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Abstract: Based on the monthly ERAS reanalysis datasets, the study considers the mean flows and
eddies in the stationary or transient transport by using the Lorenz circulation decomposition method.
The purpose is to compare the dynamical transport characteristics of ozone over the Arctic and the
Tibetan Plateau in detail. The results indicate that the effect of the dynamical transport is the strongest
in the upper stratosphere of these two regions, which results in the reduction of ozone. Further analyses
suggest that the effect of the stationary transport is stronger than that of the transient transport, and the
zonal and meridional transports almost have the opposite effect. However, the intensity of dynamical
transport over the Arctic is much greater than those over the Tibetan Plateau. The zonal transport over
the Arctic results in the reduction of ozone in the upper and middle stratosphere and the increase of
ozone in the lower stratosphere, while the effect of the meridional transport is opposite and much
weaker. Both of them mainly function in the upper stratosphere. Over the Tibetan Plateau, the intensity
of the zonal transport is the same as the intensity of the meridional transport. They almost have the
opposite effect except for the top of the stratosphere, where both of them lead to the reduction of ozone.
There are two centers with the strongest transport over the Tibetan Plateau, located in the upper
stratosphere and the upper troposphere - lower stratosphere (UTLS) respectively. The differences of
zonal and meridional transports over these two regions are mainly caused by the stationary transport
by eddies. The differences between stationary and transient transports over the Tibetan Plateau are
smaller than those over the Arctic. Furthermore, the transport of zonal mean ozone by eddies plays a
dominant role in the stationary and transient transport. Consequently, the eddy transport exerts an
indispensable influence on the dynamical transport of ozone over the Arctic and the Tibetan Plateau.

Key words: low ozone region, circulation decomposition, dynamical transport, stationary transport,
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RARMBROR IR EZE MR 2 —, BRI HIER)E 20~25 km &b, &b
BRAZ S R GE DR P AP 000 2 1) B R (R H R 4%, 1998, Fifi 2645, 2017; Zhang etal., 2017),
HHASRF R T2 T EXHRUZ % (Xie et al., 2017; Haase and Matthes, 2019; Lin
and Ming, 2021) , XFHBERORSMIG FESS M B S 2L hEH (EE%, 2008). A, H
20 48 70 FALLKR, EFCFREREBKIMAFETFEN SR, RAZEh TEIBAmEE, 3
BUK B R AME SN 77l B RIA R, [R5 I8 A 27 SO ™= A 1R 55 2 S AR I b R B i
Ry s, AT MR b FR 2B i B (Stolarski et al., 1991; WMO, 1995; Solomon, 1999;
Lucas et al., 2014; Tang et al., 2019) . Flitt, SASGFEREG]E 752 kvE, HIERER
(I T a3t — 20 iR S A A FE T O LR R B A DA S R B AR S B A HEEH .

H Farman etal. (1985) 5 {X7E A BROW I 217 5 (1) AR RS, RIX RASFERRCAN T
[ gt 7T 84 i £ 1970-1990 SR [], A 2 RIALA R A I T s, BIEiRIE R AR,
EHBFEE A E (WK E5E, 2008) o FEFALFEREFZHTAT LW 2LV 2 A R
PR EIRFEI S (Douglass et al., 2011), 2020 F35Z= & WM B ALK P E R AT AR A
K H R ZU ke (Manney et al., 2020). V2R, Rt ViR = R A 2 g 1%
53 id A EAER )45 5 (Rowland and Molina, 1975; Pierce et al., 1999; #ifHE4E, 2010).
L AATORE A o PR 3 1R At =044 (R AR A RT DU T R A B B2 TH FE SRR, S SR S A RE AT S I
] (Wilkaetal.,2018) . EHEN T, A LIRAZ TR ZTE R E R0 e, HA R T
PR E = AR R, #EREE T R 2= 404E (Livand Hu, 2021) o P&, B rhomah i vh
WEIA Bt 1 s AR BN S, SEUPEE E & REAR T UR M ik 2, [
I RE 5 5 M0 S S A5 M6 ) FLA AL 7 B e DABE AR, Xtk — B e it | R FE R RRSEAR R
(GRERSGEESE, 20160 o AXMER H, 374 M aofl SR 2 i fb 220 A, 2R 0 S A 46
PR EAER],  PRITA TR SR R Bl A R

