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Abstract The characteristics of cold pools in the outer core of tropical cyclones under vertical
wind shear of different magnitudes are investigated based on high-resolution idealized numerical
simulations. The results suggest that convective and non-convective cold pools in the outer core
exhibit similar characteristics in different vertical wind shear magnitudes. They show similar
potential temperature, equivalent potential temperature, water vapor mixing ratio deficits, and
positive pressure perturbations. The depth of cold pools in the outer core is mostly less than 400 m,
and the average strength is approximately 4~6 m/s, which is much smaller than that in midlatitude
mesoscale convective systems. The depth is deeper in non-convective cold pools than in
convective cold pools. The intensity is also stronger in non-convective cold pools, indicating that
the intensity of different types of cold pools is related to the potential temperature perturbation and
depth. Cold pools are caused by widespread convective-scale downdrafts, and the downward
vertical mass transport in convective cold pools caused by strong downdrafts is almost twice that
in non-convective ones. Budgets of near-surface perturbation pressure show that subcloud
evaporative cooling and water loading are conducive to the high pressure near the surface in the
cold pools, while in-cloud warming due to latent heat release leads to a pressure decrease.
Moreover, more significant precipitation drag and subcloud evaporation in convective cold pools
result in a more significant pressure rise than in non-convective cold pools. The features of both
types of cold pools also vary with shear values. There are primarily small-scale and discrete
convective cold pools in weak shear. When the shear increases, the total number of outer-core cold
pools and the frequency of convective cold pools decrease, in contrast to the increasing numbers
of non-convective cold pools with large horizontal extent. In addition, the non-convective cold
pools tend to deepen and intensify. The increased environmental wind shear also leads to a local
weakening of the divergent outflow but an enhancement of the cyclonic flow in convective and
non-convective cold pools.
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I A B ROBEN I 28 e v SO (i b T RFAIE. BRI 55, 20185
T, 2020), AT B A JE PR3 2 () A AR R 2 Bk R N IR
SRS AERFI F BN (GREEFSE, 20165 1RURSE, 2019). AR
T TR ILRHT S A W A7 P A SRR I TR VI RFE (Yu et al., 2018).
SR B 22 e AR A R, 0PI AR R BT B K AT 2K KA I R BUIRE T
DU VT M I TR i 25 < HE, BIA MBI 4: (Yu and Tsai, 2010; Molinari et al.,
2013) . A BARIE F L AIE SL M T T AR R VR 28 R EIRDN R R T Ulis 3h 3 H
T A ok A &k 8 (Sawada and Iwasaki, 2010).
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2011), HLAEFH RAUMINE S B 7T By SR A R A T S5, K I RY A Il
S i g BRI T SED S AN T 7 I 12 B L VAR - AN b LR B S 1 SO =
B K, & L 2 B B 2 (Barnes and Stossmeister 1986; Powell,
19900, KWLM ES: 1 — A5 A T R I ARHT AU A/ I iy 1 i 325 4 it T A A 1 it
FEWN 1~4Ks AL 15K, “PHMEE 2.7K; A SR 1-14K, P
{d 6.2K (Skwira et al., 2005; Eastin and Link, 2009; Sitkowski and Barnes, 2009).
Eastin 25 (2012) 8% #i7 X% Hanna (2008) 4hRY 5 AR Hi T VAt 75 35 R A7
2 1) A 1) g 1) b A 2 A SRR AE A B R B, 3 A Yt v W A AR ) i ) S A
40~80km, AR MIK G % 30~60km, T BA WIS CLBEE T I A2, K
TIR A LRI 24 0735 5 I PRI 2~4K, 1~2g/kg F1 4~10K. Tang 2% (2014) ¥iX
LI E S Ry e 32 RN AT A T T A TR B0 ) S5 R A RE 2 AL, A Tt A T 5 T AT
ik 17m/s, ~FIEEZ)Y 3km, FFRANEIB S J) 5 35 R N I 4 R v AR )
BRI

