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Abstract Given the increasingly important role of inner-core data in tropical cyclone (TC) forecasting, the present paper

investigates the impact of assimilating Tail Doppler Radar (TDR) data on the prediction of hurricanes. A series of

experiments are conducted using the operational Weather Research and Forecasting model for Hurricane (HWRF) and

grid-point statistical interpolation (GSI) 3D variational (3DVar) system for Hurricane Isaac (2012). It is found that the

assimilation of TDR data can correct the storm center to a better position compared to without TDR assimilation.

Furthermore, the better inner-core structures in the results of the experiments that assimilated the TDR data have a

positive impact on the intensity forecasts. In general, the TDR data improve the TC track and intensity forecast compared

to the official forecasts from the operational HWRF, and the forecasts without assimilating the TDR data. The study also

suggests that further reducing the background error covariances to be consistent with the dynamical and thermodynamical

structures of the hurricanes is needed to further improve analyses and predictions of TCs.
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Fig. 1 (a) Scan scheme of the TDR (Tail Doppler Radar) radar and (b) theoretical flight track of one TDR mission
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(green) forecasts during the TDR missions for Hurricane Isaac
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Fig. 7 700-hPa horizontal wind field (shading, m s™") and geopotential height field (contours, gpm) before and after the assimilation of the first penetrating leg

during the seventh mission for Hurricane Isaac: (a) Before assimilation; (b) after assimilation
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Fig. 8 Independent wind verification before (green) and after (red) the assimilation of the first penetrating leg during the seventh mission: (a) SFMR (Stepped
Frequency Microwave Radiometer) surface wind; (b) flight level wind. x axis means the distance passed by the flight from the beginning to the end of this

penetrating leg (km), and y axis means the wind speed (m s ')

AOPEPERAAAE: AR X RAE T (& 8a), 73 CRF R 7b Al e AR A B 00 A8 KGR R X0
Hrizfe KATHE 200 km 2 )5 (X784 S R IXPFCGR ] Static B3 MV 55 = 4E42 7y [FIAL i B A
70 H Ul O G T 0 D8 i 1 XML, [Fl4E TDR BERHERE R, BARBEX Ui rh L X AR
FORAT R RIS AR WAAEL ) 0~50 km Abfss  SREEAMACE BT AR IE, (HR2H XL ik



6 1] Bligedts: YRRy AL LTI BORDO MU A S IF 5T ——2012 4F Tsaac K56

No. 6

LU Xu et al. A Study of the Impact of Airborne Radar Data Assimilated by 3D Var on the Prediction of ... 1119

HA 2 AT XATRe2 T EEER LS
BATER SR ZE D 22, WA AT 40 Ja e R
FEREEE X L, PRI T30 T AR PE A7 AE

K9 i — 45 (28 H 01 i 45 /%
28 H 02 it} 38 4y, [A4LT 28 H 02 i 00 43> sk
JE I &y M AL BT () SEMR AT KA T 1 B 11 X3
K3 o 75 Static WK Ah, A VE h % IR K ) NoDA
RIS AR BT Z) (28 [ 02 I 00 43D, [F]—4
BIX R 45 R (K 9c-d). 5 & 8 HIF, & 9 a.
¢ Al bod 23 % B SFMR Fiy i i XUTEE AT K AT 0 5 1)
RIEATES . B R RTI TR (SR SR FAT
fi] TDR A} 1) NoDA 55 76 X6 W i 2] (1 Fi 4 37 ( P

static-leg5-sws

60
(a) ——— Before assimilation
——— After assimilation
50 — SFMR

SFMR wind speed/m s°!
w
3
I
\5\

0 856 170.1 231.3 288.8 359.7
Distance/km
noda-leg5-sws

60

(© NoDA
SFMR

50 —

40 -

30

SFMR wind speed/m s°!

| 7

n"vu

10 i 2
N

0 | | | | |

0 85.6 170.1 231.3 288.8 359.7
Distance/km

9c—d) AHLLEE, AL T TDR %M TRk 7 68
BRI IR A RO AL RIS, X R [
RJ5 1) Static BRI 73BT 3 70 A K IR o LA B
isEtt. WRILERS IS (a0 kE, 558
— WA EE AR, A5 AT ORI S O
XA RSN i 1 A 3 L ) A T A B
I, R T B RO E, 5E 7
TR IS — BURN AR HRAAAE, X R R
A5 Static J7 27T =% FE I TDR H7 ik 4% ) KL%
FHRR T E A S b A Rrdh— 25 1 st

