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Abstract The interannual geographic patterns of the upper tropospheric water-vapor-mass anomaly are dominated by a
uniform abnormal mode and an east-west dipole abnormal mode over the Tibetan Plateau (TP) regions in July—August. In
this paper, we analyze the relationship between these two leading modes and the adiabatic and diabatic water-vapor-mass
transport from the troposphere to the stratosphere based on the European Centre for Medium-Range Weather Forecasts
Interim Re-Analysis (ERA-Interim) datasets and the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
trajectory model. Results show that when the water vapor mass is dominated by the positive (negative) phase of the
uniform abnormal mode, i.e., there is more (less) water vapor mass over the entire TP area, the intensity of the South
Asian High (SAH) and the upward diabatic water-vapor-mass transport are enhanced (weakened), which means both the
adiabatic and diabatic water-vapor-mass transport from the troposphere to the stratosphere are stronger (weaker). The
regions and layers where the adiabatic and diabatic water-vapor-mass transported from the troposphere to the stratosphere
change very little from the positive to negative phases of the uniform mode, although the layers in which the diabatic
water-vapor-mass transported from the troposphere to the stratosphere are slightly higher for the positive phase. When the
water vapor mass is dominated by the positive (negative) phase of the west—east dipole abnormal mode, that is, when
there is more (less) water vapor mass in the west (east) of the TP, the SAH center shifts westward, enhancing the adiabatic
water-vapor-mass transport from the troposphere to the mid-latitude stratosphere in the northwest and northeast flanks of
the TP as well as the meridional adiabatic water-vapor-mass transport from the troposphere to the tropical stratosphere in
the upper layers in the south flank of the TP. However, the meridional adiabatic water-vapor-mass transport from the
troposphere to the mid-latitude stratosphere in the north flank of the TP is weakened. Meanwhile, the diabatic water-vapor-
mass transport from the troposphere to the stratosphere is enhanced over the TP, whereas it is weakened in the upper
layers in the south flank of the TP and the lower layers in the north flank of the TP. When the opposite occurs, there is less
(more) water vapor mass in the west (east) of the TP. Trajectory model simulation experiments for the positive phase of
the uniform abnormal mode confirm that higher frequency trajectories enter the stratosphere adiabatically over the TP
regions. Trajectory model simulation experiments for the positive phase of the west—east dipole abnormal mode are in
agreement with the analyzed results, which show higher (lower) frequency trajectories entering the stratosphere
adiabatically in the northwest, south, and northeast flanks (north flank) of the TP.

Keywords Tibetan Plateau, Water vapor mass transport, Adiabatic and diabatic, HY SPLIT trajectory model

2= 20120, P, T #EXS LR [ F3UZ K fa o

BRI A HE R S (FRMES, 2018).
FRUZ KRB UR RGP EEA € (IR 0=y e 5 = i T e R I b
(Dessler et al., 2013). —J7 1, Vit J=KIUL bRt . FARE, EETMERXZFREZEERE
NSRRI E PANEOR S 2 T E RS- NG T BRI AN AP 2 ) i AL i@ 1E  (Fu et al.,
BHWSE (Gettelman etal., 201105 5—J5 M, Pt 2006; 4 EHE%%, 2008; Randel et al., 2010;
FAKRZ 5 FRE R, e R FH455, 2011; Ploeger etal., 2017; Yu et al., 2017),
YR ) 70 A (Lelieveld et al., 2018). “Fii 2 et 2 B R AR AR T e e R A R I X (PR A
AKIRIG 0 i B R AR S SN 2 S ECFRUZ R A, XY 20065 FRREE, 2009), BT S 5 X 58 K A
W E A Hh 3R B EE  (Forster et al., 2002; Solomon et FVERFRIRE) (O EAE, 2014 ZEMESE, 2016;
al., 20100, FHAb 22 R0 2 oK1 2 S 1 46 Xz UREE, 2017), BARMEAE SRR S 7 e 5 X
il EF"I?EE‘J%WG (Randel et al., 1998; Anderson et al.,

HEgMpwxm. mimk. @zEARE ETHE



34 JEF S B R SR LR R KR B L PR A R bR e L I [P
No. 3 TANG Nanjun et al. Interannual Anomalies of Upper Tropospheric Water Vapor Mass and Its ... 505

