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Abstract

More than one quarter of natural forests have been cleared by humans to mdke othgr land-uses, with
changes to forest cover projected to continue. The climate impact of landamgge ¢hUC) is dependent upo

the relative strength of several biogeophysical and biogeochemical| €fféstaddition to affecting the surface
albedo and exchanging carbon dioxide fC&hd moisture with the atmosphere, vegetation emits biogenic volatile
organic compounds (BVOCSs), altering the formation of short-lived climate fof8efFs) including aerosol,
ozone (@) and methane (CHl

Once emitted, BVOCs are rapidly oxidised by, @nd the hydroxyl (OH) and nitrate (MCradicals. These
oxidation reactions yield secondary organic products which are implicated in tlaitoriaind growtlof aerosol
particles and are estimated to have a negative radiative effect on the climate (i.e. a cooling)act@se atso
deplete OH, increasing the atmospheric lifetime of,Gtd directly affect concentrations of;@he latter two

being greenhouse gases which impose a positive radiative effect (i.e. a warming) on the climate.

Our previous woassessing idealised deforestation scenarios, found a positive radititedeé to changes

in SLCFs; however, since the radiative effects associated with changes te &SOF from a combination of
non-linear processes it may not be appropriate to scale radiative effeatsdmplete deforestation scenarios
according to the deforestation extefiére we combine a land-surface model, a chemical transport model, a global
aerosol model, and a radiative transfer model to assess the net radiativefeffeznges in SLCFs due to
historical LUC between the years 1850 and 2000.

We find that LUC between 1850 and 2000 has reduced both BVOC emission and subsequenn&th by
13%. The positive aerosol radiative effects associated with a reduction in biogén{©82W m? and 0.008
W m? for the DRE and AIE respectively) outweigh the negative radiative effeetso a reduction in £and
CH,4 (-0.02 W n? and -0.007 W mrespectively), resulting in a small net SLCF RE of 0.004 W m
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I ntroduction

Land-use change (LUC) has accompanied population growth for several thousand yearticatatlpahe past
300 yea Prior to 1850, deforestation occurred predominantly in the temperate reginsopt, Asia and
North America; from around 1900 onwards, the majority of deforestation has occurmegiaal regions,
specifically South and Central America, South-east Asia and Central| AfAdailst tropical deforestation
continues to drive high rates of forest loss globally (a total of ZlBomkm? between 2000 and 2012),
afforestation and natural forest regrowth due to agricultural abandonmentekato gains in forest cover (0.8
million km? between 2000 and ZO@Projections of future LUC vary widely in terms of spatial extent and
timin%nd a thorough understanding of the climatic impacts of LUC is needed to inforatechitigation
policie

The impact of LUC on climate is determined by several biogeophysical and biogémdhetaractions between
vegetation and the atmospl@eThe process of converting vegetated land from one type to another can alter the
surface albedo and modify evapotranspiration (biogeophysical interactions), as vesulting in the emission

of carbon dioxide (C& a biogeochemical interaction). Forests are darker in colour than crop or padtscelan
conversion of forests to agricultural land tends to increases surface albedngexeggative radiative effect on

the climaté€| Emission of C@from LUC, either through forest burning or removal and decay of wood products,

increases the concentration of J@the atmosphﬁ exertingawarming effect on the climate.

In addition to these effects, forests and vegetation have an influence on geesitiom of the atmosphere through
the emission of biogenic volatile organic compounds (BVOCs). If LUC altergnfission of BVOCs, it may
affect the climate by changing the concentrations of short-lived climate forcee§$pincluding ozon€Os),
methane (Ck) and aerosols; an additional biogeochemical interaction. BVOCs are rapidigeakily the
hydroxyl radical OH), the nitrate radical (N§ and Q, affecting the oxidative capacity of the atmosphere and
therefore concentrations of the greenhousegfasand CH. In the presence of nitrogen oxides (I@BVOCs

also contribute to the production of @ the troposphere, complicating their impact on cliﬁate

