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Abstract

The effect of dry and wet deposition of semi-volatile organic compounds (SVOC) in the
gas-phase on the concentrations of secondary organic aerosol (SOA) is reassessed
using recently derived water solubility information. The water solubility of SVOCs was
implemented as a function of their volatility distribution within the regional chemistry5

transport model WRF-Chem, and simulations were carried out over the continental
United States for the year 2010. Results show that including dry and wet removal of
gas-phase SVOCs reduces annual average surface concentrations of anthropogenic
and biogenic SOA by 48 % and 63 % respectively over the continental US Dry deposi-
tion of gas-phase SVOCs is found to be more effective than wet deposition in reducing10

SOA concentrations (−40 % vs. −8 % for anthropogenics, −52 % vs. −11 % for bio-
genics). Reductions for biogenic SOA are found to be higher due to the higher water
solubility of biogenic SVOCs. The majority of the total mass of SVOC + SOA is actually
deposited via the gas-phase (61 % for anthropogenics, 76 % for biogenics). A num-
ber of sensitivity studies shows that this is a robust feature of the modeling system.15

Other models that do not consider dry and wet removal of gas-phase SVOCs would
hence overestimate SOA concentrations by roughly 50 %. Assumptions about the wa-
ter solubility of SVOCs made in some current modeling systems (H∗ =105 M atm−1;
H∗ =H∗(HNO3)) still lead to an overestimation of 25%/10 % compared to our best es-
timate. A saturation effect is observed for Henry’s law constants above 108 M atm−1,20

suggesting an upper bound of reductions in surface level SOA concentrations by 60 %
through removal of gas-phase SVOCs. Considering reactivity of gas-phase SVOCs in
the dry deposition scheme was found to be negligible. Further sensitivity studies where
we reduce the volatility of organic matter show that consideration of gas-phase SVOC
removal still reduces average SOA concentrations by 31 % on average. We consider25

this a lower bound for the effect of gas-phase SVOC removal on SOA concentrations.
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1 Introduction

Organic compounds represent a major, often dominant mass fraction of ambient
aerosol (e.g. Murphy et al., 2006; Jimenez et al., 2009). Most of this mass results from
the multigenerational oxidation of hydrocarbons forming products with lower volatil-
ity (Odum et al., 1996; Jimenez et al., 2009). The resulting oxygenated semivolatile5

organic compounds (SVOCs) equilibrate between the gas- and the particle-phase ac-
cording to their saturation vapor pressure C∗ (µg m−3, Pankow, 1994). Under ambient
conditions in the troposphere, SVOCs with a C∗ below 0.1 µg m−3 are predominantly
found in the particle-phase, while products with saturation vapor pressure C∗ between
0.1 and 103 µg m−3, are distributed between the gas- and the particle-phase with sig-10

nificant mass fractions in both phases. Aerosol volatility measurements during the MI-
LAGRO campaign in Mexico City and similar observations for the Los Angeles area
(Cappa and Jimenez, 2010) estimated that for organic material with C∗ ≤ 103 µg m−3

the total amount in the gas-phase is between 0.7 to 2.4 times that of the mass in
the particle-phase. Recent findings from explicit oxidation chemistry modeling (Hodzic15

et al., 2013, 2014a) with the Generator of Explicit Chemistry and Kinetics of Organ-
ics in the Atmosphere (GECKO-A Aumont et al., 2005) together with structure-activity
estimation of solubility (Raventos-Duran et al., 2010) suggests that many SVOCs are
highly water soluble, with Henry’s law constants H∗ between 105 and 1010 M atm−1.
This makes them very susceptible to removal processes in the atmosphere (wet de-20

position and dry deposition to wet surfaces/vegetation). Given that gas- and particle-
phase are in equilibrium, this also implies that removal of gas-phase SVOCs could be
an important indirect sink of SOA mass.

Currently, the removal of organic aerosols in 3-D models relies for the main part
on wet deposition of aerosols (Tsigaridis et al., 2014) and the model’s ability to ac-25

curately predict clouds and precipitation. Dry deposition of aerosols is a small con-
tributor to this removal. Deposition of gas-phase SVOCs in current modeling systems
is largely unconstrained and, if considered at all, typically scaled to the deposition of
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HNO3 as a very soluble reference compound. Bessagnet et al. (2010) investigated the
effect of dry deposition of gas-phase SVOCs on SOA concentrations over Europe. In
their simulations they used Henry’s law constants from different reference compounds
(with H∗ ranging from 105 to 1016 M atm−1) and found that SOA concentrations are re-
duced by 20 to 30 % when including dry deposition of gas-phase SVOCs, mostly due5

to the removal of biogenic SVOCs. Pye and Seinfeld (2010) applied the global GEOS-
chem model to look at the SOA formation from low volatile compounds. For SVOCs,
they distinguished between freshly emitted ones with a very low Henry’s law constant
(< 10 M atm−1) and oxidation products that are treated using a Henry’s law constant
of 105 M atm−1. They found that a considerable fraction is removed through the gas-10

phase, and that wet deposition dominates the removal pathways. In a sensitivity study
they lowered the Henry’s law constants for SVOCs and showed that the global OA bud-
get is sensitive to this parameter, but they concluded that this does not decrease the
model bias against observations. Ahmadov et al. (2012) implemented a VBS model into
WRF-Chem and found that SOA concentrations are very sensitive to the assumptions15

made on dry deposition of gas-phase SVOCs. They did not include wet deposition,
and tentatively suggested to dry deposit SVOCs in the gas-phase 0.25 to 0.5 times
the rate of HNO3 to optimize the agreement with observations. These studies show
that treatment of gas-phase SVOC removal can significantly affect our ability to accu-
rately predict SOA concentrations. Recently, Hodzic et al. (2014a) have provided a pa-20

rameterization of the water solubility of SVOCs based on explicit oxidation chemistry
modeling combined with estimation of Henry’s law constants that is constrained from
experimental data. Their results show that SVOC mixtures typically created through
oxidation in the atmosphere are highly water soluble, 2–3 orders of magnitude higher
that e.g. assumed in Pye and Seinfeld (2010). No previous study investigated the com-25

bined effect of dry as well as wet deposition of SVOCs in the gas-phase with such high
values for water solubility.

