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Abstract

The formation of Secondary organic aerosol (SOA) was simulated with the Secondary
ORGanic Aerosol Model (SORGAM) by a classical gas-particle partitioning concept,
using the two-product model approach, which is widely used in chemical transport
models. In this study, we extensively updated SORGAM including three major modi-5

fications: firstly, we derived temperature dependence functions of the SOA yields for
aromatics and biogenic VOCs, based on recent chamber studies within a sophisti-
cated mathematic optimization framework; secondly, we implemented the SOA for-
mation pathways from photo oxidation (OH initiated) of isoprene; thirdly, we imple-
mented the SOA formation channel from NO3-initiated oxidation of reactive biogenic10

hydrocarbons (isoprene and monoterpenes). The temperature dependence functions
of the SOA yields were validated against available chamber experiments. Moreover,
the whole updated SORGAM module was validated against ambient SOA observa-
tions represented by the summed oxygenated organic aerosol (OOA) concentrations
abstracted from Aerosol Mass Spectrometer (AMS) measurements at a rural site near15

Rotterdam, the Netherlands, performed during the IMPACT campaign in May 2008. In
this case, we embedded both the original and the updated SORGAM module into the
EURopean Air pollution and Dispersion-Inverse Model (EURAD-IM), which showed
general good agreements with the observed meteorological parameters and several
secondary products such as O3, sulfate and nitrate. With the updated SORGAM mod-20

ule, the EURAD-IM model also captured the observed SOA concentrations reasonably
well especially those during nighttime. In contrast, the EURAD-IM model before up-
date underestimated the observations by a factor of up to 5. The large improvements
of the modeled SOA concentrations by updated SORGAM were attributed to the men-
tioned three modifications. Embedding the temperature dependence functions of the25

SOA yields, including the new pathways from isoprene photo oxidations, and switching
on the SOA formation from NO3 initiated biogenic VOCs oxidations contributed to this
enhancement by 10 %, 22 % and 47 %, respectively. However, the EURAD-IM model
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with updated SORGAM still clearly underestimated the afternoon SOA observations up
to a factor of two. More work such as to improve the simulated OH concentrations un-
der high VOCs and low NOx concentrations, further including the SOA formation from
semi-volatile organic compounds, the correct aging process of aerosols, oligomeriza-
tion process and the influence on the biogenic SOA by the anthropogenic SOA, are still5

required to fill the gap.

1 Introduction

At local or regional scales, fine particle pollution is one of the central concerns of air
pollution control due to its negative health impacts, degradation of visibility, and po-
tentially enables active heterogeneous reactions. According to the available ambient10

measurements performed at urban, urban downwind area and rural locations, organic
aerosol comprises a major fraction of submicron particulates (Zhang et al., 2007); of
which, secondary organic aerosol (SOA) is a significant portion (Hallquist et al., 2009;
Heald et al., 2005). However, it is still a challenging work to simulate SOA using chemi-
cal transport models, as both the diagnosis and prediction of the fine particle pollutions15

from local to global scales are still uncertain, yet form a basis for projecting climate
change and regional air pollution control.

Several chemical transport models (CTM), such as GEOS-CHEM, Community Multi-
scale Air Quality (CMAQ), PM Comprehensive Air Quality Model (PMCAMx) (Fu et al.,
2008; Carlton et al., 2010; Lane et al., 2008), were employed to simulate SOA for-20

mation. However, there was large uncertainty of current models to predict SOA in the
atmosphere due to the large varieties of SOA precursors and processes involved in
formation of SOA (Hallquist et al., 2009). A new study even indicated that the equi-
librium partitioning method used in traditional models might be questionable at real
atmospheric conditions (Perraud, et al., 2012). The widely used frameworks to simu-25

late SOA formation processes include the two-product model approach (Odum et al.,
1996), the methods based on volatility basis set (VBS, Donahue et al., 2006) such
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as the 2-D-VBS (Jimenez et al., 2009) and statistical oxidation model (SOM, Cappa
et al., 2013), etc. Additionally in recent studies, other new frameworks such as the con-
densed aromatic kinetics (Kamens et al., 2011; Zhou et al., 2011) and the functional
group oxidation model (Zhang et al., 2012) were developed as well.

The EURopean Air pollution and Dispersion-Inverse Model (EURAD-IM, Elbern5

et al., 2007) is an Eulerian model running from local to continental scale. EURAD-IM is
primarily used for the chemical weather forecast and advanced data assimilation stud-
ies over Europe. Previous studies on a high ozone episode (Monteiro et al., 2012) and
a dust storm (Chervenkov and Jakobs, 2011) indicated good performances of EURAD-
IM. Colette et al. (2011) compared six CTMs including BOLCHEM, CHIMERE, EMEP,10

EURAD, OSLOCTM2 and MOZART used for simulations of the European air quality.
It was found that EURAD-IM was better in simulating NO2 and PM10 among all the
six CTMs. The SOA module in EURAD, namely, Secondary ORGanic Aerosol Model
(SORGAM, Schell et al., 2001), is based on the two-product approach, but the per-
formance of the SOA simulations by EURAD-IM is rarely evaluated against European15

ambient measurements.
The knowledge of SOA formation was largely developed in the last two decades.

New precursors or new pathways of the oxidation of known precursors were recog-
nized and sequentially implemented into the model. The photo oxidation products of
monoterpenes and aromatics were firstly considered and determined to contribute20

to the aerosol budget due to their relative large carbon skeleton (Kavouras et al.,
1998; Odum et al., 1997). In contrast, isoprene, the most prominent ambient VOC
(Kesselmeier and Staudt, 1999; Guenther et al., 1996; Guenther et al., 2006) was ini-
tially not considered to be a possible SOA precursor, since it was a small molecule
(Pandis et al., 1991). However, interesting indications that isoprene could be an impor-25

tant SOA precursor started to appear when Claeys et al. (2004) detected two polyols
containing isoprene skeleton from natural aerosols. Furthermore, followed by the pa-
rameterization given by Kroll et al. (2006), a global model study estimated that the
simulated aerosol burden increased by a factor of two by considering the isoprene
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generated SOA formation (Henze and Seinfeld, 2006). In a recent kinetic study, Paulot
et al. (2009) proposed that the produced isoprene epoxides and the subsequent for-
mation of polymers on aerosols could be one important physical mechanism for the
isoprene SOA formation. Moreover, recent studies also highlighted the importance of
reactive nitrogen compounds in global SOA formation. For example, degradation prod-5

ucts from the NO3 radical initiated oxidation of VOCs was found to be very important for
SOA formation during nighttime conditions (Fry et al., 2009, 2011; Rollins et al., 2009;
Pye et al., 2010).

