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Abstract This study sets up a long-term (2013-2017) dynamically and
thermodynamically consistent atmospheric dataset over the Tibetan Plateau-Naqu

analysis region. This dataset is derived by the constrained variational objective analysis




with ground-based, sounding, and satellite measurements as well as ERA-Interim
reanalysis data. Using averaged results from this five-year dataset, the annual
evolutions of the atmospheric basic environments, cloud-precipitation, and large-scale
dynamic and thermal structures in the Naqu analysis region are analyzed. The results
show that: 1) the seasonal variation of wind speed above 350 hPa is significant, with a
maximum (> 50 m/s) from November to February in the next year, and the vertical
variation of wind speed is the weakest while that of temperature is the strongest from
July to August. The high humidity area is located at 350 - 550hPa in summer and
autumn but at 300 - 400 hPa in winter and spring. 2) The precipitation in the analysis
region is rich from June to early July. In spring, autumn, and winter, the layer of 300 -
400hPa (as the junction of atmospheric ascending and descending motion) is the cloud
concentration area. But in summer, the enhanced atmospheric ascending convection
and water vapor lead to an increase of high clouds and total clouds whereas a decrease
of medium and low clouds. 3) The surface latent heat flux and the total air-column latent
heat are the strongest whereas the air-column net radiative cooling is the weakest in
summer. The strong surface sensible heating in the plateau leads to the horizontal warm
advection below 500hPa, while the strong westerly and radiative cooling cause the cold
advection above 500hPa. In addition, the analysis region is characterized by dry
advection in the whole year, however, there is a weak moist advection in summer. 4)
The apparent heat source Q: has obvious vertical stratification characteristics, that is,
showing diabatic cooling below 500 hPa and diabatic heating in 300 - 500 hPa and 100
- 150 hPa in the whole year; while the layer of 150 - 300 hPa has diabatic cooling in
the dry seasons (winter and spring) and diabatic heating in the wet seasons (from the
end of spring to autumn). In summer, the entire air column is almost dominated by
diabatic heating because of the enhanced ascending motion, net latent heating, the

transport of sensible heat by rising turbulence, and the existence of high clouds.



Keywords Physically consistent atmospheric variational objective analysis; Tibetan
Plateau-Naqu analysis region; Cloud-precipitation; Vertical upward motion; Apparent
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1. 5|5

L SR T 1 81 75« #477 RORE B e JE 1 RS R Gt AR T X T 28 A BR i1
RAFGFIR AN A A L5 (25 TR 9, 1955 25 TR e FH A
1979; TaoandDing, 1981; E[F3£4, 2009; fHIEHMA%E, 2011), flun, KL
s I Y O PR e S R R R R AR R SRR 0% (TRIIRIAE, 2001
SR, 2005), PUJIIZEMh, SEHERIRIVRWN K EFES SRR RBAE R ARRUE,
2008; M EHFMEMZ, 2010). Chenetal. (2012) 5 H i i b4 dE & 7K
PRREE 1A N IR, TR i ] B 7R S0 A b X1 o S 1k RO AR . AR
(2014) R, 5 B 0 #IE AR A BT LS e o (] 2R 0 1 28 VAR A, 0 T s e o
[ R A7 OB 2 AR o T e SR AE A AT, ER ZON IR, H SR R
[F] —ZE AN R X I A RIE R IA — B, A X R 5 K o6 R A
BARER (MEIES, 1957; FE K%, 1986; BC-FRIFRKEER), 2001; Az
PRI, 2015). DAk, 758 SRR A RIS R G X SR SR SR A I — AN B
TRF, HHFRHARG KR #IIRE) )80 e HARACRHE, AR 58 R A
ARG IR 5 B, A B T3 — 54 it g SR K (1 R AR AL
AN KN o

TRFEESE (2002, 2019) BFFEERH], 76k IR B - B/ KO R AR VR I i e
R A AR . AR K R ER SR E K, RS, M
e JE RS 23 X ) e = Bl 60%, TAE IR B L = nT LA B 90% (VL &
S, 1996; VL3 EAIVEMEER, 2002; FRFEFESE, 2019). UbAh, TRk IR A G
Mz i I 4%~21%, Horb s T b X AR 2 A A LA =l 7 e SR
HuDX I 5 £ (BRAEAESE, 2002). DAk, AR SCIE 4 75 e i p 2 350- 00 it PR 1



BRI IX A 72 5 iR 25 - B /K S KR T B WRRAE ()BT 0 ks X G P %
2 Bk i3 O AT TSRt 1B B RO EE GBRF55, 2018).

AR, i R A RRAR (TIPEXO M KM =E E 7 7 i RO I 2k
BT i SR X ) 2= - B K BRI OR S MR AR SR A4 1 R 47 B4 BE il (Zhao et
al., 2017; TS, 2018). AT, HIFASFEDULIN AR 1 BdE 1 AT 5 EAN R, 5K
BRI ot 2 A A S P SRR IR 22, RIS 3 R L s B A e 1, B E
BRI RRES ) 12 W s AR R M E S I (2REFS, 2016).
DRI, G ] A B R 23 A7 5 RO 5 470 37 Jn 2 e 1) 22 VR 4RI ) 52 R0 2 K
RSB A KIS S 1 i 2o A it £ RO R Y A a7 6 A0 B RHITE 5 20 A
R SR i)

BT UL %R, ACHEHE Zhangand Lin (1997) #2 H i) —Fh 29 838 20 % W 4>
#r77i% (Constrained Variational Analysis, PLTfR#FR CVA), PUASHE N 245
200km [ DX S5 AR R 96K e AR IR X, ST A ER KA AR A M A TR (LR
fETRR RN ) o BRI I KA TR AR K L I8 A R A RO X AR
2 BRI B s, T SRR B E S E DLROKIR . T U T

