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Abstract. We use a global aerosol microphysics model lated with anthropogenic emissions from 1750 give rise to a
in combination with an offline radiative transfer model to greater fractional CCN increase and a more substantial first
guantify the radiative effect of biogenic secondary organicAlE from biogenic SOA. Consequently, the anthropogenic
aerosol (SOA) in the present-day atmosphere. Through iténdirect radiative forcing between 1750 and the present day
role in particle growth and ageing, the presence of bio-is sensitive to assumptions about the amount and role of bio-
genic SOA increases the global annual mean concentratiogenic SOA. We also calculate an annual global mean direct
of cloud condensation nuclei (CCN; at 0.2% supersatura+tadiative effect of betweer0.08 W n2 and—0.78 W 2

tion) by 3.6-21.1 %, depending upon the yield of SOA pro- in the present day, with uncertainty in the amount of SOA
duction from biogenic volatile organic compounds (BVOCs), produced from the oxidation of BVOCs accounting for most
and the nature and treatment of concurrent primary carbonasf this range.

ceous emissions. This increase in CCN causes arise in global

annual mean cloud droplet number concentration (CDNC)

of 1.9-5.2%, and a global mean first aerosol indirect effect

(AIE) of between+0.01Wnr2 and—0.12WnT12. Thera- 1 Introduction

diative impact of biogenic SOA is far greater when biogenic

oxidation products also contribute to the very early stagesvegetation emits biogenic volatile organic compounds
of new particle formation; using two organically mediated (BVOCs), such as monoterpenesi¢8i16) and isoprene
mechanisms for new particle formation, we simulate global(CsHs), into the atmosphere (Guenther et al., 1995). Once
annual mean first AIEs 0£0.22WnT2 and—0.77 WnT2. emitted, BVOCs oxidise to yield a range of lower volatility
The inclusion of biogenic SOA substantially improves the oxidation products that can partition into the aerosol phase,
simulated seasonal cycle in the concentration of CCN-sizedorming secondary organic aerosol (SOA) (Kavouras et al.,
particles observed at three forested sites. The best correlatioh998; O'Dowd et al., 2002; Kanakidou et al., 2005; Jimenez
is found when the organically mediated nucleation mecha£t al., 2009). The oxidation products of monoterpenes and
nisms are applied, suggesting that the first AIE of biogenicisoprene have been observed in both ambient aerosol (e.g.
SOA could be as large as0.77 Wnt12. The radiative im- ~ Kavouras et al., 1999; Yu et al., 1999b; Claeys et al., 2004;
pact of SOA is sensitive to the presence of anthropogenidrobinson et al., 2011) and in laboratory chamber experi-

emissions. Lower background aerosol concentrations simuments (e.g. Hatakeyama et al., 1989; Edney et al., 2005; Kroll
et al., 2005, 2006). Over Scandinavia, parcels of air have
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448 C. E. Scott et al.: The direct and indirect radiative effects of biogenic SOA

been found to contain an aerosol mass that is proportional td&Jsing a global aerosol microphysics model, Spracklen et
the length of time the air has spent over forested land (Tunvedl. (2008a) simulated a doubling of regional summertime
et al., 2006, 2008), suggesting an important contribution toCCN concentrations as a result of monoterpene emissions,
aerosol from BVOC emissions. and a subsequent regional first AIE of betweeh.8 and

Whilst organic aerosol has been shown to dominate the-6.7 W ni-2 of boreal forest. Using measurements made at
mass of fine aerosol over much of the world (Zhang et al.,Pallas in Finland, Lihavainen et al. (2009) estimated a lo-
2007; Jimenez et al., 2009), the climate effects of biogeniccal summertime first AIE of between3.2 and—6.4 W n12
SOA are not well understood. The presence of SOA can inover the boreal forest region. A stronger annual first AIE
fluence the Earth’s radiative balance by contributing to the(locally between—5 and —14 W ni2) was calculated by
absorption and scattering of radiation (the direct effect) andKurten et al. (2003) using measurements taken at Hyytiala
by altering the properties of clouds (indirect effects) (Forsterin southern Finland. Globally, the AIE is weaker, and pre-
et al., 2007). Incoming solar radiation peaks at wavelengths/ious estimates range from negative to positive values.
between 380nm and 750 nm, so processes that aid in thRap et al. (2013) estimate a global annual mean first AIE
growth of particles up to these sizes, such as the condensatiasf —0.02Wn1?2 due to monoterpene SOA, and Goto et
of secondary organic material, will have a direct radiative ef-al. (2008) simulate an AIE (including cloud lifetime and
fect (DRE). The annual global DRE from biogenic SOA has semi-direct effects) of—0.19 W n12. However, Goto et
been previously estimated at betwee®.01 W n12 (all sky; al. (2008) use an aerosol model that treats aerosol mass only,
Goto et al., 2008) and-0.29 W n12 (clear sky; O’'Donnell  which is not ideal when examining processes that will in-
etal., 2011), but regional effects may be much larger, e.g. ugluence the number size distribution (Bellouin et al., 2013).
to —1 W m~2 over tropical forest regions (Rap et al., 2013) By contrast, O'Donnell et al. (2011) simulate a decrease in
and a Northern Hemisphere (NH) summertime mean of be-global mean CCN concentration and therefore a positive AIE
tween—0.37 Wn12 and—0.74 W n1 2 over boreal regions  of +0.23 W n1?2 for the emission of both biogenic and an-
(Lihavainen et al., 2009). thropogenic volatile organic compounds (VOCSs), potentially

The first aerosol indirect effect (AIE), or cloud albedo- due to their differing microphysical treatment of SOA.
effect, describes the radiative perturbation resulting from a The aim of this study is to quantify the radiative effects
change to the number concentration of cloud droplets wherof biogenic SOA in the present-day atmosphere and examine
a fixed cloud water content is assumed (Twomey, 1977). Thighe sensitivity to several important processes and parameters.
change is governed by the number of particles in the at\We simulate changes in the global aerosol distribution result-
mosphere that are able to act as cloud condensation nucléng from the emission of BVOCs and calculate the DRE and
(CCN), as determined by their size and chemical composidfirst AIE. In order to examine the influence of present-day
tion (Penner et al., 2001; Dusek et al., 2006). SOA formedanthropogenic emissions on the radiative effect of biogenic
from the oxidation products of isoprene and monoterpenesSOA, we also calculate the radiative effect of SOA in a pre-
has been shown to be CCN-active under atmospherically relindustrial atmosphere.
evant conditions, with a hygroscopicity parameter close to
0.1 (Duplissy et al., 2008; Engelhart et al., 2008, 2011).

The presence of SOA can affect CCN number concentra2 Method
tions in several ways. Organic compounds are known to aid
in the growth of newly formed particles(1-2 nm diameter) 2.1 Model description
to observable sizes (>3 nm diameter; Boy et al., 2003; Kul-
mala et al., 2004; Verheggen et al., 2007; Laaksonen et al.The Global Model of Aerosol Processes (GLOMAP;
2008; Pierce et al., 2011; Yli-Juuti et al., 2011; Riccobono etSpracklen et al., 2005a) is an extension to the TOMCAT
al., 2012) and even further to a CCN-active size-(?0 nm global 3-D chemical transport model (Chipperfield, 2006).
diameter; Riipinen et al., 2011, 2012; Pierce et al., 2012; PaaHere we use GLOMAP-mode (version 6), in which informa-
sonen et al., 2013). Additionally, the oxidation products of tion about aerosol component masses and number concen-
terpenes may play a role in the initial stages of particle for-trations is carried in five log-normal size modes (Mann et al.,
mation via stabilisation of the critical nucleus (Fan et al., 2010, 2012): four hydrophilic (nucleation, Aitken, accumu-
2006; Zhang et al., 2009; Metzger et al., 2010; Paasonetation and coarse), and a non-hydrophilic Aitken mode. Ma-
et al., 2010; Kulmala et al., 2013). By contrast, both labo-terial in the particle phase is classified into four components:
ratory (Kiendler-Scharr et al., 2009) and field experimentssulphate (SU), black carbon (BC), particulate organic matter
(Kanawade et al., 2011) indicate that isoprene emissions magPOM) and sea salt (SS). GLOMAP includes representations
act to suppress new particle formation in the presence of higtof nucleation, particle growth via coagulation, condensation
isoprene to monoterpene emission ratios, although the mectand cloud processing, wet and dry deposition, and, in- and
anism through which this process operates is not known. below-cloud scavenging.

