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Abstract On the basis of the 6-hourly NCEP GFS (Global Forecasting System) reanalysis data with a horizontal
resolution of 0.5°, an extreme explosive cyclone event occurred in early November 2014 is simulated using the WRF
(Weather Research and Forecasting) model. After the key features of this extreme event are well reproduced by the WRF
model, this study analyzes the environmental conditions favorable for the rapid development of the cyclone, and
investigates the mechanisms for the explosive development of the cyclone using the piecewise potential vorticity
inversion method. Main results are as follows: (1) The explosive development of this cyclone lasted for 27 h with a
maximum deepening rate of 3.98 Bergeron (unit of cyclone deeping rate), and a minimum central SLP (Sea Level
Pressure) of 919.2 hPa. (2) The rapid development of the explosive cyclone was closely related to heat transport by the
upper-level jet stream in the upper troposphere, the quasi-geostationary forcing (e.g., warm advection and cyclonic
vorticity advection) ahead of a shortwave trough in the middle troposphere and the warm advection accompanied by the
warm front in the lower troposphere. (3) The result of piecewise potential vorticity inversion shows that the
tropopause-folding-related downward transport of large-value potential vorticity in the stratosphere and the precipitation-
condensation-related diabatic heating governed the rapid development of this explosive cyclone, while the baroclinic process
in the lower troposphere made the smallest contribution. In the early and middle stages of the explosive development period,
the latent heat release is the most important factor for the cyclone’s development. In contrast, in the late stage of the explosive
development period, because the precipitation weakened and the cyclone entered a strong tropopause folding region, the

tropopause folding became the most favorable factor for maintaining the rapid development of the cyclone.
Keywords Explosive cyclone, Piecewise potential vorticity inversion
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Fig. 2 Cyclone tracks from the GFS (Global Forecasting System) reanalysis data and the WRF (Weather Research and Forecasting) simulation of an extreme

explosive cyclone event over the Northwest Pacific Ocean in early November of 2014. “0612” indicates 1200 UTC 6 November, and so on



2 1 FNLEAE: 2014 4R 11 A EAYPE ALK TR — UM i 4 R AR R U R BB FDUR 23 S 388 S5 70 M

No. 2 JIANG Lizhi et al. Numerical Simulation and Piecewise Potential Vorticity Inversion Analysis of an Extreme ... 157

RZREENRAE, 3728 Sanders and Gyakum (1980)

JE PR R A K R IFR e, ASORAUIE A v
SRR 5 ANH B R HT (Dr<<1 Bergeron),
BRI (1 Bergeron<< Dr<<2.5 Bergeron), &
SR % B (Dr=25 Bergeron), BAKJEH (0
Bergeron<<Dr<<2.5 Bergeron), LLAJHT-HrE (Dr<
0 Bergeron, RIJEH LA EFmD. BKHT (6 H

12:00 £ 7 H 00:000: BB, “Uhe A EEATH
ARAIM B AR R S, XRERE, Esm
2 m A PG 6 AP i S 2, AU AR TR
WHIA DX AN (B 5a), S L4E 13
MR, ST RN RIRRART EAEs)
() 4 3L (Uccellini and Johnson, 1979) ., %2+ 2,
FEZR IR R — H AW I — NS . e A 47

3 2014 4% 11 A EAIPEAL AR — Rk S L AR R S S () SRR B R LI I AU CBAAL: hPad Al (b) SREANERZE (Ffr: Bergeron)

B 125

Fig. 3 Time series of (a) central SLP (Sea Level Pressure) of the explosive cyclone and (b) the deepening rates of the cyclone during the extreme explosive

cyclone event over the Northwest Pacific Ocean in early November of 2014
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Fig. 4 3-h accumulated precipitation (mm) during the extreme explosive cyclone event over the Northwest Pacific Ocean in early November of 2014, where
shaded areas and solid lines are for the WRF simulation and TRMM satellite data, respectively: (a) 1800 UTC 7 November 2014; (b) 0000 UTC 7 November

2014; (c) 0600 UTC 7 November 2014; (d) 1200 UTC 7 November 2014
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FIRHREE R T 75%(0) X 8, = AR 78 500 hPa B 79 1AL i 7 X B2 2 AH R FE IR T 75% 1)
DT (F 7a), BEXIAMIEM RS EEREK B TER X—#8ofomms EEHKE SRS
Ba GG Y, (Davis and Emanuel, 1991), FEE LRI P PTG R (Wu et al., 2011; Fuetal.,
RMRA, FEMREME (700 hPa LLF) F—/  2014),