BrEa AR X A, 8 A7 AE B B 1 B A B AR R (Reiter and Gao, 1982; Hingane, 1990),
T3 — 3 X5 SR 2 1) XA o S M s -, i U8 1 (Xiaetal., 2018) o HT-HIJE (%7
RN, TR v SRR (R AN Bl DR R R R R B R E A A (R SR, 2005, EIRISESE,
2008), T KL LI e (R ik 2 SR S48 00 A, 75 e R W S 1) B TR A S R B AR R
TSNy BAERAE O B H IR T AR R (Bianetal., 2011). A (1995) A
RS =226 154 (Total Ozone Mapping Spectrometer, TOMS) T2 ZE Rl & B - 2R E 2=
98 e -5 () 20 B v [ R b XA b SRS B R (IR B 1%, AFAE B I SLEUIRE O, JFHE
I Y B R AT R e R 8 T s AR A S B S R ) B AR Sl . Guo et al.
(2015) FFHMBEIGIARNES (Microwave Limb Sounder, MLS) T2 £ s fI 4t ki, o047
RILT HE e R B AR BT ) ERBLO A, O AT EXRE - PFRE X
(Upper Troposphere - Lower Stratosphere, UTLS ), s H O AE i ZH E#l. P2 /iRAS
KREFRREA RS 4R UTLS X SAEURME TR 2R, Ak 224 AR
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§5 (Liuetal., 2003; Tian etal., 2008; 755:7K%%, 2016; Dasetal., 2019) . A2 FEn] et B
B R AR R P 2 EEH (Zhangetal., 2014; S5E4E, 2017) . KIS, sh15mEst
R b RANEE A ERLEE (FRI9%E, 2012; Chang et al., 2021).

T A R AR AR R AR RN O K EFFT (Previdi and Polvani, 2014; Son et al., 2018;
Damiani et al., 2020; Ivanciu et al., 2021), T1db4-3k il T 52 B HU 7347 0 7= AL AT 2 P 52,
AT DL H R AR R A LR BRI 24 (7K =, 2006; Smith and Polvani, 2014) . £ i
T W5y J i i Rt A AR 3 e S SR R X T 1 5 R e 240 B 24 A (Liuetaal., 2003;
Tian etal., 2008; [FR[%)5%, 2012; G4, 2016; Das etal., 2019; Liu and Hu, 2021), [EIMHEA
PRI Bl 7 ik A BT s B Aj SRS (A BRAL . AT AN X B0 Sk 0 2 R i AT
3, HZ Bt TS AT 7L AR T IAS, A B Fidih th BAR-F S5k A i, {2
P A% i 38 TR A R AN W] 22, LT~ 406 1 ik 3 1 e i 11 4 FH A7 #E 22 7 (Kraucunas and
Hartmann, 2005; Egger and Hoinka, 2011; #¥f%, 2014; Xu et al., 2021), #fi 8EINELH8) 1)
IR B TR NS LU PR AN HBIX 1B 7 IE RFE . BRI, ARSCRIFH Lorenz PRI 43 fifi2 Mg A0
WA D 5 Y 030 T 14D 8 R Sxe AR AN 5 3K v S~ 0 J2 S R IR 3 0 Bk AT TR A P I 25 90 i
M SE N EAR I 1 A — 35 22 TAl ) 22 57

2 ERFIEE
2.1 &R

ASCAR Y BRE 32 BEY R A 1R A P H 0 (European Centre for Medium-Range Weather
Forecasts, ECMWF) 24t ERAS Fi /o triidiafE. ERAS BERIRIH Sttt i Ur R Ab R Gl 2
FlUL IR 45 A B AR AR S GBS, 2021), 43RG T LI B0k 7E 25 171 78 o5 B 5 [a]
PSR ERIAE, BHAREFIH . BS99 558 (Chang etal., 2020). b4k, ERAS %t
KL 1000 hPa 2| 1 hPa, A7 37 MU=, IX R0 B 77 1) 1 & 0 HF A7 B T 3l 0 s
T FR B RE SHHE E

