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Abstract The technique of ensemble forecasting based on Ensemble Kalman Filter (EnKF) data assimilation is ap-
plied to the problem of tropical cyclone track prediction using MM5 model. Adopting the Anthes-kuo, Grell and
Betts-Miller cumulus parameterization schemes, High-resolution Blackadar, Burk-Thompson and MRF PBL process
parameterization schemes to design 9 groups model configuration, 45-, 60- and 75-minute forecasts are conducted for
each situation. With the “mirror imaging method”, 18 different initial conditions are obtained. Taking the “Rankine
vortex” as observation data and the 18 different initial conditions as the background ensemble, the EnKF data assim-
ilation with EnSRF arithmetic are then carried out. Ultilizing the 18 data assimilation results as the ensemble forecas-
ting initial fields, and with 9 different model configuration, 72-hour forecast is simulated.

Two experiments are designed. One is non-assimilation ensemble forecasting, in which bogus typhoon is direct-
ly joined and 6 typhoon cases in 2004 are selected. The other is the ensemble forecasting based on EnKF data assimi-
lation, in which 16 typhoon cases in 2003 and 2004 are selected. There are three methods, full ensemble average,
cluster average and select average, in ensemble average.

The results show that because of no adjoint processing, EnKF data assimilation method is more efficient than
that of 4D-VAR, and with the assimilation, the intensity of typhoon becomes stronger and its central position is cor-

rected. By disturbing the background fields, the disturbances of the initial position, intensity and structure of ty-
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phoon occur.

The results of the first experiment show that the error of the typhoon position with data assimilation is less than
non-assimilation, especially is the cases of number 0419 typhoon. The results of the second experiment show that
the position error of clustering average method is the smallest among the three methods. On the average, the error
for 24-hour prediction is within 130 km, the errors for 48-hour and 72-hour predictions are less than 200 km and 250
km respectively. In every forecast time, there are at least more than half cases whose errors are less than that of
control prediction. The results indicate that the accuracy of the forecast position is much more improved by using en-
semble forecast method based on EnKF than that of control forecast in the cases of recurved track type and the cases
with weaker intensity.

One application of ensemble forecasting is to estimate the probability distribution of weather phenomenon. As for trop-
ical cyclone, the most important thing the authors concern is that what the observational typhoon track is within the range
of the forecast tracks. Since the moving route of tropical cyclone is a two-dimensional problem with direction and speed, any
analysis of its ensemble forecasting results should include two aspects. The results of the statistical analysis of 16 typhoon
cases show that for every forecast time, more than 65% cases include moving direction and all cases at the 54th hour. For
moving speed, it is more than 50% cases that include observational values at every forecast time and more than 90% cases
at middle prediction time. The prediction of directions and speeds is successful on the whole.

The experiments show that ensemble forecast method can improve the forecast veracity of the tropical cyclone

track, and the method suggests in this paper based on EnKF data assimilation is an effective approach.
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Table 1 Model configurations and short-time forecast time

Fe MeZHTT %

Member number Cumulus parameterization scheme

NRBITE
PBL scheme
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Short-time forecast time/min

—

Anthes-Kuo
Anthes-Kuo
Anthes-kuo
Grell
Grell
Grell
Betts-Miller
Betts-Miller
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Betts-Miller