In addition to the chemistry, ambient conditions such as temperature and humid-
ity can also strongly influence the SOA production rates as observed in a series of10

chamber experiments. Temperature was reported as an important factor (Chung and
Seinfeld, 2002), influencing the SOA yield from a given gas phase precursor-oxidant
combination. The influence of temperature was manifold as it can affect the gas-phase
oxidation mechanism, thus shifting the product distribution, as well as the partitioning of
vapors between the gas phase and the particulate phase. Photo-oxidation experiments15

in a temperature-controlled chamber showed that, for three aromatic hydrocarbons
(toluene, m-xylene and 1,2,4-trimethylbenzene), α-pinene and n-undecane (Takekawa
et al., 2003), SOA yield at 283 K was approximately twice as much than at 303 K. On
the other hand, at very low temperature (between 243 K and 273 K), positive tempera-
ture dependence was observed and ascribed to changes in chemical kinetics (Jonsson20

et al., 2008). For SOA formed from m-xylene, a transition point near 290–292 K was ob-
served for SOA density, volatility, hygroscopicity and elemental composition, when the
experimental temperatures were increased. This indicated that simply employing the
enthalpy of vaporization was not sufficient in predicting temperature dependent SOA
formation (Qi et al., 2010). In addition, the influence of humidity on SOA formation was25

shown in former works (Seinfeld et al., 2001; Seinfeld and Pankow, 2003). More SOA
mass was produced from the same amount of α-pinene in the humid cases than that
under dry conditions, with the total yield increasing about four times at both high and
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low temperatures (Tillmann et al., 2010). Here reaction channels involving water led to
formation of products with lower vapor pressures.

To transfer the chamber studies into model frameworks, parameterizations of SOA
formation were needed. Chamber experiments on the effect of temperature on the
SOA formation from ozonolysis of α-pinene and limonene were reported by Saathoff5

et al. (2009). They used the COSIMA-SOA model (Naumann et al., 2003) to repro-
duce the observed SOA mass, number and size distributions by parameterizing the
temperature dependence of mass stoichiometric and partitioning coefficients. Stanier
et al. (2008) used experimental smog chamber data of α-pinene ozonolysis to param-
eterize the aerosol mass fractions. Based on the theory of absorptive partitioning and10

the method of the volatility basis set (VBS), a nonlinear least squares fitting tool was
employed to calculate the mass stoichiometric coefficient and the enthalpy of vapor-
ization. However, the parameterizations in recent works (Saathoff et al., 2009, etc.)
were usually derived from one group of experiments, which might not be representa-
tive. In some cases (Stanier et al., 2008, etc.) temperature sensitivity was considered15

based on multi-researches, but it did not give an explicit function to describe the rela-
tions among the researches. In most chemical transport models (Henze and Seinfeld,
2006; Carlton et al., 2010, etc.), mass stoichiometric and partitioning coefficients were
set as constants at a reference temperature (298 K), and the enthalpy of vaporization
was applied to calculate the values at other temperatures. However, in many cases20

the enthalpy of vaporization was not known very well and this might result in a large
uncertainty as well.

In the present work, we updated the aerosol module SORGAM with temperature
dependent parameterizations of SOA formation considering published chamber exper-
iments of relevance (indicated by the suffix T), we included the SOA formation pathways25

from isoprene oxidation (indicated by I), and the degradation products initiated by NO3
oxidation were also considered (N). The stepwise updated SORGAM-TIN module was
first validated in a box model framework with chamber experiments and then tested
in the EURAD-IM platform in a case study. Model and measurement comparison of
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the SOA concentrations at a rural location near Rotterdam (the Netherlands) further
proved the success of such updates under real European atmospheric conditions.

2 Methodology

2.1 The current aerosol module in EURAD-IM

Within EURAD-IM, the aerosol dynamics such as nucleation, condensation, coagu-5

lation, diffusion, sedimentation, aerosol-cloud interaction, etc. are simulated by the
Modal Aerosol Dynamics Model for Europe (MADE) (Ackermann et al., 1998). How-
ever, the initial MADE aerosol chemistry module only treated inorganic ions and water.
To consider the formation of secondary organic aerosols, a new module, SORGAM
was developed and implemented into MADE (Schell et al., 2001). In SORGAM, both10

anthropogenic and biogenic hydrocarbons are first oxidized by oxidants like OH, NO3
and O3. The mass transfer from gas to particle phase is then driven by the gas/particle
partitioning of the low volatility oxidation products formed in gas phase. According to
the available chamber experimental results, the fractional aerosol coefficient is used for
the oxidations of alkanes and anthropogenic terminal and internal alkenes, while the15

two-product model is applied for other reactive organic gases including aromatics and
terpenes.

For the two-product model approach (Odum et al., 1996) used in SORGAM, the
produced SOA from oxidation of certain hydrocarbon precursor is expressed by

Y =
M0α1K1

1+K1M0
+

M0α2K2

1+K2M0
(1)20

where Y is the mass fractional yield of SOA, M0 is the total aerosol organic mass
concentration, αi is the mass stoichiometric coefficient, and Ki is a partitioning coeffi-
cient. The subscripts 1 and 2 in Eq. (1) denote the two categories of oxidation prod-
ucts, normally one is assumed to be semi-volatile and the other is attributed to low-
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volatile condensable vapors. In the original SORGAM, the mass stoichiometric coeffi-
cients αi are set to be constants, and the influence of temperature is solely introduced
through partitioning coefficients Ki whose temperature dependence is expressed using
the Clausius–Clapeyron equation (Pankow, 1987).

