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[1] We use the ECHAM5-HAMMOZ aerosol-chemistry-climate model to quantify the
influence of trace gas–aerosol interactions on the regional and global distributions and
optical properties of aerosols for present-day conditions. The model includes fully
interactive simulations of gas phase and aerosol chemistry including a comprehensive
set of heterogeneous reactions. We find that as a whole, the heterogeneous reactions
have only a small effect on the SO2 and sulfate burden because of competing effects.
The uptake of SO2 on dust and sea salt decreases the SO2 concentrations while the
decrease in OH (that results from the uptake of HO2, N2O5, and O3) tends to increase
SO2 (because of reduced oxidation). The sulfate formed in sea salt aerosols from SO2

uptake accounts for 3.7 Tg(S) a�1 (5%) of the total sulfate production. Uptake and
subsequent reaction of SO2 on mineral dust contributes to a small formation of sulfate
(0.55 Tg(S) a�1, <1%), but is responsible for the coating of mineral dust particles,
resulting in an extra 300 Tg a�1 of dust being transferred from the insoluble to the
soluble mixed modes. The burden of dust in the insoluble modes is reduced by 44%,
while the total burden is reduced by 5% as a result of enhanced wet deposition
efficiency. Changes in the sulfur cycle affect the H2SO4 concentrations and the
condensation of H2SO4 on black carbon. Accounting for heterogeneous reactions
enhances the global mean burden of hydrophobic black carbon particles by 4%. The
changes in aerosol mixing state result only in a small change in the global and annual
aerosol optical depth (AOD) and absorption optical depth (ABS), but have significant
implications on regional and seasonal scale. For example, in the main polluted regions
of the Northern Hemisphere, AOD and ABS increase by 10–30% and up to 15%,
respectively, in winter.

Citation: Pozzoli, L., I. Bey, S. Rast, M. G. Schultz, P. Stier, and J. Feichter (2008), Trace gas and aerosol interactions in the fully

coupled model of aerosol-chemistry-climate ECHAM5-HAMMOZ: 2. Impact of heterogeneous chemistry on the global aerosol

distributions, J. Geophys. Res., 113, D07309, doi:10.1029/2007JD009008.

1. Introduction

[2] Atmospheric trace gases and aerosols interact in many
ways. Many trace gases are precursors of aerosols while

aerosols alter the photolysis rates and act as sites for
heterogeneous conversion of trace gases. The influence of
trace gas–aerosol interactions on trace gas distributions has
been discussed in several papers [e.g., Martin et al., 2003;
Tie et al., 2005; Liao and Seinfeld, 2005; Pozzoli et al.,
2008]. These studies suggest that trace gas–aerosol inter-
actions (and in particular heterogeneous reactions) signifi-
cantly decrease the global O3 burden and surface O3

concentrations as well as the global OH burden. Less
attention has been paid so far to the influence of trace
gas–aerosol interactions on the global distributions and
optical properties of aerosols. Trace gas–aerosol interac-
tions may be especially important for the sulfur chemistry.
Sulfur dioxide (SO2) and dimethylsulfide (DMS) are pre-
cursors of sulfuric acid (H2SO4) which can condense on
existing aerosol particles to form sulfate (SO4

2�) or can
nucleate to form new ultrafine sulfate particles. It has been
suggested that the uptake of SO2 onto aerosol surfaces such
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as sea salt and mineral dust can also lead to the formation
of sulfate [Usher et al., 2002; Ullerstam et al., 2002; Song
and Carmichael, 2001; Alexander et al., 2005]. This
additional sulfate formation on preexisting particles is an
important process as it can change the hygroscopicity of the
particles and thus their optical properties and lifetime [e.g.,
Ackerman and Toon, 1981; Chylek et al., 1995; Jacobson,
2000; Koch, 2001; Riemer et al., 2004; Croft et al., 2005].
The interactions between sulfur compounds in the gas phase
and aerosols are still highly uncertain. A key parameter is the
uptake coefficient of SO2 on mineral dust that can vary by
several orders of magnitude in the literature (from 10�1–
10�4 [Dentener et al., 1996] to 10�4–10�7 [Bauer and
Koch, 2005]). The sulfate formation on dust, in sea salt
particles, and in cloud droplets depends on the alkalinity of
the particles which is only poorly known. The aerosol ageing
process is also highly uncertain, and different assumptions
can be made to represent the quantity of sulfate needed to
coat a dust particle and modify its hygroscopicity.
[3] The global budget of sulfate and sulfur species has

been discussed in a number of modeling studies [Langner
and Rodhe, 1991; Feichter et al., 1996; Chin et al., 1996;
Roelofs et al., 1998; Lohmann et al., 1999; Rasch et al.,
2000; Liao and Seinfeld, 2005; Bauer and Koch, 2005;
Alexander et al., 2005; Bell et al., 2005]. However, most of
these did not include trace gas–aerosol interactions in a
comprehensive way; for example off-line fields were used
for trace gas oxidants and heterogeneous reactions were not
considered, nor the different aerosol species were consid-
ered to be externally mixed. Bauer and Koch [2005]
examined the effect of accounting for the sulfate formation

on mineral dust particles. They included the coating of
particle surface in their model as well as the changes from
hydrophobic to hydrophilic particles; however they used
prescribed O3 fields and only considered sulfate formation
on dust particles. Liao et al. [2004] used a global model of
trace gas–aerosol chemistry in which the heterogeneous
reaction of SO2 on both mineral dust and sea salt is
accounted for and found that sulfate formed on these
particles contributes significantly (26%) to the global sulfate
budget. Alexander et al. [2005] constrained their global
model with field measurements and showed that formation
of sulfate in sea salt particles is a significant but small term
in the global sulfur budget (9%).
[4] This paper is the second of a two-part series which

examines the influence of trace gas–aerosol interactions on
the regional and global distributions of trace gases and
aerosols. In the first part of this study [Pozzoli et al., 2008],
the aerosol-chemistry-climate model (ECHAM5-HAM-
MOZ) was described and compared to observations from
the Transport and Chemical Evolution over the Pacific
(TRACE-P) aircraft campaign in the Asian continental
outflow (spring 2001). We also discussed the global and
regional impacts of the trace gas–aerosol interactions on
trace gas distributions. In this second part, we use the model
to quantify the influence of trace gas–aerosol interactions
on the global distributions and optical properties of aerosols.
ECHAM5-HAMMOZ is particularly well suited for such a
study as it includes a prognostic representation of size
distribution and mixing state of the aerosol components
(including sulfate, black carbon, organic carbon, sea salt and
mineral dust), and is fully coupled with a comprehensive

Table 1. Description of the Aerosol Modes With the Dimensional Size Ranges of the Number Median Radii (r) and the Components

Used in HAM Together With the Acronyms Used in the Texta

Mode

Soluble/Mixed Insoluble

Label Component Label Component

Nucleation (r � 0.005 mm) NS SU
Aitken (0.005 < r � 0.05 mm) KS SU, BC, OC KI BC, OC
Accumulation (0.05 < r � 0.5 mm) AS SU, BC, OC, SS, DU AI DU
Coarse (r > 0.5 mm) CS SU, BC, OC, SS, DU CI DU

aSU stands for sulfate, BC stands for black carbon, OC stands for organic carbon, SS stands for sea salt and DU stands for mineral dust. NS stands for
nucleation soluble mode, KS stands for Aitken soluble, AS stands for accumulation soluble, CS stands for coarse soluble, KI stands for Aitken insoluble, AI
stands for accumulation insoluble, and CI stands for coarse insoluble.

