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Abstract

The biosphere emits volatile organic compounds (BVOCs) which, after oxidation in the
atmosphere, can partition on the existing aerosol population or even form new particles.
The large quantities emitted provide means for a large potential impact on both aerosol
direct and indirect effects. Biogenic responses to atmospheric temperature change can5

establish feedbacks even in rather short timescales. However, due to the complexity of
organic aerosol partitioning, even the sign of these feedbacks is of large uncertainty.
We use the global aerosol-climate model ECHAM5.5-HAM2 to explore the effect of
BVOC emissions on new particle formation, clouds and climate. Two BVOC emission
models, MEGAN2 and LPJ-GUESS, are used to estimate the effect of BVOC-aerosol-10

climate coupling. The change of shortwave cloud forcing from year 1750 to 2000 ranges
from −1.4 to −1.8 Wm−2 with 5 different nucleation mechanisms. We show that the
change in shortwave cloud forcing from the year 2000 to 2100 ranges from 1.0 to
1.5 Wm−2. Although increasing future BVOC emissions provide 3–5 % additional CCN,
the effect on the cloud albedo change is modest. Due to simulated decreases in future15

cloud cover, the increased CCN concentrations from BVOCs can not provide significant
additional cooling in the future.

1 Introduction

Anthropogenic aerosols alter the radiative fluxes directly by scattering and absorbing
radiation, and indirectly by altering cloud albedo (Twomey, 1974), lifetime (Albrecht,20

1989) and other properties (Pincus and Baker, 1994; Brenguier et al., 2000; Devasthale
et al., 2005; Koren et al., 2005). The indirect radiative perturbation of anthropogenic
aerosol (aerosol indirect forcing) exceeds the magnitude of the direct effect (Quaas
et al., 2009), and the combined total aerosol forcing can be similar in magnitude (but
opposite in direction) to the forcing of CO2: −1.2±0.4Wm−2 (Quaas et al., 2009),25

−1.3Wm−2 (Forster et al., 2007), −1.6Wm−2 (Hansen et al., 2011; Makkonen et al.,
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2012). The negative present-day radiative forcing of aerosols could be diminishing with
emission reductions in primary aerosols and aerosol precursors (Andreae et al., 2005).
Kloster et al. (2008) showed that the aerosol forcing could reduce by 1.13 Wm−2 al-
ready by 2030 with maximum feasible reductions. Makkonen et al. (2012) showed that
the total aerosol forcing reduction until the year 2100 could be as much as 1.4 Wm−2.5

There are several natural aerosol feedbacks that respond to the changing climate
(Carslaw et al., 2010). These include the severity (Amiro et al., 2009) and occurence
(Gillett et al., 2004; Westerling et al., 2006) of wildfires, changes in DMS fluxes (Charl-
son et al., 1987), changes in sea salt emission due to changes in wind speed (Korhonen
et al., 2010), and changes in dust emissions (Tegen et al., 2004). One potentially im-10

portant feedback is the link between climate and emissions of biogenic volatile organic
compounds (BVOC) and the formation of secondary organic aerosol (SOA) (Kulmala
et al., 2004; Carslaw et al., 2010). By acting as a negative feedback, an increase in the
ambient temperature could increase BVOC emissions, which in turn could not only in-
crease the SOA burden but also provide growth for small particles leading to increased15

cloud condensation nuclei (CCN) concentrations, and cooling the climate via aerosol
indirect effects. However, it is possible that the future increase in CO2 concentrations
would act to inhibit emissions of certain biogenic VOCs (Arneth et al., 2007; Heald
et al., 2009; Carslaw et al., 2010), leading even to a decreased SOA concentration in
the future. Also, Scots Pine trees might require an increase in both CO2 and tempera-20

ture for a large increase in monoterpene emission (Räisänen et al., 2008).
The net effect of BVOC emissions on the radiation budget is highly uncertain. The

increased aerosol mass from BVOCs enhances the scattering of shortwave radiation,
leading to a negative present-day aerosol direct effect. O’Donnell et al. (2011) esti-
mated a SOA direct effect of −0.31Wm−2, which includes also the minor anthropogenic25

contribution. A review by Carslaw et al. (2010) summarized a 25 to 150 % increase in
aerosol burden due to SOA between present-day and year 2100, leading to a global
mean direct radiative perturbation of −0.04 to −0.24Wm−2.
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The effect of BVOCs on the aerosol indirect effect is sensitive to which aerosol size
range the organics will condense onto, which is dependent on both the existing aerosol
size distribution and the volatility distribution of the condensing species. In the case
of a low condensation sink, low-volatility organics help the growth of newly-formed
particles, increasing the number concentration of CCN and cloud droplets, leading5

to a stronger indirect effect. However, the condensation of organic vapours will also
increase the condensation and coagulation sink, leading to decreased particle nucle-
ation rates and enhanced losses of small particles, possibly decreasing the indirect
effect. The effect of an increased sink was shown by O’Donnell et al. (2011): the in-
direct effect of present-day SOA was found to be +0.23Wm−2, almost equal but op-10

posite in sign to the direct radiative effect. However, O’Donnell et al. (2011) did not
consider the growth of nucleated particles by VOCs. Makkonen et al. (2012) explored
the effect of a potential increase in future BVOC emissions by a simple +50% BVOC
scenario. The resulting increased growth of sub-CCN particles lead to an increase in
cloud droplet number concentration and an additional −0.4Wm−2 total radiative forcing15

(direct+indirect effects).
While atmospheric organics are globally responsible for a large part of the aerosol

growth, they can also participate in the aerosol formation process itself. Metzger et al.
(2010) made experiments with atmospheric concentrations of sulphuric acid and or-
ganic vapours in a smog chamber and showed that the particle formation rate is pro-20

portional to the product of sulphuric acid and organic concentration, which would im-
ply a critical cluster consisting of one molecule of each. Ortega et al. (2011) showed
that the oxidation products of limonene, α-pinene, and ∆3-carene can form new parti-
cles. In addition, quantum chemical calculations indicate that initial clusters containing
limononic acid are as stable as pure sulphuric acid clusters, and that it is energetically25

more favourable to add organic acids than sulphuric acid to a cluster with one or few
sulphuric acid molecules (Ortega et al., 2011). It is clear that organic molecules have
an important role in the nucleation and growth of sub-4nm particles, but the contribution
varies from a location to another (Paasonen et al., 2010).
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In this study we focus on the role of BVOCs on new particle formation, aerosol
growth, cloud properties and climate. We implement biogenic emissions from two
mechanistically different vegetation models, which give BVOC emissions fields with
significant spatial differences. Also, the response of the two models to changing cli-
mate and atmospheric composition is different: the other model shows a future global5

increase of +25 % in global monoterpene emissions due to climate change, while the
other one shows a slight decrease due to CO2 inhibition. We also explore the effect of
several proposed boundary layer nucleation mechanisms.

2 Methods

2.1 The ECHAM5.5-HAM2 model10

We use the global aerosol-climate model ECHAM5.5-HAM2 (Zhang et al., 2012) cou-
pled to cloud droplet activation model (Lohmann et al., 2007). The cloud droplet activa-
tion is parameterized according to Abdul-Razzak and Ghan (Abdul-Razzak and Ghan,
2000; Stier et al., 2012). The aerosol microphysics model inside ECHAM5.5-HAM2 is
M7 (Vignati et al., 2004), which includes condensation, coagulation and nucleation, and15

describes the aerosol size distribution by seven log-normal modes. The modeled com-
pounds are black carbon, organic carbon, sulfate, dust and sea salt. Nitrate aerosols
are not considered.

All model simulations are performed with fixed sea-surface temperatures and sea-ice
distribution. While one-year simulations would be enough for retrieving aerosol quan-20

tities, we integrate the model for five years to reduce model noise for cloud-related
variables (CDNC, cloud forcing). Cloud forcing is calculated as the difference between
all-sky and clear-sky top-of-atmosphere shortwave radiative fluxes. In our analysis, we
focus on concentrations of condensation nuclei (CN, dp > 3nm), cloud condensation
nuclei at 0.2 % supersaturation (CCN (0.2 %)) and cloud droplet number (CDNC). We25
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further diagnose the change in cloud albedo, ∆Rc, as (Twomey, 1991)

∆Rc = Rc(1−Rc)/3ln
(

CDNC
CDNCREF

)
, (1)

where Rc is the initial cloud albedo (assumed 0.35), CDNCREF is the reference con-
centration and CDNC is the perturbed concentration. The CDNC used in Eq. (1) is
sampled at the cloud top. The above equation is used to analyze changes since the5

pre-industrial period (∆Rc1750, CDNCREF = CDNC1750) and also changes in the cloud
albedo between present-day and future (∆Rc2000, CDNCREF = CDNC2000). Change in
the low-cloud fraction, ∆LCF, is used to diagnose indirect effects beyond the cloud
albedo effect.