Several studies suggest a large first AIE from biogenic The model has a horizontal resolution of 2:82.8> with
SOA over the boreal forests at high northern latitudes.31o-pressure levels from the surface to 10 hPa. Meteorology
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Table 1. BVOC reaction rates used in this study (Atkinson et al.,  Global aerosol modelling studies commonly assume that

1989, 2006). the organic material generated by BVOC oxidation is ei-
ther non-volatile (Spracklen et al., 2008a; Pierce and Adams,
Reaction Rate coefficient (chs™1) 2009; Makkonen et al., 2012) or semi-volatile (Pye and Se-

infeld, 2010; O’Donnell et al., 2011). When semi-volatile
products are partitioned with an equilibrium approach, or-
ganics are preferentially added to larger size particles, with

a-pinene+ OH 1.2x 10~ exp (444T)
a-pinene+ O3 1.01x 10~ 15 exp (-7321T)
a-pinene+ NOz  1.19x 10~ 12 exp (490r")

isoprenet OH 2.7x 10~ exp (3907) negl|g.|ble partl'cle mass added to smaller pamcles. !—Iowever,
isoprenet Og 1.0x 10 exp (~1995/T) organic omda’glon products are observed in nucleation que
isoprenet NO3 ~ 3.15x 10~ 12 exp (—4501T) particles (Smith et al., 2008) and measurement-modelling

studies suggest that their volatility is low (Pierce et al., 2011).
Furthermore, newly formed particles do not grow to their
measured sizes if organic oxidation products are assumed
is obtained from European Centre for Medium-Rangenot to partition to growing nuclei (Riipinen et al., 2011). In
Weather Forecasts (ECMWF) reanalyses at six -hourly interthis work, in order to account for the growth of new par-
vals and cloud fields from the International Satellite Cloud ticles, we assume that BVOCs oxidise to form non-volatile
Climatology Project (ISCCP) archive (Rossow and Schiffer, organic material which condenses irreversibly onto existing
1999). All simulations are performed for the year 2000, with aerosol according to their Fuchs—Sutugin-corrected surface

six months’ spin-up from zero initial aerosol. area (Fuchs and Sutugin, 1971). Sensitivity to the approach
used for gas to particle partitioning is examined in another
2.1.1 Gas-phase emissions and chemistry publication (Scott et al., 2014).

We prescribe six-hourly mean offline oxidant (OHz,O

Monthly emissions of monoterpenes and isoprene are takeNOs, HO,, H2O») concentrations from a previous TOMCAT
from the Global Emissions InitiAtive (GEIA) database simulation (Arnold et al., 2005). GLOMAP also includes
(Guenther et al., 1995), which gives total emissions of 127phytoplankton emissions of dimethyl-sulphide (DMS), cal-
and 503 Tg(C)a® respectively. Considerable variability is culated using monthly sea-water DMS concentrations from
observed in the yield of SOA generated by BVOC oxidation Kettle and Andreae (2000), and gas-phase sulphur dioxide
(e.g. Yu etal., 1999a; Kroll et al., 2006; Shilling et al., 2009). (SO,) emissions from anthropogenic sources (Cofala et al.,
Here we generate SOA at fixed molar yields of 13 % and 3 %2005), wildfires (van der Werf et al., 2004), and both contin-
for the oxidation of monoterpenes and isoprene respectivelyuous (Andres and Kasgnoc, 1998) and explosive (Halmer et
monoterpenes are prescribed the reaction characteristics @fl., 2002) volcanic eruptions.
a-pinene and oxidation reactions proceed at the rates given
in Table 1. The use of a 13 % molar yield for the production 2.1.2 Primary particulate emissions
of monoterpene SOA follows the approach of Spracklen et
al. (2006), which was based on Tunved et al. (2004a). TunvedAnnual mean emissions of BC and POM from fossil and bio-
et al. (2006) revised this estimate downwards to an apparfuel combustion are based on energy data from 1996 and
ent mass yield of between 5 and 10 %, suggesting that théaken from Bond et al. (2004); monthly wildfire emissions for
atmospheric yield may be lower than the 13 % molar yieldthe year 2000 are from the Global Fire Emissions Database
(equivalent to a 14.3% mass yield) used in GLOMAP. The (GFED) inventory (van der Werf et al., 2004). In a sensitivity
3% molar yield (equivalent to a 3.3% mass yield) for the study we use wildfire and anthropogenic emissions from the
production of isoprene SOA is based on the yields obtained/ear 1750, compiled for the AeroCom initiative (Dentener et
by Kroll et al. (2005, 2006) over a range of experimental con-al., 2006). The emission of primary sea-salt aerosol is param-
ditions (0.9-5.5 % mass vyield). eterised according to Gong (2003).

The global production of biogenic SOA is poorly con-
strained, with estimates ranging between 12 Tg(SOA)a 2.1.3 New particle formation
and 1820 Tg(SOA)a! (Griffin et al., 1999; Kanakidou et al.,
2005; Goldstein and Galbally, 2007; Heald et al., 2010, 2011;Since new particle formation has been shown to strongly af-
Spracklen et al., 2011b). Using molar yields of 13 % and 3 %fect CCN concentrations (Spracklen et al., 2008b) and simu-
(for monoterpenes and isoprene respectively) produces agated aerosol indirect radiative effects (Bellouin et al., 2013),
proximately 37 Tg(SOA)al in our model, which is towards  we quantify the impact of BVOC emissions using four nucle-
the lower end of current estimates. Consequently, it may betion mechanisms. In all experiments we include a param-
the case that the yields applied here are too low (i.e. do noeterisation to represent the binary homogeneous nucleation
produce enough SOA), or too high (Tunved et al., 2006). We(BHN) of sulphuric acid and water (Kulmala et al., 1998a)
explore this uncertainty by varying the SOA production yield which occurs mainly in the free troposphere (e.g. Spracklen
in a series of sensitivity experiments. et al., 2005b). New particle formation rates in the boundary
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layer cannot be adequately explained by BHN alone, so we The growth of newly formed clusters is not simulated ex-
examine the impact of BVOC emissions when three addi-plicitly, but the production ratd,, of particles at a measur-
tional parameterisations for new particle formation are ap-able size (taken ag,, =3 nm) is calculated using the ap-
plied in the boundary layer, in combination with BHN. The proximation of Kerminen and Kulmala (2002), as given in
first parameterisation is an empirically derived mechanismEq. (4). The dry cluster diametef;, is taken as 0.8 nm for
for the activation (ACT) of sulphuric acid clusters in the Jx, 1.5nm forJ(’grgl (Metzger et al., 2010), and 2nm for
boundary layer based on the work of Kulmala et al. (2006)'J5rgz (Paasonen et al., 2010).

With this approach, molecular clusters activate at a tg{g X

proportional to the gas-phase concentration of sulphuric acidJm _ J*exp[O.ZS(i— i) g] (4)
(Eg. 1). The coefficiend represents the complexity of the dn d*) GR
activation process and may be a function of sevgral paramyp;q production rate accounts for scavenging by larger par-
eters_ such as t_emperaturg and the concentration of Oth‘?fcles, and allows growth of nucleated clusters ug,toat a
Species (%Ot?Ptla||y organics). Here we use a valueAor .,,qant growth rate, GR, proportional to the gas-phase con-
of 2x10"°s" (as determined empirically by Sihto et al., centration of sulphuric acid. The reduced condensation sink,

200.6) and restrict this mechanism t_o the boundary layer, aI'CS , Iis calculated by integrating over the aerosol size modes
lowing BHN to proceed at higher altitudes. following Kulmala et al. (2001b)

Jact = A[H2S0y] 1) 2.2 Model experiments

The final two parameterisations, Orgl (Eq. 2) andTo examine the extent to which the simulated climate im-
Org2 (Eq. 3) are implemented using the particle for- hacts of biogenic SOA are sensitive to our model's treatment
mation rates described by Metzger et al. (2010) andof aerosol processes, we completed the series of model ex-
Paasonen et al. (2010) respectively <(5x 10°'s™,  jeriments described in Table 2. These simulations explore
k1=1.1x10"1s1 k, =3.2x 107s71). In smog cham- e impact of uncertainty in the SOA yield from BVOC ox-
ber experiments, Metzger et al. (2010) found that parti-igation, the role of organic oxidation products in new parti-
cle formation rates were proportional to the product of thec|e formation, and the interaction between SOA and primary
gas-phase concentrations of sulphuric acid and low volatil-carhonaceous aerosol emissions. To account for the uncer-
ity products from the photo-oxidation of an SOA precursor tgjn yield of SOA produced by the oxidation of BVOCs, we
species (1,3,5-trimethylbenzene). They also found that subyaried the SOA mass yields by different factors (experiments
3nm particle growth rates were too high to be explained bys to 7), resulting in a global annual production of between
sulphuric acid vapour alone, and proposed that organic ox1g 5 Tg(SOA) al and 185 Tg(SOA)al. The global annual
idation products were also required to explain the observaproduction of SOA from these yield experiments is detailed
tions. Paasonen et al. (2010) found a good correlation againg$, Taple 2 and all lie within the wide range of previous esti-
a wide observational data set when the particle formationyates (Griffin et al., 1999; Kanakidou et al., 2005; Goldstein
rate combined a term based on the product of the concengpq Galbally, 2007; Heald et al., 2010, 2011; Spracklen et
trations of sulphuric acid and an organic molecule with a ki- al., 2011b).

