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ABSTRACT

We used a fully coupled chemistry—climate model (versiorf $he Whole Atmosphere Community Climate Model,
WACCMB3) to investigate the effect of methane (gHemission increases, especially in East Asia and North Aagon
atmospheric temperature, circulation and ozong) (@Ve show that Clj emission increases strengthen westerly winds in
the Northern Hemisphere midlatitudes, accelerate the &redobson (BD) circulation, and cause an increase in the mas
flux across the tropopause. However, the BD circulation énttbpics between £& and 10N at 100 hPa weakens as ¢H
emissions increase in East Asia and strengthens whepe@tiksions increase in North America. When [#hnissions are
increased by 50% in East Asia and 15% globally, the stragrsptemperature cools by up to 0.15 K, and the stratospkkeric
increases by 45 ppbv and 60 ppbv, respectively. A 50% inereB€H,; emissions in North America (with an amplitude of
stratospheric @increases by 60 ppbv) has a greater influence on the stratos@h than the same CHemissions increase
in East Asia. Cl emission increases in East Asia and North America reducedheentration of tropospheric hydroxyl
radicals (4% and 2%, respectively) and increase the coratemt of mid-tropospheric (5% and 4%, respectively) in
the Northern Hemisphere midlatitudes. When £#nissions increase in East Asia, the increase in the troyeospO;
concentration is largest in August. When gemissions increase in North America, the increase in thedDcentration is
largest in July in the mid-troposphere, and in April in thepaptroposphere.
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1. Introduction excluding water vapor.
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mussen and Khalil, 1984; Chappellaz et al., 1990). Wi how that in East Asia, with China’s rapid economic growth,

the growth of human activities, the tropospheric £ébn e concentration of pollutants has continued to grow in re-
gro ! pospheric ent years. Bergamaschi et al. (2013) found that from 2003 to
centration reached 1.72 ppmv in 1995 (e.g., Lelieveld et al; s o
008 CH, emissions caused by human activities grew fastest
1998). Zhang et al. (2001) showed that from the end of the - . 1 L
L . in'China (18.6 Tg yr+) — far faster than Brazil with the sec-
20th century to the beginning of the 21st century@&his-
: ! . ond fastest growth rate of 2.5 Tg'yr. Zhang etal. (2011) an-
sions increased by 45% during three decades. Ramaswamy € . :
: o . lyzed Atmospheric Infrared Sounder satellite data anddou
al. (2001) pointed out thatwhen the 1750 £hixing ratio of that, compared with several major countries worldwide, the
0.72 ppmv increased to 1.77 ppmv in 2005, a radiative forc-" "’ P ) f

. > . growth rate of CH emissions has been significantly higher
ing of 0.48+0.05 W m < was the result. CHlis the second ‘0 China than other countries since 2007

