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a b s t r a c t

Dry deposition of semi-volatile organic compounds (SVOC) is not currently treated in most chemical
transport models of air quality and this omission has been identified as a possible major source of
uncertainty. The effect of dry deposition of SVOC on the concentration of secondary organic aerosols
(SOA) is investigated in summertime with the chemical transport model CHIMERE that simulates SOA
concentrations by means of molecular SOA surrogate species. Omitting dry deposition could over-
estimate SOA concentrations by as much as 50%. This overestimation is larger during nighttime due to
higher relative humidity.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Secondary organic aerosols (SOA) can contribute to a significant
fraction of fine particulate matter in the atmosphere. SOA are
formed by chemical reactions of volatile organic compounds
(VOCs) in the atmosphere, including sesquiterpenes, monoterpenes
and isoprene emitted by vegetation (Kroll and Seinfeld, 2008;
Surratt et al., 2006) and anthropogenic species such as aromatic
compounds, long-chain alkanes and alkenes. For example, the role
of isoprene in secondary organic aerosol formation has been
extensively studied over the United States (Dommen et al., 2006;
Kroll et al., 2006; van Donkelaar et al., 2007; Zhang et al., 2007;
Kleindienst et al., 2007). Nevertheless, SOA modeling remains
highly uncertain and many weaknesses and issues have already
been underlined.

Simpson et al. (2007) and Arneth et al. (2008) identified the
estimate of biogenic precursor emissions as an importantweakness.
Zhang et al. (2007) and Henze and Seinfeld (2006) suggested a high
sensitivity to the values of the enthalpy of vaporization used in
models, and Warren et al. (2009) stressed a dramatic effect of
temperature on SOA formation. Moreover, recent studies pointed
out the possible role of primary SVOC in SOA formation (Donahue
et al., 2009, 2006; Robinson et al., 2007; Schauer et al., 2002).
. Bessagnet), seigneur@cerea.
Menut).
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These precursors, which evaporate during the emission dilution
process, could condense back to the particulate phase after
oxidation. The exact physical and chemical pathways to SOA
formation are still uncertain for most parent hydrocarbons. During
the last ten years, the condensation/sorption process has been
adopted inmostmodels (Pankow,1994; Bowman et al.,1997; Odum
et al., 1997). If in urban areas, absorption is likely to dominate, the
issue is still open over forested and remote areas (Svendby et al.,
2008; Wexler and Johnston, 2008; Bonn and Moortgat, 2002;
Holmes, 2007). For example, nucleation bursts were observed by
Kavouras et al. (1998) in rather clean environments such as boreal
forest, and in urban areas, assuming co-nucleation effects with
sulfuric acid (Fan et al., 2006). Finally, SOA chemical schemes need
to be largely improved by adding aqueous and heterogeneous
pathways (Fu et al., 2009), as well as taking into account the multi-
step oxidation processes and their dependence on the NOx regime
(Kroll and Seinfeld, 2008; Pun and Seigneur, 2007).

1.1. Objective of the study

Many SOA species are semi-volatile hydrophilic species and the
gaseous fraction is expected to be deposited onto ground surfaces
as other water-soluble gas species. Hallquist et al. (2009) suggested
that errors in the deposition of organic vapors could be a large
source of uncertainties in atmospheric modeling. This issue has not
been addressed yet by modelers. This is partly due to the fact that
most SOA models do not explicitely treat SOA species but instead
use surrogate species that do not carry any molecular information.
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Table 1
Gas phase chemical scheme for SOA formation in CHIMERE. The surrogate SOA compounds consist of six hydrophilic species that include an anthropogenic nondissociative
species (AnA0D), an anthropogenic once-dissociative species (AnA1D), an anthropogenic twice-dissociative species (AnA2D), a biogenic nondissociative species (BiA0D),
a biogenic once-dissociative species (BiA1D) and a biogenic twice-dissociative species (BiA2D), three hydrophobic species that include an anthropogenic species with
moderate saturation vapor pressure (AnBmP), an anthropogenic species with low saturation vapor pressure (AnBlP) and a biogenic species with moderate saturation vapor
pressure (BiBmP), and two surrogate compounds for the isoprene oxidation products (ISOPA1, ISOPA2). T is the temperature in K.

