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< MCM 3.1 is coupled with CAPRAM 3.0i in SMVGEAR II.
< The module is compared to other model studies and mechanisms.
< Two gas-to-aqueous transfer reactions are added and one Henry’s constant is modified.
< Computer timings confirm the module is practical for use in 3-D simulations.
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a b s t r a c t

This study discusses the coupling of a near-explicit gas-phase chemical mechanism with an extensive
aqueous-phase mechanism in an accurate chemical solver designed for use in 3-D models. The gas and
aqueous mechanisms and the solver used are the Master Chemical Mechanism (MCM 3.1), the Chemical
Aqueous Phase Radical Mechanism (CAPRAM 3.0i), and the SMVGEAR II ordinary differential solver,
respectively. The MCM has over 13,500 reactions and 4600 species, whereas CAPRAM treats aqueous
chemistry among 390 species and 829 reactions (including 51 gas-to-aqueous phase reactions).
SMVGEAR II is a sparse-matrix Gear solver that reduces the computation time significantly while
maintaining any specified accuracy. MCM has been used previously with SMVGEAR II in 3-D, and
computer timings here indicate that coupling MCM with CAPRAM in SMVGEAR II is also practical. Gas-
and aqueous-phase species are coupled through time-dependent dissolutional growth and dissociation
equations. This method is validated with a smaller mechanism against results from a previous model
intercomparison. When the smaller mechanism is compared with the full MCM-CAPRAM mechanism,
some concentrations are still similar but others differ due to the greater detail in chemistry. We also
expand the mechanism to include gaseaqueous transfer of two acids, glycolic acid and glyoxylic acid, and
modify the glyoxal Henry’s law constant from recent measurements. The average glyoxal partitioning in
the cloud changed from 67% aqueous-phase to 87% aqueous-phase with the modifications. The addition
of gaseaqueous transfer reactions increased the average gas-phase percentage of glycolic acid to 19% and
of glyoxylic acid to 16%. This full gas-phase and aqueous-phase chemistry module is a potentially useful
tool for studying air pollution in a cloud or a fog.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The purpose of this study is to combine a near-explicit gas-
phase chemical mechanism with a detailed aqueous phase mech-
anism in an accurate chemical ordinary differential equation solver
to understand better the transformation and fate of chemicals in
the environment. Previously, many studies have combined
L. Ginnebaugh), Jacobson@
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moderately complex gas and aqueous mechanisms to simulate the
fate of pollutants in clouds and aerosols (Pandis and Seinfeld, 1989;
Liang and Jacob, 1997; Lurmann et al., 1997; Walcek et al., 1997;
Liang and Jacobson, 1999; Poppe et al., 2001; Ervens et al., 2003;
Sehili et al., 2005; Tilgner et al., 2006, 2007; Deguillaume et al.,
2009; Fu et al., 2009; Tilgner and Herrmann, 2010). Generally,
though, the organic chemistry in such mechanisms has been
modest. Some studies using near-explicit gas-phase mechanisms
have suggested that secondary organic aerosol (SOA) would be
modeled more accurately if aqueous species were included (Jenkin,
2004; Johnson et al., 2004, 2005, 2006a, 2006b). Jenkin (2004)
indicated that either simple partitioning coefficients governing
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Table 1
Number of operations in SMVGEAR II during a single pass through matrix decom-
position and backsubstitution when treating the MCM v. 3.1 and CAPRAM v. 3.0i
chemical mechanisms together for daytime activity; Note: Decomposition 1, 2 and
backsubstitution 1, 2 refer to the first and second loops of matrix decomposition and
backsubstitution, respectively. Order of matrix ¼ total number of species. Total
number of reactions ¼ 14,553.

Initial After sparse matrix
reductions

% reduction

Order of matrix 5051 5051 0
No. initial matrix spots filled 25,381,444 41,260 99.84
No. final matrix spots filled 25,381,444 56,659 99.78
Decomposition 1 42,611,215,075 190,091 99.9996
Decomposition 2 12,688,203 29,210 99.77
Backsubstitution 1 12,688,203 29,210 99.77
Backsubstitution 2 12,688,203 22,411 99.82
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gas and aqueous transfer had to be increased by approximately two
orders of magnitude or many additional aqueous reactions were
needed to account for the correct organic aerosol formation.

