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Abstract. Large-scale production of feedstock crops for bio- 1  Introduction

fuels will lead to land use changes. We quantify the effects of

realistic land use change scenarios for biofuel feedstock prothe formation of tropospheric ozone and aerosol particles
duction on isoprene emissions and hence atmospheric Conkas hoth climate and air quality implications. Ozone is an
position and chemistry using the HadGEM2 model. TwO jmportant greenhouse gaofster et al.2007) and is detri-
feedstocks are considered: oil palm for biodiesel in the trop-mental to human, animal and plant healRogal Society,

ics and short rotation coppice (SRC) in the mid-latitudes. Inp00g. particulate matter has been identified as a major cause
total, 69 Mha of oil palm and 92 Mha of SRC are planted, of j|l-health and premature death around the wokdHO,
each sufficient to replace just over 1% of projected globalpgog  Aerosols also have a cooling effect on the climate,
fossil fuel demand in 2020. Both planting scenarios result ingjthough the magnitude of their forcing is not known with
increases in total global annual isoprene emissions of abouyych certainty Forster et al.2007).

1%. In each case, changes in surface concentrations of ozone

. . . \olatile organic compounds (VOCSs) are a major precursor
and biogenic secondary organic aerosol (bSOA) are substan- . )
: . e ) ..~ of both ozone and secondary organic aerosol (SOA) in the
tial at the regional scale, with implications for air quality

standards. However, the changes in tropospheric burden otfoposphere. The biosphere is the largest source of VOCs; it
| T 9 bosp 1S estimated that around 1150 TgCyrof VOCs are emit-
ozone and the OH radical, and hence effects on global cli-

mate, are negligible. Over SE Asia, one region of olil palmted by vegetation Guenther et &.1993, compared with

1 ; ; .
planting, increases in annual mean surface ozone and bSO%?O TgCyr contributed by anthropogenic sourcesipar

concentrations reach over 3ppbv (+11%) and 0.4p§m ggﬁwiﬁgtzb img'o rgzghézr'n;orvev,ithbi;)ge;si;megésdsiftl)gf Oe;re
(+10 %) respectively for parts of Borneo, with monthly mean y 150P 8

1
increases of up to 6.5 ppbv (+25 %) and 0.5 HTJ?'(T"lZ %), 500 TgCyr - (e.g.Guenther et al2006 Arneth et al, 2008.

Under the SRC scenario, Europe experiences monthly mea(nglven the high reactivity of isoprene and its oxidation prod-

changes of over 0.6 ppbv (+1%) and 0.1 LEAg+5 %) in ucts @Atkinson and A.rey'2.003,.changes in the flux Of'I'SO-
. . rene may have a significant impact on the composition of
June and July, with peak increases of over 2 ppbv (+3 %) an h . . .
3 . . . _the troposphere, and in particular, ozone and aerosol parti-
0.5ugnr? (+8%). That appreciable regional atmospheric cles
impacts result from low level planting scenarios demon- ' o ) )
strates the need to include changes in emissions of reactive SOPrene emission rates vary according to plant species

trace gases such as isoprene in life cycle assessments p&?d foliage density, and are further modified by the growing
formed on potential biofuel feedstocks. conditions, increasing strongly with temperature and pho-

tosynthetically active radiation (e.@uenther et a).1995
Simpson et a.1995 Arneth et al, 2007). Thus, global veg-
etation distribution is a key factor in determining not only
the total isoprene flux from the biosphere but also its spatial
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and temporal fluctuations (e.@uenther et al2006 Arneth e.g.Heald et al. 2008 Chen et al.2009 Ganzeveld et al.
et al, 2007, 2011). Changes in land use and land cover will 2010.
play an important part in governing future isoprene emissions Global modelling studies of LUC consistent with the A2

and hence atmospheric composition and air quality. scenario show similar results, with isoprene emissions pro-
jected to decrease by up to 15% on a global badsa(d
1.1 Biofuels et al, 2008 Ganzeveld et 812010, although there are sub-

stantial regional variations, witGhen et al(2009 simulat-
ing decreases of up to 52 % for the NW USA.

Lathiere et al.(2006 found tropical deforestation de-
creased global isoprene emissions by over 25 %, Whlitsl-

One important driver of land use change (LUC) in the near
future is the projected increase in demand for biofuels for

heat or power production and transportation (Rgyal So- | . ;
ciety, 2008. This study considers biofuels for transportation: "Y' et al.(200 showed that parpal deforestation .Of the
Y 8 y P SE USA and the Amazon resulted in a decrease of just 9%

biodiesel and so-called “second-generation” bioethanol from lobal - L athie (200 d Wiedi
lignocellulose Royal Society, 2008 In 2005, the global In globa Iergé)sglonls. at 'efg etda.( @ anl d!e n-
production of biofuels was sufficient to replace about 1 % of Myer et g.(' 9 also consi er.e scenarios ‘eading .to -
global transportation fuelEA, 2006). The demand for such creases in isoprene emissions: European afforestation and

biofuels is expected to increase strongly though, driven b)})'Ofuel plantations in western USA and the Amazon respec-

government policies such as the commitment to replace 10 %ively. Lathiere et al.(2009 found that replacing all crops

of diesel and gasoline in the EU with biofuels by 20T and grasses in Europe with deciduous trees increased Euro-
2008, the target of 20 % biodiesel use in Indonesia by 2025P€an isoprene emissions by over 120.%’ although the global
(Zhou and Thomsar2009, the aim to replace 30 % of the impact was small{4 % increase)Wiedinmyer et al(2006

2004 gasoline use in the USA with lignocellulosic ethanol reported a global increase ir.‘ isoprene emissions of nearly
by 2030 Perlack et al.2005. This demand is expected to 40 % dl_Je to large-scale planting pf poplar and_eu_calyptus.
be met, as now, through the use of dedicated feedstock crops The impacts of the changes in bVOC emissions on at-

(such as corn, sugarcane, rapeseed and oil palm), grown erir_wospherlc composition were considered by several of these

ther on land currently used for agriculture (eSgparchinger studies.Wiedinmyer et. aI(ZQOQ founq that while ground-
et al, 2008 Bartle and Abadi201Q) or on deforested land level ozone concentrations in the region of the LUC changed

(e.g.Fargione et a).2008 Koh et al, 2009, although there by as much as 10 ppbv, the global ozone burden was barely

are proposals to use abandoned and marginal land for som%ﬁeCted' Qanzeveld et gl(ZOlQ found that even on a re-
feedstock crops (e.geischer et al.201Q Campbell et al. glional basis, the competing effects of changes in bVOC emis-
20089 sions, deposition and climate resulted in negligible changes

Lif | s of biofuels att it fifv th in ozone. By contras€hen et al(2009 showed that ground-
ife cycle assessments of biofuels attempt to quantify €level 0zone concentrations increased in spite of the decrease

net environmental impact of replacing fossil fuel production in isoprene emissions, due to increasing anthropogenic emis-

and use with that of a specific biofuel, but generally only sions under the A2 scenario. Botfeald et al.(2008 and
compare the energy requirements and direct greer!house 9%hen et al.(2009 found that biogenic SOA burdens were
emissions (€.g.Qu et al, 2009.' More rec_ently, this ap- most affected by changes in monoterpene emission rates, and
proach has been extended to include the impact of converte, | -imost proportionally in response to such changes.

ing land to biofuel _cultivation, for example through forest The work presented here extends previous studies of the
clearance (e.gFargione et a.2008. However, full “seed- environmental implications of biofuels, focusing on the at-

to-wheels” assessments are still uncommon (Mgni_chetti_ mospheric impacts of altering isoprene emissions by replac-

f'mq Ottg 2009 a’?d there is no a_lgreed method of including ing current vegetation with two types of biofuel feedstock

indirect land use |mpacts_ (e elillo et ‘?'-’ 2009. Fur.therj . crops: oil palm and short rotation coppice (fast-growing tree

more, the effects 0].( aI.terlng the magnitude or spatial dlsm'species that are harvested every two to three years for their

puuon of .bVOC emissions through such LUC have not beenbiomass). In contrast to previous work on bVOC emissions

included in these assessments. outlined above, the scenarios used represent realistic low
density planting for near-future biofuel production, based on

1.2 bVOCsandLUC current government pledges. The scope of the study does not
extend to the initial land clearance, nor the end use (combus-

Previous studies considering the impact of changing landion) of the biofuel. We focus on changes in isoprene only,

cover on the emissions of biogenic VOCs have either takeras these biofuel feedstocks are strong isoprene emitters.

the form of sensitivity studies involving widespread land use

change (e.g. complete tropical deforestatioathiere et al,

2006 Wiedinmyer et al. 2006 Pyle et al, 2011), or have

been based on the IPCC SRES A2 scendfikicenovic and

Swart 2000 that projects the greatest land use change (see
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Table 1. Overview of simulations.