In this work we have integrated the new findings of Hodzic et al. (2014a) regarding
the solubility of SVOCs into a state-of-the-art online modeling system (WRF-Chem)
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and perform a detailed assessment of the effects of the gas-phase SVOC wet and
dry deposition on predicted SOA concentrations over North America. We implement
a volatility basis set (VBS) scheme with 5 volatility bins in our configuration of WRF-
Chem based the work of Lane et al. (2008b) and Ahmadov et al. (2012) to consider the
formation of compounds with lower volatility and their partitioning between gas- and5

aerosol phase. The dry and wet deposition schemes in WRF-Chem are extended to
consider removal of gas-phase SVOCs based on their estimated Henry’s law constants
for each volatility bin. Simulations are performed for the full year of 2010 to understand
the impact of these removal processes under very different ambient conditions, and
test their robustness within the model parameter space.10

In Sect. 2 we present the modeling approach. Section 3 deals with the evaluation
of model performance in terms of precipitation and removal of inorganic substances.
Finally, in Sect. 4, we address the effects of dry/wet removal of gas-phase SVOCs on
SOA concentrations.

2 Modeling15

WRF-Chem v3.5 is used for all simulations. Meteorological processes and their param-
eterizations chosen for our simulations are summarized in Table 1.

The MOZART-4 gas-phase mechanism (Emmons et al., 2010) with more explicit
treatment of aromatic compounds (Knote et al., 2013) and monoterpenes (Hodzic et al.,
2014b) is used together with the MOSAIC 4-bin aerosol module (Zaveri et al., 2008).20

2.1 The volatility basis set

MOSAIC has been extended by a volatility basis set parameterization to describe SOA
formation based on the work of Lane et al. (2008a, b) and (Ahmadov et al., 2012). In
Fig. 1 we present a schematic overview of the new module. Five volatility bins are con-
sidered (saturation concentrations C∗ of 0.001, 1, 10, 100 and 1000 µg m−3 at 298 K)25
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for both anthropogenic and biogenic precursors (see Table S1 for mapping SAPRC99
species to MOZART). The lowest volatility bin (C∗ of 0.001 µg m−3) has been added
to avoid an unrealistically volatile mixture after substantial aging. We consider different
SOA yields for low and high NOx conditions, and the branching ratio B to determine the
respective contributions is calculated according to Lane et al. (2008a) as5

β = k(RO2+NO)[NO]/(k(RO2+NO)[NO]+k(RO2+HO2)[HO2]) (1)

with k(RO2+NO) and k(RO2+HO2) the reaction rate constants for the reaction of an organic
peroxy radical (RO2) with NO vs. its reaction with HO2 respectively. OH and O3 act as
oxidizing agents. To reduce the computational burden we sum up all mass formed from10

anthropogenic and biogenic precursors respectively and only keep track of total anthro-
pogenic and total biogenic SVOC/SOA mass (called aSVOC/bSVOC and aSOA/bSOA
in the following). Pseudo-ideal partitioning theory based on Pankow (1994) is used
to estimate gas-aerosol partitioning as implemented in MOSAIC by Shrivastava et al.
(2011). Values for the enthalpy of vaporization (∆H) for each bin have been derived15

using the semi-empirical parameterization of Epstein et al. (2009) leading to values
between 100 and 140 kJ mol−1 for the bins with C∗ of 1, 10, 100, and 1000 µg m−3 (see
Fig. 1 for exact values). The lowest volatility bin uses a ∆H of 40 kJ mol−1. “Aging” of
condensable vapors through OH oxidation (mass transfer into the next lower volatility
bin) is done with a fixed rate of 1.0×10−11 cm3 molec−1 s−1 (Murphy and Pandis, 2009),20

and a 7.5 % mass increase due to the addition of oxygen atoms (e.g. Ahmadov et al.,
2012). Secondary aerosol mass formed is assumed to have a density of 1.5 g m−3

(Lane et al., 2008a) and a molecular weight of 250 g mol−1. Direct emissions of or-
ganic particulates (primary organic aerosols, POA) are included as inert contribution to
organic aerosol mass without consideration of evaporation and re-condensation.25

2.2 Dry and wet deposition of gases and aerosols

Washout of gases and aerosols by convective precipitation is considered using the
scheme included in WRF-Chem (based on Grell and Dévényi, 2002) which we mod-
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ified to use Henry’s law constants in gas-droplet partitioning. Grid-scale precipitation
removes aerosols through the scheme implemented in MOSAIC (Easter et al., 2004;
Chapman et al., 2009), while washout of trace gases is performed as described in (Neu
and Prather, 2012). The Neu and Prather (2012) scheme also employs an equilibrium
approach based on Henry’s law constants to consider transfer into cloud droplets and5

subsequent conversion into rain droplets, as well as collection of gases by falling rain
droplets. Both, washout through grid-scale and convective precipitation considers the
same set of gas species with an identical set of Henry’s law constants. Dry deposition
of gases is parameterized in WRF-Chem based on Wesely (1989), modeling depo-
sition as a series of resistors consisting of an atmospheric, a laminar sublayer, and10

a bulk surface resistance. The latter is a function of the Henry’s law constant of a gas
to describe partitioning into plants and other wet surfaces. A reactivity factor f0 (ranging
from f0 = 0 for non-reactive species to f0 = 1 for species as reactive as O3) is used in
this scheme to consider oxidation of biological substances within plants once a species
partitions into this volume. This is set to 0.0 for SVOCs. Hodzic et al. (2014a) presented15

Henry’s law constants (H∗, M atm−1) for semi-volatile oxidation products created from
different anthropogenic and biogenic SOA precursors including alkanes, aromatics, or
isoprene and terpenes which they derived from explicit oxidation chemistry simulations
using the GECKO-A model (Aumont et al., 2005). They also derived a parameteriza-
tion of H∗ as a function of precursor and saturation vapor pressure (C∗). In the VBS20

only total anthropogenic and biogenic SVOC mass is tracked – precursor information
is lost. We hence calculated unweighted averages of H∗ of the anthropogenic and bio-
genic precursors considered in the VBS parameterization to derive a value of H∗ for
anthropogenic and biogenic SVOCs in each volatility bin (Table 2). Dry and/or wet de-
position of these volatile compounds is then considered by adding these species to the25

respective modules in WRF-Chem described above.
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2.3 Model setup

