure spread (hPa). <Lower Right> Minimum sea

level pressure (hPa).



3.2.3.SKEBS forcing parameter tuning
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Figure 12 Ensemble track sensitivity result. <Upper Left> Default,
<Upper Right> Setl, <Lower Left> Set 2, <Lower Right> Set 3. See the

text for parameter setting details.
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Figure 13 SKEBS sensitivity test results for backscatter ratio. Green —

Default, Red — Setl, Blue — Set 2, Purple — Set 3, Black — Best track.

<Upper Left> Track error (km). <Upper Right> Track error spread

(km). <Lower Left> Minimum sea level pressure spread (hPa). <Lower

Right> Minimum sea level pressure (hPa).
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Figure 14 SKEBS sensitivity test results for backscatter ratio.96—hour
850hPa temperature (K). <Upper> RMSE of CTRL, <Middle> RMSE for
Default, Setl, Set2, Set3, <Bottom> Spread for Default, Setl, Set2, Set3.

Markers around Korean Peninsula represent the center of Typhoon.
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Figure 15 Same as Figure 14 except for surface wind speed (m/s)
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Figure 16 SKEBS sensitivity test results for backscatter ratio. Green —
Default, Red — Setl, Blue — Set 2, Purple — Set 3, Black — Best track.
<Upper Left> Track error (km). <Upper Right> Track error spread
(km). <Lower Left> Minimum sea level pressure spread (hPa). <Lower

Right> Minimum sea level pressure (hPa).
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Abstract

Representation of Model Uncertainty
In the Short-range Ensemble Prediction
for Typhoon Rusa (2002)

Sena Kim
School of Earth and Environmental Sciences
The Graduate School

Seoul National University

The most objective way to overcome the limitation of numerical weather prediction
model is to represent the uncertainty of prediction by introducing probabilistic forecast.
The uncertainty of numerical weather prediction system is occurred by parameterization
of unresolved scale and energy losses from the sub-scale physical processes etc. In this
study, we focused on model error, and performed ensemble forecast to represent model
uncertainty. By applying multi-physics scheme (PHYS) and stochastic kinetic energy
backscatter scheme (SKEBS) to typhoon Rusa (2002), we verified the performance of

two schemes. Both ensemble mean forecast of typhoon track were improved compared



to control run. The results using PHYS was improved by 28% and the results using
SKEBS was improved by 7%. Both of ensemble mean errors were increased rapidly
when forecast time 84 hours, and both of ensemble spread were increased gradually
during time integration. The results using SKEBS represented model error well during
forecast time 96 hours, and after that it tended to simulate as an under-dispersive way.
The model simulation using PHYS overestimated the ensemble mean error during time
integration, and represented well at the forecast time 120 hours. The moving speed using
PHYS was closest to the best track, especially after landfall. In the sensitivity tests on
the model uncertainty of SKEBS, ensemble mean forecast was sensitive to physics
parameterization. By changing the value of SKEBS forcing parameter, the results of
ensemble spread, ensemble mean errors, and moving speed were improved by default

experiment.

Keywords: ensemble forecast, model uncertainty, tropical cyclone forecast, stochastic

kinetic energy backscatter
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