Simulation Biofuel Fuel type Location of Cultivated  Fuel yield
feedstock cultivation  area(Mha)  (Mtyh)
CTRL - - - - -
PALM Oil palm Biodiesel Tropics 69 200
PALM _NOy Oil palm Biodiesel Tropics 69 200
SRC Short rotation  Ligno-cellulosic  Mid-latitudes 92 150
coppice ethanol
2 Model approach all other model settings were unchanged. The impacts of

other factors, e.g. the changes to ozone deposition rates and

This study was performed with the UK Met Office Hadley the direct climate effects of deforestation, are considered in
Centre’s Earth system model, HadGEM2, with model reso-S€cts. 5 and 6. Table 1 provides an overview of the simula-
lution, boundary and initial conditions set as for the IPCC tions.
AR5 Climate Model Intercomparison Project (CMIP5) runs  Two distinct biofuel scenarios have been developed for
(Jones et al.2011). In this study, HadGEM2 was run in use in this study, representing potential biofuel crop loca-
its climate configuration, so the full Earth system couplingstions and species in the 2020s, based on current government
were not applied —specifically, changes in atmospheric compledges. The scale of the changes is subtle but provides a
position (surface concentrations of ozone and SOA) arisingealistic framework for this investigation. The first, based
from the changes in biogenic emissions do not affect ei-on the cultivation of oil palm for conversion to palm oil
ther primary productivity or biogenic emissions. The ex- for blending with diesel, is used in two simulations (PALM
tended chemistry version of the UK Community Chemistry and PALM.NOy). The third experiment investigates the im-
and Aerosol (UKCA) scheme applied in HadGEM2 featurespact of inter-planting current agricultural crops in the mid-
roughly 300 reactions and 83 species, and includes simplitatitudes with fast-growing tree species, referred to as short
fied isoprene reactiong¢lberth et al.2006 based on those rotation coppice (SRC).
of the Mainz Isoprene Mechanistdschl et al.2000. SOA
is formed from isoprene and monoterpenes using the two—2 1 Oil palm scenarios
product approach, following the methodology outlined by =
Derwent et al(2003. This results in a molar yield of around
3% of SOA from isoprene and 13 % from monoterpenesA total of 69 Mha of natural rainforest — 29 Mha in South and
(Mann et al, 2010. HadGEM2 was run at 1°%y 1.3 reso-  Central AmericalKoh et al, 2009 da Costa2004, 13 Mha
lution using a present-day climate derived from decadal averin Africa (Koh et al, 2009 and 27 Mha in SE AsiaAb-
age monthly mean sea surface temperatures and sea-ice fieldsllah et al, 2009 Koh et al, 2009 USDA, 2009 Zhou
for 2001-2010 taken from the CMIP5 simulations. Simula- and Thomson2009 - was replaced by oil palm plantations,
tions were run for two years following a four month spin-up a four-fold increase in the current area of such plantations
period and the first year discarded. We used anthropogeni€Thoenes2007). The locations of planting reflect either spe-
emissions for 2005L@marque et a]2010. Biogenic emis-  cific near- future projects or an expansion of existing cultiva-
sions of isoprene, a lumped monoterpene species, acetori®n. Depending on the fuel yield achieved, these scenarios
and methanol are calculated on-line by the iIBVOC emissiongproduce sufficient biodiesel to replace 1-2 % of the world’s
model; the isoprene emissions scheme is describeRbloix projected fossil fuel demand in 202&rergy Information
fico et al.(2011). The decadal average vegetation distribu- Agency, 2010.
tion for 2001-2010 taken from the CMIP5 bicentennial sim-  Although tropical broad-leaved trees are substantial emit-
ulation, which features fully interactive dynamic vegetation ters of isoprene (e.gsuenther et a] 2006, emissions from
(Jones et al2011), was used to represent the current vegeta-oj| palm trees are exceptionally high; the recent OP3 field
tion (|e the Vegetation without additional biofuel feedstock Campaign in Borneo found isoprene fluxes from an oil pa'm
crops). plantation to be as much as 7 times higher than those from
Three experiments were carried out, in addition to the con-neighbouring rainforesHewitt et al, 2010. Isoprene emis-
trol run (CTRL) described above that is assumed to accounsions from the identified locations are scaled in HadGEM2
for all existing biofuel cultivation, to assess the impact of ad- prior to their input to the chemistry module, UKCA. The
ditional planting of single biofuel crop types on atmospheric methodology and emission factors used for this scaling are
composition and air quality. In these experiments, only iso-given in Appendix Al. The underlying vegetation charac-
prene emissions were altered to reflect the planting changeseristics (e.g. surface roughness, canopy height, etc.) are

www.atmos-chem-phys.net/12/919/2012/ Atmos. Chem. Phys., 12, 938-2012
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not altered. For the first experiment, PALM, this is the only 2.3 Comparison of scenarios
change from CTRL.

The second oil palm scenario (PALMOy) uses the same Both biofuel crops lead to similar increases in isoprene emis-
planting but introduces additional N@missions due to the sions, but differences in the distribution of emissions in the
processing of the oil palm fruit into biodiesel and fertiliser two scenarios affect the formation of ozone and secondary
application. These are assumed to be co-located with therganic aerosols. Atmospheric oxidation of isoprene and
new plantations as the fruit must be processed within a fewother VOCs are governed by the availability of the OH rad-
hours of picking Pleanjai and Gheewala009. ical, ozone and the Nfradical. In this study, planting in

Processing emissions (1.5@k¢0)ha 1ly~1) were calcu-  the tropics mainly occurs in clean, low-N@nvironments,
lated from the energy requirements for oil palm process-where the VOC:NQ ratio is high and ozone production is
ing detailed byReijnders and Huijbregt®2008, with emis-  “NOy-sensitive” Gillman 1999. In such regions, an in-
sion factors for energy production froBtreets et al(2003, crease in isoprene emissions is likely to result in a net loss of
based on the assumption that 100 % of the energy requiredzone, either through ozonolysis of isoprene or by enhancing
was produced from plantation waste. N@missions from  Os loss more than ®@production. In the high-N@northern
fertiliser applications (1.9 kgNO)ha 1ly—1) were deduced mid-latitudes, most areas have low VOC:Nf@tios and can
from flux measurements made during the OP3 field cam-be described as “VOC-sensitiveSi{lman 1999 at the sur-
paigns in BorneoHewitt et al, 2009. Both processing and face. Increased isoprene emissions in such areas typically
fertiliser emissions are assumed to be constant throughout thi@vour increased ozone formation.
year, and a simple time profile applied to give higher emis- Increased isoprene emissions are also likely to result in in-

sions during the day and low emissions at night. creases in SOA formation. Although isoprene oxidation is
. _ _ not the dominant source of SOA on a per-molecule basis,
2.2 Short rotation coppice (SRC) scenario its high emission rate results in a considerable total yield

