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Abstract. Over the 21st century, changes in £lBvels, cli-  tions in NG, emissions in these areas respectively. Increases
mate and land use are expected to alter the global distributionf 4—6 ppb are calculated in the continental tropics due to
of vegetation, leading to changes in trace gas emissions froraropland expansion in these regions, increased D@ibi-
plants, including, importantly, the emissions of isoprene.tion of isoprene emissions, and higher temperatures due to
This, combined with changes in anthropogenic emissionsgclimate change. These effects outweigh the decreases in trop-
has the potential to impact tropospheric ozone levels, whichical ozone caused by increased tropical isoprene emissions
above a certain level are harmful to animals and vegetationwith climate change. Our land use change scenario consists
In this study we use a biogenic emissions model following of cropland expansion, which is most pronounced in the trop-
the empirical parameterisation of the MEGAN model, with ics. The tropics are also where land use change causes the
vegetation distributions calculated by the Sheffield Dynamicgreatest increases in ozone. As such there is potential for in-
Global Vegetation Model (SDGVM) to explore a range of creased crop exposure to harmful levels of ozone. However,
potential future (2095) changes in isoprene emissions causede find that these ozone increases are still not large enough
by changes in climate (including natural land use changes)to raise ozone to such damaging levels.

land use, and the inhibition of isoprene emissions by, CO
From the present-day (2000) value of 467 Tg Clymwe find

that the combined impact of these factors could cause a net .
decrease in isoprene emissions of 259 TgC\B5 %) with 1 Introduction

individual contributions of +78 Tg Cyr* (climate change), oo . . ;
NG Plants emit biogenic volatile organic compounds (BVOCS)
— 1 1 -
190 Tg Cyr™ (land use) and-147Tg Cyr= (COp inhibi into the Earth’s atmosphere, with the largest fluxes being for

tion). Using these isoprene emissions and changes in anthro- : . o
. o . . : . . Isoprene (2-methyl-1,3-butadiene), with annual emissions of
pogenic emissions, a series of integrations is conducted with ; .
the UM-UKCA chemistry-climate model with the aim of ex- .. 500TgC Guenther et &.200. This value is greater
S . Y han the total amount of non-methane hydrocarbons released
amining changes in ozone over the 21st century. Globally, al

. . annually due to anthropogenic activities. However, not all
combined future changes cause a decrease in the tropospheri y Pog

ozone burden of 27 Tq (7 %) from 379 Tg in the present-day.pFams emit isoprene, and those that do, em@ it in very differ-
4 ent amounts. For example, broad-leaved rainforest has been
At the surface, decreases in ozone of 610 ppb are calcu-

. 21—1 . e
lated over the oceans and developed northern hemisphenmealsured to emit 2.5 mgnT=h™" (Rinne et al, 2002 Mis

s Hal et al, 2011, whilst crops such as maize and sugarcane
regions, due to reduced NQransport by PAN and reduc- are thought to emit much less isoprened.09 mgnT2h-1,
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Guenther et al.2006. On the other hand, much greater iso- compensate each other is scenario dependent and still re-
prene fluxes of up to 13.0mgrih—! have been measured mains highly uncertain.
from fast-growing plants such as oil palrMisztal et al, Due to the non-linearity of VOC-NQO3 chemistry, the
2011). Isoprene is a very reactive VOC that is readily ox- O3 response to these isoprene emission changes depends
idised in the atmosphere, and in the presence of oxides obn whether the environment is Ndimited or VOC-limited
nitrogen (NQ = NO+ NOy), it can lead to the formation (Wiedinmyer et al. 2006 Zeng et al. 2008 Young et al,
of ozone (Q) (e.g. Chameides et al., 1988). However the 2009 Wu et al, 2012 Pacifico et al.2012. When sufficient
chemical relationship between VOCs, N@nd G is non- NOy is available, isoprene reacts with OH and molecular
linear; the response of {20 changes in either precursor gas oxygen to produce hydroxyperoxy radicals, which convert
depends on their ratio (see the Empirical Kinetics ModelingNO to NGO, leading to Q formation. In low NG, VOC-
Approach diagrams in, e.dpodge 1977 Sillman and He  rich environments, the rate of this N@ependent pathway
2002. In sufficient quantities, @is recognised to be damag- decreases, and it becomes more favourable for isoprene to
ing to both humans and plant&/dO, 2000, and has been be oxidised directly by @ leading to Q removal. Q pro-
shown to lead to substantial losses in global crop yiedas{ duction is further limited by the removal of N@s isoprene
ery etal,20113. As isoprene is a precursor tg@rmation, hydroxyperoxy radicals react with NO to form isoprene ni-
changes to factors that influence isoprene emissions have theates. The degree to which N@ regenerated from isoprene
potential to alter the degree ok@amage to the biosphere. nitrate degradation remains uncertdofe et al, 2012, and
There are several factors that can affect isoprene emishas a significant effect on thes@esponse to isoprene emis-
sions. From a fixed vegetation distribution, isoprene emis-sion changesvpn Kuhimann et a.2004 Wu et al, 2007,
sions are directly stimulated by increases in temperature folHorowitz et al, 2007).
lowing an Arrhenius-like relationshipr{ngey et al, 1979, The first aim of this current study is to explore how con-
and are directly inhibited under elevated concentrations otributions from the main factors that affect tropospheric O
CO, (Rosenstiel et al2003. However, increased CQev- could change over the 21st century. This is achieved by use
els may also lead indirectly to greater isoprene emission®f a global chemistry-climate model (the UK MetOffice Uni-
by extended fertilisation of the biosphere (e.g. Tao and Jainfied Model coupled to the UK Chemistry and Aerosol model
2005; Arneth et al., 2007). Similarly, increases in tempera-(UM-UKCA)) as detailed in Sec. One of the factors in-
ture may indirectly decrease isoprene emissions by decreasestigated is changes in isoprene emissions, and in this sec-
ing soil moisture, thus leading to “die-back” of isoprene- tion we also outline the method used for calculating these
emitting vegetation@ox et al, 200Q 2004 Sanderson etal.  isoprene emission changes. In Sect. 3 the generated isoprene
2003. Changes in land use that affect the extent and distri-emissions are analysed to show how they could change over
bution of vegetation also have the potential to alter isoprenghe 21st century due to changes in climate, land use and CO
emissions. Anthropogenic land use change, on the globahhibition. In Sect.4 we use the results of the UM-UKCA
scale, contributes a net decrease to isoprene emissions agegrations to attribute futuredhanges to changes in cli-
generally this involves replacement of high isoprene emit-mate, isoprene emissions with climate, anthropogenic emis-
ters with lower ones (e.g. Tao and Jain, 2005; Lathiere et al.sions, land use and GGnhibition of isoprene emissions.
2005; Wu et al., 2012). However, this is not always the case, The second aim of this study is to determine whether
especially on the regional scale where some land use sceshanges in isoprene emissions due to anthropogenic land
narios show increased isoprene emissions. Examples are thise (simulated here as cropland expansion) could cause in-
replacement of broad-leaved rainforest with oil palewitt creased exposure of those crops to harmful levels of O
et al, 2009 Ashworth et al. 2012 Warwick et al, 2013 This is addressed in Seétby calculating the effect of crop-