netic nucleation term proportional to the square of sulphuric |5 GLOMAP, the simulated aerosol size distributions, and
acid concentration. When implementing these two organitherefore the CCN concentrations, are sensitive to the treat-
cally mediated nucleation mechanisms, we include only thement of primary anthropogenic emissions (Reddington et
product from monoterpene oxidation as the organic oxida-y|. 2011: Spracklen et al., 2011a), in particular the emis-
tion product, since the role of isoprene oxidation productssjon characteristics of primary carbonaceous aerosol. Here,
in new particle formation remains unclear. Our experimentsyye emit primary carbonaceous particles with the distribution
therefore apply these two nucleation rate parameterisationgharacteristics described by Stier et al. (2005) in our standard
(Egs. 2 and 3) throughout the atmosphere, using the firs§jmylations, i.e. number median diamef@§ =60 nm and
stage product from monoterpene oxidation as the condensDbf —150nm, standard deviations = 1.59 andop; = 1.59

able organic species, “org™: (where ff refers to fossil fuel and bf to biofuel/wildfire). We

. explore the sensitivity to this choice with an additional set
Jorg1 = k [H2SQu] [org, (2) of simulations (experiments 11 and 12) using smaller emis-
Jgrgz = k1 [H2SOu]%+ k> [HoSOy4] [org]. (3) sion sizes Dif =30 nm, Dp; =80 nm), but wider distribu-

tions (ofr = 1.8,0pf = 1.8) recommended by AeroCom (Den-
As the focus of this study is to investigate the role of biogenictener et al., 2006).
SOA, we do not consider ternary homogeneous nucleation, The process of physical ageing, by which non-hydrophilic
but, as has been shown recently by Almeida et al. (2013)particles become hydrophilic via condensation of soluble
ternary nucleation involving amines may be an importantmaterial, is poorly understood (Kanakidou et al., 2005). In
process in the boundary layer. GLOMAP, primary BC/POM particles are emitted into a
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Table 2. Summary of model simulations and global annual mean changeg {@Winber concentration of particles >3 nm diameter) at

the surface, surface level CCN (0.2 % supersaturation) concentration, and CDNC at cloud height (approximately 900 hPa), with subsequent
all-sky DRE and first AIE (highlighted in bold text), relative to an equivalent control simulation including no BVOC emission=£Mon
monoterpenes, Ise isoprene).

Expt. no.  Description BVOC included AN3 ACCN ACDNC All-sky DRE  First AIE
(Global production of (cm™3) (cm™3) (cm™3) (Wm=2) (Wm=2)
SOA given in brackets
(To(sOA a 1))

1 ACT None - - - — -
2 BHN with Eq. (1) within the Mon —64.3 +23.5 +7.7 —0.10 —0.07
boundary layer (20.4) (=7.9%) (+10.4 %) (+4.1%)
3 Iso —43.1 +19.3 +5.9 —0.08 —0.06
(16.6) (—5.3%) (+8.5%) (+3.2%)
4 Mon+ Iso —79.6 +29.0 +8.2 -0.18 —0.06
(37.0) (—9.7%) (+12.8%) (+4.4 %)
5 ACT_x0.5 Mon + Iso —56.7 +22.1 +7.1 —-0.09 —-0.07
0.5x SOA production yield (18.5) (—6.9%) (4+9.7 %) (+3.8%)
6 ACT_x2 Mon + Iso -106.7 +36.7 +9.0 -0.33 —0.04
2 x SOA production yield (74.0) (—13.0%) (+16.2 %) (+4.8%)
7 ACT_x5 Mon + Iso —145.5 +48.0 +9.3 —-0.78 +0.01
5 x SOA production yield (185.1) (—17.8%) (+21.1%) (+5.0%)
8 ACT_noSOAage Mon + Iso —-81.3 +8.3 +3.6 -0.14 —0.02
No transfer of non-hydrophilic par- (37.0) (—9.9%) (+3.6 %) (+1.9%)

ticles to the hydrophilic distribution
via condensation of secondary or-

ganics

9 ACT_fast_age None - - - - —

10 One soluble monolayer required to Mon+- Iso —-81.5 +21.8 +4.9 -0.18 —-0.02
transfer non-hydrophilic particles (37.0) (—9.9%) (+8.9%) (+2.5%)
to the hydrophilic distribution

11 ACT_PriCarb_small None - - - - —

12 Size distribution of primary car- Mon+ Iso —55.8 +46.0 +10.4 —0.18 —0.12
bonaceous emissions set to Aero(37.0) (—5.0%) (+17.5%) (+5.2%)
Com recommendation (Dentener et
al., 2006).

13 BHN None - - - - -

14 Binary homogeneous nucleation Mon -1.7 +20.3 +5.8 -0.10 —0.05
only (20.4) (—0.4%) (+10.4 %) (+3.5%)

15 Orgl None - - - - -

16 BHN with Eq. (2) throughout the Mon +643.0 +88.1 +44.2 —-0.08 -0.77
atmosphere (20.4) (+142 %) (+45.2%) (+26.6 %)

17 Org2 None - - - - -

18 BHN with Eq. (3) throughout the Mon +188.0 +39.0 +14.3 -0.10 —-0.22
atmosphere (20.4) (+22.0%) (+15.5%) (+7.2%)

19 ACT_1750 None - - - - —

20 1750 emissions of BC (wildfire, Mon+ Iso -127.3 +23.8 +12.8 -0.18 -0.19
biofuel), POM (wildfire, biofuel) (37.0) (—21.1%)  (+232%)  (+12.6%)

and SQ (wildfire, domestic) taken
from Dentener et al. (2006).

21 Orgl_1750 None — — — — _
22 1750 emissions of BC (wildfire, Mon +437.3 +52.5 +34.9 —-0.12 —0.95
biofuel), POM (wildfire, biofuel) (20.4) (+171%) (+56.7 %) (+37.9%)

and SQ (wildfire, domestic) taken
from Dentener et al. (2006).

* Experiments 5-7 were repeated with 1750 emissions of BC, POMapdd&xamine the effect of altering the yield of SOA production in a pre-industrial atmosphere.

www.atmos-chem-phys.net/14/447/2014/ Atmos. Chem. Phys., 14, 4173-2014
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non-hydrophilic distribution and transferred to an internally ture, and the loss of water vapour through condensation onto
mixed hydrophilic distribution after the condensation of a activated particles. As suclfj,ax depends upon the aerosol
specific amount of condensable material. Our standard simpopulation and should be diagnosed rather than prescribed
ulations assume that ten monolayers of condensable materiaihiformly, as discussed by Pringle et al. (2009). Here, CDNC
(secondary organics or sulphuric acid) are required to coaaire calculated with a prescribed constant updraught veloc-
an insoluble particle sufficiently for it to become soluble. To ity of 0.15m s over sea and 0.3 nT$ over land, consis-
examine the importance of this process and its representaent with those commonly observed for low-level stratus and
tion with respect to the impact of biogenic SOA, we perform stratocumulus clouds (Guibert et al., 2003; Peng et al., 2005;
one simulation in which physical ageing does not occur asPringle et al., 2012).

a result of the condensation of secondary organics (experi-

ment 8), and others in which only one soluble monolayer is2.5 Radiative effects

required (experiments 9 and 10). ) ] ) )
The sensitivities examined here are not intended to pro-1"e DRE and first AIE of biogenic SOA are determined
&4ging the offline radiative transfer model of Edwards and

vide an exhaustive assessment of the uncertainty associatet’ - et i '
with the radiative impact of biogenic SOA, but to highlight /"9 (1996) with nine bands in the longwave and six bands

the importance of several key parameters in determining thd" the shortwave. We use a monthly mean climatology based
direct and indirect effects. A more thorough assessment of" ECMWF reanalysis data, together with cloud fields from
sensitivities and feedbacks would require an emulator-styldn€ ISCCP-D2 archive (Rossow and Schiffer, 1999) for the

approach (e.g. Lee et al., 2012) to model the entire parameYear 2000. Sensitivity of direct and first indirect radiative
ter space. ' effects to the cloud climatology used (i.e. single year ver-

sus multi-annual mean) was examined in Rap et al. (2013)
and found be to be negligible for a range of natural aerosol
sources, including monoterpene-derived SOA.