AT b T ¥4 0F AT UE 1) e RS h B L e . Al N A S A
G2 NI R 12 N R EE AN R 3 A e () 3 5 o 17 20 T 74 0 T 0 5 1) e S
MAMRZ RN G BT, FT 58 A 0k I 244 1R AR s DA B 4 A< e v T 1) 44 4 F
R RSB 5 E m R P R 042 1) () A AR Z JE X AR K R, 5 Fxd
TAK IR AN RE By, HE T R e R A B A He AR R AL #E (Li and Wang, 2012) .
Sawada A1 Iwasaki (2010) i Hh #hris <UJie WY ot H B0 i RE R Utis s il 7t =
AR IR R R, Wit AR B 48 H il & R S AI6 g BOE K, K
T B R 25 ) X o SR aaE T UTis s R AR, BT T I SR R A . X
72 LA 0 U A 3 R FH M) vy O 3 9 oy (44 O F i & 2 B [ K %
A= Ma, 20200, Yu 5 (2018) i H Ay &6 7 R A RUBE RE 2 &5 A AHALL B ik
58% , ¥ It X M YRR AR kR B S W AE AR IR A R I Y R 2, 1 Houze
(20100 JUIGA Ay 3= BV b £E FHE U8 A AZ X BRI i AR Fee ot R b e R 4 i
TER . Z2BHE (20200 R ILES 73 N U A T S R R AR Z 1A O, I
T4 P R T 7 TR0 A% DX V8 A7 E B R DX, PN R 4t 32 HIR B o) 3t % 2 F
R 28 R 3[Rl 52

Rotunno 55 (1988) FH i RN RALERF . K AL B BT
B AG ZE EAY)AS AR R E A, Bl RKW #8 (Weisman and Rotunno, 2004;
PREHFT AT 10, 2012; H IR, 2015; ARtk AT A te, 2016); JHIEIC (2014)
D) 33— 200 38 3o U0 N IO A AL R0 e IR AR ASOE  REAR L7 WS 130 1 4544
54 R L, HH T BN RS 1A ) ) el H T3 A #ei <

WEMH I ITE R, 5 Yu F Tsai (2013) S #Hs S e 20 /Y 7 v it Fl 2 B R ) AR
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I FL4E 1 —2. Cheng AT Li (2020) it 7280 78 K BL#GH SEIMZ XK )Z
NUUIE B AE T H T S B A AR E 3 B D) AR AR BLAE A R R B iE sh R
JREE B . T LX) AR A 5 T M T A Y B IR R R, H X B R R B R
ARG I RIS IR, #efi Ui IR PR 3 B X 22 S B T D)
IR N R IR, AN A IR R R R SR R IE AR
Eastin 28 (2012) ML & 341 W9 5 ¥4 i i L vp 26 B v R 6h It R B4 Th 55
50~70%, AH BT~ #viy e Rs 4B A I BRIk =, RS S ER T BR A
A, AUMFHEER TS REBONE R, §Z 05 B XY R R ey SOk
1% DX 3 Hi T Al 2R S P R E G T FDS Wi 4347

A F B AR R A, TCM4 (Tropical Cyclone Model version 4) i4LL7E
P T A [R5 R 2 B XU AR PR v B R AUE , W R ) H A X 3 Hb T
A, GEit o M AN [E 5 IR T A M R THAR . R IR SR A
REAE, R Ie #Hs SR AMI HY HH FRX I 06 AT A 30T H T v R A 3 Pl S 12
2 FFENR
2.1 EAEN AR I it

AR H 584 ] s B AR ER ) Ry Ui BUE A X—TCM4  (Tropical Cyclone
Model version 4), 1% H T #is S0iE 454 T 5 B AR S R AR 3l )1 S A
(Wang, 2007; Li and Wang, 2012). fEASCHELA, #5070 K 177 [m) R A R IY
W] RS AR X 30 1) Sl 241 %< 201, 127 <127, 163 <163, F1 313 %313, /K°F
SR 54, 18, 6 1 2km. MAEEZIRA 32 |7, RIKESELH
0.03km, fx =2 36km. Fifim FEIY =, T B4 FEE I LI 1Y) 75.93m k2
TZ ) 3~7km. ARALL I TS A e (8 29T, S FRIRIERE 18N 1 f ~F i I
WIHEAY, WIS IFRE% % FH Dunion (2011) MR (RIGEH )12 BRE:, WIHA 1 e
B R EAR A 90km, I Ml B K V) 1] KU Dy 18mis,  HL XU B /1 FE 5 1R 5% 08
/N, % 100hPa KUE A2