-G TDR AT45 1 253 BT T R VR4 (1) &
Ry Hr i 10, BRIy 3 km & KOE XU 45 09 1

static-leg5-fws

70
(b) Before assimilation
After assimilation
o —— Obs
I!/]
£ 50 —
s}
B
&
- 40 |-
£
=
E 30
: /
220 v‘%
[
10 — \
0 | | | | |
0 85.6 170.1 231.3 288.8 359.7
Distance/km
noda-leg5-fws
70
(d) NoDA
60 —— Obs
TU)
£ 50
e
3
&
- 40 -
R=
z
o 30 —
= )
5 20 w."-" ¢
= W\Q\‘
0 | | | | |

0 85.6 170.1 231.3 288.8 359.7
Distance/km

B9 MR Isaac H-LIRATS)R 4998 RILAT (4. J5 (40D AL RIGRE:: (ay ¢ SFMR FUHE KOHR S0 : (b d) "KAT R IR .
(a, b) Static; (c, d) NoDA. HEAR ML ZF B 11 FF UG I 21 $UBLR 21 CHLATZRLI ATHERS (km), HARER N MGE (ms™)
Fig. 9 Independent wind verification before (green) and after (red) the assimilation of the last penetrating leg during the seventh mission: (a, ¢) SFMR; (b, d)

flight level. (a, b) Static; (c, d) NoDA forecasts. x axis means the distance passed by the flight from the beginning to the end of this penetrating leg (km), and y

axis means the wind speed (m s ).



PN S

Chinese Journal of Atmospheric Sciences

1120

39 %
Vol. 39

K49 (NOAA P-3 "ML ®AT iy B 5784 3 km,
W I LT CHL AT RS S5 M AR . H
10a (HRD &[4 S % ED i, 78 3 km )5
g b, #a S R IO AR RRRES, AL v
S5 RO A 55 KX, T AU K KX, K RUX 2
AMRTTORMR L X L AT 99 R AEAE . 5 R [FAGATAT
R NoDA k3 (& 10¢) #Ek, [F4kL T TDR %
EHE Static W3 (& 10b) EBERI OIS,
PR B3 F- 52 ol g2, W I Lk NoDA Tl (13 X
XN, HAEGEREAS A 1)K KX AR 55 RUX A AT 04
[F4& , 7& HRD 518G b B B A 23 11 X 45, TDR
ORI R4 AT Static BR56 1) 45 5 0 5 58 NG I 0

HRD radar @ 3 km 00Z28

50ms-!

Static @ 3 km 02728

D5 T NoDA TR 19 JRI7 25 46 WU BE A Ak TR FRAFALE
LA O B SR ou (B R R SO A
LA A i re , FLEAARI D SR B 55, oL X
DX PR Rl O DR, AT @ 3L H R ) ety A= e i
55 o
B 11 Ay [ B 2 9 28 g S5 T L (R 7P PR o
HER T, WHRD A ESHE (K 11a) H]
CIEH], EIXABYBL, RJR Isaac £EZ8 )T 17K
N LG e e A w2 i R Nl N N e K
FEGERIEFAE, A2 O b4 115 km 4k 6~8
km & EAT— g RGE A, ® 112 km Ak 4 km
BRI — AN R KX . Static (] 11b)

NoDA @ 3 km 02728

28°N

27°N

26°N

25°N

[Z 10 JEJR Isaac 45 B IRAT S5 5 &0 Mg i) 3 km & KR35 40 #7: (@)HRD (Hurricane Research Division) ik i%: (b) Static;

Fig. 10

28°N

27°N |

26°N

27°N

26°N

25°N

88°W  87°W  86°W  85°W 88°W  87°W 6°W  85°W 88°W  87°W  86°W  85°W

10 15 20 25 30 35 40 45 50 55 60 m s’

(c) NoDA
The 3-km horizontal wind field of the final analysis during the seventh mission: (a) HRD (Hurricane Research Division)radar composite; (b) Static; (c) NoDA