Bl L RO i J2 T il B2 9% (Randel et al., 2010;
Park etal., 2007; Bfxk%%, 2010; Wrightetal., 2011;
Garny and Randel, 2013; a3 581 551", 2015;
Lietal,2017). Mt4h, B ZFHjm EH# X KSR
R, DR SR TN MR T T, RS
T 56 965 THI 114 A 28 SCE5 A5 1) TR Z KV ] P
RS ((ERESE, 2014; Wuetal, 2015;
HWraE, 2016). )W g REW, EE B
JE RN o Iy v 1 X K VA 1)~ 2 A T B AR A
FEATEE SR, T E T G SR AL AT R A, LKA
TRZRILEIRER NES GBS, 2008;
JEF S, 2019). #UIEIE BRI 1 45 R AR UE SE,
T 78 e S R IR AR A0 ARV NP2 1) T E
18 (Berthet et al., 2007; FRwK5E, 2012; Vogel et
al., 2014; Garny and Randel, 2016;
2017).

B2 R B T b X KPR R~ 3 R A A 1)
R AR SRS A A S R R . B2
T e 5 R IR AL 3 PR R 5 A G B AR T P )
BBl T Be R 2 TR, gt A
iR BIKIR A & (Randel et al., 2015; Zhang et
al., 2016) . B V. = s 2 77 28 40 7 A 3R R B
(eddy shedding) VLKW ESHL4ERA RS
A EAER, 2 B2 ) P 2 KA AR i A2
tt. (Dethof et al., 1999; Ploeger et al., 2013; Vogel
et al, 2016) . B4, 5 Hi 55 02 & (2008,
2012) MIBEFREE KRR, B ZEH i JE N UHIX
IKIR A2 A S A B S R AR B AT AR AR PR AR AL
FEAE, HFEHATE 5 WMZ X sRssH 0, 1hE#H
55 3 e S AR R P RSP R R R AR AR AR A
AR MR, T LR 1 X KR PR E
fEL 5 EXNRIZ IR A E VIR R, HIX
J5 T I E b

X 9 e R A X 7~8 H BT E KR
J R AR AR R AL A R, e R
T X b P2 AR B A B e i S IR R S
BUFAR VO o B A = S A . X R A
KRR T AR, B E i X v 3l A
B e A 2 3 I AR RS, 20200,
X AT B2 5| T T R R i A a2 M X KR A PR
JR A TAFN R L B AL B I o R A . BFEKIRR &
AP IR T B X IR DL R A
FEAE . ARSCH AR Eegh gk — P I A A R .

Fan et al,,

ARSCHIMESE QIR . 28 2 300 4R BT F (R B RL AT
Tiike B8 3 U B KRBT AT e B S KRR
BRI MR R 54 504 EPUE R R
USAINED M A P Pt o d =l SE oy S A 7S
2 FERITE
21 &R

PRI LA 2E K B, ERA-Interim (European
Centre for Medium-Range Weather Forecasts Interim
Re-Analysis) P70 17 TR i = Jl 2% i it X -
MR — T FRE KR A ME AR ) R AE S TR
MM B Bzife (Jiang et al, 2015; Davis et al, 2017;
JE A, 20200, ASC %] ERA-Interim £ 73
Hrekl, P FEEE a5 =48RR AR Y.
Y. HCR A E AR5, BRI B 1979
EF 2013 4F, BERHNA > MRy 6 AN, B4
gy HE R R 1°X1°, # H Y8 Fl A 1000 hPa F
1 hPa Jt 37 JZ.

W R E S T b B R A (R R AR
20200, FERAKRBTESWE K KIHES . S0 PIK
T BN ZE [ 2t D RAEAKV S B AT R AL,
A R TR AERKE ', B OAETF K
KR, AMNT BMWZER D e SCh

D =[(A - B)/B]x 100%. (D

PSR G 2 TR T2 AT Al 22 71 2 EE T )
FEM T3], i 4 (B KRR E R AL IE
(B0 ALAR ARG I AR -

22 Fk
221 @RAFLIKASKTERE

1
F(g) = fo mquH(0:,6;41,0(0)Rcospdado,  (2)
1
F(0) = || mqvH(0,0,,1.0(0)Rdgder, (3

F3@) = [ mafHOi-12.61112.6 )R cos pdAdodor

o))
Hrb, VNERE, ¢ N, 090, R ZHIRAR,
g N, u NERR, v AZERIK, m= ps/(gx200)
AR o Z AR &, ps NHHAE,
gNEIIMESL: 4 x<x<ulf, H (x;, x5 x)
BT, #5UHL 0. 6,19 300 K %) 390 K BL 10 K A
IR 3L 10 DNEEIIIZE, 6,0279 295 K #1395 K L 10
K ABEFEIE 11 ANEHZE. 0, NEEHEKER=