or agricultural cropland witl\rundo donaxXor biofuel pro-  land expansion on the “Accumulated exposure (¢ Over
duction Porter et al.2012. In the current study we do not a Threshold of 40 ppb” (AOT40) diagnostic. The AOT40
include such land use changes. is recommended by the World Health OrganizatigiHO,
There is a fine balance between those factors that increas®000 as a diagnostic for quantifying harmfuls@xposure
isoprene emissions (direct effects of temperature; fe@il- to vegetation. The effects of changes ig @ crop damage
isation), and those that decrease them (die-back; Gki- have been examined in several previous studies (Ash-

bition, land use change). This balance may well change ovemore 2005 Van Dingenen et al2009 Fuhrer 2009 Avnery

the next century. Rising COlevels are expected to cause et al, 20118, however very few studies consider specifically
rises in temperature and G@®ertilisation, which would lead  the contribution from isoprene emission changishiworth

to isoprene emission increases. Some studies calculate that al, 2012 2013, which is the focus here.

these increases would be more than compensated for by in- Isoprene oxidation chemistry is too complex to include ex-
creases in C®inhibition (Heald et al. 2009 Young et al, plicitly in a global model, so the chemistry must be parame-
2009 Pacifico et al. 2012 and anthropogenic land use terised. This introduces uncertainties, which we investigate
change Ganzeveld et al.201Q Wu et al, 2012. However  in a companion paperSQuire et al. 2014 by comparing
the magnitude of these terms and the degree to which thefour different isoprene chemical schemes, all of which are
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currently used in Earth System Models. One notable source Longitude

of uncertainty is the degree to which KHGs regenerated L LR
from isoprene degradation under low N©onditions. Re- 60° I3 S
cent studies have demonstrated biases between measured and «-

modelled HQ (Fuchs et a].2011) and OH Mao et al, 2012 2
under high VOC (low NQ) conditions. Proposals have been -
put forward for missing mechanistic pathways (ePgulot
et al, 2009 Peeters et 312009 that to some extent recon-
cile these discrepanciearchibald et al, 2010. In the com-
panion paper we investigate the sensitivity of our results to |

including these new pathways. o

—-40° 4

Latitude

60° -

2 Model and Experiment . . : T 1o

In order to establish how contributions from the main fac- -lo 08 06 -04 02 00 02 04 06 08 10

tors that affect trOpOSphe”Cﬁ_OUId Ch_ange over the 21st Fig. 1.Change in grid cell fraction of UM-UKCA land surface types
century, a present-day (2000) integration and a range of fupeqyeen present-day (2000) and the anthropogenic land use sce-
ture (2095) integrations were conducted with UM-UKCA as nario (cropland expansion) for 2095 (2095-2000). Changes in the
detailed in Sect2.3. For all integrations isoprene emissions crop fraction (assigned tog@rasses) were calculated using the IM-
were first calculated offline using a dynamic global vegeta-AGE 2.1 model Alcama, 1999.

tion model and a biogenic emissions model as described in

Sect. 2.1. Additionally, to investigate the effect of changes in

land use the distribution of land surface types in UM-UKCA

had to be altered, and this process is described in Sect. 2.2.2'2 Land surface changes

As the SDGVM does not explicitly calculate the distribu-
tion of crops, for the inclusion of future cropland expansion

Isoprene emissions were calculated under present-day (2008)e IMAGE 2.1 model Alcamo, 1999 was used to generate
conditions and for a series of future (2095) conditions. In@ crop map in line with the A1B SRES scenarlakicen-
Sect. 3 differences in these emissions are analysed to asovic et al, 2000. This crop map was then combined with
certain individual contributions to future isoprene emission the natural vegetation distribution from the SDGVM to cre-
changes from future changes in climate, land use; DOI- ate a new distribution of PFTs and leaf area index, and this
bition of isoprene emissions and the combined effect of all ofwas used as input for the biogenic emissions model that gave
these factors. In all cases first the vegetation distribution waghe altered isoprene emissions. The new PFT distribution and
determined using the Sheffield Dynamic Global Vegetation!€af area index was also used in those UM-UKCA integra-
Model (SDGVM) Beerling et al. 1997 Beerling and Wood-  tions that included future cropland expansion, as the PFT af-
ward, 2007). The model was run in time slices, for present- fects anumber of model surface properties such as the chemi-
day (2000) and future (2095) conditions, each time being rurcal deposition velocity and surface roughness. In UM-UKCA
to vegetative equilibrium. The SDGVM calculates the po- there are nine land surface types (LSTs): broad-leaved trees,
tential distribution and leaf area index of six plant functional needle-leaved trees,sQyrasses, & grasses, shrubs, bare
types (PFTs): @and G grasses, evergreen broad-leaved andsoil, urban, ice and inland water. These LSTs do not corre-
needle-leaved trees, and deciduous broad-leaved and needrPond exactly to the PFTs calculated by the SDGVM, and as
leaved treesl(athiére et al.2010. The SDGVM was driven ~ such in the land use change integrations the SDGVM PFTs
by climate conditions generated with the HadGEM1 modelhad to be mapped onto the UM-UKCA LSTs. Ag @nd
(Johns et a).1997). For calculation of the future isoprene Ca grasses exist in both models their distributions in UM-
emissions the SRES B2 climate scenario was ugsadh UKCA followed that of the SDGVM, with the addition that