CCN concentrations were calculated offline, from monthly 10 determine the DRE, following the methodology de-

mean aerosol tracers, using the approach of Petters and KrercrPed in Rap et al. (2013), the radiative transfer model is
denweis (2007). A hygroscopicity parametey (s assigned used to calculate the difference in net top-of-atmosphere (SW

to each component; a multi-componeRt is then obtained LW) all-sky radi.ative flux between experiments including
by weighting the individuak values by the volume frac- SOA a_nd the equwale_nt experiments without SQA. Aerosol
tion of each component. We assign the following individual SCattéring and absorption coefficients together with asymme-
hygroscopicity parameters: sulphate (0.61, assuming ammd!Y parameters are calcglateq for each aerosol size mode and
nium sulphate), sea salt (1.28), black carbon (0.0), and parSPectral band, as described in Bellouin et al. (2013).

ticulate organic matter (0.1). Whilst there is uncertainty as- 1€ first AIE is calculated as in Schmidt et al. (2012); a

sociated with the hygroscopicity parameter for organic ma-Uniform control cloud droplet effective radiug() of 10 um
terial in the atmosphere due to the wide range of solubili-'S @ssumed to maintain consistency with the ISCCP cloud

ties observedy values close to 0.1 have been reported for dat@, and for each perturbation experiment the effective ra-
secondary organic components (Engelhart et al., 2008, 20141US (e2) is calculated as in Eq. (5), from cloud droplet num-
Gunthe et al., 2009; Dusek et al., 2010; King et al., 2010),Per fields CONG and CDNG respectively. For each experi-
and the entire organic fraction (Wang et al., 2008; Chang ef"ent. CDNG represents the simulation including SOA, and
al., 2010). We calculate CCN concentrations at a supersaturd=PNC2 represents the simulation with no SOA.

tion of 0.2 %, which is equivalent to an activation dry diame- 1

ter of approximately 80 nm (assuming a composition of pure,. . _ .. [CDNQ} 3 (5)
ammonium sulphate). We assume that BC/POM patrticles in CDNG

the non-hydrophilic distribution do not act as CCN.

2.3 Calculation of CCN concentrations

The first AIE of biogenic SOA is then calculated by compar-
ing net (SW+ LW) radiative fluxes (using the varying:
values derived for each perturbation experiment), to those of
Cloud droplet number concentrations (CDNC) are calculateothe control simulation with fixede;. In these offh_ne expert-
using the parameterisation of Nenes and Seinfeld (2003), Ewer_]ts, we do not calculate the second aerosol indirect (cloud
updated by Fountoukis and Nenes (2005) and Barahonaag'tfet'me) effect.

al. (2010). The monthly mean aerosol size distribution is

converted to a supersaturation distribution from which the

number of activated particles can be determined for the di-

agnosed maximum supersaturatidihgx). The Smax of an

ascending cloud parcel represents the competition between

increasing water vapour saturation with decreasing tempera-

2.4 Cloud droplet number concentration
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Fig. 1. Simulated annual mean absolute (left) and percentage (right) change to surface cloud condensation nuclei (CCN) number concen-
tration, calculated at 0.2 % supersaturation, resulting from the emission of both monoterpenes and isoprene when the ACT mechanism is
used.

3 Results tween SOA and the presence of primary particles. In our
model, primary carbonaceous aerosol from fossil fuel com-

3.1 Changes to total particle and CCN number bustion and wildfire is initially non-hydrophilic, being emit-
concentrations ted into the Aitken insoluble mode. Condensation of soluble

gas-phase species moves these particles into the hydrophilic

Table 2 reports the impact of biogenic SOA on simulatedAitken mode, where they are able to act as CCN. Without this
aerosol properties. SOA increases the condensation sinighysical ageing by SOA, the global annual mean increase
potentially suppressing new particle formation and growth.in CCN concentration is reduced to 3.6 % (experiment 8),
This results in the global annual mean total particleg;(N compared to 12.8 % in the equivalent standard run (experi-
greater than 3 nm dry diameter) concentration being reduce¢hent 4). When the physical ageing requires only one mono-
by 7.9 % when monoterpene emissions are included with aclayer of soluble material (experiment 10), the global mean
tivation boundary layer nucleation (experiment 2) and byincrease in CCN number concentration is reduced to 8.9 %
0.4 % when BHN is the only new particle formation mecha- because carbonaceous particles are more efficiently coated
nism (experiment 14). By contrast, when organics contributeand transferred to the hydrophilic distribution by sulphuric
directly to nucleation (experiments 16 and 18), a global an-acid, such that CCN concentrations are less sensitive to the
nual mean increase in N\of between 22.0% and 142.0% presence of organics. Using a smaller emission size for pri-
is simulated. In these simulations, the additional nucleationmary carbonaceous aerosol (experiment 12) increases the
caused by the presence of organics dominates the moderagdobal annual mean change to surface CCN concentrations
reduction in N due to the enhanced condensation sink. when biogenic SOA is included to 17.5%. A smaller emis-

In all the model configurations examined here, biogenicsion size increases the number of primary particles emitted
SOA increases the simulated global annual mean surfacper mass of carbonaceous material, thereby providing more
CCN concentration, with the relative enhancement rangingnon-hydrophilic particles ready to be aged to the hydrophilic
between 3.6 % and 45.2 % (Table 2). The spatial distributionmodes where they are able to act as CCN. Additionally, the
of changes to CCN concentration (Fig. 1) does not simplylower surface area of smaller particles allows a faster rate of
match the distribution of BVOC emissions due to the diverseageing by a given amount of SOA.
range of processes controlling the aerosol size distribution At tropical latitudes (30N to 3C°S), high year-round
and CCN number. For the ACT simulation shown in Fig. 1, emissions of both isoprene (87 % of global total emissions)
biogenic SOA (from monoterpenes and isoprene) increasegnd monoterpenes (78 % of total) result in large increases to
annual mean CCN concentrations by up to 120 % over theCCN concentrations (Fig. 1) throughout the seasonal cycle
Amazon, whilst reducing annual mean CCN concentrationgFig. 2, left). At 30 N to 9¢° N, increases in CCN are largest
by up to 8 % over some tropical oceans. during the summer, with small increases simulated in winter

The largest increases in absolute CCN concentration argonths when emissions of BVOC are low. Over the high-
simulated in regions experiencing high levels of primary par-latitude boreal forests, monoterpene emissions are responsi-
ticulate emissions, particularly tropical regions affected by ble for the majority of the CCN increase (Fig. 2, left), owing
biomass burning. This suggests an important relationship beto their higher emission rate compared to isoprene. In the
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Fig. 2. Left: monthly mean absolute change in surface CCN number concentratior)@h0.2 % supersaturation, across three latitude
bands, when monoterpene (expt. 2; dashed lines), isoprene (expt. 3; dotted lines) and both monoterpene and isoprene (expt. 4; solid lines
emissions are included in a simulation using the ACT mechanism. Right: seasonal mean absolute change in CCN number concentratior
(cm—3) at 0.2 % supersaturation during December—February (blue) and June—August (red) using the ACT mechanism; expt. 4 results (solid
lines) include emissions of both monoterpenes and isoprene, expt. 8 results (dotted lines) are equivalent but condensable organics do nc
transfer hydrophobic particles to the hydrophilic distribution.

Southern Hemisphere (SH; specifically 30=9), absolute (e.g. eastern Asia; Fig. 1), and therefore higtsy concen-
CCN changes are small throughout the year due to low emistrations, the enhanced condensation sink may also suppress
sions of BVOC at these latitudes (Fig. 1, left and Fig. 2, left). new particle formation and growth as a route for CCN gen-
However, relatively low absolute changes result in substaneration in the boundary layer, reducing CCN concentrations
tial fractional changes, particularly over the oceans (Fig. 1,in the presence of biogenic SOA.
right) due to low background CCN number concentration. Secondly, the presence of biogenic SOA allows non-
Within 30° either side of the Equator, BVOC emissions hydrophilic particles to be aged (i.e. transferred to the hy-
from the GEIA inventory (Guenther et al., 1995) are slightly drophilic distribution) and enhances their growth up to the
higher during the respective wet seasons (April-Septembesize at which they may be nucleation scavenged (taken here
in northern tropics; October—March in southern tropics), butas particles with dry diameter >206 nm). In the absence of
as shown in Fig. 2 (right), the largest absolute increase iNSOA, particle growth may only proceed via coagulation and
CCN concentration occurs during the dry seasons when pricondensation of sulphuric acid. Therefore in the presence of
mary carbonaceous emissions from wildfires are highest. Th&OA, particles grow more quickly to a size where they may
importance of ageing is confirmed by much lower CCN in- be removed from the atmosphere by wet deposition.
crease simulated when secondary organic material does not Monoterpene emissions contribute a greater increase to
transfer hydrophobic particles to the hydrophilic distribution global annual mean CCN concentration than isoprene emis-
(dotted lines in Fig. 2, right). At high northern latitudes, the sions (experiments 2 and 3; Table 2). This occurs partly be-
process of ageing also contributes to the summertime CCNause a greater amount of SOA is generated from their ox-
increase (Fig. 2, right), but a more substantial contributionidation, despite total annual monoterpene emissions in the
here comes from the growth of smaller particles to CCN-Guenther et al. (1995) data set being a factor of four lower
active sizes via condensation of organic material. than those for isoprene, but may also be due to the spatial
BVOC emissions result in reductions in simulated CCN distribution of emissions and relative proximity to sources of
concentrations over some regions (Fig. 1). Reductions irfine particles that require growth to reach CCN sizes (e.g.
CCN are driven by several different processes. Firstly, thecarbonaceous particles from fossil fuel combustion). As in-
presence of biogenic SOA enhances the condensation sindlicated in Fig. 2 (left), the contributions of each BVOC are
over continental regions, resulting in increased condensanot additive: monoterpene and isoprene SOA increase CCN
tion of sulphuric acid to existing particles. This can lower concentrations by approximately 10.4% and 8.5% respec-
sulphuric acid concentrations in the upper troposphere, sultively, whereas the combined emission results in only 12.8 %
sequently reducing binary homogeneous nucleation and thancrease, suggesting a saturation of the global CCN response.
number of particles entrained into the boundary layer. ThisThis is confirmed by the variation in CCN change observed
entrainment of particles formed in the upper tropospherefor experiments 4 to 7, where a factor of 5 increase in the
makes the largest contribution to surface CCN concentraSOA production yield results in less than a doubling of ab-
tions over the subtropical oceans (Merikanto et al., 2009).solute and fractional CCN changes. This occurs because the
Additionally, in regions with particularly high SOemission  generation of additional CCN (via condensation of secondary
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Fig. 3. Annual mean absolute change in surface CCN number concentration (left) and percentage change (right) at 0.2 % supersaturation for
four particle formation mechanisms: ACT (green), BHN only (orange), Orgl (red) and Org2 (blue) from the emission of monoterpenes only.