xR M 44

506 Chinese Journal of Atmospheric Sciences

Vol. 44

BCE PR BN . FRORIF 5500 55 S0
BRI M AE [ AP oKIR Rl &, O A
I AL KR R B

FIF Yuetal. (2014, 2018) {5 KA &7
% BRI H oA BRTE R B T ) B KRS A
200 2, REAMERERRSEN us ve g« 6F19E
R, FARE S ZERARS RN, BARK
(2) H (3) BEIWABEEZ 0,0 7162 [7] 1 FF
F, AR (4 BB LE001M60,1 2 [A11
Fdo AU, SR 2 MKV R E SCAMANBEZ
01 A0 2 T BT o J2 WK LOKIR R B IR, T 50 )2
b B AR B ) e SRS BEEE 6, FR 62 8] BT
o2k iz RN .

SRS Ty Uk N L N O]
Wi E, SrmA/MEX, &SRB I E T,
Rl A SR AT T . A S0 R F Reichler et
al. (2003) HJ7V%, HRHE KRR B B w5 1) 2 ELRR
FEVH R IRHRE TU  BE o ER I 1 AL 2 T A %
RERAKR T EEEMNFRER KR EESE, @
k2R P 3 15 B2 AR IR KPR R @ &, DA
FORAKR T PR AR S R . SO KRR =
[ P30 )25 10 248 B A i i DR KR B P2 R 6
AR M e LR e 2 A, DL B A R T E
R, BIRE 7~8 AP T AT
222 KAKREREZEFFFER

1979~2013 4 7~8 H & 5 = Ji& J& J&] 121 #b [X
330~360 K JZ R/KR R & BEF EOF 2 1 F#1E M &
NEEPR SRR R, 5 2 REAE ) RN AR A A R Y
(JEF T, 20200 H3X P ANRFAE 1) & 1 6 18] 2%
B F ARG AT SCRFAE A B br A R
RBAMERT 1 AREFEREE, HTEHRDH.
o A S R E AR B R AR BRI R 4D
91981, 1988, 1994, 1998 £ 2010 4F, HfriH &
A BRI ) N 19864 1987, 1992,
2002 A1 2004 4F; R VG AE A R B IE A A B3
EO(Z/RE) N 1984, 1992, 1994, 1995
2011 4, MAAHEZREFE (HD/RZHE) A
1981. 1987. 1991. 1993. 1998. 2005 F1 2009 4.
223 HugAR XA

A ik B 4 W) Hybrid Single Particle
Lagrangian Integrated Trajectory ( HYSPLIT) # iF
B, AT AP R B 4 & . HYSPLIT
BUZ B Oz 90 R XX 4 5 A B 1 5

(Luo et al., 2013; H 4L #i%%, 2014). HYSPLIT
iR RS B H 77, FARILa A B A
— K5I B 2 [T =480, R AR —
B ZIRIAL B s B AR AN ZI AL B RE A5 21 Ak
H13E BN (Stein et al., 2015). A% BT 5
AT R AR 2 . AR D AR TR/ R DA
RGN/ R Z ARG A 7~9 AR TS 53R,
7 4 TR . Bk, BHEEZ 78
H w9 R A KR AR A E X s 300~
130°E, 15°~45°N, K@il 2°X2°, EHF
i HL 340 K 3] 390 K, L 10 K NIEBE3L 6 Z
M4, 20200, M7 H 1 H 00:00 CHpif 5,
D FF4EE 8 H 31 H 18:00 HEk% 6 h 747 T X
JZ NI B RUREEY), METIEES 30 X, 1FEIR
R WAL S B o B AS B ORE I o B ) B
3500~3800 47 . N T AR E L ml F i 2 1
L AR N, WRERDAE 3ENF00 2 AT S A
I ERIALIR A LS K CAR, T SR 30 4
WA TR BRI A S s 22 O 2 i P RLE T, FRAT1AY
0 S IR JE — R G R I 2 T A
3 EFFESREAEBMEX EXRE

KEREERREST

BT AREREFER T AR EEH EXRZE
MAKR GRS AT E EMZES, 20200, K1
G TETWA LT AMMEEREFES R
7~8 H 340~360 K 2 IR/KIR & AR SE-FI 1
WZEE . HE 1A, BiEwmE (D) S
T JR R JE I X BB KRS B 2 ) b
RIE (f0D fH, FAET R S R P R A0 AR A w22
sy LB 50% (—30%). 5 TFHMLEL, %k
% (/D) 412520 gpm A7 35 FE SRE 26 A5 197K
FYEEm A N, MR EmE (59), HiEE
RO AL B S AR T . R R X
BEISE X B SRS s s (590 (FERZESE, 2020).