et al, 2007). The vegetation distribution from the SDGVM all crops were also assigned tg grasses. This simplification
was then used as input for a biogenic emissions model baseéPuld be made as in UM-UKCA the deposition properties of
on MEGAN (Guenther et a]2006), as described ihathiére ~ both grass types are identical and there are only small dif-

et al. (2010, which produced the isoprene emissions. Addi- ferences in other surface properties including aerodynamic
tionally, when future C® inhibition of isoprene emissions resistance. Both broad-leaved and needle-leaved categories

2.1 Isoprene emission calculations

was included, the parameterisationRéssell et al(2005  in the SDGVM were mapped to broad-leaved and needle-
was used in the biogenic emissions model, asathiére  leaved trees respectively in UM-UKCA. Figuteshows the
et al.(2010. difference in the grid cell fraction of UM-UKCA LSTs be-

tween 2000 and 2095 for the land use change scenario. The
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1014 0. J. Squire et al.: Influence of future cropland expansion on tropospheric ozone

Table 1. Model integrations conducted with UM-UKCA (BASE and Runs 1-6). PD = present-day (2000), Fut=Future (2095). The lower
section of the table indicates how changes due to each perturbation are calculated.

UM-UKCA Climate Isoprene Anthrop- Land use GO
integration emissions ogenic inhibition
with climate emissions
BASE PD PD PD PD PD
Runl Fut PD PD PD PD
Run2 Fut Fut PD PD PD
Run3 Fut Fut Fut PD PD
Run4 Fut Fut Fut Fut PD
Run5 Fut Fut Fut PD Fut
Run6 Fut Fut Fut Fut Fut
A Climate A Isoprene A Anthrop- A Land use A COy A All
emissions ogenic inhibition factors
with climate emissions

Runl -BASE Run2-Runl Run3-Run2 Run4-Run3 Run5-Run3 Run6-Runl

IMAGE model calculated an increase in croplands by 2095provide a realistic upper boundary condition for the tracers,
of 6.34x10'?m? (135 %), which corresponds to an increase concentrations of @and NQ, are overwritten above 30 hPa

in the fraction of G grasses in UM-UKCA as shown in from zonal mean values from the Cambridge 2-D model
Fig. 1a. This expansion of crops was largely at the expensdLaw and Pyle1993ab) as inTelford et al.(2010. All inte-

of broad-leaved trees, which show large decreases 1B)g.  grations lasted five model years plus a “spin-up” period of 16
As broad-leaved trees have a higher isoprene emission fagnonths. The present-day integration (BASE) was a year 2000
tor than crops, 12.6 and 0.09 mg isoprengm ! respec-  time slice and the future integrations were 2095 time slices,
tively (Guenther et a]2006 Lathiére et al.2010, cropland  in which perpetual 2000 (BASE) and 2095 (future) sea sur-
expansion resulted in a decrease in isoprene emissions. THace temperatures (SSTs), sea ice concentrations (SICs) and
fraction of needle-leaved trees ang @asses also decreased greenhouse gases (GHGs) were used. Minimising year-to-
(lumped into “Other”; Fig.1d), as did those LSTs not in- year variability in this way ensured that differences between
cluded in the SDGVM. These LSTs were adapted from theirmodel integrations would be due only to the deliberate per-
present-day UM-UKCA values to account for cropland ex- turbation that was made (e.g. changing isoprene emissions).
pansion such that in a grid cell where crops increased by In the BASE integration, mixing ratios of GHGs were

a given percentage, each LST was decreased byb. 370 ppm (CQ) and 1765 ppb (Cl). SSTs and SICs were
taken from a 1998-2002 climatology following the HadISST
2.3 Chemistry-climate integrations data set Rayner et al.2003. For those integrations with

a 2095 climate (see Tablé), GHGs were changed to
Table 1 summarises the integrations conducted with UM- 621 ppm ((?Q). and 2975 ppb (CH following the SRES B2
UKCA. The configuration of UM-UKCA used for all inte- scenario R'ah' etal, 2007, and SSTs and SICs were taken
grations was the Hadley Centre Global Environment Modelfrom Integrations ge_nerated by the HadGEMl_ moqhb(t
version 3 — Atmosphere only (HadGEM3-A r2.0) at UM ver- et al, 2009 in line with the A1B SRES scenaridN@kicen-

sion 7.3, which includes UKCAQ Connor et al. 2013. ovic etal, 2000. ; .

UM-UKCA was run at a horizontal resolution of 3.7tn- In the prgsent—day, anthropogenic emissions of Ner-
gitude x 2.5° latitude on 60 hybrid height levels that stretch bontrr;gnr?x(;de, fornlalseh%/de, frt]halgg’ prgga3e££§$one and
from the surface toe~ 84 km. The model setup is similar to aczaB edy ekW;(r)g a lenthrom 2395 .g?r ) i a ﬂfrf

that described iTelford et al.(2010, with the Chemistry of and berdowski 20 D. n those Integrations with 1u-
the Troposphere (CheT) chemical mechanism that consist ire anthropogen!c emissions, these emissions follqwgd the
of 56 chemical tracers, 165 photochemical reactions, dry de- 2+ (;LItE jce”af'o IEOthlﬁl’ ?;glc Zgga' Thl}jsce_natrlol IS
position of 32 species and wet deposition of 23 species. Isoggoth ae ver??n g N t LEqis| t_scena a((jn_ ezgdz ¢
prene chemistry in CheT follows that of the Mainz Isoprene /) to account for Curren -gisiation passed in 0
Mechanism (MIM) Poschl et al.2000. The Fast-JX pho- 2006 Qentener et al.2005. This scenario has only small
tolysis schemeNeu et al, 2007 is used as implemented increases in emissions from emerging economies, and large
in Telford et al.(2013. .”'“S tropospheric version of UM- emission reductions across developed countries (USA, Eu-

UKCA employs a simplified stratospheric chemistry and, to rope, Japan).