Table 2. Heterogeneous Reactions and Uptake Coefficients Used in This Work

Reactions Aerosol Uptake Coefficients g References

N2O5 ! 2HNO3 sulfate gN2O5

a Kane et al. [2001], Hallquist et al. [2003]
N2O5 ! 2HNO3 organic carbon 0.03(RH � 50%);

5.2 � 10�4 � RH(RH < 50%)
Thornton et al. [2003]

N2O5 ! 2HNO3 black carbon 0.005 Sander et al. [2003]
N2O5 ! 2HNO3 sea salt 0.03 (RH � 50%);0.005(RH < 50%) Atkinson et al. [2004]
N2O5 ! 2HNO3 mineral dust 0.003–0.02(30% � RH � 70%) Bauer et al. [2004]
NO3 ! HNO3 wet aerosolsb 0.001 Jacob [2000]
NO2 ! 0.5HNO3 + 0.5HNO2 wet aerosolsb 0.0001 Jacob [2000]
HO2 ! 0.5H2O2 wet aerosolsb 0.2 Jacob [2000]
SO2 ! SO4

2� (aer) sea salt 0.05(RH � 50%);0.005(RH < 50) Song and Carmichael [2001]
SO2 ! SO4

2� (aer) mineral dust 10�4 Ullerstam et al. [2002, 2003]
HNO3 ! NO3

� (aer) mineral dust 0.1 Bauer et al. [2004]
NO3 ! NO3

� (aer) mineral dust 0.1 Bian and Zender [2003]
O3 ! products mineral dust 10�5 Bauer et al. [2004]

agN2O5
= 10b(T) � (2.79 � 10�4 + 1.3 � 10�4 � RH � 3.43 � 10�6 � RH2 + 7.52 � 10�8 � RH3); b(T) = �4 � 10�2 � (T � 294) for T � 282K; b(T) =

0.48 for T < 282 K.
bWet particles are defined as all the particles in the hydrophilic/soluble modes of HAM (NS, KS, AS and CS).
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trace gas simulation that includes sulfur and heterogeneous
chemistry.
[5] In this work, after a short description of the model

(section 2), we present the results of a series of sensitivity

simulations which examine the impact of heterogeneous
chemistry on aerosol distributions with a special focus on
the reactions that follow SO2 uptake on mineral dust and
sea salt (section 3). Sections 4 and 5 provide a discussion

Figure 1. Annual emissions (g m�2 a�1) of (a) total sulfur (S), (b) mineral dust (DU), (c) black carbon
(BC), (d) organic carbon (OC), and (e) sea salt (SS).
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of the main results and a summary with conclusions,
respectively.

2. Model and Simulation Overview

2.1. Description of the ECHAM5-HAMMOZ Model

[6] The aerosol-chemistry-climate model ECHAM5-
HAMMOZ [Pozzoli et al., 2008; Pozzoli, 2007] is com-
posed of the tropospheric chemistry module MOZECH
(J. Rast et al., Sensitivity of a chemistry climate model
to changes in emissions and the driving meteorology,
manuscript in preparation, 2008) and the aerosol module
HAM [Stier et al., 2005]. The two modules are fully
interactive and implemented together in the well estab-
lished ECHAM5 general circulation model (GCM)
[Roeckner et al., 2003].
[7] ECHAM5 was developed at the Max Planck Institute

for Meteorology on the basis of the numerical weather
prediction model of the European Center for Medium-
Range Weather Forecast (ECMWF) [Simmons et al.,
1989]. The prognostic variables of the model are vorticity,
divergence, temperature and surface pressure. The multidi-
mensional flux-form semi-Lagarangian transport scheme
from Lin and Rood [1996] on a gaussian grid is used for
water vapor and cloud variables and for the advection of
chemical tracers. Stratiform clouds, cloud cover and cumu-
lus convection are described by Lohmann and Roeckner
[1996], Tompkins [2002], Tiedtke [1989], and Nordeng
[1994]. In the current study, the radiative transfer calcula-
tion considers climatological vertical profiles of the main
greenhouse gases (CO2, O3, CH4, etc.) and cloud water and
ice. The shortwave radiative transfer follows Fouquart and
Bonnel [1980] considering 4 spectral bands, 1 for the
visible-UV range (0.25–0.69 mm) and 3 for the IR (0.69–
4 mm). The longwave radiative transfer scheme follows
Mlawer et al. [1997] and Morcrette et al. [1998] and
considers 16 spectral bands from 10 cm�1 to 3000 cm�1.
[8] The tropospheric aerosol module HAM [Stier et al.,

2005] predicts the size distribution and composition of

internally and externally mixed aerosol populations. The
particle size distribution is described by 7 lognormal modes.
Four modes are considered as hydrophilic internally mixed
aerosols. Three additional modes are considered as hydro-
phobic aerosols composed of an internal mixture of black and
organic carbon in the Aitken mode (KI), and of mineral dust
in the accumulation (AI) and coarse (CI) modes (Table 1).
The microphysical core of HAM, M7 [Vignati et al., 2004],
treats the aerosol dynamics and thermodynamics in the
framework of the modal structure as described above. Dry
deposition velocities are calculated with a serial resistance
approach based on Ganzeveld and Lelieveld [1995] and
Ganzeveld et al. [1998, 2006]. Wet deposition is differenti-
ated between scavenging in stratiform and convective clouds,
liquid and mixed clouds. Mode-specific scavenging param-
eters are used, with lower values for hydrophobic (externally
mixed) modes [see Stier et al., 2005, Table 3]. Aerosol optical
properties (single scattering albedo, extinction coefficient
and asymmetry factor) are precalculated explicitly from the
Mie theory following Toon and Ackerman [1981] for a wide
range of aerosol size distributions and refractive indices for
24 solar spectral bands and archived in a look-up table.
[9] The gas phase chemical scheme is identical to the one

