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Abstract The spatial-temporal distribution characters of trace gases in the stratosphere and
troposphere are affected by the Brewer-Dobson (BD) circulation. Understanding the distribution
characters of BD circulation is very important to further study the influence of stratosphere and

troposphere exchange and forecast the global climate change.
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The BD circulation is described as the LLagrangian-mean circulation, it is difficult to diagnose
directly from meteorological observations., The methods of the transformed Eulerian-mean
(TEM) equations, and integrating residual meridional velocity in the vertical were used to analyze
the spatial-temporal distribution characters of BD circulation, by using the ERA-Interim
reanalysis data for 1979—2011 at 12:00 UTC. We further compared the distribution characters of
BD circulation with the result calculated by the method of DC (downward control) principle and
studied the relationship between the stratospheric zonal mean temperature and BD circulation.

The BD circulation was calculated from ERA-Interim reanalysis data for 1979—2011 by
The results showed that: (1) The
It ascended at 30°S in the

stratosphere for December to February (DJF), for June to August (JJA) it ascended between 25°N

integrating residual meridional velocity in the vertical.

ascending centers of BD circulation were varied with seasons.

and 30° N, the circulation pattern in the winter hemisphere is stronger than the summer
hemisphere. In March to May (MAM) and September to November (SON), the ascending center
were between equator to 5°N, and circulation were relatively symmetrically for two hemispheres.
(2) The maximum mass flux in the tropical and extratropical northern hemisphere appeared
during DJF, the minimum appeared during JJA. The mass flux in extratropical southern
hemisphere was just the opposite. Mass flux across the 100 hPa and 50 hPa pressure surface in
tropical and extratropical trended to decreasing, and also had obviously seasonal variation. (3)
The long-term trend of stratospheric zonal mean temperature was consistent with the long-term
weakening trend of BD circulation, this indicated that the global BD circulation has been
weakened. Meanwhile, the zonal mean temperature in different altitude and latitude bands varied
with seasons.

From the perspective of the global mass transportation, the stratospheric BD circulation has
been weakened in the past 33 years, especially in the middle and lower stratosphere, and was
consistent with the long-term trend of temperature. This weakened trend was consistent with the
observation study in the age of stratospheric air and other model results. But the method of DC
principle, GCMs model and other studies showed that the stratospheric BD circulation has been
enhanced in the past years. Using different methods and data would lead the trend estimation of
BD circulation were unreliable. Therefore, further research will be required to improve the
reliability of BD circulation.

Keywords Brewer-Dobson circulation; Residual velocity; Mass flux; Zonal mean temperature
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Table 1 Extratropical downward mass flux at 100 hPa, compared with the results from
Rosenlof and Holton (1993)calculated for 1979—1989 (unit:10°kg + s™')
ek 5k LREE
E=St ERA-Interim CCM2 UKMO ERA-Interim CCM2 UKMO
DJF 18.0°N 13.9 16.5°N 12.5 16.5°N 2.6 46.5°S 2.1 38.5°S 3.2 16.5°S 3.5
MAM 15.0°N 7.9 31.2°N 7.4 31.2°N 8.6 15.0°S 7.5 16.5°S 7.2 9.2°S 5.9
JJA 28.5°N 3.7 45.9°N 3.2 45.9°N 3.2 15.0°S 9.9 16.5°S 5.8 20.2°S 5.7
SON 24.0°N 9.8 31.2°N 8.0 34.8°N .6 15.0°S 4.0 42.2°S 3.9 42.2°S 3.9
Mean 8.83 7.78 .75 5. 88 5.03 4.75
F 2 Je AN A AT M X 100 hPa 58 [T 1] F2 1979—1989 FHH K 100 hPa L EHEE L#

li L % o A 0 A T R U i O AR (O TR
fi L o ol A R R B B AE DIF B3]y 15. 9 X
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Je VI 5 1 1 22 S 5 AP A TR ) R RN B R Y
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Table 2 Tropical upward mass flux at 100 hPa calculated
for 1979—1989 (unit:10° kg + s™'), as in Table 1

i
%4

ERA-Interim CCM2 UKMO
DJF 15.9 15.7 16. 1
MAM 15.4 14. 6 14.5
JJA 13.6 9.0 8.9
SON 13.8 11.2 10. 5
Mean 14.68 12.63 12.50
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Fig. 2 Time series of the departure of tropical and extratropical mass flux at 100 hPa and 50 hPa

(The curved lines indicate the departures, the straight lines indicate the linear trends, the dotted lines indicate 0)

(a) Tropical 100hPa; (b) Northern Hemisphere (NH),

(d
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AL (H 2000 44 B A 3G 58 . 20002011 4F ] Ji &
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100hPa; (c¢) Southern Hemisphere (SH), 100hPa;

except for 50 hPa.