Simulations were set up to cover the continental US at 36 km horizontal resolution
and 33 levels up to 50 hPa. Meteorological parameters are initialized and forced at the
boundaries by 6 hourly analyses (interlaced with 3 hourly forecasts) of the Global Fore-
casting System (GFS) of the National Center for Environmental Prediction (National5

Centers for Environmental Prediction/National Weather Service/NOAA/US Department
of Commerce, 2010). Initial and boundary conditions for chemistry are provided by sim-
ulations of the IFS-MOZART global chemistry transport model (Stein et al., 2012) con-
ducted within the MACC project. Emissions of trace gases and aerosols are based on
the US Environmental Protection Agency (US EPA) National Emission Inventory (NEI)10

updated for the year 2010 within the Air Quality Model Evaluation International Initia-
tive (AQMEII Rao et al., 2011) model intercomparison (phase 2). The simulations are
split into 48 h long chunks of free running meteorology (only forced at the boundaries)
without nudging. Each of these runs is preceded by a 6 h meteorology-only spin up
started from GFS analyses and nudged to the forcing data above the planetary bound-15

ary layer. Concentrations fields for trace gases and aerosol quantities resulting from
the previous run are then used to initialize the following free run. Thereby, meteorology
is restarted from analyses every 48 h, while chemistry is continuous over the whole pe-
riod. All simulations have been conducted on NCAR’s Yellowstone computing system
(Computational and Information Systems Laboratory, 2012).20

Table 3 lists all simulations conducted. In a first simulation (NODEP) we ignore both
dry and wet deposition of SVOCs. In further three simulations we consider dry, wet,
and dry + wet deposition of SVOCs (called DRY, WET and REF respectively) employ-
ing Henry’s law values calculated by Hodzic et al. (2014a). The simulation with dry
and wet deposition of SVOCs according to Hodzic et al. (2014a) is our best estimate25

and hence called REF. All these simulations were carried out for the full year 2010
with an additional 1 week of spin-up for chemistry (not used in the analysis). A number
of sensitivity studies were conducted to understand the sensitivity of the predictions

13738

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/13731/2014/acpd-14-13731-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/13731/2014/acpd-14-13731-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 13731–13767, 2014

Effect of deposition
of condensable
vapors on SOA

C. Knote et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

to uncertainties in the process parameterizations. In LOWVOL and FAST_AGING we
vary the SOA formation mechanism. In LOWVOL we decrease the overall volatility of
the SOA formed by increasing the rate of aging from the volatility bin at C∗ = 1 µg m−3

to the one with C∗ = 0.001 µg m−3 by a factor of 10, thereby moving aged SOA to a bin
with negligible partitioning into the gas-phase and hence leaving less SVOC that would5

be susceptible to the newly included removal processes. In FAST_AGING we increase
the aging rate constants for all volatility bins to 4.0×10−11 cm3 molec−1 s−1, thereby
matching assumptions about the rate of aging used in previous modeling studies (e.g.
Athanasopoulou et al., 2013), and again decreasing the amount of SVOC available for
removal. Four additional simulations were conducted to determine the model sensitiv-10

ity to assumptions about the Henry’s law constants of SVOCs and identify a possible
saturation effect at very high H∗ values in the dry deposition scheme. The Wesely
(1989) scheme used represents dry deposition as a series of resistances, with only the
land surface/canopy resistance being affected by changes in H∗. At very high H∗, this
resistance should become negligible and dry deposition would be governed by the re-15

maining resistances. In H_1E5, H_1E8 and H_1E10 we employ Henry’s law constants
for SVOCs of 105, 108, and 1010 M atm−1 respectively in both dry and wet deposition.
The fourth simulation (H_HNO3) uses the Henry’s law constant of HNO3 for SVOCs.
The solubility of HNO3 (or a fraction of it) is often used in atmospheric modeling to treat
compounds with unknown properties, but which are assumed to be very soluble. In the20

final two simulations (F_0.1 and F_1.0) we investigate the effect of the reactivity factor
f0 on predictions. Which SVOCs should be considered “reactive” is so far poorly con-
strained, but Karl et al. (2010) suggested that assuming f0 = 0.1 or 0.0 as it is typically
done for NMVOCs in current modeling systems might be too low. We vary it here to
f0 = 0.1 (F_0.1) and f0 = 1.0 (F_1.0). All these sensitivity studies were conducted for25

the months of June, July and August of 2010 only.
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3 Evaluation of predicted wet deposition

An accurate description of the spatiotemporal variability of precipitation is a prerequisite
for modeling (wet) deposition. In Fig. 2 we compare our simulations against a compos-
ite of rain gauge and radar observations from the National Weather Service River Fore-
cast Centers (http://water.weather.gov/precip/download.php) which provides daily ac-5

cumulated precipitation amounts. Apart from a tendency of the model to overestimate
rainfall amounts in the rather dry regions of the western United States the differences
in the yearly accumulated precipitation are typically below ±25 %.

