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Abstract. In this study, a high resolution version of the Cam- on surface ozone increases resulting from land-use change on

bridge p-TOMCAT chemical transport model is used, alongBorneo, excluding the impact of future changes in emissions

with measurement data from the 2008 NERC-funded Oxi-elsewhere. Although the largest changes in this scenario oc-

dant and Particle Photochemical Processes (OP3) project, tourred directly over Borneo, the model also calculated no-

examine the potential impact of the expansion of oil palmtable regional changes ofsPDOH and other species down-

in Borneo on atmospheric composition. Several model emiswind of Borneo and in the free troposphere.

sion scenarios are run for the OP3 measurement period, in-

corporating emissions from both global datasets and local

flux measurements. Using the OP3 observed isoprene fluxes

and OH recycling chemistry in p-TOMCAT substantiallyim- 1 Introduction

proves the comparison between modelled and observed iso-

prene and OH concentrations relative to using MEGAN iso-Forests in Borneo, and more generally South East Asia, are

prene emissions without OH recycling. However, a similar currently undergoing very rapid rates of land-use change

improvement was also achieved without using H@cy- as a result of logging or replacement by tree crops (e.g.

cling, by fixing boundary layer isoprene concentrations overFAO, 2005; MPOA, 2008). One of the most widespread crop

Borneo to follow the OP3 observations. An extreme hypo-monocultures in this region is oil palnkEfaeis guineensjs

thetical future scenario, in which all of Borneo is converted with Indonesia and Malaysia containing 60 % of the global

to oil palm plantation, assessed the sensitivity of the modebil palm plantation area. Demand for palm oil has soared in

to changes in isoprene and N@missions associated with recent years for use in cooking, domestic products and bio-

land-use change. This scenario suggested a 70 % upper limiuels, driving a large expansion in plantation area. For exam-
ple, 13% of land in Malaysia is now covered by oil palm,
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9184 N. J. Warwick et al.: Impact of land-use change in Borneo on atmospheric composition

compared with 1% less than 40 yr ago (Thoenes, 2007; Heef high isoprene and low NQemissions, suggesting the exis-
witt et al., 2010). In Kalimantan (Indonesian Borneo), oil tence of an unknown chemical recycling mechanism for OH
palm coverage has increased frend.2 % of total land area (Lelieveld et al., 2008; Hewitt et al., 2010; Whalley et al.,
in 1990, to 6 % in 2010 (Carlson et al., 2012). However, only 2011; Stone et al., 2011; Hofzumahaus et al., 2009). Several
a fraction of awarded leases have so far been converted to oHOx (OH and HQ) regeneration mechanisms have been pro-
palm: if all current awarded leases were converted, plantaposed to resolve these differences (e.g. Lelieveld et al., 2008;
tions would cover 23 % of Kalimantan (125 484 &m Peeters et al., 2009; Da Silva et al., 2010; Paulot et al., 2009).

This rapid change in land use could influence both atmo-Inclusion of these mechanisms in model chemistry schemes
spheric composition and climate in several key ways. Alonghas the potential to influence our understanding of the extent
with many types of vegetation, both rainforest and oil palmto which changes in isoprene emissions could affect oxidis-
emit biogenic volatile organic compounds (BVOCS) to the ing capacity (Archibald et al., 2010b).
atmosphere (Hewitt et al., 2009; Langford et al., 2010; Mis- As part of the NERC OP3 project, a comprehensive set
ztal et al., 2011). Isoprene is the dominant BVOC emitted,of biosphere-to-atmosphere flux and atmospheric composi-
with an estimated global emission rate of 440-660 TgCyr tion measurements were made at both a natural rainforest and
(Guenther et al., 2006, 2012; Arneth et al., 2008), contribut-oil palm plantation site in the Malaysian state of Sabah, on
ing an estimated 50% by mass to total BVOC emissionsthe island of Borneo in 2008 (Langford et al., 2010; Mis-
(Guenther et al., 2012). Different species of vegetation emitztal et al., 2010, 2011). Observations indicated increased
differing quantities of isoprene and other BVOCs (Guentherfluxes of both isoprene and NQver oil palm plantations
et al., 2006), therefore a switch from a rainforest to oil palm relative to rainforest (Hewitt et al., 2009). Box model cal-
landscape will result in a change in isoprene emissions. Theulations by Hewitt et al. (2009) based on this oil palm
production of isoprene is also strongly temperature depenisoprene flux data predicted that if levels of N@ Bor-
dent and influenced by solar radiation, soil moisture and amfieo were allowed to reach those currently seen over rural
bient CQ levels (Guenther et al., 1995, 2012; KesselmeierNorth America and Europe, ground-level ozone mixing ra-
etal., 1999; Arneth et al., 2008). Changes in climate, as weltios would reach~100 ppb, far exceeding levels harmful to
as land use, will therefore influence emissions (Lathiet  human health. However, potential changes in\N@issions
al., 2006; Arneth et al., 2007; Ganzeveld et al., 2010). Iso-associated with a developing oil palm industry on Borneo
prene is a major precursor to the formation of troposphericwere not fully quantified in this study.
ozone, an important atmospheric pollutant, and is highly re- Here, we use the global Cambridge p-TOMCAT chemi-
active towards the hydroxyl radical (OH), the troposphere’scal transport model, together with flux and atmospheric com-
principal oxidant. Thus changes in isoprene emissions caposition data collected during OP3, to investigate the atmo-
alter the lifetime of greenhouse gases such as methane argbheric impacts of changes in isoprene and,N@issions
hydrochlorofluorocarbons (e.g. Folberth et al., 2006). brought about through land-use change on Borneo. By using

