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Abstract Monthly averaged ERA-Interim reanalysis datasets and SWOOSH water vapor data are used
to analyze the interannually geographic pattern of the water vapor mass anomaly in 340-360K layers
and its maintenance over the Tibetan Plateau (TP) region in July—August. Results show that the interan-
nual variations of the geographic patterns of the water vapor mass anomaly are dominated by three lead-
ing modes, namely the uniform mode, the east-west dipole abnormal mode and the south-north dipole
mode. Associated with the positive phase of the uniform mode, namely more (less) water vapor mass
over the entire TP area, the stronger convective and upward diabatic water vapor mass transport over the
TP regions leads to an enhanced convergence of water vapor mass, while the strengthened South Asian
High (SAH) results in an enhanced divergence and convergence of adiabatic water vapor mass transport
over the TP and to the west of TP, and vice versa for the less water vapor mass over the entire TP area.
For the positive phase of the east-west diploe mode when the water vapor mass is more/less in the
west/east of TP area, both the convective and the diabatic water vapor mass transport are enhanced over
the western TP but weakened over the central and eastern TP. Meanwhile, the center of SAH shifts west-
ward giving rise to a stronger westward adiabatic water vapor mass transport from the TP to the Iranian
Plateau in the upper troposphere. Such diabatic and adiabatic processes cooperatively contribute to the
abnormal convergence of water vapor mass over the western TP, but divergence in the central and eastern
TP in the upper troposphere. When the water vapor mass is less/more in the west/east of TP area, the
results are also opposite. For the positive phase of the south-north dipole mode when water vapor mass
is more/less in the northern/ southern TP, the center of SAH shifts northward giving rise to a stronger
northward adiabatic water vapor mass transport in the northern TP in the upper troposphere and a stronger
upward diabatic water vapor mass transport also in lower layers are found, which both leading to the
abnormal convergence of water vapor mass. While the divergence of adiabatic water vapor mass transport
and the convergence of diabatic water vapor mass transport are weakened in the southern TP, vice versa
when water vapor mass is less/more in the northern/ southern TP.

Key words Tibetan Plateau, water vapor mass distribution, interannual variations, adiabatic and diabatic
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2PN ZE XX Ay &b 5 B K PR AN 1] P9 2 B o A% i ol (ks
%%, 2008; Randeletal., 2010; NE#HSE, 2011; Yuetal., 2017; Lelieveldetal.,
2018), P /Z/KIE WA EETTMR (Gettelmanetal., 2004; Rolfetal., 2018).
WA, T e B B ZE W2 R X KIS B~ KV AP 2 A it i
SRATHLIX (Fuetal., 20065 552 2581, 2008a; k5, 2009; Bianetal.,
2012; JEEEZESE, 2019),

B2 e IR R A X EXHRZE— T )= Cupper troposphere and lower
stratosphere, UTLS) fmi7KiR & & 1UE AT 4ERE 50 am B I & AR <R
FYIMHK (Wright etal., 2011; FR5E, 2012; Umaetal., 2014). —f&KIAA,
B 2R s R X2 R 7K PR 32 52 6 i B 302 152 (James et al., 2008
Randel et al., 2015), FEXTRIEHEAEFRE TEoEA R, HW-FRZETER
K¥5 & & (Randel and Park, 2006; Zhangetal., 2015). Tfj UTLS /Ki<HIZK 4>
AT LT 5 0 5 e B K fanik A A A (Park et al., 2007, 2008: FRREE,
2011). B ZEF R SR X F i 2 B vy e P A A vl DAL B B 2 7KVR (W
et al., 2015; REKESE, 2018), XHETHIERENJUE 7 NFRZE T ZEKIR
EaEZ /b (FmsE, 2009; Wangetal., 2015; Birner and Charlesworth, 2017).

T e 5 S R IX UTLS ZKR R A B S i 2= 715 A= 5 AR ARRAIE /5 3 25
AZ=EEF-, 2008b; HE =4, 2008), HrrZEiiA8r 52 KUK IR A ¢ (H 2034,
2014; Santee etal., 2017), T7Z=1 P48 I E X8 A e I 1 s (9424 . Zhang
etal. (2016) N, BEHMEEEMR RS E R R ENBIESECERET
FEAKEEBET NI EER . Yanetal. (2011) HIZ5H %I, 24 100 hPa F
. pe R IR T e SR AR A B, 7 e S M X R KV e e A X, A B e
H X KR S HARAE DX, 2 R W s F R 30 R B B v S A S T DU A - T i I
EES A ERARGIAHEAEH S8 UTLS /KR 20 A & A2 A AT i i) eicAs
(Dethofetal., 1999; Ploegeretal., 2013). ItAh, FXIRE /KR AT LB R il
TR AR ) = 24 TN FA SR e R S A, 3 T 5 00 i I sy s ) SR P, X AE R
I E AR N E# (Garny and Randel, 2013).