2.1.1 Aerosol nucleation10

The binary sulphuric acid-water nucleation (Vehkamäki et al., 2002) is included in all
simulations. This formulation produces a band of particles in the upper troposphere-
lower stratosphere (UTLS). It has been shown that binary sulphuric acid-water nucle-
ation is not able to explain the observed number concentrations in lower atmosphere
(Spracklen et al., 2006; Makkonen et al., 2009).15

Several global models (Spracklen et al., 2006; Makkonen et al., 2009; Pierce and
Adams, 2009; Wang and Penner, 2009) have implemented activation-type nucleation
(Kulmala et al., 2006) to provide a source of new particles in the boundary layer. Ac-
cording to the theory, sulphuric acid activates sub-2 nanometer clusters resulting in
nucleation rate linearly dependent of sulphuric acid concentration20

J2 = ASA1[H2SO4] (2)

Spracklen et al. (2010) showed that activation-type nucleation can clearly improve
modeled particle number concentrations and intra-annual variations compared to mod-
ifications to primary emission size distributions. Here, we implement activation-type
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nucleation with the activation coefficient of ASA1 = 1.7×10−6 s−1 according to Paaso-
nen et al. (2010). Activation-type nucleation by sulphuric acid Eq. (2) is referred to as
SULACT.

To account for the effect of organics on the nucleation process, we apply two ad-
ditional nucleation schemes. The first scheme assumes that both sulphuric acid and5

organics can activate a cluster:

J2 = ASA2[H2SO4]+AORG[ORG], (3)

where [ORG] is the concentration of organic vapour participating nucleation, ASA2 =
6.1×10−7 s−1 and AORG = 0.39×10−7 s−1 (Paasonen et al., 2010). It should be noted
that the activation coefficient for sulphuric acid is 64 % lower than in Eq. (2), and that10

the activation coefficient for sulphuric acid ASA2 is 16 times higher than the activation
coefficient for organics AORG. The Eq. (3) is referred to as ORGSULACT in the paper.
The second nucleation scheme to account for organics assumes kinetic heteromolec-
ular nucleation of sulphuric acid and organics, or activation by other vapour of a cluster
containing the other15

J2 = KHET[H2SO4][ORG], (4)

where KHET = 11×10−14 s−1 (Paasonen et al., 2010). Equation (4) is referred to as
ORGSULHET in the paper. The parameterisations in Eqs. (3) and (4) are based on or-
ganic vapour concentration [ORG] analyzed from observed particle growth rates. Our
model setup does not include marine sources of BVOC and gas phase organics are not20

transported, hence ORGSULHET does not produce nucleation in the marine boundary
layer (MBL). To further address the uncertainties in MBL nucleation, we conduct simu-
lations with activation-type nucleation (Eq. 2), but turn off nucleation in the MBL. This
experiment is referred to as SULACT TER.

Since nucleated particles are typically 1–2 nm in diameter, we apply the formulation25

by Kerminen and Kulmala (2002) to transfer the freshly formed particles to nucleation
9201
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mode as 3 nm particles. The growth of sub-3nm particles is calculated from gas-phase
sulphuric acid and organics.

2.1.2 Gas-phase organics and SOA formation

Due to the complexity of atmospheric organic chemistry, global models struggle to find
a balance between computational efficiency and realistic description of SOA. Most sim-5

plistic approaches treat SOA from VOCs as a primary aerosol with constant size distri-
bution (Stier et al., 2005). This approach can be improved by partitioning the SOA to the
existing particle population according to the condensation sink (Makkonen et al., 2009).
Further complexity can be added with two-product SOA formation models (O’Donnell
et al., 2011; Yu, 2011) or volatility basis-set (VBS) approach (Donahue et al., 2011;10

Riipinen et al., 2011). However, thermodynamic partitioning of SOA only increases or-
ganic mass in sizes with organics available, and is not able to explaing the growth of
small particles (O’Donnell et al., 2011). The VBS approach contains several unknown
parameters and does not necessarily improve the modeled SOA distribution.

In this paper we apply a similar approach to Makkonen et al. (2009). Monoterpenes15

from biogenic emissions are assumed to be evenly distributed to the boundary layer.
We assume that the monoterpenes form SOA with a yield of 15 %. This organic mass is
assumed to condense irreversibly to the aerosol phase during one timestep (20 min),
and no organics are traced in the gas phase. We further assume that 50 % of the
organics cabable of forming SOA can contribute to the nucleation process ([ORG] in20

Eqs. 3 and 4).

2.2 Aerosol and precursor emissions

2.2.1 Biogenic VOC emissions

We use two models for biogenic VOC emissions: MEGAN2 (Guenther et al.,
2006) and LPJ-GUESS (Schurgers et al., 2009). Only monoterpene emissions25
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are taken into account. The two models cover a wide range in terms of annual
global monoterpene emissions for present-day, from 30 Tg(C)yr−1 (LPJ-GUESS) to
81 Tg(C)yr−1 (MEGAN2). The range of global monoterpene emissions in literature is
30–128 Tg(C)yr−1 (Arneth et al., 2008; Schurgers et al., 2009). The spatial distributions
of the two emission fields shown in Fig. 1 are very dissimilar in the year 2000: MEGAN25

emissions are higher in the tropics and high latitudes, but LPJ-GUESS predicts higher
emissions between 25◦ N and 55◦ N.

The two models have a distinct behaviour in the timescale from the year 1750 to the
year 2100. The monoterpene emissions in MEGAN2 model respond to the increase
in air temperature, resulting in an increase of +26% by the year 2100. In contrast, the10

LPJ-GUESS model assumes that the leaf foliage responds to the increase in the air
temperature and atmospheric CO2 concentration, resulting in a slight net decrease in
monoterpene emissions by 2100. The diverse response of the two BVOC models to
climate change and changes in the atmospheric burden of CO2 leads to a factor of 3.5
difference in global monoterpene emission in the year 2100.15

The vegetation distribution and climate used to obtain BVOC emissions are different
between MEGAN2 and LPJ-GUESS. The MEGAN2 model uses NCAR CCSM3 climate
model and A1 SRES future scenario, whereas the LPJ-GUESS model was driven by
HadCM3 climate model with A2 SRES future scenario. For the purpose of this study,
the inconsistencies are of minor importance.20

LPJ-GUESS is a dynamic vegetation modelling framework to simulate response
of global natural vegetation patterns and ecosystem carbon and water balances to
a changing environment. Isoprene and monoterpene production is calculated by adopt-
ing the process-based emission algorithm of Niinemets et al. (1999) which infers the
effects of temperature and light on emissions from the electron requirement for iso-25

prene production. The model takes into consideration the direct and indirect process-
response of BVOC emissions to changing climate and CO2 concentration: leaf BVOC
emissions are stimulated in a future environment in response to warmer tempera-
tures, which fosters also leaf photosynthesis rates in most regions. Moreover, warmer
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temperatures and CO2-fertilisation of photosynthesis lead to enhanced vegetation pro-
ductivity and leaf area, which also fosters BVOC emissions. At the same time, higher
CO2 concentrations are assumed to inhibit production of terpenoids; even though the
underlying leaf metabolic mechanism is not yet fully understood, this effect has been
observed in a number of studies on isoprene emitting plants (for an overview see Fig. 65

in Arneth et al., 2011). Due to limiting experimental evidence, whether or not a similar
response occurs in monoterpene producing species, especially in species that emit
from storage, is to date not confirmed.

MEGAN2 is a flexible biogenic emissions modeling framework that estimates emis-
sions of about 150 chemical species, including 41 monoterpenes, from urban, agricul-10

tural and wildland ecosystems. The meteorology and landcover controlling variables
can be obtained from coupled dynamic models or input from offline sources. Emission
capacities can be PFT-based or from gridded maps that account for variations in plant
species distributions. For this study, MEGAN2 was run offline using NCAR CCSM3
climate and satellite observations of landcover (PFT and Leaf Area Index). MEGAN215

isoprene and monoterpene emissions are based on a simple mechanistic model that
considers the major processes controlling variations in these emissions. This includes
a light response that is based on electron transport and a temperature response based
on enzymatic activity (Guenther et al., 1991). MEGAN2 also accounts for the influence
of leaf age, soil moisture and the temperature and light environment of the past 2 to20

10 days on isoprene and monoterpene emissions are also accounted for by MEGAN2
(Guenther et al., 2006). The MEGAN2 version used for this study predicts lower global
monoterpene emission (81 Tg(C)yr−1) than the earlier MEGAN used with ECHAM5-
HAM (127 Tg(C)yr−1, Stier et al., 2005).