5 500 hPa fir# L (RS, Hifi: gpm). 200 hPa # 72 Gt (B ELR, SFME LM 20 ms™) 434l 850 hPa XUEEE 12 m s {1 X 45k (]

B, BAL: msD, Frpara = R i i O fA B . (a) 2014 4E 11 A 6 H 12:00; (b) 2014 4F 11 A 7 H 03:00; (¢) 2014 4E 11 A 7 H 09:00;
(d) 2014 4 11 H 7 H 15:00; (e) 2014 4£ 11 H 8 [ 06:00; (f) 2014 4 11 A 08 H 12:00

Fig. 5 Geopotential height at 500 hPa (black solid lines, units: gpm), upper level jet (ULJ) at 200 hPa (blue dashed lines, with contour intervals of 20 m s7%)

and the areas with wind speed exceeding 12 m stat 850 hPa (shaded, units: m s™%). Red triangles denote locations of the cyclone centers. (a) 1200 UTC 6
November 2014; (b) 0300 UTC 7 November 2014; (c) 0900 UTC 7 November 2014; (d) 1500 UTC 7 November 2014; (e) 0600 UTC 8 November 2014; (f)

1200 UTC 8 November 2014
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42 1§%H3 (7 H 03:00 2 8 H 06:00) F8d). e A HRE LA R 050 R

BERAI (7 H 03:00 2] 7 H 06:000, *ifE  Frighn (B 7b), X5 il FK 4R AR SR 5
e 2 AR R MR IR B2, 0 L A e S e (& 4c), HEEE RN BE B EIRTE
AT 400 hPa Pk, H5hE A MEEEENE (8 8¢  HIZMAKRMEIEERSE A PEEIKAESE

&6 850 hPaiiif¥ (Zrfasisk, Mfi: KO, BEPH (M5, b 10°8Ks™D) AUKFX (Fik, BA: msD A, Hrb B o= 4R A%
AP O E . () 2014 4F 11 A 6 H 15:00; (b) 2014 4E 11 A 7 H 03:00; (¢) 2014 4 11 A 7 H 09:00; (d) 2014 4£ 11 A 7 H 15:00; (e) 2014
411 A 8 H 00:00; (f) 2014 4F 11 A 8 H 06:00

Fig. 6 Temperature (red solid lines, units: K), temperature advection (shaded, units: 105K s1), and horizontal wind (vectors, units: m s™1) at 850 hPa, the
black triangles represent the position of the cyclone centers. (a) 1500 UTC 6 November 2014; (b) 0300 UTC 7 November 2014; (c) 0900 UTC 7 November
2014; (d) 1500 UTC 7 November 2014; (e) 0000 UTC 8 November 2014; (f) 0600 UTC 8 November 2014
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AR (& 7o), EXHRZE PARE KT R (| 7c A1 7d), Hoak B FEASALROR, X0 I
b, IR ARBLHT— I BOA P ss R R 2 — B EEZ A (XY REREY R BT E
B GREEY (7 H 09:00 % 21:00), XEHRE 2D SHERK. AHBL WHREPRZENKNEE
H P 7K Bk 445 TS AAVRE TS BRI IE AL 08 7 0 SRR AR BN AETE, TS%SE AR L L T LA A - fif e 21 2

BI7 Gl (ABsEek, Sfr. PVU, 205 15 PVU SEZD, AN TR BREALR R (B, B4 PVU) MR CE6L, MLk
N TE%AEELL) M ELHIT (LUVURE A b, 3AME N RPN RTITED, Hrh =g AR et 0L E. () 2014 4 11 5 6 H 15:00;
(b) 2014 4£ 11 A 7 H 03:00; (c¢) 2014 4 11 A 7 H 09:00; (d) 2014 4= 11 H 7 H 15:00; (e) 2014 4 11 H 8 H 00:00; (f) 2014 4F 11 H 8 H 06:00
Fig. 7 Cross sections (zonally averaged within 3 degrees centered at the central longitude of the cyclone A) of PV (red solid lines, units: PVU, 1 PVU=10"
m? K st kg''; the bold line is the 1.5-PVU contour), PV anomalies relative to the whole simulation period (shaded, units: PVU), and relative humidity (blue
solid lines, the bold line is the 75% contour), the triangles represent positions of the cyclone’s centers. (a) 1500 UTC 6 November 2014; (b) 0300 UTC 7
November 2014; (c) 0900 UTC 7 November 2014; (d) 1500 UTC 7 November 2014; (e) 0000 UTC 8 November 2014; (f) 0600 UTC 8 November 2014
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300 hPa, AR /KLERFIRHE T LB 5. ARBY BL ) (&l 8e 11 8F), FHBEMIELL A T4 o8, )
W, A L ERTRZETT S A PSS, BEES niA2) 550 hPa. #ik 11 A 7 H 15:00, <UiE A #t
TR AR AL R s NS0 X (B 5 f16d), A g5 RGBT i 1 IE AR R S L B E X E
BURH, A A EERSHRZTRAREERERR TS Frid AL A B T IR B A A