AL 60 MRS, e Uigt ORISR NS 965hPa Ay,
BB LW 0 B2 ZERLRLEREE A i N BT 2 A XL 2 1 K/ INAS [ () 4R XU
As, BNIREE R XM 1.5km = EE) om/is, & bellramp R3 7 ApEmE A, &
13.5km 75 5 XUE 23 A # 5m/s, 10m/s, 15m/s 1 25mis, B0 X0 2 F Rk
KT o 2R R INNJG 4R 2285 48 /NiF, I TE] 73 #8268 6 70 8h . Rios-Berrios
AT Torn (2017 ) 3B it 48 it 4 M oK 4 Bk 3R B YD AR 1 9 4> 2 — 4y AL B
(4.5m/s) FIPU4y 2 =43 i (11.0m/s) 5& A FZE RIS B RER, FF33)
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JERPGEE XY AR RG K T2k gt 45 8, XY ERRS5109 5m/fs Al 12m/s.
BRI A6 PR 537 9 AL R PEPE I Z5 5 (Dunion, 2011), Rttt
5m/s, 10m/s, 15m/s A1 25m/s 3t 4 H IR, 2 AR 55U AR I 5
(SHO5), HEEPJARIAEE (SH10), #EUIARASE (SH15) R b 5 5 ) AR 3 55%
(SH25). il 1 Fion, {ES5U1AEREE (SHO5) Ay SEFegidlng, + O
Ik 920hPa /it o FEUIARSRENG R, i Uhe ik b 2y, H
5 2 AR AN B AR ¥ TE B IR, R AR R AN R T Y v SR B VE B A ¢ (Li and Wang,
2012). T 4 tku VIS N (SH25), S A i T T A0 Al i R R e A% Tk 1
K, By SRR RO, SAETERR S 12 /NS VT
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Figure 1. Time series minimum sea level pressure (solid lines, units: hPa) and the radius of
maximum wind (dashed lines, units: km) at the lowest model level of simulated tropical cyclones.
The inset in Figure 1 shows the vertical profiles of zonal winds (m/s) with easterly vertical shears
of 5 m/s (SH05), 10 m/s (SH10), 15 m/s (SH15), and 25 m/s (SH25).
2.2 @ EIRA IR HFFE ST

KBS 7T FCE AL IR A 2 i B FEALIR PS8 € S v,
A A L5 B A O 110 JRGEE A2 A SR J BT v VB PR EH I e AN () S0 3 5 SV Tt I A
(PR AT 2= B B A BT 22 57 . James A1 Markowski (20100 54733k
SME/NT-1K Xk e SO, T Morrison (2012) 758 2% B4 5 2 A U F -
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2K HIALIR P E AP Tt o R FAH A0 PR 4 T i 5 A -2K 81-1K 1R
B (Schlemmer and Hohenegger, 2014).

AR SCR IR ALIR DU B 2 SRl 7, Oy 7 R By URemR O S5 R X v

IR, A IR R A S 5 3SR O L T . vt 2 2R
LB RAFE E T E AT -

)

(2)

(3

(4)

ERARAVE GREZN 0.03km) BHtahhiiRE N & T-2K BADF
4 R DX EE SO — A Z4E A

TERRAS YA IX 38N LIS s S A AR T B 7 ) B2, R 2 Pl
PR/ TF 2 TF-2K B SR )2 U8 SUNZAIBTEZA% S B R, A=
i CININS S NN T IR S OIEN ¥

TYEAI O AT BT . B RS AT R ECR RS, AH BN iR
MBI AL B R IR A I A B AGAAG A, PR DAV X 38k ] B0 A7 i
BUE A AR I35 /E AR O & (Riboldi et al., 2019):

K K
1
Cx = (xg, V) = YK A, (Z X1 A8y :Z ViA8,), (1)
k=17Fk 321 k=1

HA R ECUI LA RR, AGNINBNILIER, K it XA 5% 5

o k=1, 2., Ko AR AMZ X EIIIAL A O AL T =5 o KA
SRR, T EE R A TR IR A R I, 0 A O R RE
LAV ML T 22 Ah, ABRAMZ XA M T 08 LA S 2 W o i i i 255
SRR L BAT R .