HRD radar along lon 00228

(a)

0
225 1125 0

1125
Distance/km

225

. Static0200228

Height/km

0
224 112 0 112 224
Distance/km

10 15 20 25 30 35 40 45 50 55 60 ms’

B 11 R Isaac 55 -LUAT A5 IR 2 50 M b (K 26 1) T LR T RUA 4580 2072 (2) HRD #7350/ (b) Statics (c) NoDA. BEIHBHSEZ AL €Ik BT W
(m/s); BOBHANEM MM (KOs LLOBEBA AL (%). I BTAAR A 2 B AU 0 B ZKPREES. (k)
Fig. 11  The meridional cross section wind field of the final analysis during the seventh mission: (a) HRD radar composite; (b) Static; (c) NoDA . The shading

NoDA0200Z28

112 0 112 224
Distance/km

shows the horizontal wind speed (m/s), while the black contours are the potential temperature (K) and the red dashed contours are the relative humidity (%). x

axis means the horizontal distance to the storm center from this point (km)



6 RhER5E: = HEAR 73 RAHLA TR 18 DORERT R UTIHR IR 5% MiATT 9T—2012 4F Isaac 345
No. 6 LU Xu et al. A Study of the Impact of Airborne Radar Data Assimilated by 3D Var on the Prediction of ... 1121

TR0 L AR A 9 D A ) T oL T (e, L BEA £ X
S R e JSE EH DT I P i ULy, O HAU TR AR BE 1
U RN BIRESE 5 1 £ 42 K] NoDA
(B 11e) JUERHLH BTG A KU R R 342
RS E R ELA5H o

MEL LG5 73 Mm%, k55 GST =4E42 ) &
ZilAfL TDR BB 5, FAURE O 7 B A58
HRBEAS R R s, AN ERCR L 55 = 4E42 7y
BEE R TDR BERMIRATAEVE 2 ) Il X+ B
FHEBER U LB sy, AR SR M
HRREAT BT R s, (HZ 0 T8 1 O ) B Rk
RARTY, B2 B AR 22 B Iy 7 HME AR AR S B )
R BE TS SO RFIL IR, RS (KR I 17
FEA BRI AT NE . Tl 5548 A ) = 2 [F)4k
WEFI S, K R A ROBEEA T R T et v
RE SELF (A AN ) R, AE TR S FiRim =, B
VER B AT SRS AR 1 79 SR 22 )y 225 S
REAT LA TDR BEEL

5 RE51t

e I 23 43 R 2R L 8 22 5 ) i 0k R Y
ARE TR S T 1 H s A, R = AR gy
ORI BT AR 1 T E S FE AL ) TH Bl
NS HURIFTR AN . PRk, ARSCRAZET GSI Dk
5 AR ORI R G oMk 45 1, i TR b
TDR %k}, FIFMES HWRF X 88506 2012 4F
A P < i Tsaac HEAT T R4L, IEETHEIT
T ARG, Z3 0 b X R4k TDR #EkHE Static
IR A F AT T FE R NoDA R5G, Wit #4401
IR 45 R4 HT, #5597 TDR ¥ORMEILA 45 = 4t
Aoy RGP N A R . R 45 BT B A R

(1) £ HWRF X35, 5K A4 AR TDR
PERHEBRAG A L, Wi =445/ [ fk TDR %
EERE T A AN rh O i BRI 1) 43 AT AR L 1)
SOHEAE -

(2) 5 HWRF 45 Fid A b, R4k T TDR %%
L) Static 1500 Ay SUE IR 8 R TN B AR TR A AT
WY S R SRR T

(3) {EAX A4k TDR %2 k}HE) Static W50 H, KH
M55 A TS SeiR 22t 7 22 1) = 448 4y IRl 4k TDR %%
BEZ 5 153 BT 3 vt A6 B R LE R [R] AR AT ]
TDR 7K NoDA 1R56 A7 B . 5dk, (R e Rk J5
IR EIAAFAEAE AR SE ), 3R T — 20 i