used in MOZART version 2 [Horowitz et al., 2003] with
small modification as described by Pozzoli et al. [2008]; in
particular, the sulfur chemistry [Feichter et al., 1996] is now
included in the gas phase chemical mechanism. The photol-
ysis rates are calculated online with the Fast-J.2 algorithm
[Bian and Prather, 2002] which takes into account the
simulated aerosol and cloud optical properties. The major
heterogeneous reactions are included and the heterogeneous
reaction rates explicitly account for the mixing states of
aerosols (see Table 2 and Pozzoli et al. [2008, section 2.4]
for details). We only describe here the heterogeneous reac-
tions of SO2 on sea salt and dust as they are especially
important for this study.
[10] The SO2 molecules adsorbed on the surface of sea salt

particles are mainly oxidized by O3 [Chameides and Stelson,

Table 3. Reactions and Processes Used in Each Sensitivity Simulationa

Labels

N2O5

on Wet
Aerosols

NO3

on Wet
Aerosols

NO2

on Wet
Aerosols

HO2

on Wet
Aerosols

SO2 on
Sea Salt

SO2 on
Mineral
Dust

HNO3 on
Mineral
Dust

NO3 on
Mineral
Dust

O3 on
Mineral
Dust

Sulfate
Formation
on Sea Salt

Sulfate
Formation
on Dust

Mineral Dust
Coating by
SO2 Uptake

BASE yes yes yes yes yes yes yes yes yes yes yes yes
NOHET
NOHETDU yes yes yes yes yes yes
NOSO4HET yes yes yes yes yes yes yes yes yes
NOCOAT yes yes yes yes yes yes yes yes yes yes yes

a‘‘Yes’’ means that reactions and processes were included in the specific simulation.

Table 4a. Global Annual Mean Burden, Sources, Lifetime, and Sinks (Wet Deposition, Dry Deposition, and

Sedimentation) Simulated by ECHAM5-HAMMOZ (BASE Simulation)a

Species
Total Sources,

Tg a�1 Burden, Tg Lifetime, days Wet, % Dry, % Sedimentation, %

SO4
2� 78.0 0.87 4.0 93.7 2.8 3.5

BC 8.9 0.13 5.3 92.2 7.6 0.3
OC 79.5 1.14 5.2 92.5 7.2 0.2
SS 5198.7 9.73 0.7 53.2 20.2 26.6
DU 527.0 5.65 3.8 58.4 5.5 36.1
SO2 72.5 0.77 3.8

aMass units of sulfuric species are in Tg(S).
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1992]. For this reaction we apply pH-dependent constant rate
used for the SO2 in-cloud oxidation by O3 [Maahs, 1983].
Following Alexander et al. [2005], we assume that the
alkalinity of sea salt particles is rapidly titrated by SO2. Thus
we only consider sulfate formation on fresh sea salt particles
by oxidation with O3 at a constant pH = 8 (fresh sea salt
particles are diagnosed as the particles being only composed
of sea salt and water). We do not take into account the sea salt

alkalinity titration by HNO3 (which can be important in
tropical regions where NOx emissions dominate over SO2

emissions [Alexander et al., 2005]). We assume that the SO2

uptake on aerosol is reversible [Ullerstam et al., 2002],
meaning that the fraction of SO2 adsorbed on sea salt particles
that does not form sulfate goes back into the gas phase, while
the sulfate formed is added to the mass of the relevant aerosol
mode.
[11] Following the recommendations of recent experi-

mental studies [Usher et al., 2002; Ullerstam et al., 2002]
and previous modeling works [Bauer and Koch, 2005; Liao
and Seinfeld, 2005], we use a ‘‘reactive’’ uptake coefficient
of 10�4 for SO2 on mineral dust and assume that all the SO2

molecules adsorbed on dust particles produce sulfate. It
should be noted that the uptake coefficient of SO2 on
mineral dust is highly uncertain. For example, Liao et al.
[2004] and Liao and Seinfeld [2005] used the uptake
coefficient proposed by Dentener et al. [1996] (0.1 for
RH � 50% and 10�3 for RH < 50%), while Bauer and
Koch [2005] used a much smaller value for the SO2 uptake

Table 4b. Sources of Sulfatea

Sulfate Sources ECHAM5-HAMMOZ, Tg a�1

Primary emissions 1.86 (2%)
SO2 in-cloud oxidation 44.90 (57%)
SO2 on sea salt 3.69 (5%)
SO2 on dust 0.55 (<1%)
Condensation H2SO4 26.93 (34%)
Nucleation H2SO4 0.07 (�1%)
Total 78.00

aMass units of sulfuric species are in Tg(S).

Figure 2. Sulfate (g(S) m�2 a�1) formed on (a) sea salt and (b) mineral dust particles, (c) total sulfate
production, and (d) the mass of mineral dust (g m�2 a�1) that is transferred from an hydrophobic to a
hydrophilic mode because of sulfate coating of the dust particle surface.
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coefficient on dust (10�4 for RH > 60% and 10�7 for dryer
conditions following the experimental work of Ullerstam et
al. [2002] and Usher et al. [2002, 2003]). Another source of
uncertainty is the alkalinity of the dust particles which may
influence the heterogeneous reactions of SO2 and HNO3.
Liao et al. [2003], for example, assumed that these reactions

occur only if the dust alkalinity exceeds the acidity from the
dust-associated sulfate and nitrate. In our current model
version the alkalinity of dust particles is not taken into
account. We account for the saturation of the dust particles
and consider a particle to be saturated when it is covered by
a monolayer of sulfate molecules. Thus externally mixed
insoluble dust particles may become soluble because of
sulfate coating by SO2 uptake and be transferred to the
corresponding soluble modes.
[12] We used the RETRO project data set of year 2000