Vot B R ¢ R L 25 R R BN A vk i A% 3R % o~ (Mallinson and

Lasher-Trapp, 2019), CHJ5E XUNF:

H
c? = zf (—B) dz, (2)
0
Forh H ORI B L, 771 B E XN:

6’ 0y Gy + G
B = —_ —_ , 3
g(9_+L61+§; 1+7q, ()

Horhrg g, 23 0 A LR A KRR A L i P B8, 0/ Flg, A B 330

B, qu R B RUKEIRG L, g NEIIHEHL.



(5)  AMWAHKRAFERI At THo D 7 /N2 Tt I8 IR R R ¥8 vt X3 A P 2 1
ATAIYEIREI, R IS S H AT AR YE, AR A R B S
HOFHMERITE S Alfaro (2017). X TR MR FIRHEY B E a, F
SEIE A BITHE R
OJefiE B A AR R PRI RI R AE R, KA (y Bl FR%-

— 1 Ly
Ax—gfo ady, (4)
Feh, o KK

@R (D FY
R EEAS E 8km, T E BV HIL A

= —foA dx , (5)

R R T45T 8km, JU4-L,=8km, FRHAHIARFA, B K AE KAk

i ARl L AT R 0

_ fxa+0 SLy ©

L, xq—0.5Ly

# 1 SHO5, SH10, SH15 (480 /M IHIFAH THEREA ) A1 SH25 (120 AMRFIK i ~Uie
FEARD 6 rp AR B8 AMZ DX A b T 4yt 1) 480 AT EE 451
Table 1. The number and proportion of outer-core cold pools identified in SHO5, SH10, SH15 (480

tropical cyclone cases) and SH25 (120 tropical cyclone cases).

Convective Non-convective Total
SHO05 11439 (95.9%) 488 (4.1%) 11927
SH10 8501 (92.5%) 691 (7.5%) 9192
SH15 5975 (89.7%) 689 (10.3%) 6664
SH25 1312 (91.4%) 124 (8.6%) 1436

R 1 ONANFITI AR G A SRS MZ DI H ARSI i TR+ T ) 25 B
b, i SHOS, SH10 A1 SH15 iIG LAl 48 /NI, I R] 73 H8R 0y 6 7,
ARSI 480 AN ARG SUREFEAS, 1 SH25 1IN 12 /I, X
A 120 AR SRR RIE . 3P TR B RDIAR SRR, A XA
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R AAEMRY)AE 2] (Li and Fang, 2018), /A 78 1% 52 B (35 BR A5 R
DUBENAED FZ P2 R BRI AT e E N R & JF, FEUMZX A B
Do MAE SH25 i3eH, B TR A, Wit 3oz T H el .