H 25 58 SR X UTLS 7KVA A 235 AR BR AR A KSR a3 . 2B
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PR RS b, HEE R X UTLS /KRS 2RSS 79 0 = R 50 A O By
EA B YIMIE, MAMELS ENSO. #ERFHRGEA —E MR (Kunze et al.,
2010, 2016; Randel etal., 2015; %5, 2017; BEFES, 2018). MIEFAR
Bt (] FEE b, B 2 g S X 2 KT B AR A 5 A ERAR IR A 0% (Xu
et al., 2008). SRTT WM GRS [ B A B HIBR A, iR 5¢T UTLS /KI4E
B A AEAR R AR A R 70 25 SR AFAE — 28 AN 58 1

B2 MR JRUIX B 75 8 i S B T 0 I B /KR I T S AR Fan R DG BRI B,
g e 5 B A T X AR 0T R 1) 22 20 DA R A3 ATARFAE 50 T 123 XA 2 7K R )~
JEAERRTRERS T P MR . DRIIL, i il X 3 2 UTLS /KIS i 5
REAE, 43T 5 T 28 X 3 2 R G0 pi W e i A A R VE B R &, R B AR %
MO X KR ) P30 2 A B S B e LA o A SCRIFH AT BERE, 454 TR AMIZK
PREE, BN R R R 1 ORISR A B AERR S A, I LA
FELE PR AR B, A 32 BERIRT R e B R R A0 R o 5 R D B g ST 2 X
X 5 A 7R T ST 2 14 A i o P B G T A 3

ARSCHRESLINTR . 58 2 3 BASCH B BORVI 7 i 5 3 #7045 th 7 9
T R R A3 X KR R & Y EOF (empirical orthogonal function) ¥ 50 i, 4
4 o MK E A B S XS S R = B RISS R e 5 5 # M KR
AR L RFIEN T ER - 58 6 F X B S SR .
2 BRATTIE
2.1 5o

AT 2 B VORI EE 45 523 B, ERA-Interim (European Centre for Medium-
Range Weather Forecasts Interim Re-Analysis) P78 %R xF 75 ek i J5 & & 3 4t [X.
LR ARV 23 4 A R AE S TLE M B B2 (Jiang etal., 2015; Davis etal.,
2017; JHEFAE, 2018), H ) iz T8 e 5 A A 2 X _EXHAR R KR 4300
HARFERIB L. R, RSO B 20 H 5EEEA ERA-Interim (19 KR =4
Ry Ar A e FE L REE L LI DA T SR o BORMS B 1979 4R 2013 4F,
I TR 3 HEE g 6 /NI, KT HEEE Ty 10X 1°, FEEJEHIA 1000 hPa % 1 hPa 3£
37 JB. FrEET AR H I A PRI TORE . ST e R R X R AKIR
B 7~8 A UHMZEZ, 2018), KA = EE S REAER 7~8
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T BRAIE B AT RS B KR R R AL, RATRA T SWOOSH
(Stratospheric water and ozone satellite homogenized) T2 ¥ #l (Davis et al.,
2016). ASCHI B2 H T RKI 6, BOR BN 2004 4£8) 2017 4, 7K
PR 200X 5°, EETEEM 316 hPa F| 1 hPa 3L 31 2. Bboh, BATERH T
NCEP [f4h K K4S (outgoing longwave radiation, OLR) ¥Rl WECA 1979
EE 2013 4, WA HERDY 6 NI, K HER Y 2.5°X2.5°, I MRS
RS .

TE53 BT /KR 50 A BRI A B 5 T, BRAT 0 25 R/ VR B 5l P K
Vi o AN SRR IR R 8 083 8 SR ZE T SRR & B G — FATRA
RA O CALL, ppmv, 1 ppmv=10"°) FIR. LLIKIKERL M2 H 5 LLRIE
KRS RN ZER, B XN:

(Q1— Q2)/Q2 % 100%,

HorQu g B P MIKISAE, QuUAQME R FME . 8 HTKIR il
FEBRE I, SR KIR & B 2 1 5 T e SON

(Q: —Q)/Q x 100%,

HA1Q ARG IR, QN METHIKIRAE. &5 BT ORI g
IR
2.2 ik
2.2.1 KRR ELRAMIEL BRI E

omg_ 1 omug 1 dmvgcosg omgd .\

- S (D
ot Rcos¢g 04 Rcosg  O¢ 06

A ARG, O RAE, o NALE, m NTABE, g AR, u ALIN
Ko v NZRIR, O NG, R AHERER, S IR
il

Mq(@i)zﬁmaqH(& 0..,0(c))R? cos gd Adgd o (2)

F*(0)= IjmaquH 0.,0.,,0(c)Rcosgd Ado (3)
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F(8)=[ mavH (8,6

i i+1?