A change in land use could also result in a change in sura global model, we are able to assess potential regional and
face fluxes of nitrogen oxides (NQ through fertiliser ap-  global influences as well as changes in surface atmospheric
plication, industrial processing and transport. In the presenceomposition that would directly affect air quality on Borneo.
of NOy and sunlight, VOCs mediate the formation of ozone. We focus on Borneo as this is a region that is currently ex-
The chemical processes controlling tropospheric ozone ar@eriencing rapid land-use change, and for which there is de-
complex, depending non-linearly on the relative local con-tailed measurement data available. Both a conventional iso-
centrations of N@ and VOCs (Liu et al., 1987; Sillman, prene oxidation scheme and a chemical mechanism includ-
1995). In a low NQ or “clean” chemical regime, a decrease ing a representation of OH recycling are tested to explore
in NOy (or increase in VOC) might be expected to lead to athe sensitivity of our results to uncertainties in chemistry. In
decrease in ozone. In contrast, in a high,N® “polluted” Sect. 2, we describe OP3 measurements which form the ba-
chemical regime, a decrease in N@r an increase in VOC) sis of our model simulations. Section 3 contains a description
might be expected to lead to an increase in ozone. At higlof the model set-up and land-use change emission scenarios.
concentrations ozone can be toxic to human health, forestResults from the model simulations are presented in Sect. 4
and crops (Fowler, 2008). Therefore any changes to land usand are summarised in Sect. 5.
which alter isoprene and NOemission rates could poten-
tially have a significant influence on ozone and air quality
(e.g. Hewitt et al., 2010; Ashworth et al., 2012). 2 Measurements

There are, however, significant uncertainties concerning
isoprene chemistry and the degree to which OH is consumeth 2008, intensive measurements of atmospheric composition
by the oxidation of isoprene, which could alter our under- and chemistry were made during the OP3 field campaign in
standing of the atmospheric impact of future changes in isothe Malaysian state of Sabah on the island of Borneo (He-
prene emissions. In particular, large discrepancies exist bewitt et al., 2010). The measurements used in this study are
tween measured and modelled OH concentrations in regiongom the first two field deployments of this campaign: OP3-I
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from 8 April to 3 May, and OP3-Il from 11 May to 20 June.  The standard emission set-up for model simulations in
OP3-I consisted of a set of extensive composition and fluxthis study includes CO, NQand non-methane hydrocar-
measurements from within and above the rainforest canopyon (NMHCs) emissions taken from ACCENT/IPCC AR4
at the Bukit Atur Global Atmosphere Watch (GAW) station (Stevenson et al., 2006). For methane, a fixed global an-
(4°58 N, 11750 E, elevation 426 m) in Danum Valley. Dur- nual 3-D mixing ratio field based on present-day values was
ing OP3-11, a more limited set of measurements were made atised. Global isoprene emissions for the BASE scenario were
the nearby Sabahmas oil palm plantation owned by Wilmartaken from an integration of the MEGANv2.04 model using
International Ltd. (314N, 11827 E). present-day input datasets of vegetation and climate (Ash-
Marked differences in both isoprene and f\€ncentra-  worth et al., 2010; Guenther et al., 2006). In a selection of
tions were observed between the rainforest and oil palm planalternative scenarios (described in more detail in Sect. 3.3),
tation sites (Fowler et al., 2011; MacKenzie et al., 2011).emissions of isoprene and N@ver Borneo were replaced
Isoprene fluxes, measured using the virtual disjunct eddy coby emissions based on flux measurements taken during the
variance technique, were approximately five times larger alOP3-1 and OP3-1l campaigns, emission factors and palm oil
the oil palm site compared to the rainforest site (compar-yields.
ing peak daily fluxes) (Hewitt et al., 2009; Langford et al.,
2010; Misztal et al., 2011). An increase in N@missions at 3.2 Chemistry schemes
oil palm plantations relative to rainforest was not measured ) ] ] ] )
directly, but was confirmed indirectly during overflights of WO different chemistry scenarios were included in the
both canopy types (Hewitt et al., 2009). Despite the IargerrT‘Odel |ntegrat|or_13: one with, and one without a r(.aprese.nta—
isoprene and NQfluxes at the oil palm plantation relative tion of OH recycling. The standard model mechanism (with-

to the rainforest location, 0zone mixing ratios over the two Ut OH recycling) is the same as described in Armnold et

landscapes were similar, with values around 10 ppb. How-2l- (2005), with the addition of the Mainz Isoprene Mech-

ever, plumes of higher 0zone were observed in air influence@"ism (schl et al., 2000) implemented as described by
by emissions from oil palm processing plants (Hewitt et al., YoUng et al. (2009). The model chemistry includes 63 chem-
2010). Over the rainforest, OH concentrations were foundic@l species and 177 reactions, simulating the oxidation of

to be an order of magnitude greater than daytime maximuninéthane, ethane, propane and isoprene using the ASAD