%3 gt 1 2 vt o e B 51 Y [l )H
RBOA LR L. v LLF B, 33a (Al #4 7 100 hPa 45
T 1) o e B s 1 1. 79 X107 kg + s 'L M 50 hPa
S TR B R SS T 1. 90X 107 kg o s L AEHA
ArAMEAEEK 100 hPa 85 T b 57 £ & 55 1 0. 41X
10° kg + s ',50 hPa SF R [AI#SS T 0. 60X 10" kg » s .
ol S 2 3K 100 hPa 4§ H I | BT & 58 &2 55 1

®£3 100hPa 550 hPa S EH I REEEBETFIM
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Table 3 The regression and correlation coefficients
cat)

e a”

of the departure of mass flux (units:107 kg « s™'

at 100 hPa and 50 hPa

100 hPa 50 hPa
Tropical NH SH Tropical NH SH

I
gg —5.42 —1.25 —4.18 —5.75 —1.82 —3.93
AR

- —0.33 0.14 0.39" —0.79" 0.53" 0.89"
F M 0
o VRN T 95 % BAE R, Ho o, = 0. 3440.
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18 228 A i S5 U SUA BT AT

ca ) UREXEH

Table 4 The regression and correlation coefficients of the departure of mass flux (units: 10" kg « s™' « a™')

at 100 hPa and 50 hPa in different seasons

100 hPa 50 hPa
Season Tropical NH SH Tropical NH SH
FUA R MR FRRL MHCRE MHRE MXRE FRRE MR MHRE MXERE MHRE MXREK
DIF —3.23 —0.17 —2.14 —0.14 —1.10 —0.11 —5.37 —0.54* —6.29 —0.61" 0.91 0.29
MAM —15.24 —0.54" —7.52 —0.51* —7.72 —0.45% —7.64 —0.77* —1.81 —0.34* —5.82 —0.83"
JJA —3.78 —0.18 2.39 0. 20 —6.18 —0.38" —6.96 —0.64" 0. 46 0.13 —7.43 —0.67"
SON 3.34 0.14 2.51 0.21 0. 83 0. 05 —3.81 —0.45* —0.63 —0.11 —3.19 —0.46

5 5 DC 2§y %} H 5

3 FEL 4 4ro 4 1 B2 o0 RLEFI AT DC
JRHIHE Y 100 hPa 1 50 hPa 4§ i L, 6 43 25 7
Ui BRI EICTE AN (6] 2= 745 19 A AR AR # 3 2ok X Fe ] T
FH PR R 7 2 R Y oR BCTE S [R] 2= AN ) 4
DA RS [F) e BE B RRAEAE 25 5. N A TR 35 . IR O
ANAE i 28 B b X3 R B A A B — 5 A B
11 50 hPa 4 Fe 1A 9 22 54 229 8 K F 100 hPa
S e T BV v R G Y 25 R TG KL IR
245 i b X 1) 22 S L W S M K T b R £ R L ELR A
JE 388 00 22 S A B ek /N 38 S % BL 43 B A R R 1) £
A BRI Z2 15 40 B AL W 2K E 26 B IR
DC Jgi #5800 7 4% Ui R R, 2 L AR o0 A S R E
PR £ HRIRE B DC i BiAL B (i B 2/ F -
gy o B AE. M AE K 3d AEL 4d () SON ] a]
100 hPa 1 50 hPa % F1d [ #9 60°S Fff i . DC 4 5.
R0 A it bR B S o Al SR s B TR W Y 2
FE Ak e 2 S A ET R B R : (1) TEM 7 B AE B K
P ZE A — 2 1 JRy PR ol 3 1 2 00 ) %) 9 o B 22

T ORI T 950 1 B AR Hoh v =0, 3440, v, RAEHE BE VKT o TIHCREL A | rl > R E LS BE .