The oxidation of BVOCs generates products with low enough volatilityter gme particle phase, as secondary

organic aerosol (SOA). These oxidation products may participate in the formatiewoparticles’* and

condense onto existing particles in the atmosphere, aiding their growth todier'd These particles can

interact directly with incoming solar radiation (a direct rad&tiffect or forcing) and also modify the
microphysical properties of clouds (an indirect radiative effect or forcBighenic SOA very likely exerts a

negative radiative effect on the climate, via both the direct and dirssal indirec{i.e., cloud albedo) eﬁe@
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Assessments of the overall impact of LUC have traditionally considered the balance between cartgparay/cli

alterations to surface fluxes of energy and 'Hqé% 22l Recently, studies have begun to quantify the impacts of

deforestation and LUC associated with changes to the concentration of° §E‘?§Fs

In an integrated study of the impacts of historical LUC on SLCFs, Iﬁ@namd that the reduction in BVOC
emissions due to LUC since 1850 may have caused an overall climate cooling due toneduc and CH
concentrations, outweighing the (direct radiative) impact of decreased biogghifo8nation. Using the same
historical land-use traject@ but a different land surface model, Heald and Gdiagnosed a much smaller
cooling associated with {eduction (than r@ but a much stroreg cooling effect due to increased ammonia
emission from agriculture and subsequent nitrate aerosol formation. Conversely, \Msémulate a LuUC
related increase ind@oncentration over the historical period, and therefore warming effeitiytgtl to changes
in fire related emissions. This range of published values highlights the complexitjagssavith diagnosing
radiative impacts from any amount of LUC.

Here, we explore the effect of historical LUC (1850 - 2000) on BVOC emissiodsthe radiative impacts of
subsequent changes to SLCFs. To do this we evalya@H»and aerosol concentrations in the year 2000 using
either year 2000 land-cover (experiment 2000_2000LC) or 1850 land-cover (experiment 2000_18&0LC)
focus is on the impact of changes in BVOC emissions and so we do not itreleelgas emissions associated
with subsequent agricultural activities. Our study builds on previous analytes iafipacts of historical LUC

via changes in BVOC emissiﬁsby also considering the strength of the aerosol indirect effect which may

enhance the positive direct radiative effect due to decreased SOA production.

Experimental

To estimate the radiative impacts of land-use change we combine a land-surfaceithaehemical transport
model, global aerosol model, and radiative transfer model. The land surface model is usedt®the changes

in BVOC emissions that have occurred due to LUC. We use a global chemical tramserincluding a detailed
description of aerosol microphysics to calculate the impactssoédlBVOC emissions on atmospheric chemistry
and aerosol. We then use the radiative transfer model to calculate the radip#igts of the altered chemistry

and aerosol. In this work we focus on the impact that historical LUC has had in the present day atmosphere.

Land surface model

We use the Community Land Model (CLMV4.5;, coupled to the Model of Emissions of Gases and
Aerosols from Nature (MEGANv2.1; , to quantify the effects of LUC on the emission of BVOCs.

The CLM operates at a horizontal resolution of 0.9° x 1.25° and here we use tree adfifiguration, i.e., not
coupled to eithethe Community Atmosphere Model (CAM) or the Community Earth System Model (CESM)



with atmospheric forcing (precipitation, solar radiation, atmospheric peesgecific humidity, temperature and

115 wind) taken from an observationally derived dataset (CRUN&§BE#hich is a combination of CRU TS3.2
monthly data (covering 19612002; r and hourly NCEP reanalysis data (covering 1948—20@.r8f3tween
1850 and 1900, prior to the start of the CRUNCEP dataset, atmospheric foran@904at1920 from the
CRUNCEP dataset is repeatedly cycled.

120 The surface of each grid cell in the CLM is divided into 15 differenttgdlamctional types (PFTs), plus non-
vegetated surface. A harmonised land-use dataset, derived from a global Ian(ﬁhbqg'fland based on the
historical crop and pasture maps of the History Database of the Glohedrienent (HYDE 3.@ has been
adapted specifically for the C and remains consistent with MODIS %for the year 2000. Figure 1
illustrates the area covered by groupings of the major PFTs from this dataset duringpth&g%#— 2000.
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Figure 1: Total area occupied by combined PFTSs, as representeCioNheluring the years 1850 - 2000.

