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Abstract The concentrations of CO, Os;, NO, and NO, within and outside of anvils and their vertical transport in
tropical deep convective clouds are analyzed based on aircraft measurements obtained during the ACTIVE (Aerosol
and Chemical Transport in troplcal conVEction) field campaign in Darwin region, Australia, from November 2005
to February 2006, and combined with the back trajectory calculated with NOAA HYSPLIT model. The results
show that in single-cell convective clouds, the concentrations of O;, NO and NO, are higher inside anvils than out-
side, while for CO, this is true only when concentration of CO near the Earth’s surface is high, otherwise, the con-

centration is lower inside anvils than outside. From a further analysis of the possible mechanisms behind these phe-
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nomena it is found that the gases are transported and are entrained to the anvil altitudes in the top layers of convec-

tive clouds. For O3, NO, and NO, , apart from transport by the deep convective clouds, other mechanisms, such as

lightning, which leads to the variation of O;, NO, and NO, chemically, may be responsible for the measured results

in the anvil region, that is, all these newly formed gases will be delivered to the upper layers in the convective cores

upon formation.

Key words biomass burning, vertical transport, monsoon, anvil cirrus

1 5|7

TRXT I 2 A R T Ak Y AR, -
SR N BT RE RS A5 MR R AR U I TE
AR 66 1 B 18] oA |l 0 2R X ik B2 B2
HEEFVHREAM)E (Chatfield and Crutzen, 1984;
Dickerson et al., 1987; Pickering et al., 1989),
Cotton et al. (1995) 31 X 3R I 2 RS
SCEBLR AT T8 i ERR I S 1 AR R R
HHR ARG 90 . Hh AR R — &R 70 RE A% 3
PXE EJZ . T T ERAHT L DL 2 T L2
RAE I 2 B2 O 202 . Gl H ik 2
Bl T Ak 3 2 IR AR R I RAT BUTER
AR SR 0 A S B B I ), R I TR U s X
XS AR BEAE R B P23 A s AR K

Browell et al. (1996) /3 Hr7E 1992 4 9~
10 A B TRACE-A (Transport and Atmospheric
Chemistry Near the Equator-Atlantic) i1 GTE
(NASA Global Tropospheric Experiment) 24 [1Y
WLt 5 TR - B DY e XA L A5 7 A4 1) RS 7
DA X Rk B2 BRI etk AR
AR Oy s FRAE R W IV Ui Fan X A F T 236
FARPUVE b5, AR RN W 5 /N I3, AR
FHPANAE 6 ke (5 B2 LAT 14708 ] P4 3 2ok~ i i 226 39
RUGHR) Ea, maiEd (1998) FIH—4> Wi Al
TR UTRERE A I T B = X B 15 Y ) 2 ik 19 1
s BEUGRRIIR =5 & ny 2 B S A i )2
12 B 15 Y VR B 3G i 5000 ~ 4006, AR VKA
(1999, 2001) WIFIFH— A B KR = — o
AU T I B P — IR FRAAR AR 2 0 It ) 2 S ol A e
HXPXPZE Oy H1NO, S22 807 1570 A5 iR
AT SRR BT . 25 A ik 2 ) T T 4% RETE 30
o3 R AR JZ AR AR R 2 By O, e 1A BR 23 2
NO, P IFA Rk B2 2R, S
RT3 . Twohy et al. (2002) X35 [ ff P4 3 1

DX Hp RUBE X R 28 4 2 S D DX BT 30 1 AR o3 T
SRS BT T 0F5E, AT R B CO Hk Bz
Hi X AMER Y 100 ppb (1077, ARFRIUKSE . R IRD
ERENH R IX AN 130 ppb. BEh. AT WL 5]
NO 9 B2 H X AR LF- S &1 K 2 i X
WY 1500 ppt (1071, (ARUREE, THD . JSEA0AT]
RXF 2 B DX FEAT UL, (. F R 235 51 B o
B, BRI 2 RERHAIRZE R A o 1 2 ik 2|
XPWCE T 33X 8 i i e 2o 6 2 B O DX AT 280
f 125 ) B R ) X I

PO TR I = X A BR A R T . 7KW B F R
T3 1 O3 AT B SCEEVE AT XS Tk b
Tl DR, H T BEREA B, X A TR =
e F i 3% AF T B B 98 30 A R g b AR SORT T
2005 4 11 4 % 2006 4 2 7 73 K AT I H % K
SCHE X SE i ) ACTIVE (Aerosol and Chemical
Transport in troplcal conVEction) #3756 fr BU
1 COL Oy . NO FINO, "CHLOI 5k}, 3 5t
3Tk JUFP A o FE X i KR B 45 Al N ob
PP ATIE L PRITRXT I 2 0 75 Yo A 1) e B A
EAEH.