In this work, we updated the SORGAM model to SORGAM-TIN in the following five5

aspects (a schematic view see Fig. 1): (1) enthalpies of vaporization were updated
according to recent study (Saathoff et al., 2009); (2) the influence of aerosol water con-
tent on the SOA yield were considered by a simplified RH dependence correction; (3)
unified temperature dependent functions of mass stoichiometric coefficients and par-
titioning coefficients for the two-product approach were derived according to available10

chamber experiments; (4) the SOA produced from isoprene oxidation products was
considered; (5) the SOA produced from the degradation products of biogenic VOCs by
NO3 was considered as well.

2.2 The update of enthalpies of vaporization

The SOA two product species in MADE/SORGAM and their molecular weights and15

enthalpies of vaporization were listed in Table 1. The enthalpies of vaporization of ev-
ery product from all precursors were the same in the original SORGAM (Schell et al.,
2001). The enthalpies of vaporization of the products of α-pinene and limonene were
updated according to Saathoff et al. (2009); molecular weights and enthalpies of vapor-
ization of the products of isoprene were taken from Carlton et al. (2010) and Kleindienst20

et al. (2009).

2.3 The humidity correction

For the parameterization of SOA formation, the effect of humidity was considered as
well in this study. According to Prisle et al. (2010), the activity suppression in the
Raoult’s law region was a linear function of relative humidity (RH) for any organic25
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compound i :

τi (RH) = 1− ςi ·RH (2)

C∗
i (RH) = τiC

∗
i (dry) (3)

where τi , ςi , C
∗
i and RH denote organic activity coefficient, hydrophilicity coefficient,5

saturation mass concentration and relative humidity, respectively. Based on α-pinene
ozonolysis, Prisle et al. (2010) estimated the range of ς varying from 0.33 to 0.67, and
within the error limits nearly all the results could be represented by ς = 0.5. Therefore
in this study, ς was set to 0.5 for all organic compounds included in SORGAM-TIN.
Since C∗

i is the reciprocal of the partitioning coefficient Ki , Ki (RH) can be expresses as10

Ki (dry)/(1− ς ·RH). Equation (1) can thus be rearranged to:

Y =
M0α1K1/(1− ς ·RH)

1+K1M0/(1− ς ·RH)
+

M0α2K2/(1− ς ·RH)

1+K2M0/(1− ς ·RH)
(4)

2.4 The temperature dependent functions of mass stoichiometric coefficients
and partitioning coefficients15

It was found that the original parameterization of αi and Ki in SORGAM could not de-
scribe the available chamber experimental results appropriately, which were published
in recent years. With newly available laboratory data collected and reviewed, we de-
duced new parameterizations of αi and Ki with sophisticated non-linear optimization
software packages such as Lsqnonlin, Eureqa (Schmidt and Lipson, 2009) and Nl2sol20

(Dennis et al., 1981). In Fig. 2, the methodological framework of the parameterization
was depicted, which included three major steps.

Firstly, the selected chamber experimental data were grouped into different tem-
perature bins to deduce the relation between parameters and the temperature in
each bin. According to equation Eq. (1), experimentally determined Y and M0 are25

used as input data while the other four parameters (α1, K1, α2, K2) were deduced
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in each temperature bin with Lsqnonlin (an optimization tool in Matlab to solve non-
linear least squares problems). The results of this step could be summarized as:
YTi = F (M0,α1 (Ti ) ,α2 (Ti ) ,K1 (Ti ) ,K2 (Ti )).

In the second step, we further established the relationship between temperature and
the four parameters. With Eureqa, a software tool for detecting equations and hidden5

mathematical relationships in data (Schmidt and Lipson, 2009), we derived interme-
diate functions relating the stoichiometric coefficients αi or partitioning coefficients Ki
with temperature:

α1 = F1 (T ) ; α2 = F2 (T ) ; K1 = F3 (T ) ; K2 = F4 (T ) .
10

The functions Fi derived in the second step were tested in a box model framework.
However, the model-measurement inter comparison results were not as satisfying
as expected (see Sect. 3.2), due to the different algorithm utilized in Eureqa and
SORGAM. Therefore, in a third step, the localized parameterization of the functions
Fi for SORGAM has to be further deduced. This kind of optimization was achieved with15

the Nl2sol model, which is an adaptive nonlinear least-squares algorithm. Herein, the
residual vector, i.e. the differences of simulated and observed values, is a continuously
differentiable function R(x) = (R1(x), . . . ,Rn(x))T of p parameters x = (x1, . . . ,xp)T. Vec-
tor x was introduced in the temperature functions like Fi (T ,x), and the initial value of x
was set as 1.0. Nl2sol attempts to find a parameter vector x∗ that minimizes the sum of20

squares function F (x) =
∑

Ri (x)2 (Dennis et al., 1981). In this way, the final functions
Fi (T ,x∗) with best compatibility for SORGAM were obtained.

Due to the limited amount of chamber experiments for toluene, the temperature de-
pendence functions for the parameterizations of toluene were extrapolated from those
of m-xylene. In a study by Takekawa et al. (2003) both toluene and m-xylene were25

investigated under similar experimental conditions. We subdivided these experiments
into two temperature groups, namely, 283 K and 303 K. By assuming that the oxida-
tion products of m-xylene and toluene had the same partitioning coefficient Ki , we thus
derived mass stoichiometric coefficient of toluene αtoluene = x ·αm-xylene,x > 1 (Vivanco
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et al., 2011). We then solved x by Eq. (1) for both temperature groups according to
available chamber experiments (Takekawa et al., 2003). Linear interpolation between
the two temperatures was performed to get the function for factor x:

x = (T −283) ·0.12+1.2 (5)
5

2.5 The mechanistic updates

In the original SORGAM, SOA produced from isoprene was not considered. In contrast,
as outlined in recent laboratory and field studies (e.g. Claeys et al., 2004; Kroll et al.,
2006; Henze and Seinfeld, 2006; Paulot et al., 2009), isoprene could be a more im-
portant precursor of SOA than previously thought. Nevertheless, the laboratory results10

about the SOA yield from isoprene were still limited (Chhabra et al., 2010; Dommen
et al., 2006; Kroll et al., 2006), so there are not enough data available to derive temper-
ature dependent functions of α and K . Instead, a constant α valid at 295 K determined
by the OH oxidation of isoprene were adapted according to Henze and Seinfeld (2006).