An additional present-day sensitivity simulation is conducted with BVOC emissions25

set to zero, in order to study the effect of BVOC to OC and CCN concentrations.
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2.2.2 Other natural emissions

The emissions of mineral dust, sea salt and DMS are calculated online depending on
surface properties and wind speed. Hence, these natural emissions can have a loca-
tion dependent annual pattern. Also, the natural emissions can change between ex-
periments (pre-industrial, present-day, future) with changing meteorology, although the5

fixed sea-surface temperature should hold the overall climate in present-day conditions.
Mineral dust is emitted according to Tegen et al. (2002) with modifications by Cheng

et al. (2008). We apply the sea salt emission scheme by Guelle et al. (2001). The
emissions from continuous and explosive volcanoes are prescribed for present-day
conditions in all simulations, according to Stier et al. (2005).10

2.2.3 Anthropogenic emissions

We consider the anthropogenic emissions of sulphur dioxide and primary OC and BC
aerosols. The sulphur dioxide emissions are divided between high-elevation (industry,
powerplant, shipping) and low-elevation (domestic, road, off-road) emissions. The ap-
plied emission inventories include only aerosol mass, which has to be converted to15

aerosol number concentrations. It is assumed that 2.5 % of the emitted gaseous sul-
phur dioxide partitions to aerosol phase in subgrid-scale processes, and this sulfate
is assumed to form Aitken, accumulation and coarse mode partices according to Stier
et al. (2005). This approach for subgrid-scale sulfate conversion adds very little particle
number into a grid box.20

The primary aerosol emission size distribution assumed here is identical to Stier
et al. (2005). The number mean radius of r̂ = 0.03µm a standard deviation of σ = 1.59
is assumed for black carbon and organic carbon emissions from fossil-fuel and biofuel.
Wildfires are assumed to emit larger carbonaceous particles of radius r̂ = 0.075µm
(σ = 1.59). The primary emissions sizes used by Stier et al. (2005) are larger than25

the AeroCom recommendations (Dentener et al., 2006), however the recommenda-
tions are constructed based on measurements of rather freshly-emitted particles and
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might not be suitable for global model grids of size > 200×200km. The anthropogenic
emissions do not include any intra-annual variation.

The anthropogenic emissions for the year 1750 are taken from the AeroCom dataset
presented in Dentener et al. (2006). Although coal burning made a minor contribution
already in the pre-industrial era, the emissions from fossil fuels are neglected in the5

dataset. Anthropogenic emissions of BC, POM and SO2 from biofuel are 0.39, 1.56
and 0.12 Tgyr−1, respectively.

The present-day emissions follow AeroCom recommendations (Dentener et al.,
2006), applied according to Stier et al. (2005). The emissions of BC, POM and SO2

from biofuels are 1.6, 9.1 and 9.6 Tgyr−1, respectively. Fossil fuels contribute by 3.0,10

3.2 and 54 Tgyr−1 for BC, POM and SO2, respectively.
For the future experiments, we apply the “Representative Concentration Pathways”

(RCP), which are scenarios developed for IPCC AR5 (Moss et al., 2010; Lamarque
et al., 2011). We use three of the four available scenarios: RCP-2.6 (van Vuuren et al.,
2007), RCP-4.5 (Clarke et al., 2007; Smith and Wigley, 2006; Wise et al., 2009) and15

RCP-8.5 (Riahi et al., 2007). The scenarios vary greatly in terms of the radiative forc-
ing during the 21st century: in RCP-2.6 the radiative forcing peaks at 3.0 Wm−2 before
2050 and declines to 2.6 Wm−2 by 2100, whereas in RCP-8.5 it continues to increase
rapidly until 2100 reaching a value 8.5 Wm−2. In spite of the variability in the radiative
forcing, many aerosol related emissions behave rather similarly between the pathways.20

The SO2 emissions show a decrease by 77 %, 79 % and 88 % until the year 2100 com-
pared to the year 2000 in RCP-8.5, RCP-4.5 and RCP-2.6, respectively. The reductions
in black carbon and organic carbon are more subtle, ranging from 45 % (RCP-8.5) to
57 % (RCP-2.6) for BC and from 29 % (RCP-2.6) to 46 % (RCP-4.5) for OC.

The anthropogenic influence on wildfire emissions is taken into account. Wildfire25

emissions are modeled according to AeroCom for pre-industrial and present-day (Den-
tener et al., 2006), and according to each RCP pathway for the future.
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2.3 Experimental setup

We will focus on experiments SULACT and ORGSULACT, which are simulated
with each anthropogenic emission scenario and both BVOC emission datasets. The
ORGSULHET and SULACT TER simulations are only done using MEGAN2 emissions,
to address the increase in future BVOCs. To further reduce the number of simulations,5

ORGSULHET and SULACT TER are only simulated with the RCP-2.6 emission sce-
nario (lowest SO2 emission in the year 2100). Results from binary nucleation (BINARY)
experiments are presented mainly as a reference, to separate the effect of boundary
layer nucleation.

3 Results and discussion10

In this section we will first show the performance of the model in present-day conditions,
together with comparisons to observations. Second, we show the effect of nucleation
mechanism and chosen BVOC emission scenario on CCN. Finally, we focus on the
effect of nucleation and organics on climate.

3.1 Comparison of modeled number concentrations to observations15

The model is not nudged against observed meteorology, hence the comparison against
field observations is rather qualitative. Still, the model could be expected to produce the
observed annual cycle and average concentrations to some extent. The comparison of
monthly averages is done against five years of model data and several years of ob-
servational data. However, the actual number of observational data for an individual20

month might be low. Even nudging the model would not render the model exactly to the
observed meteorology, and the nudging can slow down winds (Timmreck and Schulz,
2004). The model uses aerosol and precursor emissions for the year 2000, which are
both highly uncertain and might not capture the observed events in several locations.
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Certain areas might have a strong intra-annual variation in the anthropogenic emis-
sions (due to e.g. heating in wintertime), which is lacking in the model.

Figure 2 and Table 1 show model results for the present-day model experiments com-
pared to 7 sites. The observational data are from Spracklen et al. (2010). In all loca-
tions, primary emissions with binary nucleation (BINACT, blue lines) produces consid-5

erably lower concentrations than the other nucleation mechanisms. Binary nucleation
also underestimates the CN concentrations compared to observations, especially in
summertime. The additional boundary-layer nucleation scheme produces even 5 to 10
fold higher concentrations compared to binary nucleation. Activation-type nucleation
including both organics and sulphuric acid (ORGSULACT) produces systematically10

lower number concentrations than activation nucleation based purely on sulphuric acid
(SULACT). This is the result of of two factors. Firstly, the activation coefficient for sul-
phuric acid in ORGSULACT (Eq. 3) is lower than in SULACT (Eq. 2) to compensate
for the additional particle formation from organics. Secondly, the organics available for
nucleation (see Sect. 2.1.2) are about an order of magnitude lower than the concen-15

trations used in Paasonen et al. (2010), with the exception of Hyytiälä where organics
are rather close to observed.

The normalized mean bias (NMB) in Table 2, calculated over n stations as 100×∑n
i=1(Si −Oi )/

∑n
i=1Oi (Si is the simulated 5-yr average, Oi is the observed average),

shows that the overall underestimation of 59 % with primary emissions and binary nu-20

cleation (BINARY) is replaced by a clear overestimation of 37–38 % with activation-
type nucleation by sulphuric acid (SULACT). By turning marine nucleation off (SU-
LACT TER) has little effect on concentrations at the selected stations with the excep-
tion of Cape Grim, where SULACT TER reduces the NMB to 13 %. When organics
are taken into account in the nucleation process (ORGSULACT), the NMB over all sta-25

tions is reduced to 4–5 %. With nucleation requiring both sulphuric acid and organics
(ORGSULHET), the concentrations are underestimated by 24 %.

In addition to underestimating observed CN concentrations, the combination of bi-
nary nucleation and primary emissions is unable to explain the observed seasonal
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patterns. Figure 2 shows that binary nucleation does not respond to intra-annual vari-
ations in precursors, producing a rather flat annual pattern. The underprediction of
CN concentrations in summer months is seen also in Spracklen et al. (2010). In-
cluding boundary layer nucleation increases the correlation coefficient R2 (Table 2) of
monthly average concentrations from 0.13–0.19 (BINARY) to 0.25–0.28 with activation-5

type nucleation by sulphuric acid (SULACT) and to 0.22–0.24 with organic nucleation
(ORGSULACT). The correlations are similar to those found by Spracklen et al. (2010),
however our observational dataset is only a subset of that of Spracklen et al. (2010).