Atmos. Chem. Phys., 14, 1011t024 2014 www.atmos-chem-phys.net/14/1011/2014/



0. J. Squire et al.: Influence of future cropland expansion on tropospheric ozone 1015

We acknowledge that more than one future scenario has Longitude
been followed in our experiments. However, our aim is not A S
to produce a realistic “prediction” of future conditions, rather (@ PresentDay (67 TgCyr) | () 2095 (Al factors) @208 Tg Cyr )
to investigate how @responds to changes in a range of pa- , ,.1°
rameters. As such, our aim is to explain the sensitivity of
O3, and @ feedbacks, to plausible future changes in natu- — -20°4 | ) )
ral and anthropogenic forcing mechanisms. The climate sce- L A L B
nario (essentially B2) gives a climate change signal in the | - - 1H=
mid-range of the SRES scenarios. As such, we expect this P R
to result in a moderate signal. For land use change, the L amae b8z TCy) @ i X Ty )
primary variable of interest to this work, the A1B scenario
was used, which is characterised by extensive cropland ex-
pansion. The aim was to calculate a clear signal in the O
response from land use change that involved a large chang
in isoprene emissions. This was paired with the B2+CLE
anthropogenic emission scenario of stringent emission cuts
which could be representative of a future which relies heav-
ily on low isoprene-emitting bio-energy crops such as sugar-
cane or maize, as biofuel usage and emission cuts are often
co-legislated.

We show later (see section 4.2 and Fig. 5) that, although
the magnitude of changes in tropospherigd@uld vary with  Fig- 2. Isoprene emissions (mgCrAh~') generated using the
the factors investigated here, the effect of the different factors>2C VM and a biogenic emissions modg) Present-day (2000),
(climate, isoprene emissions, etc.) op ® approximately (b) with 2095 climate, land use and Ganhibition, (c—e)change

caused by each factdf) change with all factors combined. Quoted

linear. So, an integration containing future climate, Isoprene; ., o plot titles are total global isoprene emissigasb) and the

_emissions and anthropogenic emissions pr_oduces_a very Si”&hange in this valuéc—e)
ilar Oz change to the sum of three separate integrations where

each parameter is changed in turn. For this reason, although

the use of different scenarios would likely lead to a somewhat

different magnitude of future calculated Gt is unlikely that Figure 2c shows the difference in isoprene emissions
the choice of scenario could move the model into an entirelycaused by climate change. Globally we find that cli-
different regime of @ production, and with a substantially mate change, which includes both changes in tempera-
altered Q response. ture and CQ fertilisation, increases isoprene emissions
by 78 TgCyr! (17%). This increase is expected for the
higher temperatures and G@vels in 2095, which directly
stimulate isoprene emissions and extend fertilisation of the

As discussed above, the main factors that affect isoprengloSphere respectively. A number of studies that also in-

emissions are changes in temperature; @tilisation, land Clude both temperature and gGertilisation effects sim-

S . . . ilarly calculate an increase in total global isoprene emis-
use, and C@inhibition of the emissions. In this section we sions with climate change over the 21st centu@arider-
investigate the relative contribution of these factors to 21st g

century isoprene emission changes (R)g.This is done by son et al. 2003 Lathiére et al.2003 Ameth et al, 2007

2 ) . . Heald et al. 2009 Young et al, 2009, but the magni-
examining the differences between isoprene emissions Calm{hde of the increase varies considerably between studies
lated with the biogenic emissions model. '

) . Four studies (this present study-X7 %, +78TgCyr?,
F|gure 2a shovx_/s our presgnt_ day calculated annual aver<. derson et al2003 (+21%, +131 TgCyrl), Lathiere
age isoprene emissions. Emissions show the expected pattern

oo ) et al.(2009 (+27 %,+136 TgCyr!) andWu et al.(2012
of being highest around the tropics, and globally amount to :
467 Tg%yrgl This is within ongstandardgdevia)t/ion of the (+25 9%, +103 TgCyr ) calculate moderate increases. The
mean value ('515 TgCyh) for a number of different model three other studies calculate significantly higher values. The
estimates as collated Arneth et al (2008. In Fig. 2b we see main source of discrepancy is the extent to which, in cer-

how emissions change when all future conditions are taker%aln regions, models simulate a die-back of isoprene emitting

together. There is a global decrease of 55 % to 208 Tg&yr vegetation associated with a de.crease in soil moustyre under
. LS o . the elevated temperatures of climate change. In this current
In Fig. 2c—e the individual contributions to this change from

climate, land use and GOnhibition are given study, although isoprene emissions increase overall, this die-
’ 9 ‘ back is calculated in areas such as the Amazon and parts of
the Maritime continent. Such effects have been calculated in

Latitude

fBae

Lat

3 Future isoprene emissions

www.atmos-chem-phys.net/14/1011/2014/ Atmos. Chem. Phys., 14, 1010R4 2014



1016 0. J. Squire et al.: Influence of future cropland expansion on tropospheric ozone

previous studiesCox et al, 200Q Sanderson et al2003 2007b) can separately compensate for the isoprene emission
Lathiére et al.2009. In some other studies 2100 soil mois- increase caused by temperature ang @&®tilisation over the
ture is high enough to avoid large-scale die-back, and subse21st century, leaving little overall change in global isoprene
quently their calculated increases in isoprene emissions aremissions since present-day. Assuming, as in our study, that
much higher (e.gHeald et al. 2009 calculate increases of the land use scenario projects an overall decrease in isoprene
1344 TgCyr! (265 %)). emitters, it follows that the combined effect of both land
Figure 2d shows the effect of future land use change onuse change and GGOnhibition should lead to a decrease in
isoprene emissions. In those areas most affected by land uggobal isoprene emissions as found here. It is important to
change, a decrease in isoprene emissions is calculated. Thigte though that as calculating future global isoprene emis-
is a result of the cropland expansion scenario we employ irsion changes involves a number of terms, each of which is
which broad-leaved trees are replaced with lower isoprenaincertain, the overall balance between these terms has a high
emitting crops. The spatial distribution of these vegetationdegree of uncertainty.
changes is shown in Fig.
Figurela shows the change ins@rasses (to which crops o )
were assigned) calculated using the IMAGE model for 20954  Attribution of changes in future ozone