(Zhang and Lin, 1997), @ —ERET MBI KA HEARLE, R feiE
U LS e e JE RS B L. BB T A ) CVA Tkl Bt
BT NS H B S DXt f A E . HE P S S AR OAE YRR
ARG B AR S LA i IR IR (D Tk 597 — ST 1 1R
A (ERES, 2021, ARSCHAFHER.

bR b, MR CVA 7k T T M HAE 2 4 ARM (Atmospheric
Radiation Measurement) #h37 Wil 46: 4036 [ w5 K7 5L 56 X (Zhang etal.,
2001, 2016) AlAv U AR /R30S X (Xieetal., 2010) 5. HIT CVA TS
X T AL B 22 YR B kLB URE A F (Zhang et al., 2001; Waliser etal., 2002;
Xieetal., 2003, HEMOULIN (1 A J5E S AN 1L X B RS SE A RFAIE - AL A oK
WFFEA [ Hb IX IR - 25 - B K B R PSR AE AT AR L KRS SR o 3l 4,
Schumacher et al. (2007) FIF CVA 7742 TRMM i35 (Tropical Rainfall
Measuring Mission) FIXEINELHE Rk X bl A iy W S R0 il b = Fb AN [6) T 3 i1 )
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RAINAGEH; Xie et al. (2014) MM ZJ5i%0Hr 7 MC3E i3 (Midlatitude
Continental Convective Clouds Experiment ) (IR % 3k A 78 Fh 26 i R 40 5
52 MM HAER ;. Tangetal. (2016) [FIFEA1Z 774 GoAmazon2014/5 i
3% (Green Ocean Amazon experiment) [PJRLIIEHE, X b 1 #h T S b Hi [X 7Y 2%
A2 KA R ARV B[R] AR AR s JE 555246 (2019) Al Zhang etal. (2021)
YOS IR 7V b 17 38 = O i e R KU e A L e, AU 2% v S
AR AR R B K I R K30 ) A g S5 K AR

AR, RN LR R REACRS B (X, iR, 8D, R R
AR L IR EE TR KIS AR Qo AL KIRIE Qo B H B K RUEE R
BN IR . ARSCVE N Az 0y, () E R B A < - f K
LR GERFFAER FT . R/ o 5 5 T IR ) o 38 Py, 4]
A2 AR (2013~2017 5D B 75 ek JEUIR i 1k 56: X 3K -3 1A R RS
SIATECRAR, IR A2 R PR TRt H X A A B R S BRSSOk AR
5RA3 . RORKIREEE S .

2. KA ] P A HEE

TR (2021) CHIPRAIE T %458 8 11 Bl 2 7L 7 S 0 i i X )
X, DR AR S ) RS S g g R DX R KB T 7 41 B e B . 7ESC (D
R BTN B BORE N 58 = 0 i RO SRS (TIPEX-NID )3 (2014
8 A MERE, Forhr A SR E Bl AR A I B R L AR, AMNTE
TIPEX-T A HEAT L, A2 AR AW, AU AR A S 1S
SEFIFFSE, AR, Bk, AT EEBAIE— R (B 5=
L PRy Rt T R B TERL) A T A BT A B, DT A ST B K TR S o T
BAREMER, ARSOFRE T XA N R BRI USR5,
PG F AL 2014 42 8 H .

Bl (2020) Fe i, H ETHHFE5 A BRI 7875 i e i 2 PRI ) AN
B RO, ER B T WO A R AU o0 ) ERA-Interim T 4387 BRI i 22



BN, BAE R E AR ZE /N T 00, TR ZE /N TR R B AR = 11
bR AT PGB BRI, AR SO N2 ERA-Interim FE o ML (7= o [
1 2R G 2014 4% 8 HiLFZLEG MM ERA-Interim 70 BkH2 L i3
EHGEEAERGERE. BT IR Z AN R 39% 0.5 /N, 1fi ERA-
Interim P43 BT BRI AE 6 /NS, PRI AR SCHkIE B 55 P BT B 11X 1 14 3% i
EMLEE, DMESELF T e S AT R B, 5 E RS b SRR AL k2
JRRRA T A B I I ] () AR A LU AR AL, JRAESE H v tHEARAE, (EI I &5 5 —
3R T ERA-Interim PR HT4E AL, Horbil Aum S s 72 R R — 28, AR
U 1 Hh % PG B AE A 8] — SRR E OWIM? JEAT, (EHA I 2 i BILRA 2 1 41
1713 T 43 A (4 Hh 2% OB B AE R A — B 0. 2014 4 8 H BR/KSRE, 14572 04
1B /K HH LK A T R 2 R A I 3 B ZE LIRSk b, AT RS T /KRS 5 I
JEES R, SECRES RARE. EAKSRE, BRiRE EFEERA, b
FLZRIAT ERA-Interim F-4547 3 F B4k 380 B AR AL HE A — B

PE4e5E (2018) X bk T34 A E MM AN ERA-Interim F5 4347 (1 BRI 4l =
g NS JE A5 BN RS, X PR ARG P BRIE S TORM L, oAt N BTk
DRAF— 3o XoF LU P B R I, AU B 40y ERA-Interim 73T BRI B
POB RS, WA U R REEARES S AR, KRR R R E
S S FC B N (8] 1 AR B R 22 0. T4y ERA-Interim F-43-# 14 3 208 2 B¢
BHE, TEE5E (2018) SEXHEAIAR 43 23 i BT AN 40 47 J5 (0 KRS 2, RIUA
Y\ WA AKIR S B R S A T ARl X RS MR, =B, R
TR BIAE] 1%, S2br b, FARES (2021) tHKGE T A8t 32 i B R g i
RUMIRIN, 4 AR A R0 52 TR B I 45 AR A BT 4 R AR AL S5, R
REERTAGH — 2 W, HIX P mE N