In Melpitz, sulphuric acid nucleation (SULACT, monthly R2 = 0.83, annual bias +4%)
can explain both the intra-annual variation and number concentrations. In Hyytiälä, or-10

ganic nucleation (ORGSULACT, monthly R2 = 0.22, annual bias +23%) seems to work
best, but none of the mechanisms can capture the concentration reduction during sum-
mer. In Hohenpeissenberg the sulphuric acid nucleation can explain the intra-annual
variation but concentrations are overestimated, possibly by too high modeled sulphuric
acid concentrations. In Po Valley the simulations are barely able to produce half of15

the observed concentration, however, the coarse grid size of the model is not able to
capture the orographic features of the site. Perhaps due to lack of sufficient data from
Tomsk and Listvyanka, the seasonality of the observations is scattered. Although or-
ganic nucleation (ORGSULACT) captures the annual-average concentrations, none of
the nucleation schemes can reproduce the monthly variation at these two sites. The20

only coastal site in the comparison, Cape Grim, shows the effect of turning off MBL
nucleation: summertime CN concentrations are decreased from even 5000 cm−3 to
1000 cm−3, and the intra-annual profile is flattened. It seems that SULACT TER ac-
tually captures the observed average CN concentration, but primary emissions and
binary nucleation (BINARY) lead to best correlation coefficient, R2 = 0.37.25

The effect of the choice of the BVOC emission model on particle number concentra-
tions is the largest in simulations with a boundary layer nucleation scheme, when the
organic vapours can influence the growth of newly-formed particles. In simulations with
primary emissions and binary nucleation only, the ratio of organic mass in nucleation
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mode versus organic mass in Aitken mode is about 90 % lower than in simulations with
boundary layer nucleation.

As activation-type nucleation by sulphuric acid seems to overpredict particle concen-
trations rather systematically, it can be speculated whether the modeled sulphuric acid
concentrations in ECHAM5-HAM are too high, or whether the activation coefficients in5

Eq. (2) are too high to be applied globally. This would lead to an overestimation of the
sensitivity to changes in sulphuric acid emissions and finally an overestimation of the
aerosol indirect forcing. It should also be noted that the scheme for organic aerosols im-
plemented here can not represent the actual state of atmospheric organics. Our model
describes organic aerosol as primary, low volatile and non-volatile, without transport or10

aging of gas-phase organics. Also, we assume that a fraction of monoterpene oxida-
tion products represents the [ORG] in Eqs. (3) and (4), whereas in reality the particle
growth rate is not only due to monoterpenes. However, in Hyytiälä the growth rates
of 7–20 nm particles are clearly correlating with monoterpene concentrations (Yli-Juuti
et al., 2011). Altogether, the model could be overestimating the sensitivity of nucleation15

to sulphuric acid and underestimating the role of other compounds.
The above comparison shows that boundary layer nucleation is needed to explain the

CN concentrations and their annual patterns in ECHAM5.5-HAM2, which is consistent
with earlier studies (Spracklen et al., 2010). Organic nucleation (ORGSULACT) seems
to produce results closest to observations.20

3.2 Global aerosol fields

The simulated CN and CCN concentrations are shown in the Supplement (Figs. S1–
S4). Here we concentrate on the differences in aerosol concentrations arising from
different nucleation schemes and BVOC emissions.
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3.2.1 Effect of nucleation on global aerosol fields

Figure 3 shows the difference fields of CN concentrations between two different nucle-
ation mechanisms, SULACT and ORGSULACT. Since our model includes no marine
BVOC source (and no BVOC transport), the differences in marine nucleation rates be-
tween SULACT and ORGSULACT simulations are only due to difference in smaller5

sulphuric acid activation coefficient in ORGSULACT. Even with the higher BVOC emis-
sions of MEGAN2, the only areas where organic nucleation produces higher present-
day CN concentration than SULACT are Northern South America, and small patches in
Central Africa and North America. Due to the intra-annual variation in BVOC emissions,
there are also other small areas where ORGSULACT produces seasonally more par-10

ticles then SULACT. In the experiments representing future conditions with MEGAN2
emissions, the gap in the total number concentration between SULACT and ORGSU-
LACT is diminishing due to decreasing SO2 and increasing BVOC.

For CCN concentration the differences between SULACT and ORGSULACT are
more variable than for CN concentration (Fig. 4). With present-day emissions and15

MEGAN2 BVOCs, organic nucleation produces more CCN than activation-type nucle-
ation by sulphuric acid only in North America and parts of South America and Continen-
tal Asia. With LPJ-GUESS emissions, the SULACT nucleation dominates also in North
America. The organic nucleation (ORGSULACT) leads to enhanced CCN(0.2 %)/CN
ratio: the spatial distribution of nucleated particles is closer to that of growing organic20

vapours, which increases the probability of a particle to grow to CCN.
Next, let us explore the situation in the marine boundary layer (MBL). Activation-

type nucleation by sulphuric acid applied to MBL leads to a significant source of new
particles over certain ocean regions, especially in the Western Pacific. This is due to
favourable conditions in the top of the boundary layer: a peak in sulphate production25

from DMS oxidation by OH and low condensation sink. The spatial distribution of CN
concentration over oceans is similar to that of convective precipitation (Supplement,
Fig. S1), indicating the loss of condensation sink due to wet deposition. However, the
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particles nucleated in the marine boundary layer are not able to grow close to CCN
sizes before they are lost by wet deposition. Since the model is missing a source of
marine primary and secondary organics, we might underestimate not only the conden-
sation sink but also the growth of these nucleated particles. Meskhidze et al. (2011)
showed that including organic marine sources could increase the global average CCN5

over oceans from +4.0 to +4.6%. A very limited number of observations of sub-10
nanometer particles from the marine boundary layer exists, which makes it difficult to
evaluate model results or to discard any processses.

We also explored the sensitivity to MBL nucleation with an experiment SU-
LACT TER, where boundary layer nucleation is switched off from over oceans. The10

spatial CCN distributions in SULACT and SULACT TER look similar (not shown), but
as modeled CCN values over oceans are small compared to continental regions, there
are areas where the marine nucleation leads to an increase in CCN by 20–40 %. The
global average CCN(0.2 %) over oceans increases from 93 to 100 cm−3 (8 %) due to
marine nucleation. However, the spatial distribution of the CCN increase due to nucle-15

ation is rather different from that due to marine organic emissions (Meskhidze et al.,
2011), since nucleation prefers areas of low condensation sink while marine organic
emissions correlate with biogenic activity.

Langley et al. (2010) present number concentrations for July from the Northeast Pa-
cific, showing a mean CN (dp < 300nm) concentration of 500 cm−3 and CCN(0.19 %)20

concentrations ranging from 27 to 360 cm−3. Our model simulations suggest that
activation-type nucleation by sulphuric (SULACT) and even the lower activation coeffi-
cients in ORGSULACT produce too many particles in the MBL, with monthly average
CN concentrations of 2138 cm−3 and 1414 cm−3, respectively. However, it is clear that
the simulation without any nucleation in the MBL is unable to capture the CN concentra-25

tion, resulting in an average of 169 cm−3. Also, none of our simulations can reproduce
the observed range of CCN(0.2 %) concentrations in the MBL, as the monthly aver-
ages range from 22 cm−3 (MBL nucleation off) to 27 cm−3 (MBL nucleation on). Langley
et al. (2010) conclude that the biogenic marine organics are of minor importance in the
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study region, and the CCN concentration correlates well with sulphate plus methane-
sulphonic acid (MSA).

3.2.2 Effect of BVOC scheme on global aerosol fields

Figure 5 shows the effect of BVOC emission scenario on CCN concentrations. Com-
pared to LPJ-GUESS emissions, the MEGAN2 BVOC emissions lead to increased5

present-day CCN in the tropical South America, major parts of Africa, Southeast Asia,
Oceania and some boreal forest regions. When considering organic nucleation, CCN
concentrations with MEGAN2 are higher also in North America. The CCN differences
emerging from the two different BVOC models are consistent with the spatial emis-
sion patterns shown in Fig. 1, with the exception of organic nucleation results in North10

America, where LPJ-GUESS shows more BVOC emissions. The MEGAN2 emissions
are increasing the CCN(0.2 %)/CN ratio in the tropics and Northern Hemisphere high
latitudes.

