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Abstract

A comprehensive comparison of "ve inorganic aerosol thermodynamic equilibrium modules, MARS-A, SEQUILIB,
SCAPE2, EQUISOLV II, and AIM2, was conducted for a variety of atmospheric concentrations of particulate matter
(PM) constituents, relative humidities (RHs), and temperatures. Our results show that although the PM compositions
and concentrations predicted by these modules are generally comparable under most conditions, signi"cant discrepan-
cies exist under some conditions, especially at high nitrate/chloride concentrations and low/medium RHs. As a conse-
quence, the absolute di!erences in total PM concentrations predicted by these modules under all simulation conditions
are 7.7}12.3% on average and as much as 68% for speci"c cases. The PM predictions are highly sensitive to changes in
the molar ratios of ammonium to sulfate, nitrate to sulfate, and sodium chloride to sulfate, relative humidity, and
temperature. The similarities and di!erences in simulation results predicted by the "ve modules are analyzed and the
likely causes for these di!erences are discussed in detail. Recommendations are provided regarding the relative
advantages of these modules, possible improvements of their performance, and applications in three-dimensional PM
modeling studies. ( 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Particulate matter (PM) is an ubiquitous component
of the atmosphere and plays an important role in many
areas of atmospheric sciences including human health
e!ects of air pollution, atmospheric visibility reduction,
acid deposition, and the earth's radiation budget. The
US Environmental Protection Agency (EPA) revised the

National Ambient Air Quality Standards for PM in 1997
to protect human health and has recently proposed new
regulations to protect atmospheric visibility. The radi-
ative forcing of aerosols is now routinely included in
climate studies. Atmospheric PM models are e!ective
tools to quantify the relationship between sources of air
pollutants and their health and environmental impacts.
An essential component of the PM models is the thermo-
dynamic module that simulates the partitioning of chem-
ical species among the gas, aqueous, and solid phases
and predicts the total mass and chemical composition
of PM.
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PII: S 1 3 5 2 - 2 3 1 0 ( 9 9 ) 0 0 2 3 6 - 8



Atmospheric PM consists of inorganic and organic
species such as sulfate, nitrate, chloride, water content,
soil dust, elemental carbon, and organic carbon. Some of
them are emitted directly into the atmosphere (primary
PM), whereas others are formed in the atmosphere from
the reactions of gases (secondary PM). Inorganic and
organic compounds roughly comprise 25}50% and
40}65% of "ne particle mass, respectively (Gray et al.,
1986). Considerable e!ort has been directed toward an
understanding of the physical and chemical properties of
inorganic aerosols and several inorganic aerosol thermo-
dynamic modules have been developed during the past
two decades. Such modules include EQUIL (Bassett and
Seinfeld, 1983), KEQUIL (Bassett and Seinfeld, 1984),
MARS (Saxena et al., 1986), SEQUILIB (Pilinis and
Seinfeld, 1987), SCAPE and SCAPE2 (Kim et al., 1993a,b;
Kim and Seinfeld, 1995; Meng et al., 1995), MARS-A
(Binkowski and Shankar, 1995), EQUISOLV and
EQUISOLV II (Jacobson et al., 1996a; Jacobson,
1999a,b), AIM and AIM2 (Wexler and Seinfeld, 1990,1991;
Clegg et al., 1992,1994,1995,1998a,b), ISORROPIA
(Nenes et al., 1998,1999), and GFEMN (Ansari and Pan-
dis, 1999a). All these modules simulate internally mixed
particles, i.e., all particles simulated in a given particle size
range have the same composition. Most modules assume
that thermodynamic equilibrium exists between the gas
and particulate phases for the volatile compounds. Non-
equilibrium between the bulk gas phase and the particles
has been suggested by some observations (Allen et al.,
1989) and non-equilibrium conditions involving mass
transport between the bulk gas and particulate phases
have been simulated with AIM, SCAPE2, and
EQUISOLV/EQUISOLV II. Modeling of secondary or-
ganic aerosol (SOA) formation and thermodynamics is
more di$cult due mainly to major uncertainties in the
gas-phase chemistry of SOA formation, phase-partitioning
of the condensable organic gases, and thermodynamics of
organic PM. Among these modules, only SCAPE2 and
EQUISOLV/EQUISOLV II include simple thermodyn-
amic treatments for a few organic compounds.

We focus here on the treatment of the thermodynamic
equilibrium of inorganic species and present a quantitat-
ive evaluation of "ve thermodynamic equilibrium mod-
ules that are currently used in three-dimensional (3-D) air
quality PM models. The comparison is performed
in stand-alone modes (i.e., outside of their 3-D host
air quality models) to eliminate the in#uence of other
atmospheric processes (e.g., gas-phase chemistry and
transport) treated in these 3-D host models. Thus, the
di!erences in PM predictions among these modules are
due solely to the di!erences in the model formulations
and/or numerical algorithms. The modules selected for
comparison include MARS-A, SEQUILIB, SCAPE2,
EQUISOLV II, and AIM2. We initially used
EQUISOLV for this comparison and identi"ed that
under some conditions the numerical solution did not

converge. In conjunction with this work, an improved
version of EQUISOLV, i.e., EQUISOLV II, was then
developed (Jacobson, 1999b) and used for the rest of this
study. MARS-A is used in EPA Models-3 (Binkowski
and Shankar, 1995) and the Denver Air Quality Model,
DAQM (Middleton, 1997). SEQUILIB is used in
SAQM-AERO (Dabdub et al., 1997) and UAM-AERO
(Lurmann et al., 1997). SCAPE2 is used in the CIT model
(Meng et al., 1998). EQUISOLV II is used in GATOR
(Jacobson et al., 1996b; Jacobson, 1997). A revised ver-
sion of AIM has been incorporated in UAM-IV (Sun and
Wexler, 1998).

Our objectives are to gain an understanding of the
relative strengths and weaknesses of each thermodynamic
equilibrium module by comparing the module predictions
under a variety of thermodynamic regimes, to suggest
further improvements of their performance, and to pro-
vide recommendations for the selection of such modules
for applications in future 3-D PM modeling studies. The
particle size distribution and size-resolved chemical equi-
librium are not taken into account in this comparison.