6(o))Rdgdo (4)
R (8) =], m,00,H (01,6, 0(0))R? cosgd idgd (5)
6,79 300 K 2] 390 K L 10 K M[EBEIE 10 NMERE . 6.4, 8295 K 3

395K LA 10K IAIREIE 1L AR, m, = p,/(gx200), JLiit p i Uk, g

u \

NEIIHEE: M n<x<xbf, H (1, x2, x) =1, BAUHO0. M« FM. F
Gr AP EERZ 0.0 FN 0, 2 T8) BN KVR TR L 43 1) 48 FA KR 0T il B A 22 [r)
PRI EEE . B NP E O, 60, 2 0] BN R4 HoKIR T Bl &
O,y AT Z Op T 0y, Z B KR RALE PR R L T HR A

FIF S0 AL bR T /KA R FE (1) Al Yuetal. (2014, 2017) HF5EK
SRR, FEUKAREL R IEL LI R . BRI o ALbr A HL T
(o=1) FIRAZT (o=0) ¥ RKAEESH 200 JZ2, SR LRMEHEET &2 u.
vy gn 010, BRIEMBZIGHR, H (2 ~ @) RHEEFIM, . FEREY,
H (5 RitHEARFL . B4, dim (Fm) BHOKIR RIS & B A

W B RE ) (i) 4aRoKIRR SOl B 22 E AR B, T EE4e RO T R S
VU A 48 5 S R 1 245 KRR R 2 1 (A5 3 A HOK IR Bl U
SR [ R i) 248 R K TR 0 R R o S5 2 T A AN i el AN S 2 )
i o JRIR Bz S EAR TR,
222 HERERERN S OAE

ZHE K IREE (20000 1 i s 9 B AT O A B E X, 200 hPa b R IV i
JERIBERE 52 SN (0°~60°N, 20°~140°E) UM, FrAfr# @ EE KT 12520
gpm A% 25 L3 T A 5 1% M8 2 22 BRI i S e T H OB U5 SCR: 7~8 A
SIS (R G R 2 A A v P v RIS
3 EFFBRE L REKSRERE XM

3.1 57 3 A EOF £ S4$EREK P mEL
FE T KIS A B /T, BRATT B 26 R E S R KR A 1
Y T T TR X S ARSI T~8 F KR S SRR TR G2 T A 4 [ i B
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I3t e HIEIAT I, T R X O DT [ KR S B mEE X, i 330~360K
R R KRS B Ly T B S K LS AR S, PRI /KA S B fE
X o HKIREEARF AT AL, e 5 MoK S B e O, £ 350~360
K JZ 2 RTG53 4 (B 2a), 7 330~340 K JZ U 2 76 i — AR AL R 0 A6 (B 2b).
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Fig.1 Height-longitude cross sections of percentage water vapor content difference relative to zonal
mean (shading, units: %), potential temperature (black solid lines) and tropopause (pink dashed lines)
averaged over the Tibetan Plateau latitude belt (20°—40°N) in July—August from 1979 to 2013 based
on ERA-Interim
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Fig.2 Horizontal structures of water vapor content (shading, units: ppmv) averaged in (a) 350-360 K
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and (b) 330-340 K layers in July—August from 1979 to 2013 based on ERA-Interim. Pink solid

lines denote the tropopause location

Bl 3 45t T e 5 R E A I 7~8 H 330~360 K JZ KR & °F EOF
AT 3 ANREAE ) 5 1) 25 18] 43 A B R FCR [R] 3R 8, e AT Ton e 5 22 (R o ik 2% 4 3l g
30.6% 21.4%F1 11.6% . FIFHRFIEE R 20 R /7% (BXDE, 2007), TESE
X 3 ANKRHE ) B RHE A AR T BB A . B 3a vT I, 5 1 RHE &
(B 7E 75 7 0 SR S S DX AR R I, B A22 X 45k P /K R 2 AR AL 3 TR O 4
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Fig3. The first three empirical orthogonal function (EOF) modes and its normalized time coefficients of
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water vapor mass anomaly in 330-360 K layers over the Tibetan Plateau in July—August from 1979
to 2013 based on ERA-Interim: the (a-b) first, (c—d) second, and (e—f) third EOF mode and its
normalized time coefficients. The red and blue bars denote the normalized time coefficients greater

than 1 and less than —1 respectively
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¥ EOF ##fEI &, o (a~b) 25 1. (o~d) 55 2. (e~ 5B 4 FRMEF) &