SR, T3 AT G R 88 T b (i A P A0 6 SR 5 W B R A 4 S 19 B, 2 B T
R T S8 T R VLA E B AR E SRR ZE I, KSR R RS IR Bl
R, HXSEBU IR ST REAEAEZE S GRORERAIFFEAR, 2009). AN, REFFIEAEESE 2
) S48 P R AR P AT RE 2= AR RIS, (Dragani, 2016), 7R TR A SC S R P I 25
R R R R I (Ozone Monitoring Instrument, OMD) R ¥R X ERAS TERIEIL
BRICE I PEREAT 6] S0P Ak, DABE ERAS AR ST AT SEvE. FIH 2005-2020 4 OMI
REEE (Total Column Ozone, TCO) H-F#%i#ls (|fL: DU, 1 DU=2.1415x10" kg'm™),
W FAC R IR 5, B2 R I Be N ABAEER OMI A Bk ERAS F43H 2dfE o
PRI REARSE (CHKFPEREN 0.25°%0.25°) 7K Fa46 (B 1D, Xt ERAS 84
e & FIVEREAT THR . PIAPEUE JEFBR R A B AR I E 5 T 240 DU H1390 DU 2
], SR X 2 B A R s A X, AR OB AL TP PG AL R SR K e B, 34 375DU
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PAE. REAMEX EEEPAEMRAH . HhAh, 70°N LB RIS R 22 BN RO R 610 <5 ke
Xt [RI 26 B H AR X thoy SRAERAEL X o PIART SRR BORPEUE R/ 2, 57 el e S BT ) PP AR 2
H X JE I o

90°N

75°N
60°N

B 1 JEEERE A (2005-2020 £E) F# TCO /K-FoAildl GHEE: OMI BMBTEL, HELk:
ERAS f3#rBkE, #AL: DU

Fig.1 Horizontal distribution of TCO averaged during 2005-2020 in the Northern Hemisphere
(shadings: OMI datasets; contours: ERAS reanalysis datasets; units: DU)

BEAh, T OMI RS AL AL SR 5 22, AT 56 F o bE 7 75 7 e S P 7 6 2 9 | ( 25°-
43°ND IR AR . XFEEHT 2005-2020 £FiZIX 3K ERAS RAH 2 HrldE 5 OMI R K
(132 H AIX 1% Z (relative error, RE ) FIAH X} 42 75 #i 1% Z (relative root mean square error, RRMSE )
RO, WIFHZRLZ E RE % H#91%F 2.10%, RRMSE ¥{&F 3.00%, [Kifi ERAS 5LA%E
TET5 e SR BT TE 4B FE 7 PO F PR . Wang et al. (20200 3R 8] ERAS R 4&7EFi 2 I
SWMBE AR 41— 8. HAT, ERAS RAHHTERILFR O 2 MM OOk,
2019; Park et al., 2020; Zhang et al., 2021, HRHZEHR O 7 AL HR X 1) 5L ARAR FRAE 2 7]
1TH
% 1.2005-2020 £F ERAS #7pHr#0kLS OMI WM BEEL TCO (25°-43°N) (1132 A AHXT R ZAIAH
XTI IRZE
Table 1 Monthly relative error and relative root mean square error of the TCO between ERAS

reanalysis datasets and OMI datasets averaged over 25°-43°N during 2005-2020

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

RE (%) 208 196 183 166 162 176 163 151 15 113 126 172
RRMSE (%) 232 220 200 179 179 200 180 162 168 237 299 280

R, A SA SN STHERF O R B 1979-2020 4F 4L 42 4E 1% ERAS A SEHEGE, B3R
W (UL V, B4 m/s) 5REFRIBE (05, H47: kgkg?), K HERILN 0.25°%0.25°,
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22 ik
2.2.1 Lorenz IFm 50 i
KAagshh, RRARE R R A7 AR 42224 (Lorenz, 1967) . W X 7L [A] A1 75 [A]
AT RAG o3 R -
X=X+X (D
X=[X]+X* (2)

Horh, X =< [ xde, Form T, X ROREPPA R, ORI [X] = 7" XdA,
Bl nE, X Rondimng, 1 Rn&afk.