Reactions Kinetic rates (molecules cme3 se1)

TOL þ OH / 0.004 � AnA0D þ 0.001 � AnA1D þ 0.084 � AnBmP þ 0.013 � AnBlP 1.81 � 10�12exp(355/T)
TMB þ OH / 0.002 � AnA0D þ 0.002 � AnA1D þ 0.001 � AnA2D þ 0.088 � AnBmP þ 0.006 � AnBlP 9.80 � 10e9/T
NC4H10 þ OH / 0.07 � AnBmP 1.36 � 10e12exp(190/T)e2

API þ OH / 0.30 � BiA0D þ 0.17 � BiA1D þ 0.10 � BiA2D 1.21 � 10e11exp(444/T)
API þ O3 / 0.18 � BiA0D þ 0.16 � BiA1D þ 0.05 � BiA2D 1.01 � 10e15exp (�732/T)
API þ NO3 / 0.80 � BiBmP 1.19 � 10e12exp(490/T)
BPI þ OH / 0.07 � BiA0D þ 0.08 � BiA1D þ 0.06 � BiA2D 2.38 � 10e11exp(357/T)
BPI þ O3 / 0.09 � BiA0D þ 0.13 � BiA1D þ 0.04 � BiA2D 1.50 � 10e17

BPI þ NO3 / 0.80 � BiBmP 2.51 � 10e12

LIM þ OH / 0.20 � BiA0D þ 0.25 � BiA1D þ 0.005 � BiA2D 1.71 � 10�10

LIM þ O3 / 0.09 � BiA0D þ 0.10 � BiA1D 2 � 10�16

TPO þ OH / 0.70 � BiA0D þ 0.075 � BiA1D 5.10 � e8/T
TPO þ O3 / 0.50 � BiA0D þ 0.055 � BiA1D 7.50 � 10e14/T
TPO þ NO3 / 0.70 � BiA0D þ 0.075 � BiA1D 4.30 � 10e9/T
ISO þ OH / 0.232 � ISOPA1 þ 0.0288 � ISOPA2 2.55 � 10e11exp(410/T)
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Therefore, such a formulation does not lend itself to deriving dry
deposition characteristics that could require information on the
physico-chemical properties of those species. A different formula-
tion has been used in some air quality models, where SOA species
are represented by specific surrogate molecules (Pun et al., 2006;
Bessagnet et al., 2009). Such a molecule-based representation of
SOA is conducive to a derivation of dry deposition velocities based
on the physico-chemical properties of the molecules. In this study,
the effect of dry deposition of gaseous secondary organic species on
SOA concentrations is investigated with such a chemistry transport
model, CHIMERE.
Fig. 1. Model-to-data comparisons (simulation SIM-B) for the monthly mean PM10 (mg me3

BDQA (french data provided by the French Agency for the Environment and Energy) and th
2. Modeling with CHIMERE

2.1. CHIMERE set-up

In this study, the CHIMERE model is used in a configuration
similar to that presented in Bessagnet et al. (2009). The July 2006
period was selected to study the sensitivity to dry deposition
velocities.

Given a set of NOx, SOx, NH3, PM, VOC and CO emissions,
CHIMERE calculates the concentrations of several gas-phase and
aerosol species (Schmidt et al., 2001; Bessagnet et al., 2004). In this
) in July 2006 using observations at background sites (coloured circles) from AIRBASE,
e EMEP network.



Table 2
Effective Henry's law constant H* at pH¼ 5.6, for the CHIMERE hydrophilic SVOC and
other chemical species. (*) For isoprene oxidized species ISOPA1 and ISOPA2,
H* ¼ 1.0 � 105 Matme1 is assumed.

Species H* (Matme1)

AnA2D 2.6 � 1016

AnA1D 1.5 � 1010

AnA0D 3.5 � 105

BiA2D 1.6 � 1011

BiA1D 2.9 � 1010

BiA0D 1.9 � 106

NO2 1.0 � 10e2

H2O2 7.4 � 104

SO2 6.5 � 103

HNO3 1.5 � 1012

ISOPA1* 1.0 � 105

ISOPA2* 1.0 � 105
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study, a version of CHIMERE for a domain covering western Europe
is used: from 14�W to 25�E in longitude and from 35�N to 58�N in
latitude, with a constant horizontal resolution of 0.5� � 0.5�. The
vertical grid contains 8 layers from the surface to 500 hPa. Various
improvements have successively been brought in previous studies
(Vautard et al., 2003, 2005). The model documentation can be
found on theweb server http://euler.lmd.polytechnique.fr/chimere.
For both ozone and PM10 and its components, the model has
undergone extensive intercomparisons on aerosol concentrations
at European and urban scales (Bessagnet et al., 2004, 2009; Vautard
et al., 2007; Van Loon et al., 2007).