FE W DIF 5 JJA B A3 22 K. (2 7E F| i DC
i 3 R A% T pR B L 28 T GWD A AT
SECT W BREUE R 2. (3) DC JUHE 7R $GH L X 2
ANIE Y . B R AR & 5 — 3 3 05 1% R 4 3 pR B
EREKR.

M IR T 7 3 A ARG5S TR A U R R
TEALBR 4 A Z=1 i AN [R] g B b 3k SR A Y 26 2
L RATE 20°N—30°N. 7E g L3R I& JJA BAE 4,
WA HBTE 10°S—15°S, i JTA 1 1] W 437 F 7% i Fft
i, X 5 ] A A & (Rosenlof and Holton, 1993;
Rosenlof, 1995) {53 i JTA 1 [a] . 76 4 i oK 45 7E R
PR IARME WAL E AR —EWE R, TR E RN
JE A Fe Tk — 2D 1 23 A T

o7 DC it 3 A1) A2 48 19 BR iz 75 72 » 3 3 oK
fit E-P i@ & (Eliassen-Palm flux) 18 21 {1 7% 28 5, 1
Uy o7 J& L HR A Bkt ok AR 53 5K A i it
BRI R SR X WSS P R O R AR B 8 BD AR
JE HFN R 43U R KL 7E 100 hPa 55 T /4 73 A JE 4
BB BRAE U2 AR 35 B AT DC it B 45
HE TR IR A1 PR I A B AR AR AR TR R Y. AR Ay
PIAREEE 0 J7 e i B L X R BT
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Fig. 3 Residual circulation stream function at 100 hPa calculated for 1979—2011 in different seasons,

calculated by integrating o (solid line) and the method of DC (dashed line)
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SR o FE A BR R A 52 100 1 370 )2 20 1] F 3 38 J5E 70 A

M FEE g S 2 BD 3 (Young et al. ,2011).
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S AL BD B Ry A2 Ak SRR DG 2 B 5
38 T 4E 4y B} (Randel et al. ,2002) , #4H7 A 1R
J&E 37 S5 AR B (V%) o T BT A U S5 v (DL 11 5
ST AN T g R A AN () £ J3E Y s 1o - 24 0L £ Y
i 151 DB RN I R R R R <O BT - S
A FA g [l )7 28 B S A 5 &R 8. I I B s, 1979 —
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Fig. 4 Residual circulation stream function at 50 hPa calculated for 1979—2011 in different seasons,

calculated by two methods, as in Fig. 3
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Table 5 The regression and correlation coefficients of the
departure of zonal mean temperature (unit: 10K « a™')

at 100 hPa and 50 hPa

100 hPa 50 hPa
45°N—  45°S— 45°N—  45°S—
EQ 90°N 90°S EQ 90°N 90°S
a1 -
2. 44 —0.14 —5.93 —5. 14 —2.6 —1.88
AR
;E;; 0.5478*  —0.0175 —0.5310* —0.5202* —0.3491* —0.1920

50 hPa &5 s 11 JBE A9 T B3 4 A AR DS JE o T 0 i T
Jr 48 K 14130 U2 il AR A 5 R R AR
A . P L R — AP 5 I R N
I JBE F 52 W) T A R R T R — By AR R
HL. Seviour 4§ (2012) (1 BF 5% [A] A 22 B, #4747 Hh X
70 hPa 55 [k Wi B i BE A9 T e a3 5 70 hPa 25 1k
TA i) L 1 J5R k3 4 ik 559 78 A 2 )t A7 7 4 AN AR T
FC IR - HLAR B 9 ERA-Interim #7387 %8l ¥
AHIEF R A5 IR ER NI ETE —FH A —
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Fig. 5

Time series of the departure of zonal mean temperature in different latitudinal band at 100 hPa and 50 hPa