(http://www.retro.enes.org/) for the surface CO, NOx and
hydrocarbons anthropogenic emissions (T. Pulles et al., The
application of the emission inventory model team: Global
emissions from fuel combustion in the years 1960 to 2000,
submitted to Atmospheric Environment, 2007; M. Schultz et
al., A global data set of anthropogenic CO, NOx, and
NMVOC emissions for 1960–2000, manuscript in prepa-
ration, 2008) and wildfire emissions [Schultz et al., 2008]. A
climatology of typical injection vertical profiles is used for
forest and savannah fire emissions (D. Lavoué, personal
communication, 2005). Aircraft NO emissions are from
Grewe et al. [2002]. Lightning NOx emissions are param-
eterized following Grewe et al. [2001], and are proportional
to the calculated flash frequency and distributed vertically
using a C-shaped profiles. Lightning frequency is brought to
a value that results in 3 TgN a�1 (Rast et al., manuscript in
preparation, 2008). The biogenic VOC emissions are cal-
culated online with the MEGAN module of Guenther et al.
[1995]. The anthropogenic and fire aerosol emissions are
based on the AEROCOM emission inventory [Dentener et
al., 2006] representative of the year 2000. SO2 emissions
include volcanoes [Andres and Kasgnoc, 1998; Halmer et
al., 2002], vegetation fires [van der Werf et al., 2003],
industry, fossil fuel and biofuel [Cofala et al., 2005]. Except
DMS, 97.5% of all sulfuric emissions are in the form of SO2

and 2.5% in the form of primary sulfate particles. The
emissions of dust and sea salt are wind driven following
Tegen et al. [2002] and Schulz et al. [2004], respectively.
Marine DMS emissions are based on DMS seawater con-
centrations of Kettle and Andreae [2000] and the air-sea
exchange rate from Nightingale et al. [2000]. Terrestrial
biogenic DMS emissions follow Pham et al. [1995]. The
annual mean emission for sulfur is 95 Tg(S) a�1, 527 Tg a�1

for mineral dust, 8.9 Tg a�1 for black carbon, 79.5 Tg a�1

for organic carbon and 5199 Tg a�1 for sea salt (Figure 1).

2.2. Simulation Setup

[13] For the present study we used ECHAM5-HAMMOZ
with a spectral resolution of T42 corresponding to about
2.8 � 2.8 degrees in the horizontal dimension and
31 vertical levels from the surface up to 10 hPa, and with
a 20-min time step. In order to reproduce consistent
meteorological conditions for the year 2001, the model
was driven by the ECMWF ERA40 meteorological fields.
In that configuration, the prognostic variables of ECHAM5
(vorticity, divergence, temperature and surface pressure) are
relaxed toward the ERA40 reanalysis data every 3 h [Jeuken
et al., 1996]. Five simulations were conducted for 2001
(Table 3): (1) In the BASE simulation, all the couplings
between the chemistry and aerosol modules are included,
i.e., including sulfur chemistry, heterogeneous reactions
(including all reactions listed in Table 2) and effect of

Figure 3. Ratio of SO2 and sulfate annual mean total
burdens between BASE simulation and the sensitivity
simulations (a and b) NOHET, (c and d) NOHETDU, (e and f)
NOSO4HET, and (g and h) NOCOAT.
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aerosols on photolysis reaction rates. (2) The NOHET
simulation is the same as BASE but no heterogeneous
chemistry is accounted for. (3) The NOHETDU simulation
is the same as BASE but no heterogeneous chemistry on
mineral dust is accounted for. (4) The NOSO4HET simu-
lation is the same as BASE but no sulfate aerosol produc-
tion from SO2 uptake on sea salt and dust is accounted for.
(5) The NOCOAT simulation is the same as BASE but no
coating of dust after SO2 uptake is accounted for. These
sensitivity simulations were intended to asses the impacts of
the whole set of heterogeneous reactions implemented in the
model (NOHET), of the heterogeneous reactions on mineral
dust (NOHETDU), of the sulfate produced by reactive
uptake of SO2 on dust and sea salt (NOSO4HET), and of
the effect of ageing of dust particles by sulfate coating
(NOCOAT) on the aerosol distributions, concentrations and
optical properties. We conducted a 1-year spin-up (from
January to December 2000) for the BASE simulation and
a 1-month spin-up starting in December 2000 for the
sensitivity simulations. In this study the aerosol optical

properties calculated by HAM were used only as diagnos-
tics; that is, they did not feedback on the ECHAM5
radiative transfer scheme which insures identical meteorol-
ogy in the different sensitivity simulations.

3. Influence of Trace Gas–Aerosol Interactions
on Sulfur Species and Aerosols

[14] In the following we quantify the impact of hetero-
geneous reactions on the distribution of SO2, sulfate, dust
and black carbon. The simulated aerosol distributions and
budget are briefly described and evaluated in the auxiliary
material.1 Simulated aerosol concentrations are evaluated
using measurements from the European Monitoring and
Evaluation Program (EMEP) and from the North American
Interagency Monitoring of Protected Visual Environments

1Auxiliary materials are available in the HTML. doi:10.1029/
2007JD009008.

Figure 4. Annual mean burdens differences (mg/m2) between BASE and NOHET simulations of
mineral dust in the (a) accumulation (DU-AI) and (b) coarse hydrophobic (DU-CI) modes and in the
(c) accumulation (DU-AS) and (d) coarse (DU-CS) hydrophilic modes.
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(IMPROVE) networks and simulated aerosol optical depth
are compared to measurements from the Aerosol Robotic
Network (AERONET). The evaluation of the model can be
summarized as follows. The simulated sulfate concentra-
tions are in general in good agreement with the observations
from EMEP (Figures S3 and S4 in the auxiliary material)
and IMPROVE (Figures S5 and S6 in the auxiliary material)
networks, while the SO2 concentrations are largely over-
estimated over Europe (Figures S3 and S4 in the auxiliary
material). The model reproduces fairly well the AOD
seasonal variations in most of the considered AERONET
stations (Figure S7 and Table S1 in the auxiliary material).
We find a burden of 0.77 and of 0.87 Tg(S) a�1 for SO2 and
sulfate (Tables 4a and 4b), respectively.

3.1. SO2 and Sulfate

[15] SO2 and sulfate play an important role both in the
formation of aerosol particles and in the ageing processes of
existing particles. They also impact strongly the aerosol
composition, mixing state, and therefore the number and
size distribution, optical properties, and lifetime of other
aerosols. In ECHAM5-HAMMOZ, sulfate aerosol sources
are primary emissions, nucleation (formation of new fine
particles), condensation of H2SO4 on all aerosol modes, in-
cloud oxidation of SO2, and heterogenous reaction of SO2

on sea salt and mineral dust particles. The production of
sulfate by nucleation is not very important in terms of
mass (global annual sulfate production = 0.07 Tg(S),
Table 4a and 4b), but is important in terms of number
of particles. In the BASE simulation the nucleation mode
contributes 96% to the total particle number concentration
in the troposphere (not shown). Condensation of H2SO4

with formation of sulfate on the surface of existing
particles is important in terms of sulfate mass with
27 Tg(S) produced per year and also because it is
responsible for the ageing of hydrophobic particles (black
carbon and organic carbon in the Aitken mode and mineral
dust in the accumulation and coarse modes). In-cloud
oxidation of SO2 is the most significant process that leads
to sulfate production with 45 Tg(S) produced per year. The
sulfate aerosol formed by this later process is distributed to
the accumulation and coarse mode aerosol particles
according to their number concentrations.
[16] Heterogeneous reactions influence these processes

through the direct uptake of SO2 on sea salt and mineral

dust particles. Figure 2 shows the sulfate production rates
by uptake of SO2 on sea salt (Figure 2a) and mineral dust
(Figure 2b). The sulfate formation on dust and sea salt
accounts for 0.55 Tg(S) a�1 (<1%) and 3.69 Tg(S) a�1

