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Abstract. Accurate estimates of emissions from natural
sources are needed for reliable predictions of ozone and fine
particulate matter (PM2.5) using air quality models. In this
study, the large-scale atmospheric chemistry transport model,
DEHM (the Danish Eulerian Hemispheric Model) is further
developed, evaluated and applied to study and quantify the
contributions of natural emissions of VOCs, NOx, NH3, SO2,
CH4, PM, CO and sea salt to the concentration of ozone and
formation of PM2.5 for the year 2006. Natural source cate-
gories adopted in the recent model are vegetation, lightning,
soils, wild animals and oceans. In this study, the model has
been further developed to include more Biogenic Volatile Or-
ganic Compounds (BVOCs) and to implement a scheme for
secondary organic aerosols as well as an updated descrip-
tion of sea-salt emissions. Our simulations indicate that in
the Northern Hemisphere the contribution from natural emis-
sions to the average annual ozone mixing ratios over land is
between 4–30 ppbV. Among the natural emissions, BVOCs
are found to be the most significant contributors to ozone for-
mation in 2006, enhancing the average ozone mixing ratio by
about 11 % over the land areas of the Northern Hemisphere.
The relative contribution of all the natural emissions to ozone
is found to be highest in the northern part of South Amer-
ica by about 42 %. Similarly, the highest contribution of all
the natural sources to total fine particles over land is found
to be in South America by about 74 % and sea-salt aerosols
demonstrated to play the most important role. However, over
the rest of the regions in the model domain the largest contri-
bution from the natural sources to PM2.5 in the specific year
2006 is due to wildfires. The contribution from natural emis-

sions to the mean PM2.5 concentration over the land areas in
the model domain is about 34 %.

1 Introduction

The contributions of various anthropogenic sources to air
pollution levels have been a key issue in decades for policy
development and regulation (Brandt et al., 2013a, b). In ad-
dition to these sources, natural emissions play an important
role in determining ambient levels of harmful atmospheric
pollutants, especially for tropospheric ozone and particulate
matter (PM). In some cases natural emissions are even es-
timated to far exceed anthropogenic emissions (Olivier et
al., 1996; Guenther et al., 1995). For instance, Guenther
et al. (2012) estimated the annual global emissions of bio-
genic non-methane volatile organic compounds (BVOCs) to
be 1000 Tg. This value represents about 88 % of total Non-
Methane Volatile Organic Compound (NMVOC) emissions
(Lamarque et al., 2010). Moreover, natural sources have be-
come more important with the ongoing reductions of anthro-
pogenic emissions and will be even more significant in the
future in connection with planning of abatement strategies.
Furthermore, since emission rates of natural sources often
depend strongly on meteorological conditions (e.g. tempera-
ture and wind speed); their contributions to air pollution lev-
els are expected to change in the future with a changing cli-
mate (Heald et al., 2008; Jiang et al., 2010; Hedegaard et al.,
2008, 2012, 2013). Although efforts have been carried out to
investigate and quantify natural emissions, the uncertainties
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and gaps with regard to these emissions are still quite large
(Williams et al., 2013; Schultz et al., 2008; Guenther et al.,
1995, 2012). For instance, Simpson et al. (1999) reported an
uncertainty within a factor of 3–5 associated with estimation
of some natural emissions in Europe. Therefore, improve-
ment of our understanding of natural emissions and quan-
tifying their contribution to present and future air pollution
levels has been defined as an important field of research in
the air pollution modeling community.

In recent years, the relative roles of natural sources in
determining air pollution levels have been investigated us-
ing various methods; including chemical analysis of particles
sampled from the air (e.g. Weijers et al., 2011), meteorolog-
ical satellite measurements (e.g. Streets et al., 2009) and at-
mospheric modeling (e.g. Sartelet et al., 2012).

Modelling studies have been conducted to identify the rel-
ative contributions of different natural sources with differ-
ent techniques of tracking or extracting the source contribu-
tions. Mueller and Mallard (2011), for instance, determined
the specific impacts of lightning and wildfires on ozone mix-
ing ratios over the United States using the CMAQ (Commu-
nity Multiscale Air Quality) model. They found that wildfire
emissions can add more than 50 ppbV (in some cases > 90 %)
to 8 h ozone mixing ratios from natural sources in the west-
ern US, and lightning contributes significantly to ozone lev-
els in the southeastern US up to 25–30 ppbV (or up to about
50 %) to 8 h ozone mixing ratios. However, using the same
chemistry transport model (CTM), Koo et al. (2010) found
annual average of natural background ozone mixing ratios
increase by up to 4 ppbV over the southeastern US due to
added NO from lightning. Other modelling studies have also
investigated the contribution from other natural sources such
as biogenic emissions on ozone and PM concentrations over
Europe and North America (Zare et al., 2012; Sartelet et al.,
2012). Curci et al. (2009), for instance, demonstrated that
BVOC emissions lead to an enhancement of average sum-
mer daily ozone maxima over Europe by 2.5 ppbv (5 %).

In general, most modelling studies that have been done to
investigate the role of emissions from natural sources are on
the local or regional scales (Kaynak et al., 2008; Allen et al.,
2012; Bossioli et al., 2012; Delon et al., 2008; Barnaba et al.,
2011). More examples are studies on the role of agricultural
ammonia emissions on the fine PM (PM2.5) formation that
have be done on North Carolina (Wu et al., 2008) and North
America (Makar et al., 2009).

The primary objective of this modelling study is to quan-
tify and assess the contributions from most natural emis-
sions to ozone and fine particle concentrations particularly
on a larger scale (covering more than the Northern Hemi-
sphere). Despite the fact that some previous studies have ex-
amined the contribution of natural emissions on the global
scale, they mostly focused on only one of the sources, e.g.
wildfires (Jaffe and Wigder, 2012), lightning (Stockwell et
al., 1999) and soil biogenic NO emission (Steinkamp et al.,
2009). In this study, the individual contributions of the dif-

ferent kinds of natural emissions of NMVOCs, NOx, NH3,
SO2, CH4, PM, CO, and sea salt to the total air pollution
levels have been investigated for the specific year 2006. In
addition, using the same air quality model gives us the abil-
ity to assess and compare the relative importance of natural
sources with respect to the production of ozone and fine PM
over the model domain, as well as in different regions of the
Northern Hemisphere for this year.

In order to carry out a thorough investigation of natu-
ral emissions, we need to further develop the description of
emissions from various sources adopted in the applied long-
range chemistry transport model DEHM (the Danish Eule-
rian Hemispheric Model). Prior to our modifications, DEHM
includes natural emissions of nitrogen oxides from soil and
lightning activities, ammonia from soils, oceans, and wild
animals, isoprene (among NMVOCs) from vegetation, many
species from wildfires, and sea salt. Previous evaluations of
the DEHM simulations against available measurements, re-
garding both anthropogenic and some natural sources have
shown satisfying results for different chemical species, in-
cluding ozone (Brandt et al., 2012; Zare et al., 2012; So-
lazzo et al., 2012a, b, 2013). However, in this study DEHM
has been further developed to include more natural emissions
of BVOCs and a scheme for describing Secondary Organic
Aerosols (SOAs). Moreover, the parameterisation used for
estimating sea-salt generation has been modified to contain
additional features. Evaluation of the modelled total fine PM,
against observations, is conducted for both the previous and
new model versions to assess improvement of the model per-
formance with the updated description of natural emissions.

Brief descriptions of DEHM with focus on the schemes
for natural sources are given in the following section. Model
simulations and their evaluations with respect to measure-
ments, for the year 2006, are presented and discussed in
Sect. 3. In Sect. 4, we assess the contribution of natural emis-
sions to ozone and fine PM, and the final section contains
concluding remarks and an outlook for future studies.