Figure 6 shows histograms of CN and CCN concentrations as a function of monoter-
pene emission, calculated separately for monthly averages over each grid box. The re-15

sults are from ORGSULACT simulations with MEGAN2 (left panels) and LPJ-GUESS
(right panelss) emissions. High monoterpene emissions correlate positively with high
CCN concentrations (more pronounced with MEGAN2 emissions), which can be a re-
sult of both increased growth of sub-CCN particles and co-incidental increase in pri-
mary emissions (e.g., wild-land fires). When moving from higher to lower biogenic emis-20

sions, the CCN concentrations are clearly separeted into areas of low (0.1–10 cm−3)
and high (100–1000 cm−3) CCN concentration.

With MEGAN2 emissions, the relation between monoterpene emission and
CN concentration shows a positive correlation when the monoterpene emissions
are low (10−15−10−12 kgm−2 s−1), and a negative correlation at higher emissions25

(>10−12 kgm−2 s−1). The anticorrelation at high emission locations can be due to in-
crease in condensation sink, leading to decreased nucleation rates.
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3.3 Evolution of the regional composition of aerosols

Five regions (Asia, Europe, North America, South America and Siberia, Fig. 7) were
selected to analyze the regional differences in the evolution of aerosol composition, and
their relation to CCN(0.2 %) concentration. Figure 8 shows the total OC, BC and SO4
mass concentrations in these regions. We only consider land points of the selected5

regions. The concentrations shown in Fig. 8 are averaged from SULACT simulations.
To highlight the influence of SOA formation, results from MEGAN2 (solid-line) and LPJ-
GUESS (dashed-line) are shown separately. Also results from present-day simulations
with zero BVOC emissions is included (red dashed line).

Changes in cloud properties due to BVOC emissions can induce changes in BC and10

SO4 concentrations via altered wet deposition fluxes. Also, changes in cloudiness can
affect the in-cloud production of SO4. The results in Fig. 8 are averaged over five years
to smoothen the noise arising from these indirect effects on aerosol composition.

Common to all regions, the anthropogenic influence on SO4 concentrations is di-
minishing by the year 2100, although some variation is seen between the different15

future emission pathways. In general, future BC concentrations are decreasing from
the present-day levels, but not so much as SO4 concentrations. Also, the future emis-
sion pathways induce more variation in the BC concentrations. Finally, the evolution
of the OC concentrations shows significant variation, ranging from a decrease to pre-
industrial levels by the year 2100, or even an increase from present-day concentration20

levels. It should be noted that the we do not apply any intra-annual variation in the
anthropogenic emissions.

3.3.1 Asia

In Asia, wildfire emissions peak during the spring: in February–April in the year 2000,
and in March in the years 1750 and 2100. Only during the spring, wildfire emissions25

dominate the OC and BC concentration over fossil and biofuels. The wildfire emis-
sions will either stay near present-day levels (RCP-2.6), decrease slightly (RCP-8.5)
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or decrease close to pre-industrial levels (RCP-4.5). All future pathways show a strong
reduction in biofuel emissions, even up to 90 %, while the reduction in fossil fuel emis-
sions varies from 25 to 70 %. The effect of biogenic SOA is tampered by the increased
deposition in the rainy season. The present-day regional average monoterpene emis-
sions of MEGAN2 and LPJ-GUESS are similar in Asia. However, in the year 2100, the5

summertime monoterpene emissions of MEGAN2 are up to 30–40 % higher than those
of LPJ-GUESS. Enhanced future BSOA formation can be seen as a difference in the
OC concentrations between MEGAN2 and LPJ-GUESS. Although the contribution of
biogenic SOA to total OA is increased in the future, the difference in CCN concentration
between MEGAN2 and LPJ-GUESS is almost indistinguishable in Fig. 8. The BVOC10

emissions of LPJ-GUESS are higher than MEGAN2 emissions in many areas with high
CN concentration, leading to efficient conversion of CN to CCN.

3.3.2 Siberia

In Siberia, the majority of OC and BC concentrations can be explained by wildfire emis-
sions, with some contribution to OC from the biogenic SOA formation. The Siberian15

monoterpene emissions peak in July, independent of the BVOC emission model or
simulated year. In the year 1750, the emission from wildfires were high in July–August,
and together with the SOA emission, the wildfire emission explain the intra-annual vari-
ation of OC and BC. There is some timeshift in wildfire emissions when moving to
present-day conditions, with maximum emissions reached already in June, resulting20

in a widened and shifted OC concentration. While the wintertime BC concentrations
were close to zero in the year 1750, the present-day anthropogenic emissions shift
the minimum BC concentration to about 0.02µgm−3. The 90 % reduction in Siberian
biofuel and fossil fuel emissions until the year 2100 brings the wintertime BC concentra-
tions close to zero. Interestingly, the OC and BC concentrations show two peaks in the25

year 2100, in May and July–August. The July–August maximum coincides with the pre-
industrial intra-annual pattern, and is a result of wildfire and monoterpene emissions.
The sharp peak in May is purely from wildfire emissions, and can be seen in all future

9215

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 9195–9246, 2012

BVOC-aerosol-
climate

interactions

R. Makkonen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

pathways. The monoterpene emissions of MEGAN2 are somewhat higher than those of
LPJ-GUESS in June–July, however the LPJ-GUESS shows more monoterpene emis-
sions in spring and autumn. The region is characterized by lowest continental CCN
concentrations, with summertime values peaking at only 30 cm−3 in the pre-industrial.
The anthropogenic emissions increase the present-day maximum CCN concentration5

to about 90 cm−3, and the contribution from BVOCs can be even 20 %.

3.3.3 Europe

Europe and Siberia have rather similar monthly patterns for OC and SO4, although
concentrations of SO4 over Europe are roughly twice those in Siberia. The July–August
maximum in the OC concentration is due to biogenic and wildfire emissions. Both wild-10

fire and monoterpene emissions show an increase until the year 2100. The peak in
springtime OC concentrations reflects the future increase in wildfire emissions, but the
summertime OC concentrations are decreasing due to anthropogenic emission reduc-
tions. The future SO4 concentrations are decreased close to pre-industrial values, with
even 80 % reductions in summertime. Overall, the different future pathways lead to very15

little variation in OC, BC and SO4 concentrations. MEGAN2 shows more BVOC emis-
sions in the Northern Europe, whereas LPJ-GUESS emissions are generally stronger
in the Southern Europe. On average, BVOC emissions increase the summertime CCN
by 5–10 %.

3.3.4 South America20

The majority of present-day SO2 emissions in South America are from natural sources
(volcanoes and wildfires), and the wildfire emissions have tripled since the pre-
industrial. From the five selected regions, South America shows the highest OC con-
centrations. The region is limited to the northern part of South America (15◦ N–20◦ S) to
highlight the difference in the monoterpene emissions from MEGAN2 and LPJ-GUESS:25

the present-day monoterpene emissions of MEGAN2 are more than 5 times higher than
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those of LPJ-GUESS, and the difference is even stronger in the year 2100. The effect
of the higher SOA production is seen in the OC concentrations, with 0.7–1.5 µgm−3

higher concentrations from MEGAN2 than from LPJ-GUESS in the years 1750 and
2000, and >1 µgm−3 in the year 2100. The effect of higher monoterpene emission of
MEGAN2 on the CCN concentration is visible in the present-day, and future condi-5

tions with even higher biogenic emissions lead to a difference of 10–30 cm−3 in CCN
concentration between MEGAN2 and LPJ-GUESS.

3.3.5 North America

The region of North America is characterized by a high OC concentration peak in Au-
gust, arising from overlapping wildfire emissions and biogenic SOA formation. Wildfire10

emissions are even higher during April–May in present-day conditions, but the spring-
time concentration peak is more subtle due to higher deposition rates. As seen in Fig. 1,
LPJ-GUESS estimates generally more monoterpene emissions in this region, which
can also be seen as higher CCN concentration with LPJ-GUESS. Anthropogenic emis-
sions establish a background BC concentration of 0.2 µgm−3, which is modulated by15

wildfire emissions in spring and late summer. The present-day SO2 emissions are dom-
inated by power generation and industrial sources.

3.4 Global aerosol number concentrations

Table 3 summarizes simulated global average concentrations of CN, CCN and cloud
droplet number. Activation-type nucleation by sulphuric acid (SULACT) leads to highest20

CCN concentrations in all the experiments. Comparing SULACT and ORGSULACT
simulations, the differences in CCN concentrations due to the nucleation scheme are
of similar magnitude as differences due to the BVOC scheme.