. . . o . of SOA, so changes in isoprene emissions would be ex-
This scenario also involves substantial increases in ISOprenBected to be reflected in SOA concentration (see Bsiy

emissions in the affected areas as non-emitting Crops are ryarigis and Kanakidq2007). As well as the direct increase
placed with broad-leaf tree species (typically poplar, wil- iy oA from isoprene and its reaction products, higher iso-

!OW or eucalyptus). A total of 92 Mha of S_RC are plqnted rene concentrations result in higher yields of SOA from
in current agricultural or abandoned areas in the continent onoterpenes in the model, due to increased competition for
US (18 Mha —Perlack et a].2009, Europe (7OMha Fis- o However, it should be noted that recent studies suggest
cher et al, 2010 and Australia (4 Mha -Bartle and Abadi 5t high levels of isoprene may actually inhibit formation

(2010). This represents about 6 % of agricultural land in the ¢ oA from monoterpenes (see eigendler-Scharr et a|.
northern mid-latitudes, or about 1.5 % of global agricultural 2009.

land (including pasture). This scenario is projected to re-
place just over 1 % of the projected global fossil fuel demand
in 2020 Energy Information Agency, 20)0based on an
assumed yield of 0.34(ethano)/kg(biomas$ (Hill et al.,

2009. o The additional oil palm plantations in these scenarios in-
Isoprene emissions from the replaced crops and pasturgrease global annual isoprene emissions by just over 1%.
land, both represented as grasses in HadGEM2, have beefhe impacts on global tropospheric burdens are very small
scaled to reflect the higher emissions from the SRC SPeciegyf the order of a few tenths of 1% for ozone and the OH
used, as shown in Appendix Al. Ir_1 Australia, all SRC_: are as-ragical) in both PALM and PALMNO suggesting that the
sumed to be mallee, a native species of eucalyptus; in the USytmospheric lifetime of methane is little affected. Table 2
all are poplar; in Europe, willow is planted north of"39,  ghows the changes in ground-level ozone and bSOA concen-
eucalyptus south of 4N, and poplar in between. trations globally and in the regions of oil palm planting under
As in the oil palm scenarios, no changes are made 10 thene two scenarios. Again, the absolute changes are small on a
underlying vegetation distribution in HadGEM2, and the ef- 403 scale. However, there are substantial increases on a lo-
fects of this are discussed in Sects. 5 and 6. Additional NO ¢4 scale. Hence, the effect of the small-scale LUC in the oil
emissions due to fertiliser application and biofuel processingpa|m scenarios is limited to local to regional scale changes in

were not included in the SRC scenario, as fertiliser applica-atmospheric composition and air quality, rather than global
tion rates to SRCHill et al., 2009 are similar to those for  ¢jimate.

agricultural crops in the mid-latitude&40O, 2009, and no Changes in atmospheric composition in response to the in-
data is available for large-scale processing of SRC t0 ligno-rease in isoprene emissions are similar in each of the re-
cellulosic ethanol. The mid-latitudes are also, for the most

: : ! - planted regions. Generally, under the PALM scenario iso-
gf"t‘_rt’ alrelatl\lllely hlgh-NQefn&gnml'eEtl, sto tge 'Tpstd ofad- prene mixing ratios increase and surface ozone concentra-
itional small emissions o re likely to be slight.

tions are reduced in the immediate vicinity of the additional

3 Results for oil palm scenarios

Atmos. Chem. Phys., 12, 919839 2012 www.atmos-chem-phys.net/12/919/2012/
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Table 2. Summary of changes in ground-level ozone and biogenic SOA concentrations for the oil palm scenarios.

Ozone (ppbv)  Ozone (ppbv) bSOA (UgR) bSOA (ugnT3)

PALM PALM _NOy PALM PALM _NOy
Global:
Annual mean <+0.01[<1%] +0.04[<1%] <+0.01[<1%] <+0.01[<1%]
SE Asid:
Annual meah —0.07[<1%] +0.18 <1 %] +0.01 [2%)] +0.02 [2%)]
Max monthly meah —0.11 [<1%] +0.22 <1 %] +0.02 [2 %] +0.02 [2 %]
Peak annual meén —1.64 [6 %] +3.46 [11 %] +0.26 [6 %] +0.39 [10 %]
Peak monthly meén  —2.72 [8 %] +6.59 [25 %] +0.37 [7 %] +0.53 [12 %]
S Americ#:
Annual meah —0.07 [<1%] +0.12 [<1 %] +0.01 [<1%)] +0.03 [<1 %)]
Max monthly meaPR —0.13 [<1 %] +0.15 1 %)] +0.02 <1 %] +0.03 <1 %]
Peak annual meé&n —1.31 [8%] +1.42 [8 %] +0.09 [2 %] +0.38 [8 %]
Peak monthly medn  —3.67 [10 %] +2.59 [29 %] +0.35 [6 %] +0.60 [11 %]
Africa®:
Annual meah <—0.01[<1%] +0.08[<1%] <+0.01[<1%] <+0.01[<1%]

Max monthly meaR  —0.03[<1%] +0.09[<1%] +0.01[<1%]  +0.01 <1%)]

Central Africa

Peak annual me&n —1.64 [6 %] —0.19 [<1 %] +0.17 [3 %] +0.26 [5 %]
Peak monthly medn —2.84 [6 %] —1.81 [4%)] +0.32 [4 %] +0.37 [5 %]
Niger Delta

Peak annual meén +0.21 [<1 %] +0.45 [1 %] +0.14 [5 %] +0.13 [5%]
Peak monthly medn  +0.48 [<1 %] +0.90 [1 %] +0.26 [7 %] +0.24 [6 %]

2 SE Asia domain taken as 92.8, 10.6 Sto 130.3 E, 14.4 N.
Values given are the area weighted average change calculated across the stated domain, i.e. SE Asia or S America.
¢ Values given are the maximum change in any individual gridbox in the stated domain.
d 5 America domain taken as 789/, -18.1° S to 42.2 W, 9.4 N.
€ Africa domain taken as 10?3V, -8.1° Sto 28.7 E, 18.P N.
The domains were selected to give roughly the same total area.

plantations, as expected in a low-N@nvironment where uary) and south-westerlies prevailing through the remainder
the increase in destruction of ozone through direct reactiorof the year. The reversal of wind direction between the sea-
with isoprene dominates. When co-located,Nfdocessing  sons is evident in the figures for January and July shown in
emissions are included in the PALMOy scenario, the areas Fig. 1.

around the plantations are no longer Ninited and ozone Annual isoprene emissions from SE Asia increase by
is generally formed in response to the increased VOC mixingabout 5% (from 41 to 43 Tgy!) as a result of our oil palm
ratios. This is now considered in more detail for each of theplantations. Monthly mean emissions vary by no more than

regions of land use change. 10% from the annual mean in this region, leading to simi-
lar mixing ratios throughout the year. All of the short-lived
3.1 SE Asia species show a similar non-seasonal response. For com-

pounds with longer atmospheric lifetimes, transport occurs

This region is characterised by sharp contrasts betweefpllowing the prevailing winds, and the magnitude of the re-
highly polluted urban areas and primary and secondarysPonse varies according to the origin of the air mass. The
growth rainforests. Its geography leads to a strong marineérea-weighted changes in ground-level ozone and bSOA con-
influence on both its climate and atmospheric composition.centrations over this region are given in Table 2, while Fig. 1
The region experiences distinct seasonal changes in wind dshows the spatial distribution of the changes in monthly mean
rection, with monsoon north-easterlies dominating betweerfoncentrations for January and July.