OH concentrations predicted by measurements of the OH rechemistry package (Carver et al., 1997). Photolysis rates for

activity and estimates of the OH production rate based o’ SPecies were determined using offline look-up tables gen-
all known OH sources (Whalley et al., 2011), supporting the€rated by the Cambridge 2-D model (Law and Pyle, 1993)

existence of an unexplained OH source above tropical rain4/Sing the multiple scattering scheme of Hough (1988). These
offline rates were based on climatological cloud cover and a

forests. : ) ; : .
fixed aerosol profile. The chemistry scheme is of medium
complexity, comparable with the schemes employed in other
tropospheric chemistry transport models, and has been used

3 Model set-up in the UM_.CAM global model as well as the UKCA model
(Zeng et al., 2010; Young et al., 2009; Morgenstern et al.,

3.1 Model description 2008).

In a number of experiments, an additional Hf@genera-
The model used for the simulations is the Cambridge p_t|on mechanism was included, based on the work of Peeters

TOMCAT chemical transport model. It has been used exten&t @l- (3009)' Here, two additional rfactions (R1 and R2;
sively for tropospheric studies and is described in more de MACR =lumped C4 carbonyl, MGLY = methyl glyoxal and

tail in Cook et al. (2007) and Hamilton et al. (2008). For this JACET = hydroxylacetone) were implemented, following

study, the model was run at a relatively high horizontal reso-th€ method of Archibald et al. (2010b, 2011). Including the

lution (1° x 1°, approximately 120 km in the tropics), with 31 unimolecular reactions of the isoprene hydroxy peroxy radi-

vertical levels extending from the surface to 10 hPa. The hori-c@l ISOPOHQ) has been shown to improve the representa-

zontal and vertical transport of tracers was based on 6-hourl{ion ©f 1ow-NG isoprene chemistry in both box model and
meteorological fields, including winds and temperatures, de-9/0bal model studies (Archibald et al., 20104, b).

rived from the Europea_n Centre for Medium-Range_ Fore-ISOPOHQ —» OH-+ MACR + HCHO (R1)
casts’ (ECMWF) operational analyses. Tracer advection was

calculated with the second-order moments advection scheme

of Prather (1986), and convective transport was based ohSOPOHQ — 1.0HO; + 1.0 x MGLY + 0.65x HACET

the mass flux scheme of Tiedkte (1989). The boundary layer: 0.6 x OH (R2)
height was diagnosed from input ECMWF operational analy-

ses using the non-local vertical diffusion scheme of HoltslagSeveral schemes have been proposed to regenerateitO
and Boville (1993), as implemented in Wang et al. (1999). ing isoprene oxidation. The simplest schemes postulated at

www.atmos-chem-phys.net/13/9183/2013/ Atmos. Chem. Phys., 13, 91834 2013



9186 N. J. Warwick et al.: Impact of land-use change in Borneo on atmospheric composition

Table 1. A description of the emission scenarios used in the p-TOMCAT simulations.

Scenario Emissions in Borneo Chemical mechanism
Isoprene NQ

BASE MEGAN IPCC AR4 Standard

FOREST OP3 rainforest IPCC AR4 Standard

FORESTOH OP3 rainforest IPCC AR4 OH recycling

FIX Prescribed surface mixing ratios IPCC AR4 Standard

FIX_OH Prescribed surface mixing ratios IPCC AR4 OH recycling

PALM OP3 oil palm IPCC AR4 Standard

PALMX OP3 oil palm Oil palm industry ~ Standard

PALMX_OH  OP3 oil palm Oil palm industry  OH recycling

the time unknown mechanisms, which allowed HO con- o= Observed rainforest flax (OP3-1)

vert back to OH through reactions with organic peroxy radi- —— Fit to rainforest data used in p-TOMCAT (OP3-1)

cals (Lelieveld et al., 2008). These schemes have since been e eat opa)

shown, through a series of laboratory studies, to be only —— MEGAN (April-May-June mean)

effective for a small subset of organic peroxy radicals and 16 ‘ ‘ . ‘

hence their suitability for incorporation into global model 14 L R

studies has been questioned (Archibald et al., 2010b). Here ’%T 1

we have implemented a scheme based around the pioneering = i |

theoretical work of Peeters et al. (2009). The aim of including D 10 - .

this scheme is to test the model's sensitivity to includingdHO S

regeneration. We do note, however, that recent experimental é 81 |

evidence (Crounse et al., 2011) suggests that the formation @ 6 R

of hydroperoxyaldehydes (crucial intermediates predicted by g al |

the Peeters mechanism) are very significantly slower than 2

suggested by Peeters et al. (2009), so significant uncertain- ~ 2| §

ties remain in understanding H@hemistry. 0 N o
O 4 8 12 16 20 24

3.3 Model scenarios Hour of Day

The eight different model scenarios considered include fiveFig- 1. MEGAN isoprene fluxes at Danum Valley compared to
“present-day” and three “land-use change” scenarios an(ﬂyxes observed during OP3 at a rainforest and oil palm plantation
are summarised in Table 1. The first present-day scenaric>

