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Abstract. We present the chemistry-climate model tion; isoprene emitting regions with low NQevels see lo-
UM_CAM in which a relatively detailed tropospheric chem- cal ozone decreases, and increase of ozone levels in the re-
ical module has been incorporated into the UK Met Office’s mote region due to the influence of PAN chemistry. The
Unified Model version 4.5. We obtain good agreements be-calculated ozone changes in response to a 50% increase of
tween the modelled ozone/nitrogen species and a range a§oprene emissions are in the range of betwe&mppbv to
observations including surface ozone measurements, ozor@ppbv. Doubling soil-NQ emissions will increase tropo-
sonde data, and some aircraft campaigns. spheric ozone considerably, with up to 5 ppbv in source re-
Four 2100 calculations assess model responses to praHons.
jected changes of anthropogenic emissions (SRES A2), cli-
mate change (due to doubling @Qand idealised climate
change-associated changes in biogenic emissions (i.e. 50% |ntroduction
increase of isoprene emission and doubling emissions of soil-
NOy). The global tropospheric ozone burden increases sigTropospheric ozone (§) has important chemical and radia-
nificantly for all the 2100 A2 simulations, with the largest tive roles and has been a focus of many modelling studies. It
response caused by the increase of anthropogenic emissionsan be a regional pollutant; high levels of ozone are harmful
Climate change has diverse impacts opn dhd its budgets to human health and vegetation.3 @ the primary source
through changes in circulation and meteorological variablesof the hydroxyl radical (OH), which plays a key role in the
Increased water vapour causes a substantial ozone reducti@xidizing capacity of the atmosphere. It is also important
especially in the tropical lower tropospherel0 ppbv re-  because of its radiative impact; ozone is currently the third
duction over the tropical ocean). On the other hand, an enmost important greenhouse gas after carbon dioxide;JCO
hanced stratosphere-troposphere exchange of ozone, whighd methane (CkJ.
increases by 80% due to doubling &@ontributes to ozone During the industrial era, human activities have changed
increases in the extratropical free troposphere which subthe chemical composition of the atmosphere considerably.
sequently propagate to the surface. Projected higher temincreasing surface emissions of methane, carbon monoxide
peratures favour ozone chemical production and PAN de{CO), volatile organic compounds (VOCs) and nitrogen ox-
composition which lead to high surface ozone levels in cer-ides (NQ=NO+NQ,), produced by biomass burning and
tain regions. Enhanced convection transports ozone prefossil-fuel combustion, have caused troposphericdOn-
cursors more rapidly out of the boundary layer resulting centrations to increase significantlyofz and Kley, 1988
in an increase of ozone production in the free troposphereThompson 1992 Marenco et a.1994. The total amount
Lightning-produced NQincreases by about 22% in the dou- of tropospheric @ is estimated to have increased by 30%
bled CQ climate and contributes to ozone production. globally since 1750, which corresponds to an average posi-
The response to the increase of isoprene emissions showive radiative forcing of 0.35 Wr? (Houghton et a].2007).
that the change of ozone is largely determined by backgroundfurther increases of tropospherig @re anticipated in re-
NOy levels: high NQ environment increases ozone produc- sponse to continuing increases in surface emissions.
Tropospheric ozone is formed as a secondary photochem-
Correspondence td5. Zeng ical product of the oxidation of CO and hydrocarbons in the
(guang.zeng@atm.ch.cam.ac.uk) presence of NQ Its short chemical lifetime results in an
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inhomogeneous distribution and a stronger dependence orun considering both the changes of emissions and climate.
changes in source gas emissions than for longer-lived greenfFhe model-model differences are largest when the climate
house gases. The complex €hemistry in the troposphere change scenario is considered. In addition, some recent re-
requires a comprehensive chemical mechanism describingional and global model studies indicate substantial regional
NOy«/VOC chemistry to be incorporated in a 3-dimensional impacts of climate change on concentrations of surface ozone
chemistry/climate model to simulate the globa @stribu- (Langner et al., 2005; Murazaki and Hess, 2006).
tion and to assess climate feedbacks. It is likely that climate change will also affect emissions
Numerous studies of the evolution of tropospherig O of trace gases from the biosphere. Isoprene is an reactive
changes since preindustrial times and the associated radi@iogenic compound, emitted by several plant species and
tive forcings have been carried out using various chemicalyith a global source comparable to metha@e¢nther et a).
transport or climate models (e.¢dauglustaine et 11994 1995. Isoprene emission is sensitive to temperature (e.g.,
Forster et al. 1996 Roelofs et al. 1997 Berntsen et a). Monson and FaJl1989 Sharkey et a).1996, CO, concen-
2000 Brasseur et 31.1998 Stevenson et 3l1998a Mick-  tration (Rosenstiel et a1.2003 and water availability Re-
ley et al, 1999 Hauglustaine and Brasse@001, Grenfell  goraro et al. 2005, amongst other factors. These driving
et al, 200). However there is often significant difference variables are expected to change in the future, hence there
between models in their predictions of ozone change, (seehas been some interest in projecting future isoprene emis-
e.g. Houghton et al., 2001), even though these models norsions and quantifying their effect on atmospheric composi-
mally reproduce present-day observations “satisfactorily”.tion (Sanderson et aR003 Hauglustaine et al2005 Wied-
Future changes of tropospherig @ill depend on how the  inmyer et al, 200§. Estimates of the emission at the end of
emissions of ozone precursors change in the future and alsthe 21st century range from 640 to 890 TgC/gafderson
on how the climate will change. Continuing emissions of et al, 2003 Lathiere et al.2005 Wiedinmyer et al.2006),
NOx and VOCs are predicted to increase troposphegid®  with the biggest driver being the projected increase in sur-
the anticipated rise in temperature and humidity will likewise face temperature. Changes in the emission of; N mi-
have an impact. A number of studies have suggested that agroorganisms in soils is another important climate-biosphere
anticipated warmer and wetter climate would slow down thefeedback, due to the importance of Nid tropospheric pho-
increase in @ abundance compared to an unchanged climateochemistry. These emissions are expected to increase in a
(Brasseur et 811998 Johnson et a]1999 Stevenson etal.  warmer, wetter atmospher¥iénger and Levy1995.
2000. In this paper, we present the results from a version of
We have reported earlier studies with a tropospheric chemgpyr chemistry-climate model (UMCAM) updated to include
ical module (identical to the off-line CTM TOMCAT, see an isoprene oxidation scheme. We calculate ozone changes
Law et al., 1998) incorporated into the UK Met Office for a 2100 climate with associated chemical and dynami-
(UKMO) Unified Model (UM) version 4.4. The chemistry cal changes (e.g. 0zone production/destruction, stratosphere-
comprised NQ/CO/CHi/NMVOCs(G,-Cg alkanes, HCHO,  troposphere exchange). We chose the SRES A2 scenario for
CH3CHO and Acetone). The model was used to assess trothe year 2100, which predicts relatively large emission in-
pospheric ozone changes between 2000 and 2100 using thgeases, in order to explore a large range of influences on
SRES A2 scenariaZeng and Pyle2003. We assessed the fyture air quality. Currently, there are large uncertainties in
feedback on chemical ozone production following increasedthe estimation of biogenic emissions. Here, we carry out an
water vapour, but, in contrast to some of the earlier studiesijnitial assessment of the impact of idealised increases in iso-
found that large-scale dynamical changes in a future climateprene emissions and altered soil-N®missions on future
led to an increase in tropospheric ozone through enhanceftopospheric ozone. A paper by Young et al. (2608)ll
stratosphere-troposphere exchangeng and Pyle2003.  discuss in detail the role of isoprene on ozone formation.
An increased STE in a future climate was also reported by The pase climate model is the UM version 4.5. We de-
Collins et al (2003 andSudo et al(2003. However detailed  scripe the model in Sect. 2. In Sect. 3 the experimental
studies on the feedbacks between climate change and ropQetup is given. In Sect. 4, we present the present-day sim-
spheric composition are still limited. Stevenson et al. (2005)jation and compare modelledgONOy and PAN to obser-
discuss the impact of changes in physical climate on troations. Section 5 presents future simulations: impacts on
pospheric chemical composition; the climate feedbacks argropospheric @ from the anthropogenic emissions and from
dominantly negative (e.g. reduced tropospheric 0zone burghanges in meteorology are discussed:; idealised changes in
den and lifetime, and shortened methane lifetime), but morgne piogenic emission, related to climate change, are also as-
modelling studies are needed in order to reach a COmMMORessed. The tropospheric 0zone budgets for the various cases
consensus on climate feedbacks. Most rece@tgyvenson
et al. (2009 reported an ensemble modelling study from  1yoyng, p. J., Zeng, G., and Pyle, J. A.: The ineractions and tro-
25 models for the 4th IPCC assessment. Simulations for thgospheric impacts of changes in anthropogenic emissions, biogenic
assessment contrasted a 2000 atmosphere with the year 2038bprene emissions and climate modelled for a 2100 atmosphere, in
including runs with changed precursor emissions only, and greparation, 2008.
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Table 1. Simulations.