8 200 hPa /K- Fim (B, ®fi: 1075 PVU s, fiiR (EESLL, Hi: PVU). MRFHEY (A4S, $A: PVU) FKTER (R
', i ms A (AEFD; 200 hPa EALR TR (B2, #47: 10°PVU s™O. il (BEMsLk, $A0: PVUD. (idas (s, $
fir: PVU) FMIIEEEE (BEELR, A cmsD 94 (FFD. (a. b) 2014 4E 11 A 6 H 15:00; (¢, d) 2014 4F 11 A 7 [ 03:00; (e, ) 2014 4F
11 A 7 H 15:00; (g. h) 2014 4= 11 H 8 H 06:00

Fig. 8 Left column: Horizontal potential vorticity (PV) advection (shaded, units: 10 PVU s7), PV (blue solid lines, units: PVU), PV anomalies (red solid
lines, units: PVVU), and horizontal wind at 200 hPa (vectors, units: m s71); right column: Vertical PV advection (shaded, units: 105 PVU s1), PV (blue solid
lines, units: PVU), PV anomalies (red solid lines, units: PVU), and vertical velocity at 200 hPa (black solid and dashed lines, units: cm s™). (a, b) 1500 UTC 6
November 2014; (c, d) 0300 UTC 7 November 2014; (e, f) 1500 UTC 7 November 2014; and (g, h) 0600 UTC 8 November 2014
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9% (EmE). #5s (B 9a—9¢), X#R4r (BRI UL JZ) MIEAL R

BRI (7 H 09:00 & 21:000, TR WEERREETRENKELR TR (88 4
fie A TEAIETT RS HEARRUZ TR (B 51D, & 9a-9c rhén & UL Hh bRz 57 P bl
8e 1 8f), KM UNE L2 I IEALIA S 7 XIBW K. M & i ahikshs, mEmT AL, SEE

& 9 ) (600~150 hPa) LIS 43 v i S 4 R i) F BRI T (LAUiE a0 5 BEVEHI N 4 1 PRI & T D, RS INREE (PhL.
105 570, AELFRRMNNIIG (Ffi: PVU, FHZER 1.5 PVU L), HagFritaifiAmiEly (Bh: gom). (a) 2014 411 H 7 H 15:00;
(b) 2014 4£ 11 H 7 H 18:00; (c) 2014 4E 11 H 7 H 21:00; (d) 2014 4F 11 H 8 [ 00:00; (e) 2014 4F 11 H 8 [ 03:00; (f) 2014 4 11 A 8 [ 06:00
Fig. 9 Cross sections (zonally averaged within 5 degrees centered at the central longitude of the cyclone A) of the PPVI (Piecewise Potential Vorticity Inversion)
results of the up-level (600-150 hPa) PV anomalies. The shadings stand for the perturbation vorticity (units: 107 s™), red solid lines show the PV anomalies (units:
PVU, and the bold line is the 1.5-PVU contour), and the blue dashed lines represent geopotential height perturbation (units: gpm). (a) 1500 UTC 7 November 2014; (b)
1800 UTC 7 November 2014; (c) 2100 UTC 7 November 2014; (d) 0000 UTC 8 November 2014; (e) 0300 UTC 8 November 2014; (f) 0600 UTC 8 November 2014
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Fig. 10 Same as Fig. 9 but for cross sections of the PPV results of the mid-level (950—-300 hPa) PV anomalies
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Fig. 11 Same as Fig. 9, but for cross sections of the PPVI results of the low-level (950-700 hPa) PV anomalies
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