2 Model description

2.1 The DEHM chemistry-transport model

The air pollution model DEHM is a 3-D large-scale Eu-
lerian atmospheric chemistry transport model with a hori-
zontal domain covering the Northern Hemisphere and parts
of the Southern Hemisphere (Christensen, 1997; Frohn,
et al., 2002; Brandt et al., 2012). The model is de-
fined on a polar stereographic projection with a reso-
lution of 150 km× 150 km true at 60◦ N. In the verti-
cal, the model uses a sigma-coordinate system including
29 irregular layers from the surface to 100 hPa. Anthro-
pogenic emissions in DEHM are included from the RCP
database (Representative Concentration Pathways) with a
0.5°× 0.5◦ resolution for the whole domain (Lamarque et
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al., 2010), except over Europe where emissions are based
on the EMEP database with a resolution of 50 km× 50 km
(Mareckova et al., 2008). Natural emissions are described in
more details in the following subsection.

Meteorological data for running the DEHM model are
derived from simulations by the mesoscale meteorological
model MM5v3.7 (Grell et al., 1994), with initial and bound-
ary conditions provided by NCEP Final Analyses (FNL) data
(1°× 1◦ spatial and 6 h temporal resolution).

2.2 Natural emissions in the DEHM model

In order to improve DEHM with a more complete descrip-
tion of natural emissions, we have extended the descrip-
tion of natural emissions with simulations of more VOC
emissions (monoterpenes) from biogenic sources and subse-
quently SOA formation from all VOC precursors. Further-
more, this revised model includes an updated sea-salt pa-
rameterisation. Methods and databases for natural emissions
from the sources, which are already implemented in DEHM,
together with those updated, are described in the following.

2.2.1 NOx from lightning

Emissions of NOx due to lightning discharges (hereafter
LNOx) in the atmosphere are derived from the Global Emis-
sions Inventory Activity (GEIA) database (http://geiacenter.
org/presentData/lightning.html). It presents the monthly and
global distributions of LNOx with a 1◦

× 1◦ resolution,
which is described by Price et al. (1997). The algorithm
estimates LNOx based on the number of lightning flashes,
the intensity of each flash, the lightning type (cloud-to-
ground vs. cloud-to-cloud) and the emission factor per flash.
The lightning frequencies are calculated using global cloud
data from ISCCP (International Satellite Cloud Climatology
Project). The global convective cloud data are provided at a
5 km× 5 km spatial and 3 hourly temporal resolution for the
period 1983–1990. The estimated LNOx inventory in DEHM
is based on an 8 yr average of these data. Price et al. (1997)
derived the global rate of cloud-to-ground (CG) flashes of
20–30 flashes s−1, while the frequency for intracloud (IC)
flashes is given as 50–70 flashes s−1. Mean energy per flash
is assumed to be 6.7 GJ for CG flashes and one tenth of this
value for IC flashes.

Using estimated NOx produced per unit energy of
10× 1016 (molecules NO J−1), Price et al. (1997) found that
the mean production rate of LNOx is 12.2 Tg N yr−1 over
the global. This estimated emission is within the range of
1–20 Tg N yr−1 globally reported in other studies; see the re-
view by Schumann and Huntrieser (2007).

2.2.2 NOx from soil

Another recognised natural source of tropospheric NOx,
which is included in DEHM, is biogenic soil emissions. The
soil emitted NOx (hereafter SNOx) fluxes are based on an

inventory by Yienger and Levy (1995), which is a function
of vegetation type, temperature and precipitation. This global
empirical model also includes dependence of the emission on
fertilizer usage for agricultural soils, pulsing (the emissions
burst following the wetting of a dry soil), biomass burning
stimulation and canopy recapture of NOx (fraction of soil
emitted NOx that is deposited within the canopy before it
is exported to the atmosphere).

Yienger and Levy (1995) calculated the emissions every
6 h for one year (1990) using temperature and precipitation
fields from a general circulation model. This empirical model
of soil-biogenic NOx emission estimates global annual value
of 5.5 TgN above the canopy, which is in reasonable agree-
ment with earlier simulations (Yienger and Levy, 1995). The
dataset used in DEHM consists of a global 1◦

× 1◦ distribu-
tion of monthly nitrogen oxide, which is also made available
through the web site of GEIA.

2.2.3 Ammonia from nature

The GEIA database also provides natural as well as anthro-
pogenic emission inventories for ammonia (NH3). However,
in this study, ammonia emissions from the anthropogenic
sources are derived from the RCP database (Lamarque et al.,
2010) to keep consistency. The GEIA dataset contains global
ammonia emissions of domestic animals, synthetic fertil-
izers, biomass burning, biofuel combustion, crops, human
population, fossil fuel combustion, industry, natural soils,
oceans, and wild animals. The last three sources are con-
sidered as natural sources of ammonia in the model. All
sources are represented globally with a 1◦

× 1◦ resolution
and monthly time resolution for the year 1990. These emis-
sion factors are reviewed from the literature by Bouwman
et al. (1997). The estimated global total ammonia emission
from all sources is 54 TgN /yr, in which contributions of the
natural sources of soils under natural vegetation and oceans
are 4 % and 15 %, respectively. Wild animals are estimated to
have a minor contribution to the global NH3 emission with
total value of 0.1 Tg N yr−1.

2.2.4 Wildfires

The emitted aerosols and trace gases from wildfires in
DEHM include BC, OC, SO2, CO, NOx, NH3, CH4
and non-methane VOCs (ethane, ethene, propane, propene,
methanol, acetaldehyde, benzene, toluene, xylene, isoprene,
and monoterpenes). Emissions of gases and carbonaceous
particles from vegetation fires are taken from the RETRO
inventory (REanalysis of the TROpospheric chemical com-
position over the past 40 years; Schultz et al., 2007). The
database provides the global emissions with 0.5◦

× 0.5◦ spa-
tial resolution and monthly time resolution over a long pe-
riod (from 1960 to 2000). The approach is based on aggre-
gated estimates of total carbon emissions. The emission rate
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of every compound is given by

E(i) = A × Enet(C) × ER(i,C) (1)

whereER is the emission ratio of compoundi relative to the
total carbon,A is the burned area andEnet is the average
amount of carbon per unit area. This emission factor and the
burned area are dependent on the geographical region and
ecosystem type. Interannual variability of emissions in the
RETRO is driven only by variations in the burned area.

In RETRO, the Regional fire model (Reg-FIRM) is used to
provide estimates of the burned area variability based on the
climate data (Venevsky et al., 2002). Schultz et al. (2008) dis-
played that the geographical distribution of monthly mean-
total carbon emissions from open fires for a particular year
are rather consistent with the values obtained by the Global
Fire Emission Database (GFEDv2; van der Werf et al., 2006),
which is based on satellite data. Inventory of GFED version
3 (van der Werf et al., 2010) provide an improved satellite-
derived estimates of burned area and fire activity for the past
decade to decrease the large uncertainty in fire emissions es-
timates. However, the RETRO dataset is used in this study,
for consistency of the DEHM version with the one used in the
study of Brandt et al. (2012), Zare et al. (2012) and Solazzo et
al. (2012a, 2013) regards to ozone concentrations. The recent
studies have thoroughly evaluated the ozone concentrations
with measurements from Europe and North America.

2.2.5 Biogenic VOCs (BVOCs)

BVOCs contribute together with nitrogen oxides to change
the ozone budget on regional and global scales. Moreover,
BVOCs play a key role in the formation of SOAs (Tsigaridis
and Kanakidou, 2003), which can appear to be the major con-
stituent of the atmospheric particulate matter over some re-
gions (Mueller and Mallard, 2011). Therefore, estimation of
BVOC as the biogenic precursors of air pollutants is signifi-
cant when aiming at quantifying impacts of the natural emis-
sions on the atmospheric pollution.

BVOCs consist of a wide variety of compounds. Among
them, isoprene is the most abundant one (Guenther et al.,
1995) and is an important species for the ozone formation
(Atkinson, 2000). In this paper, the focus is also on another
BVOC class, namely monoterpenes (MTs). MTs are isomers
of two isoprene units, i.e. they are very reactive with short
atmospheric lifetime, and as well as isoprene can contribute
to production of organic particles.