[FEAEH, BHE el I, 7EPEZ/RDF, FHil
m R PRI S R GRS R AR EXRE
KA EmZE T HEONIE (50 18, ERF 12520 gpm
A7 38 8 FE S (AL S K YE RS B /), (H2 R R
i FE O BT FEAL B B SRR P, % N K o i P
(CRARERD XSG shimss (59), WD/ RZHEA
MREER (B 1d; EREESE, 2020).



3 JEF S BT R SR LR R KR B L PR R A R bR e L T [P
No. 3 TANG Nanjun et al. Interannual Anomalies of Upper Tropospheric Water Vapor Mass and Its ... 507

K1 BETHBEEEDKERE () BERZE. (b) BEMDE. (o WE/RDE, (D) D/RZEGHEK 7~8 1 340~360K 2
TP R AOKTR S AR S 3 MR 22 15 20 L GG I si2R RITR] 43 3 4 200 hPa b 12520 gpm {37 34 5 J3 45 (8 4 7 g T2 i 1 o0

FHERLE, A (6 AIE (FO MHEERWEE, e aRmrs

Fig. 1 Percentage differences in the composited water vapor contents averaged from the 340 K to 360 K layers relative to climate mean (shading)

based on years with (a) whole region more water vapor mass, (b) whole region less water vapor mass, (c) west more/east less water vapor mass, and (d)

west less/east more water vapor mass over the Tibetan Plateau in July—August. Solid lines denote the 12520-gpm potential height isolines at 200 hPa

and dots denote the South Asian High center. Red (blue) denotes the significantly abnormal positive (negative) years and pink denotes the climate

mean

4 KRRERFRERNBHRMIELER
RHRE

SERM S, 7~8 H e B AL LUK R R &
R A PR Z G G g vt £ 5,
3 e JER 2 i A v () S R AT AE KRR 2 1) R P
JEIER [ 2 RS, T 5 PR KRR B )P 1 AR
Y A 2 BEATAE T 15 e i e A v 1 g 2 A
EEARILMEBAR S Z HEZESE, 2019).
4.1 BERESRERKAREBHRER

F 240 T 7~8 AZ 4 HoKiA R 2l s bl
T A IR IR B R B A T e R KR T 2
i 25 A R B /D4 P 22 e K A .
AT, KRR BRI 2 B, 370 K 2 E4EHoK
REEEERERERANE, EFWEE. HEE
PEESAIE N A 5 (110°~140°E) fRAE/KIS & %
R J2 0 ) R 45 5 A0 J2 11 e v [l G 28 ) e A

i, LT e R DA AE AR5 ) AT U2
At g2 2 PRt (181 2a). [FAREHE, 7E350K
JEA R B TRk e S AR A 9 A R DU
BRI E R PR HRUR e e g (8] 2d).
PRI R B DA Z R (& 2b, e

HH 22 S o A BT L, 370 K2 1 7 8 e J5 2 R
X BRI R E R BN E S R R, BR
T e JE PG AL PRI AR R Ak, 8l AN 22 [ 4 A K
PR R R Z N R TR B AR, IXRBIKIR
JRERER M, BRI P AL AR A, K
PR IPHR RS A Z m e P mng (K 2c).
350 K J= LKy B 1] A 4 T = A A Y 22
G ONESE A =y WEEVItE iy SR WA
TP Z & AL fmmss (& 20. &
s IR R A i 22 AR Al IS, 5 &
JEI A M X AR5 B 1] T3 S 24 A A ) X AR
AR, BRI BB A 22 47, 3o L g IV 5y s