PRI, 7 S0 U A R 6 A6 56 AN [ b 38 it B bR B RS (R s i, LA
i 6 If 1Y) ERA-Interim B4 T BEEME T 537, LA ERA-Interim P4 BT (1115
6 I PSR A P S R N BB b, HAR BRI A A (B IE PR AR5 B E
RS (2021)), AR 2013~2017 T B IN 8] 77 51 3450 0 in iR R = o0 A 2 dis
£, WHE PR NIZ 6 /N CBEH LR 02 iF. 08 i, 14 A1 20 ). 454
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Fig.1 Time series of surface (a) sensible and (b) latent heat fluxes (W/m?) at Naqu in August
2014, solid lines mean results from the Naqu boundary-layer station, and dash lines mean results

from the ERA-Interim reanalysis

3. FEAKSKHME

I FA RS A B 2013~2017 4FH4f 5, 43 A it 0 IX. 4 A 1) K AU A BA 85
FRAE. TREURYE, B8 B AT R /e H AL ST 02, 08, 14 1 20 I £ 3
I, DRI SCHE 43 A 08 it 050 X b T A B 1) H AR RFE RS, 15 AR OG5 18 R
REARFAX LL I (1 3 AT 5 SR, AR R R A5 AR  ( ARAE 3 2 AE I DU AN I o i
I, G0 S TE VRN M A A BAR 1 E AR, 14 75 BEAE AR SRAT AL 1 2% ][] 73 4
B 2 20 X FAE PR R XE . SR ARG (RS . B 2a R, W6



Y RURAE - ZE 11 A~ 2 H R, KU R AE X (>50m/s )£z - 150~250hPa;
27 7~8 HRI0 XX 282 KUl A/, JEARTE 16m/s LLR, 350hPa LAF XU
BERTE 10m/s DLR . AWAHERE, R85 A B 2 1 2 B T 350hPa A
., 350nPa LA T R il 2= 15 A8 A PO FEE AR R A0 /0N o DRUTER B v FE AR AR S B3k
THEZE 7~8 AlIR X L8 2 KGR EUINE, HARZEY, MM 2] 200hPa f KU
bt e B R 4K, 1T A 200hPa ) 100hPa Fr) XU i g 5 2 et/ . T 2b R A,
S DX R TR R e 2 10 F ke, IR HAE 2 AR 10 34040 H
T ERSE I KB T . /RO HHITE 8 H, —MAE 3m/s BLR . AU/ IR
M HBNRE, & HBRKE—RHIIET G 14 B, FR7E 2 AVIASIERK, #
I 7.0m/s; B b 20 BT XUEAR FLECR, SRR XURIEIREHHILE 2 H, 4
5.6m/s; /= 02 I8 A1 | 08 B [ i KU 4 - AR AL A1 82, — e 1.0~3.0m/s
Z I Eh, o LA 08 B ff) b T R 55 /)
B ES X B R AR L LA 175hPa oy 4, iZm BT 2 & B4
BACHKHE (B 2¢). 175hPa LU, “UREBWAEHIER, ke, &K
175hPa Bl b, IRERMOVERERE, ERKAIC, &&F &, KRGO (<-70°C) H
PITE 5 Hh~10 H ) 125hPa LA EIXH 2 T . B 7~8 H, IR E
G2 ZE b 12 (R L FEA e 308 0 8 B 8 o 7 K9 J2 T PRI 1) A< LU AH
FoAh A AR IR AR, I R O TR B AL AR I B XA IR S Tk AR
JE (2008). ZNN4ESE (2015) (R IL—F. Zhouand Zhang (2005) ik Ak
FIFA IR (2008) %45 i 25 A B A Tl e SR ERE R EE
FRECZRER . SETREME N ERE N — WA ERN S, R iR
HIAE 7 A~8 A BA) (B 2d), & HIEE KA 5~15°C, &AGRHIME L H,
FHIRE — B AE-18 ~ -5°C., )5 14 R e, sOKEHIE 7 A
(12~15°C), 20 I ()b AT i B2 N 14 IRFFRIAH 22 A Ko B b 08 I F) i [T il B2 41K
HZ7~8 HlN5°Ch A, 1 HN-18~-15°C; ¥ /= 02 It i 6 EEng v T 08 i,
o SR DX P B R T 2 — MEAE 9~12°C 2 1]
Fuetal. (2006) fiiti, ek )il 2 2= 1 22 p W3 XU, AEF2m R
JFEHL X FEPIRUE L FIRKIR S =T . B 2e BB, ARG X H 2 7~8 H 1
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JERASMSHEE fe i, WO (590%) A7 F 350~550hPa 2 8], MAS AT 4t ok
H, MRKEX 6~10 A KEEX (>90%) #B4b-T 350~550hPa, 11 H~IK4E5 A
A X U T 42 300~400hPa,  HLH#RZE 3~4 A KT 80%[¥IAH X1 JE X dk L 22
A LA 400hPa ZEfH1 %] 200hPa, 475 11~12 A %2 K MARKHE B BAR, Br T 1E
300~400hPa AHX i B2 7] 35 3| 50%~65%5), HoAR &L EFALE 40%LL T . SHbH
RS, MR (& 26) B, KR, HhRminigs &
LAE 6 HAR~7 AWIAT 9 A bA), GBS M A X — AR 45%~85% 2 [A],
AR B BLAE 2 A 11 A fi~12 A, —MAE 15%~50% 2 [f]. M HAE K
B, AIETHUTH RGEFIR TR 14 5K, 08 Wfd /)y, HuTH A B2 & 7E 08 i

B 14 k.
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i (A2 °CO 5 (e ) MHXHEEE (%), HHED (as ¢ ) Hm=sly, Al i (b)
10m Xk, (d) 2m ks () 2m AHXHREE, 84, fREk. LML 700 02, 08, 14
20 I CAEATND BISEER, RN HF R 45 R