2. Description of thermodynamic equilibrium modules

Tables 1 and 2 summarize the major characteristics of
the "ve thermodynamic modules and the equilibria in-
cluded in these modules, respectively. All "ve modules
simulate the partitioning of chemical species among gas,
aqueous, and solid phases. However, there are major
di!erences in many aspects of the module formulations.
These di!erences will be described in detail along with
the discussion of results in Section 3.3. There are three
versions of AIM2. AIM2-Model I simulates the
H`}SO2~

4
}NO~

3
}Cl~}Br~}H

2
O system under strato-

spheric conditions for temperatures from less than
200}328 K; AIM2-Model II simulates the H`}NH`

4
}

SO2~
4
}NO~

3
}H

2
O system under tropospheric conditions

at any tropospheric temperatures; and AIM2-Model III
simulates the H`}NH`

4
}Na`}SO2~

4
}NO~

3
}Cl~}H

2
O

system under tropospheric conditions and is restricted to
298.15 K only. AIM2-Model III is used in this study and
is referred to as AIM2.

3. Comparison of simulation results

3.1. Simulation conditions and comparison procedures

The "ve modules were run for 20 di!erent sets of initial
compositions, as listed in Table 3. These compositions
cover most of the expected range of thermodynamic
equilibrium regimes under typical urban and coastal
atmospheric conditions. For each condition, we conduc-
ted 10 simulations using 10 di!erent RHs ranging from
10 to 95% for 298.15 K. The simulations were repeated
for 308.15 K (except for AIM2). Although SCAPE2 and
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Table 3
List of conditions for thermodynamic equilibrium module simulations!

Initial compositions Total ammonium/sulfate
mole ratio

Total nitrate/sulfate
mole ratio

Total sodium chloride/sulfate
mole ratio

1 0.5 1.0 0
2 1.0 1.0 0
3 1.5 1.0 0
4 2.0 1.0 0
5 4.0 1.0 0
6 1.5 0.33 0
7 4.0 0.33 0
8 1.5 3.0 0
9 4.0 3.0 0

10 0.5 1.0 0.5
11 1.0 1.0 0.5
12 1.5 1.0 0.5
13 2.0 1.0 0.5
14 4.0 1.0 0.5
15 1.5 0.33 0.5
16 4.0 0.33 0.5
17 1.5 3.0 0.5
18 4.0 3.0 0.5
19 1.5 1.0 2.0
20 4.0 1.0 2.0

!Particulate sulfate concentration is 20 lg m~3 for all initial compositions. Simulations under each set of initial compositions were
conducted for 10, 20, 30, 40, 50, 60, 70, 80, 90 and 95% relative humidity (RH) and temperatures of 298.15 and 308.15 K.

EQUISOLV II treat potassium, calcium, magnesium,
and carbonate, these species are not included here. The
hysteresis and the Kelvin e!ects can be simulated in
SCAPE2, EQUISOLV II, and AIM2, however, they are
not considered in this study.

For the 20 conditions, the concentration of total sul-
fate is set to be a constant value of 20 lg m~3. H

2
SO

4
has

a very low vapor pressure; consequently, it is present
solely in the particulate phase and its concentration is
used as a reference for the other species. For the purpose
of this analysis, we de"ne the initial atmospheric chem-
ical concentrations according to the following four di-
mensionless ratios: the molar ratio of total ammonium
(i.e., sum of gaseous ammonia, NH

3
(g), and particulate

ammonium, NH`
4
(p)) to total sulfate (referred to as

TNH
4
/TSO

4
), the molar ratio of total nitrate (i.e., sum of

gaseous nitric acid, HNO
3
(g), and particulate nitrate,

NO~
3
(p)) to total sulfate (referred to as TNO

3
/TSO

4
), the

molar ratio of total sodium chloride to total sulfate
(referred to as TNaCl/TSO

4
), and the molar ratio of total

cation species (i.e., sum of total ammonium, TNH
4
, and

total sodium, TNa) to total sulfate (referred to as
TCAT/TSO

4
). The particulate phase concentrations of

ammonium, nitrate, and chloride (i.e., NH`
4
(p), NO~

3
(p),

and Cl~(p)) include their concentrations in the solid
and aqueous phases. If TCAT/TSO

4
(2, the system

contains excess sulfate and is called sulfate-rich. If
TCAT/TSO

4
"2, the system contains just su$cient

sulfate to neutralize the cation species and is called sul-
fate-neutral. If TCAT/TSO

4
'2, the system does not

contain enough sulfate to neutralize the cation species
and is called sulfate-poor. For the 20 sets of conditions,
conditions 1}3, 6, 8, 10, and 11 are sulfate-rich, condi-
tions 4, 12, 15, and 17 are sulfate-neutral, and conditions
5, 7, 9, 13, 14, 16, and 18}20 are sulfate-poor.

A synoptic comparison of the simulation results is
provided in Section 3.2. The similarities and di!erences in
the model predictions for di!erent thermodynamic re-
gimes as well as the likely causes are presented and
analyzed in detail in Section 3.3. In our comparisons,
SCAPE2 was used as the reference for MARS-A and
SEQUILIB since it contains more chemical species and
equilibrium reactions and o!ers more detailed aerosol
thermodynamic calculations than MARS-A and SE-
QUILIB. Since SCAPE2, EQUISOLV II, and AIM2
contain the similar detailed level of chemistry and
thermodynamics, we compare results between SCAPE2
and EQUISOLV II, between SCAPE2 and AIM2, and
between EQUISOLV II and AIM2. For each pair of
these three modules, we use the arithmetic average values
predicted by each pair as reference.

3.2. Synoptic comparisons

Fig. 1 shows concentrations of total particulate phase
concentrations of nitrate, ammonium, hydrogen ion,
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Fig. 1. A synoptic comparison of concentrations of total particulate-phase concentrations of (a) nitrate, (b) ammonium, (c) hydrogen
ion, (d) chloride, (e) water, and (f ) total PM predicted by the "ve chemical equilibrium modules under all simulation conditions shown
in Table 2 and a temperature of 298.15 K.
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Fig. 1. (Continued).
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chloride, water, and total PM (labeled as [NO~
3
]
1
,

[NH`
4
]
1
, [H`]

1
, [Cl~]

1
, [H

2
O]

1
, and PM) predicted by

the "ve modules under all simulation conditions. For
comparisons between MARS-A and SCAPE2, only 90
cases were used because MARS-A does not simulate
systems containing NaCl. For comparisons between
AIM2 and SCAPE2 or EQUISOLV II, only 150 cases
were used because 50 of 200 cases are alkaline and AIM2
does not simulate such cases. [NO~

3
]
1
, [NH`

4
]
1
, [H

2
O]

1
,

and total PM concentrations predicted by these modules
are generally comparable, but there are signi"cant dis-
crepancies in the predictions of [H`]

1
and [Cl~]

1
.