Simulations  Emissions Meteorology Description

Run A IIASA-2000 2000s Present-day

Run B A2-2100 2000s Future (Axanthropogenic emissions)
Run C A2-2100 2100s Future (B+climate change)

Run D A2-2100+4isoprene  2100s Future (@tsoprene emissions)

Run E A2-2100As0il-NOx  2100s Future (CAsoil-NOyx emissions)

in Sects. 4 and 5 are analysed. Conclusions are gathered 2 Chemical module

Sect. 6.
The tropospheric chemical mechanism includes CO,
methane and NMVOC oxidation as previously used in the
2 Model description off-line transport model TOMCAT liaw et al, 1998 and
earlier versions of the UM+chemistry mod&gnhg and Pyle
21 Climate model 2003 2005. An isoprene oxidation scheme adopted from

Poschl et al (2000 was recently added into the model (see

The UM is developed and used at the UKMO for weather Young, 2007 for more details). Reaction rates are taken from
prediction and climate researcByllen, 1993 Senior and  the recentIUPACAtkinson etal, 1999 and JPL DeMore et
Mitchell, 200Q Johns et a).2003. Here we use the 19 level al,, 1997 evaluations. Chemical integrations are performed
UM version 4.5. It uses a hybrid sigma-pressure vertical co-USing an implicit time integration scheme, IMPACCgrver
ordinate, and the model domain extends from the surface ugnd Stott 2000, with a 15 min time step. The model in-

to 4.6 hPa. The horizontal resolution is 318 2.5. The cludes 60 species and 174 chemical reactions. Two tracers,

model’s meteorology is forced using prescribed sea surfac®x @nd NQ,, are treated as chemical families. OH, Fiand
temperatures (SSTs). other short-lived peroxy radicals are assumed to be in steady
We adopt an improved tracer advection schemestate. The model uses the diurnal varying photolysis rates
(A. R. Gregory, private communication, 2001) to re- calculated off-line in a 2-D modelLéw and Pyle1993 and
place the existing scheme in the UM which is based Oninterpolated to 3-D fields. Note that the effect of changes in
Roe's flux redistribution methodRoe 1985. The Roe cloudiness is not included. Loss of trace species by dry depo-
scheme has the advantage of being a monc;tonic method b&f’tion is included using deposition velocities which are cal-
suffers from low accuracy at the climate resolution usedculated using prescribed. deposition velocities at 1 m height
here. The new tracer transport scheme is based on the 1ﬂargely.taken from\/aler?tm 1990andZhang et al.2003,
NIRVANA scheme ofLeonard et al(1995 using the same dePending on season, time of the day and on the type of sur-
extension to 3D/sphere as the Roe scheme. The new scherf®® (9rass, forest, dessert, water, snow/ice) and are extrap-

is conservative, monotonic and more accurate than the Roglafe% to thg rcr;lgdle oLthe Iov(\j/est model Iaye(rj using a for-
scheme at a lesser computational cost. It is considerably legdlu'a describe _§So_rte ergan H062L99©..Wet eposition .
diffusive in the vertical than the Roe scheme. of soluble species is represented as a first order loss using