most influential radiative-forcing greenhouse gas afte@,Cd In addition to changing the energy balance of the Earth's
atmosphere through the greenhouse effect; Eidission in-
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by hydroxyl radicals (OH) (e.g., Levy, 1971), but about 7%els to reveal that ensemble-mean changes in the tropospheri
11% of CH, is transported into the stratosphere and oxidiz&ds burden between 2000 and 2030 range significantly, but
(e.g.,Bornetal., 1990). Ctbxidation is an important sourcethe effect of CH increases on the tropospherig @as not
of stratospheric water vapor (e.g., Lelieveld and Crutzeaddressed. In this paper, we use a fully coupled chemistry—
1992; Fuglestvedt et al., 1996; Shindell et al., 2005).4CHlimate model to investigate the impact of a £émissions
emissions increase thes@oncentration in the tropospherencrease in East Asia on the stratospheric temperatucel-cir
and stratosphere (e.g., Owens et al., 1982, 1985; Isakskn lation and Q, and tropospheric © The results are compared
Stordal, 1986; Wuebbles and Hayhoe, 2002). During the 2@tiith the impact of global Chlincreases and a GHmissions
century, the global backgrounds@oncentration rose by atincrease in North America, to assess the contribution of an-
least a factor of two, due mainly to increases in/Gihd ni- thropogenic emissions in East Asia to climate change.
trogen oxides (N¢) emissions (e.g., Marenco et al., 1994;
Wang and Jacob, 1998). — . .
B%sed on a series of model simulations, Butchart agd Model description and numerical experi-
Scaife (2001) found that mass flux transported from the trop- MenNts
ical troposphere to stratosphere increases at a rate of 8% (1 We used version 3 of the Whole Atmosphere Community
yr)~1 under conditions of increasing greenhouse gases, Gifmate Model (WACCM3), which is a global chemistry—
supported by the Intergovernmental Panel on Climate Changienate model with 66 vertical levels extending from the-sur
(IPCC) emissions scenarios. Increasing greenhouse gasesare to 45 x 10 hPa (160 km). WACCM3 is based on
hances wave activities in the lower stratosphere and aecethe software framework of the National Center for Atmo-
ates the Brewer—Dobson (BD) circulation (e.g., Rind et apheric Research’s Community Atmosphere Model, version
2001; Sigmond et al., 2004; Butchart et al., 20063, Water 3 (CAM3), and includes all of the physical parameterization
vapor and other trace gases in the troposphere are traedpasf that model. The governing equations, physical parameter
into the stratosphere faster as the BD circulation strengibations and numerical algorithms used in CAM3 are docu-
ens (e.g., Austin et al., 2007). Austin and Li (2006) founghented by Collins et al. (2004), and only the gravity wave
that greenhouse gas and BD circulation increases joirdly ledrag and vertical diffusion parameterizations are modified
to increased Cll transport into the stratosphere, which iSYACCM3. The WACCM3 chemistry module is derived from
then oxidized into water vapor. The increase of stratosphethe three-dimensional chemical transport model MOZART
water vapor reduces the average age of the atmospheréModel for Ozone and Related Chemical Tracers) (e.g.,
the stratosphere. The average age of the atmosphere iBdasseur et al., 1998; Hauglustaine et al., 1998; Horowitz e
cates the transport time scales of substances leavingathe &l., 2003). This model resolves 51 neutral species, includ-
posphere and entering into the stratosphere (e.g., Hall ang all members of the Q(oxides), NQ, HOx (hydrogen
Plumb, 1994; Waugh and Hall, 2002). oxides), CIQ (chlorine oxides) and BrQ(bromine oxides)
The effects of a Cll concentration increase on atmochemical families, along with tropospheric “source spgtie
spheric radiation and chemistry has been studied extdpsiveuch as NO (nitrous oxide), HO, CHy, chlorofluorocarbons
(e.g., Shindell et al., 2005; Chen et al., 2006; Shi, 200@FCs) and other halogenated compounds. WACCM3 per-
Bi et al., 2007, 2008; Guo et al., 2008; Bi, 2009; Shi €brms well in simulating chemical and other atmospheric pro
al., 2009; Xie et al., 2013). Gruzdev and Brasseur (200&sses (e.g., Garcia et al., 2007; Eyring et al., 2010; L&l an
used a two-dimensional model SOCRATES (Simulation @fiu, 2009). Compared with observation, its simulationgiten
Chemistry, Radiation, and Transport of Environmentally Imo be too warm in the Arctic winter, and produce cold tem-
portant Species, SOCRATES) and found that the stratosphpegatures and westerly winds that persist for too long in the
and middle atmosphere became cooler with an amplitudeAxtarctic spring (e.g., Garcia et al., 2007). These biasges i
less than 1 K when Cldwas increased by 26%. Dyominovfluence the temperature and €oncentration in the polar re-
and Zadorozhny (2005) found GHncreases can cause amgions, so the simulation results in the polar regions are not
increase in stratosphericz@nd lead to a warming in the discussed in detail in this study.
stratosphere. However, the chemistry—radiation—-dynamic  We conducted six simulations at a horizontal resolution
teractions associated with Ghhcreases have not been welbf 4° x 5° with interactive chemistry, including one control
resolved in previous modeling studies, due to the limitatieexperiment and five sensitivity experiments, listed in €abl
of model performance in the stratosphere. On the other hamd, The surface emissions of GOCH,4, Cl (chlorine), Br
most previous studies have investigated the effects ofagdob(bromine) and 14 other ODSs used in the control run (EQ) are
scale CH emission increases on climate and stratospheti2-month climatologies derived from IPCC's A1B scenario
O3, but the effect of a Chlemissions increase in East AsigIPCC, 2007) averaged over the period from 1979 to 2006.
on global temperature ands@ also still a popular and con-The A1l scenario means a future world of very rapid economic
troversial issue. Wild and Palmer (2008) used a global chegrowth, a global population that peaks mid-century and de-
istry transport model to demonstrate that the spatial @xten clines thereafter, and the rapid introduction of new andemor
O3 production and loss in the troposphere changes very kifficient technologies. Under the A1B scenario, technelogi
tle despite large projected increases in precursor emissiccal changes occur in the energy system in a balanced manner
Stevenson et al. (2006) used 26 atmospheric chemistry madross all sources. It has also been widely used in previous