Recently, Zare et al. (2012) described an updated ver-
sion of DEHM including isoprene emissions using MEGAN
(Model of Emissions of Gases and Aerosols from Nature;
Guenther et al., 2006). MEGAN estimates an ecosystem de-
pendent emission rate of isoprene based on empirical rela-
tionships between key drivers (temperature (QT ) and radia-
tion (QPAR), leaf area index (QLAI ), foliage age (Qage) and
soil moisture (QSM)). The current study uses also PCEEA
algorithm of MEGAN to calculate hourly emission rates of

MTs. However, the model characterises the light and temper-
ature dependence of MTs based on an alternative emissions
process. MTs have the ability to be stored in the plant and
emitted from these stored pools. However, they are also emit-
ted immediately after production similar to isoprene (Laotha-
wornkitkul et al., 2009). On the canopy scale, there are com-
binations of both types of mechanisms. Therefore, the MT
emission rates (E) in MEGAN are parameterised using light-
dependence fraction (LDF):

E = E0×Qage×QT ×QLAI ×QSM (2)

× [(1− LDF) + QPAR × LDF]

in which E0 is the basal emission normalised to standard
conditions. The compound-dependent LDF shows the frac-
tion of MT emissions influenced by variations in light levels.
MEGAN calculates emission rates for seven monoterpene
compounds (alpha-pinene, beta-pinene, limonene, myrcene,
sabinene, delta3-carene and ocimene). The activity factorQT

accounts for the effect of variations in temperature on MT
emissions as described by Guenther et al. (1995):

QT = B × exp(T − Ts) (3)

whereTs is a standard temperature andB is a temperature
dependent parameter (K−1) with the value of 0.13 for MTs
(Sakulyanontvittaya et al., 2008). Other activity factors are
parameterised similar to those for isoprene.

2.2.6 Secondary organic aerosols

In this study, the DEHM model has been further developed,
by including a module for SOA treatment. We follow the idea
of the two-product approach for SOA formation described
by Chung and Seinfeld (2002). This partitioning scheme as-
sumes that parent hydrocarbons undergo oxidation via re-
action with O3, OH and NO3 and form only two semi-
volatile gas products. The empirical values of equilibrium
gas-particle partitioning coefficients and stoichiometric coef-
ficients together with the oxidation rate for VOCs are given
by Chung and Seinfeld (2002) for MTs, by Henze and Se-
infeld (2006) for isoprene, and by Tsigaridis and Kanakidou
(2003) for aromatics. The partitioning coefficients are calcu-
lated by the Clausius-Clapeyron equation and the enthalpy of
vaporization of 42 kJ mol−1 is used for all products (Chung
and Seinfeld, 2002; Hoyle et al., 2007).

The products of oxidation via OH and O3 are considered
together and oxidation with NO3 is considered only for MTs
and it is assumed to produce only one yield (Griffin et al.,
1999). The concentration of the oxidation products in the gas
phase (SOG) is calculated based on the partitioning theory
(Pankow, 1994):

SOGi,j,k = SOAi,j,k /(Ki,j,k × M0) (4)

where SOAi,j,k is the aerosol concentration of thekth prod-
uct from the reaction of hydrocarbonith and oxidantj th;
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Ki,j,k is its partitioning coefficient.M0 consists of both pri-
mary organic aerosols (POAs) and SOAs. These are calcu-
lated by an iterative approach.

This model has some limitations, e.g. it does not include
aging processes and further reactions in the gas and partic-
ulate phase. However, we use this approach in our study
because the model combines simplicity with the ability to
accurately reproduce the laboratory measurements. In this
method, POAs are considered as non-volatile, non-reactive
and only served as a surface for the condensation of SOAs.
Recently, the Volatility-Basis-Set approach (VBS) is intro-
duced for taking into account the volatility of POAs (Robin-
son et al., 2007; Donahue et al., 2006). Using VBS in recent
modelling studies has increased the amount of SOAs in pol-
luted regions, which shows a good agreement with measure-
ments in megacity environments (Hodzic et al., 2010). Since
VBS expands the 2-product model to consider many volatil-
ity bins, it is therefore not computationally advantageous for
the current assessment study with focus on the background
and natural emissions. Additionally, in this simulation, the
light absorbing and scattering properties of SOAs and the im-
pacts on the model photolysis rate are not taken into account.

2.2.7 Sea salt

Sea-salt aerosol can significantly enhance constituent of par-
ticulate matter in coastal areas (Pryor et al., 2007). In air
quality models, the generation of sea spray is described with
source functions, which parameterise sea-salt production in
terms of some variables. Parameters like wind speed, the
thermal stability of the atmospheric and ocean surface layer,
salinity and sea-water temperature can influence the flux in-
tensity and size distribution of sea spray (de Leeuw, et al.,
2000).

Currently, production of sea salt in DEHM has been mod-
elled only as a function of wind velocity at the height of 10 m
(U10). The method is derived based on a simplified parame-
terisation by Monahan et al. (1986), which calculate the pro-
duction of aerosol (P ) by:

P = 0.007× (U10)
3.14 (5)

This parameterisation considers the mechanism of bubble
bursting for sea-salt aerosol generation. Since the DEHM
model, using this module, underestimates measured sodium
concentrations, the emission algorithm has been revised to
consider a wider range of particles sizes. In the new version,
the diameter of dry particles is expanded in the range from
0.02 to 6 µm and two different parameterisation schemes are
used for calculating sea spray generation in this interval. We
use a source function from bubble-mediated presented by
Mårtensson et al. (2003) to produce flux estimates of sea salt
with dry diameter up to 1.25 µm. Mårtensson et al. (2003)
show that the sea spray generation function (F) is not only
dependent on the surface wind but also takes into account
the variation of whitecap coverage with sea water tempera-

ture (Tw) and salinity:

F = 3.84 × 10−6
× U10× (AkTw + Bk) (6)

whereAk andBk parameters show the dependence of sea-
salt flux on the aerosol size. In the new version of DEHM, the
Monahan et al. (1986) parameterisation of sea-salt emission
is used for the rest of particles with larger sizes. This sec-
ond scheme is a source function, which calculates the rate of
sea-salt droplet generation (F ) of the aerosol radius at 80 %
relative humidity (r) by:

F = 1.373× (U10)
3.14

×r−3 (7)

× (1+ 0.057r1.05) × 101.19exp(−b2)

in which b = (0.380− log(r))/0.650. The used relationship
between the dry and wet (r) radius is based on Gong et
al. (1997).

In the next section, DEHM is evaluated for both the previ-
ous and new parameterisations to investigate how much the
model is improved.

3 Updating natural emissions in DEHM

Before assessing the impact of natural sources on the air
quality levels, we have conducted a series of simulations
for monoterpenes and SOA formation using the revised ver-
sion of DEHM. The simulations of these compounds are
evaluated against the available measurements in the model
domain. Moreover, the model results with the updated sea-
salt emissions are evaluated, and performance of the revised
model is compared with that of the recent version.

3.1 Simulation of monoterpenes from vegetation

The hourly biogenic concentrations of MTs (C10H16) are
simulated by integrating MEGAN into the DEHM model.
The described MEGAN algorithm estimates emissions of all
seven MT classes on the same domain and resolution as in
DEHM. The spatial distribution of the annual MT mixing ra-
tios, which is the sum of the seven compounds is shown in
Fig. 1. The simulated mixing ratios are displayed for the year
2006 in the lowest model layer (thickness of around 12 m)
over an extended area of the Northern Hemisphere. The high-
est mixing ratios with values above 0.6 ppbV are simulated
over the tropics where large biomass densities and markedly
warm regional climate are combined. These key factors can
also explain higher mixing ratios throughout the summer-
time in the rest part of Northern Hemisphere. For instance,
Fig. 1 also shows considerable mixing ratios at higher lati-
tudes in the boreal forest areas, which are covered by conif-
erous (softwood) trees such as pines and firs with high MT
emissions in summer.