L . , model-calculated large-scale and convective rainfall rates. A
Convection is parameterized by a penetrative mass flux 9

scheme Gregory and Rowntree1990 in which buoyant detailed description of the dry and wet deposition schemes

parcels are modified by entrainment and detrainment tg> 9'ven byGiannakopoulos et a{1999. Instead of explicit

represent an ensemble of convective clouds. The CorNecs_tratosphenc chemistry in the model, daily concentrations of

tion scheme has been tested usfAgRn experiments; the Os, NOy and CH, are prescri.bed atthe top three model layers
agreement with observations is reasonaBleyenson et al. (29.6,14.8 anq 4.'6 hPa) using output from the; 2'.D model, to
19981). produce a realistic annual cycle of these species in the strato-

The Edwards and Sling¢199§ radiation code is used in sphere. Note that the scheme includes the important strato-

i o spheric NQ/HOy chemistry and is applied in the lowermost
the L.JM‘ Abso_rpt|on by water vapour, carbon dioxide arpp_l o stratosphere (i.e. below 30 hPa) but that no halogen chemistry
are included in both longwave and shortwave calculations

Absorption by methane, nitrous oxide, CFC-11 and CFC—121S included.

are also included in the longwave scheme. Water vapour is

a basic model variable. Prescribed monthly zonal megn O3 Experimental setup

climatology fields are used in the radiation scheme unless

otherwise stated. Mixing ratios of other gases are assumelle have performed 5 simulations (see Table 1). In all runs
to be global constants. the meteorology is calculated on-line using specified sea sur-
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face temperatures for the simulation period considered heranents, we do not account for any change in the distribution
The baseline run A covers the years 1996—2000 using emisef the vegetation and simply scale up the present day emis-
sions for year 2000 and is used to verify the model perfor-sions. Run D is used to assess the sensitivity of the modelled
mance against observations. Run B uses 2100 emissioral00 atmosphere to an increase in isoprene emission, rather
to assess changes of tropospheric composition only due tthan be a prediction of future isoprene emissions.
changes in these anthropogenic emissions. Run C calculates Large uncertainties exist in estimating the global soil-
future changes due to changes in both anthropogenic emisiogenic NQ emissions. In our base run, we take the
sions and the climate using 2100 emissions (same as run Bjata from Yienger and Levy (1995) and scale to 7 TgN/yr
and a double C@climate forcing with appropriate SSTs for which is close to the upper end of their estimation for the
that period. In runs B and C biogenic emissions are held1990s. Yienger and Levy (1995) related soil-Némissions
constant. Run D is based on run C but uses elevated isoprerte biome, soil temperature, precipitation and fertilizer appli-
emissions to assess the sensitivity of the model to increasecation. They estimated a 25% increase from 1990 to 2025 in
biogenic emissions which may be associated with climateresponse to a warmer, wetter climate. In our soilyN@r-
change. Similar to run C, run E also accounts for increasedurbation run E, we simply double the present-day value to
soil NOy emissions in addition to the anthropogenic emis- develop a scaled emission field appropriate for a 2100 atmo-
sions. We performed multiyear simulations for all the sce-sphere sensitivity experiment.
narios and data are averaged over all years. Specifically, we For all the runs, other natural emissions are kept the same
run base scenario A for 5 years to evaluate the model peras in 2000 and are taken from the EDGAR3.2 global emis-
formance against the observations. Runs B and C are alsgion inventory (Olivier and Berdowski, 2001). Biomass
for 5 years to minimize the effects of interannual variability, burning is based on the Global Fire Emission Data aver-
which is particularly crucial for isolating the impact of cli- aged for 1997-2002 (van der Werf et al., 2003). Lightning-
mate change. Multiyear runs are not considered essential fosroduced NQ is calculated as a function of the cloud top
assessing the emission changes only. However we did peheight using the parameterization of Price and Rind (1992,
form 3 year runs for both D and E, and compare the averaged 994) and scaled close to 4 Tg(N)yrfor the present day
results with run C averaged for the same period. simulation. For the simulation with the future climate forc-
We use observed monthly mean sea surface temperang, a 22% increase of lightning-NGemissions was found
ture and sea ice climatology compiled at the Hadley centreas a result of the increase in convection in a warmer and
(GISST 2.0) to drive the present-day climate. The futurewetter climate. A summary of the emissions is given in Ta-
climate is driven by SSTs produced by the Hadley Centreble 2. Methane concentrations are constrained throughout
coupled ocean-atmosphere GCM (HadCM3) run with 1IS92athe model domain to reduce the spin-up time and eliminate
emissions for the year 2090-2100 (i.e. doubled0@ohns  possible trends. Prescribed stratospherica®@d NG, and
et al., 2003; Cox et al., 2004). In the radiation scheme, thephotolysis rates are kept the same for all model runs.
same present-days&limatology from Li and Shine (1995)
is used for all model runs; other trace gases mixing ratios
are fixed at present-day levels with only g@oubled inthe 4 Present-day simulation
future climate runs.
Emissions are seasonally varying but have no inter-annua#.1 Ozone
variability except for NQ produced from lightning which is
climate-dependent. In detail, the anthropogenic emissions oFigure 1 shows modelled monthly mean distributions of sur-
NOy, CO and NMVOC:s for the present-day are from the re-face G for January, April, July and October. The broad fea-
cently published emission scenarios by the International Intures agree well with observations. Surfacgi®©generally
stitute of Applied System Analysis (IIASA) which was de- higher in the NH than in the SH due to the higher emissions
scribed in detail byDentener et al(2005 and references of ozone precursors there. Seasonally, the highest surface O
therein. Anthropogenic emissions appropriate to 2100 ardevel occurs in July due to intensified photochemical produc-
based on the IPCC Special Report on Emission Scenariotion of Oz, while in winter the Q level is generally low with
(SRES) for the year 2100N@kicenovt et al, 2000. We higher values over the ocean.
chose the A2 scenario to demonstrate the sensitivity to as- We have compared the baseline simulation with a wide
sumed large emission changes. range of long term observations. Figure 2 shows the sim-
We include 512 TgClyr total annual emissions of isopreneulated and observed monthly meag Gncentrations near
(Guenther et al.1995 in the base run. For run D, iso- the surface. The observational data are from the World Data
prene emissions are increased by 50% relative to the bas€entre for Surface Ozone (WDSOMt{p://gaw.kishou.go.
run (768 TgClyr). This increased isoprene emission sitgjp/wdcgg.htm), with major contributions from CMDL. We
roughly in the middle of the 2100 estimates of Sandersorhave selected stations with data covering the years 1996—
et al. (2003), Lathiere et al. (2005), and Wiedinmyer et 2004 where possible. The ozone concentrations from the
al. (2006) (646-890 TgClyr) although, unlike their experi- simulation are averaged over 1996—2000. Most of the obser-
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Fig. 1. Modelled surface @(ppbv) in January, April, July and October from the present-day simulation.