3.2.1. Particulate nitrate
Under most conditions, [NO~

3
]
1

predicted by
MARS-A, SCAPE2, EQUISOLV II, and AIM2 are sim-
ilar to each other, whereas SEQUILIB shows signi"cant
deviations from SCAPE2, as shown in Fig. 1(a). All
modules predict either zero or negligible amounts
of NO~

3
(p) for RH (30}70% (except in a few cases with

high ammonium and nitrate). Under higher RH condi-
tions, MARS-A predicts slightly higher [NO~

3
]
1

than
SCAPE2 for TNH

4
/TSO

4
)2 and lower [NO~

3
]
1

than
SCAPE2 for TNH

4
/TSO

4
"4. Di!erences in the

[NO~
3
]
1
predicted by MARS-A and SCAPE2 are mainly

due to simpli"ed chemistry and thermodynamic calcu-
lations used in MARS-A for NO~

3
(p). SEQUILIB pre-

dicts signi"cantly higher [NO~
3
]
1
than SCAPE2 for most

cases with TNH
4
/TSO

4
"1.5 and 4, but it predicts

signi"cantly lower [NO~
3
]
1

than SCAPE2 for TNH
4
/

TSO
4
"1, and zero [NO~

3
]
1

for some cases with
TNH

4
/TSO

4
"0.5 and 2 even under high RH condi-

tions. SCAPE2 and EQUISOLV II predict similar
[NO~

3
]
1

for all cases with TNH
4
/TSO

4
)2 and

RH'70%. However, [NO~
3
]
1

predicted by SCAPE2
are signi"cantly higher than that predicted by
EQUISOLV II for some cases with high ammonium and
medium RHs due to di!erent NH

3
(g)/NH`

4
equilibria

treated in the two modules (see Section 3.3.1). [NO~
3
]
1

predicted by AIM2 are similar to that predicted by
SCAPE2 and EQUISOLV II for most acidic cases. For
some cases with low RHs and high ammonium and
nitrate, however, AIM2 predicts higher [NO~

3
]
1

than
SCAPE2 and EQUISOLV II. This is because AIM2
simulates a di!erent chemistry involving complex salts
such as 2 NH

4
NO

3
) (NH

4
)
2
SO

4
and uses a di!erent

method for calculations of multi-component activity
coe$cients.

3.2.2. Particulate ammonium
[NH`

4
]
1

predicted by MARS-A, SCAPE2,
EQUISOLV II, and AIM2 are in good agreement under
most conditions, as shown in Fig. 1(b). SEQUILIB pre-
dicts [NH`

4
]
1
deviating within 14% of that predicted by

SCAPE2 for all cases without NaCl, but it predicts signif-
icantly higher [NH`

4
]
1

(up to 37%) than SCAPE2 for

many cases with NaCl and/or TCAT/TSO
4
'2, due to

more formation of NH
4
NO

3
or NH

4
Cl, or both pre-

dicted by SEQUILIB under these conditions. Signi"cant
di!erences in [NH`

4
]
1

predicted by SCAPE2 and
EQUISOLV II are found for some cases with high am-
monium and low nitrate regardless of the presence of
NaCl. Out of these cases, [NH`

4
]
1

predicted by
EQUISOLV II are lower than those predicted by
SCAPE2 in the absence of NaCl and the results become
just the opposite in the presence of NaCl due to di!erent
sets of NH

3
(g)/NH`

4
equilibria used in both modules. For

most acidic cases, [NH`
4
]
1

predicted by SCAPE2 and
EQUISOLV II are similar to those predicted by AIM2.
[NH`

4
]
1

predicted by AIM2 are higher than those pre-
dicted by SCAPE2 and EQUISOLV II for a few cases
with high ammonium and nitrate.

3.2.3. Particulate hydrogen ion
Fig. 1(c) shows [H`]

1
predicted by the "ve modules.

Signi"cant discrepancies exist because of either some
assumptions related to H`(p) calculations used in
MARS-A and SEQUILIB or the di!erent numerical
methods used to calculate H`(p). For example, MARS-A
and SEQUILIB assume [H`]

1
to be zero for all cases

with TCAT/TSO
4
'2 and TCAT/TSO

4
*2, respect-

ively, thus no H`(p) concentrations are computed for
these cases in the two modules. For some sulfate-rich and
low RH cases, MARS-A also predicts [H`]

1
to be zero.

For many sulfate rich and low RH cases (i.e., TCAT/
TSO

4
(2 and RH(70%), [H`]

1
predicted by

SCAPE2 are signi"cantly higher than those predicted by
other modules because of non convergence of the solu-
tions in SCAPE2. For most cases with high RHs, all
modules predict similar [H`]

1
except SEQUILIB which

sometimes predicts either zero or abnormally higher
[H`]

1
. In most cases, the aqueous particle predicted by

SCAPE2 is more acidic than that predicted
by EQUISOLV II. In most cases, [H`]

1
predicted by

SCAPE2 are either higher or slightly lower than those
predicted by AIM2, and [H`]

1
predicted by

EQUISOLV II are lower than those predicted by AIM2.

3.2.4. Particulate chloride
Fig. 1(d) shows that there are substantial di!erences in

[Cl~]
1
predicted by SEQUILIB, SCAPE2, EQUISOLV

II, and AIM2. For most cases with RH'50%, AIM2,
SCAPE2, and EQUISOLV II predict similar [Cl~]

1
,

whereas SEQUILIB predicts signi"cantly lower [Cl~]
1

than those predicted by the other modules. For most
cases with RH(50%, SEQUILIB, SCAPE2, and AIM2
predict no [Cl~]

1
. On the other hand, in most of these

cases, EQUISOLV II predicts the co-existence of solid
NH

4
Cl(s) and NaCl(s), resulting in signi"cantly higher

[Cl~]
1

than those predicted by the other three modules.
SCAPE2 and AIM2 include similar sets of reactions for
NH

4
Cl and NH

4
NO

3
and predict comparable [Cl~]

1
.
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The di!erent results of SEQUILIB and EQUISOLV II
are due mainly to the fact that the two modules include
di!erent sets of equilibrium reactions for NH

4
Cl and

NH
4
NO

3
.