(5%), respectively (Tables 4a and 4b). The sulfate formation
on dust has only little significance in terms of total sulfate
production (Figure 2c), but has important implications for
mineral dust as hydrophobic particles are transformed into
hydrophilic particles following surface coating by sulfate
(Figure 2d). 300 Tg a�1 of dust are transferred from a
hydrophobic-insoluble modes (AI and CI) to the
corresponding hydrophilic-soluble modes (AS and CS),
which represent more than half of the insoluble mineral
dust particles emitted (527 Tg a�1, Figure 1b).
3.1.1. Impact of Heterogeneous Reactions on SO2

[17] The impact of the overall set of heterogeneous
reactions (Table 2) is quantified by comparing the BASE
and NOHET simulations. Figure 3a shows that the SO2

burden increases by 5–10% over a large area in the
Northern Hemisphere and by more than 10% over the
Sahara, the Gulf of Guinea, and the Arabian Peninsula but
decreases in the Southern Hemisphere by up to 10% (except
over the continents). The SO2 burden also decreases north
of about 40�N, up to 20% at high latitudes (14% decrease in
terms of annual mean surface concentration). These results
reflect in fact the impacts of competing processes. The SO2

uptake on sea salt and dust induces a decrease of SO2. In the
mean time, the overall set of heterogeneous reactions
(Table 2) and in particular the O3 uptake on dust and the
N2O5 and HO2 reactions on wet particles induce a global
reduction of O3 and OH by 9% and 10%, respectively
[Pozzoli et al., 2008]. This, in turn, affects the SO2 and
DMS distributions. The SO2 and DMS oxidation by OH
decreases, leading to a decrease in H2SO4 production, and
in the associated sulfate production by condensation on
existing particles, while a higher SO2 concentration may
increase sulfate production by SO2 in-cloud oxidation.
3.1.2. Impact of Heterogeneous Reactions on Sulfate
[18] Figure 3b illustrates the overall impact of the full set

of heterogeneous reactions on sulfate burden. The compet-
ing effects previously described result in a 1% increase in
the global annual SO2 burden and in a 2% decrease in
global annual mean sulfate burden. Sulfate burden increases
by +4% over the oceans in the Southern Hemisphere, and
decreases in the tropics with a maximum between 4 and 6%
over the Sahara Desert, Arabian Peninsula, and India.
Whereas heterogeneous chemistry is found to cause a large
decrease in SO2 at high latitudes in the Northern Hemi-
sphere, it leads only to a small increase in sulfate (2% in
terms of global burden and 3% in terms of annual mean
surface concentration). Figure 3f compares the BASE sim-
ulation and the NOSO4HET simulation in which the het-
erogeneous uptake of SO2 is only considered as a sink for
this species. The heterogeneous reactions of SO2 on aero-
sols increase the sulfate burden over the oceans (by up to
30% and 40% over the Pacific ocean). The sulfate formation
on sea salt and mineral dust increases globally the sulfate
burdens by 10% (BASE/NOSO4HET). These changes are
most likely due to sea salt uptake, because the sulfate
produced on dust is small compared to other sulfate sources
(only 0.55 Tg(S) a�1, Table 4a and 4b), and also because we
do not find changes in sulfate and SO2 burdens when we

Table 5. Ratios Between Global Annual Mean Burdens of Total

Black Carbon (BC) and Mineral Dust (DU) and for Hydrophobic

(KI, AI, and CI) and Hydrophilic (KS, AS, and CS) Modes

Calculated by the Sensitivity Simulationsa

Species BASE
BASE

NOHET
BASE

NOHETDU
BASE

NOSO4HET
BASE

NOCOAT

BC KI 2.20 � 10�2 1.04 1.01 0.93 1.00
BC KS 5.85 � 10�3 1.03 1.01 0.96 1.00
BC AS 1.04 � 10�1 1.00 1.00 1.01 1.00
BC CS 2.03 � 10�4 1.28 1.20 1.09 1.15
BC TOT 0.13 1.00 1.00 0.99 1.00
DU AI 0.02 0.57 0.55 0.49 0.50
DU CI 1.46 0.49 0.48 0.44 0.44
DU AS 0.08 1.15 1.17 1.24 1.24
DU CS 4.09 1.45 1.47 1.60 1.59
DU TOT 5.65 0.95 0.95 0.94 0.94

aUnit is Tg.
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exclude the coating of externally mixed particles (Figure 3h,
BASE/NOCOAT).

3.2. Mineral Dust and Black Carbon

[19] The heterogeneous reactions included in our study
influence the distributions of other aerosol species either
directly (e.g., mineral dust can be coated by sulfate from
SO2 uptake) or indirectly (e.g., by changing the SO2

oxidation rate which determines the H2SO4 concentration
and therefore its condensation on existing particles).
3.2.1. Impact of Heterogeneous Reactions on Dust
[20] Figure 4 shows the change in dust aerosol mass

due to the inclusion of the whole set of heterogeneous
reactions (BASE-NOHET), while Table 5 summarizes the
annual mean global burden changes in mineral dust in the
sensitivity simulations. As previously mentioned, we
assume that mineral dust particles become hydrophilic
once coated by a monolayer of sulfate molecules (section
2.1). The impact of this process is shown in Figure 4.
More than 100 mg m�2 of dust (annual mean burden

difference) is redistributed from the insoluble to the
soluble coarse mode. The annual mean global burden of
dust decreases by 5% because of all heterogeneous
reactions (Table 5, BASE/NOHET) but the changes in
the single modes are larger, �43% and �51% in the
accumulation and coarse insoluble modes, respectively,
and +15% and +45% in the accumulation and coarse
soluble modes, respectively. The decrease of 5% in total
burden is due to a higher wet deposition efficiency of
soluble mineral dust particles. The NOSO4HET and
NOCOAT simulations give similar results, i.e., an increase
in the insoluble modes (AI and CI) and a decrease in the
soluble modes (AS and CS) with respect to the BASE
simulation. The differences between these two simulations
and the BASE simulation provide an estimate of the
significance of the sulfate formation and coating of dust
for the transfer of dust particles from the insoluble to
soluble modes. In the BASE simulation the insoluble dust
(sum of the accumulation and coarse modes) accounts for
26% of the total burden of dust (Table 5), while in the