organic material) becomes limited by the enhanced condenSOA) from 45.2% to 35.9%, indicating that most of the
sation sink (due to larger particle sizes) and consequent suenhancement in CCN concentration comes from the inclu-

pression of new particle formation. sion of organics in the nucleation rate itself, but some is due
to the increased survival probability of newly formed par-
3.2 Sensitivity to new particle formation ticles associated with assuming a larger valuedfr With

this mechanism, the peak annual mean absolute increase in

The simulated contribution of SOA to global mean CCN CCN concentration occurs at approximately’ 80(Fig. 3,
concentrations depends strongly on the nucleation mechdeft) due to large CCN increases simulated over south-east
nism used in the model. Inclusion of an empirically derived USA, Europe and China, regions of high monoterpene emis-
particle activation mechanism within the boundary layer sion during the NH summer. Substantial fractional increases
(i.e. ACT, Eg. 1) results in a greater absolute global an-(over 100 %) are simulated in regions where high monoter-
nual mean change in CCN concentration due to monoterpene emissions combine with low background aerosol num-
pene SOA {23.5cnt3; experiment 2), when compared to ber concentrations, such as the boreal regions of northern
the equivalent simulation using only BHN-0.3 cn3; ex- Russia and Canada (Fig. 3, right).
periment 14). This occurs because particles formed by the
activation of HSOy clusters in the boundary layer are able
to grow to CCN-active sizes by the condensation of organic4 Comparison to observations
oxidation products and is particularly evident between 40
and 60 N (Fig. 3, left) where there is a strong contribution The simulated seasonal cycle in the number concentration
to total particle numbers from nucleation within the bound- of particles with dry diameter greater than 80 nmydNwas
ary layer (Merikanto et al., 2009). However, a similar an- compared against multi-annual monthly mean observations
nual global mean fractional CCN changel0.4 %) due to  at three forested sites: Hyytiala, Finland from 1996 to 2006
monoterpene SOA is simulated in each case, owing to théKulmala et al., 1998b, 2001a), Pallas, Finland from 2000 to
higher background CCN concentration when the ACT mech-2011 (Hatakka et al., 2003; Komppula et al., 2003), and As-
anism is used. pvreten, Sweden from 2005 to 2007 (Tunved et al., 2004b).

When monoterpene oxidation products are allowed to par-These locations were chosen since they are relatively remote
ticipate in the very early stages of new particle formation from anthropogenic aerosol sources and are in regions with
(experiments 15 to 18), the contribution of biogenic SOA to substantial BVOC emissions. We chose to evaluaigden-
CCN concentrations is substantially greater, increasing theentrations since these match particles of CCN relevant size.
global annual mean by 15.5 % for Org2 and 45.2 % for Org1.Although Nsg does not take into account the composition or
The large increase in CCN concentrations when the Orglsolubility of the particles, long-term observations of CCN
mechanism is used can be attributed to the fact that in there not yet available at locations suitable for this study. Ob-
absence of BVOC emissions, new particle formation in theservations were taken from the EBAS database (available at
boundary layer does not occur. In a test simulation, the valuénttp://ebas.nilu.npand monthly mean model values are bi-
for d* in the Orgl experiments was reduced from 1.5 nm tolinearly interpolated to each location.
0.8nm (to match ACT but not intended to represent a real Table 3 gives, for a selection of our experiments, the
scenario). This reduced the percentage increase in global amorrelation coefficient §) between simulated and observed
nual mean CCN concentration (upon inclusion of biogenicmonthly mean Ny concentrations at each site, and Fig. 4
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Table 3.Pearson correlation coefficierR) between multi-annual monthly mean observed and simulated monthly mgaroNcentrations.
The normalised mean bias (NMB, %) in surface CCN concentration between model and observations is also given for each simulation. The
simulation with the best correlation at each location, or smallest NMB, is highlighted in bold.

Pearson correlation coefficierR)

Hyytiéla, Finland;

Simulation Expt. no typical background for Aspvreten, Pallas, Finland; NMB
"7 high-latitude Europe; forest Sweden; very remote location (%)
location but influenced by boreal forest  at northern border of against
European pollution  location, mid-Sweden boreal zone subset of
[24.3° E, 61.9 N] [17.4°E, 58.8 N] [24.1°E, 68.0 N] CCN dataset
No SOA 1 0.31 0.13 0.13 —44.4
0.5x SOA 5 0.42 0.22 0.36 -16.4
SOA 4 0.44 0.22 0.40 —16.0
ACT 2x SOA 6 0.41 0.19 0.35 -16.7
5x SOA 7 0.26 0.06 0.15 —-17.2
No ageing by SOA 8 0.44 0.21 0.42 —-40.5
Fast ageing 10 0.44 0.19 0.40 -16.5
Pri. Carb. small 12 0.50 0.33 0.35 +482
org1 No SOA 15 0.09 —-0.15 —0.04 —48.6
SOA 16 0.61 0.46 0.60 +16.9
Org2 No SOA 17 0.37 0.16 0.14 —26.6
SOA 18 0.60 0.43 0.57 +20.8

shows the observed and simulated seasonal cycle at Hyytidla We also compared simulated surface-level CCN con-
and Pallas. A pronounced seasonal cycle gg N observed centrations to a subset of the CCN data set compiled by
at these locations, with summertime (JJA) concentrations &pracklen et al. (2011a). The treatment of primary carbona-
factor of two greater than wintertime (DJF) concentrations.ceous emissions has been shown to strongly influence parti-
Without biogenic SOA, summertimeghlconcentrations are  cle number concentrations and aerosol size distributions sim-
under-predicted (dotted lines in Fig. 4) and simulations doulated by global aerosol microphysics models (Reddington
not capture the seasonal cycle; the maximum correlation coet al., 2011; Spracklen et al., 2011a). We therefore compared
efficient at Hyytiala is 0.37 (Org2), 0.16 at Aspvreten (Org2), against measurements filtered to minimise the influence of
and 0.14 at Pallas (Org2). The inclusion of biogenic SOA im-these particles: that is, data for terrestrial locations with a
proves the correlation between simulated and observed vakimulated present-day / pre-industrial CCN concentration ra-
ues for each set of simulations at all three locations, primarilytio (calculated from [CCNpt 4/ [CCN]expt 20) less than 2,
by increasing summertimeghlconcentrations. during times when the site was reported to be unaffected by
When the ACT mechanism is used, increasing the yield ofwildfire emissions. This subset of data contained 25 obser-
SOA production (experiments 6 and 7) reduces the correlavations (each representing a time-weighted mean CCN con-
tion coefficient at all three sites, when compared to the staneentration from a sampling period of days to weeks) from the
dard yield simulation (experiment 4). This occurs becausesix locations detailed in Table 4. Relative uncertainties in the
at Hyytiala for example, b concentrations simulated be- observational data set all lie in the rangj6—40 %, but most
tween June and September with the higher yields, are lowewithin +10-20 %. CCN concentrations from the model were
than simulated with the standard yield (not shown). During calculated for each of the six locations using the supersatura-
the summer months when BVOC emissions are highest, intion at which the observations were recorded.
creasing SOA formation enhances the simulated condensa- Table 3 reports the normalised mean bias (NMB) between
tion sink, suppressing new particle formation and growth ofobserved and simulated CCN concentrations calculated ac-
particles up to 80 nm. Varying the ageing of non-hydrophilic cording to Eq. (6) whersd; are CCN number concentrations
particles (experiments 8 and 10) has little impact on seasonaimulated by the model, an€él; are observed CCN number
cycles in Nyp since both hydrophilic and non-hydrophilic concentrations at each locatian,
particles contribute to the d§ concentration. The seasonal
cycle is captured best when monoterpene oxidation product®iMB = 100%x Z (Si—0i)+ Z 0, (6)
are included in the particle formation rate (red lines in Fig. 4),
with the Orgl mechanism giving the best correlation at all
three locations (0.61 at Hyytiala, 0.46 at Aspvreten and 0.60
at Pallas).
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Fig. 4. Multi-annual monthly mean observed (black lines) seasonal cyclggchincentration at Hyytiala (left) and Pallas (right); standard
deviation of the observed monthly mean is indicated by the vertical black lingdhcentrations simulated using the ACT (green; expt. 1

and expt. 4) and Orgl (red; expt. 15 and expt. 16) nucleation mechanisms are shown with biogenic SOA (full lines) and without (dotted
lines).
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Fig. 5. Annual mean absolute (left) and percentage (right) change to CDNC due to biogenic SOA when the ACT nucleation mechanism is
used (i.e. [CDNGdxpt 4—[CDNClexpt 1)-