Figure 2 shows monthly emission rates (Tg month−1) for
each MT compound together with cumulative total. One can
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Table 1. Comparison of the mean (M) monoterpenes mixing ratios (ppbV) between observed and calculated data by DEHM, using the
MEGAN biogenic model, for the time periods corresponding to the measuring period at the individual sites. The evaluations for the sites in
the US and in Europe are performed using statics parameters of the correlation coefficient (Corr.) and the fractional bias (FB). H is the height
of the station above sea-level.

Location Number of observations Lat. Long. H (m) Measuring period M-Obs M- Model Corr. FB

Finland/Hyytiälä 1292 61.51◦ N 24.17◦ E 180 2006 0.26 0.23 0.85 −0.08
Belgium/ Vielsalm 2564 50.30◦ N 5.99◦ E 450 Mar–Sep 2010 0.09 0.06 0.64 −0.43
Massachusetts/ Petersham 880 42.54 N 72.17 W 340 summer 2005 0.18 0.22 0.34 0.19

Table 2. Comparison of the mean (M) monoterpenes mixing ra-
tios (ppbV) between observed and calculated data by DEHM, us-
ing MEGAN biogenic model, for the measuring period 2004–2009.
The evaluations for the 6 years individually at Thompson Farm in
Durham, New Hampshire (US) (Haase et al., 2011) are performed
using statistics of the correlation coefficient (Corr.) and the frac-
tional bias (FB).

Measuring Number of M-Obs M- Model Corr. FB
period observations

2004 721 0.93 0.19 0.57 −1.32
2005 3602 0.88 0.15 0.69 −1.41
2006 5434 0.33 0.1 0.44 −1.09
2007 5110 0.39 0.11 0.71 −1.11
2008 6471 0.37 0.09 0.73 −1.22
2009 4075 0.36 0.10 0.52 −1.12
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0.90
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Fig. 1.Spatial distribution of the annual average monoterpenes mix-
ing ratios (ppbV) simulated by DEHM in the lowest model layer
using the MEGAN biogenic emission model for 2006.

see the emissions peak in July, which occurs due to strong
temperature dependency of MT emissions. The total annual
emission of MTs in the studied area (from 10◦ S to 90◦ N) is
estimated to 88.4 Tg, which is consistent with previous stud-
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Fig. 2. Monthly emission rates (Tg month−1) for seven monoter-
pene compounds (alpha-pinene, beta-pinene, limonene, myrcene,
sabinene, delta3-carene and ocimene), together with cumulative to-
tal (All) calculated by MEGAN, in a domain covering the Northern
Hemisphere, for 2006. Annual fluxes (Tg) of each compound are
also given.

ies of e.g. Guenther et al. (1995). This value is lower com-
pared to isoprene emissions, which has a total emission of
592 Tg year−1 in the same domain (Zare et al., 2012). With
respect to individual MTs,α-pinene shows the highest con-
tribution to the total MTs throughout the year, followed by
β-pinene and ocimene.

The evaluations of DEHM for simulated MT mixing ra-
tios against measurements from four different sites in the
US (two sites) and in Europe (two sites) are summarised
in Tables 1 and 2. In Table 1, the DEHM model results
are compared with measurements from Hyytiälä, in south-
ern Finland (61.51◦ N and 24.17◦ E, Taipale et al., 2008),
Vielsalm in Belgium (50.30◦ N and 5.99◦ E, Laffineur et al.,
2011), and Harvard Forest in Petersham, MA (42.54◦ N and
72.17◦ W, McKinney et al., 2011). These three measurement
sites are located in vegetation and/or forest zones in rural
areas. The simulations are carried out in time periods cor-
responding to the periods of measurements in the individ-
ual sites. The fourth monitoring site is located at Thompson
Farm in Durham, New Hampshire (43.10◦ N and 70.99◦ W)
where the measurements were made in open agricultural
fields from 2004 to May 2009 (Haase et al., 2011). Table 2
shows the simulations compared with observations for each
year covering the entire period at the site. At all the four
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Fig. 3. Validation of the DEHM model results of daily average
monoterpene mixing ratios against measurements from the sites in
Belgium, Finland, Massachusetts and New Hampshire for the years
2010, 2006, 2005 and 2008 respectively.

sites, the atmospheric mixing ratios of MTs are measured us-
ing the technique of proton transfer reaction mass spectrom-
etry (PTR-MS). Since PTR-MS determines only the mass of
the product ions, it is impossible to distinguish between dif-
ferent VOCs within the same mass. The signal at 137m/z

is attributed to the total mixing ratio of MT compounds
(Laffineur et al., 2011). The performance of DEHM with re-
spect to the MT mixing ratios is evaluated according to the
correlation coefficient and the fractional bias in Tables 1 and
2. However, in Fig. 3, we display the temporal variations of
the simulated mean daily MT mixing ratios against observa-
tions at the sites during their corresponding measuring peri-
ods and years; for the station in Durham, the year 2008 is
shown as an example.

The modelled mean daily mixing ratios of MTs in
Hyytiälä, Finland, show a high correlation (0.85) and a
small fractional bias (−0.08) compared with measurements.
However, the model does not capture the high mixing ratio
episode at the end of the simulation period. The model sim-

ulations are correlated with the measurements in the range
of 0.34–0.85. Although the calculated correlation coefficient
of 0.34 for the Harvard Forest site shows the timing of the
emission is quite different, in general these results for all
sites are satisfactory considering the relatively coarse model
resolution in this simulation and also difficulty in accurately
evaluation of the short-lived BVOCs against measurements.
Kanakidou et al. (2005) estimated that the uncertainties in
global terpene emissions could be as high as a factor of 5.
However, comparison of the mean mixing ratios between the
observed and calculated data in Table 1 indicates that the
simulated mixing ratios are in good agreement with the mea-
surements for these three sites. Table 2 shows that the model
underestimates MTs for the monitoring site in Durham. Un-
certainties in the emission algorithm, modelling of chemi-
cal pathways and meteorological inputs together with ex-
perimental uncertainties (McKinney et al., 2011) could re-
sult in this discrepancy. Furthermore, the underestimation of
MTs at the Durham site could be due to small MT emis-
sion factors used in MEGAN for that region. For instance,
Sakulyanontvittaya et al. (2008) showed that MT fluxes are
lower with MEGAN compared to another Biogenic Emission
Inventory System (BEIS3.0) in most regions in North Amer-
ica. However, the underestimation at this site could also be
due to stronger local sources, which cannot be captured by
the relatively course resolution of the model.

3.2 Simulation of SOA formation

Figure 4 shows monthly mean concentrations of SOA simu-
lated by DEHM for January and July 2006. The concentra-
tions are higher over the tropical rainforest, in South Amer-
ica, Africa and Southeast Asia, exceeding 1.5 µg m−3 level
during both January and July. In other words, the tropics
has just a small seasonal cycle, however, southeastern United
States and Europe are demonstrated with relatively high SOA
concentrations only in the summer time. The geographical
distribution of SOA reflects the distribution of the precursor
emission. Large concentrations of SOA in July are due to
larger biogenic emissions resulted from higher temperatures.
On the other hand, high tropical large SOA concentrations
in January are due to efficient conversion of oxidized precur-
sors to the aerosol form in wintertime. This is because the
SOA condensation is favoured at cold temperatures. In the
boreal regions in summer, monoterpenes mostly contribute
to SOA formation. Generally, we have estimated the annual
total SOA production of 5.8 Tg over the model domain. The
total global production of SOAs is a very uncertain quantity.
A range of about 2 Tg year−1 to 70 Tg year−1 of total global
SOA formation is given in previous modelling studies (Hoyle
et al. 2007; Tsigaridis and Kanakidou, 2003; Chung and Se-
infeld, 2002).

In order to study the contributions of secondary or-
ganic aerosols to the total concentrations of organic aerosols
(OA = POA + SOA), the mean annual concentrations of
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Fig. 4. The surface-layer concentrations ( µg m−3) of SOAs in January and July simulated by DEHM based on two-product approach for
SOA formation in 2006.
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Fig. 5. Geographical distributions of annual average(a) SOA and(b) POA concentrations (µg m−3) simulated by DEHM for the year 2006.
(c) shows the ratios of SOAs to total OAs (POAs+SOAs).