Figure 5. Annual mean burdens differences (mg/m2) between BASE and NOHET simulations of black
carbon in the (a) Aitken hydrophobic (BC-KI) mode and in the (b) Aitken (BC-KS), (c) accumulation
(BC-AS), and (d) coarse (BC-CS) hydrophilic modes.
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NOCOAT simulation (in which the ageing of dust par-
ticles does not occur after SO2 uptake) the insoluble
fraction of dust is 56%.
3.2.2. Impact of Heterogeneous Reactions on Black
Carbon
[21] The effect of heterogeneous reactions on the black

carbon distribution is shown on Figure 5. Hydrophobic
black carbon aerosol mass decreases in the Northern Hemi-
sphere (Figure 5a), especially over polluted regions, eastern
U.S., Europe, and China. By contrast, the black carbon
burden increases in the insoluble Aitken mode (KI) over
regions where biomass burning sources emit high loads of
carbonaceous aerosols (central Africa, Amazonia and south-
east Asia). This increase can be related to the decrease of
oxidant concentrations due to heterogeneous reactions
which results in less SO2 oxidation and hence less H2SO4

condensation on hydrophobic particles (see section 3.1).
This change in ageing is reflected in the accumulation
soluble mode (AS) (Figure 5c), but the total global burden
of black carbon does not change between the BASE and
NOHET simulations as shown in Table 5. The effect of

heterogeneous reactions on dust (BASE/NOHETDU) is not
relevant for black carbon. The black carbon burden only
increases in the soluble coarse mode by 20% but the burden
in this particular mode is very low.
[22] We do find an indirect effect of the formation of

sulfate on mineral dust and sea salt on black carbon (Table 5,
BASE/NOSO4HET). When we do not consider this addi-
tional sulfate formation, we find a black carbon burden
decrease of 7% and 4% in the Aitken insoluble and soluble
modes, respectively. As we do not find any additional effect
on black carbon due to the coating of insoluble mineral dust
particles (BASE/NOCOAT), we suggest that the increase in
black carbon in the coarse soluble mode in the BASE
simulation is probably due to an increase in coagulation
efficiency as more wet particles are available.

3.3. Aerosol Optical Properties

[23] The trace gas–aerosol interactions and their subse-
quent effect on the aerosol distributions affect the optical
properties of the particles. Stier et al. [2006] explored to
what extent non absorbing aerosol species, like sulfate,

Figure 6. Ratio between BASE and NOHET simulations of seasonal mean (a) aerosol optical depth
AOD and (b) absorption optical depth ABS in winter (DJF) and (c) aerosol optical depth AOD and
(d) absorption optical depth ABS in summer (JJA).
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affect atmospheric absorption and the amount of diffuse
solar radiation. For example atmospheric absorption can be
reduced by the ageing of black carbon insoluble particles
(enhancing their removal by wet scavenging), and increased
by internal mixing (internal mixing of black carbon with
non absorbing aerosols increases the absorption efficiency
of black carbon [Ackerman and Toon, 1981]) and by
increased diffuse solar radiation. Stier et al. [2006] found
for example that SO2 anthropogenic emissions increase
aerosol absorption by 20–30% near the source regions. In
this section we will similarly quantify the effect of hetero-
geneous reactions on these processes.
[24] On an annual mean basis the change in AOD when

heterogeneous reactions are included are in the range of
±5% (not shown), but larger differences are seen regionally
and seasonally. Figure 6a shows that in winter heteroge-
neous chemistry increases aerosol optical depths over the
most polluted regions, e.g., by 5 to 15% over Europe and
the eastern U.S. and by more than 30% over east Asia. This
is explained by the increase in sulfate burden in the same
region and season (up to 10% over east Europe and east
U.S., up to 50% over east Asia, not shown). The aerosol
absorption optical depth (ABS, defined by the product of
the aerosol optical depth and the aerosol co-single-scattering
albedo) in winter also increases by 5–10% in these regions
with the largest enhancement (up to 15%) occurring over
western Europe (Figure 6b).
[25] By contrast, we find a decrease of 20% in aerosol

ABS over the north Atlantic Ocean and from 5 to 15% over
Scandinavia and Siberia. The total black carbon burden
(sum of the BC burdens over all the aerosol modes) remains
more or less constant (changes, in general, are between
±4%) but the changes in the mixing state of black carbon
particles can be important in determining aerosol absorp-
tion. We find that the inclusion of heterogeneous chemistry
significantly changes ABS only on a regional and seasonal
basis. In winter, for example, where the largest differences
are seen, we find a colocation of the increase in ABS
(Figure 6b) and the increase in the black carbon burden in
the accumulation soluble mode (Figure 5c) over Europe,
U.S., and northern China (Beijing and Yellow Sea). Stier et

al. [2006] found that the ABS increases over sulfate source
regions because of the internal mixing while it decreases
over remote regions (North Atlantic Ocean, Scandinavia
and Siberia) because of enhanced black carbon wet depo-
sition efficiency. Figure 6b provides further evidence for
these two competing effects that contribute to atmospheric
absorption.
[26] The global effects of heterogeneous reactions on

annual mean aerosol optical properties are listed in Table 6
for all the particles and for each aerosol mode. The
heterogeneous reactions on mineral dust play an important
role as the two ratios BASE/NOHETDU and BASE/
NOHET are very similar. We find a decrease in AOD in
the accumulation and coarse insoluble modes of about
50% (the two modes being solely composed by mineral
dust) because of SO2 uptake, and small changes in the
corresponding accumulation and coarse soluble modes,
�3% and +2%, respectively. On the other hand, the
AOD in these two soluble mode (AS and CS) is 10 times
larger than that in the insoluble modes (AI and CI)
(Table 6), so the overall AOD change is only �1% on
the global annual mean. The sulfate formation on sea salt
and mineral dust particles increases the annual global
mean AOD by 3% (BASE/NOSO4HET). The AOD of
the soluble modes increases (up to 8% in the accumulation
mode), while the AOD of the insoluble modes decreases
(in particular for the accumulation and coarse mode
(>50%), but also for the Aitken mode (7%)). The sulfate
formation from heterogeneous reactions and the coating of
dust particles have also an indirect effect on insoluble
particles in the Aitken mode (mixture of black carbon and
organic carbon), the AOD in the Aitken mode decreases
by 11% for soluble particles and increases by 42% for
insoluble particles between the BASE and the NOCOAT
simulations.
[27] The mode which contributes the most to the total