W) EE A BRI (] P IR T T8 3 U A T AR Ak A ON e A B AR AR
i —wrEH X £x. SRR RGEH v FZoan (FXCNIE), W Xu R840 EE fE1E 23 6]

AL — R AL A ik i . 22 X v A EUEE w R IL S 2 A A .
S8 38 B X AE I () 1T LA A

Xu=X+X)u+u)=Xu+Xu+Xu+Xu 3)
=Xu+Xu
Hodh, X0k 5E it il & (Stationary Flux, SF), X'u HBFAS 411 8 & ( Transient Flux, TF);
T IR P T5 43 ) AT 25 [B) 43 ik, WUAS B S5 G 8 W S5 R A DA S R 96 T P S L A2 PR i 12 T
(Xuetal.,2021):

([X]+ X)) ([u] + u) = [X][u] + X*[u] + [X]u* + X*u (4
([XT + X ([u] +u)’
= [X]Tu] + X*[u] + [X]u* + X*u’

AL EFwHEAR () FBRAHE AR (5) P4 ST 5N SFul . SFu2. SFu3.
SFud FI TFul\ TFu2. TFu3. TFu4, [FIER1S v J7 1) b e s FmE AR ik 2 Io 58 SFvl .
SFv2. SFv3. SFv4 Fl TFvl. TFv2. TFv3. TFv4. 0 EFTiR, TUAT#3 B3R5 2 A5 TR A ik
wE. H,

* 5 ik 1 1Y T -

[03][u] (SFul): i) P54 ) AT 5L ) T35 (1) 58 5 s i &

03"[u] (SFu2) = £~ X124 ) KU S 58026 1) i 22 FD 52 ik T

(5

[05]u* (SFu3) = ekt BAE S m) 135 1) o ik s &
07w (SFu4) « TR IERT 548 2 1 22 1) 7 3 il i
« I A i 126 16 Y OO«

[03]'[u]" (TFul): Sl P22 [ W 548 26 [~ 223 F) s A i 24 30
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05" [u]" (TFu2) : LH-F- 528 1 Rk B A2 1 22 1 A i 125 1 e

[0s]u*" (TFu3) « i liEhs LA i1 220 F) I AL s i

03w (TFud) : RN BLAE 2 7] (i 2 [ 5% A2 fiok 3

2.2.2 HnikimE EHUE
BRI R AL B8 s S AL A5, RS IRATUN S e s Ju it AR, d8 ALy
T2, ATIEALR IR BN 05k iE sl ) AR I R AR e, BAR AN

%z - (07) = V- [0,7 + (0,7)] = V- [057 + 0 (037)] = -7 (057

(6)
_Ka(@)+a(@>)+a(ogw)] D = — (Do 4 Do)
= H \%

0x dy

A (6) A D R RAEHE B EHUE, -D RoRal 1 ik 5] ke ) 5L 1) Rt A2
1k, Du 15 Dy 23 5l 37 SR I /K TRk 8 fE 50 5 2 B s S . ROV EEUE RN, B
PAAR ST TR 7K 7 M B

—Dy = —(Dy + D) = —(Dugspy + Decrry + Dycsey + Dycrry) €

230 (7) H Dy A Dy 73 B IRER R BUE FIZE B, Dysey Rl Dxcrry 20 0 8 SR 6 1
R A PP RN 2 [ B AR IS IR, Dysy M Dy 3 70 27 SR S8V IRV 2 1) S 0 a0 226 58 R 28 [ A
Wik U .

g 4 . (5 AT, BIEFEIAR (8

D — [0(SFul) O(SFuZ) d(SFu3) 6(5Fu4)
= ox ox 0x 0x
a(TFu1) a(TFuz) a(TFuS) a(TFu4)
O0x ox ox (8)
B(SFvl) a(Ssz) 0(SFv3) 0(5Fv4)
- +
dy dy dy dy
_O(TFvl) 0(TFv2) 0(TFv3) 0(TFv4)
- + + +
dy dy dy dy