The main areas of cropland expansion are the Amazonm this section the results of the UM-UKCA integrations are

central Africa, Southeast Asia, USA, and northern Eura'analysed in order to attribute changes der the 21st cen-

sia. However only the tropical regions and southeast USAtury to changes in climate, isoprene emissions with climate,

show decreases in isoprene emissions. In these regions crop. g o - .
. nthropogenic emissions, land use anc@ibition of iso-
land expansion occurs at the expense of broad-leaved trees

(Fig. 1b). Little change in isoprene emissions is calculategPrene emis_sions. Prior to the analysis we briefly evgluate the
over the rest of the USA and northern Eurasia, as here Omteroposphenc Q calculated by UM-UKCA by comparison to

low isoprene emitting LST (crops) is replaced by anothermeasurements.

(largely bare soil — Figlc). Wu et al.(2012) also calculate 4 1  Model evaluation

that future land use following the A1B scenario causes a de-

crease in end of 21st century isoprene emissions compareds shown in Fig.2, the largest changes in isoprene emis-
to the future case with present-day land use. However thegions are in the tropics. We therefore expect this region
calculate a smaller decrease of orl7 TgCyr globally.  to show large changes ins0To have confidence in any
The use of a different vegetation model (LPJ-DGVM) is a po- calculated changes, it is important that tropical Gm-
tential source of discrepancy. pares favourably with measurements, and this is examined

The inhibition of isoprene emissions by @(Fig. 2e) in-  in Fig. 3. Figure3 shows vertical profiles of ©at selected
creases by 2095 due to the greater,0€vels in the atmo-  sites, and calculated by UM-UKCA. Additionally, Figk
sphere in the B2 scenarig-251 ppm,+60 %). Decreases in  shows calculated present-day near-surfagea the loca-
isoprene emissions occur wherever isoprene is emitted, anglons of the measurement sites used in BigThe measure-
are largest where emissions are highest. Globally this leadgents in Fig.3 were taken from the Southern Hemisphere
to greater decreases in isoprene emissier226 TgCyrl,  ADditional OZonesondes (SHADOZ) networRt{ompson
48 %) than for land use change 190 TgyrY). It should be et al, 2003. Quoted are the correlation coefficients calcu-
noted though that the value ef225 TgCyr is calculated  |ated by the Pearson metho&?), and the mean bias error
for the case with future climate change but not land use, i.e(MBE). The MBE is given as a percentage and calculated as
under a scenario where isoprene emissions angaéhigh.  in Eq. (1).
It is for this reason that the values quoted in Fg-e do not
add up to the value for the combined impact in AgWhen __
land use change is also taken into account, the effect of COyyne _ (MOD - MES) 100 )
inhibition is reduced te-147 Tg Cyr ! and the values do add
up to the combined impact.

The combined effect of changes in climate, land use, andHereMOD andMES are the mean of the modelled and mea-
CO, inhibition of isoprene emissions is shown in Fi&yf. sured data respectively. Although there are some locations
Overall there is a decrease in global isoprene emissionsvhereR? is low (Java) or MBE is high (Kuala Lumpur), in
(—259 TgCyr1). Land use change<190 TgCyr1) and general our modelled results compare favourably. Correla-
CO, inhibition (=147 TgCyrl) both contribute signifi- tion is generally good, with mogt? values lying between 0.9
cantly to the net change in isoprene emissions. These corand 1. The average MBE 523 %, suggesting a weak pos-
tributions outweigh those of increased temperatures andtive model bias consistent witlelford et al.(2013, how-
CO; fertilisation (+-78 TgCyr1). Other studies have found ever the MBE is within the monthly variability of the data
that land use change (e.g. Wu et al., 2012) or,@@hibi- in all but one site (Kuala Lumpur). In some locations there
tion (e.g. Heald et al., 2009; Young et al., 2009; Arneth et al.,tends to be a divergence in they @end at altitudes above
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Fig. 3. Five-year mean @(ppb) from the BASE run (red) compared tg €onde data from the SHADOZ Networkifompson et al2003
(black). Polygons show extent of monthly variability. Correlation coefficiela?s) @re calculated using the Pearson method. Mean bias errors
(MBE) are in %; positive values indicate the model is biased high with respect to the measurement data.

Table 2. Changes in the @budget (Tgyr?) from the present-day BASE integration caused by the change in various factors between
present-day and 2095. Also quoted are changes in theu@len (Tg). Percentage changes are in brackets.