3.2.5. Particulate water content
For most conditions, [H

2
O]

1
predicted by the "ve

modules agree well except that SEQUILIB tends to pre-
dict lower [H

2
O]

1
under most conditions, as shown in

Fig. 1(e). This is because the binary water activity data
used in SEQUILIB are di!erent from those used in the
other modules. SEQUILIB uses the older binary water
activity data of Cohen et al. (1987a,b) for most electro-
lytes (Pilinis and Seinfeld, 1987), which may be inaccurate
for some salts. Whereas SCAPE2, EQUISOLV II, and
AIM2 use the most recent and critically assessed water
activity data of Chan et al. (1992) and other researchers.
The data of Chan et al. (1992) generally result in higher
water content than those of Cohen et al. (1987a,b) (Kim
et al., 1993).

3.2.6. Total PM concentrations
Although there remain signi"cant discrepancies in the

predicted PM compositions, the total PM concentra-
tions predicted by the "ve modules under all conditions
agree remarkably well, except those predicted by
SEQUILIB in the high PM concentration range (total
PM'&150 lg m~3), as shown in Fig. 1(f ). Under
all conditions, the absolute di!erences are 12.3, 10.8,
9.3, 9.2, and 7.7% on average between MARS-A and
SCAPE2, SEQUILIB and SCAPE2, EQUISOLV II and
SCAPE2, AIM2 and SCAPE2, and EQUISOLV II and
AIM2, respectively. The absolute di!erences range from
0.1}61, 0}50, 0}67, 0}68, and 0}67% for speci"c cases for
each pair of modules, respectively. Di!erences in PM

2.5
and PM

10
concentrations will be less because of the

presence of primary species in PM that are not included
in the chemical systems considered here.

3.2.7. Dominant PM compounds
The dominant PM compounds predicted by the "ve

modules are di!erent for many cases. For cases with
TNO

3
/TSO

4
"1, TCAT/TSO

4
'2, and all RHs, MARS-

A predicts (NH
4
)
2
SO

4
and NH

4
NO

3
to be dominant;

SEQUILIB predicts either (NH
4
)
2
SO

4
and NH

4
NO

3
or

(NH
4
)
2
SO

4
, NH

4
NO

3
, Na

2
SO

4
, and NH

4
Cl to be

dominant; SCAPE2 predicts either (NH
4
)
2
SO

4
alone

or (NH
4
)
2
SO

4
, NH

4
NO

3
, Na

2
SO

4
, and NH

4
Cl to be

dominant. EQUISOLV II predicts dominant species
similar to those of SCAPE2 for low RHs but an additional
species, NH

4
NO

3
, to be dominant for high RHs; and

AIM2 predicts no results for most of these cases because
it does not simulate alkaline systems. For the acidic
systems, AIM2 predicts similar dominant species to those
of SCAPE2 for low RHs but both (NH

4
)
2
SO

4
and

Na
2
SO

4
) (NH

4
)SO

4
) 4H

2
O to be dominant for most of

these cases for RH *50%. For cases with TNO
3
/

TSO
4
"1, TCAT/TSO

4
)2 and all RHs, MARS-A pre-

dicts (NH
4
)
2
SO

4
and NH

4
HSO

4
to be dominant, the

other modules predict either bisulfate salts (e.g.,
NH

4
HSO

4
, (NH

4
)
3
H(SO

4
)
2
, and NaHSO

4
), H

2
SO

4
, or

sulfate salts (e.g., (NH
4
)
2
SO

4
and/or Na

2
SO

4
) or a com-

bination of these to be dominant. A major di!erence
between AIM2 and the other modules is that AIM2
sometimes predicts more complex salts such as
Na

3
H(SO

4
)
2
, NaHSO

4
)H

2
O, and Na

2
SO

4
) (NH

4
)
2
SO

4
)

4H
2
O to be dominant; such salts are not treated in the

other modules.

3.3. Detailed comparisons

3.3.1. The H`}NH4̀ }NO~3 }SO2~4 }H2O system
Sulfate-rich cases. Under sulfate-rich conditions (i.e.,

TNH
4
/TSO

4
(2), sulfate is in excess and the solution is

highly acidic due to insu$cient neutralization by NH`
4
.

Sulfate may exist as H
2
SO

4
, HSO~

4
, and SO2~

4
. Most

nitrate remains in the gas phase and most ammonium
resides in the particulate phase. Fig. 2 shows [NO~

3
]
1
,

[NH`
4
]
1
, [H`]

1
, and [H

2
O]

1
predicted by the "ve mod-

ules for TNH
4
/TSO

4
"1.5, where sulfate is partially

neutralized mainly as (NH
4
)
3
H(SO

4
)
2

and some
NH

4
NO

3
may be formed.

While [NO~
3
]
1

are negligible for RH)60}70%, they
increase signi"cantly with RH for higher RHs. [NO~

3
]
1

from all modules agree within 20% for RH'90% but
di!er notably for RH"60}90% due to di!erences in
chemistry and activity calculations. Both MARS-A and
SEQUILIB predict higher [NO~

3
]
1

than the other three
modules for RH '70% but for di!erent reasons. In
SEQUILIB, the equilibrium constant for HNO

3
(g)Q

H`(aq)#NO~
3
(aq) is 44% higher than that used in the

other four modules (see Table 2). This causes lower
[HNO

3
]
'
, thus higher [NO~

3
]
1
. The higher [NO~

3
]
1

predicted by MARS-A is likely caused by its simpli-
"ed chemistry and/or the quadratic approximation in
the calculation of [NO~

3
]
1
. [NH`

4
]
1

predicted by the
"ve modules are in good agreement, with most ammon-
ium residing in the particulate phase. NH`

4
(p) is mainly

present as (NH
4
)
2
SO

4
in MARS-A, as (NH

4
)
2
SO

4
and/or (NH

4
)
3
H(SO

4
)
2

in SEQUILIB, SCAPE2,
and EQUISOLV II, and as a mixture of (NH

4
)
3
H(SO

4
)
2

and NH
4
HSO

4
or a mixture of (NH

4
)
3
H(SO

4
)
2

and
(NH

4
)
2
SO

4
in AIM2. SCAPE2 predicts some [H`]

1
for

all RHs, on the other hand, the other four modules
predict a small [H`]

1
(up to 0.06 lg m~3) for

RH'70%. The high [H`]
1

predicted by SCAPE2 for
RH(60% result from the non-convergence of the nu-
merical solution for solid calculations. The large di!er-
ences in predicted [H`]

1
for RH'60% are due to

di!erences in the chemical species and equilibrium reac-
tions treated and the methods used to calculate [H`]

1
and the activity coe$cients.
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Fig. 2. The concentrations of (a) NO~
3

(p), (b) NH`
4

(p), (c) H`(p), and (d) H
2
O(p) as a function of RH predicted by the "ve modules at

a temperature of 298.15 K under sulfate-rich (i.e., TNH
4
/TSO

4
"1.5) conditions.