The SOA scheme is presented in Table 1 and fully described in
Bessagnet et al. (2009). In the following, ASOA is defined as the sum
of anthropogenic SOA (AnA0D, AnA1D, AnA2D, AnBmP, AnBlP) and
BSOA the sum of biogenic SOA species (BiA0D, BiA1D, BiA2D, BiBmP,
ISOPA1, ISOPA2). The dry deposition module in CHIMERE for
particles and gases is based on Wesely's theory (Wesely, 1989;
Wesely and Hicks, 2000) with more recent updates from
Emberson et al. (2000) and Tuovinen et al. (2004). Most of SOA that
are SVOC are produced over forested areas where deposition
velocities are known to be important for particles (Petroff et al.,
2008a,b) and gases (Wesely, 1989). Consequently, one issue arises:
dowe need to account for gas-phase SVOC dry deposition inmodels? In
particular, since water affinity largely drives the deposition process,
hydrophilic SVOC issued from the oxidation processes are expected
to be deposited readily. To investigate this issue, two main
Fig. 2. Left panel: mean SOA concentrations in July 2006 (mg me3) for simulation SIM-B.
deposition velocities in July 2006, the decreases in % is calculated as: 100� CSIM�B � CSIM
deposition velocities set to zero, and CSIMeB is the SOA concentration with non-zero SVOC
simulations were performed, (i) a base case simulation without
SVOC dry deposition (called SIM-A) and (ii) a simulation with dry
deposition of SVOC (called SIM-B) by using the parameters
described in the next section.

A direct evaluation of simulated SOA concentrations is not
possible because SOA observations data do not exist yet, this is
a limitation of current SOA modeling studies. Fig. 1 shows a model
evaluation on monthly mean PM10 concentrations in July 2006 for
the simulation SIM-B. The model is globally able to reproduce the
background concentrations in Europe. The high concentrations in
BeNeLux and the low concentrations in Switzerland are fairly well
reproduced, but the model fails to reproduced the high concen-
trations in the North-West of Spain.

2.2. Dry deposition in CHIMERE

For a given gas species k, modeling of dry deposition velocity
(Vd

k) is done using a resistance approach (Equation (1)) where for
gases the three resistances considered are (i) the aerodynamic
resistance associated with turbulent transport in the atmosphere
(Ra), (ii) the resistance due to diffusive transport through
a quasi-laminar layer near the surface (Rbk) and (iii) the surface
resistance (Rck).

Vk
d ¼ 1

Ra þ Rkb þ Rkc
(1)

The surface resistance Rc
k depends on the surface type and gas

properties. For vegetation, it is a combination of cuticular (leaf
skin) and stomatal (leaf pores) resistances acting in parallel. The
cuticular resistance is generally greater than the stomatal resis-
tance and, therefore, the dry deposition process occurs mostly
through the leaf pores. The stomatal resistance consists of two
sequential resistances: a stomatal pore resistance (uptake of the
chemical species via the pore orifice) and a mesophyllic resis-
tance (transfer of the chemical species at the leaf tissue
interface). The stomatal resistance depends on solar radiation (for
example, stomatal pores are closed at night), temperature and
molecular diffusivity. The mesophyllic resistance depends on the
water solubility of the compound and its reactivity. For many
other surfaces (soil, water), the surface resistance depends on the
water solubility of the compound and its reactivity. The molec-
ular diffusivity of compounds does not vary much compared to
Right panel: Impact on SOA mean concentrations when adding non-zero SVOC dry

�A=CSIM�A, where CSIMeA is the SOA concentration in the base case with SVOC dry
dry deposition values.

http://euler.lmd.polytechnique.fr/chimere
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their water solubility. Therefore, in the absence of experimental
data, it seems appropriate to compare the water solubility of
chemical species to estimate dry deposition velocities by analogy
with other species for which dry deposition velocities are avail-
able experimentally. Moreover, a humidity factor FRH was intro-
duced to account for surface wetness with the relative humidity
RH as presented in Equation (2):

FRH ¼ RH � RHlim

100� RHlim
RH > RHlim (2)

and FRH ¼ if RH � RHlim. The relative humidity threshold RHlim is set
to 85% for forests and 75% for other canopies according to
measurements presented in Klemm et al. (2002). The humidity
factor is used to calculate the final non-stomatal conductance GNS

k of
species k (inverse of resistance) in Equation (3):
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Fig. 3. Top panel: diurnal cycle of the mean composition in July 2006 over land
100� CSIM�A � CSIM�B=CSIM�A, with CSIMeA the SOA concentrations in the base case with
deposition values.
Gk
NS ¼ ð1:0� FRHÞ$Gk