2 HMZIRIE AR KNS 4T

ACTIVE {502 g[8 . g R4 LA E 54t
[F) 5% By () [l B 25 WAt H o H: 32 28 H 2 F A
(7] JRUFSE %o gt o A0 A VS RS R A 1Y) T L A
F (Vaughan et al., 2008), ACTIVE #M7iR 5%
FERKANEAL TR A IB /R 3C (12, 41°S, 130. 9°E) K
LIS TIWT ) B3 b DX A SR 52 56 000 X 35K, 3k
BRI BEAE 2005 4EK & 2006 4497, H 32 B IR 2
ZHLIX . (D) Jb NG S8/, i8R SCHLIX
NEHD s NHEBOS KRR FZ AR/ . I X
S LAE PO R I A IR 550l Sy
Tk i5 e st A T DLHERR . (2) AR IR
WIS AN %, TIWL B AR AR KR F . 4%



5 1] RIS . PR 2% CONOLNO, 1 Os 1YIE B % /E

YIN Yan et al. Vertical Transport of CO, NO, NO,, and O; by Tropical Deep Convective Clouds 927

PRI AE 5 Fe R AR . JUHEAE AR TR X . 7R
BAEERKIAE Z, X B THE R, K
TR ARAR K T AEIRYN KRB 8 1 201 LA A= 25 3
o RUFHIARAET o A1 T A0 S SR 1 i A
3~5 AWK TSGR Gt 1994), (3) ZRX
ENiNiE A I e A P e o B B S BT T
F, WFELAMN 1T AFIRAE 4 A (Holland, 1986).,
t E KU (7E 400 hPa LA R IEA7VE X0 FlE
Ze At Sz /1) B Crp G2 B AT D AR XD A K
(Keenan et al., 1990), (4) X} X %%, FE Darwin
M DAL TR B TIWT 8 b2 XU & 0 2™ A0
A X2 (Carbone et al., 2000), X Fh#k 24 A
FRAE “Hector” (4 B JU-T-7E 5 K (1) [a] — B[] B A&
B AR TR = W KRR SR = . FE 2R X
(A ST BRI TRT BT I X e TG 2l 2 22 ply AT 1) B4R XL
A . XFE KK “Hector” K%, HLZ= XU
MR RS, HA A S G BRA L . Hos
JERT DA B R ZEBE X2 (17 k), IFRRKE XS
MIZRZ B R FEA G X R )Z U2 (trop-
ical tropopause layer, fajfix TTL) s{#iH7E 72K
JZ (tropical lower stratosphere, fjff TLS) . &It
ZAb s IRIRSCHIIX 5838 1 I 5 2 FILZ 254
WE R PRTEZ M1 T A i g iy 2 A
ACTIVE 56 A FH 5 22 AL 20 3] %0 % i )=
MRIZ TR Z = )2 5 = il = IR IR RS
BT HE TN, Allen et al. (2008) XHKJE KHLIL
ISERHEAT T 5387+ AR SO E R 53 B ) R R,
Egrett 525 €M X & 4 2 DR B SR R 25
Ro TEARCT W K idgah, Egrett R 4G &
MIRIRSCALGHE K FEIR IR SCHBIX DA K TIWT & |
S HEATERI . KB RA T BE AT IA 15 km, RATE

BEZ9k 80~100 m/s, —JB7E 10 km DL [ 5525 F
Ko WBAHITE RN, BT IR 5 s
10 s, SARRYBUERIFE R 1 s, AT 1) RATH
R AT L5 et P RO ) B 2 1 1 I 50 1) e 23 3
F, CHIEHER ISR 1 R,