[H
2
O]

1
predicted by the "ve modules are in good

agreement for RH'70%, but show some di!erences for
medium and low RHs. [H

2
O]

1
predicted by MARS-A

are signi"cantly higher than those predicted by other
modules for 30%(RH(70%. This di!erence is caused
by di!erent phase partitioning of relevant species in
MARS-A and the other modules. All modules except
MARS-A predict particulate sulfate and nitrate species
(e.g., (NH

4
)
2
SO

4
, (NH

4
)
3
H(SO

4
)
2
, and NH

4
NO

3
) to par-

tition between solid and aqueous phases, depending on
their deliquescence relative humidities (DRHs) in the
multicomponent system. For 30%(RH(70%, vari-
ous solid species can exist alone or co-exist with liquid
species in these modules. On the other hand, MARS-A
does not treat mixed-phase salts, namely, it assumes that
various salts are present either in the solid phase or in the
aqueous phase, depending on the values of TNH

4
/TSO

4
and the assumed crystallization relative humidities
(CRHs). For TNH

4
/TSO

4
*1 and RH'40%, MARS-

A predicts that all salts exist in the aqueous phase even

though these salts may be present in both solid and
aqueous phases. As a result of this assumption, MARS-A
predicts much higher electrolytes and water activity,
thus, higher [H

2
O]

1
for 30%(RH(70%.

Sulfate-neutral and sulfate-poor cases. Under sulfate-
neutral and sulfate-poor conditions (TNH

4
/TSO

4
*2),

sulfate is fully neutralized as (NH
4
)
2
SO

4
and the system

may become alkaline. The excess NH
3
(g) drives nitrate

from the gas to the particulate phase to form NH
4
NO

3
via the NH

3
}HNO

3
equilibrium, resulting in the forma-

tion of a large amount of NH
4
NO

3
for high RHs under

both sulfate-neutral and sulfate-poor conditions and pre-
cipitation of some NH

4
NO

3
(s) for low RHs under

sulfate-poor conditions. Fig. 3 shows [NO~
3
]
1

predicted
by the "ve modules under sulfate-neutral (i.e., TNH

4
/

TSO
4
"2) and sulfate-poor (i.e., TNH

4
/TSO

4
"4)

conditions.
For TNH

4
/TSO

4
"2, [NO~

3
]
1

are negligible for
RH)60}70%. [NO~

3
]
1
predicted by all modules except

SEQUILIB signi"cantly increase with RH for higher
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Fig. 3. The concentrations of NO~
3

(p) as a function of RH predicted by the "ve modules at a temperature of 298.15 K under
(a) sulfate-neutral (i.e., TNH

4
/TSO

4
"2), and (b) sulfate-poor (i.e., TNH

4
/TSO

4
"4) conditions.

RHs (up to 4.5 lg m~3), as more HNO
3

dissolves and
dissociates in the aqueous particles. By contrast, [NO~

3
]
1

predicted by SEQUILIB becomes negligible (which was
non-negligible at RH'70% for TNH

4
/TSO

4
"1.5).

This is due to a simpli"ed treatment used in SEQUILIB,
which assumes no excess NH

3
(g) exists (thus no

NH
4
NO

3
formation) for TNH

4
/TSO

4
"2.

For TNH
4
/TSO

4
"4, the system is alkaline and the

excess NH
3
(g) results in substantial increases in concen-

trations of NH
4
NO

3
(up to 12 lgm~3) for high RHs in

all modules except AIM2 (AIM2 does not simulate
alkaline systems). Some NH

4
NO

3
precipitates for low

RHs in MARS-A and SEQUILIB. For RH(70%,
[NO~

3
]
1

predicted by the four modules show signi"cant
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Fig. 4. The PM chemical composition at RH"70% predicted by the "ve modules at a temperature of 298.15 K under sulfate-neutral
(i.e., TNH

4
/TSO

4
"2) conditions.

discrepancies; agreement between them improves as
RH increases. The dissociation equilibrium constant
for NH

4
NO

3
(s)QNH

3
(g)#HNO

3
(g) at 298.15 K in

MARS-A and in SEQUILIB are about 27 and 48%,
respectively, lower than that used in SCAPE2 and
EQUISOLV II (see Table 2). These lower equilibrium
constants result in lower NH

3
(g) and HNO

3
(g) thus

higher [NO~
3
]
1

in both MARS-A and SEQUILIB than
SCAPE2 and EQUISOLV II for RH(50%. There are
large di!erences in [NO~

3
]
1

predicted by SCAPE2 and
EQUISOLV II for 40%(RH(80%. This can be at-
tributed to two major reasons. First, NH

3
/NH`

4
equilib-

ria treated in the two modules are di!erent. EQUISOLV
II o!ers the options to include the solid-gas and/or the
solid-liquid equilibria of NH

4
Cl(s) and NH

4
NO

3
(s)

(i.e., E9, E13, E17, and E18, Table 2). The results of
EQUISOLV II were obtained by only turning on E17
and E18. On the other hand, SCAPE2 only treats the
solid-gas equilibria of NH

4
Cl(s) and NH

4
NO

3
(s) (i.e., E9

and E13). Second, activity coe$cients for some relevant
ion pairs used in the two modules are di!erent. In
EQUISOLV II, the binary activity coe$cients are based
on either measurement data or published parameters,
whereas in SCAPE2, the binary activity coe$cients for
some ion pairs (e.g., for NH`

4
/OH~ ion pair) are assumed

to be 1.
The PM composition predicted by the "ve modules

under some conditions di!ers signi"cantly. Fig. 4 shows

the predicted PM composition for TNH
4
/TSO

4
"2

and RH"70%. Under this condition, MARS-A,
SEQUILIB, and SCAPE2 predict no solid formation,
whereas EQUISOLV II and AIM2 predict 23}27 lg m~3

of (NH
4
)
2
SO

4
(s). Since [H

2
O]

1
is a strong function of

electrolyte molality (i.e., the moles of cations and anions
per kg of solution) for a given RH ((100%), the di!er-
ences in PM composition and molality lead to
23}25 lg m~3 of H

2
O(p) formed in MARS-A, SE-

QUILIB, and SCAPE2 but only 1}4 lg m~3 of H
2
O(p)

formed in EQUISOLV II and AIM2.