TRt

AL R MR 45 = 48 53 6 T % FE Y TDR
ERHF ARSI 45 W], H ATk g5 = 4532 77 [ 4L
RGN TDR BEEHE N FHAKRAEAEA L, 1075 23k
IT—RANM G TAE. i, g NG %
BHRME R e 1 iR ZE W )7 72 (Wang et al., 2013;
Wang and Lei, 2014); I b i % Jay Ak )OS K %)
TDR TR H AT IR B R s 28 R4 H
Al B4 R RO 0 R T A U AR A ke o 3 AN R AL
TDR 10 BRI I8 5 AN B P s AR SCR A1) 9 km
I3 HEE A HME DL AH B IR A SRS 1, 7 Rl —
T R S IR E AR S BIE
ARICRFFEEE RAAE XS AN 55 R4~ TDR %%
BRI — AN 9T, )5 2k TARE f EE R A
ZREER RN o

S 3Hk (References)

Aberson S D, Black M L, Black R A, et al. 2006. Thirty years of tropical
cyclone research with the NOAA P-3 aircraft [J]. Bull. Amer. Meteor.
Soc., 87 (8): 1039-1055.

Aksoy A. 2013. Storm-relative observations in tropical cyclone data
assimilation with an ensemble Kalman filter [J]. Mon. Wea. Rev., 141 (2):
506—522.

Aksoy A, Lorsolo S, Vukicevic T, et al. 2012. The HWRF Hurricane
Ensemble Data Assimilation System (HEDAS) for high-resolution data:
The impact of airborne Doppler radar observations in an OSSE [J]. Mon.
Wea. Rev., 140 (6): 1843—1862.

Aksoy A, Aberson S D, Vukicevic T, et al. 2013. Assimilation of
high-resolution tropical cyclone observations with an ensemble Kalman
filter using NOAA/AOML/HRD’s HEDAS: Evaluation of the 2008-11
vortex-scale analysis [J]. Mon. Wea. Rev., 141 (6): 1842—1865.

BNMR, R A, ook, 1994, FEMAE K F W (1] K
AR, 18 (S1): 826-836.  Cai Zeyi, Xu Liangyan, Xu Yuantai. 1994. A
study on the tropical cyclone disasters in China [J]. Chinese J. Atmos. Sci.
(Scientia Atmos. Sinica) (in Chinese), 18 (S1): 826—836.

PRIBEAT, do 53, 2001, FRIE S THew o HaEdt g [J]. KAk, 25
(3): 420-432. Chen Lianshou, Meng Zhiyong. 2001. An overview on
tropical cyclone research progress in China during the past ten years [J].
Chinese J. Atmos. Sci. (in Chinese), 25 (3): 420-432.

Du N Z, Xue M, Zhao K, et al. 2012. Impact of assimilating airborne
Doppler radar velocity data using the ARPS 3DVAR on the analysis and
prediction of Hurricane Ike (2008) [J]. J. Geophys. Res., 117: D18113.

Elsberry R L, Lambert T D B, Boothe M A. 2007. Accuracy of Atlantic and
eastern North Pacific tropical cyclone intensity forecast guidance [J]. Wea.
Forecasting, 22 (4): 747-762.

Franklin J L, Lord S J, Feuer S E, et al. 1993. The kinematic structure of
Hurricane Gloria (1985) determined from nested analyses of

dropwindsonde and Doppler radar data [J]. Mon. Wea. Rev, 121 (9):



N W 39 %

1122 Chinese Journal of Atmospheric Sciences Vol. 39
2433-2451. RER, L6, BRIMHE 45 2011 BT/ el HIS 10 I LK

Houze R A, Chen S S, Smull B F, et al. 2007. Hurricane intensity and
eyewall replacement [J]. Science, 315 (5816): 1235—-1238.

Kaplan J, DeMaria M, Knaff J A. 2010. A revised tropical cyclone rapid
intensification index for the Atlantic and eastern North Pacific basins [J].
Wea. Forecasting, 25 (1): 220—241.

Li Y Z, Wang X G, Xue M. 2012. Assimilation of radar radial velocity data
with the WRF hybrid ensemble-3DVAR system for the prediction of
Hurricane Ike (2008) [J]. Mon. Wea. Rev., 140 (11): 3507-3524.

AR, BRALH, FhEkA. 2008. GRAPES 2 RREEA TR INES F/R 248
BARIBN T EHIL ST (1], LSRR, 66 (4): 526-536.  Ma Xulin,
Xue Jishan, Lu Weisong. 2008. Preliminary study on ensemble transform
Kalman filter-based initial perturbation scheme in GRAPES global
ensemble prediction [J]. Acta Meteor. Sinica (in Chinese), 66 (4): 526— 536.