October and March (strongest between November and Jan-

www.atmos-chem-phys.net/12/919/2012/ Atmos. Chem. Phys., 12, 938-2012
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Fig. 1. Differences in monthly mean surface concentrations over SE Asia for PALM vs. CTRL (first two columns) andiR@kMs. CTRL
(last two columns). The first column for each scenario shows monthly mean differences for January and the second shows July. The first row
shows differences in isoprene, the second ozone, the third bSOA and the final soviNNit® the scales for PALM and PALMIOy differ.

In the PALM scenario, ozone decreases markedly (with In contrast, in the PALMNOy scenario, the additional
monthly mean reductions of as much as 2.7 ppbv or 8%NOy emissions in this region result in a strong increase in
from CTRL) in the immediate vicinity of the new planta- ozone production in response to the increase in isoprene. Al-
tions in response to the increased emissions. The increase though the annual average surface ozone concentration in-
reactive carbon released into the atmosphere leads to smatteases by only 0.2 ppbv across the region as a whole, in-
increases in surface ozone concentration further downwindatreases of greater than 2 ppbv (around 10 %) are seen over
of the plantations, leading to a negligible overall impact on large parts of Borneo. Some locations experience changes
0zone concentrations across the region (annual mean redu monthly mean ozone concentrations of over +6.5 ppbv (an
tion of 67 pptv). increase of over 25 %). While ground-level ozone increases

strongly over the new oil palm sites, slight reductions are
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evident upwind of the new plantations in both January and Changes in both bSOA and ozone mean concentrations
July (see Fig. 1) with more substantial decreases in monthlyfannual and monthly) are negligible if averaged across the
means (of up to 1 ppbv or 2.5 %) in the vicinity of Singapore region as a whole. Relative changes in the vicinity of the new
and Kuala Lumpur in July as the increased isoprene emiseil palm plantations are again substantial for both scenarios,
sions result in a strong increase in the VOC;N@&tio in spite  with increases 0of~10 % in annual mean ozone and bSOA
of the additional NQ, leading to net ozone destruction. concentrations. Under the PALM scenario, the maximum re-
Enhanced bSOA formation also occurs in the vicinity of sponse occurs in August when NGoncentrations peak due
the new plantations under both oil palm scenarios, althougho biomass burning in the region, with a decrease of nearly
some areas upwind of the new extensive plantations in Suma4 ppbv (~10 %) in surface ozone concentration and increase
tra and Borneo show small decreases, likely due to the dif-of 0.6 pugntT3 (~11%)in bSOA concentration. The addi-
ferent lifetimes of isoprene and atmospheric oxidants (sedional NO, concentrations in PALMNOy result in stronger
Table 2 and Fig. 1). On average bSOA concentrations acrostesponses outside of the period of biomass burning with a
the region rise only slightly (annual mean concentrations risemaximum increase in surface ozone-e.5 ppbv (nearly
by ~1.5%), but some locations experience monthly mean30 %) in March when “background” NQlevels across the
increases of over 0.4-0.5ugr(i.e. ~10% above “back-  region are low.
ground” levels). In both scenarios, the spatial distribution of
bSOA changes is similar to the 0zone response (although o#-3  Africa

opposite sign in the case of the PALM scenario), as both are h heric i £ N -
affected by the increase in VOC concentration. The atmospheric impacts of increasing isoprene emissions

1 -
In PALM, NOy mixing ratios generally decrease due to in- (up 1% from 58 to 59Tgy") show a st_rong.contrgst be
Eween the polluted and remote areas in this region. The

creases in the formation of nitrates, although increases ar K dN trati i iderably bet
seen over the new oil palm plantations in more pristine area ackground N@ concentrations differ considerably be ween
the two areas of greatest land use change: Central Africa

due to enhanced removal of the OH radical by isoprene, re- i ; rati £0.8-2 8 0pb d
sulting in lower production of nitric acid. A similar response (monthly mean surface concentrations of 0.8-2.8 ppbv) an

is seen in PALMNO, although NQ levels increase more ngfr De]!tf;](l'i_A"S pp.bv), affecting thet nlggnltuge and di-
strongly over the new plantations and processing plants. ThEection of the changes in ozone concentrations. A summary

addition of NQ, into this region also damps the seasonality in of the changes in ozone and bSOA conceptraﬂons across the
egion as a whole as well as Central Africa and the Niger

the response of the longer-lived atmospheric pollutants, sucIE) . . ) RN
as CO and PAN., as the N@oncentrations in air masses en- elta is given in Table 2. Figure 3 shows the spatial distribu-
! tion of the changes in annual mean concentrations under the

tering the region becomes less critical. ) .
two oil palm scenarios.

32 S America Changes in both bSOA and ozone mean concentrations
(annual and monthly) are again negligible if averaged across

The Amazon region of S America is a remote (low-NOX) the region as a whole, but more substantial in areas local to
environment with very high isoprene emissions (see e_g_.the change in land cover. SOA increases under both scenar-

Lelieveld et al, 2008. The atmospheric response here is 10, With annual mean changes roughly proportional to the

governed by the availability of NQwhich is strongly influ- ~ INCréase in isoprene emissions in each region. -

enced by biomass burning. During the main burning season OVer the “NQ-sensitive” area of Central Africa, ozone

(August-October, see e.§tavrakou et a].2009 NOy con- concentra_tlons fall substantially as Isoprene emissions in-

centrations in the lower troposphere in this region are nearly°'€ase, with decreases of over 1.6 ppbv (6 %) in annual mean

twice the annual average in CTRL. “Background” (annual @nd 2.8 ppbv (6 %) in January monthly mean under PALM.

mean averaged across the region) levels of ozone are lowgi€ addition of NQ emissions due to oil palm processing

(22 ppbv) and bSOA higher (2.76 ugR) than SE Asia in the PALM,NOX scenario reduces the impact, byt surface
The response of the region to increased isoprene emissiorZOne still falls by as much as 1 ppbv (nearly 4 %) in January.

(up 5% from 162 to 165 Tgy!) is qualitatively similar to E_>y contra_st, th_e more po!luted area of the Niger Delta expe-

that seen in SE Asia. Table 2 provides a summary of thgiences sllght increases in annual and monthly meqq ozone

changes in ozone and bSOA for both regions for compari-concentrations (around 1 %) under PALINDy, and positive

son. Changes in annual mean concentrations are shown Ut negligible changes under PALM.

Fig. 2. In general, surface ozone concentrations decrease un-

der PALM, and increase when co-located Nénissions are

included in PALMINOy; bSOA concentrations increase un-

der both oil palm scenarios. Again the seasonality of the

changes is damped by the additional ;N PALM _NOy,

but in this region it is biomass burning driving the seasonal-

ity seen in PALM.
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Fig. 2. Differences in annual mean surface concentrations of isoprene (top), ozone (middle) and SOA (bottom) for Amazonia for PALM
vs. CTRL (left) and PALMNOy (right). Note change of scale from PALM to PALIMOx.

4 Results from the SRC scenario ulated annual averages of about 4.6 ppbv and 40 ppbv re-
spectively. Ozone concentrations peak in the south of the

Replacing 92 Mha of current agricultural crops with SRC in- region (at around 25 ppbv in January and 50 ppbv in July),

creases total global isoprene emissions by just under 1%and NQ in the north-west. The topography of the region

roughly the same as in PALM. Table 3 shows the changeglays an important role in air quality, particularly around the

in ground-level concentrations of ozone and bSOA. Again,Mediterranean basin, and extensive transport of atmospheric

the change in tropospheric OH is insufficient to appreciablypollution away from Europe occurs in all directiorduncan

affect methane lifetime. Changes in atmospheric mixing ra-and Bey 2004).

tios are generally smaller in magnitude but greater in spatial

extent than the oil palm scenarios, in line with the different Annual isoprene emissions increase by 16% (from 23

planting density. to 26 Tgy 1) across the region, with the spatial distribu-
tion of the changes reflecting the magnitude of the land use
4.1 Europe change. Table 3 summarises the effect of this increase on

surface ozone and bSOA concentrations in Europe, and Fig-
Planting of SRC occurs throughout this region, though theure 4 shows the distribution of the monthly mean changes in
planting density varies according to identified land availabil- January and July. While changes in the annual mean con-
ity. In the HadGEM2 model, Europe is characterised by centrations are slight (just under 1% for ozone an@i%
high background levels of both NCand ozone, with sim- for aerosol), summertime increases are more substantial.
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Fig. 3. Differences in annual mean surface concentratmbo emissionsions of ozone (top) and SOA (bottom) for Africa for PALM vs. CTRL.
(left) and PALM.NOx vs. CTRL (right). Note change of scale from PALM to PALNIOy.