Fig4. The EOF modes of water vapor content anomaly at (a, ¢, €) 147 hPa and (b, d, f) 316 hPa in July—
August from 2004 to 2017 based on SWOOSH data: the (a—b) first, (c—d) second, (e—f) and fourth
EOF mode
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Fig5. (a—d) Height-longitude and (e—f) height—latitude cross sections of percentage difference of com-

posited water vapor content relative to climate mean (shading, units: %) over the Tibetan Plateau
latitude belt (20°-40°N) and longitude belt (70°—105°E) in July—August based on ERA-Interim: the
(a) whole more, (b) whole less, (c¢) west more/east less, (d) west less/east more, (¢) north more/south
less, (f) north less/south more. Pink solid lines denote the tropopause location, black dots indicate

the water vapor content difference significant at the 90% confidence level
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Fig6. Regression of water vapor content (shading, units: ppmv) on first three EOF modes time coeffi-
cients in July—August based on ERA-Interim: the (a-b) first, (c—d) second, and (e—f) third EOF
mode, (a, c, ) 360 K, (b, d, f) 340 K. the solid red (blue) lines denotes the tropopause location of

positive (negative) phase significant abnormal years. Black dots indicate the regressed water vapor

content significant at the 90% confidence level
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Fig7. Regression of outgoing longwave radiation (OLR) (shading, units: W m™2) on first three EOF
modes time coefficients in July—August based on ERA-Interim: the (a) first, (b) second, and (c)
third EOF mode. Black dots indicate the regressed OLR significant at the 90% confidence level
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Tablel Correlation between the eigenvector time coefficients and the intensity, center
longitude, and center latitude of the South Asian High at 200 hPa and its signifi-

cance

BAREM  RIMHKE RAbERE

o B 0.695(99%) —0.353 (95%) —0.199
235 —-0.242 -0.693 (99%) 0.216
4 0.242 0.456 (99%)  0.289 (90%)

N T k5 U WY 0 e e s EE AN B IR S . 1] 8 451 T 7~8 H 200 hPa fif
BRI 3 AR B T oA R R AR EAH B E s 8a WL,
5B, BARRE RUKIR R R W (WD) 4 12520 gpm 734 R
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[ U A7 4 v B S T L, v B S A e DX 3 g B S e RS T A
S TR T R A R I e T 5 P R
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Fig8. Regression of 200 hPa potential height (shading, units: gpm) and horizontal wind (vector, units: m

s 1) on first three EOF modes time coefficients in July—August based on ERA-Interim: the (a) first,
(b) second, and (c) third EOF mode. Black dots indicate the regressed potential height significant at
the 90% confidence level. Solid line denotes 12520 gpm potential height isolines and dots denote
the location of the South Asian High center, the pink denotes climate mean, the red (blue) denotes

positive (negative) phase significant abnormal years
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Fig9. Height-longitude cross sections of diabatic water vapor mass fluxes (shadings, units: 10* kg s™)

300 b
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(a) climatic averaged and (b—c) regressed by first two EOF modes time coefficients over the Tibetan
Plateau latitude belt (20°-35°N) in July—August based on ERA-Interim: the (b) first, (c) second
EOF mode. Black dots indicate the regressed diabatic water vapor mass fluxes at the 90% confi-
dence level. Solid pink lines denote the climatic tropopause location, and the solid red (blue) lines

denotes the tropopause location of positive (negative) phase significant abnormal years
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Figl0. Height-latitude cross sections of diabatic water vapor mass fluxes (shadings, units: 10* kg s™)

(a—b) climatic averaged and (c—d) regressed by the third EOF mode time coefficients over the (a—
¢) western (70°-90°E) and (b—d) eastern (90°—105°E) Tibetan Plateau longitude belt in July—Au-
gust based on ERA-Interim. Black dots indicate the regressed diabatic water vapor mass fluxes at

the 90% confidence level. Solid pink lines denote the climatic tropopause location, and the solid
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red (blue) lines denotes the tropopause location of positive (negative) phase significant abnormal

years
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Figl1. Horizontal structures of (a, c, €) diabatic water vapor mass fluxes divergence (shadings, units: 10*
kg s™"), and (b, d ,f) adiabatic water vapor mass fluxes vector (units: 10* kg s™') and its divergence
(shadings, units: 10* kg s™') accumulated from 340 K layer to 360 K layer averaged in July—August
based on ERA-Interim: (a—b) climatic mean, and (c—d) the whole more years minus the climate
mean, and (e—f) the whole less years minus the climate mean. Solid pink lines denote the climatic
tropopause location, and the solid red (blue) lines denotes the tropopause location of positive (neg-
ative) phase significant abnormal years. Black dots indicate the water vapor mass fluxes divergence

difference significant at the 90% confidence level
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