Tg yr‘l Prod Loss Net Chem Influx Dry Dep Burden (Tg)
BASE 6188 5602 586 673 1259 379

A Climate +393 (+6) +546 (+10) —153(-26) +144(+21) -8(-1) +7 (+2)
Alsoprene Ems  +56 (+1)  +64 (+1) -8 (-1) +15 +2) +6 (0) +3(+1)

(with A climate)

A AnthropEms  —199 (-3) —118(-2) —81(—14) +33(+5) —48 (—4) -4 (-1)

A Land Use —286 (-5) —296(5) +10(+2) —45 (=7) —35(-3) —-19 (-5)

A COp Inhibition  —270 (-4) —-284(-5) +14(+2) —46 (-7) —-32(-3) —16 (-4)

A All factors —263(-4) -33(-1) —230(-39) +116 +17) —-115(9) -27(-7)

~ 500 hPa, however this is not generally the case at lowelyoung et al.(2013. For a more extensive evaluation of UM-

altitudes, which are more pertinent to this study. UKCA seeTelford et al.(2010 andO’Connor et al(2013.
The near-surface Pmodelled by UM-UKCA in Fig.4

generally shows higher£In the Northern Hemisphere with 4 5 z0ne changes

peaks over the Mediterranean and Middle East, coastal USA,

Tibetan Plateau and the region of the East China Sea. Low]s_.igureS shows how the near-surface tropospheria@xing

are over remp_te oceanic regions, most pronounced over thFatlo changes between 2000 and 2095 in the UM-UKCA in-
Western Pacific, and the rainforests (most notably the Ama- . ) . .
. X X - tegrations as caused by the different environmental variables

zon). This spatial pattern and the magnitude of tropospheric . :
._mentioned previously. In Tabl2 we report Q budgets for

O3 compares favourably to the ACCMIP ensemble mean in, . ; . . .
the integrations, which compare tropospheric chemical pro-

duction and loss of Qwith its source from the stratosphere
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Longitude ature dependence, the expected effect would be an increase
-180° -90° 0 90° 90° in Oz in regions where @production dominates (continen-

BASE tal regions near a NQsource), and a decrease i3 ®@here
_— % ; there is net @ destruction (the remote ocean and low,NO
high-VOC environments such as the rainforest). This is re-
flected in both the higher production-893 Tgyr (+6 %))
and loss 4546 Tgyr ! (+10 %)) terms in the Qbudget for
climate change (Tabl). The effect of higher temperatures
on O loss is greater than ony(Qproduction, leading to an
overall decrease in the net chemical tendency. The response
- : : of the atmospheric system is to increase thebQrden by
| 7Tg (2%), mainly due to increased influx from the strato-
_ sphere.
Warming is significantly higher than 1°8 over some re-
Fig. 4. Modelled five-year mean near-surface {20m) G (ppb)  gions, notably Brazil and high northern latitudes (6€3.
for the year 2000 (BASE). Locations of measurement sites usedrhe particularly strong warming over Brazil causes water
in Fig. 3 are shown. Sam=Samoa, Hil=Hilo, SaC=San Chris- yanour to decrease, following a drying of the surface. Even
tobitl, Her:Hertidla, _I\Ia_t:Nata_I, Asc:_Ascens'E”f Cot=Cotonou,ihqygh this rainforest-covered region is an area whege O
'Jrzv'_'t]ear\';;’ Mal=Malindi, Reu=Reunion, Kul.=Kuala Lumpur, destruction dominates, the reduction in water vapour dimin-
- ’ ishes the potential for ©loss through the & + H,0 reac-
Longitde tion, leading to @ increases. Over the oceans the opposite
st o0 o o0°  180° effect occurs, with higher temperatures leading to increased
(@) & Cimate ©) & Isoprene emissions w cimate atmospheric water vapour and increasegl I8ss through
; - N O'D + H,0.

Another factor influencing © over the oceans is the
change in long-range transport of peroxyacetyl nitrate
(PAN). PAN is produced over land where @nd VOCs in-
teract. As shown in Figsa major source regions are the con-
80 tinental tropics, southeast USA, Europe and Southeast Asia.
k400 Transport of PAN, and subsequent thermal decomposition,
provides a source of N(Xleading possibly to @production)
over the remote oceans. PAN decomposition is very strongly
temperature dependent; in a warmer climate PAN transport to
the remote ocean is reduced. The largest reductions in PAN
are calculated over South America (Féfp) where PAN pro-
duction is high in the BASE run, and the increase in temper-

. ature under climate change is the largest. This contributes to
o decreases in 9of up to 8 ppb ¢ 23 %) in the surrounding

Latitude

10 20 30 40 50 60 70

(c) A Anthropogenic emissions

ey ==

Latitude

T | o . ; oceans.
I | The largest changes in isoprene emissions due to climate
<10 -8 6 -4 -2 0 2 4 6 8 >0 change (Fig2c) occurred in the tropics and may be sum-

Fig. 5. Changes in five-year mean near-surface7@0m) G mans:d as gene(;ally elevftﬁd :Amlsslonsscexc_ept n :he north-
(2095-2000) caused by different environmental variables. Change@asft _mazon an par_tS of the Maritime Continent. Isoprene
are considered significant (stippled) if they are greater than 2 time€Missions are also heightened to a smaller degree over south-

the standard deviation for the five-year mean (i.e. approximately the€ast USA. The effect of these isoprene emission changes
5% level). on Oz is shown in Fig.5b. The tropical lower troposphere

is NOy-limited and VOC-rich. Accordingly, where isoprene

emissions increase in the tropics, decreasesjraf@ cal-
(“influx”) and sink to the surface by dry deposition. Here we culated. This is due to increased ozonolysis of isoprene by
define Q as the sum of @ atomic oxygen and reactive ni- Oz and greater sequestration of N@s isoprene nitrates.
trogen species (N§). Where isoprene decreases in the tropics the opposite effects

Figure5a shows the effect of climate change op. Ohe occur, and @ increases. In contrast, the increases in iso-

increased SSTsin the climate change integration cause a geprene emissions in the VOC-limited eastern USA cause O
eral warming of the boundary layer by 12@. As both G to increase by 2—4 ppb<(5 %). Similar, regionally heteroge-
production and destruction usually have a positive temperneous @ responses to isoprene emissions were calculated in
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-180 o 0 % 180 B2+ CLE scenario large emission cuts occur across North
Prosontcay GASE) o America, Europe and Japan, whilst the emerging economies
07 increase emissions, but by a much smaller amount than
3 08 the decreases in the developed countries. Accordingly, the
g 23 largest calculated changes ig &re decreases centred around
; 03 those developed northern hemispheric regions, with the high-
- o est G reductions occurring across eastern USA12 ppb
0 (~ 22 %)). Decreases in NOacross Europe and USA are
02 large and many grid cells go from being VOC-limited to

NOy-limited (we define VOC-limited and N@limited as
when the ratio ofL ; to Q is more than 0.5 or less than 0.5
012 respectively, wherd. y =the loss of radicals from reactions
008 with NO and NQ, Q =the sum of all radical sink&leinman

et al, 1997 Wiedinmyer et al.2006. Once into the NG+
limited regime, further decreases in N{@ad to decreases in
Og3, as seen in Figsc. The large reductions in Ndead to
-0.04 a lowering of the net chemical tendency of By 81 Tgyr?!
(14 %) but a smaller reduction in thes®@urden (4 Tg (1 %)).