A SR T 58 W AR AL LR S0 AT i e SR S 25 J00 S Gk 2 Jm A2 A R 2 o

3 deiRFEES R X REREFE

K B i BE AR 2R AR S R 26 ) P i 3 il R S A AR, R sk R R A A H
ARSI CARREE, 20060, SRT, FEAGEBRA EEiH X O R A A E R R Y
A5 (Zou et al, 2005). JbARHLIX f T RABFEIM R RZL, BT #H TCO & I
SLAARARE ], 175 7 e St DX {of P S SRR 4 ) 22 (TCO™) T BB BE 17 b 5% HH FLARAB RRAE,
JIT Ay S Y 1t 2 R T AR 75 g 2 i R U R DX 3 AR AIE, A SCR A TCO Fl TCO™3E[H]
1 A0 5 T e it X AR X AYE L, JFARYE TCO A1 TCO™IAR Fr HH I B[] B A £
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5E SN IR EIRAB OB U B 18 2 ATE 3 730 il H T 1979-2020 4RI 2E BRI (60°-90°N,
0°-360°) FIFFMERZEHIX (15°-45°N, 0°-180°E) TCO 5 TCO*{1i% H 53 1fi -

M 2 ERIIAER X TCO Al TCO™ LA K E, btk TCO 4K, E Kk
fiX, HAFMEN 352 DU. 6-11 FJAbRZEKE 7 #IX TCO T4 FME (K 2 f-k), 1 M
12 FAAEM B 22 ALK VEAE AR KR B 38 73 s X TCO AR T-4E-F 318 (& 22, D; BL4h,
M 10 H 2R 1 H 2GR, TCO IR R A X 38 Z A E 60°W-0°-120°E 2 [7] (&
2a,j-Do TCO™ )54 Son Ab A EB M X 45 TCO* A £1-10 DU b 4-10 H TCO™E %
N (B 2d-), ULHTZIN MR AL A o5, BN TCO MZim ZH5IA K. M 11 H
BIRE3H (K 2a-c,k-D, AEWRELE DA AL SIVERIEW R, TCO™ B A ARAE X 2
WAE 60°W-0°-120°E 2 [}, TCO™1EAE HYRAA X3 Aii/E 120°E-180°-60°W Z[f]. A _E3R 73 #r
ATRAE H, Bl 6-12 #1 1 H TCO /N 4E-FIMERVEE B, % H TCO™ A ik £)-10 DU,
HFATPkIE TCO™#E-20 DU PR HAM A8 BB A Ve MBI i #pmite, W) TCO”
HAR oy A s AR EEAE 11-3 AVEEEOR HSRE Rk, 2T b, A0k 11 H. 12
AR A RIEH REURAE I, FK 60°-90°N, 60°W-0°-120°F [X 45 /E Jy I bl R AR A X HEAT
W,

Kl 3 B A EER R A X TCO FZ R Abmr i oA, Bz fitEmdb )y mAfAETE
TARARHE, TCO £ E KR LA R RARIR AR, HALMAR LN 2, H 28] £ 60°-
120°E Fffiz[X 4k TCO W RART A X . 558 R TCO WIAE-~FJ41{E Ny 285 DU, 5-12 H i
R AR HIX TCO I TP (B 3 e-Do Ak, FHomlem R X S F Ikl TCO
EEARH A AR BN TCO™ A LB i IR 4-9 H TCO™HE/)N1-20 DU K7 A T AR
B HaR s, Yl TCO Rz T A4 ot X, BRI LA 1R 5 P 48 [ 43 A AN 3 514
3d-D. Fk, GG LLE ML, AAS0H 5-9 AYEAE B RAAE . thih, 454
IR b7 e T e P R SRR AR R K A i 0L CIEIm ) B, 3 L7 1) RAAIE oA
ASCHE BAE T R i J At H A LB X, H AR BEA T 25°-43°N, 45°-105°E 2 [A], JLHAEEZ
BONHE, XRS5 EINE BRI TUEHIR RS A K. FEFES (2011 18 HETIME XN
TG J I N BT E I — A BT, 1 e R R AN TR =R — A X3
WA 273 ok % 2 2 BRI ARAE R O T 3B 22 KU e N RAUIE. (Lietal., 2020; Kumar et
al., 2021). WAL, 5 R0 e AH G IR ) g i Rt A g 75 v Jo SLEU AR T R ) o 22 L R 2
— (FE#H, 2013;Guoetal., 2017; EfEZE, 2018). A TIHS SHE, A K 25°-43°N,
45°-105°E X35 SN T e i S AURAEL X, DA — D4R 9012 DX Al S AU AR T F ¥ 30 e e
ik
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(a) Jan