SOAs and POAs, together with the ratio of SOAs in the total
OA are shown in Fig. 5. We find that the largest contribution
of SOAs to the total organic aerosols (OAs) is 8 %, which oc-
curs in South America. Although this contribution is not high
considering the annual average, it becomes dominant (above
70 %) over part of the tropics and the southeastern part of the
US in the summertime (not shown). This is due to the fact

that the highest emissions of BVOCs, as SOA precursors,
occur during the summer period. The major fraction of the
total OAs over Europe and Asia, however, consists of POA.
Regards to distribution of the annual SOA concentrations, the
highest values are seen in the regions with the highest emis-
sions of precursors such as equatorial regions (Fig. 5a). How-
ever, the availability of POAs as a surface for condensation of
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Fig. 6. Spatial distribution of simulated annual average concentra-
tion (µg m−3) of OAs (primary and secondary OAs) against mea-
surements (circles) from sites in the IMPROVE network, for 2006.

SOAs also plays an important role in the distribution of SOA
concentrations. The emissions of primary organic aerosols
are considered in DEHM from fossil fuel and biofuel com-
bustion as well as biomass burning sources with a total value
of 24.4 TgC year−1. Therefore, the POA concentrations are
high in relatively polluted regions such as parts of Asia and
Europe, and regions with strong wild fires such as Africa’s
savannah and equatorial regions (Fig. 5b).

In order to evaluate the model performance, spatial and
temporal distributions of simulated OA are compared against
measurements from the ground-based network of the In-
teragency Monitoring of Protected Visual Environments
(IMPROVE) (http://http://vista.cira.colostate.edu/improve/).
Figure 6 shows that DEHM reasonably reproduces the ob-
served spatial distribution of OAs over North America with
higher values over the eastern part. However, an underesti-
mation of OA concentration is found at a number of sites.
The annual mean value for all stations is estimated to be
0.43 µg m−3, which is lower than the observed mean value
of 1.02 µg m−3. This discrepancy might be explained by the
underestimation of either POAs or precursors of SOAs by
MEGAN. In addition to, uncertainties accompanied by sim-
ulation of partitioning between the gas and particle phases as
well as simulated meteorological parameters can be sources
of the underestimation. However, as seen in Fig. 7, the model
shows high skill in simulating the daily variability with a
high correlation coefficient of 0.81, and a good ability to cap-
ture most of the observed variations. In general, considering
large uncertainties related to simulating SOAs, this compari-
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Fig. 7. Daily mean values of the simulated OA concentrations
against observations from the IMPROVE network, taken as an av-
erage over the sites shown in Fig. 6.

son concludes that the model perform relatively well in sim-
ulating OAs over the US.

Results for the evaluation of OA concentrations in Europe
are presented in Table 3. The table summarises the model
performance statistics for some stations from the EMEP net-
work with available data for the year 2006. The results show
that the model underestimates OA concentration over Eu-
rope, probably due to the underestimation of POA and/or
BVOC emissions in this area. However, some studies indi-
cate that our understanding of SOA forming processes is in-
sufficient. Recent laboratory experiments have suggested the
incorporation of additional atmospheric processes such as
further oxidation, formation of organosulfates and oligomer-
ization to form more SOAs (Muller et al., 2012; Kristensen et
al., 2013; Emanuelsson et al., 2013). As an example, Hall and
Johnston (2010) estimated that formation of oligomers can
contribute as much as 50 % to the non-volatile SOA mass,
and Hoyle et al. (2009) demonstrated that the annual mean
SOA burden increased about 59 %, when allowing semi-
volatile species to partition to sulphate aerosol. The increase
is greatest over industrial areas as well as over regions with
high emissions of biogenic precursors (Hoyle et al., 2009;
Spracklen et al., 2011). This can particularly elucidate the
highest discrepancy of simulated OAs compared to measure-
ments for the two background sites in Italy (Table 3). The
stations are located close to metropolitan and industrial cities
as well as adjacent the area with the large BVOC emissions
in Europe (Zare et al., 2012).

3.3 Sea-salt simulation

Figure 8 shows the annual mean spatial distribution of sea-
spray aerosols from DEHM calculated by a combined source
functions based on Mårtensson et al. (2003) and Monahan et
al. (1986). Sea-salt emissions peak in the central parts of the
major oceans mainly due to the higher wind speeds in win-
ter. However, in summertime higher sea surface temperatures
result in increased particle emissions. Despite that sea salt is
a dominant aerosol type over the oceans, the particles can
be transported inland with onshore winds and significantly
affect the air quality in the coastal areas as well. Here sea-
salt simulation from the revised DEHM model is evaluated
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Table 3.Comparison of the mean (M) simulated OA concentrations (µg m−3) with observations in Europe in sites from the EMEP network
with available data for the year 2006. The model performances based on two-product approach for SOA formation are evaluated by statistic
parameters (correlation coefficient (Corr.) and the fractional bias (FB)).

Country/site Latitude Longitude M_Obs M_Model Corr. FB

Italy/Ispra 45.48◦ N 8.38◦ E 8.79 1.27 0.39 −1.49
Italy/Montelibretti 42.06◦ N 12.38◦ E 6.16 0.89 0.82 −1.49
Schwitzerland/Payerne 46.48◦ N 6.57◦ E 2.68 0.65 0.52 −1.22
Austria/Illmitz 47.46◦ N 16.46◦ E 2.31 0.60 0.45 −1.16
Germany/Melpitz 52.31◦ N 12.55◦ E 2.07 0.89 0.57 −0.79
Spain/Montseny 41.45◦ N 2.35◦ E 1.82 0.84 0.54 −0.73
Norway/Birkenes 58.23◦ N 8.15◦ E 1.04 0.41 0.42 −0.86
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Fig. 8. Annual mean concentrations (µg m−3) of sea salt in 2006
calculated by DEHM using combined source functions based on
Mårtensson et al. (2003) and Monahan et al. (1986).

against observations from the coastal sites over Europe. We
use the measurements of sodium concentrations provided
at 23 stations from the EMEP monitoring network in the
year 2006. Sodium is a reliable tracer for sea salt since it
is not subject for chemical reactions, contrary to chloride
(Dasgupta et al., 2007). Since the sodium mass fraction of
sea salt is 0.306 (Seinfeld and Pandis, 2006), total sea salt
from observations is calculated as a product of sodium times
3.26. Figure 9a and b shows an evaluation of old and new
model results, respectively, compared to measurements on
a daily basis for the year 2006 as a mean over the EMEP
stations. Compared to the model results obtained using the
previous version (Fig. 9a), using the revised algorithm for
sea salt improves the performance of DEHM considerably
(Fig. 9b). The revised version captures most of the sea-salt
episodes, and leading to a very small bias. However, using

both schemes result in relatively good correlation coefficients
between modeled and measured sea-salt concentrations (i.e.
0.78 and 0.80).