Monthly mean surface ozone increases by just over 0.6 ppby,e 3 symmary of changes in ground-level ozone and biogenic
in July, with parts of Eastern Europe experiencing increasesoa concentrations for the SRC scenario

of aver 2 ppbv (nearly 3 %) The monthly mean concentration
of bSQA across the region inc,jreaseSr.Jayl pgnt2 (nearly Ozone (ppbv)  bSOA (ugr?)
5%) in June and July. The impact is greatest over south- SRC SRC
eastern Europe with increases of over 0.5 Igre~8 %) in
monthly mean concentrations in the summer.

Isoprene emissions and atmospheric concentrations of iso-
prene, ozone and bSOA in Europe follow a strongly seasonal ~ Europé:

Global:
Annual mean +0.0541%] <+0.01 [<1%]

pattern, with peak monthly increases of up to 3 times the  Annual meaR +0.32[<1%]  +0.04 [3%]
annual mean. Surface concentrations of ozone and bSOA in-  Max monthly meaR  +0.64 [1%] +0.11[5%]
crease throughout much of the region with maximum eleva- ~ Peakannualmedn  +0.89[3%)] +0.22[6 %]

tion in south-eastern and central Europe. The region between P eak monthly medn  +2.26 [3%] +0.56 [8.%]
the Adriatic and Black Sea exhibits a decrease in ozone in N Americd':

response to increasing isoprene emissions as it is a«*“NO Annual meah +0.07 [<1%] <+0.01 [<1%)]
sensitive region” as described in Sect. 2.3. There is also evi-  Max monthly meaR  +0.13[<1%]  +0.02 [<1 %]
dence of transport south across the Mediterranean, extending Peak annual me&n  +0.25 [<1 %)] +0.03 [2 %]

well into North Africa, particularly in July, when biogenic Peak monthly me&n  +0.53 [1 %] +0.08 [2%)]
emissions peak. NOmixing ratios fall across Europe due
to increased formation of PAN and organic nitrates with thez Europe domain taken as 12.%, 35.6 N o 45.9 E, 60.6 N.

Iargest changes in central Europe. dg/nigjii.s given are the area weighted average change calculated across the stated

¢ Values given are the maximum change in any individual gridbox in the stated domain.
42 NA . d N America domain taken as 124.W, 29.# N to 74.P W, 53.° N.
. merica The domains were selected to give roughly the same total area.

Under the SRC scenario, considerably less land is converted

to biofuel cultivation in N America than Europe (18 Mha vs. position are therefore also substantially lower. As shown in
70 Mha). Changes in isoprene emissions (up 2 % from 34 tdTable 3, increases in surface ozone and bSOA concentrations
35 Tgy 1) and the subsequent impact on atmospheric com-are negligible across most spatial and temporal ranges.
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Fig. 4. Differences in monthly mean surface concentrations of ozone (top),(Mdldle) and SOA (bottom) for Europe in January (left) and
July (right) for SRC vs. CTRL. Note change of scale from January to July.

Figure 5 shows the spatial distribution of changes in an-Changes in surface ozone and bSOA concentrations are neg-
nual mean ozone (top) and bSOA (bottom) concentrationdigible on all temporal and spatial scales.
across N America as a result of biofuel cultivation in the Pa-
cific NW, mid-west and SE USA. While the magnitude of
the response is highly seasonal, the spatial distribution of th& Sensitivity to deposition
changes is consistent through the year. It is noteworthy that
surface ozone concentrations fall in two of the regions of cul-Our model simulations with HadGEM2 suggest changes
tivation: SE USA and Pacific NW. In both regions, biogenic in isoprene emissions due to biofuel cultivation will affect
emissions are high (see e@uenther et al.2006, making  atmospheric composition on a local to regional scale. How-
them “NC-sensitive”. Hence, an increase in VOC emissionsever, changes in land surface directly affect the deposition
and atmospheric concentrations increase the VOG:id@o of gases and particles (e.Wesely 1989 Ganzeveld and
further, moving these regions away from the optimum ratio Lelieveld 2004. In particular, Ganzeveld et al(2010
for ozone productionSillman 1999. The maximum de- demonstrated that changes in ozone dry deposition velocities
crease in monthly mean surface ozone in each of these reeffectively negated the simulated changes in ozone formation
gions is—0.3 ppbv (a decrease of 0.6 % in both cases). rates resulting from altered isoprene emissions due to LUC.
Only 4 Mha of SRC is planted in Australia, resultingina To assess the effect of changes in dry deposition
1% increase in isoprene emissions (from 1.9 to 2.0yy on ground-level ozone concentrations, we performed
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Annual ically decreases b5 % and roughness length bys—10 %.
The increases in ozone simulated by the FRSGC/UCI CTM
for the PALM_NOy scenario are around 7—9 % higher when
deposition is allowed to change than the increases projected
in simulations in which deposition does not alter. This sug-
0.3 gests that the changes in air quality simulated by HadGEM2
- are conservative.
o1 The response to the inclusion of deposition changes in
the SRC scenario in the CTM is smaller in magnitude than
PALM. During the growing season, deposition is slightly re-
duced, leading to additional increases in ground-level ozone
B of around 2-3% (50-60 pptv) across Europe. Again these
20°N —03 U findings suggest that during the times of year that air quality
10T ToTee0w o s is an issue in the Northern mid-latitudes the increases seen
in the HadGEM2 simulations are smaller than they would be
if vegetation impacts on deposition were also taken into ac-
70 count.

60°N

0.5

50°N

40°N

30°N _o1 H

60°N

50°N
50 . .
bSOA 6 Discussion
_5, 40°N
(ng m™) F 6.1 OtherbVOCs
SON 10 H Changes in vegetation will lead to changes in the emissions
= of VOCs other than isoprene, many of which can also be
—10 U expected to affect atmospheric composition and air quality
through changes to the rate of production and loss of ozone
eand secondary organic aerosols. Of particular interest in the
context of the LUC scenarios developed for this study are
monoterpenes and methanol emissions.