(a) 100 hPa, 15°N—15°S; (b) 100 hPa, 45°N—90°N; (¢) 100 hPa, 45°S—90°S; (d)—(f) as (a)—(c), except for 50 hPa.
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AHVC L. R BE . 48 7 4 Bk BD PR 2 5 B8 55 8 3
F8 . [ N A ) g JBE b AN ) 4 88 A 114 46 1] - 247 ik 8 Al
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(4) R GCMs #55 (Butchart et al. ,2006) fiff
FER B, T SE 4RO 3 2 BD B 2 1 0R 1. AR 4
DC Ji 3 #] F§ CCSR/NIES CCM REF2 £ = % 4%
(Okamoto et al. ,2011) ,85¢ T 21 42 I3k BD #%
it S AR A, 45 R R B] BD B 0 2 4 5 1.
F T EE2013) 3 3 v A DC JE #4419 BD 33
e 20y 33a Ml RS B E B2 T H
B FE N BD 203 Y 1 0 28 A0 25 SR A T e, — 4k
5B AT TR BR W GEORE X PR IR HEAT 1A GBI AT 5 2R
TR PRI B B R i B . DA 1990 4 AE R A
AT NO, Mi4g (Cook and Roscoe,2009) , 3% A
LI ) BD BRI AT B A 3 98 . F S AL iR
(SFo) fil CO, IR 4 H (Engel et al. ,2009) i i3t i 57
3 2 IR SRRy A A R WYL N 19752005 4F
BD ¥ i - BA 1 s i 4. SR 19802009 4 (1)
ERA-Interim % #} (Seviour et al. ,2012) #F 5% i) BD
PRt 5 B9 55 1) . X 5 FRATT A A A A5 R A —
. Iwasaki &£ (2009) B WF 5T £ W . A R WE 5T 7
LK B4 vh A7 A2 1Y 22 59 L (145 BD PR3 Y
FORATRE, RAE AT AL Ay o B Y BD B
73 AT B A S K AR A i e, 5 — 282 iz ] Al
T3 B RN BERL I A 3] i 45 R L Rl AHAE R Sk iy
VE b AT B — 20 W 52 O $2 & e B8 A0 A 53y 7]
FEE.

i JX i European Center for Medium-range
Weather Forecasts $24L if) $ 5.

References

Andrews D G, Holton J R, Leovy C B. 1987. Middle Atmosphere
Dynamics. San Diego, Calif. : Academic, 489PP.

Brewer A W. 1949. Evidence for a world circulation provided by the
measurements of helium and water vapour distribution in the
stratosphere. Quart. J. Roy. Meteor. Soc., 75(326). 351-
363.

Butchart N, Scaife A A, Bourqui M, et al. 2006. Simulations of
anthropogenic change in the strength of the Brewer-Dobson
circulation. Climate Dynamics, 27(7-8): 727-741.

Chen Q L, Chen Y J. 2007. Stratospheric residual circulation and its
temporal and spatial evolution. Jouwrnal of Atmospheric Sciences
(in Chinese) , 31(1): 137-144.

Chen W, Huang R H. 1995. The dynamics planetary wave

transport on ozone in the atmosphere. Scientia Atmospherica

Sinica (in Chinese), 19(5) . 513-524.

Chen W, Huang R H. 1996a. The numerical study of seasonal and
interannual variabilities of ozone due to planetary wave
transport in the middle atmosphere. Part I. The case of steady
mean flows. Scientia Atmospherica Sinica (in Chinese), 20
(5): 513-523.

Chen W, Huang R H. 1996b. A numerical study of seasonal and
interannual variabilities of ozone due to planetary wave
transport in the middle atmosphere. Part II. The case of wave-
flow interaction. Scientia Atmospherica Sinica (in Chinese) ,
20(6): 703-712.

Cook P A, Roscoe H K. 2009. Variability and trends in
stratospheric NO; in Antarctic summer, and implications for
stratospheric NOy. Atmospheric Chemistry and Physics, 9
(11): 3601-3612.

Deng S M. 2007. Study on the dynamical process of stratospheric
sudden warming and its effects on the distribution of trace gases
[Ph. D. thesis] (in Chinese). Hefei: University of Science and
Technology of China.

Dobson G M B. 1952. Ozone in the Earth's atmosphere. Endeavour,
11. 215-219.

Edmon H J Jr, Hoskins B J, McIntyre M E. 1980. Eliassen-Palm
cross sections for the troposphere. Jowrnal of the Atmospheric
Science, 37(12): 2600-2616.

Engel A, Mébius T, Bonisch H, et al. 2009. Age of stratospheric
air unchanged within uncertainties over the past 30 years.
Nature Geosci. , 2(1): 28-31.