DECEMBER 2015 SHANG ET AL. 1619

Table 1. Summary of experiments. of CH,4 emission increases in different areas, in experiment
A50 the surface Chlemissions in North America were in-
Experiment Location Averaged GHoncentration creased by 50%, the increment (25 Tg Yrapproximately)
E0 East Asia 1.73 ppmv and area of which were equal to E50 and the range of North
E15 EastAsia Increase by 15% compared with EAMerica was taken as {890°N, 60°~120W). In experiment
E30 EastAsia  Increase by 30% compared with EG15 we forced global surface GHmissions to increase by
E50 EastAsia  Increase by 50% compared with ED5% (increment: 90 Tg yr', approximately). The simula-
A50  North American Increase by 50% compared with Efions were run for 50 years (from 2000 to 2050), with the first
G15 Global Increase by 15% compared with EQ 0 years used as model spin-up, and the remaining 40 years

(from 2010 to 2050) of model outputs used for analysis.

chemistry—climate model simulations in the literaturedp-r
resent past and future ODS variations. The SST and sea:i)ce Effect of CH4 emission increases on strato-
fields used in the model are 12-month climatologies derived . . .

from Rayner et al. (2003). According to the IPCC 2007 A1B spheric temperature and circulation

scenario, globally averaged Glemissions increased by 15%  Figure 1 shows the stratospheric temperature differences
in 2006, compared to 1979, and are expected to increasegp¥15, E30, E50, A50 and G15 relative to that in EO. When
50% in 2050, meaning CHemissions will increase observ-CH, emissions increase by 15% in East Asia, the tempera-
ably in the future. In order to study the effect of differenfure increases in the lower stratosphere in the Southerri-Hem
CH,4 emission increases in East Asia, in experiments Eldphere, but the temperature differences are not statigtica
E30 and E50 we forced the surface £emissions in East significant (Fig. 1a). When CHemissions increase by 30%
Asia to increase by 15%, 30% and 50%, respectively, COm- East Asia, there is a weaker temperature decrement in
pared to experiment EO (the increments were 7.5, 15 andR® lower stratosphere of the Southern Hemisphere compared
Tg yr !, approximately). East Asia was taken to range ovgyith E15, but the temperature increases in the upper strato-
the area (-90°N, 60°~120°E). In order to study the effect sphere (Fig. 1b). The temperature difference is still nat st
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Fig. 1. Latitude—height cross sections of temperature differerfaaits: K) in (a) E15, (b) E30, (c) E50, (d)
A50 and (e) G15, relative to EQ. Shaded regions show wherdiffegzences are statistically significant at the
90% confidence level, using the Studemitest.
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tistically significant in E30 either. When compared with thepheric westerly weakens in the Southern Hemisphere mid-
temperature differences induced by £émission increases latitudes and the mid-stratospheric westerly in the Northe
of 15% and 30%, a significant climate effect appears whétemisphere strengthens. Compared with EO, the maximum
CH, increases in East Asia by 50%, causing the middieesterly increment appears in the Northern Hemisphere in
stratosphere to cool significantly with a maximum cooling d&50 and A50, and in the Southern Hemisphere in G15: the
0.15 K at 30N at 50 hPa (Fig. 1c). Therefore, we base ouocation is consistent with Fig. 1, where the temperatuse gr
conclusions on the results of E50 when studying the climadéent is evident. When the extratropical temperature gradi
effect of CH, emission increases in East Asia in the followingnt increases, the westerly and wave activity increase, (e.g
analysis. Figure 1 also indicates that a 50%Q@htrease in Eichelberger and Hartmann, 2005; Olsen et al., 2007; Gar-
North America causes a cooling in the middle stratosphema and Randel, 2008). As shown in Fig. 2, as the wave
with a maximum of 0.15 K at 3N at 50 hPa. When global force becomes stronger in the Northern Hemisphere midlati-
CH, emissions increase by 15%, the amplitude of the stratodes, the vertical velocity of BD circulation speeds up, So
sphere maximum cooling is similar to that in E50 at3@@&t the changes of the mean zonal wind, EP flux and BD circu-
60 hPa, but the range of cooling is larger than that in E5Sl@tion are consistent, as shown in Fig. 2. Fomichev et al.
That is to say, the greenhouse effect is much larger in exp€@l007) found that the EP flux increases when the westerly is
ment G15 than E50. stronger at midlatitudes and the wave flux change in the range
Figure 2 shows the differences of the Eliassen—Pald—4®N is responsible for the tropical upwelling change.
(EP) flux and BD circulation of experiments E50, A50 anarcia and Randel (2008) found that the maximum increase
G15 compared with experiment EO. The BD circulationf EP flux appeared in the tropics during 1950-2003, and in
is a global-scale cell in the stratosphere in which air riséise midlatitudes during 1980-2050, causing the BD circula-