Compared to LPJ-GUESS, the higher BVOC emissions of MEGAN2 provide more
growth for existing particles and, in the case of organic nucleation, increased nucle-25

ation rates. On a global average, MEGAN2 emissions seem to lead to higher CN
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concentrations than LPJ-GUESS: 0–0.3 % with sulphuric acid nucleation (SULACT)
and 0.6–1.1 % with organic nucleation (ORGSULACT). In the case of binary nucle-
ation, the CN concentrations with MEGAN2 are slightly lowered (< 1%) compared to
LPJ-GUESS.

The higher particle growth rates with MEGAN2 increase the likelyhood of small5

particles to reach CCN sizes. Our simulations show that the ratio CCN(0.2 %)/CN
is increased globally by 2–5 % with MEGAN2 emissions, compared to LPJ-GUESS.
The increase of the ratio CCN(0.2 %)/CN is more pronounced with organic nucleation
(ORGSULACT), as the spatial distribution of nucleated particles is more correlated with
BVOC emissions than in SULACT simulations.10

Simulations using MEGAN2 BVOC emissions produce always higher global average
CCN(0.2 %) concentration compared to simulations using LPJ-GUESS BVOC emis-
sions. In the present-day, MEGAN2 leads to 2–3 % higher CCN(0.2 %) concentration
than LPJ-GUESS, depending on the boundary layer nucleation scheme. The difference
in the two BVOC emission scenarios increases until the year 2100, as MEGAN2 pre-15

dicts an increase in BVOC due to warmer climate and LPJ-GUESS a decrease due to
CO2 inhibition. This results in a 3–5 % difference in the CCN(0.2 %) concentration be-
tween MEGAN2 and LPJ-GUESS in the year 2100. Increased availability of condens-
able organics has less effect on CCN concentration in simulations having only binary
nucleation, since most of the boundary layer particles are from primary emissions and20

already close to the CCN sizes.
With activation-type nucleation by sulphuric acid (SULACT) and LPJ-GUESS emis-

sions for BVOC, the decrease in CCN(0.2 %) concentration from present-day to the
year 2100 ranges from 35 % to 41 %. Using MEGAN2 BVOC emissions with an in-
crease of BVOCs by 2100, the decrease in CCN is weakened, and ranges from 3425

to 40 %. Similarly with organic nucleation, MEGAN2 BVOC emissions weaken the
CCN concentration decrease from 34–40 % (as simulated with LPJ-GUESS) to 33–
39 %. The increase in future BVOC emission moderates the loss in CCN concentration
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between the years 2000 and 2100, being indicative of the effect of the BVOC-aerosol
feedback.

In the study by Wang and Penner (2009), binary nucleation together with primary
emissions produced a CCN(0.2 %) concentration of 160 cm−3, while the addition of
activation-type nucleation increased the CCN(0.2 %) concentration to 169 cm−3 (+6%).5

Pierce and Adams (2009) found a 12 % variation in boundary layer CCN(0.2 %) con-
centration due to nucleation parameterizations. Our simulations show a slightly higher
sensitivity of 18–19 % to including boundary nucleation.

While the continental CCN(1.0 %) concentrations simulated in this study are similar
to those found by Merikanto et al. (2009), the continental CCN(0.2 %) concentration10

of 197 cm−3 from our simulations is less than half of the 461 cm−3 in Merikanto et al.
(2009). The mismatch in CCN(0.2 %) concentrations could indicate less effective parti-
cle growth in our model, or a numerical difficulty of obtaining CCN(0.2 %) concentration
from the modal setup of our model: the activation radii for the supersaturation of 0.2 %
lies often in the tail of the Aitken mode, hence integrating CCN(0.2 %) includes the15

concentration minimum between Aitken and accumulation modes.

3.5 Cloud properties and radiative forcings

3.5.1 Cloud droplet number concentrations

The CDNC in Table 3 are sampled at cloud-top. Although the aerosol growth by BVOCs
is modeled only in the boundary layer, the increased transported particle number and20

mass can certainly affect CDNC higher up in the atmosphere. Figure 9 shows the ver-
tical variation in CDNC due to the two BVOC emission schemes. MEGAN2 leads even
up to 3 % higher global average CDNC between the surface and 2000 m altitude than
LPJ-GUESS. Generally, the increase in CDNC is more pronounced with organic nucle-
ation, when the BVOCs have a direct effect on number concentrations. It seems that25

the effect of MEGAN2 BVOCs on CDNC is strongest with the future RCP-8.5 scenario,
possibly due to the spatial distribution of the anthropogenic emissions in RCP-8.5.
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Including boundary layer nucleation in the model increases CDNC by 8–32 %.
Activation-type nucleation by sulphuric acid (SULACT) leads to highest concentrations,
predicting 1–2 % more CDNC than organic nucleation (ORGSULACT) in all time peri-
ods.

The global average CCN concentration is sometimes used to draw rather direct con-5

clusions on the cloud properties, but as indicated in Table 3, different CCN pertur-
bations have variable effects on CDNC. We define a ratio Ract = CDNC/CCN(0.2%)
to indicate the fraction of CCN(0.2 %) that makes cloud droplets. It should be noted
that the concentrations are averaged very differently: CCN(0.2 %) is averaged over the
whole globe at an altitude of 460–1100 m, whereas the CDNC is sampled only from10

cloudy grid boxes. A minimum CDNC of 20 cm−3 is used if a cloud is formed in a model
grid box with a low particle number concentration.

The ratio Ract varies significantly between the time periods: a decrease from 0.88–
0.99 in the pre-industrial to 0.59–0.64 in the present-day, rising to 0.67–0.84 until the
year 2100. With MEGAN2 emissions, the SULACT experiments are slightly (0–1 %)15

more effective than ORGSULACT in producing CDNC from CCN(0.2 %), and vice versa
with LPJ-GUESS emissions. While nucleation has only a marginal effect on Ract, the
BVOC emissions MEGAN2 emissions lead to 1–5 % smaller Ract than LPJ-GUESS
emissions. Still, the Ract is mostly defined by the simulated time period (pre-industrial,
present-day, future). While the global CDNC in year 2100 are close to pre-industrial20

values, the future CCN concentrations can be even 37 % higher than pre-industrial.

3.5.2 Changes in cloud albedo and forcing

The low CDNC in simulations without boundary layer nucleation (BINARY) lead to
larger changes the cloud albedo (∆Rc) than observed in the SULACT and ORGSU-
LACT simulations. Similar results were shown by Merikanto et al. (2010), where the25

change in cloud albedo from the year 1850 to the year 2000 was found to be +3.97%
and +3.85% without and with boundary layer nucleation, respectively. Due to overall
lower simulated CDNC compared to Merikanto et al. (2010) (who reported CDNC at
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altitude 300–1000 m), our cloud albedo changes are more sensitive to the addition of
boundary nucleation scheme (change in cloud albedo from pre-industrial to present-
day > +4.42%). The reduction of the cloud albedo forcing (1st AIE) due to boundary
layer nucleation was also observed by Wang and Penner (2009). The largest ∆Rc for
both present-day and future is found in SULACT TER simulations, in which the aerosol5

concentrations are highly sensitive to the anthropogenic emissions, but lack the natural
background aerosol over oceans.

Considering only the main experiments SULACT and ORGSULACT, the decrease
in the cloud albedo from the year 2000 to the year 2100 is 4.1 %, 3.8 % and 3.4 %
with emission pathways RCP-2.6, RCP-4.5 and RCP-8.5, respectively. Averaged over10

all future pathways, MEGAN2 and LPJ-GUESS emissions lead to a similar change in
cloud albedo (−3.8%).

Figure 10 shows the change in shortwave cloud forcing (∆SWCF1750) and the cor-
responding change in the cloud albedo (∆Rc1750), calculated relative to pre-industrial
conditions. There is a clear separation between the present-day and future conditions,15

whereas the model results for same time period are rather similar. ∆SWCF1750 ranges
from −1.4 to −1.74Wm−2 with an average of −1.6Wm−2 in the year 2000, and from
−0.1 to −0.7Wm−2 with an average of −0.4Wm−2 in the year 2100. The average
changes in the cloud forcing and cloud albedo from the present-day to the year 2100
are +1.2Wm−2 and −4.2%, respectively.20

Some anticorrelation is visible in the present-day between the cloud albedo and cloud
forcing change: a stronger change in the cloud albedo results in a lower change in the
cloud forcing, indicating counteracting effect from e.g. the cloud cover change. How-
ever, in the future, the cloud albedo forcing and change in cloud forcing are correlating.