Subsequently, we present how much the simulated total
PM2.5 concentration in Europe from DEHM is improved by
including these revised natural emissions. Performances of
the revised and previous versions of DEHM for total PM2.5
are compared against measured data from 22 EMEP sites
(Fig. 10). The total particle concentrations in this evaluation
are based on emissions from both anthropogenic and natu-
ral sources, and consist of black carbon (fresh and aged),
organic carbon (primary and secondary), sea salt and sec-
ondary inorganic aerosols (SIAs) (SO2−

4 , NO−

3 , NH4NO3,
NH4HSO4 and (NH4)2SO4). In the revised version with in-
cluding SOAs and the alternative sea-salt emissions, the re-
sults of simulated total fine particle concentrations are im-
proved. The annual average value slightly increases from
5.8 µg m−3 to 6.4 µg m−3 and fractional bias between the
results of the further developed model and observations is
also improved (FB =−0. 67) compared to the previous ver-
sion of DEHM (FB =−0.75). We can conclude from the re-
sults that using the new combined source function for sea
salt simulation and also adding a scheme for SOA forma-
tion make a relatively better agreement with total fine PM
observations on the European scale. However, the contribu-
tion of using the revised algorithm for sea-salt simulation
with regard to the improvement of PM2.5 simulation is more
considerable compared to the SOA simulation improvement
in this study. Nevertheless, in general, DEHM still under-
estimates the total observed aerosol concentrations. Model
evaluations for some individual compounds in DEHM show
that the simulated secondary inorganic aerosols (Brandt et
al., 2012) and sea salt (Fig. 9) are in a good agreement with
measurements. Limitations of the current model performance
for fine particles in Europe can partly be related to missing
windblown dust in this study and/or the underestimation of
SOA concentrations (Fig. 7). However, accompanied uncer-
tainties with emissions of black carbon and primary organic
carbon from anthropogenic sources and biomass burning, es-
pecially in winter time, can also be the other sources of the
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Fig. 9. Evaluation of the sea-salt simulations from DEHM based on(a) a simplified parameterisation by Monahan et al. (1986), and(b) a
combined source function based on Mårtensson et al. (2003) and Monahan et al. (1986) against observations from the EMEP monitoring
network in the year 2006.
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Fig. 10.Evaluation of the simulated total PM2.5 concentrations (µg m−3) from (a) the recent, and(b) the revised versions of DEHM against
measured data from the EMEP network. The revised version includes SOA concentrations, as well as using the alternative sea-salt emissions.
Total PM2.5 in DEHM includes black carbon, organic carbon (primary and secondary), sea salt and secondary inorganic aerosol.

PM underestimation. The differences between simulated and
observed PM values are revealed to be more pronounced in
this season.

4 Impacts of natural emissions on air pollution levels

To study the contribution of emissions from all the natural
sources to ozone and fine PM, here, we have focused on

the specific year 2006 as an example period. We have con-
ducted a sensitivity simulation by turning off all the natu-
ral emissions (hereafter NO-NE) against a control simula-
tion. The control simulation considers all emission sources
including both anthropogenic and natural source types. Fig-
ure 11 shows the annual average ozone mixing ratio for both
simulated cases (anthropogenic emissions only or all emis-
sion included) for the year 2006, together with their absolute
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Fig. 11. The annual average ozone mixing ratios (ppbV) simulated by DEHM for(a) a sensitivity simulation by turning off all natural
emissions (NO-NE), and(b) a control simulation including all emission sources, for 2006, together with(c) their absolute,(d) and relative
percentage differences.

and relative differences. The highest ozone mixing ratios are
depicted at mid-latitudes where high NOx emissions coin-
cide with high VOCs. However, the highest contribution of
the natural emissions to ozone mixing ratios is found to be
in the tropic, with values of greater than 50 %. Additionally,
a significant annual average increase up to 25 % of ozone
production due to natural emissions is observed in the south-
eastern US. The results can be explained by the BVOC emis-
sion distributions that show the largest isoprene emissions
in the tropic and temperate regions in the southeastern US
throughout the summertime (Zare et al., 2012). On the con-
trary, lower contributions are observed over the densely pop-
ulated regions of Beijing and Shanghai in China and New
Delhi in India with values between 5–10 %.

Over Europe, the ozone mixing ratios are highest in the
southern and central parts, especially over the Mediterranean
Sea, whereas the contribution from natural emissions en-
hances the ozone mixing ratios by 13–15 % over the Black
Sea, as well as over land areas such as Eastern Europe,
Greece and Italy. The absolute contribution from natural

emission lies between 4–6 ppbV in these areas while the con-
tribution is 2–4 ppbV in the northern and western parts of
Europe. Generally, Fig. 11c shows that over the model do-
main, natural and biogenic emissions can enhance the ozone
mixing ratio by up to 30 ppbV, particularly over land.

In the following, we investigate more specifically the con-
tributions of each individual natural source to the ozone pro-
duction. Figure 12 shows the relative differences between the
ozone mixing ratios from simulations where the emissions
from each natural source are excluded, and that obtained
from the control simulation. In this study, natural emissions
from soil, lightning, vegetation and wildfires are considered
to contribute to ozone formation as a result of emitting com-
pounds of VOCs and oxides of nitrogen (NOx).

NO is emitted from soil microbial processes (nitrifica-
tion/denitrification) together with NO from other sources,
can be oxidised quickly to NO2. Figure 12a displays the rel-
ative contribution of NOx (=NO+NO2) from soils (SNOx)
to the tropospheric ozone mixing ratio over the model do-
main. The highest SNOx contributions (above 10 %) to ozone
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Fig. 12.Relative contributions (%) of the natural sources with emissions of(a) SNOx (NOx from soils),(b) LNOx (NOx from lightning),
(c) biogenic VOCs, and(d) wildfire emissions to annual average ozone mixing ratios in 2006.

mixing ratio are seen in the tropical regions, which can
be explained by the strong dependency of soil emissions
to the temperature and ecosystem type (Yienger and Levy,
1995). The largest relative contribution from SNOx occurs
in the rainforest of South America, in the range of 20–
30 % (Fig. 12a). The contribution from lightning (LNOx) is
shown in Fig. 12b, which shows that the largest contribu-
tion to ozone mixing ratios is up to 20 %. NOx emissions
from lightning are identified mostly as a significant contribu-
tor to ozone production in the middle and upper troposphere
(Stockwell et al., 1999; Zhang et al., 2003; Aghedo et al.,
2007). Here, its importance with respect to ozone is investi-
gated in the lowest model layer (thickness around 12 m). The
largest contribution of LNOx to ozone mixing ratio is found
over South America and Southeast Asia and is in the range of
10–20 %. These areas are favourable for more lightning due
to high temperatures and convective clouds.

The role of natural NOx emissions from lightning and soil
is not essential for ozone formation in some regions such as
the northeastern part of the US and Europe and is limited
to only 2 %, as a result of high anthropogenic NOx emis-

sions in these regions. On the contrary, Fig. 12c shows that
the BVOC emissions can significantly contribute to ozone
production everywhere over the domain. Removing BVOC
emissions reduces ozone mixing ratios by 40 % in the trop-
ics, especially in South America, where the largest emis-
sions also have been estimated by the model (Guenther et
al., 2006; Zare et al., 2012). In the southeastern part of the
United States, the BVOC contributions to annual mean ozone
are found to be between 20 and 30 % and it can be larger
throughout the summertime due to temperate forests with
high fluxes of isoprene.

Another natural source of VOCs (and other species) is
wildfires. Contribution of the total emissions from wildfires
to ozone production is presented in Fig. 12d. Although the
trace gases of CH4, NH3, CO, NOx and non-methane VOCs
(NMVOCs) are emitted from wildfires, NOx and NMVOCs
are the most important ozone precursors. Although emissions
of methane and carbon monoxide are important for the in-
crease in the background levels, they are long-lived species
compared to NOx and NMVOCs. As depicted, large-scale
savannah burning in the dry season in Africa can lead to an
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Fig. 13.The annual average PM2.5 concentrations (µg m−3) simulated by DEHM for(a) a sensitivity simulation by turning off all natural
emissions (NO-NE), and(b) a control simulation including all emission sources, for 2006, together with(c) their absolute,(d) and relative
differences.

enhanced ozone mixing ratio of above 20 %. Although a large
number of burnings occur throughout the tropical regions, the
emissions are highest in Africa due to lower humidity. On
the other hand, Jaffe and Wigder (2012) stated that the nitro-
gen content of fuels released from savannah fires is high, that
can enhance the ozone formation. Other spots with relatively
high contributions from wildfires can be seen in Siberia, in
the southwestern part of the US, and in the forests in Thai-
land with values in the range of 5–10 %.