Fig.2 The five-year (2013-2017) averaged (a, b) wind speed (m/s), (¢, d) temperature (°C), and (e,
f) relative humidity (%) in the Tibetan Plateau-Naqu analysis region, among which the left-side
figures are upper-level fields, and the right-side figures are (b) 10-m wind speed, (d) 2-m
temperature, and (f) 2-m relative humidity, respectively. The purple, green, red, and blue lines are
the results at 02, 08, 14, and 20 LST (Local Standard Time), respectively, while the black lines are

the result of daily average

4. m-FEKEHRE. KRBGHRE

Bl 3 JEan TR X 2013~2017 4F FLAE-FI A F = fE ) = A4k, 3
& 3a 5= P M £ 4 CERES (Clouds and the Earth’s Radiant Energy System)
(Wielickietal., 1996) #&{HLI¥IHT ] 73 ## 2 A8 /NS . 235 (8] 73 FFE A 1 T8
I BI 45 R . FEWIIE, CERES Bz Nk (AT 700hPa 22 K ).
H{ikz (A7 500-700hPa). HiiEzs (fi7- 300-500hPa) sz (fii]- 300hPa 2
O DR, H T AR RIS DX R, H AU — /T 700hPa, CERES K%
ZOMAESZMIX . FA o CERES WK K . thidZ 4 3ilsE Uit
KX (K z (500-700hPa) itz (300-500hPa), Rz (<300hPa) AR, AJLA
RIL, R X AL mm BRI 40%0L L, K EZ6~8 Auaming, 4kE
60%~90%, %211 HHfj~12 A =&, 4 35%~55%. I il X k= 1R
b, BEZBEIEADT 15%, 6~7 RS EIKE 5%, TR BELARNT2,
TEILAL 25%~50%2 5], HAEEZE 6~8 H, S{kzHML, Fz&E HBlEb 1
RFAE, 3X AT BB AALE X B 00 1 - FERH G o AR Z KR A4 1K = K
FiFER HIGEIH, haERMmN, SRETE 11~12 Hikb 2144 5% (30%
A @maBETMAMRARLENHE, 2~4 H, @ RN, ~8E
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10%~30%, 5 HH T T, 6 Hma & SRIGm, H 10%/ A1 % 40% /4 4 7~8
H, Bo®&R%E, 7 25%~60%, W masfEEdh s, =Mzt
ZH—M: Y9 H, SRR, B 40%A LR 10%/4 4 10 H~IRAE
1H, BoERIK, —E10%UF. BIKRE, B2, KafH b, mm
ZEBERLZ, XEEFHEFRREX S EEE TN EERR . A%
(2016) & HEH, HM & RN~ ERAHENENZER, BERERL &M
o E Y E T EMAEE,

N A E MRS X 2 I B A, 5L T BRI R S iR 04
BEERIN[] 70 B2 BN . AT 3 R0y 0.2590.25F) ERAS R Hr 4k (&
3b). ANETACH CERES =Wl AdE& THAK X k= (500~700hPa).
H1 2 (300~500hPa) FlfEz (<300hPa), ERAS ¥z 43 Ak (>500hPa). Hiz

I

(250~500hPa) Mz (<250hPa), fEmE XI5 FIgA Xl %R, ERAS
= m s MR s R TER/NER A CERES WL &S AFAE— E W ZE A
FHAR 1 CERES M) = R I AAH T . CERES I ERAB Z [R] 72—
T g2 BT CERES LM REUHKE M 7 #HR 28UY, S — T REZ
KA =4 ERAS 40T 4 SR I QAN e Pk . (BT . ERAS [H . &2
T, FERRLE I 2 5 2 SR RE I (s 2 A R T S, Rk
A A A ERAS BIE = 2= B BRRE ML 7 H I il 36 X | & s (500hPa BAL)
B (B 3c). 45REM, 10 A~ 5 H, WX B~ & 8L
£ 300~400hPa, F1 11~12 HmEREF RN, FF3~4 H, cHEEMN
400hPa ZEfHi % 200hPa. =z HIXLETE BH 70 A Atk SAHXEREE (& 2e) 73 AH1EL,
R R XIS, S EE K, HE R R FHE N = 1 TE
AR H B KM (Luoetal., 2011). 6~9 A, RIGX F 2K =2 ZIh. PR
b, - FdEm e A9 H, REXEZEZEMA REWD, MEE 7-8 A,
250hPa DL R = KR 2, X 5356 X R B & s KRR s &g e, B
BRI 58 [0 8 3 B B B K K VUM 2 KA e S Bk
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Fig.3 The five-year (2013-2017) average cloud fraction (%) in the Tibetan Plateau-Naqu analysis

region: () CERES-measured and (b) ERA5-reanalysis total cloud (black line), low cloud (purple

line), mid cloud (blue line), and high cloud (red line); (c) time-pressure cross-section of ERA5-

reanalysis cloud fraction
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BEK IR % o MR ZE R ST B /K I AR A — B, AR 28 S T 0 384 5t (1 B[R] H
WAE 4 H, e PRSI — N H . 3~4 H AE e R %R (Barnett et al.,
1989; FEHEAH KL, 2007 3ifi 75255, 2020), VR AR A1 9 R hn,
MR S IR F /N, FEBOKFREESTE 2, L3R BE AR R T, R AR HUR
b2 3G5R (EW¥IGSE, 2008; ERCEAEETE, 2011; 2R, 2018), MM NJE
W R R K I R AR AR T R KR AR (R R SORT E0 20065 Bao et
al., 2017). [AHF B2k Al FEiE i S R R, R S e v i 2 1 AR 4
FANFA, HE IR 338 558 1) 1 3 28 KR RE S KPR AN A 45 R, 1T 3 O 3R 1 7%
A AR AR K (Barnett et al., 1989; Wang et al., 2003; Yang et al.,
2014; 30, 20210, B 4b KW, IR X Hh R R PGl B A ET 3~4 H i
5k, 4 H 2GR ETES, R iEPOEEAE 4 H BE W, £ETFT7 HiA3HE.
Duan and Wu (2010) [AJA5 A FH 3 s 0000 2 17 v Ji o 2R S8 b [XC g 3 2 4 7=
KIEFERERLURACHE, EEFLIEHNE . RIS (2020) D) IR th K
R 32 1 X PR b 2 PR B AR A R TR G K, I L e B AR A X S A 2R, fH
FEE R E TR BT AIBERE R (2001) 4047 T 1961~1990 4F 1 7 ek i J5 AN 7] [X
R AIE R, RIUH RIS 4~6 AMRGR, FAE5 AIEBIEE, miigE 7
FIE R . (H™HgsR5E (2019) AFFT 1 2002-2015 SRR iR AGE &, K
RIBPGEEAEI 14 Frh 2 ETHES, JHE 4 HiA3E{H. Sun et al. (2021) |
RIS g 230 3~4 A MR R HGE B R, 7-8 H RS HEE R, X2
KN 3~4 H, il EAR S AR, A BHAR I 1w E 3 7 LU BT, sk
AL SR, MR AR, R SRR, 7-8 AR RERIRE, MK
I R AR ek D T AT IE PRI /KR 22, DR b b 3 R AT 2 KRR ik 55 1T b R 98 408
ORI 5 .