BASE, includes the standard emissions and the chemical

mechanism without OH recycling, as described in Sects. 3.1

and 3.2, respectively. The second present-day scenario, FORive model grid point, with emissions peaking in March and
EST, replaces the MEGAN isoprene emissions over BornedAugust. The observed OP3 forest isoprene emissions are ap-
with a sine curve fit to observed diurnally varying forest iso- proximately four times lower than those calculated by the
prene fluxes from the OP3 campaign, shown in Fig. 1 (de-MEGAN model in the Danum Valley region and have a diur-
scribed in more detail in Langford et al., 2010). Although nal variation more tightly centred around midday (Fig. 1). In
there are already extensive oil palm plantations on Borneoa final present-day scenario, FIX, the observed OP3 isoprene
we have classified this scenario as “present day” as the fracluxes are replaced in the model by prescribed boundary layer
tion of land covered by oil palm remains relatively small at isoprene mixing ratios, based on the average diurnal variation
~7 %, compared to the hypothetical complete oil palm cov-of observed mixing ratios recorded during OP3.

erage considered in our land-use change scenarios (MPOA, In a set of further scenarios, designed to assess the per-
2008; Carlson et al., 2012). As the temporal coverage of thdormance of the model and the potential impact of land-use
measurements is too limited to provide information on thechange in Borneo on the atmosphere, the standard emissions
seasonality of emissions, the seasonality of the MEGAN iso-of both isoprene and NQover Borneo were replaced with
prene fluxes was applied to the FOREST scenarios. The exaéiuxes based on observations made during the OP3 campaign.
seasonal variation of the MEGAN emissions varies over Bor-In the first of the land-use change scenarios, PALM, the en-
neo; however, monthly emission rates are generally withintire island of Borneo was considered to be covered in oil
—20% and+35 % of the annual mean rate at each respecspalm. While this is clearly an extreme scenario, our aim was

Atmos. Chem. Phys., 13, 9183194 2013 www.atmos-chem-phys.net/13/9183/2013/
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Fig. 2. A comparison of average diurnal cycles of isoprene, OH and ozone mixing ratios, measured at Bukit Atur, Danum Valley, during OP3-

I, to p-TOMCAT modelled mixing ratios from the five present-day emission/chemical mechanism scenarios. Error bars on the measurements
show +1 standard deviation.

to explore sensitivities rather than generate a “best guesstequirements of 3 GJt (palm oil), and that 100 % of the en-
as there are significant uncertainties in projections of futureergy required for transport and 75 % of the energy required
oil palm extent. The NCAR vegetation distribution for 2001, for processing was supplied by fossil fuel, with the remain-
based on ground-based observations and satellite retrievalder supplied by the burning of waste products, e.g. fibre and
indicates that vegetation covering 90 % of Borneo could po-shells. Assuming a yield of 4{(palm oil) -1 yr—1 (MPOA,
tentially be converted to oil palm plantation (Guenther et 2008; Reijnders and Huijbregts, 2008), we estimated indus-
al., 2006; NCAR, 2007). The REDD (Reducing Emissions trial NOy emissions of 1.24 Mg(N& km—2yr—1. Includ-
from Deforestation and Forest Degradation) initiative indi- ing both oil palm industrial and fertilisation sources, NO
cates a much lower maximum potential oil palm coverage;emissions total 0.07 mg(N)™ h—1, which is greater than,
however, many countries are currently growing oil palm in but the same order of magnitude, as oil palm Ntixes
areas which REDD deems unsuitable (Stickler et al., 2007)of 0.019 mg(N) mm2h~1 at the landscape scale inferred by
Therefore, although a landscape exclusively devoted to oiHewitt et al. (2009). For comparison, baseline Némis-
palm is obviously an extreme situation, it is useful for explor- sions over Borneo in the present-day scenario are 0.006 to
ing one possible future air quality trajectory. In this scenario,0.010 mg(N) nt2h~1 (compared to 0.009 in Hewitt et al.,
MEGAN isoprene emissions over Borneo were replaced by2009).
fluxes measured in a Borneo oil palm plantation during OP3 All emission scenarios were run with the standard model
(Fig. 1). The OP3 oil palm isoprene fluxes were significantly chemistry without OH recycling. In addition, the FOREST,
larger than both the OP3 forest and the MEGAN fluxes, with FIX and PALMX scenarios were also simulated using the
peak daily fluxes exceeding the MEGAN values by a factorOH recycling chemistry described in Sect. 3.2 (see Table 1).
of ~2.5. All other emissions are unchanged from the BASE Further to the eight model scenarios outlined in Table 1,
scenario. we performed two additional variant simulations of FOR-
The PALMX scenario includes NQOemissions from in- EST and PALMX, assessing the sensitivity of the model to
dustrial processing and fertilisation of oil palm over Bor- variations in ozone deposition velocities over Borneo. Each
neo, in addition to the larger oil palm isoprene emissionsmodel scenario was run for one year using 2008 meteorolog-
in PALM. NOy emissions from fertilised soils were based ical fields, following a six month model spin-up period. Six
on OP3 observations of 0 and parameterisations of ra- months was found to be sufficient for the model to adjust to
tios of NO and NO from croplands in SE Asia (Yan et al., changes in emissions of isoprene andNBoth short-lived
2003). They total 0.8 Mg(N§) km—2yr—1 and were emit-  species, over a limited geographical area.
ted as annual pulse emissions decaying linearly over a two-
month period following fertiliser application to a background
flux of 0.05 kg(NQ) km~2yr~1. The time of fertiliser appli- 4 Results
cation varied randomly with geographical location on Bor-
neo, but remained the same for each model simulation. NO4.1 Model analysis
emissions from industrial processing and transport were con-
stant throughout the year and were calculated from estimateBefore performing the land-use change model simulations,
of the energy required to process oil palm and the type ofwe first assessed the model simulations against present-day
fuel used. Following Reijnders and Huijbregts (2008), we as-atmospheric data from the OP3 campaign and tested the sen-
sumed industrial processing energy requirements of §6Jt sitivity of the model to uncertainties in chemical and phys-
(palm oil), and plantation cropping and local transport energyical terms of the ozone budget. Figure 2 shows compar-
isons of isoprene, OH and ozone mixing ratios from the five
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present-day model scenarios described in Table 1 with obseand lower, than observed locally. For example, modelled
vations made during OP3 in Danum Valley. As Danum Valley April surface monthly mean N©mixing ratios vary from