ISO+OH → 0.0288 · ISO1+0.232 · ISO2 (6)15

This set of parameters shown in Eq. (6) are widely used in CTMs, including GOES-
Chem and CMAQ (Henze and Seinfeld, 2006; Carlton et al., 2010). In addition, the
reaction of isoprene and ozone was not included, since this reaction channel would not
produce SOA (Pye et al., 2010).20

In the original SORGAM, the SOA yields from reactions of NO3 with terpenes are
assumed to be zero according to Griffin et al. (1999) and the reaction of NO3 with iso-
prene is not considered. In this study, oxidation of α-pinene, limonene and isoprene by
NO3 radical was taken into account according, to the current state of knowledge (Pye
et al., 2010). The partitioning coefficients Ki for α-pinene and limonene were calcu-25

lated with the temperature functions in Table 3. The mass stoichiometric coefficients
αi for the reaction of isoprene with NO3 were set to the largest value experimentally
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determined by Ng et al. (2008):

ISO+NO3 → 0.217 · ISO1+0.217 · ISO2 (7)

The mass stoichiometric coefficients αi for α-pinene and limonene were referred to the
NO3 experiments as shown by Table 4 of Griffin et al. (1999). In those experiments,5

an extremely high aerosol yield (α = 1) was determined for the NO3 oxidation of bicylic
terpenes. To be compatible with the two-product model applied in SORGAM, it was
assumed there were two products with the same stoichiometric coefficients of 0.5:

API+NO3 → 0.5 ·API1+0.5 ·API2 (8)

LIM+NO3 → 0.5 ·LIM1+0.5 ·LIM2 (9)10

The mechanistic update of SORGAM module with respect to the NO3 oxidation in this
study is in line with the current development of GEOS-Chem (Pye et al., 2010; Yu,
2011) and CMAQ (Carlton et al., 2010).

3 Results and discussions15

3.1 Unified temperature parameterized functions – α (T ) and K (T )

According to recent chamber studies, the SOA yields were found to vary significantly
for different parent hydrocarbons and experiment conditions such as temperature.
Since data are relative abundant to characterize the temperature dependence for α-
pinene, limonene and m-xylene, chamber studies with similar experimental conditions20

were used to derive unified temperature parameterized functions for α and K . In this
study, we grouped the available ozonolysis experiments forα-pinene, and limonene,
and photo-oxidation (OH initiated) experiments for m-xylene (Chen et al., 2010; Cocker
et al., 2001a,b; Griffin et al., 1999; Hoffmann et al., 1997; Kamens et al., 1999; Odum
et al., 1996; Offenberg et al., 2007; Pathak et al., 2007a,b; Presto et al., 2005, 2006;25
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Saathoff et al., 2009; Sarwar et al., 2007; Takekawa et al., 2003; Warren et al., 2009;
Yu et al., 1999) as described in Table 2. Due to the fact that records of α-pinene cham-
ber data were more abundant than others, we were able to define 14 temperature bins
ranging from 243 to 320 K. Limonene data, available in the temperature range of 253
to 313 K, was divided into 6 bins. Only 4 bins were used for m-xylene, since the tem-5

perature range of experimental data was quite limited (283 to 303 K).
Following the methodology described in Sect. 2.4, we derived the unified tempera-

ture parameterized functions α(T ) for mass stoichiometric coefficient (α) and K (T ) for
gas-particle partitioning coefficient (K ) of α-pinene, limonene and m-xylene. We lim-
ited the form of the functions as the fundamental arithmetic in Eureqa to make them10

more tractable. On the other hand, the accuracy must be considered as well. If a linear
function could not reflect the relation between temperature and a parameter, the order
of the function increased, but not higher than 3. In SORGAM-TIN, the derived α(T )
and K (T ) are extended to all oxidation pathways of α-pinene, limonene and m-xylene
assuming that similar oxidation products were produced from OH, NO3 and O3.15

To evaluate the effect of the newly derived α(T ) and K (T ), the temperature depen-
dence of the ratio of the updated SOA yield against the original yield (Yupdated/Yoriginal)
for α-pinene, limonene and m-xylene are further analyzed and displayed in Fig. 3. Lim-
ited by the available experimental data, the derived α(T ) and K (T ) is only suitable from
283 K to 304 K. In case the temperature exceeds the scales, the α(T ) and K (T ) will20

be set as α(283), K (283) and α(304), K (304) respectively. In Fig. 3, the yields are
calculated based on Eq. 1, and three M0 values (5, 10, 50 µgm−3) are selected for
different cases. For α-pinene, updated SOA yields are higher at low M0 concentration
(Yupdated/Yoriginal up to 1.80 and 1.37 with M0 = 5 and 10 µgm−3 at lower temperature,
respectively). However, when M0 is high, the updated yields are lower at higher temper-25

atures (> 286 K). For limonene, systematic higher SOA yields are shown in the updated
model, with the ratio of Yupdated/Yoriginal up to 2.87, 2.24 and 1.62 at lower temperature,
based on different M0 load, respectively. For m-xylene, the updated SOA yields are
higher (Yupdated/Yoriginal up to 2.43, 3.00 and 3.52 at different M0) at lower temperatures
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(< 295 K) while lower (Yupdated/Yoriginal down to about 0.24) at higher temperatures (>
295 K).