Wet deposition measurements from the National Atmospheric Deposition Program
(NADP, http://nadp.sws.uiuc.edu) are used to evaluate wet deposition of inorganic com-10

pounds (SO2−
4 , NO−

3 , NH+
4 ). In Fig. 3 we compare monthly accumulated deposition of

sulfate, nitrate and ammonium and find good agreement between model and mea-
surements for sulfate (Pearson’s correlation coefficient squared R2 = 0.62, normalized
mean bias NMB= 3 %) and nitrate (R2 = 0.65, NMB= 7 %), while the amount of wet
deposition of ammonium is underestimated but still has a good correlation with mea-15

surements (R2 = 0.69, NMB= 0.69). Measurements of water-soluble organics are not
available so we could not directly evaluate the performance of WRF-Chem. The model
results of wet deposition of inorganic ions however shows that the underlying processes
are accurately modeled, lending credibility to the accuracy of the wet deposition of or-
ganic substances.20

4 Effect of SVOC deposition on SOA concentrations

4.1 Effect on SOA concentrations

We first evaluate the differences in the average concentrations of SOA due to the re-
moval of SVOCs. Dry deposition has a much stronger effect on SOA concentrations at
the surface (top right map in Fig. 4) than does wet deposition (Fig. 4, bottom right map).25
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As a yearly average over the continental US, dry deposition of SVOCs reduces SOA
surface level concentrations by 46 % (aSOA: 40 %, bSOA: 52 %), whereas wet depo-
sition leads to SOA concentrations at the surface that are lower by 10 % (aSOA: 8 %,
bSOA: 11 %) vs. not considering this removal pathway (REF vs. NODEP cases). We
find very similar results when analyzing changes averaged over the planetary boundary5

layer instead of changes in the surface layer. SOA seems to be most sensitive to dry
removal of SVOCs over the Pacific Northwest coast, the northern Midwest (Montana,
South/North Dakota) and parts of eastern Canada. Wet deposition is most effective
around the Great Lakes area, and least effective over the Nevada/Utah/Arizona area
as well as northeastern Texas. When looking at the average vertical profiles of SOA10

concentrations over land (Fig. 4, left panel) we find that the effects of these removal
processes are visible throughout the vertical column. Dry deposition of SVOCs has
the additional effect of removing a local maximum of SOA concentrations in the low-
est model layers. When comparing the sum of the reductions due to only considering
either dry (DRY) or wet (WET) deposition of SVOCs against the reductions in a sim-15

ulation where we consider both processes (REF) we find that their effects are almost
additive (not shown).

We evaluate the resulting total organic aerosol (OA) concentrations against mea-
surements using measurements of the Interagency Monitoring of Protected Visual
Environments network (IMPROVE, data hosted at http://www.epa.gov/ttn/airs/airsaqs/20

detaildata/downloadaqsdata.htm, accessed 6 February 2014). In Fig. 5 we show com-
parisons of organic carbon (OC) in particles below 2.5 µm in diameter. Modeled con-
centrations are the sum of aSOA, bSOA and POA converted from organic aerosol
mass to organic carbon assuming OA/OC ratios of 2.0 for a/bSOA and 1.4 for POA
(comparable to findings of Aiken et al., 2008). When comparing the results from the25

REF run where we consider both dry and wet deposition of SVOCs we find reason-
able correlation (R2 = 0.58) with measurements and an underestimation of the mod-
eled amounts (NMB= −34 %). When analyzing the results from the simulation without
SVOC removals (NODEP, middle plot) it is clear that the effect of these removals has
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a pronounced annual cycle, being almost negligible in winter while reducing concentra-
tions of secondary formed OC by half. It is important to note that very different types of
biases are observed here between the run without SVOC removals and the one where
these are included: annually averaged, the OC mass predicted in the NODEP simu-
lation would match annual averaged measured concentrations well, but there is a dis-5

tinctly different evolution over the course of the year – the simulation shows a much
stronger annual amplitude in OC than observed, underestimating measured values in
winter and strongly overestimating in summer. In the REF simulation with removals, the
overall concentrations of OC are underestimated compared to measurements, but the
annual evolution is considerably more similar to the observed evolution. In our study10

we only consider “traditional” SOA formation mechanisms (pure gas-phase oxidation),
but a number of additional processes have been proposed (cloud-phase formation, e.g.
Lim et al., 2010; in-aerosol formation, e.g. Knote et al., 2013; evaporation of primary
OA, e.g. Robinson et al., 2007; additional formation pathways from existing precursors
like isoprene, e.g. Paulot et al., 2009). Assuming that the products formed from these15

new sources will exhibit similar volatility/water solubility relationships than the exist-
ing compounds, the effect of SVOC removal will be similar. Including these processes
would then lead to a general shift of the annual cycle of concentrations as shown in
Fig. 5 towards higher values, potentially closing the gap between measurements and
model results.20

4.2 Total deposition for the different pathways

A comparison of the monthly and yearly accumulated deposition mass through the dif-
ferent removal pathways is shown in Fig. 6. We find that for the total of anthropogenic
and especially for biogenic SVOC+SOA, more mass is removed as SVOCs (anthro-
pogenics: 38.0 % via dry dep. and 24.2 % through wet dep.= 62.2 % total, biogenics:25

54.1 % via dry dep. and 21.9 % through wet dep.= 76 % % total) than as particles (pie
charts in the right column of Fig. 6). Dry deposition is the most efficient removal pro-
cess for both types of organic species. Wet deposition of SVOCs and SOA is roughly
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equivalent, dry deposition of particles is small (< 5 %). The annual cycle of monthly
accumulated deposition (left column, Fig. 6) shows a more pronounced annual vari-
ability of biogenic deposition. In winter, deposition of biogenic SVOC and SOA is neg-
ligible (due to the very low biogenic emissions), whereas deposition of anthropogenic
SVOC+SOA in winter months is still about a quarter of the deposition in the summer5

months.

5 Discussion of uncertainties

The results presented above are valid for our particular model configuration. We in-
vestigated the sensitivity of these results to the model parameter space, considering
uncertainties in the SOA formation mechanisms as well as in the treatment of deposi-10

tion.