130 We perform two simulations with the CLM, covering the years 1850 to 2000. In theifitgiation, land-cover
evolves over time according to the 1850-2000 historical land-cover datisette and carbon dioxide (GO
concentrations also vary with time (used to obtain emissions for the 2000_2000LC expehmtetsecond
simulation, whilst climate and CGCconcentration vary with time, land-cover is held fixed with the 1850
distribution of PFTs (used to obtain emissions for the 2000 L18®@periment). Holding land-cover fixed but

135 allowing climate and C&xo vary means that the leaf area index (LAI) for vegetated surfacegseHe climatic

conditions in any given year of the simulation.
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Within the CLM, emissions of BVOCs are calculated using the MEGANVZ(Eégorithm, according to the
PFT distribution and climatic conditions. In the simulation in which land-covees/arier time, we simulate a
global total monoterpene (sum of individual monoterpenes) emission of 142ag{@4 total isoprene emission
of 400 Tg(C) &for the year 2000, values which lie within the very broad rangeesfiqars emission estimates
(30-156 Tg(C) & for monoterpenes and 309-706 Tg(C)far isoprer|é’>>4).

Chemical transport modd and aer osol microphysics model

To diagnose LUC induced changes to gas-phase and aerosol species we use the TOMQxaT tciuespiort
modei?zland the GLObal Model of Aerosol Processes (GLO mﬁw All simulations are performed for the year
2000, with one year spin-up. We use a horizontal resolution of 2.8° x 2.8° andir@fegels from the surface
to 10 hPa; meteorology in both TOMCAT and GLOMAP is driven by European Centre fourkl&ilinge
Weather Forecasts (ECMWF; ERA-Interim) reanalyses at 6-hourly intervals|artifields are taken from the
International Satellite Cloud Climatology Project (ISCCP) ari\kmth for the year 2000.

We use the modal version of GLOMAP to simulate the number, size and distributigarticfes in the
atmosphere. GLOMAP-mode carries information about particle composition and nurfibeda@g-normal size
modes, including soluble nucleation, Aitken, accumulation and coarse modes, as well atuble iAgen
mode. GLOMAP includes representations of new particle formation, particle tgrpwda coagulation,
condensation and cloud processing), wet deposition, dry deposition, and, in- anecloeld scavenging.
Material in the particle phase is classified into four components: seagipihate, black carbon (BC) and
particulate organic matter (POM; containing both primary and secondary organic species).

In GLOMAP, anthropogenic emissions (BC, POM and sulphur dioxidg); f&@n fossil and biofuel combustion
are taken from r with monthly varying biomass burning emissions (BC, POM ang) 8am the Global

Fire Emissions Database (GFEDv3for the year 2000. GLOMAP also includes Snissions from both
continuo and explosi@ volcanic eruptions, and calculates emissions of dimethyl-sulphide (DMS) from
phytoplankton.

Gasphase secondary organic products are generated from the oxidation of monoterpesms emel by ¢ OH
and NQ, with rate constants and molar yields (13% for monoterpenes and 3% for isopwme% The
products of monoterpene and isoprene oxidation are tracked independently and are asbemed-volatile
condensing irreversibly onto existing particles according to their Fuchs-Setugected surface aﬁin

previous work we explored the sensitivity of aerosol radiative effects to this appnqm:‘rliﬁonin

The new particle formation rate is assumed to be dependent upon the concentration of bott aciglaund the
secondary organic product from monoterpene oxicﬁi()’ﬂne new particle formation raté*) is parameterised

according to Eqn. 1 with k = 5 x 1®s?; only the secondary organic product from monoterpene oxidation may
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participate as the nucleating organic (NucOrg) in this process, the product of isoprene oxidailmmesonly
to condensational growthl* represents the formation of particles at 1.5 nm, with their growth to 3 nm
parameterised according tc@nd described in [&*2

Jore = k [HS04][ NucOrg] 1)

GLOMAP uses 6-hourly monthly-mean oxidant concentrations @Bl, NG, HO, and HO,), from equivalent
LUC simulations performed with the TOMCAT chemical transport model; this ificaplon means that changes
to aerosol processes due to LUC do not feedback onto tropospheric chemG@GU@NAP O;, OH and NQtake
part in the oxidation of BVOCs and formation of SOA, whereas &@ HO, concentrations are used in the in-
cloud oxidation of S& described in r H>O; is treated semi-prognostically, being replenished by s#If-

reaction.