In the absence of biogenic SOA, CCN concentrations areof ageing makes little difference to the correlation (NMB
under-predicted by the model (NMB —44.4% for ACT, =-16.5%, as compared t616.0 % for the standard age-
—48.6 % for Orgl and-26.6 % for Org2). Inclusion of bio- ing), suggesting that the process of generating CCN-active
genic SOA reduces the NMB at these locations, and to withinparticles through physical ageing is not limited by the avail-
the uncertainty associated with the observational data set, e.gbility of condensable material in these locations. This is
from —44.4 % to—16.0 % with ACT. Whilst the inclusion of  confirmed by the narrow range of NMB values obtained for
monoterpene emissions in the particle formation rate (experiexperiments 4 to 7+{16.0% to—17.2 %), over which the
ments 16 and 18) improved the correlation with the observedyield of SOA production is varied by a factor of 10. When
seasonal cycle at the European sites, simulations Orgl anithe smaller emission size for BC/POM patrticles is used (ex-
Org2 lead to an over-prediction (NMB +16.9% for Orgl  periment 12), CCN concentrations are substantially over-
and—+20.0 % for Org2) of CCN concentration, which is still, predicted (NMB=+48.2 %), suggesting that this emission
however, within the uncertainty of the measurements. size generates too many CCN-active particles in the presence

When biogenic SOA is included, but is not able to age non-of SOA.
hydrophilic particles to the hydrophilic distribution, CCN
concentrations are under-predicted (NMB-40.5 %) sug-
gesting that despite selecting for relatively pristine loca-
tions and times, the ageing of carbonaceous particles still
contributes to local CCN concentrations. The faster rate
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Table 4. Locations included in the subset of CCN observations taken from Spracklen et al. (2011a).

Location Reference
Balbina, Amazon Basin 54N, 1.9 S Roberts et al. (2001)
Rondonia, Amazon Basin 6P.9v, 10.9 S Williams et al. (2002)
Amazon Basin 73W,5°Sand 63W, 12°S  Andreae et al. (2004)
Fazenda Nossa, Amazon Basin  62.9% 10.8 S Vestin et al. (2007)
Reno, USA 119.8W, 39.5 N Hudson and Frisbie (1991)
Lauder, New Zealand 169 FE, 45 S Delene and Deshler (2001)
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Fig. 6. Annual mean absolute (left) and percentage (right) change to CDNC due to biogenic SOA (monoterpenes only) when the Orgl
nucleation mechanism is used (i.e. [CDN 16~[CDNClexpt 15)-

5 Cloud droplet number concentrations tion products in the particle formation rate equation yields
the greatest increase in CDNC due to biogenic SOA (26.6 %
afmd 7.2% for Orgl and Org2 respectively). Figure 6 shows

We simulate that biogenic SOA increases the global annu N tial distributi f th | CDNC ch
mean CDNC by between 1.9 % and 5.2 % when the ACT nu- € spatial distribution of the annual mearn change
hen the Orgl mechanism is used; as with CCN, large ab-

cleation mechanism is used (Table 2). Figure 5 shows the” . . ;
spatial distribution of the annual mean change in CDNC dueS_OIUte_ Increases are simulated aot arour_mIMONhnst frac-
to the presence of biogenic SOA, when the ACT mecha_tm_nalmcreasesm excess of 100 % are simulated abcvi 60
nism is used and emissions of both monoterpenes and is Fig. 3).
prene are included. Over most regions, perturbations to cal-
culated CDNC follow the same spatial pattern as changeg Radiative effect of biogenic SOA

to CCN concentration. However, in regions with high pre-

existing aerosol concentrations, such as those heavily afWe calculate a global mean DRE of betwee0.08 W 2
fected by biomass burning, activation of additional CCN to and —0.78 W n1 2 for biogenic SOA in the present-day at-
cloud droplets can become limited by competition for wa- mosphere (Table 2), with the spatial distribution of the
ter vapour. This is evident over South America and westerreffect for experiment 4 shown in Fig. 7 (left). Figure 8
Africa, where the largest changes to CDNC (Fig. 5) do not(left) shows the sensitivity of the global annual mean
coincide spatially with the largest changes to CCN (Fig. 1).DRE to the processes examined in this study. The mag-
As with CCN, relatively low absolute changes to CDNC in nitude of the DRE is highly sensitive to the amount of
the SH can lead to high fractional changes over the oceans. IBOA (and therefore the amount of growth of particles) in-
the boreal regions, the inclusion of biogenic SOA increasesluded in the simulation, with the global annual mean vary-
the annual mean CDNC by up to 70% due to very lowing from —0.09Wn1t2 when the SOA production vyield
background CDNC and therefore a high sensitivity to addi-is halved (source of 18.5Tg(SOAY&), to —0.78 W nT2
tional CCN. Small decreases (<10 %) in CDNC occur overwhen the yield is increased by a factor of 5 (source of
the tropical oceans due to the decreases in CCN describeti85.1 Tg(SOA) al). As such, the DRE is strongest over the
in Sect. 3.1. As with CCN, including monoterpene oxida- tropics where BVOC emissions are highest (Fig. 7, left).
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Fig. 7. Annual mean all-sky DRE (left), and first AIE (right) associated with the perturbation in cloud droplet number concentration, due to
biogenic SOA (expt. 4) relative to an equivalent simulation with no biogenic SOA (expt. 1).

Changes in the nucleation mechanism result in little variabil-to high fractional CCN and CDNC changes betweef MO
ity in the DRE (range-0.08 WnT2 to —0.10Wnt1?). The  and 60 N (Fig. 3).
large increase in the number of nucleated particles and CCN Using the smaller size characteristics for primary carbona-
simulated with the organic nucleation mechanisms is less im€eous emissions gives greater CCN and CDNC increases due
portant for the direct effect as these particles are too smalto biogenic SOA, and subsequently a more substantial first
to influence the path of incoming solar radiation. The DRESAIE of —0.12 W n1 2. When secondary organic material is
simulated by Rap et al. (2013) and O’Donnell et al. (2011) not able to age non-hydrophilic particles to the hydrophilic
lie within the range we calculate here. Goto et al. (2008)distribution, the global annual mean first AIE is reduced to
calculated a smaller DRE 0f0.01Wnt2, but included —0.02W n12, due to smaller increases in CCN and CDNC.
less SOA {7 Tg(SOA) al), and used a mass-only aerosol Whilstincreasing the yield of SOA production gives a greater
model which does not simulate the growth of particles asso-global annual mean fractional increase in CDNC (Table 2),
ciated with the condensation of secondary organic material.the increased yield enhances negative CDNC changes in re-
We calculate that in the present-day atmosphere, biogenigions with very high cloud fraction, so the first AIE becomes
SOA exerts a global annual mean first AIE of betweéh01 less negative (e.g-0.04 W nT2 when the SOA yield is dou-
and—0.77 W nt2 (Table 2). Figure 7 (right) shows the spa- bled).
tial distribution in the first AIE due to biogenic SOA in a  Over boreal forests, regional annual mean first AIEs of
simulation using the ACT mechanism (experiment 4). A neg-between—0.1 W ni2 and —0.5W n1 2 are calculated with
ative first AIE occurs in locations experiencing a large rela-the ACT mechanism (Fig. 7, right) and betwee®.1 W ni2
tive increase in CDNC (e.g. boreal Asia), or a modest in-and—1.5 W n12 with the Org1 nucleation mechanism.
crease in CDNC coinciding with a high fraction of low level ~ As illustrated in Fig. 9, much of the boreal region ex-
cloud cover (e.g. SH oceans). A positive first AIE occurs in periences a summertime (JJA) mean first AIE of between
locations where a small decrease in CDNC (Fig. 5) coincides—1 W m~2 and —5W m~2, when the Orgl mechanism is
with very high cloud fraction, such as the western coasts ofused, matching the large cooling effect over these forest re-
central America and Africa (Fig. 7, right). gions calculated by previous studies (Kurten et al., 2003;
Figure 8 (right) summarises the sensitivity of the global Spracklen et al., 2008a; Lihavainen et al., 2009). However,
annual mean first AIE to the processes examined in thighe strongest regional radiative effect (up+t®Wm—2) is
study. The simulated global annual mean first AIE is mostsimulated over the North Atlantic ocean (50260 which,
sensitive to the nucleation mechanism used in the modeWnhilst experiencing a smaller CDNC increase than the land
(global annual mean range0.05W nT2 to —0.77 W n12); regions at the same latitude, has higher cloud coverage in the
the inclusion of monoterpene oxidation products in the par-ISCCP data set (i.e. cloud fraction of 50-70 % as compared
ticle formation rate results in greater CCN and CDNC in- to 0—-30% over the land). In agreement with Lihavainen et
creases, and therefore a more negative first AIE, than eitheal. (2009) we find that over the boreal region, the simulated
the BHN or ACT mechanisms. As with the ACT simulation, first AIE is substantially greater than the DRE (Fig. 7).
both organic nucleation mechanisms generate a negative first The AIE from monoterpene SOA—0.19W n1?2) esti-
AIE over the oceans between<3B and 50 S, but Orgl in  mated by Goto et al. (2008) lies within the range of first AIE
particular also yields large negative forcings in the NH duewe calculate here. The first AIE 6f0.02 W n2 calculated
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Fig. 8. Variation in global annual mean DRE (left) and first AIE (right) of biogenic SOA associated with several parameters; black bars
indicate the range of values obtained for each set of experiments: Nucl (nucleation mechanism; expt. 2, 14, 16, 18), Yield (SOA yield; expt.