B dc FREA, St X 3 2B 2 A R A B K PR, KR G
RAERIA IR, WAEE AT Prjd s, KA R PR AR R IR
S FE B AKR I TR o B T 75 980 i SR A E TR — AN AW (2 1R 4%, 1957
ZE[E R4, 1986; &X-FHIFRFEN, 2001), &l 25 i B be DY B 3 B RS s
PR M R R K S0 B AR, Pl s i b2 SRAF i L, DU R A A SN

14



it (HEIESE, 1957), XA E Zm 5 NS P IRR U - T, &ZE0
Mo B2 IARITRES TS VT LA LA, (5l X E R R KRN
Jadt IR B iR . B Ad MIFEH, A e X 0 R ks e s, RER K
A ER R, HEE R R AR, &FFANTF, B
TR, ORGSR 12 BRI

Surface rain/evaporation rate Surface heat fluxes
ao (b) 1 1 1 1 1 1 1 1 1 1
6.0
T 40
E
E 2.0
0.0
-2.0 T T T T T T T T T T T n = "l - T T T T T T T T T l"'--“‘
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
Month Month
Column-integrated heat Column-integrated moisture
300 8.0 (d) 1 1 1 1 1 1 1 1 1 1 1
200 6.0
N 100 : 4.0
E 3
§ [ £ 2.0
-100 E 0.0
-200 -2.0
-300 -4.0 T T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12
Month

4 G EAR KK X 2013~2017 4 T T () M FK AR (SEEk) MR (m
), Bf7: mm/day; (b) HEREHGEE (S04 MEHER (8%, B Wim? (o
BERAERINI RO RSN RZD . SRE-FIR (AHSRZ) MR # i i s
AL CHSEZD, HAL: Wim?y (d) B2 RASKITR (SE4) AR KIS AR (A

25>, Hfr: mm/day

Fig.4 The five-year (2013-2017) average heat and moisture budgets in the Tibetan Plateau-Naqu
analysis region: (a) surface rain rate (solid line) and evaporation rate (dot line), unit: mm/day; (b)
surface sensible (solid line) and latent (dot line) heat fluxes, unit: W/m?; (c) column-integrated latent
heating (dot line), net radiative heating (dash line), total heat advection (thin solid line), and local
heat storage (thick solid line), unit: W/m?; (d) column-integrated total moisture advection (solid line)

and local moisture storage (dot line), unit: mm/day
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5. RAMEHEHEREE=-FKRIBKR

5.1 BAEMEFETRL

M2 1% (1957) SERHL, e AL B AR ETHES), AZFIF

2%, R ANE M X I B B AT e AN —FE . Luoand Yanai (1983, 1984) it

FLAEW, TR e SRR 1) X35, BT AR THE Rt i, B THa sl sk,
PR 7, E R i A B I AFAEAR R 1K) _ETHiE8), B TF0 A 600hPa ZE{H %8 100hPa
Btaf o BRI (2010) MIFE HiEHR 3km LA i S X DL X3 32 BT e i
PRt T AR AH B SR S b X B Dy mim B, K - e 22 5 50 T K <32 4
T, 3% 3 A E T X I A 2 25 A (Luo and Yanai, 1984; Yanai and Li, 1994).
P8 DAL 8 75 5 o S5 P 2 LIS Bl I, AN 545 A B0 K 22 72 v D e OBk
B A, XI5 — AR Z=E AT, PRI T T AR b T i R R 2
IEERIRHE . A SOl R B P2 A2 R LA (2013~2017) KA i e g, R
IR MRS X — A PRI B ALY, DUFE AT N (OB Fe el b, R
2 KT i SR KBS B AR

Sa %, ETZ (10 HHH~K4E 4 ), 400hPa LA, Rl X 77 15
HCBHT R B _ETHE 5l , XA AT RS 5 M Bl 46 T AT R S BRI R
(Luo and Yanai, 1983, 1984; Yanaiand Li, 1994); 400hPa LA_I-, WLyt
BNE. SRAR U s T s TR T 300~400hPa & EAE AR
a5 X _ETHE S A N IS s A AL, Moy T P X (i 3c). 1
Z= (5 H~10 Aa]) 1 ETHEsh A RE 2 HEHa T 0w xhm R 1E
ISR, BB R X ARG 2, 56X iy, 6~8 H, B=K
AU EFHEEI NS, (T AR A ik, R RS BIEGR AR (il
2e), {2t T m= IR (& 3c) Mgk fEsK (K 4a). 1A 5b -1 4 B R 4k
—HRY], BFERMNAL X R EFHE3I N E, & K & =ZELL 400hPa
W A N e, RN BTN YB3 647 . A5 ETHis gl
B HILE 500hPa [t DAAKZEGaE (£4-2.2 hPalh), AR, HFERG (Y-
0.7 hPa/h) — R E B E KRN EFHES), BALZE EFE3) IR R .
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NtizshsE g0 HIAE 250hPa fitiE, PAAZEsR (£ 5.5hPath), HZFEIRZ, K
59 (4510 hPah). BAKE, MR XREFI, HRFENH EAED)
SRFEAZEA K, (H T TS M ZE R AR R, H R s s 3 A S
HWRT LFiEz), X FEERFRE Xk, =50, R atk, ez
KRABERRGE (RS, 1957, BFAIRRER), 2001), ST TUtiastt
Bumzl, JHRELRET.