We use the TOMCAT chemical transport model, described in detqgﬁﬁ to simulate the impact of LUC on
tropospheric chemistry. The model includes extended VOC degradation chemistry (#x¢ksimulates the

oxidation of several £to0 G hydrocarbons. Isoprene oxidation follows the Mainz Isoprene Mec@'@mj

B/

monoterpene oxidation is based on the MOZART-3 sqhgtf)jgGas-phase emissions éinese prepared for the
POLARCAT Model Intercomparison Project (POL)taken from the Streets v1.2 anthropogenic emissions

inventor and the GFEDv3.1biomass burning emission inv ryaddition to the BVOCs calculated offline

by MEGAN, natural ocean and soil emissions are included from the POET eniism'ntor and lightning
emissions are calculated onli¢Ox emissions total 143.5g(NO) yrt. The tropospheric burden of;@& 290

Tg (in our year 2000 simulation that includes present-day LUC). Methang €@tiksions include GFEDv3.1

firﬂ EDGARvV3.2 anthropoge wetland and ri and other natural emissions (treated as irﬁﬁ,

totalling 544.9Tg(CH,) yr'. These are emitted into the boundary layer of the model and the surface concentrations
are scaled at every time step to match a global mean concentration of 1800 ppbugallaealistic spatial
distribution, consistent with high and low emission regions. A diurnal cycle in\{iaCBisoprene emissions is
imposed online in the model to reflect the variability in isoprene emission wiliiglitay oss of NOs by aerosol

uptake is calculated using size-resolved aerosol from the GLOMAPIﬁoﬁielse do not vary between the
different LUC scenarios.

Since the nature of the land-surface affects the dry deposition of both gases and aedbsohdheristics of the
model land-surface are modified to reflect the simulated pattern of LUCLOMAP, roughness lengstand

characteristic radii for different land surface types are taken fr@ IefTOMCAT, the land type classification
map used to calculate the dry deposition of relevant gas phase-species is altelett theeafistribution of land-

cover types for the relevant year.

Calculation of radiative effects



We calculate the radiative impact of LUC-induced changes to the concentraBCbBt using the Suite Of

Community RAdiative Transfer codes based on Edwards and i(@@CRATES) with nine bands in the
215 longwave (LW) and six bands in the shortwave (SW). We use an offline configurdatioa monthly mean

climatology (temperature and water vapour concentrations) based on ECMW|Hysisaghatla, with cloud fields

from the ISCCP-D2 archﬁfor the year 2000 (described inﬁt. To isolate the impact of changes to SLCFs,

surface albedo is held fixed at year 2000 conditions. The sensitivity of directiedtiaerosol radiative effects

to the cloud climatology used (i.e. single year v. multi-annual mean) has previously been shown tﬂ)e small
220

Aerosol radiative effects

Aerosol radiative effects are calculated by considering the difference in net (SM top-of-atmosphere all-
sky radiative flux between each experiment. The direct radiative effect (DRExdb experiment is obtained

225 using the aerosol optical properties (scattering and absorption coefficients aadythenetry parameter),
computed for each size mode and spectral@ﬁ'ﬂhe aerosol first indirect effect (AIE), or cloud albedo effect,
is determined from the radiative perturbation induced by the change to cloud droplet nundestration
(CDNC) associated with LUC. This approach has been described in previou 9%?8@'35

230 Cloud droplet number concentrations are calcylé&tédrom the monthly mean aerosol size distribution,

assuming a uniform updraught velocity of 0.15hoger sea and 0.3 m ver land. The critical supersaturation

is calculated using the hygroscopicity parametaala()proaﬁ A multi-componenk is obtained by weighting

individual k values by the volume fraction of each component. We assign the following individual « values:

sulphate (0.61, assuming ammonium sulphate), sea-salt (1.28), black carbon (0.0), and particulateadtganic m
235 (0.1); there is substantial uncertainty associated with the hygroscopicity ofcorgateérial observed in the

atmosphere, but k values close to 0.1 have been reported for organic aerosol produced from the oxidation of

BVOC§*’

To calculate the first AIE, a uniform control cloud droplet effective radidsdf 10 um is assumed to maintain