5.1 Volatility of the secondary organic aerosol formed

How susceptible SOA is to the removal of SVOCs in the gas-phase depends on
the overall partitioning between gas- and particle-phase. In two sensitivity studies
we change SOA volatility to investigate the impact: in LOWVOL we increase the ag-15

ing rate constant into very low-volatility SOA (kOH of volatility bin with C∗ = 1 to the
bin with C∗ = 10−4) by a factor of 10, effectively hiding aged organic material from
gas-phase removal. In FAST_AGING we increase the aging rate constants between
all volatility bins by a factor of 4, reducing the time organic material is exposed to
gas-phase removal during aging. Both changes result in a much less volatile distri-20

bution of mass which is less susceptible to gas-phase removals. The reader is re-
ferred to the Appendix for a box model study on the effects of these changes. The
resulting volatility distributions are comparable to what has been observed in the at-
mosphere (Cappa and Jimenez, 2010), hence we deem this to be a lower bound of
the effect of gas-phase removal on SOA concentrations. As expected, we find (Ta-25
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ble 4) that the efficiency of gas-phase removal is sensitive to the volatility distribution
of the organic matter. Shielding aged material from gas-phase removal (LOWVOL)
lowers the average reductions of SOA concentration at the surface from −41/−56 %
(aSOA/bSOA) to −32/−48 % vs. the NODEP case, and accelerating the aging pro-
cess in general (FAST_AGING) further reduces the changes to −23/−39 %. Note5

that each of these changes is relative simulations where dry and wet deposition of
SVOCs has been switched off, but which employs an otherwise identical VBS scheme
(LOWVOL_NODEP and FAST_AGING_NODEP respectively). In all reductions except
for anthropogenic organic matter in the FAST_AGING study, more mass is removed
through the gas phase than through the particle phase. When looking at the resulting10

concentrations and their comparison against measurements (Fig. 5, bottom plot) we
see that FAST_AGING exhibits a time evolution almost identical to the REF run, but
shifted to higher concentrations. This leads to a strong overestimation during July and
August. The concentrations predicted in the LOWVOL simulation lie in between REF
and FAST_AGING. It is instructive to see that in LOWVOL, the variability of concen-15

trations over the time period investigated is reduced. This actually resembles observa-
tions better, even though there is still a low bias in the mean. This suggests that VBS
schemes currently used create a volatility distribution that is too volatile compared to
the real atmosphere, although other effects may also be important.

5.2 Water solubility of SVOCs20

Hodzic et al. (2014a) showed based on explicit oxidation chemistry modeling that good
correlation exists between the volatility of a compound (C∗) and its water solubility (H∗).
Still, uncertainy remains in the accuracy of these values, which is further amplified by
the simplifications made in this work to apply them in a 3-D modeling context. This war-
rants an investigation of the sensitivity of our results to H∗. As a second motivation, the25

Wesely (1989) dry deposition parameterization used here is based on the analogue of
a series of resistances, with Henry’s law constants only affecting the canopy resistance.
Once this resistance is sufficiently low (e.g. due to very high H∗ values), the resulting
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dry deposition velocities are only determined by the value of the other resistances.
This would imply that above a certain value of H∗, dry deposition of SVOCs should
not increase anymore and no additional reduction of SOA concentrations will occur. At
which values of H∗ exactly this saturation effect is observed in a realistic 3-D simula-
tion was unknown. We hence conducted additional simulations with different values of5

H∗ assigned to the volatility bins: 105, 108, and 1010 M atm−1. In these simulations we
ignore the temperature dependence of the Henry’s law constants. Additionally we in-
cluded a simulation using Henry’s law values derived for HNO3 (H∗ = 2.6×106 M atm−1,
d(lnH∗)/d(1/T ) = 8700), commonly used in models as reference for very soluble com-
pounds for which exact H∗ values are unknown. The resulting changes in average10

surface SOA concentrations and accumulated deposition (over the Continental US)
are shown in Fig. 7. Results from the simulation using H∗ values from explicit oxida-
tion chemistry (REF) are included for reference. Changes in avg. SOA concentrations
range from −25 % for H∗ = 105 M atm−1 to −60 % for H∗=1010 M atm−1. A saturation ef-
fect is visible between the simulations with H∗ at 108 and 1010 M atm−1, where resulting15

SOA concentrations change by less than 5 % despite changes in H∗ of two orders of
magnitude. This suggests that the effect of deposition of SVOCs has an upper limit of
−60 % reduction in avg. surface SOA concentrations for the region and time period in-
vestigated here, corresponding roughly to Henry’s law constants> 1010 M atm−1. It also
shows that there is considerable variability in resulting SOA reductions within the range20

on H∗ values used here, urging us to find ways to better constrain these removals to ac-
curately describe the lifecycle of secondary organic aerosols. Note that these findings
imply that, to be accurate, comparisons of SOA formation mechanisms implemented
in 3-D models against measured concentrations will have to overestimate measured
SOA concentrations by roughly 50 % if SVOC deposition is ignored (REF-NODEP), by25

25 % if SVOC is deposited with H∗ = 105 M atm−1 (REF-H_1E5), and still by 10–15 %
(REF-H_HNO3) if dry and wet deposition of SVOCs is considered with H∗ values of
HNO3.
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5.3 Reactivity factor f0

The Wesely (1989) dry deposition scheme considers the effect of chemical processing
of reactive VOCs within plants by adding a reactivity factor f0 to the calculation of meso-
phyll and leaf cuticular resistances. An f0 of 0 represents unreactive substances, where
as f0 = 1.0 treats a species like O3 (which immediately decomposes within the plant).5

In our work f0 is set to 0.0, considering SVOCs to be unreactive. Karl et al. (2010)
suggested based on flux measurements that oxidized organic trace gases should be
considered reactive (f0 > 0). To understand the effect of this treatment we conducted
additional simulations where we set f0 to 0.1 (F_0.1, slightly reactive) and 1.0 (F_1.0,
reactive like O3). We did not observe notable changes in the amount of deposited10

SVOCs and neither in the effect on SOA concentrations (not shown). This is reasoned
by the fact that H∗ values from GECKO used in our study are sufficiently high so that
solubility dominates the mesophyll and cuticular resistances and the additional reduc-
tion in these resistances due to reactivity is negligible.