NS;dry þ FRH$G
k
NS;wet (3)
Gk
NS;dry and Gk

NS;wet are the non-stomatal conductances
respectively in dry and wet conditions, these conductance
values for a gas species k are obtained from O3 and SO2 stomatal
conductances.
2.3. SVOC dry deposition velocities

There are two main categories of SVOC simulated in the
CHIMERE SOA module: hydrophobic compounds and hydrophilic
compounds. Hydrophilic compounds are by definition water
soluble and their dry deposition velocity will be in great part
a function of their Henry's law constants. The dry deposition
velocity is not proportional to the Henry's law constant because of
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other factors such as aerodynamic resistance, surface layer resis-
tance, stomatal resistance and the effect of reactivity on the
mesophyllic resistance; nevertheless, a positive correlation is
expected between the dry deposition velocity and the Henry's law
constant. Therefore, it appears judicious to compare the Henry's
law constants of the SVOC simulated in CHIMERE with those of
chemical species for which dry deposition is already explicitly
treated in CHIMERE. For dissociating species (i.e., acids), the effec-
tive Henry's law constant is required to account for the dissociation
of the species in solution. The effective Henry's law constants are
functions of pH. Table 2 presents a summary of those effective
Henry's law constants for hydrophilic SVOC and some standard
chemical species of CHIMERE. The Henry's law constants of the
SVOC where obtained from Pun et al. (2006) for the biogenic
compounds. The dissociation constants of the organic acids were
taken to be that of glyoxalic acid for monocarboxylic acids and
those of malic acid for the dicarboxylic acids, following Pun et al.
(2002). The Henry's law constants of the inorganic species are
from Seinfeld and Pandis (1998). Non-dissociating SVOC (AnA0D
and BiA0D) have Henry's law constants that are slightly greater
than that of H2O2 and commensurate or slightly greater than the
effective Henry's law constant of SO2. The dissociating SVOC have
effective Henry's law constants that considerably exceed those of
SO2 and H2O2. The monocarboxylic acids have effective Henry's law
constants that are lower by about two orders of magnitude than
that of nitric acid. The biogenic dicarboxylic acid has an effective
Henry's law constant that is commensurate with that of nitric acid
and the anthropogenic dicarboxylic acid has an effective Henry's
law constant that is significantly greater than that of nitric acid.
Regarding the isoprene chemistry, 2-methyl tetrols and 2-methyl-
glyceric acid are commonly found after isoprene oxidation
processes (Edney et al., 2005). ISOPA1 and ISOPA2 surrogate
compounds presented in Table 1 are expected to be highly soluble
in water: consequently, in the simulation SIM-B, their effective
Henry's law constants are considered to be on the same order of
magnitude as usual hydrophilic gas species.

Hydrophobic compounds (AnBlP, AnBmP and BiBmP) are not
very water soluble and their dry deposition velocity should be
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approximated by that of a chemical species with a very low water
solubility such as NO2.

Considering the previous discussion, the SVOC Henry's law
constant mentioned in Table 2 are used for hydrophilic species in
the SIM-B simulation, and low water solubility such as that of NO2
for hydrophobic species.

3. Simulation results e discussion

Fig. 2 shows large differences in SOA concentrations between
the two simulations SIM-A and SIM-B. Due to very high kinetic
rates, secondary organic species are rapidly produced over forested
areas and the gas fraction is expected to be rapidly deposited within
the canopy. SOA concentrations in the base case often exceed
10 mg me3 in July over forestry regions in the South west and North
east of France and in Croatia. A hot spot over the North of Italy is
due to anthropogenic SOA. These high concentrations are in part
due to the warm conditions that occured in July 2006 in Europe
with temperature anomalies ranging from þ3 �C to þ5 �C as
reported by the NOAA in its global analyses report (accessible at:
http://www.ncdc.noaa.gov/sotc). The SIM-B simulation shows
lower concentrations over forests with decreases in the range
20e35% in most of continental areas (Fig. 2). This first model result
has a direct implication on SOA modeling with a priori an over-
estimation up to a factor of 1.5 when SVOC dry deposition is
neglected.