In a first effort to improve the calculation of SOA resulting from
aqueous processing of pollutants, this study combines a near-
explicit gas-phase mechanism with a large aqueous-phase mech-
anism. The resulting model is found here to be practical to use in
a 3-D airshed or global model over simulation periods of days to
weeks. The module builds on previous work of Ginnebaugh et al.
(2010), who combined the gas-phase MCM alone with SMVGEAR
II. That version of the module was used in global-through-urban
simulations and results were compared with ambient data in
Jacobson and Ginnebaugh (2010). Here, we first describe the gas-
phase mechanism, gaseaerosol transfer equations, aqueous
mechanism, and solver used, and evaluate the module using
a simplified set of reactions with results from a model intercom-
parison study (Barth et al., 2003a), hereafter referred to as B03ainit
for just the initial conditions and B03a for both the initial condi-
tions and chemical mechanism. We then add gaseaqueous transfer
treatment for glycolic acid and glyoxylic acid and modify the
Henry’s constant for glyoxal based on new information. Finally,
computer timings are provided.

2. Model description

2.1. Chemical mechanisms and solver

The gas phase chemical mechanism used for this study is the
Master Chemical Mechanism (MCM), version 3.1(MCM, 2002;
Jenkin et al., 2003; Saunders et al., 2003; Bloss et al., 2005). It
includes over 13,500 kinetic and photolysis reactions and 4600
inorganic and organic species. It is coupled here to the Chemical
Aqueous Phase Radical Mechanism (CAPRAM), version 3.0i
(Barzaghi et al., 2005; Herrmann et al., 2005; Herrmann and Tilgner,
2007). CAPRAM3.0i is extensive (Pilling, 2007) so itwas ideal for this
study. It includes organic species with two to six carbon atoms and
treats the aqueous chemistry among 390 species and 829 reactions,
including 51 gas-to-aqueous phase reactions (Herrmann et al.,
2005).

Atmospheric models require a balance between the complexity
of the chemistry and computational time requirements. In our case,
the sparse matrix ordinary differential equation (ODE) Gear solver,
SMVGEAR II (Jacobson, 1998) was selected to maintain the
complexity of the chemical mechanisms while requiring minimal
computer time. Most of the computing time in the integration of
stiff sets of chemical ODEs is during matrix decomposition and
backsubstitution. The computer time requirement depends on the
size of the matrix and the number of operations that must be
preformed. The size of the matrix is determined by the number of
species and the number of operations depends both on the number
of reactions and on the number of reactants and products in each
reaction. Reordering matrices can minimize the number of opera-
tions and maximize the number of multiples by zero when solving
the matrix. The multiples by zero can then be eliminated in
advance, reducing computer time (Jacobson and Turco, 1994). This
is referred to as a sparse-matrix technique. SMVGEAR II uses
sparse-matrix and vectorization techniques to reduce computer
time on both scalar and vector cores without sacrificing accuracy.
Table 1 indicates that the sparse matrix technique in the code
reduced decomposition and backsubstitution multiplications for
the combined MCM and CAPRAM mechanisms by over 99.99%. The
numbers of initial and final matrix spots filledwere reduced by over
99.7% and the number of multiplications during the first loop of
matrix decomposition, by far the most computationally intensive
loop during all matrix operations, was reduced by over 42 billion
multiplications (99.9996%) each pass through it. This dramatic
reduction in operations allows for the practical use in a 3-D model
of the large chemical mechanisms discussed here.
2.2. Dissolutional growth

Gaseaqueous transfer in the model is solved with time-
dependent dissolutional growth equations. Dissolutional growth
is a reversible process whereby a gas transfers to the surface of
a droplet and then dissolves within it and often dissociates. The
phase transfer reactions cover the rate of gas transfer from the
bulk gas to the surface of the droplet, transfer across the surface
into the droplet, and transfer from the surface inside the droplet to
the bulk water in the droplet where it dissociates and/or reacts
with other species. To simplify the case, we consider only
a monodisperse cloud, with equal-sized droplets and equal
distributions of species. The water content, however, can vary with
time e so the cloud can disappear and reappear. In this case, the
transfer of the species from the gas phase to the aqueous phase is
described with the liquid water fraction (L, L-water/L-air), the
mass transfer coefficient (kmt, 1 s�1) and the Henry’s constant (H,
M atm�1) (Jacobson, 2005).