The effects of naturally emitted primary particles, as well
as natural and biogenic emissions, which can contribute to
secondary aerosol formations and thereby to PM2.5 are stud-
ied in the following. The spatial distribution of total fine par-
ticles calculated by the NO-NE simulation against the control
simulation is shown in Fig. 13, together with the absolute and
relative differences. As expected, the aerosols produced due
to human activities are dominant in the industrial and popu-
lated areas, such as the northeastern part of the US, central
Europe and large parts of India (Fig. 13a), and the contri-
bution of natural emissions to the total PM2.5 is less than

15 % (Fig. 13d). In East Asia, China, natural sources can
contribute to total PM2.5 even lower by only up to 5 %. As
it is observed in Fig. 13d, in North America, PM2.5 is dom-
inated by anthropogenic sources across the East and by nat-
ural sources in the West with contributions by up to 70 %.
There are similarities between the distributions of natural
contributions to PM2.5 in the current study and those found
by Mueller and Mallard (2011), in this region.

The high contribution from natural sources by more than
70 % over oceans, seen in Fig. 13d, are owing to salt from
sea spray, which contributes by up to 7 µg m−3 to the aerosol
concentration. Although in the tropics, in Southeast Asia and
South America, the contributions also reach to 70 %, the par-
ticle production due to natural sources are low in absolute
terms with contribution of up to only 1 µg m−3. The inves-
tigation of specific natural sources in these regions will be
done subsequently. The most striking result to emerge is that
in the savannah and tropical forests in Africa, natural sources
enhance the fine PM level by more than 11 µg m−3. This is
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Fig. 14.Relative contributions (%) of the natural sources to annual average PM2.5 concentrations in 2006. The impacts of natural emissions
of (a) SNOx (NOx from soils),(b) LNOx (NOx from lightning), (c) biogenic VOCs, emissions(d) from wildfires, (f) natural NH3, and
(e)sea salt on PM2.5 levels are shown.

comparable with anthropogenic productions in some indus-
trial regions, e.g. in northeastern US.

The impacts on the PM2.5 levels from inclusion of NOx
emissions from soil and lightning, natural NH3, VOC emis-
sions from biogenic and sea salt, together with emissions
from wildfires are shown for every single source type in

Fig. 14. Overall, wild land and agricultural fires are identified
as the most important sources over land, while over oceans
sea-salt emissions play the major role, as expected.

The largest increases of PM2.5 due to NO emissions are
mostly seen over South America, where the contribution
of soil is relatively higher than lightning (20–30 % against
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10–20 %). Compared to the other natural emissions, the con-
tribution from natural ammonia to the fine PM concentration
is low over the model domain (Fig. 14e). This is expected
since NH3 emissions from natural sources are minor com-
pared to other source categories (not shown). Furthermore,
the maximum contribution from natural ammonia is found
in the tropical savannah and adjoining wildlife parks, while
the emissions of sulphur dioxide and nitrogen oxides, re-
quired for formation of SIAs, are low in the region. Another
side of this issue can be seen in Fig. 14a, where the anthro-
pogenic ammonia emissions are relatively high over North
America and West Africa. Natural NOx with ammonia reacts
to form ammonium nitrate aerosols, contributing to the total
fine aerosols by 5–10 %.

As already discussed, the tropical regions and the south-
eastern US are favourable for a majority of the BVOC emis-
sions, as SOA precursors, and therefore the highest contribu-
tion from BVOCs to the total PM2.5 takes place in the prox-
imity of these sources (Fig. 14c). In spite that the produc-
tion of SOAs in the tropical zone of South America, South-
east Asia and Africa are in the same order (in the range of
0.1–0.5 µg m−3 Fig. 5a), the relative contribution is highest
in South America (Fig. 14c) due to the low total fine parti-
cles shown in Fig. 13b.

Wildfires can enhance the fine particles not only due to
emissions of gases like NOx and NH3 to produce SIAs, and
VOCs to form SOAs, but also because of primary aerosol
emissions such as organic carbon and elemental carbon. The
primary aerosols play the most important roles with respect
to the contribution to the total PM2.5 levels. In general, the
highest contributions are seen near fires and in downwind
areas by more than 40 %. In contrast to Fig. 12d, wildfire
emissions, at the higher latitudes, are also estimated to have
a high contribution by more than 40 % to PM2.5. The total
PM concentrations are typically low in the Arctic and there-
fore the wildfire contribution in Siberia can be large in the
Arctic. Another possible explanation for this might be that
at higher latitudes, fires burn at lower temperatures, which
lead to smoldering combustion to be dominant, in contrast
to flaming combustion (Lapina et al., 2008). The process
of smoldering tends to release larger amounts of NH3 and
lower amounts of NO and (Jaff and Wider, 2012), and even-
tually leads to lower concentrations of ozone. Moreover, a
large value of NOx emitted by boreal wildfires can rapidly
convert to Peroxyacetyl nitrate (PAN) due to lower tempera-
ture (Jacob et al., 1992). PAN is an organic compound found
in photochemical smog. Moreover, one can expect that the
existence of NH3 besides low temperatures at high latitudes
could be favourable for more SIA formation. On the other
hand, ozone production requires both NOx and NMVOCs.
Therefore, higher VOCs (from vegetation) in tropics can
make the region more favourable to form ozone, compared
to the North, during wildfire events.

The contribution from wildfires to the total atmospheric
fine particles in Eastern Europe and Russia is estimated in

Fig. 15.The DEHM mother domain used in this study which cov-
ering more than the Northern Hemisphere, together with six re-
gions; North America, South America, Asia, Europe, Middle East
and Africa. Total contributions from individual natural source cate-
gory to ozone and PM2.5 level over the six regions are calculated.

the range of 10–30 %. This is higher than the contribution
of 5–10 % in the western part of Europe. The difference
is partly due to the large number of forest and grassland
fires happening during summer in Eastern Europe, and crop
residue burning, which is a common practice in the regions.
The west to east gradients of wildfire contribution, found
in the current study, is consistent with that of Barnaba et
al. (2011), who estimated the relative contribution of fires
to the European aerosol burden using long-term satellite-
based measurements. Although we estimate the general im-
pact of wildfires to the fine particles level to be 5–10 % in the
southern part of Europe, in the Mediterranean region, higher
contributions of 10–20 % are seen in the Iberian Peninsula.
Adame et al. (2012) found that wildfire events occur in the
northwestern part of the Iberian Peninsula, and pollutants
could to be transported approximately 1000 km from north
to south. Moreover, in Fig. 14d, a relatively remarkable con-
tribution of 30–40 % is seen over Northern Europe (Scandi-
navian countries) where major biomass burning episodes can
take place (Saarikoski et al., 2007).

Figure 14f shows the effect of calculated sea salt on the
concentration of fine particulate matter. As expected, and al-
ready mentioned, the sea salt is the most significant contrib-
utor to PM2.5 concentration over the oceans. However, the
sea-salt aerosols generated, over oceans, can be driven by
wind to the land. This simulation considers the fraction of
fine sea-salt particles (with slower gravitational settling) and
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Table 4.Relative contributions (%) of the natural sources with emissions of (a) SNOx (NOx from soils), (b) LNOx (NOx from lightning), (c)
BVOCs, and (d) wildfire emissions to annual average ozone mixing ratios in 2006. They are calculated for the DEHM mother domain used
in this study (Northern Hemisphere), together with six regions. Mean annual ozone mixing ratios (ppbV) averaged over each region (Mean)
are shown for the control case with including all emission sources.

Regions Mean (ppbV) Soil Lightning BVOCs Wildfires NO-NE Sum

North America 33.4 1.9 1.9 9.7 2.5 15.9 16.0
South America 22.1 12.7 10 24.4 1.1 42.4 48.2
Asia 35.1 2.6 3.2 10.0 2.6 18.1 18.4
Europe 34.2 2.2 1.4 6.4 2.1 12.3 12.1
Middle East 38.7 3.0 1.5 4.3 1.4 10.1 10.2
Africa 32.0 8.5 3.4 13.6 8.6 33.6 34.1
Northern Hemisphere 32.6 4.8 3.2 11.1 3.9 22.3 23.0

Table 5.Relative contributions (%) of the natural sources to annual average PM2.5 concentrations in 2006. The impacts of natural emissions
of SNOx (NOx from soils), LNOx (NOx from lightning), BVOCs, together with emissions from wildfires, natural NH3, and sea salt on
PM2.5 level are showed. They are calculated for the DEHM mother domain used in this study (Northern Hemisphere), as well as for the six
individual regions. Mean annual PM2.5 concentrations (µg m−3) averaged over each region (Mean) are shown for the control case including
all emission sources.