Table 2. Summary of annual total emissions.

IASA-2000 A2-2100 (B) A2-2100(C) A2-2100 (D) A2-2100 (E)

CO (Tg CO)

Fossil fuel 470 1720 1720 1720 1720
Biomass burning 507 507 507 507 507
Ocean/vegetation 100 100 100 100 100
NOx (Tg NOy)

Fossil fuel 914 333 333 333 333
Biomass burning 33.4 33.4 33.4 33.4 33.4
Soil 23 23 23 23 46
Aircraft 2.58 5.67 5.67 5.67 5.67
Lightning 10.3 10.3 12.6 12.6 12.6
NMVOCs (Tg VOC)

Industrial source 116 306 306 306 306
Biomass burning 31.2 31.2 31.2 31.2 31.2
Natural (isoprene) 580 580 580 870 580
CHg (ppbv) 1760 3731 3731 3731 3731

vations are well reproduced by the model. For the northernimodel. There are some discrepancies between the model and
hemisphere extratropical remote sites, the observations arhe measurements. At Barrow, the observed spring minimum
characterized by a spring maximum and a summer minimumnin surface @ may well be associated with bromine chemistry
associated with relatively strong downward flux of foom (Barrie et al., 1988) which is not represented in the model.
the stratosphere in the spring and efficient photochemical deThe observed summer minima at Ryori and Bermuda are
struction in summer. A summer maximum over polluted con-weak in the model simulation. At the southern tropical sites,
tinental areas (e.g. at Hohenpeissenberg) associated with itthe observations indicate an austral spring maximum which
tensified photochemical production is well reproduced by theis well captured by the model. The year-round logalue
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Fig. 2. Observed (symbols) and simulated (lines) surface ozone (ppbv). Data from the World Data Centre for Surface Ozone (see text).

in Samoa is well simulated. The austral spring maxima at2000. The model simulation agrees reasonably well with
Cuiaba, produced by biomass burning, is also accurately rethe observations. The model captures very well the strong
produced. The observed surfacg €é@ncentrations at south- vertical G; concentration gradient shown in the measure-
ern middle and high latitudes shows a winter maximum andments in middle to high latitudes in both hemispheres. The
a summer minimum in the lower troposphere. This featuremid tropospheric maxima in the northern subtropical sites at
is not well simulated by the model. The seasonal cycle pro-Kagoshima and Hilo are well simulated by the model. In the
duced by the model is relatively weak and does not reflectsouthern tropical site Samoa, the model simulates the steep
that of the measurements. The model over-estimates sundecrease of @concentrations in the lower troposphere but
mer O; concentrations in Baring Head and also underesti-underestimates the elevated €ncentrations in the middle
mates Q@ values by up to 20 ppbv in the austral winter-spring and upper troposphere, especially in Natal (not shown), in-
over Antarctica. The cause of these discrepancies needs wicating possibly that there is not enough convective lifting
be investigated further. of O3 and its precursors to the middle and upper troposphere
We have also compared the modelled vertical ozone conduring the biomass burning season.
centrations to @ sonde measurements (Logan, 1999) made In general the model does a good job in simulating ob-
between 1985-1995 (Fig. 3). Note that the ozone concentraserved @. However, to understand factors affecting
tions from the baseline simulation are averaged over 1996-s necessary also to look at the processes involved in ozone
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Fig. 3. Seasonal averageds@rofile (ppbv) by measurements (symbols) and by calculations (lines). Data from Logan (1999).

production, destruction and transport. The ozone budget destratosphere/troposphere exchange (STE) and dry deposition
pends critically on the concentration of ozone precursors anét the surface. Although models can generally reproduce the
comprises the chemical production and destruction gf O observations of @concentrations, there are large differences
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Table 3. Tropospheric budgets. Units are Tg/yr unless stated differently.