The mass transfer coefficient, kmt, governs the transfer of the
species between the gas and aqueous phases and depends on the
gas diffusion coefficient (Dq, cm2 s�1, where the species¼ q) and the
mass accommodation coefficient (a). Dq and a are provided by
CAPRAM 3.0i. The mass transfer coefficient is defined as

kmt ¼ ni4priD
eff
q;i

where ni is the number of particles per cm3, ri is the radius of the
particles (cm), and Deff

q;i is the effective gas diffusion coefficient
(cm2 s�1) (Jacobson, 2005). The effective gas diffusion coefficient is
necessary near the surface of the droplet to take into account
collision geometry, sticking probability, and ventilation. For gases
other thanwater vapor, the effective gas diffusion coefficient can be
approximated as

Deff
q;iwDquq;iFq;L;i

where uq,i is the correction for the collision geometry and sticking
probability and Fq,L,i is the correction for ventilation (Jacobson,
2005). Ventilation is only important for large drops that are
falling. Fq,L,i w 1 in our simplified case. The collision geometry term
of the correction factor, uq,i, is a function of the Knudsen number,
Kn, and accounts for noncontinuum-regime growth. The sticking
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probability term of the correction factor depends on the accom-
modation coefficient, a, and considers how likely it is that a gas will
stick to the droplet after the gas has diffused to the surface. The
correction factor is defined as

uq;i ¼
(
1þ

"
1:33þ 0:7Kn�1

q;i

1þ Kn�1
q;i

þ 4
�
1� aq;i

�
3aq;i

#
Knq;i

)�1

where

Knq;i ¼
lq
ri

In this equation, lq is the mean free path of a gas molecule (cm)

lq ¼ 64Dq

5pvq

�
ma

ma þmq

�

which is defined by the molecular weight of air (ma, g mol�1), the
molecular weight of the gas species (mq, g mol�1), and the thermal
speed of the gas species (ῡq, cm s�1) (Jacobson, 2005).

The reaction rate for the forward reaction (gas to aqueous),

AðgÞ/AðaqÞ

is

Rf ¼ LkmtPq

where Pq is the pressure (atm) exerted by the gas. The rate for the
reverse reaction (aqueous to gas)

AðaqÞ/AðgÞ

is

Rr ¼ Lkmt½AðaqÞ�
Hq

where Hq is the Henry’s constant (M atm�1).
CAPRAM 3.0i provided Henry’s constant at 298 K and the

enthalpy of the reaction, DH/R (K), for each phase transfer equation.
The Henry’s constant at T, Hq(T), is calculated in CAPRAM as

HqðTÞ ¼ Hqð298Þexp
��DH

R

�
1
T
� 1
298

��

Since the dissociation reactions are solved explicitly, effective
Henry’s constants are not needed.

Dissociation reactions and other reversible reactions are solved
by separating them into a forward and a reverse reaction. The
equilibrium constant K (M), the forward reaction rate kf (M�n s�1,
where n is the number of reactants minus one), the reverse
reaction rate coefficient kr (M�n s�1), and the activation energy for
the forward reaction, Ea/R (K), are provided by CAPRAM 3.0i for
each reaction at 298 K. The equilibrium constant is the forward
reaction rate coefficient divided by the reverse reaction rate
coefficient,

K ¼ kf
kr

To calculate the rate for the forward and the reverse reactions
separately, kr is assumed to be the reaction rate coefficient
provided, kr(298), and the forward reaction rate coefficient is
calculated using kr,
kf ¼ Kkr
kf(T) can then be calculated for varying T using the activation energy
kf ðTÞ ¼ Aexp
�
C
T

�

where

A ¼ Kkrexp
�
Ea=R
298

�

C ¼ �Ea
R

A cloud or moist aerosols must be present for the aqueous
reactions to take place. The module was set up to allow the cloud or
moist aerosols to appear and disappear at specified times during
a simulation. The liquid water fraction and either the size of the
droplets (radius) or the number of droplets (# cm�3) are specified
to initialize the cloud. For our simulations, the liquid water fraction
varied with time while the number of cloud droplets was assumed
to remain constant. The cloud droplet radius was allowed to change
with changes in liquid water content.
3. Model evaluation

To evaluate the model treatments of gaseaqueous transfer and
basic chemistry, a relatively small gaseaqueous chemical mecha-
nism from B03a was first substituted for the full MCM-CAPRAM
mechanism in SMVGEAR II. Results from the calculations were
evaluated against results from a suite of 7 gaseaqueous models
previously intercompared in B03a. Two cases were examinede one
with and one without a cloud e using B03a. The model with the
MCM-CAPRAM mechanism was then run with B03ainit to deter-
mine whether the simplified chemistry could represent concen-
tration changes similarly to more complete chemistry.