in the tropics and then moves polewards and downwardisn to change accordingly. It is worth noting that the veati
mostly in the winter hemisphere. The BD circulation develocity of EP flux at 100 hPa in the Northern Hemisphere
scribes Lagrangian-mean transport and the transformed Eudlatitudes changes most significantly in all the senigytiv
lerian mean residual velocities( w*) (e.g., Andrews and experiments, and the vertical velocity of BD circulatiosal
Mclntyre, 1976, 1978), which approximate the mean meridiicreases significantly south of the equator in A50; but, in
ional mass transport for seasonally averaged conditiogs (eE50 and G15, the vertical velocity of BD circulation reduces
Holton, 1990). When Cll emissions increase, the stratosouth of the equator at 100 hPa. This is further analyzed late
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Fig. 2. Latitude—height cross sections of (a, c, e) EP flux (arrowkgre shading represents the differences of the
average zonal westerly winds (units: mt, with positive change indicating strengthening wesgsriind negative
change indicating weakening westerlies; and (b, d, f) BDutation differences (arrows): (a, b) E50 relative to EO;
(c, d) A50 relative to EO; (e, f) G15 relative to EO.
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in the paper. experiments and the control experiment EO. When €iis-
Using a series of models (including WACCM), Butcharsions increase in East Asia and globally, the differenosrof
et al. (2006) found that BD circulation upwelling regions exs rather small between 28 and 10S, while in the equatorial
tend roughly 30 either side of the equator, though there aneegion (10S—10N) w* reduces anav* is stronger between
variations in the width of about 2(etween the models. In 10°N and 30N at 100 hPa. When CHemissions increase in
our simulations, the BD circulation rises betweeri22and North America, the difference of* between 22S and 10S
30°N under the SST and greenhouse gas concentrations ugedimilar to that in other experiments, but it is very diffat
So, the region between 22 and 30N is defined as the BD between 105-30N, as in the equatorial region (15-10N)
circulation rising zone. Lin and Fu (2013) found that the asv* becomes stronger and betweerr-280°N w* is weaker.
celeration rate of the BD circulation is much larger in thin the following analysis, the region betweerf 32and 30N
lower stratosphere than upper stratosphere as greenhasiséggdivided into three parts: 2630°N, 10°S-10N and 10—
concentrations increase. As previous studies have used 28&S.
upward mass flux across 100 hPa to infer the strength of the CH; emission increases accelerate the BD circulation,
BD circulation (e.g., Garcia and Randel, 2008; Garny et alhich can transport more air mass from the troposphere into
2011), Table 2 shows the changes of upward mass fluxtbé stratosphere. Table 3 shows the differences of upward
E50, A50 and G15 at different altitudes. The increment ofiass flux at 100 hPa in experiments E15, E30, E50, A50 and
upward mass flux is larger at 100 hPa than at 70 hPa and@D5, relative to that in experiment EO. Note that the upward
hPa, i.e., when ClHemissions increase (in East Asia, Nortimass flux between 28 and 10N decreases in all experi-
America and on the global scale) the increment of upwandents except A50, i.e., E15, E30, E50 and G15, compared to
mass flux and the acceleration of the BD circulation is largtrat in experiment EO. The changes of upward mass flux are
in the lower than in the upper stratosphere. It is worth rptirconsistent with BD circulation vertical velocity variatis.
that the change of upward mass flux is largest in experiment Figure 4 shows the seasonal variations of the BD circu-
A50; so, compared with a 50% GHemissions increase inlation vertical velocity. It is apparent that the verticalloc-
East Asia, there is a larger effect of the £emissions in- ity variations caused by different levels of increase in,CH
crease in North America on the EP flux, BD circulation ansurface emissions are quite different, although the \adrtic
mass flux. velocity reduces in January and February in all the seiitgitiv
In order to study the BD circulation vertical velocityexperiments between 18 and 16N, and in this range the
difference as Chlemissions increase by different concentra&8D circulation ascending branch becomes stronger during
tions and in different areas, Fig. 3 further shows the déffie  March and June in E15. This change is not obvious in E30,
of the BD circulation vertical velocity between sensityit and the vertical velocity reduces during May and August in
E50. Table 3 shows that betweerf32and 10S the upward
Table2. The difference of mass flux between E50, A50, G15 anthass flux decreases in E15 and E30, but increases in E50.
EO at 100 hPa, 70 hPa and 30 hPa betweé$2ihd 30N. Positive \When CH, emissions increase in East Asia the increment of
values indicate a mass flux increase. upward mass flux between M and 30N is largest in E30.
Mass flux difference (1Dkg s1) Above all, the chang_e qf upward mass flux at 1QO hPais non-
linear as the Chkl emissions gradually increase in East Asia