is only 50 km from the coast, the corresponding grid point in ~200 ppt in coastal areas to 600 ppt in inland hotspots. In
the ~1° x 1° (~120x 120 km) simulations is heavily influ- comparison, the median N@iurnal profile at Danum Valley
enced by ocean processes. Therefore, we compare the obséor the entire April measurement period ranges from 80 ppt
vations with model data from an adjacent inland grid box to in the mid-afternoon to just below 300 ppt just after midnight
the west of Danum Valley. (Hewitt et al., 2010; Pike et al., 2010).

The BASE scenario, which uses the MEGAN isoprene Ozone in all the model scenarios is higher than the ob-
emissions and standard chemical mechanism without angervations, which may lead to an overestimate in OH pro-
OH recycling, results in isoprene mixing ratios much larger duction through G{D) + H,O — 20H. In the FIX scenario,
than observations (by approximately a factor of 8) and mod-which performs best for capturing OH observations, mod-
elled OH concentrations that are significantly less than ob-elled ozone mixing ratios are approximately double those ob-
servations (by approximately a factor of 5). Using the lower, served. These local differences may arise partly as a result of
observed isoprene fluxes in the FOREST scenario (see Fig. Ipodel resolution. Using a similar set-up of p-TOMCAT, but
improves the comparison of both isoprene and OH modelledvith different emission scenarios, Pike et al. (2010) found
concentrations with observations, although peak isoprene rethat increasing the model resolution improved the compari-
mains too high (by~70%) and OH too low (by~45 %) in son between modelled and observed ozone at Danum Valley.
the model (Fig. 2). If OH recycling chemistry is included in Improving the resolution resulted in a more realistic repre-
the FOREST scenario, modelled OH concentrations increassentation of deposition, an important loss process for ozone,
in line with observations and the agreement between moddue to a higher resolution land—-sea mask and improved repre-
elled and observed isoprene improves. However, the modedentation of the land surface type. Although the model sim-
produces a morning peak in OH concentration that is notulations presented here are performed at a high resolution
seen in the measurement data. This peak in OH may arisef ~1° x 1° to minimise these impacts, resolution may still
as the diurnal variation of the FOREST isoprene fluxes emitsplay a role. In addition, part of the difference between mod-
isoprene over a shorter section of the day than MEGAN, re-lled and observed ozone may also arise as a result of the
sulting in a period during the morning where sunlight is gen-complex topography and boundary layer dynamics around
erating OH, but isoprene is not yet being emitted, thus therddanum Valley, which will introduce difficulties when com-
is a reduced sink for OH. paring global model data to measurements at this site. Pike