3.1. Model set up

The boxmodel was set up for constant, noontime photolysis rate
coefficients at 45�N, and run from 11 am to 1 pm at 1.5 km above
ground level during the summer solstice. The temperaturewas held
constant at 285 K. Two cases were considerede onewith clear-sky-
only (no cloud) and one with a cloud from 11:30 am to 12:30 pm.
The liquid water content and pH were held constant at 0.3 g m�3

and 5, respectively, during cloud presence and a monodisperse
cloud drop radius of 10 mm was assumed. To take into account the
refraction of light within the droplets when the cloud was present,
the aqueous-phase photolysis rates were increased by a factor of
1.5, as specified by B03a. The gas and aqueous phase reactions,
initial concentrations, and accommodation coefficients are
provided in B03a and the corresponding website (Barth et al.,
2003b). The chemical mechanism included 22 gas-phase species,
33 gas-phase reactions, 25 aqueous-phase species, 25 aqueous
irreversible reactions, 6 aqueous reversible reactions, and 14 gas-
to-aqueous reactions.

3.2. Results and discussion

Themodel results for clear and cloudy-sky simulations using the
chemical mechanism from B03a (B03a w/SMVGEAR II) and MCM-
CAPRAM (MCM-CAPRAM w/SMVGEAR II), both with the dissolu-
tional growth process governing the transfer of species between
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the gas and aqueous phases, are shown in Figs. 1 and 2. The figure
also shows the range of results from the 7 models compared in
B03a for the clear and cloudy-sky simulations. The B03a simula-
tions are in line with the shaded areas for all species.

The shapes of the results from the more extensive MCM-
CAPRAM simulations are similar to those from the B03a simula-
tions in all cases. However, the exact concentrations are often
outside the shaded areas, pointing to differences between the
complex and simplified mechanisms. The concentrations differed
by up to 86% (NO3) for the clear simulations and up to 145% (N2O5)
for the cloudy simulations. For example, the MCM-CAPRAM results
for methylhydroperoxide (CH3OOH) are outside the shaded areas
and differ from B03a by up to 18% for the clear simulation and 12%
for the cloudy simulation. B03a and MCM both have the following
gas-phase reactions for CH3OOH:

CH3OOHþ OH/CH3O2

CH3OOHþ OH /HCHOþ OH

However, the reaction rate coefficients for these reactions are
31% and 15% larger, respectively, in the B03amechanism than in the
MCM mechanism at 285 K. The actual reaction rate coefficient for
this reaction is uncertain because there is large discrepancy in the
measured values (IUPAC, 2007). The reaction rate coefficients in the
MCM mechanism are within 5% of the measured reaction rate
coefficients from Vaghjiani and Ravishankara (1989). However,
both MCM and B03a reaction rate coefficients are between 14% and
53% smaller than the preferred reaction rate coefficients put
Fig. 1. Total (gas plus aqueous, including dissociation species) concentrations of selected sp
(B03a w/SMVGEAR II) and the MCM and CAPRAM chemical mechanisms (MCM-CAPRAM w
forward by the International Union of Pure and Applied Chemistry
(2007).

In addition, the two mechanisms have different products when
CH3OOH reacts in sunlight:

CH3OOHþ hv/HCHOþ OHþ HO2 ðB03aÞ

CH3OOHþ hv/CH3Oþ OH ðMCMÞ
The photolysis rate coefficient is 34% larger in the B03a mech-

anism than in the MCM mechanism. There are many additional
differences in the aqueous reactions for CH3OOH (aq) alone
between B03a and the CAPRAM mechanism, including many
additional aqueous reactions in the CAPRAM mechanism. Differ-
ences arise for other species as well. The combination of these
differences leads to the differences in the results between the B03a
case and the MCM-CAPRAM case.