Haynes P H, MclIntyre M E, Shepherd T G, et al. 1991. On the
“downward control” of extratropical diabatic circulations by
eddy-induced mean zonal forces. Journal of the Atmospheric
Sciences, 48(4): 651-678.

Holton J R. 1990. On the global exchange of mass between the
stratosphere and troposphere. Jowrnal of the Atmospheric
Sciences, 47(3): 392-395.

Iwasaki T, Hamada H, Miyazaki K. 2009. Comparisons of Brewer-
Dobson circulations diagnosed from reanalyses. J. Meteor.
Soc. Japan. 87(6): 997-1006.

Okamoto K, Sato K, Akiyoshi H. 2011. A study on the formation
and trend of the Brewer-Dobson circulation. J. Geophys. Res. .
116. D10117.

Randel W J, Garcia R R, Wu F. 2002. Time-dependent upwelling in
the tropical lower stratosphere estimated from the zonal-mean
momentum budget. J. Atmos. Sci., 59(13): 2141-2152.

Roscoe H K. 2006. The Brewer-Dobson circulation in the
stratosphere and mesosphere -Is there a trend? Adwvances in
Space Research , 38(11): 2446-2451.

Rosenlof K H, Holton J R. 1993. Estimates of the stratospheric
residual circulation using the downward control principle.
Jowrnal o f Geophysical Research , 98(D6) ; 10465-10479.

Rosenlof K H. 1995. Seasonal cycle of the residual mean meridional
circulation in the stratosphere. Jowrnal of Geophysical Research .

100(D3) . 5173-5191.



382 H Bk ¥ B % R (Chinese J. Geophys. ) 58 ¥

Seviour W J M, Butchart N, Hardiman S C. 2012. The Brewer-
Dobson circulation inferred from ERA-Interim. Quarterly
Journal of the Royal Meteorological Society, 138(665); 878
888.

Wang W G, Fan W X, Wu J, et al. 2006. A study of spatial-
temporal evolvement of the global cross-tropopause ozone mass
flux. Chinese J. Geophys. (in Chinese), 49(6) . 1595-1607.

Wang W G, Yang F Y, Zheng ] M, et al. 2013. A study on the
trend of the Brewer-Dobson circulation in light of the downward
control principle. Journal of Yunnan University (Natural Sciences)
(in Chinese), 35(3): 328-337.

Young P J, Thompson D W J, Rosenlof K H, et al. 2011. The
seasonal cycle and interannual variability in stratospheric
temperatures and links to the brewer-Dobson circulation; an
analysis of MSU and SSU data. Journal of Climate, 24(23):
6243-6258.

Zhang H, Chen Y J, Wu B Y. 2001. Impact of the quasi-biennial
oscillation on the distribution of the trace gases in the
stratosphere. Journal of Atmospheric Sciences (in Chinese) ,

24(1): 103-110.

Bt /32 5 % STk

FRALSE . BRA IR, 2007, -3 J2 F8) Ak P A B H i (] 9 A%
B2, 31(1); 137-144.

FR3C, BEaEHE. 1995, IR B AT B 6 AR BRS04 3l ) 1R .
KA, 19(5): 513-524.

BR3C, BEARHE. 1996a. HJRRAAT B IBEAE B4R 221 RIAR B A8 6 v
EERMBIEIR L & miEnt. KR, 20(5): 513-523.

BR3C, BEoRME. 1996b. o2 K AAT B I AE SLAUY 2219 FAE PR A8 fL
2 VE A MBUETRSE L B A EAE A IE L. KRR, 20
(6): 703-712.

XEWUHF. 2007, U0 2 10k 22 PR R A B0 g 20l AR e HOR R A )
MW Lie 3], A, REB2EREAR K.

ESENESN /\{ﬁi# A, 2006, BRI E -2 2 ) R A B
Y B 25 AR BF 5. HbER P BR2E 4 . 49(6) : 1595-1607.

FTH, 1%7?, WA, 2013, I 1) R 9% i i HE X Brewer-
Dobson ¥ i AR fb ¥ # A W 58. = B K= 4 CHARBFE 0 - 35
(3): 328-337.

SREL, MR AR, SRACEE. 2001, dE AR 4R W 0 R A i

HIF IR, KRARF, 24(1D) : 103-110.

FIE. K

]

CRICHE T