Eastin 55 (2012) R4 ¥ A0 5 [ 7K H LA I 18] 22 8 4 0t 7358, 35 it £
B IR A IR KA A AR G 30 434 DL P UPRE 274 e SO0 B,
LAE 30 43%P LAAMU & SO R B A . (2 T A SO (1) 74 it ik = B (]
4k, DRIHAR B0 i ks s 5 EEEAT 2028, HSEFIH Rogers (20100 F5IEAK
I 5 IE R R B K AU AE AT 1-3km T B3 P M (K S S A% X R BE
IKHE RN IK . B BRI e REK G, Bk ZM e e
Gao %5 (2020, FR 54 DX 55 P 0L 3 /KA o o RIS T 25% 174 e SR EE
XL (Non-convective), J 2 U x4t (Convective). Gl 2 24 3km
e TR O S 2R A A b T 4RV, B 8RR R R R BRI I =A% KA
Feat, ERF IR S BLAM X0 5 ol A e Bl UigsMZ X (Wang, 2009;
Li and Wang, 2012). #ithitm REEAEJLA BB HA B2 EASE, ADHlKRE
e R A 7 M BE B ATk 100km BA L, 55 Eastin 4§ (2012) BOULIN4E5 FAH 2,
T R 15 OGR4 /N ROBE SR P A 1 I 5 Tompkins (2001) AL A By
WEESHR R G R A CPEERNE 8.6km) B AMIA . A 2 Fiw, Xtk
A CEOHEEL MELRNEREXILPFES, UHAHT AL
(SHO5) A1, FAs e SM T Ay At A F R A, 0PI SR A v N Iig 20 5 | S )T Hh
THA T A K 22 BN B /N ROBERT i ¥, A Bk 95.9% (3R 1), B
AR5 IRIHE OK,  EH T AR AU R P R 9 55 A AMZ X XA K BRI AR, AR Y
AN YA A (B 2b), S B ECR HOK 22 A7 T30 LT BRAL AR o it 14
Al (LESELZ) Sl SHO5 It 4.1%H K% SH15 %1 10.3%
(R Do MAENIGYIALIREE (SH25) T, AW &5 3 F F RBEXT i R GAHALL,
it 7] 7% 7 AN GBI 22 DR RORUBE ¥ i, EUE 7] 28 — ATS A7 7 Bl A Wi 25000 120 EonT
WA (E2d).
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Figure 2. Simulated radar reflectivity (shading, units: dBZ) at z = 3 km and outer-core cold pools
(contours) at the lowest model level for (a) SHO5 at 31 hour, (b) SHO5 at 31 hour, (c) SH15 at 31
hour, and (d) SH25 at 5 hour. Blue contours represent convective cold pools while red indicate
non-convective cold pools, and black stars show the center of cold pools. Dashed range circles are
shown every 100 km, and arrows indicate easterly wind shear; and the yellow dashdotted circle
represent 3 times the radius of maximum wind, outside of which is outer core of tropical cyclone.
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Figure 3. The percentile for area (units: km?) of outer-core cold pools identified in all experiments.

SR

VA T R SN K NS Bl J B R R e g A B B AR Bl )
SOMA . VA YA S R IS N BRBE NI T Ry SONE (38 0 ¥4 I 5 A RN I B
IAETIAZ AH S P-4l R e SR R G R B9 E (Weisman and Rotunno, 2004), ¥4
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3.1 % ER . SRE N EEYFIE

W 4 Fros, AR5 4MZ XL H i A TR AR ZE 300km? LR, 76 SHO5
AT SHL0 36, FESXF IR AT I T AR 2 3 K T it Gl 0.05 BfEK
P, RS 3 i P VA AN R R RE A% L A1 3 B SR A S R % D), e
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Figure 4. Boxplot of outer-core cold pools (a) area (units: km?), (b) intensity (units: m/s), (c)
maximum depth (units: m) and (d) average depth (units: m) for SH05, SH05, SH15 and SH25.
The red (blue) boxes represent convective (hon-convective) cold pools which display median
(black solid line) and average (green star). The lower (upper) edge of the box represents the lower
quartile Q1(upper quartile Q3), and the box indicates interquartile range IQR (=Q3-Q1). The red
circles indicate outliers larger (smaller) than Q3+1.51QR (Q1-1.5IQR). The gray shading in the
box indicates that the difference between convective and non-convective cold pools is significant