ABS by aerosols is the accumulation soluble mode,
followed by the Aitken insoluble and coarse soluble. The
accumulation soluble mode does not change significantly
in all the sensitivity simulations, which explains the small
changes in the annual mean of total ABS. The Aitken
insoluble mode (that is composed of an internal mixture of
black and organic carbon) only changes by 4% because of
the heterogeneous reactions (BASE/NOHET). The sulfate
formation on sea salt and dust changes the ABS of this
mode by �7% (BASE/NOSO4HET). The coating of dust
particles by SO2 uptake leads to a transfer from the
insoluble to the soluble modes that results in a decrease
of the ABS by 51% in the insoluble modes and to an
increase of the ABS in the soluble modes by 58% while
the total ABS decreases only by 1%. These changes are
mainly due to the coating of the particles by sulfate
formation from SO2 uptake, as shown by the ratios
BASE/NOSO4HET and BASE/NOCOAT.

4. Discussion

[28] We find annual mean burden of 0.77 and 0.87 Tg(S)
for SO2 and sulfate, respectively, in the BASE simulation.
These numbers are within the range of those from other
studies even though a comparison to EMEP observations
indicate that our simulated SO2 concentrations are over-

Table 6. Ratios Between Global Annual Means of Total Aerosol

Optical Depth (AOD) and Total Absorption Optical Depth (ABS)

and for Hydrophobic (KI, AI, an CI) and Hydrophilic (KS, AS, and

CS) Modes Calculated by the Sensitivity Simulations

Species BASE
BASE

NOHET
BASE

NOHETDU
BASE

NOSO4HET
BASE

NOCOAT

Total AOD 1.31 � 10�1 0.98 0.99 1.03 1.00
AOD of KS 5.16 � 10�4 0.98 0.98 1.03 0.89
AOD of KI 6.45 � 10�4 1.04 1.01 0.93 1.42
AOD of AS 6.23 � 10�2 0.97 0.99 1.08 1.00
AOD of AI 1.31 � 10�4 0.57 0.55 0.49 0.50
AOD of CS 6.58 � 10�2 1.02 1.02 1.03 1.03
AOD of CI 1.60 � 10�3 0.47 0.47 0.42 0.43
Total ABS 2.16 � 10�3 1.00 0.99 0.99 0.99
ABS of KS 5.37 � 10�5 1.03 1.00 0.96 0.97
ABS of KI 2.47 � 10�4 1.04 1.01 0.93 1.00
ABS of AS 1.67 � 10�3 0.99 1.00 1.01 1.00
ABS of AI 9.42 � 10�7 0.57 0.55 0.49 0.50
ABS of CS 1.39 � 10�4 1.44 1.45 1.58 1.58
ABS of CI 4.86 � 10�5 0.49 0.48 0.44 0.44
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estimated by a factor of �3.5 over Europe (section 2 of the
auxiliary material). 57% of the total sulfate sources origi-
nates from SO2 in-cloud oxidation by O3 and H2O2, about
5% from heterogeneous reactions on sea salt and mineral
dust particles, 34% from condensation on existing particles
and nucleation of H2SO4 (produced again by SO2 and DMS
in the gas phase oxidation), the remaining 2% being primary
emissions (Tables 4a and 4b).
[29] The value found for in-cloud oxidation of SO2 by O3

and H2O2 is very similar to the value of 41.3 Tg(S) a�1

found by Liao et al. [2003], but 2 times larger than that of
Bell et al. [2005] (they do not consider aqueous oxidation
by O3 and pH of the clouds), and 2.5 times larger than that
of Alexander et al. [2005] (they consider a constant cloud
droplet pH of 4.5 that limits the impact of the O3 relative to
the H2O2 oxidation pathway).
[30] Bauer and Koch [2005] found a decrease of 30%

(0.46 Tg(S)) in the global SO2 burden because of the
uptake of SO2 on mineral dust and an increase of 4% in
the total sulfate burden (0.50 Tg(S)), with 0.37 Tg(S) of
sulfate present as externally mixed particles and the
remaining sulfate associated to dust. These variations are
larger than those found in this work (section 3.1), but the
comparison between these two studies is difficult. Even if
they used a SO2 uptake coefficients of 10�4 (RH > 60%)
and 10�7 (RH < 60%), which is close to the one used in
the present work (10�4 for all RH conditions, Table 2),
Bauer and Koch [2005] used different hypothesis for the
coating of mineral dust particles, assuming that a dust
particle is soluble when 10% of its surface is covered by
sulfate.
[31] The studies of Liao et al. [2004] and Liao and

Seinfeld [2005] are close to our study in terms of the uptake
coefficients chosen for heterogeneous reactions (at least for
the uptake of N2O5, HO2, NO2, and NO3 on wet particles,
of O3 and HNO3 on dust and of SO2 on sea salt), but the
description of aerosols is different (in their model aerosols
are described with a bulk approach of external mixture of
dust, organic carbon, black carbon and an internal mixture
of inorganic aerosols like ammonium, sulfate, nitrate and
sea salt). In comparison to our model, they used a higher
SO2 uptake coefficient on mineral dust (0.1 for RH > 50%,
3 � 10�4 for RH < 50%, from Dentener et al. [1996]), and
the same SO2 uptake coefficient on sea salt, but different
assumptions on SO2 uptake and sulfate formation. The work
of Liao et al. [2004] suggests larger differences in sulfate
and SO2 burden due to heterogeneous reactions than our
study (i.e., global mean sulfate and SO2 burden decrease by
36% and 20%, respectively). Liao et al. [2004] found a
sulfate burden of 0.6 Tg(S), including 0.06 Tg(S) (9%)
associated with sea salt and 0.1 Tg(S) (16%) associated with
dust. The total contribution of 25% due to heterogeneous
formation of sulfate is larger than the 10% found in our
work (section 3.1). The differences with Liao et al. [2004]
may arise from the use of a different uptake coefficient of
SO2 on mineral dust and from different assumptions (e.g.,
they assumed that the pH of sea salt aerosols is always high
enough to have an efficient SO2 oxidation by O3). On the
other hand, we obtained a global annual sulfate production
in sea salt particles by SO2 uptake of 3.69 Tg(S) a�1, which
is very close to that found by Alexander et al. [2005], who
constrained their model study with oxygen isotope measure-

ments that can be used as an indication of SO2 oxidation by
O3 in the aqueous phase. Similarly to Alexander et al.
[2005], we assumed that the alkalinity is titrated by sulfate
formation and therefore we allowed sulfate formation to
occur only on ‘‘fresh’’ sea salt particles.
[32] We find that the model reproduces fairly well sulfate