Pressure E50-E0 AS0-ED G15-E0 i, g15, E30 and E50. In A50 the vertical velocity decreases
100 hPa 23.7 141 133 slightly in January and February betweeri3@nd 16N and
70 hPa 19.1 58.5 51.2 increases obviously between°Nand 20N from January
30 hPa 17.2 25.6 11.3  to May. The combined effect is that the upward mass flux

increment at 100 hPa is largest in A50. There is no obvious
change of mass flux between°B)and 10N in G15, but the

8x10° [—E15E0 — ABO'EQ ' i i
’ —EloE) a2 mass flux increase is remarkable betweetNL@nd 30N, as
S 4x10° Table 3. The difference of mass flux between each sensitivity ex-
8 periment and EO at 100 hPa. Positive values indicate a mass flu
e 0 increase and negative values indicate a mass flux decrease.
()
%’ 4x10° Mass flux difference (19kg s1)
s Experiment 22-10°S 10S-10N 10°-3C°N 22°S-30N
-8x10 ; . . . .
3°s 200 10’s 0 1N 20N 30N EO 161 722 258 1060
Latitude E15-EO —50.3 —15.7 115 49.4
E30-EO —67.5 —283 154 57.9
Fig. 3. Difference of BD circulation vertical velocitw* (units: E50-EO 37.8 -105 90.5 23.7
—Pa s1) at 100 hPa. Lines represent the difference of E15 A50-EO —22.6 106 57.4 141
(black), E30 (blue), E50 (green), A50 (orange) and G15 (red) G15-EO 17.2 -0.39 116 133

relative to EO.
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Fig. 4. Seasonal variation of BD circulation vertical velocitf (—Pa s1) at 100 hPa: the difference of (a)
E15, (b) E30, (c) E50, (d) A50 and (e) G15, relative to EO.