Land use change causes a decrease in isoprene emissions
across the tropics, mainland Southeast Asia and southeast
-0.16 USA (Fig. 2d). In the NQ-limited VOC-rich tropics this
leads to an increase inz(@Fig. 5d). Isoprene oxidation pro-
duces peroxyacetyl radicals, which are a precursor to PAN

Longiude (degrees) formation, so that the effect of reducing isoprene emissions
_ _ _ through cropland expansion is to decrease PAN (B@.
Fig. 6. Five-year mean near-surface: {20 m) PAN (ppb) in(@) ¢ greatest decreases occur over South America and South-

BASE. (b—c) give the change in PAN due i) climate and(c) . . Lo
land use between future and present-day (2095-2000). The changt(aasfist Asia, and subsequently this reduction in PAN leads to

in (b—c) are considered significant (stippled) if they are greater than® drop in @ over the remote tropical oceans by up to 6 ppb

2 times the standard deviation for the five-year mean (i.e. approxi{™~ 24 %)). Whilst the global reduction in isoprene emissions
mately the 5% level). (—=190 TgCyr?) leads to less @production, less Qloss,

and ultimately less tropospherig @3 burden is reduced by

19 Tg (5 %)), overall the Qnet chemical tendency increases

by 10 Tgyr! (7 %). This is a result of reducing isoprene in
Wiedinmyer et al.(2006; Zeng et al.(2008; Young et al.  the NQ-limited tropics where it acts as a direct sink fog.0
(2009; Ganzeveld et al(2010; Wu et al. (2019. Con- Altering land use affects the deposition velocity o§ O
versely,Sanderson et a[2003 calculated increases in30  (Fig. 7). In UM-UKCA, O3 is deposited to broad-leaved
wherever isoprene increased regardless of whether the enrees with a higher velocity (0.525cmY than to crops
vironment was NG or VOC-limited. As noted byYoung (0.450 cms?). Hence, in those regions where broad-leaved
et al.(2009 this may be attributed to the lack of an isoprene- trees are replaced by crops (e.g. the tropics) the deposition
nitrate NG sink in theSanderson et a{2003 study. With  velocity decreases. Reduction of thig Gink further in-
such a chemical scheme, increasing isoprene emissions in@eases atmospherigg@ these regions. On the other hand,
NOx-limited environment would not decrease N@nd the increases in the deposition velocity are modelled where crops
effects of increased isoprene + OH could dominate, leadingeplace bare soil (deposition velociy0.180 cms?), e.g. in
overall to an increase in{Jproduction. We discuss the sen- central Asia. Although a much smaller fraction of land is
sitivity of our results to such changes in the isoprene mechaeonverted to crops from bare soil compared to from broad-
nism in a companion papesquire et al.2014. Overall the  leaved trees (see Fidb, c), proportionally the change in
addition of 78 TgCyr?! of isoprene into UM-UKCA causes the deposition velocity is greater as the difference in de-
both production and destruction rates of © increase (Ta-  position velocity between bare soil and crops (0.27th s
ble 2). The net chemical tendency is a decrease of 8 T§yr is larger than that between crops and broad-leaved trees
(1%), which is to be expected as the largest increases in isof0.075 cms?t).
prene emissions are in the tropics, where isoprene acts as anIn NOx-limited regions changes in NGmissions associ-
O3 sink. ated with land use have the potential to altgr Despite this,

Figure5c illustrates the change ingZdetween 2000 and for the case of cropland expansi@anzeveld et al(2010

2095 solely due to changes in anthropogenic emissions. Thealculated that the two competing effects on,Ngnissions,
O3 changes generally follow those of N@missions. Inthe (i) the increase caused by more intensive fertiliser use and

Latitude (degrees)

-0.08

-0.12

<-0.2
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Longitude (degrees) scenario, resulting instead in Ndimited conditions in the

(&) Prosent day (BASD) northern hemispheric isoprene emitting regions. The effect
= T T o e e of CO; inhibition on the Q net chemical tendency is sim-
a4 5 o ‘ - ilar to that of land use changer(4Tgyr?! (1.7%) and
i : ’ 7 Lo +10Tgyr ! (2.4 %) respectively), with the largest changes
in isoprene emissions occurring in similar areas.

The combined effect of all factors on near-surfacg O
(Fig. 5f) is to cause increases of up to 9 ppb 30 %) over
the tropical land masses, and decreases in remote regions, as
well as over eastern USA and Japan, of more than 10 ppb
(~ 18 %). Changes in climate, land use and d@hibition
of isoprene emissions contribute most to the increases in the
tropics and the decreases in remote regions. Anthropogenic
emission changes are largely responsible for the reductions
calculated over eastern USA and Japan. Over the entire tro-
posphere, the lowering of chemicak @roduction caused
by changes in anthropogenic emissions, land use angd CO
inhibition is not compensated for by the increases caused
by changes in climate and isoprene emissions with climate
(change in net production=263Tgyr! (4 %), Table2),
but this is practically the case foryQoss (33 Tgyr!
(< 1%)). Accordingly, net chemical production is down by
230 Tgyr! (39%) compared to the BASE case. Overall,
compared to the BASE integration theg ®urden decreases
_ by 27 Tg (7 %) to 352 Tg. In conclusion, future climate, land
<015 012 -009 -006 -003 O 003 006 009 012 >0.15 use and C@ inhibition of isoprene emissions lead to in-
creases in tropospherics®f up to 8 ppb &£ 50 %) in the
tropics. Climate and land use also drive oceanj@€creases
égf up to 10ppb £~ 40%), and anthropogenic emission
changes causedJeductions of more than 10 ppb- (18 %)
in the industrialised northern hemispheric regions.