3.2 Performance of the derived α (T ) and K (T ) in chamber experiments

We further validated the derived α(T ) and K (T ) by comparing the modeled results
against available chamber experiments. Original SORGAM model and SORGAM-TIN5

were employed to simulate the SOA formed by α-pinene, limonene and m-xylene, and
the SOA by isoprene was also tested in the SORGAM-TIN.

In Fig. 4, the original model usually overestimates SOA concentration for all three
precursors; but for these precursors, the simulated SOA concentrations are closest to
the observation data by SORGAM-TIN. Due to fewer data points available from only10

one experiment at a fixed temperature, the simulation of isoprene SOA performs very
well.

To evaluate the performance of each model quantitatively, normalized mean bias
(NMB) and normalized mean errors (NME) were calculated by the following formulae:

NMB =

∑n
i=1

(
Cs
i −Co

i

)∑n
i=1C

o
i

×100%, NME =

∑n
i=1

∣∣Cs
i −Co

i

∣∣∑n
i=1C

o
i

×100%,15

where Cs
i and Co

i are simulated and observed SOA concentration respectively.
The statistical results of NMB, NME and correlation coefficient (CORREL) calculated

for the two models are listed in Table 4. For α-pinene, the NME decrease from 74.1 %
for the original SORGAM to 27.2 % for SORGAM-TIN. For limonene, the simulation20

result of the original model is good, with NME of 20.6 %, while it is better to use op-
timized functions in the SORGAM-TIN, with NME of 17.3 %. The optimized functions
dramatically reduce the NME for m-xylene (17.4 %), compared to the result of the orig-
inal model. The result for isoprene SOA with the optimized parameters indicates its
good performance. For all precursors, the correlation coefficients between observed25

and simulated values for the optimized functions are higher than those for the original
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model (R as 0.802 vs. 0.770 for α-pinene; 0.842 vs. 0.802 for limonene; 0.933 vs.
0.640 for m-xylene). According to the results in Table 4, it was clear that the simulated
SOA concentration by the SORGAM-TIN agreed well with the observation in chamber
experiments.

We took α-pinene as an example to show the influence of temperature. In Fig. 5, the5

temperature test cases are computed with ±5 K. Although the temperature influences
both reaction rate and partitioning coefficient, it can be seen that the higher SOA con-
centrations are simulated at low temperature and the lower at high temperature, with
the change of 9 % and −6 % in average, respectively. It is noticed that when the mass
of SOA is low, the influence of temperature is higher, because with a low M0, a small10

change of SOA concentration may lead to a large rate of change.

3.3 The application of SORGAM-TIN in EURAD-IM

3.3.1 The campaign in Cabauw

Within the frame of the EUCAARI project, a comprehensive field campaign – IMPACT
(Intensive Measurement Period At Cabauw Tower) campaign was conducted in May15

2008 in Cabauw, the Netherlands. The measurement site, namely, the Cabauw Ex-
perimental Site for Atmospheric Research (CESAR), is located in the center of the
Netherlands (51.972◦ N, 4.926◦ E).

During the campaign, the temperature in Cabauw was around 283 to 298 K, and
the average temperature was higher in the first half part than that in the second one.20

The prevailing wind direction was easterly wind of continental origin induced by an
anticyclonc regime, while it changed to northerly wind during 15–17 May, due to the
passage of a frontal system. Strong precipitation occurred on 16 and 17 May, and
another precipitation process took place at the end of the month.

More details about the IMPACT campaign in particular the synoptic conditions can25

be found in Hamburger et al. (2011). In this work, the observed SOA concentrations
were estimated by the summed concentrations of the semi-volatile OOA (SV-OOA) and
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low-volatile OOA (LV-OOA) factors from AMS measurements (Mensah et al., 2012) fol-
lowed by a positive matrix factorization (PMF) analysis (Docherty et al., 2008). In previ-
ous studies, Docherty et al. (2008) calculated the concentration of SOA by some widely
used methods, such as EC and CO tracer methods, water soluble organic carbon con-
tent, chemical mass balance of organic molecular markers and PMF of AMS data.5

The comparison of predicted SOA/OA ratios by these methods showed that the ratio
by AMS-PMF method was the median and very close to the average of the results of
these methods. Therefore the results derived from AMS-PMF method were considered
to be a good observational estimation of SOA concentrations. However, the AMS-PMF
method also contains two major uncertainties: one is the accuracy of the AMS mea-10

surement itself which is mainly limited by the uncertainty of the applied collection effi-
ciency (Canagaratna et al., 2007); the other is the uncertainty of the subsequent PMF
analysis (Ulbrich et al., 2009). With respect to the Caubaw dataset, the applied col-
lection efficiency of AMS measurement was validated against a SMPS instrument; the
inorganic and organic compositions measured by AMS were inter compared against15

MARGA and TD-PTR-MS, respectively (Mensah et al., 2012). In general, reasonable
good agreements between AMS and MARGA, between AMS and TD-PTR-MS were
achieved.

3.3.2 EURAD-IM modeling system

The EURAD-IM used in this study is able to simulate the physical and chemical evolu-20

tion of trace gases and aerosols in the troposphere and lower stratosphere. The me-
teorological fields needed by EURAD-IM were computed using MM5 Version 3 (Grell
et al., 1994). The RACM-MIM-GK chemical mechanism (Stockwell et al., 1997; Geiger
et al., 2003; Karl et al., 2006; Lu et al., 2012) was used to describe the atmospheric
gas phase chemistry. The aerosol module is MADE containing SORGAM. The spatial25

distribution of anthropogenic emissions was derived from a high-resolution emission
inventory (Kuenen et al., 2011) for the year 2007 based on the TNO emission inven-
tory for 2005 (Denier van der Gon et al., 2010). Biogenic emissions were taken from
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Symeonidis et al. (2008) or calculated using the parameterizations of Lamb et al. (1993)
for regions where the data is not available in Symenoidis et al. (2008). A horizontal res-
olution of 45 km was chosen, the atmosphere was divided into 23 vertical layers, and
the height of the near surface layer was about 35 m.