6 Conclusions15

We investigated the effect of considering removal of semi-volatile organic compounds
on secondary organic aerosols concentrations according to recent findings that sug-
gest SVOCs are highly water soluble (Hodzic et al., 2014a). Simulations with the re-
gional chemistry transport model WRF-Chem were conducted spanning the whole year
2010 over the domain of the continental US. Considering dry and wet deposition of20

SVOCs in the gas-phase with recently derived Henry’s law constants reduces ground
level SOA concentrations by 48 (aSOA)/63 (bSOA) in the annual average over the
continental US in 2010. Dry deposition is much more effective than wet deposition,
reducing surface level concentrations −40 vs. −8 % for aSOA and −52 vs. −11 % for
bSOA. More than half of the total mass of SVOCs+SOA (61 % for anthropogenics,25

76 % for biogenics) is actually deposited via the gas-phase. In a number of sensitivity
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study spanning the months of June and July of 2010 we investigate the robustness
of these findings by varying the volatility distribution of the organic matter, the Henry’s
law constants used, and the effect of the reactivity parameter f0. We find that the ef-
ficiency of these removals is sensitive to the volatility of the mixture, reducing the re-
sulting reductions in surface level SOA concentrations from −48 % (avg. of changes5

in aSOA and bSOA) in the standard simulation (REF) to −40 % when protecting aged
SOA from gas-phase removal (LOWVOL), and to −31 % when accelerating the aging
process in general (FAST_AGING). SOA is sensitive to the removal of SVOCs in the
gas-phase through dry and wet deposition for the whole range of H∗ values investi-
gated, with average reductions in surface SOA concentrations of −25 % when assum-10

ing H∗ = 105 M atm−1, scaling up to −60 % for H∗ = 1010 M atm−1. A saturation effect
is clearly visible for H∗ ≥ 108 M atm−1, suggesting that the upper bound of these pro-
cesses on SOA concentrations is reached. Considering reactivity of SVOCs in the dry
deposition calculation over vegetation as suggested by Karl et al. (2010) had no ob-
servable effect as the high values of water solubility calculated by GECKO dominate15

the calculation of the vegetation-related resistances.
Our findings have important implications for the aerosol modeling community, as

they show that considering dry as well as wet deposition of SVOCs in the gas-phase is
an essential part of accurately modeling SOA. Any evaluation of regional SOA model-
ing against observed concentrations of particulate organic matter is biased high about20

50 % if SVOC removal is neglected completely, about 25 % if SVOC removal is consid-
ered with a Henry’s law constant H∗ = 105 M atm−1, and still 10 % if the water solubility
of HNO3 is used. We also showed that the removal processes are still sensitive to the
value of the Henry’s law constant H∗ used up to around 108 M atm−1. Including these
processes suggests further that there is room for additional pathways (e.g. in-cloud,25

in-aerosol production) and precursors (evaporating POA, glyoxal) of SOA in order to
close the gap with observations. We evaluated the modeling system against measure-
ments of precipitation and wet deposition of inorganic ions, which lends confidence that
the underlying processes are accurately captured. However, we are currently not able
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to observationally constrain the organic carbon budget until a network of long-term,
routine measurements of dry and wet deposition of organic matter is established.

Appendix A: Box model simulations

How efficient the removal of gas-phase SVOCs is in decreasing SOA concentrations
depends directly on the amount of SVOCs created by the oxidation of precursors (vs.5

the production of very low volatility compounds that partition predominantely in the
particle phase), and the time it takes for subsequent chemistry to decrease the com-
pound’s volatility enough so that it remains in the particle phase. In VBS terminology it is
a function of the yields distribution and the “aging” rate constant kaging. To investigate
these sensitivites we simulate chamber experiments in a box model, employing VBS-10

type parameterizations with different assumptions. In Figs. 8 and 9 we show the results
of the oxidation of 1 ppbv α-pinene (kOH(α-pinene)= 5.2×10−11 cm3 molec−1 s−1) and
toluene (kOH(toluene)= 1.7×10−12×exp(352/T ) cm3 molec−1 s−1), assuming constant
OH of 2.0×106 molec cc−1, and subsequent formation of SOA using the yields of Lane
et al. (2008b). Four different VBS parameterizations are presented: as described in15

Lane et al. (2008b) (LANE), as described as base case in this work (NODEP), a low-
volatility sensitivity study used in this work that “protects” aged material by moving into
an “inert” volatility bin (LOWVOL), and a sensitivity study where the accelerate the over-
all aging of SVOCs (FAST_AGING). In all parameterizations we assume that chemistry
of later generation compounds further reduces their volatility, which is approximated by20

reducing SVOC volatility by a decade (1 bin) with an “aging” rate constant of kaging=
1×10−11 cm3 molec−1 s−1. In the LOWVOL sensitivity study, kaging from the bin with
C∗ = 1.0 to C∗ = 1.0×10−4 is increased to 1×10−10 cm3 molec−1 s−1. In FAST_AGING,
the aging rate constants for all bins are increased to 4×10−11 cm3 molec−1 s−1. A first-
order loss (e-folding lifetime of 1 day) is applied to the vapor phase in all bins to sim-25

ulate SVOC deposition. Temperature varies as sine function around 298 K with a 10 K
amplitude and a wave-length of 24 h.
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SOA formation from α-pinene peaks in the first hours of the simulation due to faster
reaction with OH (Fig. 8, third row) and higher yields. After α-pinene is depleted,
toluene provides addqitional condensable vapors mass almost throughout the 120 h
simulated. Clearly visible from the volatility distributions after 24 h (Fig. 8, top row) is
that in REF, LOWVOL, and especially in FAST_AGING, a substantial amount of mass is5

shifted into the particle phase due to aging into the “inert” bin at C∗ = 1×10−4 compared
to LANE. We compare these results to the thermodenuder experiments of Cappa and
Jimenez (2010) where they find that the semi-volatile fraction of oxygenated organic
aerosol (SV-OOA, Fig. 5f in Cappa and Jimenez, 2010) has 2/3 of the total mass
(gas+particle) of compounds with C∗ ≤ 2 in the particle phase. It is evident that the10

three different parameterizations exhibit very different sensitivities to changes in tem-
perature. LANE uses a relatively low enthalpy of vaporization (dH) of 30 kJ mol−1, and
consequently the total SOA mass (Fig. 8, second row) does not vary strongly. In the
REF, LOWVOL and FAST_AGING parameterizations the higher dH of > 100 kJ mol−1

(parameterization of Epstein et al., 2009) are used, and these simulations intially react15

much stronger to changes in temperature. It is notable, however, that in the LOWVOL
and FAST_AGING cases, temperature sensitivity quickly decreases and the result is
almost completely insensitive to temperature after 72 h. This is obviously the result of
moving mass more quickly into the “inert” bin (Fig. 9).