indicated by the noteworthy vertical velocity increasean-J CH, emissions increase by the same amount in East Asia and
uary and February and the slight increase in other monthiorth America, the effect on the stratospherig @ the for-
Therefore, there is also a large increase of the total mass fiuer is less than the latter.
in G15 between 225 and 30N. Around 90% of atmospheric CHis removed through
chemical reactions in the atmosphere, and 10% is removed
. by soil oxidation. Figure 6 shows the OH and @ifference
4 EffeCt, of CH, emlsaon‘lncreases on strato- in the troposphere between each sensitivity experiment and
spheric and tropospheric ozone experiment EO. The reaction between £ahd OH radicals
Previous studies have shown that the tropospheric afféHs + OH — CHz + H,O) is the main removal mechanism
stratospheric @increases as CHemissions increase (e.g.0f CHa in the troposphere. In the stratosphere,sGEacts
Owens et al., 1982, 1985; Isaksen and Stordal, 1986; Wugtith the OH and &(D) radical; however, the photolysis pro-
bles and Hayhoe, 2002). Figure 5 shows the difference a#ss of CH can be ignored (e.g., Qin and Zhao, 2003). The
stratospheric @in E50, A50 and G15. In the middle stratophotochemical reaction of the OH radical is important for ox
sphere, Cl reacts with active chlorine (CH+ Cl — CHz + idation and removal of numerous trace gases. In general, the
HCI) and decreases catalytig ss caused by Cl radicals;concentration of the OH radical is highest in the tropicsl an
this is the main cause of {ncrease in the middle strato-slightly higher in the Southern than the Northern Hemispher
sphere. [e.g., Chameides and Davis (1982)]. As shown in Figs. 6a
When CH, emissions increase by 50% in East Asia (E5@nd b, OH in the Northern Hemisphere significantly reduces
and 15% on the global scale (G15), the maximum increaseasfCH; oxidation by OH mainly occurs in the Northern Hemi-
stratospheric @is 45 ppbv and 60 ppbv, respectively. Theresphere when ClHemissions increase in East Asia and North
fore, a CH, emissions increase is beneficial for stratospherfgnerica. CH is oxidized by OH on the global scale in
O3 recovery. It should be noted that although the increme@fl5, so the tropospheric OH reduces uniformly in both hemi-
of CH, emissions in East Asia and North America is thepheres.
same, the stratospherig@crease in A50 is larger, and the  One quarter of the hydroxyl radicals react with £ lstart-
maximum increase reaches 60 ppbv. That is to say, whieg several oxidation chains that strongly affect the atmo-
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d) E50, (b, €) A50 and (c, f) G15, compared with EQ. Shadedregshow where the differences are statistically
significant at the 90% confidence level, using the Studéngst.

spheric concentrations of OH and @e.g., Crutzen, 1973). O0+02+M — 03+ M

The availability of NO plays an important role in determin-  Net: CH; + NO 4 30, — CHoO + HyO + NO, + O3
ing the oxidation pathways:

CH, oxidation by OH mainly occurs in the Northern

CHg 4 OH — CHz +H20 Hemisphere troposphere when gldmissions increase in
CH3+02+M — CH30, + M East Asia and North America. This causes tO increase
CH30, + NO — CH30+NO, significantly in the Northern Hemisphere troposphere. The