(b)Feb  180- 180°

-50 —-40 -30 -20 —ZII.O 0 10 20 30 40 50

B 2 1979-2020 4L (60°- 90°N) TCO (S5{HZ) M TCO™ (M) ZEHAKTFAAiE (. DU,

(a-D) FoR 1-12 A Jbik TCO PN 352 DU, SLEFRETHMHELL L, BRI RETHEKLLLT
Fig.2 Monthly horizontal distribution of TCO (contours) and TCO" (shadings) over the Arctic (60°-90°N) averaged
during 1979-2020 (units: DU). (a-1) indicate from January to December. The annual average TCO is 352 DU over the

Arctic, the solid line indicates above the annual average, the dotted line indicates the annual average or below
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-30 -20 -10 0 10 20 30 DU

B3 (R 2, (HXEOYAEEERIRES (15°-45°N) X, P 3t se 2k i X ko 7 el s B . 751 il TCO
FTH{E N 285 DU
Fig. 3 Similar to Fig. 2, but for the 15°-45°N. The area surrounded by the white solid line denotes the Tibetan Plateau.

The annual average TCO is 285 DU over the Tibetan Plateau

4 JeRAFRESRIKEMEN LB DEERHE

4.1 RELWEIEFHE

Bl 4 25t 7 A KR AN e S5 Bl 0 S s 2% T o 14 SRR B2 SR A8 A, FH 25 ) 22 433 4B
FoRPIH X 8 H SRS RAIE, 2 IR 52 R RIS DL Bl B ARE 51 1 8% B R M R AR
FERARAAE DL S5 R SR, JEARANE i E R A ) S A A PR R, AE731%1X
o EPREAAE I R A, SEUR MRS T, B0 HITE 2 hPa fHE,
HAEHIN-7.9x101 kg-kg'-s! AI-7.0x10°13 kg-kg!s o B R HIELEPIHL_E T30 IR 1F
FE¥ UTLS X1 8 A o SR, AP 2 S Ui ik s B e KT i, S8t b
)RS UTLS X REA ) 77 s i 1) 58 BE 72 iz & T 5 ks )5l o S W 7T 1979-2020 FAbki
X P & A AR AT A T o R B (NG, 11 B 12 AN 1 H AR 5 B 5 o
FHAA G, HARRR SR O FE A E 60°W-0°-120°F X35, X 516 H R AR X A1)
By RIS IR X0 122 X 33 b~ 2 R AR B2 AL m] e R AT B P o R v 2 T A ) 78 XL S
i) 7R HRER X A RAA R A R . (RIS, 2011; BRAGESE, 2016, REFF

% 10



S, 2017), KA 4a R A HIE BAEAS R AR RS A RN, (BRI IR s, HAEm /N T4
[ AR 1230 X AR At PATT 5 ERAEAR SR AR RAR IX T2 0 Rt A A A2 758
JEHLIX, b A-BR I 5 5 W g 2 H SRS T B B R PR 2 —, 2 M ey IR A e A e JR
I, B s A AL A 7 R R AU B o (SBMRSE, 20125 BMESE, 2018). AR 4 b
5 7 ek v S S SE B0 0 A I PR SR R 2 S wT HEDN, R AR T I e L R R IR R AU B
THERARBAL, (HR SR EEm A KA xt b SR
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Fig.4 Vertical profiles of the ozone change caused by the dynamical transport (-D, units: 10°'3 kg-kg™!'-s™") over the

Arctic and the Tibetan Plateau during 1979-2020. (a) The low ozone region of Arctic (in November, December and

January), (b) the low ozone region of the Tibetan Plateau (from May to September). The red and blue lines denote

stationary and transient transport. The green and orange lines denote zonal and meridional transport. The black lines

denote the total dynamical transport. The dashed lines denote a value of 0
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Fig. 5 Vertical profiles of the ozone change caused by the zonal transport (-Dx, units: 10-13 kg-kg™'-s™") over the Arctic

and the Tibetan Plateau during 1979-2020. (a) (b) Stationary (-Dxsr)) and (c) (d) transient (-Dx(tr)) transport. (a) (c) The

low ozone region of Arctic (in November, December and January), (b) (d) the low ozone region of the Tibetan Plateau

(from May to September). The red, green and blue lines denote the SFu2 (TFu2), SFu3 (TFu3) and SFu4 (TFu4),

respectively. The black lines denote the total zonal stationary (transient) transport. The dashed lines denote a value of

0
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