HERK, FEMESE, BEAL3E, 4. 2009. GRAPES JE# )y B Hiar il =
ARy PORHAIML RGEMIR R [J]. B EEAR, 67 (1): 50-60.  Ma Xulin,
Zhuang Zhaorong, Xue lJishan, et al. 2009. Development of 3-D
variational data assimilation system for the nonhydrostatic numerical
weather prediction model—GRAPES [J]. Acta Meteor. Sinica (in
Chinese), 67 (1): 50-60.

Marks F D Jr, Houze R A Jr. 1984. Airborne Doppler radar observations in
Hurricane Debby [J]. Bull. Amer. Meteor. Soc., 65 (6): 569—582.

Marks F D Jr, Houze R A Jr. 1987. Inner core structure of Hurricane Alicia
from airborne radar observation [J]. J. Atmos. Sci., 44 (9): 1296—-1317.

Pielke R A Jr, Gratz J, Landsea C W, et al. 2008. Normalized hurricane
damage in the United States: 1900-2005 [J]. Nat. Hazards Rev., 9 (1):
29-42.

Reasor P D, Montgomery M T, Marks F D Jr, et al. 2000. Low-wavenumber
structure and evolution of the hurricane inner core observed by airborne
dual-Doppler radar [J]. Mon. Wea. Rev., 128 (6): 1653—1680.

Rogers R, Lorsolo S, Reaso P, et al. 2012. Multiscale analysis of tropical
cyclone kinematic structure from airborne Doppler radar composites [J].

Mon. Wea. Rev., 140 (1): 77-99.

PR USRS SEU TUIOTIE (7], /T2, 69 (5): 745-756. Song
Jinjie, Wang Yuan, Chen Peiyan, et al. 2011. A statistical prediction
scheme of tropical cyclone intensity over the western North Pacific based
on the partial least square regression [J]. Acta Meteor. Sinica (in Chinese),
69 (5): 745-756.

ok, Russell L E, FRiE, 5. 1998. #iir S igis 8hmsh i 4kl g
[J]. KAFRI#, 22 (4): 535-547.  Wang Bin, Russell L E, Wang Yuqing,
et al. 1998. Dynamics in tropical cyclone motion: A review [J]. Chinese J.
Atmos. Sci. (Scientia Atmos. Sinica) (in Chinese), 22 (4): 535-547.

Wang X G, Parrish D, Kleist D, et al. 2013. GSI 3DVar-based
ensemble-variational hybrid data assimilation for NCEP Global Forecast
System: Single resolution experiments [J]. Mon. Wea. Rev., 141 (11):
4098—4117.

Wang X G, Lei T. 2014. GSI-based four dimensional ensemble-variational
(4DEnsVar) data assimilation: Formulation and single resolution
experiments with real data for NCEP Global Forecast System [J]. Mon.
Wea. Rev., 142 (9): 3303-3325.

Weng Y H, Zhang F Q. 2012. Assimilating airborne Doppler radar
observations with an ensemble Kalman filter for convection-permitting
hurricane initialization and prediction: Katrina (2005) [J]. Mon. Wea. Rev.,
140 (3): 841-859.

Whitaker J S, Hamill T M, Wei X, et al. 2008. Ensemble Data Assimilation
with the NCEP Global Forecast System [J]. Mon. Wea. Rev., 136 (2):
463-482.

Xiao Q N, Zhang X Y, Davis C, et al. 2009. Experiments of hurricane
initialization with airborne Doppler radar data for the advanced research
hurricane WRF (AHW) model [J]. Mon. Wea. Rew., 137 (9): 2758-2777.

B, FEMESE, AREE, 45 2008. GRAPES #i— QA Ek/X AR 4 [Ffk
RYWIT [J). RBleFR, 53 (20): 2408-2417. Xue Jishan, Zhuang
Shiyu, Zhu Guofu, et al. 2008. Study on a new-generation global/regional
variational assimilation system of GRAPES [J]. Chinese Science Bulletin

(in Chinese), 53 (20): 2408-2417.