Figure 6 shows the comparisons of observed and simulated ozone, sulfate and ni-5

trate. The simulated results can capture the trends of the three species, with the NME
of 29.2 % for ozone, 42.0 % for sulfate and 51.0 % for nitrate. The large errors on 16
May might be caused by the failure to simulate the precipitation intensity at Cabauw. In
general, the good performances indicate that EURAD-IM does well in the simulation of
the photochemical processes and inorganic species.10

3.3.3 The simulation of SOA with SORGAM-TIN in Cabauw

Comparisons of simulated SOA concentrations by both the SORGAM and SORGAM-
TIN and the observed SOA concentrations as represented by the sum of LV-OOA and
SV-OOA from AMS measurements are shown in Fig. 7. In Fig. 7a, the observed SOA
concentrations were strongly underestimated by SORGAM, while in general were rea-15

sonably reproduced by SORGAM-TIN.
Following the division of the generic synoptic system as discussed in Hamburger

et al. (2011); the model-measurement inter comparison are further studied for two se-
lected periods: (1) the first half of May (1–15 May), was controlled by subsiding air
masses due to an anticyclone event, while (2) the second half of May (18–31 May),20

was dominated by a westerly frontal passage. Precipitation occurred on 16 and 17
May.

Benelux states always experienced the most serious air pollution over Europe in both
periods as characterized by the airborne measurements and ground measurements
at Caubaw (Hamburger et al., 2011). Interestingly, the observed SOA concentrations25

were much better reproduced by SORGAM-TIN for the first period than that of the
second period. The difference between these two periods were that the air was quite
stagnant in the first period while constant westerly inflow took place during the second
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period. Additionally, the EURAD-IM model also overestimated the temperature at the
second period. Therefore, the underestimation of the observed SOA concentration in
the second period may be attributed to the deficits of the transport term or temperature
corrections of K and α. Of the first period, apart from the general good agreements,
the SORGAM-TIN had strongly overestimated the observed SOA concentrations on 95

May. The failure of SORGAM-TIN for 16 May can be attributed to a general failure of
the EURAD-IM system to simulate time, location, and intensity of precipitation. This
general failure could also be found of the large model-measurement discrepancy of
O3, sulfate and nitrate (Fig. 6). However, the reason for 9 May is probably due to errors
of the SORGAM-TIN framework since the other parameters were well simulated in10

EURAD-IM system.
To separate the contribution of the newly added SOA parameterizations, an accumu-

lative plot of the SOA concentrations modeled by different updates (Table 5 to summa-
rize the sensitivity studies tested with the EURAD-IM system) are shown in Fig. 7b.

The original SORGAM can only predict 20 % of the observed SOA concentrations.15

The application of both α(T ) and K (T ) enhanced the simulated SOA concentration up
to 27 % of the observation, with an increment of 7 %. Moreover, the addition of isoprene
SOA further increased the SOA concentration by 15 % of the observation on average.
At last, including NO3 oxidation as SOA formation pathways leads to an average incre-
ment of SOA by 32 % of the observation. Overall, the modeled SOA concentration by20

SORGAM-TIN on average reproduced 88 % of the observation.
Figure 8 further shows the averaged diurnal variations of the observed and modeled

SOA concentrations by SORGAM, SORGAM-TIN and the three important mechanistic
updates as summarized in Table 5, including the effect of each improvement. The tem-
perature functions usually increase the SOA concentration in the daytime, which even25

decrease the concentration during the early morning. Adding isoprene won’t change
the diurnal variation of the SOA concentration, which increases the concentration on
average. Employing NO3 pathways immensely increases the SOA concentration during

5978

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/5961/2013/acpd-13-5961-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/5961/2013/acpd-13-5961-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 5961–6005, 2013

Updated aerosol
module and its

application for SOA

Y. P. Li 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
|

night time since the NO3 chemistry often becomes significant at nighttime due to the
small NO concentration and missing insolation.

The diurnal variation simulated by the SORGAM-TIN is reasonable, during night-
time. In the afternoon the SORGAM-TIN still strongly underestimates the observations,
maybe due to the missing of a parameterization of the successive oxidation processes5

in the model or the thermodynamic assumption is not applicable under such conditions
as discussed by (Perraud et al., 2012). The difference between the real atmosphere
and experimental conditions for the data in the laboratory studies used for parame-
terization surely contributes to deficiencies. Furthermore, as we now recognized, the
afternoon OH concentrations might be strongly underestimated by current models at10

rural or suburban conditions (Hofzumahaus et al., 2009; Lu et al., 2012,2013). Cham-
ber study with mixed anthropogenic and biogenic precursors showed that the anthro-
pogenic SOA could promote the formation of biogenic SOA (Emanuelsson et al., 2012).
The underestimated OH concentrations and the missing interaction of anthropogenic
and biogenic SOA could also be at least part of the explanations for such underesti-15

mated SOA concentrations.
We compare this study to other similar reports regarding the SOA simulation in Eu-

rope. The simulation with the CHIMERE model in Paris, spring 2007, was reported
by Sciare et al. (2010), of which it was found the SOA was underestimated possibly
due to missing potential sources of SOA in the model such as the aging of POA and20

oligomerisation. Couvidat et al. (2012) simulated the SOA formation from isoprene ox-
idation with two kinds of parameterizations (Henze and Seinfeld, 2006; Couvidat and
Seigneur, 2011), and found out that the latter (Couvidat and Seigneur, 2011) calcu-
lated higher concentrations of isoprene SOA indicating the first one (Henze and Se-
infeld, 2006). The former is currently widely used in different CTMs and may under-25

estimate isoprene produced SOA masses then. Bergstroem et al. (2012) used the
EMEP model with VBS method to simulate long-term OC over Europe, covering 2002–
2007. Different VBS schemes were employed, and the results indicated that consid-
ering aging of POA and primary emissions of semi-volatile components could signifi-
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cantly increase the simulated SOA concentrations. By comparing to those other similar
model-measurement comparisons, we recognized that the missing of aerosol aging
processes, the missing oligomerization process, the missing contributions from pri-
mary emitted semi-volatile organic compounds (SVOCs) and the parameterization of
isoprene SOA formation process could be possibilities of the afternoon SOA underes-5

timations with SORGAM-TIN as well.
Overall the normalized mean error for the updated model in this period was 32.7 %,

which was similar with the results in other studies by PMCAMx (Tsimpidi et al., 2010;
Murphy et al., 2010), much better than the NME of 80.1 % by the original SORGAM.