3 ERSW

3.1 Z=MSH CO, O;, NO 1 NO, L2 & XFLL 534

R T HE ML = NN R A B 25 R A
SCHBEBEAR IR XTI & 2 il A 24T 43 B b
Ao AR UG Jmy i 52 2 IRV A8 U 7 SR
PA M Holland (1986) XX IZ=1Y 1 U~ 5E
AT 9 1] AT BRI 43O 2= XU 7 (2005 48
11 H9H~12 A 11 H, HHr 2005 4 11 J 9~30
H W BpR A ERR eI . 22 XU T (2006 4 1 13
H~2H 3 H). Z=XaIE (2006 4 2 A 4~17
H) EARFENE . HAEAS [ 25 S B i AR AN
[F] P XS 9

Keenan et al. (1990) i@ 1 192 W5 I 45 4 59 fiff
FEEREY, TIWL B1ER FEXEIHEHEZH WL
BAE] 9300, EIRZEMILER, 5 E AR IE )
WA %, Keenan and Carbone (1992) BWFFE
K TCIR A E ZE XS 0L TR B s gt 2 U
AT v el RS T AT RE AR 12 DX 3800 Y 1 3 2 fih e 1L
il s BRI K P AN B XA B i 22 . fEE R
JREE ST SRR BT 3 XoF A T 2l 32 S BRAE Rl v E
DL H RS xR AR £ (Keenan et
al., 1988); HANUEATIN, Rl FOHEAE FARAR 2
BT TE R TR E R, 45 LAy RE 1)
Z i m Pi1E4E (Keenan and Brody, 1988), H J&EHH
FIFEAELER IR A B2, H H AR Ak b s i Hf B

R 1 FEgrett k¥HlIEH (U
Table 1 Egrett payload

& TR 75 b=y TR 8] el
GPS il Met RATALE . Rl SEFXGE (1 Hz) / s
CO analyzer CO ¥efiE (1 Hz=£2 ppb) 5t ls
TE-49C UV Ozone sensor Os WP (£2 ppb) UV S ik Is
NO and NO; chemiluminescent detector NO F1 NO, ¥ (ppv) b2 %5 s
SEPC Cloud Particle Imager (CPI-230) = PR R IR FIEOR B (5~2300 pm) S B 10's
DMT Cloud and Aerosol Spectrometer (CAS) IR R TRk (0. 54~50 m) blieiEi €] 5s
DMT Cloud Imaging Probe (CIP) R BRI (20 pm~2 mm) pireaiiiChf 5




P

Chinese Journal of Atmospheric Sciences

928

34 £
Vol. 34

(6] 5 B Z= XU 7 B R —31 (Keenan et al., 1988),
Holland (1986) #11 Drosdowsky (1996) 1Ak, HZ
DA ST 3R] BT 30 B %o i R R Bt . 5RO
7 52 25 RUBAT 18] (R R U 22 S0 P e P 1 5 BE
INo VFZMI S SEUESE T W . Williams et al.
(1992). Rutledge et al. (1992), Keenan and Car-
bone (1992) & UL 1) 52 2= JXUE] 7 3 A4 X 3t 44
HETEE TS BRI HL S AR, SR T 38 R s e
OO T HE A s Toracinta et al. (2002) Xif
TRMM (Tropical Rainfall Measuring Mission) I
B GORHIAT MRS R R, R XU 1Y R B L
ARV 1 DX A B s 9 e B R B R 8 KK B
May and Ballinger (2007) #|f Darwin 55 ik f TI-
TAN ( The Thunderstorm Identification, Tracking ,
Analysis, and Nowcasting ) 7= (Dixon and Wiener,
1993) 43# 1 2003 4 11 A 2 2004 4% 2 H W] 33 3
TCHIGETHRRE s 73 B 25 SR 2 W1 5 20 KU AT 0 00 O 17
B R A 240 BE R A TS — s R

T FIARBESE AT LA BRIk R SCHi X R KU ST
SR E] VB S A 2 LG 2 XA T 1 B R 8 A X

ARV AT IR TR (C I B 2 i Bk 7

IR T IR R R ER BT R LA B Berrimah §5 3k
KR EEPERD /R R AE . 2 XUE ST 0 B%
AT RBEPEXT I > FLXH 90 XU [l 38t T00 %) 2 38 AT AR Ao
17 km, B3k {9 98 & BT 7R 09§ 9 28 5 AT Gk B E
JE o 2 RUBA TG TG SRS o X 3 XU e
THGH 5 7E 10 km @ BELLR . 24l 1 R 7Kt AH 0 b 2
TP/ o I 1) T A O i ] 3 R R R
MoK, KBRS/, B RAENE R
I3 AT o 2 AR T B Ak [ 8 P R R T s TT-
W 55 B3 SO 46 854 7 IR TR X I A&, FE &
FEMFERICRI KBS . XFRTE shthizgdit 2 H 6
H R R T8 R 2 1 9 H I 2 R XU