(@ Vertical velocity (hPa/h) (b) Vertical Velocity (hPa/h)
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Fig.5 The five-year (2013-2017) average vertical velocity (hPa/h) calculated by the five-year
forcing data derived from the Physically Coordinated Atmospheric Analysis in the Tibetan Plateau-
Naqu analysis region: (a) time-pressure cross section; (b) profiles for spring (purple line), summer

(green line), autumn (red line), winter (blue line), and annual mean (black line)

RHIFE e A R 5 A O 25 53 00 ) T R o 45 75 K v 3 b T 77 1 2
PIKFBE i (Wuand Zhang, 1998). MR FAE-FH g Rk E (K 6), B
SR R BAFELE TAK)Z 500hPa AR, 7E&HZE 3~4 &8, 1EKZ 9~10 H i,
500hPa PA I, BTV RELEGRAY, KRS A A, AR SR TR, I POKF
AFRONTE, JFTE 125hPa FE AT 300~400hP 43 BIAEAE B ANAF a0, H.
i EA LT R (B 6b). BF/KRCFR, W6 X AFREAR LT FRA T (E
7), T FiisE A LE 500hPa L (B 7o), DLERRM, EERE. T TRING
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HEEEE FSEBATHRA  (Yanai and Li, 1994). HZEH TR, HA
SR P ARG, L TR, MR TR X Bk, B AT RRK
KA

@) Hori T adv (K/day) (by Hori Tadv (Kiday)
100

100 ni lr LTIV 40
g Vil .
o 150 R ] 308 150 !
€ | 2 spring |
~ 200 (I £ = Summer
9 g a 200 - Autumn

250 20 3 Winter
3 s < i
o 300 S 2 g5 -
4 o 73
£ 400 105§ 300 -
Q- 500 &

600 0 400

i 2 3 4 5 6 7 8 9 10 11 12 500 —
Month 600 : . . | |

41-9-7-5-3-1135 7 9 11 " Horl T adv (Kiday)
6 ke E A G X 2013~2017 A AP IR - (BRAL: Kiday): (a) B
[)- = BERI TR, I B2 AT K28 (BRA7: mm/day)s (b) & (K2, B (44, &
(2D, & (L) NWZFERFFY R WIEREL
Fig.6 The five-year (2013-2017) average horizontal temperature advection (K/day) calculated by
the five-year forcing data derived from the Physically Coordinated Atmospheric Analysis in the
Tibetan Plateau-Naqu analysis region: (a) time-pressure cross section; (b) profiles for spring (purple

line), summer (green line), autumn (red line), winter (blue line), and annual mean (black line)
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Fig.7 The five-year (2013-2017) average horizontal moisture advection (g/kg/day) calculated by
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the five-year forcing data derived from the Physically Coordinated Atmospheric Analysis in the
Tibetan Plateau-Naqu analysis region: (a) time-pressure cross section; (b) profiles for spring (purple

line), summer (green line), autumn (red line), winter (blue line), and annual mean (black line)

5.2 RIREHEFETRL

o R AR — E R KR AR B R EE T —
ANMERIHIE, HELZ, RN X & —NAIE (2 IE%, 1957 it
#1F, 1988; YanaiandLi, 1994; Chenetal., 2003). SR & G EHILE, A[H
MO DX [ PR AR I (] AR F R FAATEZE e (E B IEFI = B, 1979 R R4,
1986; AP FIRRKER), 2001). ASSOREA IR A AL AR Qu ATALZKIRIE Q2
(Yanaietal., 1973) KA 5 S a5 XKW FAEARARAL, =k (D) - (2):

0,=0,,,+L(C-E)-== (1)
0 Ia)l
0,=L(C-E)+L "ap 2)

Hg SRR, L OwKIREES %, C RS %, E ABKIFIK
ERE, s HTHIIGE (s=CpT+g2), q AKKIEA, o NEEEE. hhmT
W, Qo H = IUZH il {FHm S IR 1K IR I S T BRI AL i 1) v T LK
Q2 HITIRZE fl:  ZKVR 4k 46 RV I P I LTS, Qo I BB R /K PR 45 P /K
FIT 38 BRI Bt Qq TRk (Yanai etal., 1973; Yanai and Li, 1994). A/DHF5E
T, AIRBRESIE e IR S5 R UM i 2L 5TRR A 1 (Chen et al.,
1985; Luo and Yanai, 1984: Yanaiand Li, 1994; #MX-FFIFkFER), 2001).

A AR5 XA T R 453X . Luoand Yanai (1984) BF5T 1 1979 4£ 5 H
R~7 AW 5 AR B A E AR BRI 2544, R IR AE 150hPa~500hPa 54 ,
JKVZILAE 300hPa~600hPa i,  H /KR A4 i K2 & SRR 1) =73 2 —,
T B v AR B I R IR B 1 KR IR 4l T A, A G A i L a1 RN S
PR E L, FR, MATERI, @IEATELWE, AR QMRS MR
L SKEER” FRHE, B E AR TR E PR NERER I, &R AR
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JZ (300~400hPa) M#AE, ETCIBHRARHHE, ZKIRIC Qo 5 AL ARIK T #4E
Qu s Ly, BEBA BT IRRTRESE 8 BB A 1) AR . Chen et
al. (2015) NIFIF 1979~2012 FEL AP LG R, b T i J5 7R 30 5 2 4 [ R 1A
FAERT AN Qu Al Q2 IFEE 454, KIL Qi £ 300~600hPa FIL AL, 1E
250~300hPa I N HIRN, 11 Q2 B 1 5B EE/NT Q1, HIEE LMK Qu
f—E. SRk, A FCE 2 2 S0V i S 2 = R I 45 A8 AL, A
CROB TP R I As A, 3t — 2 A S 56 X 2400 Qu Al Q TR H.
LERTHAL