Monoterpenes are highly reactive, with an atmospheric
o . _ . lifetime of minutes to hoursAtkinson and Arey2003, and
short sensitivity studies using the FRSGC/UCI ChemIStry'have long been identified as major sources of secondary or-

transport mode| (CTM)W"d. et al, 2003. T_hese experi- anic aerosols (e.yvent 196Q Lee et al,2006. Changesin
ments used the same planting changes as in our HadGEM onoterpene emission rates would therefore be expected to

studies, but allowed us to explore the effects of Ch"’mgeﬁgaveademonstrable effect on bSOA concentrations, but only

in vegetatloln ar][g s_urface tcha(;ai:tﬁrlsg\cs (e'dg_' Iga:‘j aregban small effect on surface ozone concentrations, as total global
roughness length) in greater detail. Appendix escribe onoterpene emissions are small compared to those of iso-

how the roughness length and leaf area values were chang ene (e.gGuenther et al 1995 Arneth et al, 2007. Mea-
in the CTM as a result of the LUC in the oil palm and SRC surement data from the OP3 field campaigHs\itt et al,

scenarios. Dry depos‘“?f‘ is modelled in the CTM following 2010 show that monoterpene fluxes accounted for nearly
the Wesely(1989 deposition scheme. 20 % of bVOC emissions from tropical rainforetfigford
In general, the CTM showed the same spatial responset al, 2010 but were negligible from oil palm\isztal et al,
to the changes in isoprene emissions as HadGEM2, al2011). Hence, monoterpene emissions would be substan-
though the magnitude of the increases in ozone under th@a|ly lower under the oil palm scenarios, possibly negating
PALM_NO, and SRC scenarios was slightly greater. Thethe increase in bSOA concentrations simulated due to the
top row of Fig. 6 shows the changes in annual mean surfacgtrong increase in isoprene emissions. Changes in monoter-
ozone concentrations over SE Asia and EurOpe simulated bbene emission rates for the SRC scenario are harder to quan_
the CTM without changes to dry deposition. Changes in sur+ijfy. Both total emission rate and precise compound mix
face ozone concentrations for the two scenarios with aItereq,ary widely between species (e $akulyanontvittaya et al.
dry deposition is shown in the bottom row of Fig. 6. 2008. Flux measurements presented Bgkulyanontvit-
Replacing tropical rainforest with oil palm plantations re- taya et al.(2008 suggest that total monoterpene emissions
duces the loss of ozone and oxidised nitrates through dry defrom broadleaf trees are slightly higher than from crops
position as both leaf area and roughness length are reduced and grasses (although the variability in the measurements is
the replanted areas. Averaged across a grid cell, leaf area tyfitigh). Data collated bysimpson et al(1995 shows that

20°N
130°W 110°W 90°wW 70°W 50°W

Fig. 5. Differences in annual mean surface concentrations of ozon
(top) and SOA (bottom) for N America for SRC vs. CTRL.
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in dry deposition (top) and with changes in dry deposition (bottom).

while broadleaf trees emit more monoterpenes than grassesmissions are more strongly affected by leaf age than any
crops are slightly higher emitters. Emission factors usedother factor. As SRCs, which are harvested by cutting to

by Guenther et al(1995 result in much higher emissions ground-level every 2—3 years, replace a mixture of annual

from broadleaf trees than either crops or grasses, particularlgrops and perennial grasses, the leaf age effects may bal-
for re-growing woodland. Overall, these studies would sug-ance. Methanol emission rates would therefore be expected
gest that monoterpene emissions would be little affected byto rise, due to the differences in emission factors, across the
replacing crops and grasses with broadleaf trees (althougBRC plantations in the Northern mid-latitudes, enhancing the
Simpson et al(1995 suggests that of the broadleaf species change in ozone in these regions. It should of course be noted
used in the SRC scenario (poplar, willow and eucalyptus)that the effect of bVOC emissions is highly non-linear and

only eucalyptus has been observed to emit monoterpenes). there are likely to be areas where increasing isoprene and

The terrestrial biosphere is a major source of methanolmetha”m emissions leads to a decrease in net formation of

which has a well-documented influence on tropospheric?ZOne:

ozone (e.gTie et al, 2003 and references therein). Mea-  Other bVOCs have also been observed to be emitted
surements of methanol fluxes from rainforest and oil palmin large quantities from certain ecosystems, particularly 2-
(Langford et al,201Q Misztal et al, 2011) show that emis-  methyl-3-buten-2-ol (e.gSteiner et al. 2007, sesquiter-
sion rates from the two canopies are very similar, andPenes (e.gSakulyanontvittaya et al2008 Jardine et a).
that both ecosystems are net sinks rather than sourceg011), oxygenated VOCs (e.qRuuskanen et 312011 and
Hence, we would expect changes in both methanol emisestragole from oil palmNjisztal et al, 2019. Many of these
sions and subsequent ozone formation to be negligible irre known to affect atmospheric composition, playing a role
the oil palm scenarios considered here. Again, quantificain governing the formation of bSOA (e.Gakulyanontvit-
tion of the effect of the SRC scenario on methanol emis-taya et al.2008 Lee et al, 200§ and the rate of production
sions is hard Stavrakou et al(2011) assumes emission fac- Or loss of tropospheric ozon&teiner et al.2007 Jardine

tors of 400 pgmZ2h~1 for crops and grasses, 800 pgfin—?! et al, 201]) that may be significant on a local scale. Emis-
for Northern temperate broadleaf trees and 400 pgm? sions of sesquiterpenes, oxygenated VOCs and estragole are
for broadleaf trees elsewhere. However, the authors als@l! likely to be affected by the biofuel cultivation scenarios
note that emissions have been observed to be very speciegonsidered in this study.

dependent with a factor of 3 variation in fluxes measured While a robust simulation of the emissions and atmo-
from different grasses, and, more importantly, that methanokpheric reactions of these compounds is not possible at
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present, due to the large uncertainties involved, it is a queslar to earlier work although the magnitude of the impacts is

tion that should be addressed in the near future. substantially reduced.
Wiedinmyer et al(2006 found that the atmospheric ef-
6.2 Other impacts of LUC fects of biofuel cultivation in the Amazon and western US

were limited to these regions. Furthermore, in both the Ama-

Direct climate impacts from land use change result from bio-Z20n @nd Pacific NW, surface ozone concegtration; fell, by
geophysical and biogeochemical changes in surface enerdyP {© 7 PPbv in July, in response to the 37 % total increase

and mass fluxes through changes in, for exapmle, surfach isopreng emissions. Whilg the direction of the change is
albedo or the hydrological cycle (e.Bathiany et al.201Q the same in our study (see Figs. 2 and 5), we find decreases

Davin et al, 2007, and references therein). In the two oil ©f Only 0.2ppbv in July monthly means, although the peak

palm scenarios, the impacts of replacing native forest with"®duction in monthly mean surface ozone in the Amazon is
over 3.5 ppbv (in August).

oil palm, another broadleaf tree species, are likely to be o .
small on both the global and regional scale. While the in-. PY!e etal(201]) performed a sensitivity study, replacing

troduction of heterogeneity into the landscape may give risdsoprene emissions from all native rainfqrest on the island of
to localised edge effects (as reported over West Africa byBOrneo (a total of~72 Mha, compared with-21 Mha here)
Garcia-Carreras et g2010), the limited magnitude and ex- with oil palm emissions. When additional N@missions

tent of the replanting are not expected to substantially af7om Oil palm processing were included, their model simu-
fect large-scale atmospheric circulation or surface temperal@tion (for May) projected ozone increases of up to 15 ppbv

ture. Previous modelling studies of deforestation in SE Asia(Compared to monthly mean changes of just over 4 ppbv for

have shown a wide spread of model-dependent temperatuMay here) over the island with appreciable enhancement also

responses. The most recent, and most comprehensive, stug€€n downwind.
ies of this region (e.gSchneck and Mosbrugge011; Delire Ganzeveld et al.(201Q calculated that under the
et al, 2001 show increases of between 0.7 and .Z5over ~ |PCC SRES A2 scenaridNakicenovic and Swar200Q for

Borneo and Sumatra (although decreases over other parts &C; isoprene emissions were reduced through much of the

the region) as a result of complete deforestation. Temperat_ropics due to deforestation and slightly increased in Europe

ture increases in response to our planting, while expected t§nd SE USA. Our study, in contrast, shows that LUC for
be smaller, would further increase isoprene emissions (e_gt?lofuel cultivation results in increases in isoprene emissions
Guenther et aJ 1995 Arneth et al, 2007 in the region, mak- everywhere. The authors also found that reductions in leaf

ing our simulated air quality changes a conservative estimate2 €2 resulted in lower ozone dry deposition velocities in all
. . S . areas apart from eastern Europe where leaf area and depo-
In the mid-latitudes, reforestation is likely to result in

. . sition increased. We simulate reductions in dry deposition
higher regional temperatures as surface albedo decreasés