2 M 3 oyl 1 ACTIVE {56 RS7
Xt il 4B A A CO R Oy A ERINZE 3
Hrr AE04., AE06, AE11 fil AE13 &b FZ= X ST
WA, AEIS FEZRUEATHE, AE25, AE26 1 AE27
25 IR ) T g 491

FRET ) & B 2 T Egrett KL AT 1Y
CAS. CIP 5 CPI it i 2| i) 2 X A7 & 147 4] 1 »
ZPEHERT G IR =A% (D CIP 45830 2 ik
F (CIP Ml PR B R T 20 m) AR

&2 BRI COKEME (ppb)

Table 2 CO concentration within and outside of anvils (ppb)
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AEO04  2005-11-16 82.7 73.4 166.70 2297 139.0 690 135.24 100.01 103.75 92.96 13.2~13.8
AEO6  2005-11-30 80.1 78.5 117.56 3133 102. 1 740 88.43 91.71  82.91 82.98 11.6~14. 1
AE11  2005-12-06 69.6  60.4 93.52 2630 81. 84 506 85.72 83.13  78.69 73.45 12.3~14.7
AE13  2005-12-09 60.59 54.98 117.87 2189 110. 48 557 103.34 93.83 72.54 61.86 12.0~13.2
AE25  2006-02-06 66.9 72.5 80. 96 9344 58. 4 737 54.70  56.85 53.35 49.28 12.9~14.1
AE26  2006-02-08 62.38 66.49 93 8658 56. 09 521 61.64 51.64 59.44 83.18 13.8~14.5
AE27  2006-02-10 62.47 70.17 84.8 1045 60. 28 553 69.29 57.2 51.93 57.36 12. 3~14.1
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Table 3 O; concentration within and outside of anvils (ppb)
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ZK H# aWN mAh B PbEE/m Bl FEE/m 2000 m 4000 m 6000 m 8000 m [ /km
AE11  2005-12-06 17.7  8.34 62.0 6272 61.4 40 24.08  38.85 49.67  38.37 12.3~12.9
AE18  2006-01-22 21.88 16.0 42. 4 9212 43 32 11.19  13.29 18.30 24.84 11.3~13.9
AE25  2006-02-06 30.6 25.45 62. 56 7040 42.78 31 16.97 28.73 46.08  33.64 12.9~14. 1
AE26  2006-02-08 29.15 16. 38 46. 4 4644 70. 02 41 15.37 28.02 32.84  23.48 12.9~15.0
AE27  2006-02-10 40.76 38.47 65.9 6210 130.5 34 26.40  24.80 46.36  31.72 12.3~14.1
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Fig. 1
The flight altitude is also shown

(a) The ice water content (IWC), (b) CO concentration, (c) NO, concentration, and (d) NO concentration during flight AE04.
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Fig. 4 (a) The number concentration (NC) of ice particles, (b) CO concentration, and (c¢) the wind speed and direction measured at 13, 2-

km altitude during flight AEO4; (d) the IWC, (e) CO concentration, (f) O3 concentration, and (g) the wind speed and direction measured

at 13. 8-km altitude during flight AE26
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Fig. 5 Five-day back trajectories calculated with NOAA HYSPLIT model below 4-km height at 0600 UTC (1530 LST): (a) Biomass burn-

ing period; (b) pre-monsoon period; (¢) monsoon period; (d) monsoon break period
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Fig. 3 MTSAT satellite visible cloud images in Darwin region: (a) 0733 UTC 16 Nov 2005 (white line; AE04 flight path); (b) 0900 UTC
8 Feb 2006 (white line: AE26 flight path)
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Fig. 7 The distribution of the fire spots in Australia detected from MODIS: (a) 9 -30 Nov 2005; (b) 1-11 Dec 2005; (c¢) 17 Jan to 3 Feb
in 20063 (d) 4-15 Feb 2006