concentration of Cllis higher at high latitudes than at low
CH30+0; — CHO+HO, latitudes. With the same percentage increase of @HEast
HO2+NO — OH+NO; Asia and North America, the increment of Gldt high lati-
NO, + hv — NO+ O(< 400 nm) tudes is larger than at low latitudes. But, as shown in Fids. 6
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and e, the maximum percentage increase of the troposphati®00 hPa. In the upper troposphere at 200 hPa, in E50 the
O3 appears in the low-and midlatitudes. This is becausg CB3 concentration increases by 6% in East Asia, higher than
oxidation by OH maostly occurs in the tropics and the corsurrounding regions. In A50 thes@oncentration increment
centration of NQ is largest in the midlatitudes (e.g., Fiore ein North America is higher than surrounding regions, but the
al., 2008). It should be noted that OH reduces by 4%, a@3 does not increase significantly in the other lower latitude
Oz in the Northern Hemisphere midlatitudes increases by 4%gions, and the @increment in North America is only 4%,
in E50. There is a small variation in A50, with OH reducmuch smaller than E50. ThezOncrease is symmetrically
ing by 2% and Q in the Northern Hemisphere midlatitudeslistributed along the equator in G15.
increasing by 2%. It is also interesting that the altitude of Tropospheric @is an important greenhouses gas, and as
the maximum changes of OH and; @ higher in E50 than a chemically active gas it can react with numerous active sub
in A50. This is because the concentration of OH is higher gtances. High concentrations of tropospherica@® harmful
East Asia than North America in the troposphere (not showm), health, affecting the respiratory system. When,@his-
and when Cl emissions increase in East Asia, £ebuld sions increase by the same amount in East Asia and North
be fully oxidized and generate more; @ the troposphere. America, the effect on tropospherig @ the former is larger
When CH, emissions increase in North America, the oxidahan the latter.
tion reaction of CH and OH is not sufficient, so more GH Lang et al. (2012) found that the seasonal variation f O
is transported into the stratosphere, where it is oxidiaed, change due to ClHemission increases in the troposphere is
more G is generated in the stratosphere. very weak, except near the tropical tropopause wherba3
O3 is generated through the GHbxidation in the pres- a maximum increase in July. As shown in Fig. 7, the local
ence of NQ in the troposphere (e.g., Crutzen, 1973). Duringhange of tropospheric{s significant when Chlemissions
the 20th century, global background ©oncentrations rose increase in East Asia and North America; therefore, the O
by at least a factor of two, due mainly to increases ih@Hd changes in different months in East Asia and North America
NOy emissions (e.g., Marenco et al., 1994; Wang and Jacalpe interesting. The distribution of tropospherig €éncen-
1998). Therefore, the distribution of Gldnd NG, in the tro- trations in East Asia and North America are shown in Fig. 8a,
posphere plays an importantrole in generatind€g., Fiore and are in good agreement with Wang et al. (2006). As shown
etal., 2008). in Fig. 8b, there is an obvious seasonal variation g€fange
Figure 7 shows @differences at different heights. Thereén East Asia when Cllemissions increase in East Asia in
is an obvious local impact of CHemission increases, andhe upper troposphere (200 hPa). The maximum increment
the maximum increase of s 5% in E50 and 4% in A50 appears in August. The seasonal variation gfdBange in
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Fig. 7. Longitude—latitude cross sections of Gifferences (units: %) at (a—c) 500 hPa and (d—f) 200 hPa,id)(&850, (b,
e) A50 and (c, f) G15, compared with EO. Shaded regions shasventhe differences are statistically significant at the 90%
confidence level, using the Studentest.
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2 (a) 0 Since CH oxidation by OH depends on temperature,
o 60f PR EA 500hPo _%8 e when CH; emissions increase the largess Encentration
55 T T EA200MPe dign T increment should be in summer. But in A50, the maximum
2 5ok 160 -2 increment appears in April at 200 hPa. The seasonal varia-
° F 140 2 tion of Oz change in A50 is inconsistent with the seasonal
§ 45F NA 500hPo  \\ 120 § variation of G concentration simulated by the control exper-
9 I = = NA 200hPa N =7 {100 © . - . .

s 40 S iment shown in Figs. 8a and b. That is, thge é@ncentration
SEE. 3 5 7 9 11 )

change in A50 at 200 hPa is caused by transport processes.
So, when ClH emissions increase in East Asia, its impact on

> r
2 SfF : the tropospheric @can be noted throughout the troposphere.
S 4 \ = However, when Chl emissions increase in North America,
§ 2 i\ A : the impact on the troposphericz@an be noted only in the
g 0 = : lower troposphere and the change of @ncentration in the
b= :ﬁ 3 : upper troposphere is caused by transport processes.
(a]
1 3 5
z 30 5. Summary and conclusions
Q. N -
a E L .
o 2.0p——7" : A fully coupled chemistry—climate model (WACCM3)
2 18 ] : was used to investigate the effect of £émission increases,
g 0'5 — : especially in East Asia and North America, on atmospheric
;:_,"5, 0.0 : temperature, circulation and;O