As the four parameterizations exhibit very different volatility distributions, application20

of a loss process to simulate SVOC deposition leads to very different total mass con-
centrations (Fig. 8, second row) and volatility distributions after 120 h (Fig. 9). While
LANE only has 0.5 µg m−3 of SOA left (down from > 1 µg m−3 after 42 h), REF ends
up with 2 µg m−3, LOWVOL with almost 3 µg m−3, and FAST_AGING with 5 µg m−3 of
SOA after 120 h. The inert bin protects SOA mass from being depleted via equilibra-25

tion with the gas-phase and subsequent removal through deposition. This effect is even
stronger in the LOWVOL and FAST_AGING cases, as the overall exposure time (from
initial formation to ending up in the inert bin) is shorter.
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The Supplement related to this article is available online at
doi:10.5194/acpd-14-13731-2014-supplement.
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Table 1. Chosen parameterizations for selected physical processes in WRF.

Process Parameterization

Radiation RRTMG short- and longwave
Cloud microphysics Morrison double-moment scheme
Land surface Noah Land Surface Model
Urban surface Urban Canopy Model
Planetary boundary layer Mellor-Yamada Nakanishi and Niino 2.5
Cumulus parameterization Grell 3-D ensemble
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Table 2. Henry’s law constants H∗ (M atm−1) for different volatility bins (C∗ in µg m−3, at 298 K)
as derived in Hodzic et al. (2014a). Shown are averaged values used for anthropogenic and
biogenic semi-volatile mixtures. All water solubilities are used with a temperature dependence
of 6014 (−dln(H∗)/d(1/T )).

1 10 100 1000

anthropogenic 1.1×108 1.8×107 3.2×106 5.5×105

biogenic 5.3×109 7.0×108 9.3×107 1.2×107
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Table 3. Simulations conducted. DD/WD denotes if dry/wet deposition of SVOCs is consid-
ered, H∗ refers to the Henry’s law constants used for SVOCs, kOH to the aging rate con-
stant (SVOC+OH), and f0 to the reactivity parameter in the Wesely (1989) dry deposition
scheme. kOH is reported as cm3 molec−1 s−1, H∗ as M atm−1, the temperature dependence as
−dln(H∗)/d(1/T ). Parameters varied compared to the REF simulation are shown in bold font.

case name DD WD H∗ (T dependence) f0 kOH

REF x x Hodzic et al. (2014a) 0.0 1.0×10−11

DRY x Hodzic et al. (2014a) 0.0 1.0×10−11

WET x Hodzic et al. (2014a) 0.0 1.0×10−11

NODEP no SVOC deposition 0.0 1.0×10−11

LOWVOL x x Hodzic et al. (2014a) 0.0 1×10−11, 1×10−10 for C∗ = 1.0
LOWVOL_NODEP no SVOC deposition 0.0 1×10−11, 1×10−10 for C∗ = 1.0
FAST_AGING x x Hodzic et al. (2014a) 0.0 4.0×10−11

FAST_AGING_NODEP no SVOC deposition 0.0 4.0×10−11

H_HNO3 x x 2.6×106 (8700) 0.0 1.0×10−11

H_1E5 x x 1.0×105 (0) 0.0 1.0×10−11

H_1E8 x x 1.0×108 (0) 0.0 1.0×10−11

H_1E10 x x 1.0×1010 (0) 0.0 1.0×10−11

F_0.1 x x Hodzic et al. (2014a) 0.1 1.0×10−11

F_1.0 x x Hodzic et al. (2014a) 1.0 1.0×10−11
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Table 4. Contributions of dry and wet deposition through the gas-/particle-phase as well as
resulting change in surface level SOA concentrations over the continental US in June, July, and
August for the different VBS parameterizations considered. Values in the two lowermost rows
are percentual changes (%), all other rows are accumulated deposited mass in Gg.

REF LOWVOL FAST_AGING
anthro. biog. anthro. biog. anthro. biog.

wet dep. 21.9 19.4 15.5 13.7 32.7 31.8
particle dry dep. 1.8 1.6 1.1 1.1 2.6 2.6

total 23.7 21 16.6 14.8 35.3 34.4

wet dep. 12.0 17.4 6.5 9.6 6.3 10.8
gas dry dep. 21.5 42.9 11.1 25.2 12.3 30.4

total 33.5 60.3 17.6 34.8 18.6 41.2

mass fraction lost by gas-phase dep. (%) 59 74 51 70 35 54
avg. surface SOA conc. changes (%) −41 −56 −32 −48 −23 −39
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Fig. 1. Schematic overview of the Volatility Basis Set as implemented in WRF-Chem. SOA/SVOC values are

surface level concentrations from the REF simulation averaged over the full year 2010 and the CONUS domain

(land points only).

Table 1. Chosen parameterizations for selected physical processes in WRF.

Process Parameterization

Radiation RRTMG short- and longwave

Cloud microphysics Morrison double-moment scheme

Land surface Noah Land Surface Model

Urban surface Urban Canopy Model

Planetary boundary layer Mellor-Yamada Nakanishi and Niino 2.5

Cumulus parameterization Grell 3-D ensemble

Table 2. Henry’s law constants H* (Matm−1) for different volatility bins (C* in µgm−3, at 298 K) as derived

in Hodzic et al. (submitted). Shown are averaged values used for anthropogenic and biogenic semi-volatile

mixtures. All water solubilities are used with a temperature dependence of 6014 (-dln(H*)/d(1/T)).