4,5, 6, 7), Pri Carb (primary carbonaceous emission size; expt. 4, 12), Age (physical ageing; expt. 4, 8, 10).

ticle number and size below, but will enhance any potential
AIE from changes to particle number and size. Consequently,
the DRE tends to be stronger over the relatively less cloudy
(based on the ISCCP clouds for the year 2000) land regions
and the first AIE tends to be stronger over the relatively more
cloudy ocean regions. For example, in the ACT simulation
shown in Fig. 7, the DRE is more than a factor of 5 greater
than the first AIE over central Africa and South America,

JIA Meon First AIE (W m2) whereas the first AIE is more than a factor of 5 greater than
[ \ \ \ \ the DRE over high-latitude Northern and Southern Hemi-
sphere ocean regions.

Fig. 9. Summertime (JJA) mean first AIE from monoterpene SOA

when the Orgl nucleation mechanism is used (expt. 16). o o ) )
7 Sensitivity of the radiative effect of biogenic SOA to

anthropogenic emissions

by Rap et al. (2013) was for a GLOMAP simulation using Primary particulate (POM and BC) and gas-phase »(SO
BHN (as in our experiment 14) and required only one solu-emissions from anthropogenic sources were much lower in
ble monolayer to transfer non-hydrophilic particles to the hy-1750 than in the present day. These lower emissions re-
drophilic distribution (as in our experiment 10), and is in line sult in lower simulated background (i.e. in the absence of
with the first AIEs calculated here. O’'Donnell et al. (2011) biogenic SOA) concentrations of CCN. The radiative ef-
simulated a positive AIE£0.23W n12) for all SOA (i.e.  fect of biogenic SOA may therefore have been different in
biogenic plus anthropogenic), which lies outside our rangea pre-industrial atmosphere. To explore this possibility we
(between+0.01 and—0.77 W nT2). The positive AIE sim-  simulated the impact of biogenic SOA in an atmosphere
ulated by O’Donnell et al. (2011), may be caused by thewith 1750 anthropogenic emissions (experiments 19 and 20;
secondary organic material being distributed preferentiallyACT_1750). Including biogenic SOA in a pre-industrial at-
amongst larger size particles (i.e. those already large enougmosphere yields a lower absolute change in CCN number
to actas CCN), resulting in a decrease in global mean CDNCconcentration than in the present day. This lower absolute
We examine the sensitivity of the biogenic SOA AIE to as- change is due to fewer ultrafine particles being available
sumptions concerning the part of the aerosol size distribu{from nucleation and primary sources) for growth to CCN
tion to which SOA is added (i.e. volatility treatment of the sizes, or ageing, by the secondary organic material. Despite
condensable material), in a further publication (Scott et al.,the lower absolute change, the inclusion of biogenic SOA
2014). results in a higher fractional change $£23.2% (Table 2),
There is a large difference between the spatial pattern oflue to lower background CCN concentrations in the pre-
the DRE and first AIE due to biogenic SOA. This is mainly industrial atmosphere. This increased fractional change in
driven by the distribution of clouds since a high cloud frac- CCN, combined with lower background CDNC, results in
tion will suppress any potential DRE from changes to par-a greater perturbation to CDNC due to biogenic SOA in a
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Fig. 10.Left: annual mean first AIE from biogenic SOA when anthropogenic emissions from 1750 are included in GLOMAP. Right: annual
zonal mean first AIE from biogenic SOA in present-day (solid lines) and pre-industrial (dashed lines) simulations when the ACT (green) and
Orgl (red) nucleation mechanisms are used.

pre-industrial atmosphere (global annual meat?2.6 %, as  CDNGC; to the value obtained from a simulation using anthro-
compared te+4.4 % in the present day). pogenic emissions from 1750. We find that the first aerosol
Since the fractional change in CDNC constrains theindirect RF from anthropogenic emission changes (1750 to
first AIE (Eq. 5), a more substantial indirect effect of present) is—1.16 W nT2 when we assume a low source of
—0.19WnT?2 is simulated with 1750 anthropogenic biogenic SOA (18.5 Tg(SOA)d) but decreases in abso-
emissions (experiment 20; ACT_1750) compared tolute value to—1.10 W nT2 when we assume a large source
—0.06 W n2 with the same model setup in the present day.(185.1 Tg(SOA) al) (purple circles in Fig. 11, right).
Regions of both positive and negative change in CDNC If the Orgl mechanism is used in both present-day and
are enhanced by the lower background concentration, sa750 simulations (red circle in Fig. 11, right), the calcu-
this global mean radiative effect represents a combinatiorated aerosol indirect RF is1.04 W n1 2, that is 0.12 W m?
of NH land and SH ocean regions experiencing a moresmaller than that derived using the ACT mechanism and an
negative first AIE and tropical oceans experiencing a moreequivalent SOA source strength. The variation in first indi-
substantial positive first AIE (Fig. 10), as compared to rect anthropogenic RF, due to uncertainties in SOA yield and
an equivalent simulation using present-day anthropogeniaucleation mechanism, highlights the need to understand the
emissions (Fig. 7, right). baseline pre-industrial atmosphere and the magnitude of pre-
The global mean first AIE obtained using the Org1 particle existing natural radiative effects in order to constrain the RFs
formation mechanism (experiment 22; Orgl_1750) is alsodue to human activities. A previous study demonstrated that
enhanced in the 1750 atmosphere0(95W nT2 as com-  uncertainty in volcanic S@emissions plays a similar role in
pared to—0.77 W n7 2 in the present day). The annual mean driving uncertainty in the anthropogenic first aerosol indirect
first AIE is more negative at most latitudes, but at 3080 RF (Schmidt et al., 2012).
the radiative effect is stronger in the present-day simulation By contrast, the DRE of biogenic SOA is less sensitive
(solid red line in Fig. 10, right) due to higher 3@missions  to the presence of anthropogenic emissions. When the ACT
in southern Africa and Australia, required to generate themechanism is used, the same DRE is simulated with present-
H2SO; needed to form new particles using the Orgl nucle-day and 1750 anthropogenic emissions0(18 W nT2).
ation mechanism. When the Orgl mechanism is used, DREs-@08 W n1?2
Increasing the SOA yield when 1750 anthropogenic emis-and—0.12 W n12 are simulated with present-day and 1750
sions are used results in a greater fractional enhancememinthropogenic emissions respectively. The DRE is slightly
to CCN than when present-day anthropogenic emissions arenhanced in the 1750 atmosphere because there is less
used (Fig. 11, left). This enhanced CCN sensitivity trans-organically mediated new particle formation than in the
lates into a greater CDNC and first AIE sensitivity and present day ANz is +643.0cnT? in the present day, and
has implications for the first aerosol indirect radiative forc- +437.3cnT? in the 1750 atmosphere), due to lower SO
ing (RF) due to anthropogenic aerosol emissions. To tesemissions. As a result, there are fewer nucleation mode parti-
this, we calculate an anthropogenic first indirect RF sincecles requiring condensable material for growth in the 1750 at-
1750, by setting CDNEin Eqg. (5) to the present day, and mosphere, and a greater proportion of the secondary organic
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Fig. 11.Left: percentage change to global annual mean CCN concentration when biogenic SOA is included, simulated using the ACT nucle-
ation mechanism at four different SOA production yields, with present-day (squares) and pre-industrial (triangles) anthropogenic emissions.
Right: anthropogenic first aerosol indirect RF from 1750 to present-day, simulated using the ACT nucleation mechanism at four different
yields for SOA production (purple circles), and using the Orgl nucleation mechanism with standard SOA production yield (red circle).
Arrows highlight the RF sensitivity to assumptions about SOA yield and nucleation mechanism.