PN S 44 %
508 Chinese Journal of Atmospheric Sciences Vol. 44

P2 T e SRR B R B R A AN 7~8 A (a—¢) 370K M (d-D) 350 K EX EMEMABRKA B (JHE,
Bfr: 10 kgs ™) MGRREAERRR (Fik, B 10'kgs™ 0 (av O KRBREEEMBE: (be o KRB D4,
(e D ARITBTRTEMR L 5B DR . BT X U5 B 22 (A 8 HOK VORIl ST 1 90% BAAK TR, 406 (F
) SEEIKIUR B S (i) S0 2 TR L

Fig. 2 Composited meridional flux of adiabatic water vapor mass (shadings, units: 10* kg sfl) and flux vectors of adiabatic water vapor mass (vectors,
units: 10 kg s ) at (a—c) 370 K and (d—f) 350 K layers, based on years with significant uniform abnormal modes in the Tibetan Plateau water vapor
mass in July—August: (a—d) The years with whole region more water vapor mass, (b—¢) years with whole region less water vapor mass, and (c, f) years
with whole region more water vapor mass minus the those with whole region less. Black dots indicate the composite differences in the adiabatic water-

vapor-mass fluxes significant at the 90% confidence level. The red (blue) solid lines denote the tropopause locations in years with whole region more

(less) water vapor mass
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Fig. 3 Composited diabatic water-vapor-mass flux (shadings, units: 10 kg sfl) averaged over the (a—c) 35°—45°N, (d-f) 25°-35°N, and (g-i)
15°-25°N latitude belts, based on years with significant uniform abnormal mode in the Tibetan Plateau water vapor mass in July—August: The years
with the whole region more water vapor mass (first line), years with whole region less water vapor mass (second line), and years with whole region

more water vapor mass minus those with whole region less (third line). Black dots indicate the composite fluxes or differences significant at the 90%

confidence level. Red (blue) solid lines denote the tropopause locations in years with whole region more (less) water vapor mass
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Fig. 4 Regression analysis of the intensity of water-vapor-mass transport (shadings, units: kg s ') from the troposphere to the stratosphere in the (a, c)
370-390 K layers and (b, d) 340-360 K layers on the time coefficients of the uniform abnormal empirical orthogonal function (EOF) modes in
July—August: (a—b) Adiabatic transport and (c—d) diabatic transport. Black dots indicate the regressed intensity of water-vapor-mass transport from the
troposphere to the stratosphere significant at the 90% confidence level. The red (blue) solid lines denote the interfaces between the isentropic surfaces
and the tropopause in years with whole region more (less) water vapor mass. In (a, c), the solid lines from the inside to outside indicate the interfaces

between the 380-K and 370-K isentropes and the tropopause, respectively. In (b, d), the solid lines from south to north indicate the interfaces between

the 340-K, 350-K, 360-K isentropes and the tropopause, respectively
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Fig. 5 Same as Fig. 2, but for (a, d) the years with west more/east less water vapor mass, (b, ) the years with west less/east more water vapor mass,

and (¢, f) their differences
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Fig. 6 Same as Fig. 3, but for the years with west more/east less water vapor mass (first line), the years with west less/east more water vapor mass

(second line), and their differences (third line)
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Fig. 7 As in Fig. 4, but for the intensity of the water-vapor-mass transport from the troposphere to the stratosphere regressed on the time coefficients

of the east-west dipole abnormal EOF mode
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Fig. 8 Percentages of the frequency of trajectories entering the stratosphere adiabatically in the 340-390-K layers relative to the frequency of the
trajectories obtained (shadings) in HY SPLIT model trajectory experiments, including: (a) Whole region more water vapor mass, (b) whole region less
water vapor mass, (d) west more/east less water vapor mass, (e) west less/east more water vapor mass, and percentage differences in the frequency of
trajectories (shadings) between (c) the experiments with whole region more and less water vapor mass, and between (f) the experiments with west

more/ east less water vapor mass and the west less/ east more water vapor mass. The colored dots denote the layers in which the frequency of

trajectories entering the stratosphere are highest
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Fig. 9 The (a, b) horizontal and (c, d) vertical distributions of forward trajectory paths of some tracers released in the 340-380 K layers over the

Tibetan Plateau that enter the stratosphere adiabatically, based on the experiment with whole region more water vapor mass: (a, ¢) The first trajectory

pathway, and (b, d) the second trajectory pathway. In (a) and (b), shading denotes the time (units: d). In (c) and (d), the abscissa denotes the time (units:

d) and the different colors denote the trajectory paths of the traces. Black dots denote the locations of the tracers released, and blue dots denote the

locations where the tracers enter the stratosphere
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