The best fit to the OH observations is provided by the FIX et al. (2010) could not model the observed diurnal variation
scenario without OH recycling chemistry, where isopreneof ozone and N@ at Danum Valley without introducing an
mixing ratios in the boundary layer over Borneo are fixed idealised treatment of the boundary layer. In order to test
according to the atmospheric observations (rather than using’hether calculated regional perturbations in ozone are robust
the flux measurements) at Danum Valley. When the isoprenéo model uncertainties within the present-day ozone budget,
mixing ratios (rather than the isoprene fluxes) are prescribedve perform two additional sensitivity simulations (not shown
to follow the observations, the model is able to reproduce ob4n Table 1), which are described in Sect. 4.2.
servations of OH without requiring any H®@ecycling. How-
ever, our model-calculated OH reactivities are significantly4.2 Land-use change impacts
less than suggested by measurements (a peak daily maximum
of ~7 s~ 1 compared te~24 s°1) (Whalley et al., 2011), indi-  Figures 3 and 4 show the monthly mean percentage change
cating we may be underestimating OH reactivities. Edwardsin surface @ and OH between the FOREST and PALM, and
et al. (2013) have shown that the emission of isoprene conFOREST and PALMX emission scenarios for June and De-
stitutes a significantly larger emission of reactivity than is cember. We have chosen to use FOREST as our base present-
offered by the primary reaction of isoprene alone, suggestday scenario, so all scenarios consistently use isoprene fluxes
ing a large contribution from secondary oxidation productsobserved during OP3 either from the rainforest or oil palm
of isoprene. In this case, the development of measuremenlantation locations.
techniques for secondary multifunctional carbon compounds The increase in isoprene emissions between the FOREST
would be required to close the OH reactivity budget. Differ- and PALM scenarios results in decreases #oer Borneo
ences in simulated OH between the five present-day scenaof up to 20 % (or~5 ppb, see Fig. 3a and c). Decreases in
ios demonstrate that modelled OH concentrations are at leastizone arise as in the unpolluted, low N®nvironment of
as sensitive to uncertainties in isoprene emissions as uncethe rainforest, an increase in VOC concentration results in
tainties in HQ regeneration chemical mechanisms. an increased net chemical sink for ozone. However, when

In the BASE, FOREST and FIX simulations, model sur- increases in NQ emissions are also considered in addition
face grid points (land and ocean) surrounding Danum Valleyto the isoprene increases (PALMX), the combined increases
encompass the OP3 N©bservations, capturing the phase of in NOx and VOC concentrations lead to an increase in the
the diurnal cycle, but with values both significantly higher, chemical production of ozone. Monthly mean surface;NO
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PALM PALMX as shown in Fig. 3b raises monthly mean modelled surface
20N 20N .. . .
o 1N 15N 0zone mixing ratios te~ 30—-45 ppb over Borneo, with the
Li 1o By highest values (up to 55 ppb) occurring during the northern
@ = = ‘;ﬁrg hemispheric summer. Epidemiological studies suggest ad-
a = s verse health impacts are detectable above 35 ppb (see, e.g.
208 208 Pattenden et al., 2010). As well as impacting human health,
80E 90E 100E 110E 120E 130E 140E 150E 160E 80E 90E 100E 110E 120E 130E 140E 150E 160E
ozone has also been shown to have a strong effect on pho-
20N . . .
15N tosynthesis and crop production, with damage to plants and
by ; yield reductions occurring at mixing ratios as low as 20 ppb
g i /] (Long et al., 2005). In the PALMX scenario, monthly mean
= . ozone mixing ratios exceed 20 ppb everywhere over Borneo
1 .. .
208 year-round. However, monthly mean @ixing ratios of 30—
80E 90E 100E 110E 120E 130E 140E 150E 160E 80E 90E 100E 110E 120E 130E 140E 150E 160E . Lo .
45 ppb remain less than surface ozone mixing ratios currently
IS SRS A S St S A observed in poIIuteq regions of the Northem Hem|_sphere. If
Ozone Change (%) the calculated maximum increase of 70 % is applied to ob-

_ _ _ served ozone mixing ratios, which are lower than the model
Fig. 3. Percentage difference in June and Decem-ca|culated ozone levels, the ozone increase would result in
ber surface mean ozone mixing ratios between themonthly mean mixing ratios of onk:20 ppb.

FOREST and PALM, and FOREST and PALMX sce-  poqe resylts demonstrate the importance of understand-

narios: (@) December (PALM-FOREST)/FOREST, ing NOy emissions when predicting the impact of oil palm
(b)  December  (PALMX-FOREST)FOREST, (c) 9 P 9 P P

June  (PALM-FOREST)FOREST) and (d) June expansion on air quality. Hewitt et al. (2009) used box model
(PALMX —FOREST)/FOREST. simulations, combined with the same OP3 isoprene flux mea-