The top panel of Fig. 3 displays a mean diurnal cycle in July 2006
of SOA concentrations over land areas. Each concentration values
were averaged over the whole month and the whole domain. The
biogenic fraction of SOA dominates the SOA total burden, with
a strong contribution of isoprene oxidized compounds. This large
contribution is consistent with Henze and Seinfeld (2006) who
found a large increase of the SOA global burden in the United States
(by a factor of two) when accounting for isoprene chemistry.
Overall, only 5% of SOA comes from anthropogenic sources,
however, the photo-oxidation of semi-volatile primary organic
compounds is not taken into account in this study which could
explain this low contribution. The diurnal cycle of anthropogenic
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species is rather flat compared to the biogenic species, which is
due to a greater sensitivity to temperature and relative humidity for
the latter. Murphy and Pandis (2009) show similar results with the
PMCAMx model over urban areas, they found a contribution in the
range 15e40% of ASOA to the total SOA in Atlanta. Pun and Seigneur
(2008) reported that air qualitymodels fail to reproduce the diurnal
profiles of SOA concentrations because of the enthalpy of vapor-
ization which are difficult to estimate are overestimated (SOA
observations show a flatter profile). Our results show similar
patterns with a marked increase during the night.

First, it is noteworthy in the top panel of Fig. 3 that only the
biogenic SOA concentrations decrease, the anthropogenic fraction
decrease from SIM-A to SIM-B simulations is only about 4e7%
while the total SOA concentrations (including BSOA) can decrease
up to 30% between SIM-A and SIM-B. Anthropogenic SVOC are
produced close to urban areas and transported far from emission
sources within the boundary layer, but the effects of surface
processes like the dry deposition is not as efficient as for SVOC
from biogenic VOC emissions locally produced nearby the forest
canopy.

Second, it appears in Fig. 3 (bottom panel) that the decrease of
total SOA concentrations is higher during the night (up to 30%), than
during daytime (about 20%). This difference could be explained by
higher relative humidity during nighttime that increases the non-
stomatal conductance as a consequence of Equations (2) and (3).
However, Ra and Rb

k depend on two meteorological parameters, the
Monin Obukov lenth L and the friction velocity u* which greatly
evolve during the day. In order to evaluate the influence of atmo-
spheric stability (through Ra and Rb

k) versus the influence of relative
humidity (through Rc

k), two complementary academic simulations
were performed by setting a constant daily mean atmospheric
stability: a new base case without SVOC dry deposition (called
SIM-C) and a new simulation with dry deposition of SVOC (called
SIM-D). For these two academic simulations, L and u* are daily
averaged and kept constant each day per model grid cell. The
decrease rate drops from 30% during nighttime to 15% during
daytime as shown in Fig. 4. This is a clear confirmation of the role of
the relative humidity in SIM-A and SIM-B simulations since the
atmospheric stability parameters are constant during the day in
simulations SIM-C and SIM-D.

The higher decrease during the night makes sense, because the
diurnal profile is then improved making a flatter cycle as already
observed in the measurement campaign reported in Pun and
Seigneur (2008).

4. Conclusion

Dry deposition is an important removal process for many
atmospheric species; yet, it is not taken into account for SVOC in
chemical transport models of air quality. In this work, we investi-
gated the potential effect of omitting this removal pathway for
SVOC on the SOA concentrations in a regional simulation over
Europe. To that end, the CHIMERE model was used. CHIMERE uses
a molecular representation for SOA surrogate species, which lends
itself to the estimation of dry deposition velocities for individual
SOA surrogate species. Dry deposition velocities were estimated
based on the water solubility of the partitioning SVOC species (i.e.,
the gaseous fraction of the SOA). The results demonstrate the
potential importance of this removal pathway, as neglecting dry
deposition tends to overestimate SOA concentrations by as much as
50%. This overestimation is larger during nighttime due to higher
relative humidity. It should be noted that oligomerisation is not
taken into account in this version of the SOA model. Since oligo-
merisation affects water-soluble SOA species such as aldehydes,
taking oligomerisation into account would decrease the effect of
deposition processes on the calculated SOA concentrations.
Therefore, the effect estimated here should be seen as an upper
limit. According to the results of this study, we recommend to
implement the removal process of SVOC in chemistry transport
models. Usually, dry deposition is not evaluated in air quality
models because no sufficient dry deposition measurement is
available for atmospheric gases; this is a clear limition in atmo-
spheric pollution science. Further work on dry deposition of SVOC
is recommended. In particular, experimental studies of the dry
deposition characteristics of major SVOC would be useful to refine
current estimates of dry deposition velocities.
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