3.3.2. The H`}Na`}NH4̀ }NO~3 }SO2~4 }Cl~}H2O System
The presence of NaCl reduces the acidity and increases

water content in the particle, causing signi"cant changes
in thermodynamic equilibria in the system. Di!erences in
the simulation results for systems containing NaCl
among the four modules (MARS-A does not treat NaCl)
are generally greater than those without NaCl. Most
signi"cant changes occur in the aforementioned sulfate-
rich and sulfate-neutral systems because they become
sulfate-neutral and sulfate-poor conditions, respectively.
In particular, [Cl~]

1
predicted by these modules exhibit

signi"cant di!erences.
Fig. 5(a) shows [Cl~]

1
predicted by the four modules

for TNH
4
/TSO

4
"4. For RH(50%, no Cl~(p) is for-

med in SEQUILIB, SCAPE2, and AIM2 but NH
4
Cl(s)

can be formed in EQUISOLV II. No NaCl(s) can be
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Fig. 5. The concentrations of Cl~(p) predicted by SEQUILIB, SCAPE2, EQUISOLV II, and AIM2 at a temperature of 298.15 K for the
sulfate-poor system with TNH

4
/TSO

4
"2, TNO

3
/TSO

4
"1, and TNaCl/TSO

4
"0.5 using (a) the original formulation, (b) a set of

reactions similar to that used in SCAPE2.

formed under these conditions in all modules. For
RH*50%, [Cl~]

1
predicted by SCAPE2, EQUISOLV

II, and AIM2 are comparable but SEQUILIB predicts
signi"cantly lower [Cl~]

1
(by a factor of 2}5) than the

other modules. The signi"cant di!erences in total [Cl~]
1

predicted by these modules can be attributed to di!erent

sets of reactions for NH
4
NO

3
, NH

4
Cl, and their disso-

ciated ions. The most important reactions a!ecting the
equilibria of NH

4
Cl and NH

4
NO

3
include E3}E6,

E9, E13, and E17}E20. NH
3
(g), HNO

3
(g), and HCl(g)

dissolve in the solution to form ionic species through
equilibria E3}E6 and E19}E20 given su$cient liquid
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water (e.g., for RHs greater than DRHs of NH
4
NO

3
(s),

62%, and NH
4
Cl(s), 80%, or supersaturation). Under

certain conditions (e.g., when RH decreases), these ions
may precipitate to form NH

4
Cl(s) and NH

4
NO

3
(s) via

E17}E18. Under low RHs, E9 and E13 can also directly
lead to either the formation of NH

4
Cl(s) and NH

4
NO

3
(s)

from heterogeneous reactions of NH
3
(g) with HCl(g) and

HNO
3
(g) on the particle or the release of NH

3
(g), HCl(g),

and HNO
3
(g) from NH

4
Cl(s) and NH

4
NO

3
(s).

SEQUILIB includes E5, E6, E19, and E20 and the
solid}gas equilibria of NH

4
Cl(s) and NH

4
NO

3
(s) (i.e., E9

and E13). SCAPE2 includes E3, E4a, E5, E6, E9, and
E13. EQUISOLV II includes E5, E6, and E19, the
solid}liquid and the solid}gas equilibria of NH

4
Cl(s) and

NH
4
NO

3
(s) (i.e., E9, E13, E17, and E18) but o!ers the

options to turn on/o! individual reactions. The results of
EQUISOLV II shown in Fig. 5(a) were obtained by
turning on E17 and E18 and turning o! E9 and E13.
AIM2 simulates E4b, E5, E6, E9, E13, E17}E20 and the
solid}liquid equilibria of double salts involving am-
monium and nitrate, E23}E25.

Although it is a formidable task to make chemical
species and equilibrium reactions identical in these mod-
ules due to their di!erent formulations, we conducted
additional simulations of SEQUILIB, EQUISOLV II,
and AIM2 using a set of reactions similar to that used in
SCAPE2 and the results are shown in Fig. 5(b). When
E19 is turned o! and the equilibrium constants of E6 and
E13 were set to be the same values as those in SCAPE2,
SEQUILIB can predict [Cl~]

1
that are much closer to

those predicted by SCAPE2 under high RHs. When E9
and E13 are turned on, EQUISOLV II yields results
similar to those of the other three modules, i.e., no pre-
cipitation of NH

4
Cl(s) under low RHs. AIM2 also pre-

dicts [Cl~]
1

that are much closer to those predicted by
the other three modules for 60%(RH(80% when all
equilibria involving complex salts such as E23}E25 are
turned o!. [Cl~]

1
predicted by all the four modules agree

within 36% for most RHs if a similar set of reactions
is used in these modules. In addition, results of
EQUISOLV II using both the di!erent and similar sets
of reactions show that the solid}gas equilibria E9 and
E13 dominate in the system. They favor the release of
NH

3
(g), HNO

3
(g), and HCl(g), resulting in no NH

4
Cl(s)

formation under low RH conditions.
It is not clear which of these reactions will likely occur

and dominate under typical atmospheric ambient PM
conditions. It is likely that NH`

4
and Cl~ ions can pre-

cipitate to form NH
4
Cl(s) through E17 under certain low

and medium RHs when present alone in the particle since
the DRH of NH

4
Cl(s) is 80%. However, it is an open

question whether NH
4
Cl(s) can precipitate in particles

containing multiple salts under such conditions. Labor-
atory data are urgently needed to resolve this issue and to
provide guidance for improvements in the formulation of
thermodynamic equilibrium modules.

3.3.3. Sensitivity of PM predictions

3.3.3.1. Ewect of the ratio of total nitrate to total sulfate,
TNO3/TSO4. In the eastern US, the total nitrate concen-
trations are usually less than the total sulfate concentra-
tions, while they are generally greater than the total
sulfate concentrations in the western US. TNO

3
/TSO

4
a!ects the thermodynamic equilibrium between the gas
and particulate phases and the di!erences in the PM
composition predicted by these modules.