surements as this study, to show that surface ozone over oil
palm plantations could reach 100 ppb if N@oncentrations
were allowed to reach levels currently seen over rural North
(b) America and Europe. In our PALMX simulation, where all
the land area in Borneo is converted to oil palm, N€nis-
S sions from fertilisation and the oil palm industry are not large
158 158 /J’I}\ enough to increase NOmixing ratios to these levels. Day-
20%6E 90 10 110E 120E 130E 1406 10E 160E  2"'BOE 90F 100E 110F 120 130E 140F 150E 160 time mean N@in PALMX (as defined in Hewitt et al., 2009)
remains below~0.6 ppb over much of Borneo, only exceed-
ing this value (but remaining: 1 ppb) at model grid points
where the statistical NOemissions from fertilisation are
turned on. In the Hewitt et al. (2009) study, daytime mean
NO, mixing ratios of>1 ppb are required to increase day-
S0F 9GE 100E 110 120E 130E 140E 150E 160E 2 BOE SOE 100 1T0E 120F 130E 140F 150 160E time mean ozone mixing ratios above the World Health Or-
ganization 8 h mean air quality threshold of 50 ppb.
I @ ] .
—60 —50 —40 =30 -20 —10 -1 1 10 20 30 Although the largest changes is@ PALMX are seen
OH Change (%) directly over Borneo, notable ozone increases are also calcu-
Fig. 4. Percentage difference in June and DecemberIated.downwind and ab_ove in the free troposph.ere. The exact
surface mean OH concentrations between the I:OR_Iocatlon qf the downwind @ changes varies with 'seasonal
EST and PALM, and FOREST and PALMX sce- changesin meteorology (for example, compare Fig. 3b and d
narios: (@) December (PALM-FOREST)/FOREST, for June and December). At an altitude of 500 hPa, increases
(b) December  (PALMX-FOREST)/FOREST, (c)  in Oz over Borneo remain as high as 20 %.
June (PALM-FOREST)/FOREST) and (d) June The increase in isoprene emissions between the FOREST
(PALMX —FOREST)/FOREST. and PALM scenarios results in large surface decreases in OH
over Borneo of up to 70% (see Fig. 4a and c). As OH is
the primary oxidant in the atmosphere, this change will in-
increases by a factor of between 2 and 4 (corresponding téluence the mixing ratios of other species; for example, the
an increase of up to 1 ppb), and surfacgificreases by up model calculates increases in surface monthly mean CO of
to 70 % (see Fig. 3b and d) relative to the FOREST scenarioup to 25 % over Borneo. Including the increased\snis-
However, due to the statistical nature of the N€nissions, sions as well as the isoprene increases (PALMX) reduces
exact ozone budget statistics for this scenario vary substarthe extent of the OH reduction over Borneo, with maximum
tially in time and space. Present-day ozone mixing ratiosOH decreases 0f40 % (Fig. 4b and d). Downwind, where
are low in this region and a 70 % increase in surface ozonehe short-lived isoprene has been removed, but longer-lived
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Fig. 5. Percentage difference in the December monthly mean disFig. 6. Percentage difference in the December monthly mean dis-
tribution of OH concentrations between the FOREST and PALMX tribution of PAN mixing ratios between the FOREST and PALMX
scenario ((PALMX-FOREST)/FOREST) for a vertical cross sec- scenario ((PALMX-FOREST)/FOREST) for a vertical cross sec-
tion along the Equator. tion along the Equator.

O3 remains high, the PALMX scenario also produces in- K
creases in surface OH of30%. As for Q, large changes |
in OH are also calculated above in the free troposphere (se¢,qq
Fig. 5). At 500 hPa, the dipole structure of the OH changes is 3053, 60E 120E
still present, with differences in concentrations ranging from
—20% to+20%. The model also calculates large changes 15 10 200 300 400 507100 150 200
in PAN between the FOREST and PALMX scenarios above PEN CHANGE (%)
Borneo and downwind in the free troposphere (Figs. 6 and 7)gjg. 7. percentage difference in December monthly mean PAN
At 500 hPa, PAN increases of over 20 % are seen downwindhixing ratios between the FOREST and PALMX scenario
over the Pacific Ocean. ((PALMX —FOREST)/FOREST) at 500 hPa.

Figures 8 and 9 show percentage monthly mean changes in
surface @ and OH resulting from switching from the FOR-
EST.OH to the PALMX.OH model scenarios, demonstrat- PALMX using the standard chemical mechanism, and FOR-
ing the impact of including OH recycling. The pattern and EST.OH and PALMX OH including OH recycling, remains
magnitude of the changes in both species are very similaapproximately the same (54 % in the model grid box chosen
to the standard chemistry scenarios where OH recycling igo represent Danum Valley). This indicates that the model-
not considered, showing that although OH recycling may becalculated perturbations in ozone are robust to uncertainties
important for understanding absolute concentrations of thes@ both chemical and physical mechanisms within the model.
species, including it in the model does not significantly al-
ter the magnitude of calculated changes mndocurring as a
result of land-use change. 5 Conclusions

In order to test whether calculated perturbations in ozone
are robust to model uncertainties within the present-dayBefore performing the land-use change simulations, the
ozone budget, we perform two additional sensitivity simu- model was first assessed against present-day atmospheric
lations (not shown in Table 1), equivalent to FOREST anddata from the OP3. The BASE scenario, using the MEGAN
PALMX, except the ozone deposition velocities over Borneoisoprene emissions and standard chemical mechanism with-
are doubled. In both the FOREST and PALMX cases, dou-out any OH recycling, overestimated isoprene and underesti-
bling the ozone deposition velocities reduces surface ozonenated OH concentrations relative to observations. Using the
at Danum Valley by~25 %. The average percentage increaselower, observed isoprene fluxes and OH recycling chemistry
in ozone, moving from the FOREST to PALMX scenario, substantially improved the comparison of both isoprene and
remains approximately the same@6 % in the model grid OH modelled concentrations with observations. We found
box chosen to represent Danum Valley) for the standard andhat for the model scenarios developed in this study, mod-
doubled deposition velocity simulations (not shown). In ad- elled OH concentrations were at least as sensitive to uncer-
dition, the percentage change in ozone between FOREST artdinties in isoprene emissions as those inyH€generation
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s T ] o] - ) considered (PALMX), concentrations of OH decrease above
fon \@) %) Ton @ /B Borneo, but to a lesser extent than when,Néhanges are
SN . SN . .
[ \Q‘%t ~ [ \% & ~ not included. Monthly mean surface ozone increases by up
- — o ' : to 70 % to~30-45 ppb over Borneo, with regional increases
i 1 exceeding 10-20% downwind and in the free troposphere.
BOE 90E 100E 110E 120E 130E 140E 150E 160E 80E 90E 100E 110E 120E 130E 140E 150E 160E
Monthly mean surface ozone levels of30 to 45ppb are
—60 -50 -40 -30 -20 —10 -1 1 10 20 30 above the minimum mixing ratio at which ozone is believed