at the 95% confidence level in a permutation test.
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KB4 VA I 1R 1 35) JE B A e oK JEL P #7E 400m LR (& 4c FEL 4dD, i/
T P ML RS RA MR (~4km). James &5 (2006) 1EH, T EEBTHIFR
SRS A R 7 AR PR SR RIS, T AR RS P SRR A R, R AT
JEFEAE B RER R G Atk 5 2 . Hi5S R A7EE S A 1000m BLE
AR JE AT (B ), MR RS 1~2km ERIAIAE ™ (Houze,
1993). At SRE - IMEA 4~6mis, Bk 1R FE P8 AMZ X VAt 5 5 1378 />
Frp R UELR MR R GRS (17.8~25.7m/s). SHO5. SH10 Al SH15 i
56 o IR 1 ¥4 Tt ST 357 JEL R AR 8 R 3 N 2 R TR v (8] 4b AT AdD . AHSR
PR RIS ) 2% BH /INTE AR VA 0 B AN T ARAEAE — B IE A O, 4y i AR K
B — AR, SREEAIIARAE AN B, (H 5 B E B A oG R A =08 0.9
DL b, DRI /A 5 B o B T L R, BV o AR SR AL 4 K A 2
FR7A 2> ML ZE A i _EAT Eastin 25 (2012) ARG “Xbin 7 LA s %
RV LS “RiR” BUA AR R IRHE— 80 Mg “ R B2 “xt
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Figure 5. The same as figure 4, but for the average (a) potential temperature perturbations (units:
k), (b) equivalent potential temperature perturbations (units: k) and (c) water vapor mixing ratio
perturbations (units: g/kg) of cold pools identified in outer core of tropical cyclones.

2 K AR 73 X Pk v M AL IR R AR T TR 3K A, M ARXHAR A AL IR T30
M EEAE 2~3K 2 [8] (& 6a), MAMNHIMMEIR (2~4KD M=, (Hz/hT
FREXT L ZR Gt. Meng A1 Zhang (2012) WA I & AT RELE 7 Az ) ¥4 ith 1T 3 Ak
VT AL IR 9> 2~13.4K, HALECH 6.2K, BE/N T REEXHR R4 9.8K
(Engerer et al., 2008). & 6b 7=t AT R X 14 ¥4 1 155 ) A 4 7 s 9
D%y 4~10K, ADEpTTIA 20K DAL, T RUBEXA R G v it A 24 L T Bl
AL 13.9~21.6K. AN[FZEAY e itid T UL M T K IR & EEARE T M1 8554 PR
1~2g/kg, 1 Tompkins (2001) FHLHFH X R G = AE @it CGFE 1.5

13



o/kg, EAMH 5g/kg) LAKANRAT LG (1.50/kg) M. SAKRE, AMZX T
T YA Y AR o 9 A VA L T B TR 3 KRR A LR 2 A7 IR 4 ) AT
2~3K. 1~2g/kg A 4~10K, FUULMIHT 5t o Fy SUBEA mY o v VA =, (EAIRT-KE
. BTN S P R ER ARG~ 174t

H T IEXHRA I R 260 T 2 2 oK XK, i anmiEchiiis], Hik® 2
B A AMIBE A ZE T AR FER eI AR A it A7 5 R sl /N X6
TR, T =GR A T AR R, R TR, DRtk Wt X iy A7
TP B0 1) B (B AN [F) R B 1) = e it s B A LA AR, = 4t i) 3 B 8
FILJEEBEYIM G (AT (KRG KRB, TR —KAAMF, PN
BRI FIA M ERE BE L, A2 RBUA ) 0.7~0.8.

1 Covective

[ Non-convective
(a) Minimum A6

SR B i
i g

(k)

& & A b % iN

?

SHo5 SH10 SH15 SH25

s (b) Minimum A©,

B4 Be Ee_ o

G 0 S O S 1 A

SHOS SH10 SH15 SH25

3 (c) Minimum Aqy

gt Iy
-
A
11F

Kl 6 [ 4, (HARIAN (a) s/MahfniE (A7 k), (b) /M AAnE (A
k) Al (o) sm/MEBIAKIRIRE L (A glkg)
Figure 6. The same as figure 4, but for the minimum (a) potential temperature perturbations (units:
k), (b) equivalent potential temperature perturbations (units: k) and (c) water vapor mixing ratio
perturbations (units: g/kg) of outer-core cold pools.
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Figure 7. The same as figure 4, but for the average (a) pressure perturbations (units: hPa), (b)
radial wind speed perturbations (units: m/s) and (c) tangential wind speed perturbations (units: m/s)
of outer-core cold pools.
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Figure 9. The same as figure 4, but for the (a) average pressure perturbations (units: Pa), (b)
subcloud evaporational cooling (Term A, units: Pa), (c) in-cloud warming/cooling (Term B, units:
Pa) and (d) water loading (Term C, units: Pa) of outer-core cold pools.
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