For the sulfate-rich systems, the simulation results
predicted by the "ve modules are insensitive or moder-
ately sensitive to the values of TNO

3
/TSO

4
because the

concentrations of NH
4
NO

3
are small and sulfate salts

are predominant. The PM predictions are generally com-
parable for the sulfate-rich systems. The sensitivity of
these modules to the values of TNO

3
/TSO

4
increases

signi"cantly for the sulfate-poor system, in which the
excess gaseous ammonia and nitric acid drive NH

3
(g)

and HNO
3
(g) from the gas phase to the particulate phase

to form a large amount of NH
4
NO

3
. Signi"cant discrep-

ancies exist and increase when the values of TNH
4
/TSO

4
and TNO

3
/TSO

4
increase for the sulfate-poor condi-

tions, under which the e!ects of di!erent formulations in
these modules become much more appreciable than un-
der the sulfate-rich conditions.

As a consequence of changes in PM compositions and
their concentrations when TNO

3
/TSO

4
varies, the pre-

dicted total PM concentrations also increase with
TNO

3
/TSO

4
, especially for high RHs. For the sulfate-

rich systems with TNH
4
/TSO

4
"1.5 and RH"95%,

the total PM concentrations predicted by MARS-A are
insensitive to changes in TNO

3
/TSO

4
. The other four

modules predict similar moderate sensitivity to changes
in TNO

3
/TSO

4
, i.e., the total PM concentrations in-

crease by 19}28% when TNO
3
/TSO

4
increases from 0.33

to 3. For the sulfate-poor systems with TNH
4
/TSO

4
"4

and RH "95%, the sensitivity of total PM concentra-
tions predicted by all modules except AIM2 (AIM2 does
not simulate alkaline systems) increases signi"cantly. The
total PM concentrations increase by 89}123% when
TNO

3
/TSO

4
varies from 0.33 to 3.

3.3.3.2. Ewect of the ratio of total sodium chloride to total
sulfate, TNaCl/TSO4. The presence of NaCl can cause
dramatic changes in the systems considered here. For the
sulfate-rich system, the neutralization of sulfate and ni-
trate can be greatly enhanced through formation of
Na

2
SO

4
and/or NaNO

3
in the presence of Na` ion. As

a result, the acidity is reduced and the concentrations
of electrolytes and water increase signi"cantly. For
the sulfate-poor system, the alkalinity of the system
further increases and the excess NH

3
(g) can be neu-

tralized by Cl~ ion to form NH
4
Cl, resulting in

higher concentrations of electrolytes and water. The
di!erences in predicted PM compositions and their
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concentrations also increase signi"cantly when TNaCl/
TSO

4
increases.

The changes in PM compositions and concentrations
cause corresponding changes in total PM concentrations
when TNaCl/TSO

4
varies. For the ammonium-poor sys-

tem with TNH
4
/TSO

4
"1.5 and RH"95%, the PM

concentrations predicted by SEQUILIB are only slightly
sensitive to changes in TNaCl/TSO

4
. However, the PM

concentrations predicted by the other modules are highly
sensitive to changes in TNaCl/TSO

4
, especially for

TNaCl/TSO
4
"2. The total PM concentrations increase

by 107}120% as TNaCl/TSO
4
varies from 0 to 2. For the

ammonium-rich system with TNH
4
/TSO

4
"4 and

RH"95%, the PM concentrations predicted by the
three modules (SEQUILIB, SCAPE2, and EQUISOLV
II) are also highly sensitive to changes in TNaCl/TSO

4
,

with an increase by 79}105% when TNaCl/TSO
4

in-
creases from 0 to 2.

3.3.3.3. Ewect of temperature. Temperatures a!ect the
PM predictions through changing many properties of the
system such as equilibrium constants and activity coe$-
cients. For example, at high temperatures, nitrate salts
and liquid water evaporate from the particle, reducing
the total PM concentrations. While AIM2 (i.e., AIM2-
Model III) is restricted to a "xed temperature of
298.15 K, the temperature dependence of chemical prop-
erties is taken into account in the other four modules, as
shown in Table 1. The responses of various modules to
changes in temperature may be di!erent due to di!erent
temperature parameterizations. The discrepancies among
modules in the predicted PM compositions likely in-
crease under higher temperatures due to the evaporation
of water and semi-volatile species (e.g., nitrate and
organic compounds).

Temperature has a signi"cant impact on PM concen-
trations for the sulfate-poor system, especially for sys-
tems with high ammonium and nitrate. For cases with
TNH

4
/TSO

4
"4, TNO

3
/TSO

4
"3, and RH"60%,

when the temperature increases from 298.15 to 308.15 K,
the total [NO~

3
]
1

predicted by MARS-A, SEQUILIB,
SCAPE2, and EQUISOLV II decrease by 79}100%.
SEQUILIB predicts zero [H

2
O]

1
at 298.15 and

308.15 K, and [H
2
O]

1
predicted by MARS-A, SCAPE2,

and EQUISOLV II decrease by 26, 65, and 100%, re-
spectively. The total PM concentrations predicted by the
four modules at 308.15 K decrease by 31}55%, as com-
pared to those at 298.15 K. The maximum decrease in
total PM concentrations under all modeled conditions is
40% in MARS-A, 56% in SEQUILIB, 63% in SCAPE2,
and 78% in EQUISOLV II when the temperature in-
creases from 298.15 to 308.15 K.

3.3.4. Total PM concentrations
Table 4 presents the total PM concentrations

predicted by the "ve modules under all simulation

conditions at 298.15 K. RH was assumed to be 30%,
consistent with the Federal Reference Method (FRM) for
PM measurements. For the ammonium/nitrate/sulfate/
water system, the absolute di!erences between the values
predicted by MARS-A and SCAPE2, and by SEQUILIB
and SCAPE2 are 6 and 11.2% on average, respectively,
ranging from 0 to 11.1% and 0 to 23.1% for speci"c
cases, respectively. The normalized absolute di!erences
between SCAPE2 and EQUISOLV II, between AIM2
and SCAPE2, and between AIM2 and EQUISOLV II
are 7.7, 11.3 and 2.3% on average, respectively, rang-
ing from 0.2 to 26.1, 0.1 to 26.3, and 0 to 15.7% for
speci"c cases, respectively. For the sodium/ammonium/
nitrate/sulfate/chloride/water system, the absolute
di!erence between the values predicted by SEQUILIB
and SCAPE2 is 7.6% on average, ranging from 0
to 22.7% for speci"c cases. The normalized absolute
di!erences between SCAPE2 and EQUISOLV II, be-
tween AIM2 and SCAPE2, and between AIM2 and
EQUISOLV II are 14.9, 5.1, and 9.8% on average,
respectively, ranging from 0.9 to 45.2, 0 to 16.7, and 0 to
45.2% for speci"c cases. At 308.15 K, the absolute di!er-
ences between these modules are similar to those at
298.15 K.