Figure 11 shows that the low-cloud cover, ranging from 31.6 to 32.4 %, is clearly con-25

nected to the CCN concentration in our simulations. The sensitivity of low-cloud cover
to CCN concentrations is the highest in the pre-industrial and lowest in the present-day
conditions. As shown in Table 4, there are significant differences in the change of low-
cloud cover (∆LCF), not only between different emission conditions, but also between
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nucleation mechanisms. While binary nucleation simulations show a large change in
cloud albedo since the pre-industrial period, 6.06–6.20 %, the increase in low-cloud
cover (ranging from +1.22 to +1.44%) is more modest than with boundary layer nucle-
ation included (from +1.43 to +1.84%). All SULACT and ORGSULACT experiments
show a similar change in cloud albedo, 4.45–4.49 %, and the highest (lowest) increase5

in low-cloud cover corresponds to the highest (lowest) change in shortwave cloud forc-
ing.

With the exception of SULACT experiment with RCP-4.5 emission pathway,
MEGAN2 emissions lead to a higher decrease in low-cloud cover. Averaged over all
future pathways, MEGAN2 and LPJ-GUESS emissions lead to a decrease in the low-10

cloud cover of −1.3% and −1.0%, respectively. While the global changes in the cloud
cover in Table 4 are significant, their spatial distribution is mostly lost in the internal
variation of the model. However, there is some indication that most of the cloud cover
changes take place in North America and a band extending from Europe to Siberia.
Also, the areas showing an increased cloud cover from the pre-industrial to present-15

day correlate with the areas showing a decrease in cloud cover in the future.

4 Conclusions

We have studied the role of biogenic VOC emissions and atmospheric new particle
formation in pre-industrial, present-day and future conditions. The model ECHAM5.5-
HAM2 was evaluated against field observations using present-day emissions. Simu-20

lated total aerosol number concentrations from primary emissions and binary sulphuric
acid-water nucleation were not able to capture the observed concentration levels or
their monthly variation. It was shown that activation-type nucleation by sulphuric acid
only generally overpredicted aerosol number concentrations, whereas activation-type
nucleation with sulphuric acid and organics was in a agreement with observations.25

The agreement between modeled and observed present-day aerosol concentrations
gave confidence to use the model also in pre-industrial (year 1750) and future (year
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2100) conditions. We have shown earlier (Makkonen et al., 2012) that the present-day
total radiative forcing is highly sensitive to whether atmospheric nucleation is included
in the model or not. Here, we have shown that the present-day cloud forcing is rather
insensitive to the chosen boundary layer nucleation scheme. The change in short-
wave cloud forcing from pre-industrial to present-day, calculated with several boundary5

layer nucleation schemes and the two BVOC emission models, ranged from −1.54
to −1.75Wm−2. The reduction in cloud forcing from present-day until year 2100 var-
ied from +0.99 to +1.53Wm−2, when boundary layer nucleation was included in the
model.

We applied BVOC emissions from two models, MEGAN2 and LPJ-GUESS. The10

models differed in terms of the spatial distribution of emissions and the global emis-
sion strength, by a factor of 2.7–3.5. Although the higher global emissions of MEGAN2
led to 2–3 % higher present-day CCN concentrations than LPJ-GUESS, there were
substantial differences in the spatial CCN distribution between the two BVOC models.
The future decrease in anthropogenic emissions led to a decrease in CCN concen-15

tration, but the simultaneous increase in the BVOC emissions according to MEGAN2
counteracted this decrease in CCN concentration.

The emissions of MEGAN2 led to higher CDNC in the lower troposphere than the
emissions of LPJ-GUESS, especially in the year 2100, as the CO2 inhibition in LPJ-
GUESS led to a decrease in future BVOC emission. However, the effect of BVOC on20

CDNC at cloud-top was almost indistinguishable. While the changes in cloud albedo
between present-day and future were similar between MEGAN2 and LPJ-GUESS, the
model indicated a larger future decrease in low-cloud cover with MEGAN2 emissions.
The changes in cloud cover seemed to dominate the resulting change in cloud forcing.
Averaged over the future emission pathways, LPJ-GUESS led to a change of 1.2 Wm−2

25

in the cloud forcing between years 2000 and 2100, while the change was 1.3 Wm−2

with MEGAN2 emissions. This implies that although the BVOC-aerosol-climate feed-
back would be negative with regard to CCN concentration (increased temperatures
→ increased BVOC emissions → increased CCN concentration), the indirect effects
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beyond the cloud albedo effect can have a large contribution on the resulting climate
effect. However, the magnitude, and even the sign of the feedback is likely to be very
sensitive treatment of organic vapours and to the spatial distribution of both the anthro-
pogenic emissions and BVOC emissions.

Supplementary material related to this article is available online at:5

http://www.atmos-chem-phys-discuss.net/12/9195/2012/
acpd-12-9195-2012-supplement.pdf.
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cils Formas and Vetenskapsrådet. M. K. acknowledges support from the European Research
Counsil Advanced Grant (no. 227463).

References

Abdul-Razzak, H. and Ghan, S. J.: A parameterization of aerosol activation 2. Multiple aerosol15

types, J. Geophys. Res., 105, 6837–6844, 2000. 9199
Albrecht, B. A.: Aerosol, cloud microphysics, and fractional cloudiness, Science, 245, 1227–

1230, 1989. 9196
Amiro, B., Cantin, A., Flannigan, M., and de Groot, W.: Future emissions from Canadian boreal

forest fires, Can. J. Forest Res., 39, 383–395, 2009. 919720

Andreae, M., Jones, C., and Cox, P.: Strong present-day cooling implies a hot future, Nature,
435, 1187–1190, 2005. 9197

Arneth, A., Miller, P. A., Scholze, M., Hickler, T., Schurgers, G., Smith, B., and Prentice, I. C.:
CO2 inhibition of global terrestrial isoprene emissions: potential implications for atmospheric
chemistry, Geophys. Res. Lett., 34, L18813, doi:10.1029/2007GL030615, 2007. 919725

9224

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-supplement.pdf
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-supplement.pdf
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-supplement.pdf
http://dx.doi.org/10.1029/2007GL030615


ACPD
12, 9195–9246, 2012

BVOC-aerosol-
climate

interactions

R. Makkonen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Arneth, A., Monson, R. K., Schurgers, G., Niinemets, Ü., and Palmer, P. I.: Why are estimates
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Table 1. Annual average CN concentrations (cm−3) at 7 stations. Model results are 5-
yr averages, data coverage of observations varies. Observational data is from Spracklen
et al. (2010). The model results closest to observations are emphasized. SMR = Hyytiälä,
MPZ = Melpitz, HPB = Hohenpeissenberg, TMK = Tomsk, LVA = Listvyanka, PVL = Po Valley,
CGR = Cape Grim.

SMR MPZ HPB TMK LVA PVL CGR

Observation 2299 5063 2935 2542 4156 11 610 1215
BINARY 858 2264 2136 1290 1377 1584 400
SULACT 3450 5258 4744 3737 3852 5661 3156
ORGSULACT 2830 4213 3800 2795 3058 4228 2129
ORGSULHET 2619 3857 3154 2613 1905 2625 749
SULACT TER 3283 5345 4705 3788 4029 5402 1119
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Table 2. Normalized mean bias (NMB) and correlation coefficient of monthly average CN con-
centrations. Model data is compared to 7 stations shown in Table 1.

MEGAN2 LPJ-GUESS
R2 NMB R2 NMB

BINARY 0.13 −59 0.19 −59
SULACT 0.28 +38 0.25 +37
ORGSULACT 0.24 +4 0.22 +5
ORGSULHET 0.14 −24 – –
SULACT TER 0.30 +13 – –
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Table 3. Annual average CN, CCN(0.2 %) and cloud droplet number concentrations from all
experiments. The CN and CCN(0.2 %) concentrations are averages over 460–1100 m above
surface layer, and CDNC is averaged over 0–2 km.

Nucleation BVOC Year 1750 Year 2000 Year 2100
mechanism emission RCP-2.6 RCP-4.5 RCP-8.5

CN-CCN-CDNC CN-CCN-CDNC CN-CCN-CDNC CN-CCN-CDNC CN-CCN-CDNC

BINARY MEGAN2 388-47-41 516-95-56 447-58-42 441-60-43 469-64-43
LPJ-GUESS 391-46-41 515-95-56 448-57-43 445-59-43 470-63-44

SULACT MEGAN2 1969-57-54 2176-113-71 2002-67-55 2092-70-56 2087-75-57
LPJ-GUESS 1971-55-54 2172-111-71 2005-66-55 2088-67-56 2092-72-56

ORGSULACT MEGAN2 1517-56-54 1670-111-69 1546-67-54 1608-69-55 1610-74-56
LPJ-GUESS 1510-55-54 1658-108-69 1528-64-54 1601-66-55 1596-71-55

ORGSULHET MEGAN2 804-51-45 931-103-61 868-62-46 – –
SULACT TER MEGAN2 826-52-46 1093-107-63 889-62-47 – –
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Table 4. Change in cloud albedo ∆Rc (%), low-cloud fraction ∆LCF (%) and shortwave cloud
forcing at top-of-atmosphere ∆SWCF (Wm−2), calculated with respect to either pre-industrial
or present-day.