85

Latitude (degrees)

|
S
o
I

Latitude (degrees)

Fig. 7. O3 deposition velocity over land (crrTé) for (a) present-
day (i.e. without land use change), a(ig) with future land use
change. Negative values indicate a decrease in the deposition v
locity due to land use change.

(i) the decrease caused by the lower emission factor of crop§ Changes in ozone-induced vegetation damage
compared to broad-leaved forestgnger and Levy1995,
resulted in little overall change. In this study changes ikNO As shown in Fig.1, in our land use change scenario there
emissions accompanying land use change have not been cois- widespread cropland expansion largely at the expense of
sidered. broad-leaved trees. The change in isoprene emissions that
Including future changes in the GQnhibition of iso- this causes led to highersGn some locations, most notably
prene emissions causes @ increase near the isoprene in the tropics (Fig.5d). The tropical regions (the Amazon,
source regions and decrease in remote regions $)gDe-  central Africa and the Maritime Continent) were also the ar-
creases in remote regions are due to decreased PAN forma&as with the largest increases in cropland. In this section we
tion. The largest @ increases (3-5 ppb~<(27 %)) are cal- investigate whether the increases ig €aused by cropland
culated in the tropics where the NOVOC ratio is lowest  expansion are sufficient to lead to an increase snoida-
(Ly/0QO ~0.1). In Southeast Asia and southeast USA (thetion damage to the crops. If this is the case, then cropland
other high isoprene emitting regions) the NQYOC ratiois  expansion in these regions may not be an efficient solution to
higher Ly /Q = 0.3). Whilst this ratio still categorises these feeding the world’s growing population.
regions as N@limited, the higher ratio signifies that;ro- We examine all regions where cropland expansion is large:
duction will be less sensitive to decreases in isoprene emisthe three tropical regions of the Amazon, central Africa and
sions. So, increases ing@re much smaller (less than 1 ppb). the Maritime Continent where £dincreases are calculated,
In these region¥oung et al.(2009 calculated decreases in and regions of cropland expansion in the Northern Hemi-
O3 of up to 10 ppb due to C&inhibition. In their study NQ sphere (USA, Europe and China). Crop exposure to harm-
emissions were higher in the Northern Hemisphere in lineful levels of G; is quantified using the AOT40. The World
with the A2 scenario, so these regions were VOC-limited. Health Organization recommend that over the daylight hours
We use the lower anthropogenic emissions of thetB2LE of a three-month growing season (when stomatal uptake of
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Fig. 8. Change in AOT4G- 3 ppm h during the daylights hours of the regional three-month growing season caused by cropland expansion.
Growing seasons are quoted, e.g. MJJ=May, June, July. White areas are where both without and with cropland expansion the AOT40 is
below the threshold. Green circles indicate crossing to below the threshold. Gold triangles indicate crossing to above the threshold.

Og typically occurs), the AOT40 should not exceed 3 ppm hthat cropland expansion has caused the AOT40 to drop be-
in total WHO, 2000. Figure8 shows the change in the day- low the threshold. These areas are however generally coastal
light AOT40 above this threshold caused by cropland expan-or over the open ocean and so away from areas of crops.
sion, following this guideline for the primary three-month ~ From Fig.8 we can conclude that the increases ig O
growing season for each region. Daylight hours are definectalculated over the tropical regions (see Fbd) where the
as 06:00-18:00LT. Growing seasons are established frongreatest cropland expansion occurs, are actually changes
maps of planting and harvest dates compiledSlagks et al.  from very low G; levels to higher values that are still below
(2010. We assume that growing seasons will not change withthe threshold above whichi@xposure is considered dam-
climate change, although we acknowledge that this is a probaging. As such, we can state that under the conditions used
ability. For this reason, we have also calculated changes iin these model runs, cropland expansion over the 21st cen-
the AOT40 over the rest of the year (not shown), but this hadtury does not cause a widespread increase in crop exposure
little effect on the overall trends. to harmful levels of @. It should be noted however that this

In Fig. 8, the coloured areas that contain no symbol areconclusion is dependent on the land use change scenario em-
above the threshold both with and without cropland expan-ployed. The degree of £2Jdamage could be different if, for
sion. Blue areas are where exposure to harmful levelszof O example, broad-leaved rainforest was replaced instead with
has become less severe but is still over the threshold, and relligher isoprene emitting species such as oil palm.
areas are where it has become worse. Around coastal south-
east USA there are increases in the AOT40 above 3ppmh
of up to 3ppm h, however globally there are more grid cells6 Conclusions
where a decrease is calculated (e.g. coastal regions of China).
In all domains, Fig8 is dominated by large areas where the Future (2095) isoprene emissions were calculated with
AOT40 is below the threshold both in the cases with anda biogenic emissions model based on MEGABuénther
without cropland expansion (white). From this it is clear that et al, 200§ using vegetation distributions generated by
in most areas cropland expansion does not increase crop efhe SDGVM Beerling et al. 1997 Beerling and Wood-
posure to harmful levels of £in the integrations. In fact ward 2001 Lathiere et al. 2010. These allow us to ex-
it is only in those grid cells that are marked by gold tri- amine the contribution of changes in climate (temperature
angles (signifying where the AOT40 crosses from below toand CQ levels), land use and CQnbhibition to changes
above the threshold) where this is the case. This only occur# isoprene emissions over the 21st century. When all fu-
in a very small number of grid cells in southeast USA andture conditions are taken together, isoprene emissions de-
across the Maritime Continent. If anything, cropland expan-crease globally by 259 TgCyt (55%). In this case the
sion has a small positive impact on air quality, as there arghet decrease was due to the larger reductions in emissions
more grid cells marked with a green circle, which signifies caused by anthropogenic land use chang&90 TgCyr?!

(41 %)) and CQ inhibition change 147 TgCyr?! (31 %))
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