4. Aqueous chemical mechanism expansion

Glyoxal is important because it is often present in the tropo-
sphere in both the gas phase and in aerosols, and it impacts
secondary organic aerosol formation (SOA) (Khwaja, 1995;
Kawamura et al., 1996; Limbeck and Puxbaum,1999; Limbeck et al.,
2001; Decesari et al., 2006; Ho et al., 2006; Ortiz et al., 2006; Wang
et al., 2006; Carlton et al., 2007; Fu et al., 2008; Sinreich et al., 2010;
Tan et al., 2010). Using CAPRAM, Tilgner and Herrmann (2010)
identified glyoxal as one of the important gas phase precursors to
carbonyl compounds and acids in clouds.
ecies for clear-sky-only and cloudy-sky model simulations using the B03a mechanism
/SMVGEAR II) compared with the range of model results (shading) from B03a.



Fig. 2. Total (gas plus aqueous, including dissociation species) concentrations of additional species for clear-sky-only and cloudy-sky model simulations using the B03a mechanism
(B03a w/SMVGEAR II) and the MCM and CAPRAM chemical mechanisms (MCM-CAPRAM w/SMVGEAR II) compared with the range of model results (shading) from B03a.
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Ervens and Volkamer (2010) recently updated the kinetics of the
glyoxal reactions using laboratory data to model better SOA from
glyoxal. Here, we modify only the Henry’s law constant based on
new measurements from Ip et al. (2009). We also expand the
CAPRAM mechanism with gaseaqueous transfer reactions for gly-
colic acid and glyoxylic acid based on new Henry’s law constant
data (Ip et al., 2009). Both of these acids already exist in the MCM
for gas-phase chemistry and in the CAPRAM for aqueous phase
chemistry, but no gaseaqueous transfer reactions existed for them
in either mechanism (Jenkin et al., 2003; Saunders et al., 2003;
Herrmann et al., 2005). Other upgrades are available for CAPRAM
3.0i, such as the free-radical chemistry summarized by Herrmann
et al. (2010), but that is beyond the scope of this paper.

4.1. Aqueous chemical mechanism additions and modifications

Glyoxal (CHOCHO) was originally modeled in CAPRAM with the
following parameters:

CHOCHOðgÞ)/CHOCHOðaqÞ
KHð298Þ ¼ 1:4 M=atm
a ¼ 0:03
Dg ¼ 0:1 cm2=s

KH(298) is the Henry’s equilibrium constant at 298 K, a is the
accommodation coefficient, and Dg is the gas phase diffusion coef-
ficient. Ip et al. (2009) measured the effective Henry’s equilibrium
constant for glyoxal, KH

0
(298) ¼ 4.19 � 105 M atm�1, calculating the

Henry’s equilibrium constant and enthalpy of reaction as
KHð298Þ ¼ 1:9 M=atm
�DH=R ¼ 7481 K
We use the same accommodation coefficient and diffusion
coefficient as provided by CAPRAM.

We added the gas-to-aqueous transfer reactions for glycolic acid
(OHCH2CO2H) and glyoxylic acid (HCOCO2H) based on Henry’s law
constant measurements from Ip et al. (2009). We also added the
hydration reaction for glyoxylic acid (Sorensen et al., 1974) to link
up to the existing acid dissociation reaction for hydrated glyoxylic
acid in CAPRAM. We used the accommodation coefficient and
diffusion coefficient from peroxy acetic acid for glycolic acid (also
known as hydroxyl acetic acid) and from glyoxal for glyoxylic acid.
The new data for glycolic acid and glyoxylic acid, respectively, are

OHCH2CO2HðgÞ)/OHCH2CO2HðaqÞ
KHð298Þ ¼ 2:37� 104 M=atm
�DH=R ¼ 4029 K
a ¼ 0:019
Dg ¼ 0:102 cm2=s

HCOCO2HðgÞ)/HCOCO2HðaqÞ
KHð298Þ ¼ 1:09� 104 M=atm
�DH=R ¼ 4811 K
a ¼ 0:03
Dg ¼ 0:1 cm2=s

HCOCO2HðaqÞ þ H2OðaqÞ)/CHOH2COOHðaqÞ
KHð298Þ ¼ 3:0� 102 M



Fig. 3. Glyoxal, glycolic acid, and glyoxylic acid total (gas plus aqueous) concentrations
from clear-sky-only and cloudy-sky simulations with the modification to glyoxal’s
Henry’s constant and the addition of gaseaqueous transfer reactions for glycolic acid
and glyoxylic acid.
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Fig. 4. Average gas phase and aqueous phase concentration of glyoxal, glycolic acid,
and glyoxylic acid during the presence of the cloud in the cloudy-sky simulation with
the modification to glyoxal’s Henry’s constant and the addition of gaseaqueous
transfer reactions for glycolic acid and glyoxylic acid.
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4.2. Model set up