Kl 8a W], ARHAL: X QM B4 =Pk Wi, KX 500hPa LA~
)9V, 300~500hPa 1 100~150hPa I A#wi, 150~300hPa JIl HA W 2=
WEFE, EXETERWNAWE, EEKNERI PR, FL b, LXK L
TR 6~9 HRIABRITHIT 2 A TLF- B 2k, 3 R K IR A2 Kk Je f fit
TREKAERE. B 8b K, WX KAAFE— MR LAY L, ¥
JsH AT 200~250hPa, #0734z - = 400hPa Al J2= 125hPa itk
HEEREE TR ERE, XA E ML E S Luo and Yanai  (1984) Figf
WA (2011 B RIUARML. FIHPE 20 2R 53 ZE 00k 2400 i A0 i3 X K< Qu
I B 5B A

500hPa LA R LI, Q2 RIM NHE (K 8¢, 8d), FHIEHTE, QMifi
RO S5t 3R, XA A 2 B R R K 43 28 51 I T AT K AUKIR ST =1,
HUTH RN AR 55, RIS o B0, DR 455 2808 T i iR e X 4 T
BT R Qu RIAAE. WZE, KEKREZ, Q2 RILH M FMPISS
IKIREEEEVE Ao, HLIRI I PR B RT /K 2SR A I R, /K PR3 made ik vy JiR
T (RPN — E M F5/EH (Chenetal., 2015), Ui RS 8E BN
HARA ), MEHEZ T, RASBNITHITI AR .

12 300~500hPa F FASLE A 7] 215 1) e R AT A DXl o 7 s o DK )
T SRV EAR S, SN RO v 2 KA AR IR DR P DA 2 AN T (b8 1 4%, 1957
A FIRRRFE R, 2001). HI/&] 8d AT, Qo fEAHFTZEHIPETI NIUE, BbfEi%
IR, L AAE AR S, /KR s #oin #4 . (BFET-2%, 300~400hPa
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2 B (AR XV B AR L A 3 B 2K (] 200, mE i EEE R %R E (B 30,
PRI T2 v 2 AR AT R R 7KV ES i = AR TR T P O Ak, W IRE T
XL (5D S0 b 2 R ) i B A0 2 o S IR I it A — 2 Duik. ZAK
W, QuiEHERINIEM (KB 8¢, 8d), FamH LT 400hPa fftif, Hid)z
Qu FE L — B, PRI AR Rk 45 08 FA02 WY 2= v J= TR B 1R B PR o ik
B XRAKIRE TR, BB BT, AR TRas g A, 8 A5 X
bR E) BRI S R RE AR RE S I K kS B, TR
20 ARJE BRI BT ) AR, FLMET 8 X (0 B A AL 16 By i
2, PRI X 7E 6~9 HJLPRE RN (K 8a). 1 T HEHZM
EFRTER RE AT Bk, XA RE R EKEZNEKETEDE
400hPa PR (1 # I8 S LL A B Z=1559 (K 8b) I EZEJEA

XFT 150~300hPa ¥/ 5, i bRk, FZE THgsRm) EHash ., keSS
AR AL, RARBUOARIE, BAETZE, Qi RILHR TR H RN
(<-10 K/day) (/] 8b), TfiiZ )= N REME [ BRKIRREE T AW Q2 Z11R S (&
8d), IXEHIARAHA N TFFrh w2 KA TEE B DTRIR /N e [RINF, &
R R ia ik (Bl 5b), R RTCE R BRI s = R, &z
RATFHRB RS, AR T Z0 X & 2 KR Qo R I A VR

B0 [X /2 150hPa LA s8R, Z s Q2 )L N 0, RMEZILTFA
FAAEKTRIBSS T BUIIE BB A (BAE B A AE /K TRB AR I v /K E [ E B e
SIERRECE AR, PRI/ RS V8 A 2 e JE R 0 R 2[R 7, [ 3 Uk
LA 8 2 KA H , PR ik X v J2 10 DR A IR AR A AT i A K PR S
I % (Yanai etal., 1992). Kl 8b RIIAHETEH&EEMIER T EHKWZ,
HAZER, MAEWSE, HTESSWEE (B3, il 17— KA.

K9 RERERTEERDFR<Qi>. <Q> R HAHKEMFEZ M, Hri:

(s’ +Lq o’ o w’
01 Qs = Qraa =~ 2 ap) = -4 )

PRI 7N BE A T LI I A%, AT F SR W RO Bl ) 5 58 . IR
i I REaE ERGEOOR, UK OBANRE , O 2 I R, HeaE B> (4G
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FONEEE KA H /IR R (Yanaietal., 1973; Yanaietal., 1992), i 9 ]
W, WZE 5~9 H MR X KA NHUE, XL 6 H~7 H - ik i
(200~300W/m?), FHp A4 A, HAE 12 Fom (£9-80 W/m?), Xl <k
VRIAE A S T A BRIE ) (2001) IR INEL—3. <Qo>FR B2 KA H T b
TR R T i BB T 3, 4~9 F, <Qo> 5 <Qu> A8 fb a3k Al il ——
SUE IR Lh<Qu>/NZ) 100W/m?, X FRIRUEIHZE RN R, KV IEESS 1 #4 2 T5 il b
X RGN FZ TR . MAETEE, <Qu>RIVAWHIS, it 7 KAV
(IR Wit /) ol B M 7E R R IO IR0, FLAE E 2R iom, Ui A 2= A0
WG X R AR R E, WHAER R, R E Rk 2 W EEFEE, mEAR
0, RHETEAM, WERM T F) MR,