(e.9.Betts et al, 2009. The small scale of the changes in éverywhere under both oil palm and SRC cultivation, again

vegetation would be expected to limit this effect. In addition, driven by reductions in leaf area. In the case of the SRC and

the growing conditions, heights and seasons of SRC are simI—DAL'vI -NOy scenarios the decrease in 0zone loss through de-

ilar to that of the agricultural crops that they are replacing,pOSItlon enhances the increase in surface ozone caused by

reducing the direct climate impacts of such LUC. This againthe prqjected INCrease n 1soprene emissions, although the
. . effect is small (2-3% of the increase without deposition
suggests that our projected ozone increases are lower tharh Yye : i
they would be with inclusion of climate responses changes over Europe under SRC and 7-9% in SE Asia un
' der PALM_NOy). However, as discussed Banzeveld et al.
. ) ) (2010, the overall impact of future LUC on surface ozone
6.3 Comparison with previous work concentrations is sensitive to the relative changes in emis-
sions of VOC and N (both biogenic and anthropogenic),

While our results are consistent with the findings of preViOUSdeposition rates and boundary |ayer he|ght and dynamics_
studies, our much smaller changes in isoprene emissions, rerhe response of the system is highly complex, and given our
sulting from more realistic levels of biofuel cultivation, lead incomp|ete understanding of the processes involved, model
to correspondingly smaller impacts on atmospheric compodependent.
sition and air quality. In line with the results ofChen et al.(2009 and Heald

In contrast with most previous studies of the impact of et al. (2008, we find that bSOA concentrations change
LUC on bVOC emissions and atmospheric composition, ourroughly in proportion to the change in total bVOC emissions,
scenarios result in increased isoprene emissions. Our realthough both previous studies reported a decrease in bSOA
alistic, small-scale biofuel cultivation scenarios, based onin response to a decrease in bVOC emissions, with the mag-
current policy projections for 2020, represent considerablynitude of the response more strongly related to monoterpene,
smaller changes in land cover than the previous studies outrather than isoprene, emission changes.
lined in Sect. 1, which tended to implement “worst-case”
LUC scenarios. However, our results are qualitatively simi-
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6.4 Uncertainties isoprene chemistnLglieveld et al, 2008 Pugh et al.2010.
While various alternative reaction mechanisms have been
There are substantial uncertainties involved in the model simproposed, none has been validated in the field Anctiibald
ulations described in this work, arising from a lack of fun- et al. (2011 has shown that the effect on modelled ozone
damental understanding of the processes involved, the simeoncentration is very small<G % for any of the mecha-
plifications required to include complex processes in globalnisms).
models, the coarse resolution used and in the development of Comparisons between modelled and measured atmo-
future scenarios. spheric concentrations of ozone generally show good agree-
Guenther et al(1999 suggested an uncertainty of a fac- ment (see e.gwild, 2007 Fiore et al, 2009. However,
tor of 3 in their estimate of 500 TgCy for global isoprene  such agreement does not necessarily suggest we should have
emissions due to modelling simplifications and assumptiongonfidence in model result$\{ld, 2007. As discussed by
(e.g. regarding vegetation distribution and the use of a singlesanzeveld and Lelievel(004 andvon Kuhlmann et al.
emission factor for broad categories of vegetati@enther (2004 there are many possible sources of error in modelling
et al.(2009 showed that the use of different input datasets foratmospheric chemical processes, including bVOC emission
meteorology or vegetation types and characteristics led to esestimates, atmospheric reaction mechanisms, deposition ve-
timates that varied by as much-ad1 % and +29 % from the locities, atmospheric dynamics and boundary layer height.
“standard” model set-up. By contragtrneth et al.(2007) The formation of bSOA is particularly poorly understood,
showed that, in spite of widely differing input datasets all and the processes involved are reduced to a two-product ap-
global isoprene emissions estimates to date appear to comproach in many global chemistry modelda(lquist et al,
verge on a value o500 TgCy %, but noted that the un- 2009. Furthermore, it is usually assumed that the molar
certainty is substantially larger than the apparent consensugield of aerosol particles from the condensable product in
suggests. such an approach is constant for all environments (see e.g.
While global emissions estimates agree closely, comparDerwent et al. 2003 Spracklen et al.200§ Mann et al,
isons of instantaneous modelled emissions against flux me&2010. Divergence between modelled burdens of organic
surement data show large differences. For examyidler aerosols is high and projections poorly constrair@ar§law
et al.(2008 found that modelled hourly fluxes at a site in the et al, 2010. Measurements suggest that, even in polluted ar-
Northern mid-latitudes were, on average, 35% lower thaneas, organic aerosol is predominantly biogenic in origin (see
measured fluxes, while emissions estimated in the Amazom.g.Jimenez et al2009 Zhang et al.2007. Global models
were between a factor of 2 and 5 times too high in the wethave consistently been shown both to underestimate bSOA
season.Langford et al (2010 reported that emissions esti- burden (see e.ddeald et al. 2005, and to fail to capture
mated with the MEGAN algorithmsQuenther et al.2006 the spatial distribution of biogenic aeroso&ptacklen et a).
over SE Asian rainforest were 4 times higher than observe@011).
fluxes. While our projected changes in hSOA concentrations are
By necessity, the gas-phase atmospheric reactions ah line with those found in previous studie€Hen et al.
VOCs including isoprene are greatly simplified in atmo- 2009 Heald et al. 2008, this is likely to be largely due
spheric chemistry models (ejschl et al,2000. By virtue to the assumption of fixed yields of aerosols from isoprene
of the number of reactions and compounds that affect theand monoterpenes. Given recent work highlighting the poor
rate of chemical production and loss of tropospheric ozoneagreement between modelled and measured aerosol concen-
ozone is well buffered in these model/i(d, 2007). As a  trations (see e.gSpracklen et al.2011), we would sug-
result, model intercomparisons generally show good agreegest that further work is needed before robust projections of
ment between chemical mechanisms (simulated concentrad3SOA concentrations can be made. In addition, without an
tions generally agree to within 25 %) in moderate to high understanding of the size distribution of the particles formed,
NOy conditions Archibald et al, 201Q Poschl et al. 2000 their impact on climate and air quality cannot be established
von Kuhlmann et a).2004). Model divergence is greater in (see e.gPenner et al2001).
low-NOy environmentsArchibald et al, 201Q Poschl et al, Although the changes in isoprene emissions and ozone
2000 with differences in ozone concentrations of as muchconcentrations simulated in our study are well below the
as a factor of 2. This can be accounted for, in part, by themagnitude of the uncertainties involved, our results show a
different treatment of organic nitrates (e.g. isoprene nitratesystematic increase in isoprene emissions due to the culti-
and peroxyacetylnitrate or PAN), in particular their rate of vation of oil palm and SRC biofuel feedstock. Our results
formation and yield, and the rate and efficiency of reactiveagree qualitatively with previous modelling studies and the
nitrogen recycling by these species (see kBayet al, 2009 two atmospheric chemistry models used (the UKCA scheme
von Kuhlmann et a).2004. In addition, it has been shown in HadGEM2 and FRSGC/UCI CTM) show good agreement,
recently that, in low-NQ environments with high isoprene lending confidence to the direction and distribution of the
emissions, concentrations of the OH radical are far higherchanges in surface ozone.
than would be expected from our current understanding of
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6.5 Future work The location of land use change is important. The low
NOy regions of the tropics respond differently from the
In addition to the inclusion of the effects outlined in Sects. 5 higher NQ, mid-latitudes, with decreases in surface ozone
and 6, further work is required to assess the impact of transpccurring in the vicinity of new oil palm plantations. Even
portation of the biofuel to market, and the end use of the fuel.when NQ, emissions from biofuel processing are included
The former will alter the spatial distribution of (predomi- some areas of the tropics still experience a reduction in ozone

nantly) shipping emissions, which in the case of SE Asia will 35 0zone destruction outweighs ozone formation. This effect
likely alter the atmospheric response to the increase in iSOis also seen in a few locations in the mid-latitudes.