2000 (A) 2100(B) 2100(C) 2100 (D) 2100 (E)
NO+HO, 2464 5095 5322 5311 5556
NO+CHz0O2 811 1833 2074 2014 2179
NO+RO, 346 625 627 695 643
Total chemical production 3620 7550 8022 8018 8376
O!D+H,0 1737 3167 3794 3756 3943
OH+03 343 667 749 707 806
HO»+03 965 2239 2384 2441 2477
Isoprene+Q@ 64 57 54 106 52
Total chemical loss 3108 6128 6980 7029 7276
Net chemical production 512 1422 1042 989 1100
STE 452 430 773 774 772
Dry deposition 1035 1767 1695 1684 1746
O3 burden (Tg) 314 549 530 527 546
OH burden (Mg) 172 201 223 207 234
Global mean CH lifetime (yr) 11.3 11.2 9.4 10.0 9.0
Lightning NOk emission (Tg[Q]/yr) 10.3 10.3 12.6 12.6 12.6

in tropospheric @ budgets between different models (see, scheme. Note, however, that in our previous calculation
e.g., Table 4.12 of IPCC (Houghton et al., 2001) and Ta-we included an extra CO source to represent the production
ble 5 of Shindell et al., 2001): the net chemical productionfrom isoprene degradation that was omitted from the origi-
varies from—810 to 550 Tg/year; the flux from the strato- nal mechanism. The direct emission of CO results in more
sphere to the troposphere from 390 to 1440 Tg/year; and thefficient ozone production. Note, also, that we use different
dry deposition from 533 to 1237 Tg/year. Most recent inter- emission datasets in these calculations.
model comparison shows that differences inliddget cac-
ulations are reduced among models for the present-day sce.2 Nitrogen species
nario (see Stevenson et al., 2006). In our calculations (see
Table 3 — scenario A), the net influx from the stratosphere isThe model calculated NfOcolumn averaged for year 2000
452 Tglyear which is within the range reported by Houghtonis in good agreement with the GOME measurement (not
(2001) and Stevenson et al. (2006). The main chemical reshown). Here we emphasize speciated comparisons; we
actions contributing to ®@production are reactions between compare some measured and modelled [d@d PAN verti-
NO and hydroxyl peroxide/other peroxyl radicals (BOThe  cal profiles. The observation data are from short-term aircraft
chemical destruction channels are mainly through the reaceampaigns compiled by Emmons et al. (2000) and should not
tions H,O+O(D) and Q+HOy. The net chemical produc- necessarily compare in detail with model results from a cli-
tion (NCP) of 512 Tg/year calculated from these main termsmate simulation. Nevertheless, the modelled,N®ncen-
is within the reported range. Note that it is a small residualtrations are generally in reasonable agreement with observa-
of two large production and destruction terms which are 362Qtions especially in the mid troposphere (see Fig. 4). The low
to 3108 Tg/year, respectively, in our calculation. Gross 0zoneNOy concentrations observed over the remote Pacific regions
production varies greatly across models on present-day simuare well represented by the model. The model does a good
lations (2300 to 5300 Tg/year) (Stevenson et al., 2006) and iob in reproducing higher N@mixing ratios in the lower
likely due to differences in complexities of chemical mecha- troposphere during February-March (PEM-West-B) in East
nisms included (see also discussions by Wu et al., 2007). OuAsia, arising from the strong influence of local anthropogenic
dry deposition of 1035 Tg/year is at the high end of the modelemissions. Note, in particular, that the “C” shaped profile
range. The total tropospheric burden of 314 Tg is within thefound in observation along the Japanese coast is well sim-
range seen in other models. We use a 150 pppth@shold  ulated by the model. Biomass burning in Africa and South
to define tropospheric air. All the budget calculations are theAmerica during September-November (TRACE-A) leads to
global sum below this threshold. a large near-surface enhancement ofyNfixing ratios in

By adding the isoprene oxidation chemistry, we obtainthe surrounding regions. The N@rofile in East Brazil is
lower values in both chemical production and destrution ofwell reproduced but the model underestimates, M@xing
ozone, compared to the ozone budget we calculated preratios in the lower troposphere in South Africa during the
viously (see Zeng and Pyle, 2003) without the isoprenebiomass burning season. The higher mixing ratios ofNO
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Fig. 4. Observed and simulated profiles of N@ptv) for various locations and seasons. Solid and dashed lines indicate measured mean
values and standard deviations respectively. Model calculations are indicated by symbols. Observation data are taken from Emmons et
al. (2000).

seen in the middle to upper tropospheric over the South Athence they do not capture interannual variability of emissions
lantic during September-November are from biomass burn{which are the same for every year of the model run) and
ing emissions that have been transported from the continentsieterological conditions. Savage (private communication,
(PEM-Tropics-A and Tracer-A) (see Emmons et al., 2000,2008) has recently pointed to the importance of interannual
and references therein); this is not reproduced by the modelariations in meteorology for explaining observed NO

Note that the modelled data are the average over 5 years;
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Fig. 5. Observed and simulated PAN (pptv) as indicated in Fig. 4.

A comparison of modelled and observed PAN is shown(not shown). The model simulates well the increase of PAN
in Fig. 5. Modelled PAN depends strongly on the magni- with altitude over the oceans. The peak observed in the Pa-
tude of the VOC and N@emissions sources and the re- cific and Atlantic oceans in the 4-8 km region during PEM-
gional meteorology, as well as on the precise hydrocarborTropics-A and Tracer-A, associated with the transport of
degradation scheme included. With isoprene chemistry inrPAN from South America, Australia and Africa, is repro-
this version of the model, modelled PAN has been improvedduced by the model. PAN profiles over the China Coast
considerably compared to the previous version without iso-and Japan observed during PEM West B reflect strong out-
prene chemistry which systematically underestimated PANflow of pollutants from Asia to the North Pacific with high
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Fig. 6. Changes in surface{Jppbv) between 2000 and 2100 due
to anthropogenic emission changes, for January and July.

Latitude

values seen near the surface; the model simulates this feature

We” PAN over the Phlllpplne Sea peakS in the m|dd|e tro- F|g 7. Changes in zonal and annual meag) (@pbv)' NQ( (pptv)
posphere reflecting the transport of PAN from the Asian con-and OH (18molecules/cri) between 2000 and 2100 due to anthro-
tinent (PEM West B). However, the seasonal change of PANpogenic emission changes.

over the Philippine Sea is not well captured by the model.