High-resolution Blackadar

45

Burk-Thompson 60
MRF 75
High-resolution Blackadar 60
Burk-Thompson 75
MRF 45
High-resolution Blackadar 75
Burk-Thompson 45
MRF 60
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Fig. 1 The flow chart of tropical cyclone ensemble forecast based on Ensemble Kalman Filter (EnKF) data assimilation
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Table 2 The information of tropical cyclone experiments
BXAFR i) AR A %) WIARZIRRNGE BRI U
J¥%5  Name of TC (Serial WAL E Model initial time Initial maximum Initial pressure AT
No. number) Initial position [QONL®)) wind/m * s ! of the centre Track type
1 KUJIRI (0302) (10. 6°N, 146.3°E) 0600 14 Apr 2003 51 944 hPa 747 Westward
2 SOUDELOR (0306)  (18.1°N, 123.4°E) 1200 16 Jun 2003 31 980 hPa E547 Recurved
3 ETAU (0310) (19.5°N, 130.8°E) 1200 05 Aug 2003 43 958 hPa B4 Recurved
4 DUJUAN (0313) (18.4°N, 132.2°E) 1800 30 Aug 2003 41 963 hPa PifT Westward
5 MAEMI (0314) (21.8°N, 130.3°E) 0000 09 Sep 2003 46 954 hPa B4 Recurved
6 KETSANA (0317)  (19.0°N, 132.4°E) 0600 23 Oct 2003 54 938 hPa #4t47 Northeastward
7 NEPARTAK (0320) (12.9°N, 117.8°E) ~ 0000 15 Nov 2003 33 976 hPa P4t4T Northwestward
8 * NIDA (0402) (11.1°N, 127.2°E) 0000 16 May 2004 45 955 hPa 547 Recurved
9 * CONSON (0404)  (17.9°N, 119. 1°E) 1800 7 Jun 2004 25 985 hPa #4t47 Northeastward
10 DIANMU (0406) (12.8°N, 136.9°E) 1200 15 Jun 2004 45 955 hPa Pidt4T Northwestward
11 *RANANIM (0414) (1. 3°N, 128.2°E) 0000 10 Aug 2004 28 985 hPa P44t4T Northwestward
12 *SONGDA (0419) (2. 7°N, 133.2°E) 1800 3 Sep 2004 45 950 hPa 53 Recurved
13 * MEARI (0422) (22.2°N, 131.2°E) 0000 25 Sep 2004 45 950 hPa 547 Recurved
14 TOKAGE (0424) (19.2°N,132.0°E) 0000 17 Oct 2004 50 940 hPa #:47 Recurved
15 NOCK-TEN (0425) (15.8°N, 135.7°E) 0600 22 Oct 2004 40 960 hPa b1 Northwestward
16 * NANMADOL (0428) (9. 4°N, 139. 0°E) 0600 30 Nov 2004 28 980 hPa 7§47 Westward
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% ” means that the ensemble forecast experiment for this tropical cyclone is based on both assimilation and no assimilation.

%3 EnKF 5 4D-VAR L #E 25 BT E X tL
Table 3 The comparison of expended time between EnKF and
4D-VAR
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rial number  Assimilation radius Assimilation time 4D-VAR
0302 790 km 1050 s 13143 s
0317 980 km 1524 s 11815 s
0320 510 km 543 s 10068 s
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Fig. 3 The difference fields of the sea level pressure by each ensemble members minus control forecasting for typhoon (0414)
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x4 FEUSERUBERRTEHREZARSHAELE (BAL: km)
Table 4 The comparison of mean track errors (km) with different analysis methods between EnKF and no EnKF

52 & SE45 Full Ens WA Cluster PP Select 2 1 Tl
TR b ] (Full Ensemble mean) (Custer mean) (Select mean) Control
Forecast time No EnKF EnKF No EnKF EnKF No EnKF EnKF (Control run)
12 h 84 64 79 68 68 53 69
24 h 158 123 130 120 147 115 149
36 h 240 180 184 160 229 171 206
48 h 305 200 238 159 276 200 306
60 h 394 224 295 187 344 231 422
72 h 429 274 375 240 401 251 451

x5 WHSEEATMBRBETLHRESLIT (BAL: km)
Table 5 The mean track errors (km) for the tropical cyclone

ensemble forecast based on different analysis methods

SHT T A ] Time

=6 BHIMBEEFHRESIT (B4L: km)
Table 6 The mean errors (km) of ensemble forecast for a
tropical cyclone with recurved track type based on different a-

nalysis methods

Analysis method 12h 24h 36h 48h 60h 72h

Full Ens 70 115 150 186 223 239
Cluster 74 105 110 129 160 218

Select 72 124 156 196 240 249
Control 58 106 147 212 290 318
16 T T T T T T

IS 5244 Full Ens
14F =3 EAF Cluster T
13r B9 %8 ¥8 Select ] R

11 ]

ANMEIE Number of successful cases

11 1 1 1 1 |

O =N WALV O
T

L 1 1 1

VAKIIWIRIN A ) Time
Analysis method 12 h 24 h 36 h 48 h 60 h 72 h
Full Ens 65 103 127 165 232 264
Cluster 73 109 122 151 163 198
Select 70 116 132 163 209 245
Control 55 129 181 278 405 444