OH CHANGE (%) .
to cause adverse health impacts and crop damage, but re-

Fig. 8. As Fig. 4b and d, but using OH recycling chem- main below present-day reported levels of N® other pol-
istry. This figure shows the percentage difference in OH luted regions of the Northern Hemisphere. Of course, ozone
between the PALMXOH and FORESIOH scenarios mixing ratios calculated in PALMX exclude any increases in
((PALMX_OH—FORESTOH)/FORESTOH) for (a) June  packground ozone resulting from increases in remote pollu-
and(b) December. tion sources. If additional increases in N@missions from
other developing industries on Borneo, or increases in the
transport of NQ (via PAN) from SE Asia were to be in-
cluded, larger ozone increases would be expected. Including
OH recycling does not significantly alter the magnitude of
calculated changes indccurring as a result of land-use

g% (o) 15N
A WON:)
@E? . £Q 4
Hﬁm‘ 554

=7

= 20N

1551 AN 1551 change.
ZOSB E O90E 100E 110E 120E 130E 140E 150E 160E 2058 E 90E 100E 110E 120E 130E 140E 150E 160E Although the |argest Changes are found Ioca”y results
I . . 5 30 30 a0 oo [ from these calculations suggest that the impact of land-use

OZONE CHANGE (%) changes will not be confined to Borneo, but that notable

Fig. 9. As Fig. 3b and d, but using OH recycling chem- changes will also occur throughout the free troposphere and
istry. This figure shows the percentage difference ip O downwind of Borneo. Only changes in emissions from Bor-
between the PALMXOH and FORESTOH scenarios heo have been considered in the scenarios presented here. If
((PALMX _OH—FORESTOH)/FORESTOH) for (a) June changes over the tropics as a whole (Africa, South Amer-
and(b) December. ica, etc.) had been included, a larger free tropospheric re-
sponse would be expected. However, the location of land-use
change is important and surface ozone could go up as well
chemical mechanisms. However, significant uncertainties reas down, depending on the extent of land-use change and
main in understanding HGchemistry. Stone etal. (2011) im- background N@ levels. For example, Ashworth et al. (2012)
plemented a variety of mechanistic changes to a box modefound that some areas of the tropics experienced a reduction
based on MCM chemistry, and found that none of the mech4in ozone under land-use change as ozone destruction out-
anistic suggestions available could reconcile both simulatedveighed ozone formation, indicating that each region should
OH and HQ with observations. Pugh et al. (2010, 2011) be considered specifically.
demonstrated that part of the discrepancy between observa- Other feedbacks not considered in this study may also in-
tions and modelled OH could be explained by incompletefluence the impact of land-use change in this region on at-
mixing of isoprene in the boundary layer leading to segrega-mospheric composition. For example, Fowler et al. (2011)
tion between isoprene and OH mixing ratios, which could befound that deposition velocities to the rainforest in Borneo
captured in models by using a reduced effective rate constanwere a factor of 2 larger than over oil palm, which could lead
for their reaction. However, the effective rate constant reduc-+o further increases in ozone on top of those calculated in our
tion for the reaction of isoprene with OH was calculated to bePALMX scenario. In addition, the impact of deforestation on
typically < 15 %, well below the 50 % reduction that would precipitation (Spracklen et al., 2012) and physiological and
be required by models to be able to reconcile their OH andstructural vegetation feedbacks in a changing climate (Betts
isoprene concentrations with measurements. etal., 1997) could also play arole.
Results from the changing land-use simulations demon-
strate that oil palm expansion in Borneo has the potential to
alter local air quality as well as regional atmospheric compo-AcknowledgementsKA acknowledges funding from a NERC
sition. Simulations where fluxes of isoprene only, and fluxesStudentship and the QUEST-QUAAC project (NE/C001621/1).

of isoprene and NQare varied, show that the magnitude 'S Paper is Publication No. A/603 of the Royal Society South
. T .. - East Asia Rainforest Research Programme. The authors would like
of NOy fluxes is critical for determining changes in ozone

. . L to thank DVMC and EPC for granting research permission.
resulting from land-use change. Scenarios considering only

increases in isoprene fluxes calculate large percentage degjited by: W, T. Sturges
creases in both surface ozone and OH over Borneo of 20
and 70 %, respectively. If changes in N@missions are also
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