High levels of PAN observed during September-November

(TRACE A) are the result of biomass burning in Africa and

South America and the transport to the South Atlantic oceanthe polluted continents, with the largest increase gfrCthe

The model well simulates the vertical profiles of PAN in Far Eastin summer. The areas of larger ozone increase are re-
these regions. Addition of isoprene to the model has led to #ions where rapid economic growth and population increase

much improved N@Q distribution compared with our earlier are predicted. In January, there are significant increases of
model simulations. O3 over the oceans. For the Pacific region this corresponds

to an outflow of pollutants from Asia, highlighting the poten-
tial importance of the Asian plume and its impact on global
5 Tropospheric composition changes between 2000 and Os levels in the future. In the Southern Hemispherg,ii®

2100 creases of 30 ppbv are calculated in South Africa and South
America. The long range transport og @om these regions
5.1 Response to anthropogenic emission changes is evident: There is a background; @crease of up to 5—

15 ppbv in the southern hemisphere in remote oceanic areas.
Figure 6 shows calculated changes in surfagéd@January  Increased surface emissions of recursors not only con-
and July between 2000 and 2100 assuming only changes itribute to G formation in the source region (air quality) but
emissions (i.e. Run B —Run A). In the Northern Hemisphere,also increase the evel in remote regions through long-
increases of @ peaking above 40 ppbv are calculated over range transport.
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decreases only slightly from 11.3 to 11.2 years (see Table 3);
the methane lifetime is mainly influenced by the changes in
lower tropospheric OH.

5.2 Response to climate change

Altitude [km]

The impact of climate change on the @istribution and its
budget is assessed by considering the differences between
run C and run B, where only differences arise from the dou-
90S 60 305 EQ 30N 60N 90N bling CO, (see Table 1). Figure 8 shows_ the differences in
Latitude temperatures caused by a doubled,G@cing. The annual
and global mean surface temperature increase is 4K (higher
_ _ at high latitudes) and reaches 9K in the upper tropical tro-
Fig. 8. Changes in zonal and annual mean temperature (K) betwee%osphere. Cooling in the lower stratosphere occurs in the
2000 and 2100 (double G double-CQ climate. Specific humidity increases through-
out the troposphere with substantial increase in the tropical
boundary layer by 20% (not shown).

Figure 7 shows the calculated zonally averaged O  Figyre 9 shows zonal mean changes gfdde to climate
changes between 2000 and 2100 (B-A). The largest increasghange for January, April, July and October. It shows that for
of Oz occurs in the northern hemisphere subtropical freey)| seasons enhanced chemical destruction, due to increased
troposphere; it is a consequence of increases in emissiongater vapour in the projected future climate, dominatgs O
in northern latitudes and weak destruction of &bove the  hanges in the tropical troposphere. A pronounced feedback
boundary layer. The ©increase in the stratosphere re- s ihe substantial increase of @ver 200 ppbv) in the extra-

sults mainly from transport of ©precursors from the tro-  yqpical low stratosphere which is a response to changes in
posphere, although the increase is relatively small comparegyc jation; the enhanced Brewer-Dobson circulation more

to the background. Figure 7 also shows Nehanges for  4niqly lifts Os-poor air upwards in the tropics and trans-
B-A, largest increases are in the boundary layer, where thepOrts Q-rich air into high latitudes. This leads to ang O
direct e_mis_sio_ns occur, and in the upper tropical troposphereq.q,ction in the upper tropical troposphere and arb@ild-
where its lifetime is long. There, large increases oiN® |, at high latitudes in the lower stratosphere, (in part also
sultin substantial @production. The decrease of N the e to reduced ozone destruction in the cooler lower strato-
stratosphere is a result of decreasedMOHNOs ratio (Not  gppere, consistent with our earlier finding based on an older

shown). model version, Zeng and Pyle, 2003). In a recent multimodel
The global tropospheric Hbudgets for scenario B are comparison (Butchart et al., 2006) most participating mod-
shown in Table 3. The net stratospheric influx is about 5%els also produce an increase in the stratosphere-troposphere
smaller than in scenario A. This small net decrease is the remass exchange rate in response to growing greenhouse gas
sult of a larger tropical troposphere-to-stratospheseflx  concentrations. Consequently, the enhanced STE transports
in B that more than offsets the middle latitude @flux  stratospheric @ more rapidly to the troposphere leading to
from the stratosphere. Chemical production increases subsignificant increases of £in the free troposphere; for the
stantially as a result of increasing emissions afecur-  NH this feature is most pronounced in April when STE nor-
sors. Chemical destruction also increases in response to th@ally maximizes. The influence of STE peaks in Austral
increased @ The overall net chemical production 0@  winter/spring for the SH, leading to increased i@ the free
nearly three times that of scenario A. With highes,@he  troposphere which also propagates to the lower troposphere.
dry deposition increases by a factor of 1.7. The average troThe elevated @levels over the southern midlatitudes and the
pospheric @ burden increases from 314 to 549 Tg. Antarctic in July and October shown in Fig. 9 seem linked
OH controls the oxidizing capacity in the troposphere andto increased stratosphere to troposphere transporg @@
its distribution depends critically on NGand hydrocarbons. low surface Q deposition rates at these locations (water and
Increases of NQand G tend to increase OH and increases snow surfaces). Note that the decreases gfadng the
of CO and CH depress OH. Figure 7 shows changes in OHtropopause are due to tropopause lifting in a changed climate.
in response to changes in N®OCs emissions; there are in- Responses of ground-levey@ climate change are highly
creases throughout the tropical troposphere with the largestomplex. Figure 10 shows monthly mean surfagefanges
increase in the upper troposphere, corresponding to the infor January, April, July and October, in response to a dou-
crease of NG there. OH decreases in a large area of thebling of CO,. O3 changes are predominately negative
NH and some of the SH as a result of increases of VOCghrough increased water vapour for all the seasons, with the
over the continents. Although the tropospheric OH burdenlargest decrease over tropical oceans. However, we note
increases by 17% from run A to run B, the methane lifetime some prominent, seasonally-varying @creases, e.g., over
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Fig. 10. Changes in surface{Jppbv) between 2000 and 2100 due to climate change, for January, April, July and October.