240 consistency with the ISCCP derivation of the liquid water path, and for eamlestetion experiment the effective
radius (ep) is calculated as in Egn. 2, from monthly mean cloud droplet number field&CCBnd CDNG
respectively (where CDNCepresents the control simulation (2000_2000LC), and CDh&f€esents the scenario
in which LUC has not occurred (2000_1850).C)

1
CDNCﬂ?

2
CDNC, @)

Te Ty X

2:

245  The first AIE associated with LUC is then calculated by comparing nedtiagifluxes using the varying.r
values derived for the above perturbation experiment, to those of a contutdtgim with fixed &1 In these

offline experiments, we do not calculate the second aerosol indirect (cloud lifetime) effect



Oz and CH4radiative effects
250

The radiative forcing associated with changes to troposphedori@entrations are calculated using the radiative

kernels developed by @ It has been shown that @diative effects calculated using the kernel approach are

in very good agreement to radiative effects calculated using the SOCRAT Et8/eaniansfer model, both forsO

concentrations from the TOMCAT model and those calculated usimgt@eved from Tropospheric Emission
255  Spectrometer (TES) satellite measurets

Changes to @concentration also induce a change in the concentration of the hydroxyl radica@itherefore
CHa which in turn affects peroxy radical production and has an impact;olV@® calculate a change ins O

concentration in response to this “primary mode” of tropospheric photochemistry following ﬁ‘and diagnose

260 an appropriate radiative effect using a value of 0.032 %D (following ref**{%). We add this primary mode

response to the RE diagnosed directly fronptlanges using the radiative kernel.

As the lifetime of CHis approximately 10 years, our one-year TOMCAT simulations cannot be udsténmine
the effect of the changing source of BVOCs onn€bhcentrations. Therefore, to determine the radiative effect
265 due to a change in GHoncentration, the change in global annual means (€Hction weighted, using a
climatological tropopauﬁ concentration of OH in the troposphere is used to estimate the change in the
tropospheric chemical CHifetime, and hence the change in steady-sGite concentratim assuminga
feedback factor of 1.34 (@. The change in steady-state £ldncentration is used to quantify the global annual
mean radiative effﬁ assuming a present-day®concentration of 324.2 ppb @
270
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Results & Discussion

Historical land-use change

Table 1 provides the global total area represented by groupings of the 15 PFTsteghiedba CLM. Land-use
change between 1850 and 2000 is characterised by global forest loss (a redagtjmoyf5.6 million ki) and

an expansion of cropland (an increase of approx. 9.5 milligh km
Figure 2 illustrates the spatial distribution of LUC between 1850 and 2000teBofierate and tropical regions

experience predominantly forest loss, but west Europe and the eastern coast éfmaica see expansion of
both broadleaf and needleleaf forest due to agricultural abandonment and reforestation.

Table 1: Area occupied by vegetated land classes in 1850 and 2Q015'[fgifs

] Area occupied by PFT
Plant functional type
(108 km?)
(PFT)
1850 2000 Change from 1850 to 2000
Broadleaf forest
bined total of tropical /'t f -4.3
(combined total of tropical evergreen / tempera 392 350
evergreen / tropical deciduous / temperate decidl (-10.9%)
/ boreal deciduous forest)
Needleleaf forest 13
(combined total temperate evergreen / boreal 17.5 16.2 '
_ (-7.6%)
evergreen / boreal deciduous forest)
Total forest -5.6
56.7 51.1
(combined total of broadleaf and needleleaf fore (-9.9 %)
Total grass 31
(combined total of €Arctic grass / @grass / @ 326 295 '
(-9.5%)
grass)
+9.5
Total crop 54 14.9
(+175.6%)
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Figure 2: Percentage change to combined categories of plant fatyioes (refd21% between the year 1850 and the y2@00 (blue
colours indicate a reduced area in 2000 as compared to 1850).
Impact of land-use change on biogenic emissions
295

Globally, LUC between 1850 and 2000 has reduced isoprene and monoterpene emissiond ¥thvbth a
subsequent reduction in SOA production from 42 Tg(SOAPa7 Tg(SOA) & The amount of SOA produced
in the present-day atmosphere is poorly constrained, with es@mging between 12 and 1870 Tg(SOA) a
1. The reduction in BVOC emission and SOA production simulated due to LUC occurs astafésalmuch