To investigate how the changes in Henry’s constants impacted
the results, we combined the cloud simulation described in
B03ainit with the initial conditions, emissions, and depositions
described in the rural case in Herrmann et al. (2000), hereafter
referred to as H00. B03ainit has 13 initialized species while H00 has
55 initialized species including glyoxal. The conditions in H00
made the simulation complex enough to create glyoxal, glycolic,
and glyoxylic acids.

4.3. Results and discussion

The modifications to the CAPRAM mechanism did not impact
most species. They resulted in small changes to total (gas plus
aqueous) formic acid (HCOOH) and formaldehyde (HCHO)
concentrations (not shown). The time series for the total (gas plus
aqueous) concentrations for clear- and cloudy-sky simulations for
the modifications to glyoxal, glycolic acid, and glyoxylic acid are
shown in Fig. 3. The glyoxal Henry’s reaction modification had the
greatest impact, increasing total glyoxylic acid concentrations by up
to 29%. The other modifications had little to no impact on total gas
plus aqueous glyoxal, glycolic acid, or glyoxylic acid concentrations.

The modifications, however, did change the gaseaqueous par-
titioning of each species. Fig. 4 shows the partitioning with the
original CAPRAM mechanism and the individual modified mecha-
nisms. More glyoxal partitioned to the aqueous phase (87%) when
a cloud was present with the new Henry’s constant compared to
67% with the original Henry’s constant. The addition of the gase
aqueous transfer reactions for glycolic acid and glyoxylic acid
allowed some of the acid produced in the cloud to partition to the
gas phase. The glycolic acid originally averaged 3% gas phase (all of
which was produced in the gas phase fromMCM) and 97% aqueous
phase from CAPRAM (all of which originated in the aqueous phase).
With the addition of gaseaqueous transfer, the new partitioning
was 19% gas and 81% aqueous. Similarly, the glyoxylic acid average
concentrations changed from 1% gas and 99% aqueous with the
original CAPRAM to 16% gas and 84% aqueous. These additions
could have important implications when utilizing the MCM-
CAPRAM mechanism, especially if the formation of secondary
organic aerosols (SOA) is being investigated, since glyoxal is an
important but often underrepresented precursor to SOA (Ervens
and Volkamer, 2010).

5. Computer timings

Tests were run to estimate the computer timing of the module
for photochemistry only. Ginnebaugh et al. (2010) provide previous
computer timings of the MCM alone in a box model, reporting that
it takes 58 s of computer run time for 24 h of model time after
initialization on a single processor. Jacobson and Ginnebaugh
(2010) provided timings in a realistic global-through-urban 3-D
model of air pollution chemistry with the MCM, concluding that
the computer time was only 3.7 times that required to solve
a smaller mechanism despite factors of 31 difference in the number
of species and 46 difference in the number of reactions. Here, the
model was first run using the initializations from B03ainit. Three
different cloud scenarios were modeled e 24 h cloud/0 h clear sky,
10 h/14 h, and 1 h/23 h. Table 2 indicates that the lifetime of the
cloud had almost no impact on the computer timings. For a 24 h
cloud, the MCM plus CAPRAM mechanisms required 31 s to run
24 h of model time for a box model on a single processor e a dual
core xenon 5160 3.0 GHz processor with 1333 MHz cache e after
initializations. This compares with 24 s for the same simulation
with the MCM alone.



Table 2
Computer times (s, min, or days) per day of simulation on a dual-core Xeon 5160 3.0 GHz processor (1333 MHz/4 MB cache) using a simple initialization case (B03ainit) and
a more complex initialization case (H00) for MCM-only and MCM-CAPRAMwith SMVGEAR II with varying cloud scenarios (24 h cloud/0 h clear sky, 10 h/14 h, 1 h/23 h, and no
cloud for 24 h).