Regions Mean (µg m−3) BVOCs Wildfires Soil Lightning NH3 from Nature Sea salt NO-NE Sum

North America 3.7 0.7 22.3 1.9 0.9 0.8 8.1 33.1 34.7
South America 1.1 5.6 26.5 3.3 2.6 1.2 42.9 77.3 82.1
Asia 7.1 0.6 13.6 1.6 0.8 0.5 3.7 19.7 20.8
Europe 5.6 0.02 14.6 1.7 0.4 0.6 7.3 23.7 24.6
Middle East 5.8 0.00 9.0 1.8 0.5 0.3 6.7 17.4 18.3
Africa 3.9 2.4 60.3 2.3 1.1 0.8 4.5 69.0 71.4
Northern Hemisphere 4.7 1.0 25.2 1.9 0.9 0.6 6.5 34.3 36.1

therefore the aerosols are subject to travel longer distances
in the model. Apparently, the concentration of the particulate
matter is enhanced at coastal area by at least 10–20 % and
in-land by up to 5 %, on average.

Tables 4 and 5 summarise the total contribution from the
individual source categories to ozone and PM2.5 levels over
land surfaces. The relative contributions are calculated for
the domain covering the Northern Hemisphere (the DEHM
mother domain) as well as for the six continental regions:
North America, northern part of South America, Asia, Eu-
rope, Middle East and northern and central part of Africa.
Figure 15 displays the extent of these regions in our study.

Overall, BVOCs are found to be the major contributors to
the ozone increases, by 11 % (on the mother domain), and
emissions from wildfires enhance PM2.5 level by about 25 %
and are the dominant natural contributors. The overall re-
sults are similar over the individual regions, except for South
America where sea-salt aerosols are estimated as the high-
est natural contributor to the total PM2.5 with about 43 %. In
the rest of the regions, sea salt is the second most important
contributor to fine particles over lands. No similarity among
the regions for the second most important natural contributor
to ozone is observed. It is seen that wildfires in North Amer-
ica, soil in South America and Middle East, and lightning in
Asia.

We already discussed that the role of naturally emitted am-
monia in forming PM2.5 is not significant (Fig. 14e). Table 5
shows that the contribution of biogenic sources of VOCs to
the total value of PM2.5 in some of the regions (e.g. Europe
and Middle East) is even smaller than that of ammonia.

To sum up, the effects of emissions from all natural
sources combined (NO-NE simulations) are estimated to be
highest in South America, followed by Africa. The relative
contributions of natural sources reach to significant amounts
of up to 42 % for ozone and up to 77 % for PM2.5. These
target regions can be identified as areas with less human ac-
tivities, as well as having ideal environmental conditions for
natural and biogenic emissions.

The last columns in Tables 4 and 5 are included as an air
pollution modelling exercise. They show that the sum of the
relative contributions obtained from every single source (re-
ferred to as the Sum in the tables) can be different from the
NO-NE simulation results. The contribution from all natural
emissions to the total ozone mixing ratios over the model do-
main is found to be about 23 % when we calculate it as the
sum of all the individual contributions (Sum case), while it
is estimated to be about 22 % when turning off all the natural
emissions simultaneously (NO-NE simulations). However, in
specific areas the differences can be up to 6 percent. The ex-
pected differences are due to nonlinearity in the processes
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of atmospheric chemistry. The discrepancies presented in the
tables shows to be different from region to region, because
of different atmospheric chemical regimes in each individual
region (Brandt et al., 2013a, b).

5 Conclusion

In this study, we have used the long-range chemical trans-
port model, DEHM, to investigate effects of natural emis-
sions on the concentration levels of ozone and fine parti-
cles in the troposphere. The emissions from some natural
sources used in the current modelling practice were updated
and evaluated. The updated model, which uses a two-product
scheme for the SOA simulations, underestimates available
organic aerosol observations in Europe. However, compared
to the data from US monitoring sites, they show better agree-
ments. The model results for monoterpenes alone show a
good agreement with measurements, especially in Europe.
The updated sea-salt functions (combination of Mårtensson
et al. (2003) and Monahan et al. (1986) source functions)
provide larger fine sea-salt concentrations and this shows a
significant improvement of model results against available
EMEP observations for 2006.

The mean contribution from all natural emissions has been
investigated with respect to ozone and PM2.5 concentrations
in 2006 and found to be about 22 % and 34 %, respectively,
over the model domain. In general, combination of emissions
from natural sources of soil, vegetation, lightning and wild-
fire contribute to the ozone mixing ratios in the range of 4–
30 ppbV and together with ammonia from nature and sea salt
to fine particles in the range of 0.1–11 µg m−3 over land. The
highest calculated values for both ozone and PM were seen
in Africa. However, the relative contributions from natural
sources to ozone and PM were largest in South America with
contributions of about 42 % and 77 %, respectively.

In conclusion, the major natural contributors to ozone for
the year 2006 were found to be BVOCs, over the mother do-
main. The dominant natural contributors to the PM2.5 levels
are wildfire emissions over land and sea-salt aerosols over
oceans. Moreover, simulations were conducted to specifi-
cally assess the contributions from the individual natural
source categories in six continental scale regions: North
America, northern part of South America, Asia, Europe,
Middle East and northern and central part of Africa. The
common feature observed over all regions is that the contri-
bution from BVOCs to ozone formation is the most important
amongst the natural emissions. However, considering the to-
tal fine PM over land, the wildfire emissions lead to highest
enhancement over all regions except South America where
sea-salt particles are the major contributor. It is noteworthy
that the current study calculates the annual relative contribu-
tions from the individual natural emission categories over the
land areas in each region. However, investigations in shorter
periods and more limited areas can lead to different results.

To sum up, our study clearly indicates that emissions from
natural and biogenic sources significantly influence the air
pollution levels. In order to derive reliable conclusions, it
is needed to document a relatively good agreement between
the total simulated ozone and PM concentrations with mea-
surements as well as their precursors. In this study, we have
specifically focused on BVOCs, SOAs and sea salt with re-
spect to improving and evaluating the model. However, the
model, along the line of most chemistry transport models,
underestimates the PM2.5 concentrations. Model evaluations
for the individual compounds demonstrate that the simulated
secondary inorganic aerosols and sea salt are in a good agree-
ment with measurements. Limitations of the current model
performance for fine particles in Europe can partly be related
to missing windblown dust from the Sahara desert where the
dust aerosols play an important role in the PM concentra-
tions in parts of southern Europe, Africa and even the Mid-
dle East. However, the dust aerosols contribute mainly to the
coarse fraction of PM, and a minor part to fine PM. On the
other hand, the underestimation of SOA in Europe was about
a factor of 2 (Table 3). We may therefore conclude that better
estimations of SOA can significantly improve ability of the
model to simulate fine PM levels, at least in Europe. Future
work, hence, will be devoted to update DEHM with an im-
proved scheme for secondary formed organic aerosols. How-
ever, as shown in the winter time the differences between
simulated and observed PM values are also evident. That can
be caused by accompanied uncertainties within emissions of
black and organic carbons from anthropogenic sources and
biomass burning.

The results in this paper have focused on quantifying the
contribution from natural emission to air pollution levels at
the Northern Hemispheric scale for a specific year, 2006.
Future work will focus on the large inter-annual variability
(e.g., Park et al., 2013), where significant uncertainties are
associated with estimation and modelling of the short-term
variability of the natural emissions. It will be interesting to
expand this work to cover multi-year simulations where the
climatology of the natural emissions can be studied and the
development over decades can be quantified and assessed.
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