4 Conclusions10

As a continuous effort of EURAD-IM development, we extensively updated the
SORGAM module in EURAD-IM in this study. The new module, namely, SORGAM-TIN,
received three major modifications: (1) temperature dependent functions of SOA yields,
(2) photo oxidation products from isoprene and (3) NO3 initiated oxidation products
from biogenic VOCs. To derive the temperature dependent functions of SOA yields, we15

summarized the recent published chamber experimental results for α-pinene, limonene
and m-xylene and set them into a series of temperature interval defined bins. Optimiza-
tion software Lsqnonlin, Eureqa and Nl2sol were employed to deduce temperature
dependent functions in three steps through nonlinear optimizations. In addition, the in-
fluences of relative humidity, temperature and the anthropogenic VOCs representation20

about toluene SOA formation were also considered. However, they only show marginal
contributions to SOA simulations. The SORGAM-TIN was shown to perform well in re-
producing chamber experiments, with normalized mean errors less than 30 % in the
box model. In contrast, the normalized mean error for the original SORGAM module is
much worse especially for α-pinene (NME=74%) and m-xylene (NME=70%).25

Both SORGAM-TIN and SORGAM were further tested in chemical transport model
EURAD-IM and model results were compared to ambient observations at a rural site
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near Rotterdam, during IMPACT campaign in May 2008. The observed SOA concentra-
tions were represented by summed OOA concentrations extracted from measurement
results of an AMS instrument. The original SORGAM model strongly underestimated
the observed concentration of SOA which only explained 20 % of the observed con-
centrations. In contrast, the simulated SOA concentration with SORGAM-TIN could5

explain on average 88 % of the observed values. The largely improved model results
were mainly contributed to the implementation of temperature dependent α (T ) and
K (T ), the photo oxidation of isoprene and the NO3 initiated oxidation of biogenic VOCs,
contributing 7 %, 15 % and 32 % of the observations, respectively.

However, there are still significant daytime measurement-model discrepancies10

for SOGRAM-TIN model results, especially for the afternoon hours. Details of the
remaining discrepancies remain speculative and still need to be explored in future,
when more laboratory and field data are available. In principle, in SORGAM-TIN, con-
siderations of aerosol aging process (Rudich et al., 2007) are missing, and the SOA
formation is more likely to be kinetically determined by irreversible uptake processes15

instead of thermodynamic equilibrium processes (Perraud et al., 2012). In addition,
the production rates of the oxidation products during daytime are of course uncertain
as well due to a general underestimation of ambient OH concentrations reported
for forest, rural and suburban areas (Stone et al., 2012). Moreover, according to our
model tests performed herein, the reactions of the NO3 radical with biogenic VOCs20

are found to be important for SOA formation. More laboratory and field experiments
on this aspect are therefore required in the future. Oligomerization processes, mixed
precursors, multiphase and multigenerational reactions should be included in future
work as well.

25

The service charges for this open access publication
have been covered by a Research Centre of the
Helmholtz Association.
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M., and Sanchez, O.: Comparison between simulated and observed chemical composition of
fine aerosols in Paris (France) during springtime: contribution of regional versus continental
emissions, Atmos. Chem. Phys., 10, 11987–12004, doi:10.5194/acp-10-11987-2010, 2010.

Seinfeld, J. H. and Pankow, J. F.: Organic atmospheric particulate material, Ann. Rev. Phys.5

Chem., 54, 121–140, 2003.
Seinfeld, J. H., Erdakos, G. B., Asher, W. E., and Pankow, J. F.: Modeling the formation of

secondary organic aerosol (SOA). 2. The predicted effects of relative humidity on aerosol
formation in the alpha-pinene-, beta-pinene-, sabinene-, Delta(3)-Carene-, and cyclohexene-
ozone systems, Environ. Sci. Tech., 35, 1806–1817, 2001.10

Stanier, C. O., Donahue, N. M., and Pandis, S. N.: Parameterization of secondary organic
aerosol mass fractions from smog chamber data, Atmos. Environ., 42, 2276–2299, 2008.

Stockwell, W. R., Kirchner, F., Kuhn, M., and Seefeld, S.: A new mechanism for regional atmo-
spheric chemistry modeling, J. Geophys. Res.-Atmos., 102, 25847–25879, 1997.

Stone, D., Whalley, L. K., and Heard, D. E.: Tropospheric OH and HO2 radicals: field measure-15

ments and model comparisons, Chem. Soc. Rev., 41, 6348–6404, 2012.
Symeonidis, P., Gkantou, A., Melas, D., Yay, O. D., Pouspourika, E., Balis, D., and Poupkou, A.:

Development of a computational system for estimating biogenic NMVOCs emissions based
on GIS technology, Atmos. Environ., 42, 1777–1789, 2008.

Takekawa, H., Minoura, H., and Yamazaki, S.: Temperature dependence of secondary organic20

aerosol formation by photo-oxidation of hydrocarbons, Atmos. Environ., 37, 3413–3424,
2003.
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Table 1. SOA two product species in SORGAM module.

RACM Precursor Classes Oxidants SOA Model Classes MW (g mol−1) ∆Hvap (kJ mol−1)

ARO1 150 156
TOL, XYL, CSL OH/NO3

ARO2 150 156
HC OH ALK1 140 156
OLT, OLI O3/OH/NO3 OLE1 140 156

API1 184 24a

API O3/OH/NO3
API2 184 59a

LIM1 200 25a

LIM O3/OH/NO3
LIM2 200 55a

ISO1 96b 39c

ISO O3/OH/NO3

ISO2 96b 39c

a Saathoff et al. (2009).
b Carlton et al. (2010).
c Kleindienst et al. (2009).
Italic and bold type: updates of original SORGAM.
(TOL: toluene and less reactive aromatics; XYL: xylene and more reactive aromatics; CSL: cresol and other hydroxyl
substituted aromatics; HC: alkanes; OLT: terminal alkenes; OLI: internal alkenes; API: α-pinene and other cyclic terpenes with
one double bond; LIM: limonene and other cyclic diene-terpenes; ISO: isoprene.)
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Table 2. Temperature grouping of the ozonolysis experiments of α-pinene and limonene, and
photo-oxidation (OH initiated) experiments of m-xylene for deriving unified temperature param-
eterized functions for α and K .