Nucleation BVOC Year 2000 Year 2100
mechanism emission RCP-2.6 RCP-4.5 RCP-8.5

∆Rca ∆LCFa ∆SWCFa ∆Rcb ∆LCFb ∆SWCFb ∆Rcb ∆LCFb ∆SWCFb ∆Rcb ∆LCFb ∆SWCFb

BINARY MEGAN2 +6.06 +1.44 –1.64 –4.95 –1.13 +1.28 –4.96 –0.81 +1.14 –4.25 –1.02 +1.13
LPJ-GUESS +6.20 +1.22 –1.41 –4.89 –0.90 +1.01 –4.99 –0.99 +1.05 –4.39 –1.00 +0.95

SULACT MEGAN2 +4.49 +1.76 –1.54 –4.08 –1.48 +1.39 –3.75 –0.99 +1.11 –3.43 –1.52 +1.17
LPJ-GUESS +4.42 +1.82 –1.75 –4.05 –1.01 +1.39 –3.74 –1.13 +1.33 –3.54 –0.96 +1.08

ORGSULACT MEGAN2 +4.43 +1.74 –1.62 –4.11 –1.70 +1.53 –3.84 –1.16 +1.22 –3.40 –1.25 +1.12
LPJ-GUESS +4.45 +1.43 –1.53 –4.13 –1.01 +1.19 –3.76 –0.82 +0.99 –3.30 –1.05 +1.01

ORGSULHET MEGAN2 +5.73 +1.84 –1.62 –4.98 –1.34 +1.23 – – – – – –
SULACT TER MEGAN2 +6.33 +1.79 –1.67 –5.37 –1.60 +1.47 – – – – – –

a (Present-day)–(Pre-industrial)
b (Future)–(Present-day)
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Fig. 1. Monoterpene emission (10−11 kg m−2 s−1) from MEGAN2 and LPJ-GUESS models for
different seasons. Also shown is the difference of the two models.
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Fig. 2. Comparison of monthly average CN concentrations (cm−3) from model and observations
(black squares) at 7 stations. Simulations with different nucleation scheme are separated by
color, with solid lines for results with MEGAN2 BVOC emissions and dashed lines for LPJ-
GUESS. Observational data is from Spracklen et al. (2010).

9237

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 9195–9246, 2012

BVOC-aerosol-
climate

interactions

R. Makkonen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Makkonen, R. et al.: BVOC-aerosol-climate interactions 19
M

E
G

A
N

2

1750 2000 2100

LP
J-

G
U

E
S

S

 

−3000 −500 −100 −10 0 100 500 1000 4000

Fig. 3. Effect of nucleation scheme on CN concentration (cm−3) in the year 1750 (left panels), 2000 (center panels) and 2100 (rightpanels).
The maps are calculated as differences CN(SULACT)-CN(ORGSULACT).

M
E

G
A

N
2

1750 2000 2100

LP
J-

G
U

E
S

S

 

−200 −50 −20 5 0 5 20 50 200

Fig. 4. Effect of nucleation scheme on CCN(0.2%) concentration (cm−3) in the year 1750 (left panels), 2000 (center panels) and 2100 (right
panels). The maps are calculated as differences CCN(SULACT)-CCN(ORGSULACT).

Fig. 3. Effect of nucleation scheme on CN concentration (cm−3) in the year 1750 (left pan-
els), 2000 (center panels) and 2100 (right panels). The maps are calculated as differences
CN(SULACT)-CN(ORGSULACT).
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Fig. 3. Effect of nucleation scheme on CN concentration (cm−3) in the year 1750 (left panels), 2000 (center panels) and 2100 (rightpanels).
The maps are calculated as differences CN(SULACT)-CN(ORGSULACT).
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Fig. 4. Effect of nucleation scheme on CCN(0.2%) concentration (cm−3) in the year 1750 (left panels), 2000 (center panels) and 2100 (right
panels). The maps are calculated as differences CCN(SULACT)-CCN(ORGSULACT).

Fig. 4. Effect of nucleation scheme on CCN(0.2 %) concentration (cm−3) in the year 1750 (left
panels), 2000 (center panels) and 2100 (right panels). The maps are calculated as differences
CCN(SULACT)-CCN(ORGSULACT).
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Fig. 5. Effect of BVOC emission scheme on CCN concentration (cm−3) in the year 1750 (left panels), 2000 (center panels) and 2100 (right
panels). The maps are calculated as differences CCN(MEGAN2)-CCN(LPJ-GUESS).

Fig. 5. Effect of BVOC emission scheme on CCN(0.2 %) concentration (cm−3) in the year 1750
(left panels), 2000 (center panels) and 2100 (right panels). The maps are calculated as differ-
ences CCN(MEGAN2)-CCN(LPJ-GUESS).
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Fig. 6. 2-D histograms (density plots) of the monoterpene emission (x-axis) versus CN concentration (upper panels) and CCN(0.2%)
concentration (lower panels). The histograms are calculated from monthly averages for each model grid box over land surface and the
maximum value is scaled to unity. Surface level aerosol number concentrations are calculated from 5 years of model simulation.

Fig. 6. 2-D histograms (density plots) of the monoterpene emission (x-axis) versus CN con-
centration (upper panels) and CCN(0.2 %) concentration (lower panels). The histograms are
calculated from monthly averages for each model grid box over land surface and the maximum
value is scaled to unity. Surface level aerosol number concentrations are calculated from 5 yr
of model simulation.
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Fig. 7. Regions used for analysis in Fig. 8.Fig. 7. Regions used for analysis in Fig. 8.
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Fig. 8. Monthly average concentrations of OC, BC, SO4 (µg m−3) and CCN(0.2%) (cm−3) in 5 areas defined in Fig. 7. Color indicates
the time period: 1750 (green), 2000 (red) and 2100 (RCP-2.6=light blue, RCP-4.5=dark blue, RCP-8.5=magenta). BVOC emissions of
MEGAN2 (solid lines) and LPJ-GUESS are plotted separately. For present-day, the results from zero BVOC emission simulation are shown
(dotted red line).

Fig. 8. Monthly average concentrations of OC, BC, SO4 (µgm−3) and CCN(0.2 %) (cm−3)
in 5 areas defined in Fig. 7. Color indicates the time period: 1750 (green), 2000 (red) and
2100 (RCP-2.6 = light blue, RCP-4.5 = dark blue, RCP-8.5 = magenta). BVOC emissions of
MEGAN2 (solid lines) and LPJ-GUESS are plotted separately. For present-day, the results
from zero BVOC emission simulation are shown (dotted red line).

9243

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/9195/2012/acpd-12-9195-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 9195–9246, 2012

BVOC-aerosol-
climate

interactions

R. Makkonen et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

24 Makkonen, R. et al.: BVOC-aerosol-climate interactions

0.99 1 1.01 1.02 1.03 1.04 1.05
0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000
H
e
ig
h
t
(m

)

CDNC
MEGAN2

/ CDNC
LPJ−GUESS

Year

1750

2000

2100 (RCP-2.6)

2100 (RCP-4.5)

2100 (RCP-8.5)

Fig. 9. Vertical profiles of global average CDNC ratio with BVOC emissions from MEGAN2 and LPJ-GUESS. Results are averaged over
the SULACT and ORGSULACT experiments.

Fig. 9. Vertical profiles of global average CDNC ratio with BVOC emissions from MEGAN2 and
LPJ-GUESS. Results are averaged over the SULACT and ORGSULACT experiments.
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Fig. 10. Change in the cloud forcing∆SWCF1750 (W m−2) plotted against the change to cloud albedo∆Rc1750 (%). Changes are relative
to the year 1750.

Fig. 10. Change in the cloud forcing ∆SWCF1750 (Wm−2) plotted against the change to cloud
albedo ∆Rc1750 (%). Changes are relative to the year 1750.
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Fig. 11. Global average CCN(0.2%) (cm−3) versus global average low-cloud fraction from all simulations and time periods. Grey lines are
drawn to show the separation of the years 1750, 2000 and 2100.

Fig. 11. Global average CCN(0.2 %) (cm−3) versus global average low-cloud fraction from all
simulations and time periods. Grey lines are drawn to show the separation of the years 1750,
2000 and 2100.
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