The results show that CHemission increases can
Month strengthen the westerly winds in the Northern Hemisphere
midlatitudes, and accelerate the BD circulation, incregsi
Fig. 8. (a) Annual average for different months simulated the mass flux across the tropopause. However, the tropi-
by the control experiment (EQ) in East Asia (black) and North ¢ca| BD circulation between 2& and 16N at 100 hPa be-
America (blue). Dotted and solid lines indicate simulasiat comes weaker when GHemissions increase in East Asia,
200 hPa (left vertical axis) and 500 hPa (right vertical {B) 5 stronger when CHemissions increase in North America.
Differences of annual average @uring different months of the _ When CH, emissions increase by 50% in East Asia and 15%

sensitivity experiments compared with EQ at 200 hPa. (CAs i .
(b) but for 500 hPa. The results for E15 (black), E30 (blue), globally, the stratospheric temperature cools by up to 8,15

E50 (green), and G15 (red solid line) indicate the diffeeenc @nd the stratosphericgOncreases by 45 ppbv and 60 ppbv,
compared with EO in East Asia. The results for A50 (orange) 'espectively. When Cliemissions increase by 50% in North

and G15 (red dotted line) indicate the difference comparigdl w America the stratosphericg@ncreases by 60 ppbv, so it has a
EO in North America. greater influence on stratospherig than the effect of a Cid

emissions increase of the same amount in East Asias CH

North America in A50 shows that the maximum incremerincreases in East Asia and North America can reduce the tro-
appears in April. In G15, the variation is small in differenpospheric OH concentration (4% and 2%, respectively) and
months and the increment o§@ large from May to Septem- increase the tropospherig@oncentration (5% and 4%, re-
ber. spectively) in the Northern Hemisphere midlatitudes. When

Os increases are more consistent at 500 hPa than at Zdt increases in East Asia, the increase of the tropospheric
hPa, as the maximum increment of G@ncentration appearsOz concentration is largest in August. When £Hcreases in
in August in East Asia and in July in North America. HowNorth America, the increase of the;@oncentration reaches
ever, the seasonal variation og©hange in G15 is not ob- a maximum in July in the middle troposphere, and in April in
vious (Fig. 8c) in either East Asia or North America. Thighe upper troposphere. When gEmissions increase in East
proves that seasonal variation of Goncentrations, shown Asia, the impact on tropospherig©@an be noted throughout
in Fig. 8, are affected by CHemission increases locally inthe troposphere. However, when gEmissions increase in
the lower troposphere. Comparing Figs. 8a—c, the maximuvorth America, the impact on tropospherig IS notable only
O3 increment appears when the originaJ @ncentration is in the lower troposphere and the change gfd@ncentration
at its minimum in East Asia, so the percentage changesof @ the upper troposphere is caused by transport processes.
concentration is similar to Figs. 8b and c. Although the O The emissions scenarios used in this paper are provided
concentration increase is smaller in the middle troposphday the IPCC at a resolution of°4<5°, so the CH emis-
than in the upper troposphere, the seasonal variationds a#$ns source is coarse. Gleacts with CO, N@and other
significant in the middle troposphere. Thg Gncentration chemical substances, affecting troposphericaDd strato-
is lower at 500 hPa than 200 hPa, so the percentage chasigjeeric climate. Against the background of increasing pol-
of O3 concentration is larger at 500 hPa than 200 hPa (rlotant emissions, the effect of a Glémissions increase must
shown). be associated with CO, NCand other substances. There-

(7]
(&)
~
©0
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fore, much more work is needed to fully understand the effeaChappellaz, J., J. M. Barnola, D. Raynaud, Y. S. Korotkevisid

of CH4 emission increases on both tropospheric and strato- C. Lorius, 1990: Ice-core record of atmospheric methane ove

spheric climate in East Asia. the past 160, 000 yeamdature 345(6271), 127-131.
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