α-pinene Limonene m-xylene

No. T Data points No. T Data points No. T Data points No. T Data points
1 243 3 8 295 19 1 253 2 1 283 3
2 252 2 9 300 11 2 273 1 2 293 22
3 273 4 10 301 12 3 293 3 3 298 10
4 278 7 11 302 23 4 296 9 4 303 3
5 284 2 12 303 16 5 303 1
6 288 11 13 313 22 6 313 1
7 293 14 14 320 5

The data in each group was taken from different references, listed as following:
α-pinene: Cocker et al. (2001a); Griffin et al. (1999); Hoffmann et al. (1997); Kamens et al. (1999); Offenberg et al. (2007); Pathak
et al. (2007a,b); Presto et al. (2005, 2006); Saathoff et al. (2009); Warren et al. (2009); Yu et al. (1999).
limonene: Saathoff et al. (2009); Sarwar et al. (2007); Chen et al. (2010).
m-xylene: Takekawa et al. (2003); Cocker et al. (2001b); Odum et al. (1996).
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Table 3a. The unified temperature parameterized functions α(T ) for mass stoichiometric coef-
ficient (α).

species α1 α2

α-pinene α1 = 0.03315+ 13.377
T−179.17 α2 =

6186.77
T +0.0659 · T −40.296

limonene α1 = 2.018e−3 · T −0.3114 α2 = 3.32−0.0106 · T
m-xylene α1 = 4.912e−5 · T 3 +12.67 · T −0.0432 · T 2 −1237.702 α2 = 8.180e−5 · T 3 +21.18 · T −0.0721 · T 2 −2071.922
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Table 3b. The unified temperature parameterized functions K (T ) for gas-particle partitioning
coefficient (K ).

species K1 K2

α-pinene K1 =
2.419

3.658e−4 ·T 2−0.181·T+22.35
K2 =

4605.54
121.175·T 2−58611.81·T+7319862.5

limonene K1 =
1000.55
T−245.94 −16.7212 K2 =

227.58
T−228.84 −1.0581

m-xylene K1 = 2.675e−3 · T 3 +691.21 · T −2.356 · T 2 −67553.914 K2 = 5.952e−6 · T 3 +1.55 · T −5.256e−3 · T 2 −151.349
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Table 4. Evaluation of box model simulations with SORGAM and SORGAM-TIN for all species.

Species SORGAM SORGAM-TIN

α-pinene NMB 66.5 % −0.9 %
NME 74.1 % 27.2 %

CORREL 0.770 0.802
limonene NMB 13.8 % −2.4 %

NME 20.6 % 17.3 %
CORREL 0.802 0.842

m-xylene NMB 68.0 % −0.3 %
NME 70.0 % 17.4 %

CORREL 0.640 0.933
isoprene NMB – 0.2 %

NME – 9.2 %
CORREL – 0.989
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Table 5. The performance of adjusted models.

Simulations/observation Simulations/original simulation

Original SORGAM 0.20 1.00
SORGAM-T 0.27 1.35
SORGAM-I 0.35 1.75
SORGAM-N 0.52 2.60
SORGAM-TIN 0.88 4.40
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Fig. 1. A schematic view of the updates we applied to the original SORGAM module.
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Fig. 2. Technical frame of parameterization of mass stoichiometric coefficients and partitioning
coefficients. First step: grouping experimental data, second step: fitting parameters in each
group, third step: deriving temperature dependent functions, last step: optimizing parameter
functions.
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Fig. 3. Temperature dependence of the ratio between the updated SOA yields (Yupdated) cal-
culated with temperature parameterized α and K and the original SOA yields (Yoriginal) used in
SORGAM for mechanistic categories API, LIM and ARO for 3 different mass concentrations.

6000

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/5961/2013/acpd-13-5961-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/5961/2013/acpd-13-5961-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 5961–6005, 2013

Updated aerosol
module and its

application for SOA

Y. P. Li 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. 4. Comparisons of observed chamber experiment data (x-axis) with original SORGAM
(green) and SORGAM-TIN (pink) simulations (y-axis) for (a): α-pinene; (b): limonene; (c): m-
xylene; (d): isoprene.

6001

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/5961/2013/acpd-13-5961-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/5961/2013/acpd-13-5961-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 5961–6005, 2013

Updated aerosol
module and its

application for SOA

Y. P. Li 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. 5. Box model sensitivity study on temperature for SOA mass produced from α-pinene. The
base case is the same as the final result in Fig. 4, and the test cases are calculated with 5 K
higher (T+) and 5 K lower (T−) temperature.
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Fig. 6. Time series of observed (black dots) and simulated (gray line) (a) ozone, (b) sulfate and
(c) nitrate in Cabauw May 2008.
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Fig. 7. Time series of AMS OOA and simulated SOA concentration in Cabauw 2008. (a)
Black: observation; red: simulation results of original SORGAM; pink: results of SORGAM-TIN.
(b) Green: increased SOA concentration by the temperature functions; blue: increased SOA
concentration by isoprene; orange: increased SOA concentration by NO3 chemical pathways.
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Fig. 8. Mean diurnal profiles of observed and modeled SOA concentrations in Cabauw from 5–
29 May, 2008. (a) Black: observation; red: simulation results of original SORGAM; pink: results
of the updated SOA module. (b) Green: original SORGAM with temperature functions; blue:
original SORGAM with isoprene; orange: original SORGAM with NO3 chemical pathways.
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