concentrations as discussed in section 2 of the auxiliary
material and by Pozzoli et al. [2008] but overestimates SO2

concentrations. This may indicate that more SO2 molecules
than what we assumed are adsorbed irreversibly on sea salt
and dust particles independently on the effective sulfate
formation, which further depends on SO2 oxidation by O3.
The Bauer and Koch [2005] study indicates that the total
sulfate aerosol mass changes by 20 to 40% and the
externally mixed sulfate aerosol burden changes by up to
80% in response to a SO2 uptake coefficient on dust ranging
from 10�8 to 10�3, which indicates that the overall budget
is quite sensitive to that parameter. One limitation in our
work arises from the large uncertainty associated with SO2

uptake. In particular, for dust uptake of SO2 we used a
‘‘reactive’’ uptake coefficient, which may account well for
sulfate formation but not for the loss of SO2 on dust
particles. The effect of coating and surface saturation also
need to be explored in detail by testing different ratios of
sulfate amount needed to make a dust particle soluble as this
leads to large differences in the mineral dust mixing state
with possible feedbacks on other aerosol species.

5. Summary and Conclusions

[33] In this work we used the newly developed fully
coupled aerosol-chemistry-climate model ECHAM5-HAM-
MOZ to quantify the impacts of heterogeneous reactions on
the global distributions, compositions, and optical proper-
ties of aerosols. The aerosol simulation was first evaluated
using a variety of data set, including sulfate and SO2 surface
concentrations measured by the EMEP network (over
Europe, Figures S3 and S4 of the auxiliary material),
sulfate, black and organic carbon concentrations measured
by the IMPROVE network (over the U.S., Figures S5 and
S6 of the auxiliary material), and aerosol optical depths
provided by the AERONET network at various sites over
the world (Figure S7 and Table S1 of the auxiliary material).
A good agreement between observed and simulated sulfate
concentrations is found in general, but SO2 concentrations
are largely overestimated over Europe. This overestimate
can be partly due to too low deposition [Stier et al., 2006],
too high emission levels [de Meij et al., 2006] and to a low
SO2 uptake on aerosols (see section 2 in the auxiliary
material). The black carbon and organic carbon concentra-
tions show a good agreement over the U.S. with a correla-
tion coefficient of 0.62 and 0.76 and relatively low mean
absolute biases, 40% and 26%, respectively. The simulated
aerosol optical depths compare well with observations at
many sites of the AERONET network, both in terms of
annual means and seasonal variations.
[34] In our BASE simulation we find a global burden of

0.77 and 0.87 (Tg(S)) for SO2 and sulfate, respectively. Our
sulfate burden falls in the range of previous estimates, while
the SO2 burden is higher compared to other studies, as also
indicated by the overestimate of observed SO2 concentra-
tions. The effects of heterogeneous reactions were analyzed
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through a series of sensitivity simulations. The impact of
these reactions on annual mean aerosol burdens is small in
general but significant differences are seen for specific
regions and seasons. SO2 is affected by heterogeneous
reactions through different competing processes. The de-
crease in OH (the main oxidant of SO2) caused by hetero-
geneous chemistry [Pozzoli et al., 2008] leads to a reduction
in H2SO4 and sulfate condensation. On the other hand, SO2

uptake on mineral dust and sea salt leads to the production
of sulfate. The balance between these processes is highly
variable over the globe; for example, the SO2 burden
generally increases over source regions of dust by up to
15% and decreases over the oceans in the Southern Hemi-
sphere and at high latitudes in the Northern Hemisphere.
The resulting effect of these competing processes on the
sulfate distributions is in general small. The SO2 and sulfate
burdens are mainly impacted by heterogeneous reactions on
nondust particles, but the sulfate formation on dust plays an
important role in determining the mixing state of particles,
thus influencing the wet deposition efficiency and the
lifetime.
[35] We find that the main sources of sulfate are SO2 in-

cloud oxidation (57%) and condensation of H2SO4 (34%).
Sulfate formed on sea salt particles is 3.69 Tg(S) a�1

(5%), in good agreement with the observation-constrained
model study of Alexander et al. [2005]. Sulfate formed by
heterogeneous uptake of SO2 on mineral dust contributes
only 0.55 Tg(S) a�1 (<1%), but is responsible for the
coating of mineral dust particles thereby changing their
mixing state and hygroscopicity. 300 Tg a�1 of dust are
transferred by this process from the insoluble to the
soluble mixed modes, which represents more than 50%
of the total mineral dust emitted per year. The ageing of
dust by SO2 uptake decreases the fraction of hydrophobic
dust from 56% to 26%, and decreases the dust global
annual mean burden by 5% because of enhanced wet
deposition efficiency. The globally averaged burden of
black carbon does not change significantly because of
the heterogeneous reactions. However, the hydrophobic
black carbon mass decreases in the Northern Hemisphere,
especially over polluted regions. Over the regions where
biomass burning sources emit high loads of carbonaceous
aerosols, hydrophobic black carbon mass increases while
the hydrophilic black carbon decreases.
[36] The changes in black carbon and dust mixing state

exert an important impact on aerosol optical properties and
in particular on aerosol absorbing properties. We find small
variations in globally and annually averaged aerosol ab-
sorption optical depth, but significantly larger differences on
a regional and seasonal scale. The aerosol optical depth and
aerosol absorption optical depth increase by 10 to 40%, and
up to 15%, respectively, during winter (DJF) in the main
polluted regions (Europe, eastern U.S., and eastern Asia)
because of heterogeneous reactions. The changes in the
aerosol mixing state due to heterogeneous reactions and
sulfur chemistry also induce reductions up to 20% in aerosol
absorption optical depth over remote regions.
[37] Some of the trace gas–aerosol interactions described

in this work are still affected by large uncertainties. Further
experimental studies are needed to investigate the hetero-
geneous reaction pathways and to reduce the uncertainty
associated with the uptake coefficients in order to improve

the description of important processes like dust and black
carbon coating. The large number of competing and non-
linear processes that contribute to shape the trace gas and
aerosol distributions as well as the aerosol composition,
mixing state, and optical properties clearly highlight the
need to use a coupled model to achieve a comprehensive
and quantitative understanding of the radiative forcing of
greenhouse gases and aerosols on climate. These processes
are also important to assess the indirect effect of aerosols on
climate (e.g., by enhancing CCN concentration), the long
range transport of aerosols, the impact of aerosol on air
quality, and the impact of aerosol deposition on marine and
terrestrial ecosystems.
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