300 lower BVOC emission factors assigned to cropland as compared to either grass or forﬁed land

Table 2: BVOC emission and SOA production totals for each simulation.
Global annual total

| soprene emission Total monoter pene SOA generated
(Tg(C) ay) emission (Tg(C) ab) (Tg(SOA) ab)
and % change dueto and % change dueto and % change dueto
LUC LUC LUC

2000 _1850LC
(year 2000 climate an@Oz concentration; 460

land-use configuration from 1850)
2000_2000LC 400 -13% 142 -13% 37 -13%

164 42
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(year 2000 climatandCOz concentration;

land-use configuration from 2000)

Aerosol radiative effects due to land-use change

Globally, LUC since 1850 has had a positive direct radiative effect (DRB)0&@ W n¥ due to reduced
production of biogenic SOA. This positive RE occurs because fewer particles ggenelaough to interact
directly with radiation in the atmosphere. Figure 3 (left) shows the spatrdbaii®on of the DRE which coincides
with the regions of greatest forest loss (Figure 2). The largest DREsamer tropical regions, exceeding 95
m2 over parts of Southeast Asia and South America. The DRE we simulate is companadimiinide to that
calculated by Heald and Ge@@ﬂl? W n?), but smaller than that calculated by U@@.OQ W n?); this
reflects the greater reduction in BVOC emissions (-35%), and therefore SOA productionlathgieuse change
simulated by Unger.
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Figure 3: Annual mean direct radiative effect (left) and first aerosol indirgetixedeffect (right) in the year 2000, due to LUC since
1850.

Globally, LUC since 1850 has had a small positive first aerosol indirexit€&IE; or cloud albedo effect) of
0.008 W n¥ due to an overall reduction in the number of particles able to form cloptety Figure 4 illustrates
the spatial distribution of the change to cloud droplet number concentration (CDNC) thdblda@ AIE shown

in Figure 3 (right). Reductions in CDNC are greatest (up to 40%tloeeegions of forest loss, but the simulated
AIE is greatest in regions where a reduction in CDNC coincides with high dlactioh and low background

CDNC (i.e. regions with high percentage decreases in Figure 4 (right)).

A small increase in CDNC over the North Atlantic ocean (< +0.5%; Figungh)jrleads to a small negative
regional AIE (< -0.05 W n; Figure 3 (right)). As described previoychanges to the source of condensable

material in the atmosphere (such as sulphuric acid and secondary organic speciedgctapasdicle



330 concentrations in geographically distant locations by altering the condensatioansirdubsequent rate of

nucleation in the upper troposphere, or by enhancing the aging rate of non-hydrophilic particles.

Change to CONC (cm™) % chonge to CONC
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Figure 4: Annual mean change in cloud droplet number concent(atithe model level which corresponds to low level cloud base;
335 mean pressure of approx. 900 hPa) in the year 2000, duxsince 1850; absolute change (left) and percentage change (right).

Impact of land-use change on gas-phase species

340 In most locationsNO, concentrations are sufficiently high that BVOCSs, particularly isopreomyibute to the
production of Q. The reduction in BVOC emissions associated with LUC therefore leads tceaskeir surface
Os concentration across much of the planet (Figure 5 (left)). Where moblilecbncentrations are lower, direct
reaction of BVOCs with @out-competes ©production from BVOC oxidation; in these locations, the reduction
in BVOC emission associated with LUC leads to an increase in annual meand@ntrations at the surface (up

345  to 4 ppbv).This effect is combined with the decrease yd@ deposition associatedtiviconversion from forests
to crop or grassland, enhancing any increases itco@centrations. However, any increases jrc@hcentration
diminish with altitude (Figure 5 (right)) and the zonal mean change is @gative throughout the troposphere

at all latitudes (Figure 6).

350



a) Surface

Change in [0;] (ppbv)

([ I N D N N

-5.00 -4.00 -3.00 -2.00 -1.00 -0.y5 -0.50 -0.25 0.25 0.50 0.75 1.00 2.00 3.00 4.00 5.00

Figure 5: Annual mean change te éncentration (ppbv) in the year 2000 due to LUC since iI850OMCAT model surface layer
(left) and at 400 hPa (right).