some of the polar regions, over the Southern Ocean in Auseentral Europe in summer. The significant increase ¢f O
tral winter, and over some of the continents, with largest in-over the Arctic in April shown in Fig. 10 (most pronounced
creases over Amazonia, Africa, North America, southern andn February/March, not shown) may be due to an intensified
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and middle troposphere, which are likely due to increased
deep convection and the increased lightning activity respec-
tively. Enhanced convection can transport,Nghd other @
precursors to the upper troposphere more efficiently, while
intensified lightning produces NOdirectly in the free tro-
posphere, leading to increased €hemical production. On
the other hand, increased convection could bringp©or air
(e.g. from the Pacific “warm pool”) to the upper troposphere
which contributes to @ decreases there. Thes@hcreases

at 5-10 km over the tropics in July and into October shown
in Fig. 9 are most likely associated with increased convec-
tion/lightning. Note that the large negative changes oftNO
above 10 km are partly due to strengthened circulation asso-
ciated with the double-Cg&xclimate forcing, and in part due

to increased formation of HN from NOy in extratropical
latitudes, favoured by the lower temperatures.

In a future climate the OH concentration will be modi-
fied following the increase of water vapour, which can sub-
sequently modify the oxidizing capacity of the atmosphere.
Responding to a double-GClimate, increases of OH oc-

i 1 cur throughout the troposphere (Fig. 11) with an important
90S 60S 30S EQ 30N 60N 90N feedback on the methane lifetime. Methane is an impor-
Latitude tant greenhouse gas and is also a key trace gas controlling
background @ concentrations. In these calculations the
methane lifetime has shortened considerably (by 1.8 years)
Fig. 11. Changes in annual and zonal mean,N@ptv) and OH iy response to the double-G@orcing, due not only to in-
(10°molecules/crf) due to climate change. creased OH concentrations but also to the increased reaction
rate coefficient of OH+CHhl which has a strongly positive
temperature-dependence.
poleward transport of )Os-precursors from North Amer- Impacts of climate change on the chemical and dynami-
ica and Europe, possibly associated with increased STE, bWl processes that affect tropospherigade reflected in the
needs further investigation. There is also some increase ab; budget. Budget calculations (Table 3) show that with cli-
Os over the Arctic in October following summer increases mate change included, the tropospherig ifdirden reduces
of surface @ over Europe and North America. We also note sjightly, as a result of several competing processes. The
that, to some extent, increases of surfagea linked to in-  most significant positive feedback is an 80% increase of net
creased surface temperatures. A number of mechanisms cafyx of O; from the stratosphere to the troposphere. Both
lead to increased £production following increased temper- chemical production and destruction show increases under
ature: 1) favoured production of H@lue to mostly positive  the climate change. The largest negative chemical change
temperature-dependencies of £¥OC oxidation reaction s through reaction 3D)+H,0 following photolysis of Q.
rate constant which fuel ozone formation; our calculationspositive chemical changes are mainly through increased re-
show that increases of Horrelate closely to the increase action fluxes of NO+H® (by 4.5%) and NO+CHO, (by
in Oz (although, especially in this hugely complex system, 139), which lead to @production. We note the larger rela-
cause and effect are often difficult to disentangle), and 2) thejve increase in NO+CgD; the driving factor is the strong
faster decomposition of PAN which releasesN€adingto  positive temperature-dependence of the methane oxidation
regionally increase of ozone production, especially in the NHpy OH which favours CHO, production at higher temper-
polluted regions. Over Amazonia, southern Africa and south-atures (Recall that CiHconcentrations are fixed at the same
ern Europe the model predicts a reduced humidity fO”OWingva|ue for runs B and C) Higher CHevels could have a
the increased temperature which is associated with reduceﬁgnificant impact on troposphericg([n a future warmer cli-
soil moisture (Cox et al., 2004), reducing the @estruction  mate. Finally, note that enhanced convection is reflected in a
in those regions. 22% increase of lightning-NQemission.

The climate change also comprises changes of convec- We have shown here that climate change has diverse im-
tion, which play an important role in redistributings@nd pacts on @ production, loss and transport, and that the ox-
its precursors in the troposphere (see Lawrence et al., 2003¢lizing capacity of the troposphere is modified by climate
Doherty et al., 2005). Figure 11 displayeNOy for runs  change. The feedbacks of climate change on tropospheric
C-B; increases of NQoccur mainly in the tropical upper ozone are complex. In particular, changes of surfage O

Altitude [km]

Altitude [km]
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Fig. 12. Changes in annual and zonal mea\(@pbv) due tqa) increase of isoprene emissions (D-C) &bylincrease of soil-NQ emissions
(E-C).

in response to climate change vary regionally and season- 20¢
ally. More studies are needed to address in detail, for exam- E
ple, how changes in transport patterns can affect surface O 'E 15]
changes. =, ;
S 10¢
5.3 Response to climate change induced natural emission 2 L
changes I 5F