prene emissions by further raising N@vels in the region. The contrasting response of surface ozone to the increased
The latter will _result ina d|ﬁer§nt mix of talll—p|pe emissions. isoprene emissions in the two oil palm scenarios is a reflec-
Future studies should consider climate impacts and changg,, solely of the difference in NQregimes. This supports

ing vegetation responses on isoprene emissions and subsgye conclusions reached biewitt et al.(2009, that the fu-
quent reactions, on longer timescales (to 2100) using a fully ;e management of nitrogen will play an important role in

coupled Earth system model. Higher resolution modelling aymqgspheric composition and air quality in the tropics. If oil
s;udles, using for example the UK Meterological Offlc_es re- nalm processing plant NCemissions can be reduced, then
gional Earth system model (HadGEM3-R), are required 105 increase in oil palm cultivation could result in a decrease
fully assess the impact of these scenarios on a regional sca|ﬁ surface ozone. If, however, background levels ofNiSe

and to evaluate the impacts on human health and crop prog, the tropics as a result of increasing industrialisation, even
ductivity of the increases in ozone and SOA projected here. o,y management measures are likely to be insufficient to

prevent an increase in 0zone in response to an expansion of
the oil palm industry.

This work sugggests that consideration should be given to
Cultivation of sufficient biofuel feedstock crops to replace emissions of VOCs and their effects on atmospheric com-
around 1% of projected global fossil fuel demand in 2020 position and chemistry when decisions are made regarding
increases global isoprene emissions by about 1 %, resultinthe cultivation of biofuel feedstock crops. Life cycle assess-
in changes in surface ozone and secondary organic aerosaolents that consider only energy requirements, greenhouse
concentrations. While small at the global scale, regionalgas emissions and carbon payback times are missing an im-
air quality impacts are important. The expansion of oil portant impact on air quality and health associated with the
palm plantations in the tropics, together with increased NO cultivation of biofuels. Furthermore, in contrast to life cy-
emissions from associated processing plants, results in arele assessments that focus on long-term climate impacts,
nual average ozone increases of around 0.2 ppbv in SE Asiahanges in highly reactive short-lived species such as VOCs
(from a base of 31 ppbv), with Borneo experiencing annualhave local to regional scale impacts and should therefore be
mean rises of over 3ppbv (from 32 ppbv), peaking at overconsidered as part of a local impact assessment for any new
6.5 ppbv (from 26 ppbv) in November over a limited area. plantation.
Biogenic SOA also increases across the region, with an av-
erage enhancement of 0.3 pgfin annual mean concentra-
tions over much of Borneo and Sumatra (from 6—10 rgm
The use of short rotation coppice in the mid-latitudes result
in increases in annual mean surface ozone concentrations
around 0.3 ppbv over Europe (from 43 ppbv), with a peak in-
crease of over 2 ppbv (from 79 ppbv) in July over a limited o .
area of Central and Eastern Europe. Biogenic SOA formatiorfSOPréne emissions models use an emission factor (or base

is enhanced throughout Europe with increases in concentra€MiSSION rate), equivalent to the emission rate of isoprene
tions of up to 0.5ugm? over south-eastern Europe in July from 19 of dry leaf weight under standa_rd condmons of
(from 8 pugnT3). 30°C and 1000 pmolm?s—1 of photosynthetically active ra-

A consideration of the likely response of the Earth SyS_diation. This is then scaled up to the whole plant or canopy

tem to other changes associated with land use change (e_be.vel. Although emission factors vary between species, and

changes in surface energy fluxes and deposition rates) su§Ven genotypes, of plants, an average value is typically as-

gests that these projected responses represent a conservatiygned to each of the limited number of plant functional
estimate of the impact of biofuel cultivation on atmospheric YPeS (PFTs) or ecosystems included within the land sur-
composition and air quality. Given the complexity of the in- face scheme of a global model. Table 4 shows the emissions

teractions in the system, however, future studies are requireffctors for the relevant PFTs in HadGEM2. Each grid cell

using a fully coupled Earth system model. within HadGEM2 contains a mixture of PFTs, so the overall
emission factor used is the weighted average of the emission
factors of all PFTs within that grid cell. A scale factor for the

7 Conclusions

SAppendix A

(igetermining isoprene scaling factors
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Table Al. Values used to scale isoprene emission factors Table B1. Values used to scale leaf area index and roughness
lengths used in the FRSGC/UCI CTM
PFT Emission factos
(mggdw*lhfl) PFT Biomass density Roughness length, z
: (gm?) (m)
Current vegetation -
Broadleaf tree 35 Current vegetation
C3grass 16 '(r:rrc())pr))lgal broadleaf tree 15220 (3)%
€4 grass 8 Grasses 400 0.08
Bllofuel crops Biofuel crops
Oil palm 50 Oil palm 2006 1.
Mallee 45 Mallee 406 0.8
Eucalyptus 35 Eucalyptus 409 0.5
Poplar 45 Poplar 326 0.5
Willow 45 Willow 150° 0.5

2 Relative values taken from data from OP3 campaldew(itt et al, 2010

. L . . . Pvalues currently used in the FRSGC/UCI CTM
isoprene emissions was calculated for each grid cell in Which: yaiyes taken fronsimpson et al(1995

replanting had taken place. This scale facfoiis defined as: 9 cCalculated from relative heights of il paim and rainforése\itt et al, 2010

s=2 (A1)
£0 A2 SRC

wheree is the modified emission factor for a grid cell, ie un-

der the biofuel scenario, arg the original emission factor SRC scenarios, a fraction of th&3 andC4 grass PETS in

for that gr!d <_:e|| under CTRLZ For each experiment, the_lso-a grid cell in CTRL is removed and replaced with the SRC
prene emissions for each grid cell were calculated as if for e - . }
PFT. The modified emission factor is given by:

the natural vegetation and then multiplied by the scale fac-

To calculate the modified grid cell emission factor for the

tor, which is unity in all cells unaffected by re-planting. The 5 ,
modified emission factoe, was calculated as shown below. €= Y _&x f —ec3x pcax fca+ecax peax fez  (Ad)
The original weighted grid cell emission factor is calculated i=1
by HadGEM?2 as: — EcaX pca X fC4+8C4 X pca X fca
5 = g0+ pcax feax (e, —eca)+ peax foax (e, —eca)
g0= Za x f (A2) . i .
= wherep is the percentage of theé3 or C4 grass that is being

converted to SRC ang, is the base emission rate for the
appropriate SRC crop, given in Table 4.

where f is the fraction of a grid cell taken up by each PFT,
and the subscriptd, C3, C4, n and s denote the PFTs
broadleaf tree(C3 grass,C4 grass, needleaf tree and shrub
respectively.

= &p X fptecax fcatecax fecaten X fntes X fs

Appendix B

Determining leaf area index and roughness length

Al PALM . :
Scaling factors for the leaf area index and roughness length

To calculate the modified grid cell emission factor for the oil Of the biofuel crops were calculated using the approach
palm scenarios, a fraction of the broadleaf tree PFT in a gricPutlined above for isoprene emission factors. The values
cell in CTRL is removed and replaced with oil palm. The ©of roughness length~0.1xcanopy height) for the relevant

modified emission factor is given by: plant functiona} types are given in Table l_31. Lea1.c area index
was scaled using relative values of maximum biomass den-
5 , sity (i.e. the seasonality of the leaf area index was assumed
€= ZS X f—epxpx fote,xpxfo (A3) o be unchanged by the replanting). These values are also

i=1

= eo+pXfp ><(8;,—8b)

shown in Table B1.
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