355 The reduction in BVOC emissions due to LUC since 1850 has led to a global amaraltropospheric O
radiative effect of -0.02 W if(direct Q RE plus “primary mode” response). Our simulated @RE due to historical
LUC, is lower in magnitude than that diagnosed by L@et).ls W n?) which may reflect the smaller
perturbation to BVOC emissions in our study or differing model sensitivities taripations in @ precursors.
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Figure 6: Annual zonal mean change tooOncentration (ppbv) in the year 2000 due to LUC since 185Qylated using the TOMCAT
model.

The reduction in BVOC emission associated with global LUC leads to an intmeaseual tropospheric mean
365 OH concentration, from 7.51x 4@ 7.55 x10° molecules cm, which reduces the lifetime of GHrom 10.64

years to 10.55 years (within the range of values simulated by the A@@Nﬂle. This change in CHifetime

is used to diagnose a reduction in steady-stated@hicentration of 20 ppb due to global LUC, and an RE of -
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0.007Wm?2. However, uncertainties remain in our understanding of the role of OH dsoingne oxidati

which will influence the sensitivity of CHoncentrations to changes in BVOC emissions.
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Figure 7:Global annual mean radiative effects (REs) associated with changesin the concentrations of SL CFs due to LUC between
1850 and 2000. Bars represent the net RE (orange) and the aerosohdietive effect (DRE; in red), first aerosol indirect radiative
effect (AIE; in blue) and RE due to changes n(@een) and CH(purple).

We calculate the combined impact of LUC on the concentration of SLCFs thitmuglombination of aerosol
(DRE and AIE), Q and CH REs (Figure 7). The combined RE from SLCFs is a balance between angrarmi
aerosol RE and a cooling due to reductionsdra@ CH. We estimate that LUC since 1850 has had an overall
positiveRE of 0.004 W it due to changes in these SLCFs.

Our study demonstrates the importance of considering aerosol-cloud effectspthibictecent studies have not
includef*]|?°| if we do not include the first AIE, our combined SLCF RE is negative (-0.0033VPrnevious
studies of the impact of LUC on SLCFs did not include the first AIE naandtherefore have attributed too much

of a negativeRE, or cooling effect, to changes in SLCFs from LUC.

Land-use change can dramatically alter fire activity, with associated changessisions of trace gases and
aeros which we do not account for here. We also do not yet consider changes towagfientissions that
accompany LUC which may be important for nitrate aerosol formation and subsequeivtariid'pﬂ Future
work needs to explore a representation of the complex relationships between lehdAgss agriculture and fire

with a coupled earth-system approach.



There remain many uncertainties that affect our ability to estimaimgaet of changes to BVOC emission on

the concentration of SLCFs, these include: the wide range of estimatesseftpday global BVOC emission

395 quxeﬁl the role of other reactive BVOCs (e.g., sesquiter@%?ﬁtsand the mechanisms of tropospheric oxidation

of BVOC Uncertainties also remain in our understanding of the interaction adridogxidation products
with other atmospheric constitu% and their role in SOA format@ new particle formati )’rgllllo2 and

aerosol microphysical proceﬁs

400 Conclusions

We combined a land-surface model with a chemical transport model, global aerosol modeljsive transfer
model to diagnose the radiative effects associated with perturbations to SLCEsl(@&r@and CH) due to a
change in BVOC emissions induced by historical LUC.

405
We find that LUC between 1850 and 2000 has reduced both BVOC emission and subsequentn&oh by
13%. The positive aerosol radiative effects associated with a reduction in bis@shif0.02 W nt and 0.008
W m? for the DRE and AIE respectively) outweigh the negative radiative effeet¢o a reduction in £and
CHs (-0.02 W n? and -0.007 W nrespectively), resulting in a small net SLCF RE of 0.004 W m

410

Whilst we have diagnosed the global mean REs associated with changes to SLCRistoeidal LUC, policy
discussions around future land-use change will require additional information eantivity of the overall

climate impact to the specific location of the land-use change.

415 Data Availability

The datasets generated, and analysed, during the current study are available fanmespending author on

reasonable request.

420
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