5.3.1 Increased isoprene emissions 0 ‘

90S 60S 30S EQ 30N 60N 90N
Latitude

Relative to scenario C, we increase isoprene emissions by
50% globally to assess the possible impact on Note
f{hat the major emission regionls arein th? tropics in the malr'Fig. 13. Changes in annual and zonal mean PAN (pptv) due to
itime .contlne.nt, in S_outh America and A]‘r|ca. The Southeast, rease of isoprene emissions (D-C).
USA is a regionally important extra tropical source. Our cal-
culation shows that increasing isoprene emissions has little
impact on the global tropospheric ozone burden, which de-increases by up to 4—6 ppbv due to increased peroxy radicals
creases by less than 1% (see Table 3). However, the spatiglom the degradation of isoprene which contribute positively
distribution of ozone is modified; Fig. 12a shows that ozoneto ozone production in the N@ich (VOC-limited) environ-
generally increases in the northern hemisphere throughouhent. We also find elevated ozone concentrations away from
the model domain and decreases in the equatorial and soutlihe main emitting sources (e.g. over the North Atlantic and
ern subtropical regions. The largest negative changezof Owestern Africa). This suggests that PAN plays an important
occurs between 5-10 km in the southern tropics wherg NO role in ozone formation; PAN can transport N@way from
concentrations are low. Budget calculations (see Table 3jts source and contribute to ozone production in remote re-
show that with extra isoprene emissions, the gross chemigions. In our simulation backgrouncs@oncentrations have
cal production is reduced slightly due to a reducedM®el  increased by around 1 ppbv except over the southern oceans.
which is consumed by elevated R@dicals from isoprene  \We will consider a range of future isoprene scenarios in more
oxidation to form PAN; Fig. 13 shows that PAN increases detail (Young et al., 2008 Young, 2007).
substantially following the increase of isoprene emissions. Of course, the link between climate and isoprene emis-
Os3 loss increases due to increased destruction by reactionsion is more complicated than the simple scaling up of the
with HO2 and isoprene, respectively. Following the reducedemissions in this sensitivity experiment. Besides the effect
OH level, the global methane lifetime increases by 0.6 yearsef temperature, the magnitude and spatial distribution of iso-
The largest impact of the increased isoprene emissions oprene emission is highly dependent on the plant species.
ozone occurs in summer. Figure 14a showsdBanges at  Thus, any future natural or anthropogenic land use change,
the surface for July; ©generally decreases over the iso- such as the drying of the Amazon rain forest (Cox et al.,
prene source regions where N@vels are also low, as a 2004) or increase in crop growth, would have a large im-
result of ozone destruction (lesg @roduction) in the NG pact on the isoprene emission field. Furthermore, increases
limited regime. In high N@ regions (Europe and Asia),30 in atmospheric C® may well decrease isoprene emission
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Fig. 14. Changes in surface{Xppbv) due tqa) increase of isoprene emissions (D-C) ghjlincrease of soil-NQ emissions (E-C). Both
changes are for July.

(Rosensteil et al., 2003; Arneth et al., 2007). Other climate-6 Conclusions
related factors such as water availability, changes in the flux
of photosynthetically active radiation (PAR), nutrient deliv- We have evaluated an updated tropospheric chemistry model
ery and air pollution, will also effect isoprene and other bio- which is incorporated into a version of the UK Met Office cli-
genic emissions, either directly or through their impact onmate model. The model is satisfactory in modelling present-
primary productivity. day observed tropospheric ozone and nitrogen species. The
ozone budget falls within reported ranges. We calculate a
net stratospheric to tropospheric ozone flux of 452 Tg/year,
5.3.2 Increased soil-NCemissions a gross @ chemical production of 3620 Tg¢year, and a
gross Q chemical destruction of 3108 Tg/year. However, the
We double the soil-NQemission globally in this experiment gross chemical production ofJs relatively low compared
and compare run E to run C tg asse);s the imgact assoc'i:—0 a recentlmult|model St.u dy. .
Calculations for a series of 2100 scenarios suggest that

ated with increasing soil-NQemissions. The major emis- ; N . . 79
: : . . , rojected significant increase of anthropogenic emissions of
sions regions are the tropics and subtropics with the stronge . )
ozone precursors could contribute to large ozone increases

sources from agriculture, grassland, and tropical rain forestst.hrou hout the troposphere. A pessimistic (large emissions)
Results show that increased soil Nfas a substantial posi- 9 posp - AP 9

. . . scenario (SRES A2) leads to an unacceptable increase of
tive feedback on tropospheric ozone (3% increase of the tro= L

. ; surface ozone such that there would be significant excee-
pospheric burden, see Table 3). Both gross chemical produc-
. ' o dences of suggested health-related thresholds. An assess-
tion and net chemical production increase compared to run C

which is driven by increased NQevels. Figure 12b shows fment of the impact of climate change on global tropospheric

that changes in zonal mearg @re positive globally with a ozone reveals a number of important feedbacks. Increased
peak in the southern subtropics, although there is a slight de\{vater vapour leads to increased @estruction in the trop-

crease in stratospheric 0zone which is related to the ozon& >’ whereas enhanced stratosphere-troposphere exchange in-

destruction by N@ in that region. Figure 14b shows that in- creases the neygﬁlux to the f[roposphere. Thegezhanges_
: - at the surface in a future climate are complex and region-

creases of @at the surface are largely in the N@mitting : . .

. N . . ally varying, and are strongly influenced by changes in tem-
regions as the result of in-situ chemical production follow- - . .
L . . perature, humidity, STE, and hemispheric transport patterns.
ing increased soil-NQemissions. It also shows some large . . ' :
. : e draw attention to some particular changes: we find el-
increases of ozone away from the source regions, as a resu

of the long-range transport. Note also the similarities in thecvated @ over polluted continents especially during sum-
S mer months; increase of background Over the South-
patterns in Fig. 14a and b.

ern Ocean and the Antarctic during austral winter/spring;
These calculations of the effects of natural emissions omand intensified poleward transport of pollutants from Eu-
O3 are very simple and the results are merely indicative ofrope and North America leading to elevategli®the Arctic,
possible impacts. However the impacts are potentially sig-n particular during winter/spring. Recent studies of the re-
nificant, and more detailed studies are needed to project fusponse of troposphericZQo climate change reveal diverse
ture changes of natural emissions which can be included irmodel responses (Shindell et al., 2006; Brasseur et al., 2006).
models. Multi-model studies are important to achieve a consensus on
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