Q, (K/da
() Q1 (K/day) (b) 1 (K/day)
100 TITTITAT | R =
= Il 1 " [ - s
o 150 i ‘ 308 150 - Ave
S \ 3
o 200 ‘ E 3
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@ 400 105 § 300
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8 T E AR X 2013~2017 H TN (a, b) FHWE Qu (Hfz: K/day) i
(c, d) PKIIC Qe (Hfiz: Kiday): (a, c B [Al-w BE IR, Pl SE e 2y i /KR (2
fir: mmiday); (b, d) H (K&, B (G, K (U4, & (B WFELFETH (B
28 Ml EEZ
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Fig.8 The five-year (2013-2017) average (a, b) apparent heat source Q; (K/day) and (c, d) apparent
moisture sink Q. (K/day) calculated by the five-year forcing data derived from the Physically
Coordinated Atmospheric Analysis in the Tibetan Plateau-Naqu analysis region: (a, c) time-pressure
cross section; (b, d) profiles for spring (purple line), summer (green line), autumn (red line), winter

(blue line), and annual mean (black line)
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Fig.9 The five-year (2013-2017) average column-integrated <Qi>(solid line), <Q>>(dot line),

and <Q1>-<Q2>-<Qrag>(dash line), unit: W/m?

6. BG5S

ARSCR PR D KSR o B A TSR, A s s B R it K% JHC s 200km
P DX AR A FOIREG X, #EA7 T 2013~2017 4% 6 KA a5 51 RS 4
B, JFETTEFHRER, o 7R X 45 K ERHES = -
FEKIEAEAR S BN /1. I E SN, FEPRE R T

1) kiR X 350hPa BA b (BAUF) BIRGEREZE TR CREED, K,
S X AT 150~200hPa, FEAE 11 A~k 2 HiR K (>50m/s), #EE 7~8 [ %
JZ R g i/ (<16m/s), T B A b B 55 - 175hPa LA NI A B B s, X341, 175hPa
DA Bt ok, 7~8 AR EER M EV L, b &E 125hPa DA E H 44
AR H 0y (<-70°C) o AHXHIEEE sl A 0 (>90%) 7E 6~10 H {7 T 350~550hPa,
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HA 43 7 ) 300~400hPa, ot 7~8 1 (11~12 ) 82 K MR i
(M) . WML ST E , M KUEAE 2 H ok (29 7Tm/s), 8 H fi/)s (<3m/s),
U AGRAE 7 H~8 H Lfufem (5~15°C), 1 AEAK (-18 ~ -5°C), HuIfiAH*T g
JE XA AR, € 6 H AK~7 HHIA 9 A EAyfcs (45%~85%), 7£ 2 H A
11 ArpA)~12 A fik (15%~50%); &F H i XOE AR AE 14 I foR, 08 I i
7N, T R R XS 38 B A S

2) AR AL X PR KA 6~9 1, Hrp X L6 A~7 H b KR%E 22,
WX B nBIE 2, RN X2 R0 EAEah s, WKAM K m
Wk FEE D BRI, KaMP D . BREFN, BNEES 5T
i TR N T W = 7 QIR S S D e e =)= O e et 1 A PN ST 7
fif, 300~400hPa =% EAE N ILE KA _EFEEh M Fylisshfss fat, ST =
EWESX, H11~12 A Z SRR 1 AL X K FK I
BURE, HRBATEES 3~4 Hiil, IR a0 A KSR A 2
M Gl B R AR E AR TIO sR. KHUE =i R R
Hh R A T BOI 56 X 42 4E7E 500hPa LA T A7 7E/KFHE i, 500hPa LA T
SR ZN PR PG UM SRV JIAFAE ¥~ IR0, ¥~ F- I i 4023 Sl A7 - 125hPa A1 300~400hP
Ak, BEG DXCR R KA AAE TR, EER L TSRS FiR, b7
TG X HI7KIR

3) AL X AR Qu TR L4y ERFE 43 1, Qi1 7E 500hPa LR
K NIR, 300~500hPa F1 100~150hPa K I A #, 150~300hPa NI 7E 4 T2
RIUNAIR, EEMNERIHIE . AFEEE R B R R R AR
HAnphmARNER S EXERANMNERANER, TEhREE
150~300hPa ¥ K ¥ W 5 i |2 KA H A G K, mTFdE
300~500hPa [ #Als 5 K VR HESS i 2 2B TR0 4 DL R P IR 0 I nt i 2 gk
IR E A DG, )2 AR T A OB AR S A DG IR 6~9 H, lERIX
AR ZAPIR, X E B IR KT EFIEE) A RS R KA
TR A T o
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£k b, ARSOR I EL IR KA B AT A R, £ 23 A 22 IO A U5 A 2
fitt b Xk v S it 16 X P KR R RFALE M AR BEAT 1 O PEAR KB 7T
KA B PR S AR r B r Br AR B  HAET = RN (D: iR
Pl 7 30 (CEARIESS, 2021) KYJR2R4h 78, 1F izt RN f D5 i i 25 7 4 .
EAJLRREER: i ACHRMNEEERGE R TEZ CHzETET
TZEHED FGIE SO 59 R RA AKX (Zhou and Zhang, 2005; 5k AK
AN, 2008), FHEFEZERNFRENEE, BIBEEAHRZS . RZEH
RKPHEESTEE 2, o0ty 2 AR AT 828 Dk, 1T sy 2 K AL A Lo A i AR
TR A S B3R ANE A, A B 2 100 7T, AR S e 5l
DX e 2 (1 AR AR A AL+ BRI 20 SRR, JCHERAAE R TR, AR
HARSRAN, XA LKA AL B AT REAT = SR R 2R K, AFAE X 257, 4
AR, R, RS ER, R AR AT AR AR R B R
DA R ES, X ERAE R Z ENUE. =AY 1 w5, IFR%E
RAVAHERE, BRI s S = R R IR AE BB, 100 T & B R i ik 2%
AEAM o PRI B o BT 28 S 2013~2017 F A TFHIMAE R, AR =
JEOHR st 3t DX R R OIRDL I 18] ROBETS AR, 2 ARG S BAT — ek A Pk A
IATEER, T EAE T DR TS R RV B R L, 7 A S ] RUBE A A
.
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