F7 BEITHBERESU (R4 km)
Table 7 The mean errors (km) of ensemble forecast for a
tropical cyclone with westward track type based on different a-

nalysis methods

VAR B [E] Time
Analysis method 12 h 24 h 36 h 48 h 60 h 72 h
Full Ens 77 118 149 198 229 240
Cluster 74 104 90 101 150 221
Select 75 124 151 190 229 233
Control 55 79 106 133 153 197

N

12 24 36 48 60 7
TR IS A Forecast time/h

P4 BB ERAR S A BRI I SE T
Fig. 4 The number of successful cases for track ensemble fore-

casting at different forecast time
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*8 BERANKEAMMBERESLI (B4 km)

Table 8 The mean errors (km) of ensemble forecast for a
strong tropical cyclone based on different analysis methods
WAKiIWIRES
Analysis method  12h  24h 36h 48h 60h 72h

if[E] Time

Full Ens 72 109 139 189 244 250
Cluster 70 92 115 143 186 208

Select 75 122 153 197 249 250
Control 57 108 146 226 303 354

x99 WHANEGTRERIRESIT (BAL: km)

Table 9 The mean errors (km) of ensemble forecast for a

weak tropical cyclone based on different analysis methods
VAKiIWIRES
Analysis method 12 h  24h 36h 48h 60h 72h

5 [E] Time

Full Ens 75 128 167 190 207 252
Cluster 81 128 101 105 118 234
Select 67 128 160 194 225 248
Control 59 102 148 189 267 258
(a)
100 | | |
2 \
s 90
£ »
o
8
| | |
x %0 \
KR n
st \
0t a
60

0 6 12 18 24 30 36 42 48 54 60 66
P AT Al Forecast time/h

FETUR A R I A B, BT T 90 %0, BRIIE AT PAIA
AR AR 6] 1) P A 2 A
B X FEL RSS (Relative Skill Score) .

E.—E.
IRSS :mXH)O%, (9)

E.. E. 53Ry i B 55 4 i e mii i 2z .
FRROEMER /R G Bl iR 22/ TR B e 22,
KRN T fi (B BORREZ. 35 10 AR i
THEAEA ) RSS PO OL. BRI 3 KISk,
o3BT A TR 14 )5 2 BeAR 2 0 IE B DL s 2
X5 5 EVIE Y.

F 10 FSHFHEBETE RSS FHEF5S
Table 10 The mean RSS scores for the track forecast based on

different analysis methods

il seAply R BxE2 X3 mETY

Time/h Full Ens Cluster 1 Cluster 2 Cluster 3 Select
6 —14.9(4) —21.37(2) —19.14(4) —16.58(2) —24.51(5)
12 —9.59(5) —14.65(5) —11.77(5) —5.99(4) —13.93(5)
18 —7.09(3) —7.14(6) —13.31(4) —10.67(4) —13.27(4)
24 —3.71(8) —4.03(8) —10.48(5) —5.14(6) —11.08(5)
30 —2.09(8) —3.68(5) —7.786(7) —3.07(6) —9.31(4)
36 1.51(8)  0.64(8) —6.63(6) 6.49(8) —5.97(5)
42 7.27(10)  4.47(11) —2.35(7) 5.63(11) —1.55(9)
48 7.18(9)  1.86(8) —1.84(7) 7.96(9) 0.59(8)
54 6.44(8)  4.92(7) 1. 99(8) 9. 77(8) 4.78(8)
60 4.37(9)  2.36(6) —3.91(7) 5.81(9) 1.67(7)
66 6.35(11)  0.87(6) 1. 58(9) 0.55(8) 4.31(1D)
72 11.6(12)  3.5(8) 6.55(9) 7.76(10)  7.15(12)

5 N N LR

10—
95t k
90

ANV Y

o / \ |

50

H 4 Percentage

0 6 12 18 24 30 36 42 48 54 60 66
iR E Forecast time/h

5 SEa A TR A R AL & HS il B AR A B B LT () B s (b)) B3k

Fig. 5 Percentage of cases in which the forecast ensemble spans the true trajectory of the tropical cyclone for all cases: (a) moving direc-

tion; (b) moving speed
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