material is distributed towards larger size particles which arelow sensitivity of CCN to the inclusion of biogenic SOA in
capable of interacting with incoming radiation. experiments without organically mediated nucleation is con-

sistent with the much larger parameter sensitivity study of

Lee et al. (2013). In this sensitivity study, biogenic SOA pro-
8 Summary and conclusions duction was varied between 5 and 360 Tg(SOA),avhich

resulted in a global mean 3 % standard deviation in CCN con-
We used a global aerosol microphysics model (GLOMAP) centration, with a maximum standard deviation of approxi-
and an offline radiative transfer model to quantify the impactmately 40 % locally. Our results confirm the suggestion of
of biogenic SOA on CCN concentrations and CDNC, and theLee et al. (2013) that organically mediated nucleation would
subsequent radiative implications. greatly increase the sensitivity of CCN to SOA.

In all present-day simulations, the global annual mean The radiative effect attributed to biogenic SOA is uncer-
CCN concentration increases (by between 3.6 % and 45.2 %gin. We calculate that biogenic SOA results in a present day
when biogenic SOA is included. In the absence of organi-global annual mean all-sky top-of-atmosphere DRE of be-
cally mediated nucleation, most of the simulated increase inween—0.08 Wn12 and —0.78 Wnt?2, and a first AIE of
CCN number concentration occurs due to physical ageingbetween+0.01Wn1t2 and —0.77 WnT2. This range ex-
and subsequent growth, of non-hydrophilic particles origi- tends our previous estimates 60.13 W nt2 for the DRE
nating from wildfire and carbonaceous combustion. How-and—0.02 W n12 for the first AIE of biogenic SOA (Rap et
ever, when monoterpene oxidation products affect the neval., 2013). The DRE is most sensitive to the yield of SOA
particle formation rate, CCN concentrations are mostly per-production and strongest in regions of high BVOC emission.
turbed by the growth of newly formed particles to CCN- Increasing or decreasing the yield of SOA production from
active sizes. Similarly, at around B8, where monoterpene the base case values reduces the agreement with observa-
emissions are high during the NH summer months and backtions of particle number greater than 80 nm diametejp(N
ground particle concentrations are low, a greater proportiorat three forested locations (Table 3). Our best estimate of the
of the CCN increase is associated with the growth of smallelDRE from biogenic SOA is therefore0.18 W n1 2, consis-
particles. Regional decreases in CCN concentrations are siment with a global production of 37 Tg(SOAJ A The largest
ulated, in particular over the tropical oceans, due to enhancedncertainty in the first AIE of biogenic SOA comes from
nucleation scavenging of non-hydrophilic particles, and thethe representation of new particle formation in the bound-
suppression of upper tropospheric and boundary layer nuary layer, specifically whether organic compounds contribute
cleation. The spatial changes to CDNC from the inclusionto the very early stages of new particle formation. Including
of biogenic SOA broadly match changes to CCN concentrathe oxidation products of monoterpenes in the particle for-
tions, with global annual mean increases ranging from 1.9 %mation rate equation gives a first AIE from biogenic SOA
to 26.6 %. However, the magnitude of CDNC change be-up to 11 times greater than when sulphuric acid alone con-
comes limited by competition for water vapour in highly pol- trols new particle formation. The best agreement between
luted regions, such as those affected by biomass burning. The
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0.0 ] our simulations are replaced with those from 1750, the lower
i 1 background aerosol concentrations result in a greater propor-
tion of additional CCN becoming activated and therefore a
more substantial first AIE from biogenic SOA in the pre-
industrial atmosphere<0.19 W n12 and —0.95 W n1 2 for
ACT and Orgl respectively). As such, the first AIE from
biogenic SOA in 1750 is more sensitive to changes in the
amount of SOA generated and the nucleation mechanism
used, adding uncertainties of 0.06 Wnand 0.12 W m?
[ ] respectively to the magnitude of the first aerosol indirect RF
_10t ) 1 from anthropogenic emissions since 1750 (Fig. 11, right).
SOA formation from BVOCs may be enhanced by anthro-
Fig. 12. Comparison of anthropogenic aerosol radiative forcing pogenic pollution (Heald et al., 2011; Hoyle et al., 2011;
(RF) and the radiative effects (RE) calculated for natural aeroso'Spracklen et al., 2011b); consequently, global SOA forma-
sources. The REs for biogenic SOA (dotted bars) are from thistjgp may have been quite different in a pre-industrial atmo-
study, and all other values are from Rap et al. (2013). sphere. We did not explore this coupling here, but the wide
range of SOA production that we analysed is likely to cover
both pre-industrial and present-day levels of SOA produc-
tion.
simulated and measured seasonal cyclesggislobtained As emissions of both biogenic and anthropogenic aerosol
when monoterpene oxidation products affect the new particleehange in the future, our understanding of their effects and
formation rate, suggesting that the magnitude of the globalinteractions will gain increasing importance. Emissions of
annual mean first AIE from biogenic SOA could lie towards BVOCs will be sensitive to future changes in climate (e.qg.
the upper end of our estimated range-d.77 W nt 2. The Lathiére et al., 2005; Tunved et al., 2008; Paasonen et al.,
observations of Bb used here are restricted to boreal for- 2013), vegetation (Heald et al., 2008), and carbon dioxide
est locations in northern Europe; long-term observations oftoncentrations (Heald et al., 2009; Pacifico et al., 2012). Ad-
Ngo in other forest ecosystems will be required to give tighter ditionally, changes in the spatial distribution of BVOC emis-
constraints on the global radiative effect of biogenic SOA. sions are likely to be as important as the global magnitude of
Figure 12 compares the radiative effect of biogenic SOAemissions, as has been shown for changes to oceanic DMS
calculated here against the radiative effects of other natuemissions (Woodhouse et al., 2013).
ral aerosol sources and the anthropogenic aerosol radiative We have shown here that the role of organic oxidation
forcing. The radiative effects of natural aerosol sources argroducts in new particle formation is particularly impor-
similar in magnitude to the anthropogenic aerosol RF, as hatant in determining the indirect radiative effect of biogenic
been previously documented (Rap et al., 2013). Our uppeBOA. However, our understanding of which secondary or-
estimates of the radiative effects of biogenic SOA exceed theganic species contribute to each stage of new particle forma-
radiative effects of the other natural aerosol sources (DMStion and growth at different particle sizes is far from complete
volcanic sulphate, sea salt and wildfires) examined by Rage.g. Kulmala et al., 2013). In the absence of a detailed un-
et al. (2013). Narrowing the large uncertainty in the radiative derstanding, and bearing in mind computational costs, future
effect of biogenic SOA is therefore a prerequisite for a bettermodel development regarding biogenic SOA could proceed
understanding of the relative roles of natural aerosol in theon the basis that at least some (as yet undetermined) frac-
climate system. tion of the secondary organic oxidation products contribute
At high northern latitudes, monoterpene emissions fromto new particle formation. Our simulations also highlight the
boreal forests result in a summertime regional first AIE of important interaction between secondary organics and pri-
up to—6 Wm~2 over land, and-9 W m~2 over ocean, when mary particles from combustion, particularly from fires in
organic compounds influence the new particle formation ratethe tropics. This suggests that the (simulated) ageing of in-
(Org1l mechanism). Previous studies (Betts, 2000; Snyder etoluble particles should be determined by the availability of
al., 2004; Bala et al., 2007; Davin and de Noblet-Ducoudré,condensable material, rather than prescribed (i.e. transferring
2010) suggest that the low land-surface albedo of boreainsoluble particles to the soluble distribution after a fixed pe-
forests exerts a warming (i.e. positive radiative effect) onriod of time), in order to capture the sensitivity of CCN con-
the climate which potentially outweighs the cooling effect centration to changing levels of secondary organics.
(i.e. negative radiative effect) due to carbon storage by these Our results indicate that biogenic SOA very likely exerts a
forests. Follow-up work is required to examine the radiative negative radiative effect in the present-day climate, via both
effect of biogenic SOA in comparison to these other effects inthe direct and first indirect effect, and that the magnitude of
order to quantify the overall climate impact of boreal forests. these effects is highly sensitive to our understanding of SOA

Radiative effect (W m™2)
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