1 10 100 1000

anthropogenic 1.1 · 108 1.8 · 107 3.2 · 106 5.5 · 105

biogenic 5.3 · 109 7.0 · 108 9.3 · 107 1.2 · 107

17

Figure 1. Schematic overview of the Volatility Basis Set as implemented in WRF-Chem.
SOA/SVOC values are surface level concentrations from the REF simulation averaged over
the full year 2010 and the CONUS domain (land points only).
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Fig. 2. Year 2010 accumulated precipitation as observed by rain gauge / radar network (top left, “obs”) versus

WRF-Chem model results (top right, “mod”) and differences relative to the observations (bottom, ∆(model -

obs) = (mod - obs) / obs · 100).
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Figure 2. Year 2010 accumulated precipitation as observed by rain gauge/radar network (top
left, “obs”) vs. WRF-Chem model results (top right, “mod”) and differences relative to the ob-
servations (bottom, ∆(model−obs) = (mod−obs)/obs×100).
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Fig. 3. Year 2010 accumulated wet deposition of inorganic ions (SO2−
4 , NO−3 , NH+

4 ) as measured by NADP

stations (obs) and as predicted by WRF-Chem (model). As maps (right column), with stations as circles color-

coded by measured amount, and as scatterplots (left column) with R2 the squared Pearson correlation coeffi-

cient, and NMB the normalized mean bias (NMB=Σ(model-obs)/Σobs · 100).
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Figure 3. Year 2010 accumulated wet deposition of inorganic ions (SO2−
4 , NO−

3 , NH+
4 ) as mea-

sured by NADP stations (obs) and as predicted by WRF-Chem (model). As maps (right col-
umn), with stations as circles color-coded by measured amount, and as scatterplots (left col-
umn) with R2 the squared Pearson correlation coefficient, and NMB the normalized mean bias
(NMB = Σ(model−obs)/Σobs×100).
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Fig. 4. Effects of dry and wet deposition of SVOCs on SOA concentrations. Left plot: vertical profiles of SOA

concentrations as yearly average over land. Right plots: changes in annual mean surface level SOA concen-

trations due to the consideration of dry (top, DRY - NODEP) and wet deposition (bottom, WET - NODEP) of

SVOCs.
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Figure 4. Effects of dry and wet deposition of SVOCs on SOA concentrations. Left plot: vertical
profiles of SOA concentrations as yearly average over land. Right plots: changes in annual
mean surface level SOA concentrations due to the consideration of dry (top, DRY – NODEP)
and wet deposition (bottom, WET – NODEP) of SVOCs.
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Fig. 5. Evaluation of ground level total organic carbon (OC) concentrations against IMPROVE measurements.

Top right: annual average OC surface level concentrations (REF simulation). Filled circles represent measured

concentrations. Top left: scatterplot of annual average concentrations at each IMPROVE station against mod-

eled concentrations (R2 and NMB as defined in Figure 3, again using the REF simulation). Lower plots: time

evolution of OC concentrations as average over all IMPROVE stations. Black solid line is measurement aver-

age. Grey area represents the POC contribution to total OC (from REF simulation). Light red, red, green and

violet lines are NODEP, REF, LOWVOL and FAST AGING simulation averages of total OC respectively. The

bottom plot shows only the summer period and adds sensitivity study results, but is otherwise identical to the

middle plot.
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Figure 5. Evaluation of ground level total organic carbon (OC) concentrations against IM-
PROVE measurements. Top right: annual average OC surface level concentrations (REF sim-
ulation). Filled circles represent measured concentrations. Top left: scatterplot of annual aver-
age concentrations at each IMPROVE station against modeled concentrations (R2 and NMB as
defined in Fig. 3, again using the REF simulation). Lower plots: time evolution of OC concen-
trations as average over all IMPROVE stations. Black solid line is measurement average. Grey
area represents the POC contribution to total OC (from REF simulation). Light red, red, green
and violet lines are NODEP, REF, LOWVOL and FAST_AGING simulation averages of total OC
respectively. The bottom plot shows only the summer period and adds sensitivity study results,
but is otherwise identical to the middle plot.
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Fig. 6. Monthly (left) and yearly (right) accumulated deposited mass of anthropogenic (top) and biogenic

(bottom) SVOC + SOA over the continental US split into the different pathways, and shown (on the left) for

simulations assuming H* of SVOCs according to GECKO-A results (REF simulation). Table on top-left shows

total annual deposited mass.
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Figure 6. Monthly (left) and yearly (right) accumulated deposited mass of anthropogenic (top)
and biogenic (bottom) SVOC+SOA over the continental US split into the different pathways,
and shown (on the left) for simulations assuming H∗ of SVOCs according to GECKO-A results
(REF simulation). Table on top-left shows total annual deposited mass.
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Fig. 7. Sensitivity to water solubility of SVOCs (H*). Shown are continental U.S. averages / totals of changes

in surface level SOA (red dots) / SVOC (red triangles) concentrations and accumulated deposition of SOA +

SVOCs (blue dots). The results of the REF simulation using the range of H* values derived in Hodzic et al.

(submitted) are indicated as lines.
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Figure 7. Sensitivity to water solubility of SVOCs (H∗). Shown are continental US aver-
ages/totals of changes in surface level SOA (red dots)/SVOC (red triangles) concentrations
and accumulated deposition of SOA+SVOCs (blue dots). The results of the REF simulation
using the range of H∗ values derived in Hodzic et al. (2014a) are indicated as lines.
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Fig. 8. Box-model simulations of the oxidation of 1 ppbv α-pinene and toluene. Top row: distribution of

particulate (colored) and vapor mass (white) in the different volatility bins after 24 hours. Second row: total

particle mass of SOA formed, as well as temperature. Third row: time evolution of precursor concentration.
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Figure 8. Box-model simulations of the oxidation of 1 ppbv α-pinene and toluene. Top row:
distribution of particulate (colored) and vapor mass (white) in the different volatility bins after
24 h. Second row: total particle mass of SOA formed, as well as temperature. Third row: time
evolution of precursor concentration.

13766

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/13731/2014/acpd-14-13731-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/13731/2014/acpd-14-13731-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
14, 13731–13767, 2014

Effect of deposition
of condensable
vapors on SOA

C. Knote et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 9. Evolution of mass distribution in particle and vapor phase in the box model simulations for the different

parameterizations.
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Figure 9. Evolution of mass distribution in particle and vapor phase in the box model simula-
tions for the different parameterizations.
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