MCM w/SMVGEAR II MCM-CAPRAM w/SMVGEAR II

B03ainit case H00 case B03ainit case H00 case

No cloud No cloud 24 h cloud 10 h cloud 1 h cloud 10 h cloud

No. of reactions 13,580 14,553
No. of species 4662 5051
One cell (s day�1) single processor 24.2 34.6 30.5 31.9 31.1 44.7
450 cells (min day�1) single processor 30.1 44.9 34.8 38.5 38.4 59.4
50,000 cells (day day�1) single processor 2.3 3.5 2.7 3.0 3.0 2.5
50,000 cells (min day�1) parallel processor 30.1 44.9 34.8 38.5 38.4 59.4
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Although the duration of the cloud does not impact the
computer timing much, the complexity of the chemistry has an
impact. The H00 case was used to provide more detailed initiali-
zations for the no-cloud and 10 h cloud simulations. This increased
computer timings to 35 s for the no-cloud simulation and 45 s for
the 10 h cloud simulation as shown in Table 2. For a 24-h simulation
in 3-D with photochemistry alone, MCM-CAPRAM required 35 min
over 450 grid cells without interruption for the B03ainit scenario.
For comparison, MCM alone required 30 min for the same number
of cells. This indicates a factor of 6.6 speedup per cell going from 1
cell to 450 cells. Since there is a speedup per cell as the number of
cells increase, a simple theoretical extrapolation of these results to
a 3-D global atmospheric model with 50,000 cells (50 � 50 � 20
layers) can be done. This gives 2.7 days and 2.3 days for 24 h of
model time for MCM-CAPRAM and for MCM alone on a single
processor. However, if each 450 cell block is put on a separate
processor, the overall computer time for 50,000 grid cells is only
35 min and 30 min, respectively, since the calculations are per-
formed in parallel. These calculations provide order-of-magnitude
approximations for the computer timings. The exact timings will
differ depending on the complexity of the chemistry and the type of
processor.

Another way to investigate the computer timings for 3-D is to
extrapolate on the actual 3-D global-through-urban simulations
done with the MCM alone (Jacobson and Ginnebaugh, 2010). We
found here that the MCM-CAPRAM increased computer timings
over the MCM alone by a factor of approximately 1.3 for both the
box and the 450 cell simulations for photochemistry only. If we
assume the same factor increase for the 3-D simulations for all
processes (although the photochemistry only takes about 15% of
the overall computer time in this 3-D model, the additional species
will take part in other processes), overall computer time required
would be w4.8 times that for a condensed mechanism, despite
increases in the number of species and reactions by factors of 33
and 49, respectively. More details about the 3-D global-through-
urban model and the condensed mechanism can be found in
Jacobson and Ginnebaugh (2010).

6. Conclusions

This study coupled the near-explicit gas phase Master Chemical
Mechanism v. 3.1, with the extensive aqueous phase Chemical
Aqueous Phase Radical Mechanism v. 3.0i in the SMVGEAR II sparse
matrix ordinary differential equation solver. The computer timings
indicate that this solver allows these extensive chemical mecha-
nisms to be solved in 3-D atmospheric simulations, taking only 31 s
in a box model on a single processor, 35 min in a 50,000 grid cell
model on parallel processors, or up to 2.7 days in a 50,000 grid cell
model in serial on scalar processors for 24 h of model time
(photochemistry only).
Dissolutional growth governs the gaseaqueous phase transfer
and was evaluated through comparisons with 7 model results from
Barth et al. (2003a). The comparison was accurate for the same
mechanism. When the more extensive MCM-CAPRAM mechanism
was then compared with the simplified chemistry, the concentra-
tions of some species differed significantly due to differences in the
chemical reactions. CAPRAM 3.0i was modified by updating the
Henry’s constant for glyoxal and adding the gas-to-aqueous
transfer reactions for glycolic acid and glyoxylic acid. Glyoxal is
important as a contributor to SOA and to carbonyl acids. The
modification in glyoxal’s Henry’s constant did not impact total gas
plus aqueous glyoxal much, but it did move almost all of the glyoxal
to the aqueous phase in the cloud. The additional gaseaqueous
reactions for glycolic acid and glyoxylic acid allowed some of the
acid created in the aqueous phase to partition to the gas phase
while the cloud was present. These additions to CAPRAM could be
important for improving prediction of secondary organic aerosol
formation. This model allows more extensive chemistry when
modeling air pollution in a cloud or a fog and could improve air
pollution simulations.

This model can be obtained for research purposes by e-mailing
the author at moongdes@stanford.edu.
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