When a similar set of reactions is used in SEQUILIB,
SCAPE2, EQUISOLV II, and AIM2, the agreement in
the PM concentrations predicted by these modules can
be improved, particularly for systems containing NaCl.
For the ammonium/nitrate/sulfate/water system, the
absolute di!erence between the values predicted by
SEQUILIB and SCAPE2 is 7.8% on average, respective-
ly, ranging from 0 to 23.1% for speci"c cases. The nor-
malized absolute di!erences between SCAPE2 and
EQUISOLV II, between AIM2 and SCAPE2, and be-
tween AIM2 and EQUISOLV II are 7.4, 10.3, and 1.0%
on average, ranging from 0.2 to 26.1, 0 to 26.1, and 0 to
6.7% for speci"c cases, respectively. For the sodium/
ammonium/nitrate/sulfate/chloride/water system, the
absolute di!erence between the values predicted by
SEQUILIB and SCAPE2 is 5.8% on average, ranging
from 0 to 22.4% for speci"c cases. The normalized abso-
lute di!erences between SCAPE2 and EQUISOLV II,
between AIM2 and SCAPE2, and between AIM2 and
EQUISOLV II are 14.2, 4.7, and 2.2% on average, re-
spectively, ranging from 0 to 24.5, 0 to 16.5, and 0 to 8.0%
for speci"c cases.

3.3.5. Timing tests
The time to solve equilibrium equations depends on

many factors including the number of equilibrium equa-
tions, the method used to solve these equations, and the
values of error tolerances. In addition, for a given aerosol
module, the computing time varies depending on the case
simulated.

We compared the computing times required by the "ve
modules for the 10 case simulations under condition
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1 with 10 di!erent RHs here. In these simulations, the
numbers of equations that were solved by each module
are 7 in MARS-A, 14 in SEQUILIB, 15 in SCAPE2 and
EQUISOLV II, and 18 in AIM2. MARS-A uses conver-
gence criteria of 10~5 and 10~3 for ammonium-rich and
ammonium-poor cases, respectively. SEQUILIB uses
a convergence criterion of 10~2. SCAPE2 uses conver-
gence criteria of 10~7 for H` ion and water content
calculations and 10~2 for solid calculations; the default
maximum iteration number is 20. EQUISOLV II uses
a normalized gross error in gas and liquid water concen-
trations of 10~4. AIM2 determines the minimum in the
Gibbs energy of the system to about 1 part in 1030. For
EQUISOLV II, the same equations were solved for two
scenarios: (1) for a single grid cell and (2) for 490 grid
cells (for scenario (2), the total CPU time was then
divided by 490 to obtain the time to solve in one grid
cell). These two scenarios were studied because
EQUISOLV II uses a vectorized approach for computa-
tions and, therefore, becomes more computationally e$-
cient when the number of grid cells increases. MARS-A,
SEQUILIB, SCAPE2, and EQUISOLV II were run on
a Compaq Deskpro 2000 with 64 MB RAM, and AIM2
was run on a DEC Alpha 3000 model 600. Single pre-
cision was used for all MARS-A, SEQUILIB, and
SCAPE2 simulations, double precision was used for all
EQUISOLV II simulations. In AIM2, extended (quadru-
ple) precision was used in order to obtain accurate values
of the partial pressures of the trace gases, which contrib-
ute only a very small amount to the total Gibbs energy of
the system.

For the simulation of one case, MARS-A and
SEQUILIB used 0.11 and 0.16 s, respectively. SCAPE2
used total times ranging from 0.11 to 0.33 s. EQUISOLV
II used total times ranging from 1.81 to 2.9 s for scenario
(1) with a single cell and total times ranging from less
than 0.01 to 0.17 s for scenario (2) with 490 cells. AIM2
used total times ranging from 1.14 to 3.17 s. SCAPE2,
EQUISOLV II, and AIM2 ran faster for high RHs than
for low RHs because fewer iterations were needed for
high RHs (i.e., fewer solutes and no solids). For a simula-
tion in a single cell, MARS-A, SEQUILIB, and SCAPE2
are generally more computationally e$cient than
EQUISOLV II and AIM2 (faster by a factor of 7}29).
Note, however, that the total CPU time for the simula-
tion of one case by AIM2 can be faster by a factor of 10 if
an ordinary double precision is used. As the number of
grid cells simulated increases, EQUISOLV II is generally
more computationally e$cient than the other four
modules, with a factor of 2}20 faster than MARS-A,
SEQUILIB, and SCAPE2, and a factor of 19}243 faster
than AIM2.

The di!erence in program speed is due to the di!er-
ences in the numerical methods and calculation proced-
ures in these modules. In particular, MARS-A uses
an analytical method and a subdomain approach for

PM calculations in di!erent thermodynamic regimes.
SEQUILIB and SCAPE2 also use the subdomain
approach. SEQUILIB uses a method combining the
iterative bisectional and Newton}Raphson methods and
SCAPE2 uses the iterative bisectional method. Both
methods can rapidly converge mass and charge for most
systems in a box model. However, they may require
extensive iterations for some systems with highly acidic
particles and may result in small negative concentrations
when a large number of iterations are used. For example,
SCAPE2 solved the equations for the simulation for RH
"30% using a CPU three times longer (i.e., 0.33 s) than
those for high RH cases, but the solution still did not
converge. A convergence solution for this case can be
obtained by increasing the iteration number from 20 to
100, but the CPU also increases proportionally (i.e., by
a factor of 5). When a maximum number of iterations of
500 was used, SCAPE2 predicted small negative concen-
trations of particulate nitrate in three cases out of 200
cases. EQUISOLV II solves all equations for all thermo-
dynamic regimes using a hybrid MFI/AEI scheme, which
requires relatively large CPU time to solve equations in
one grid cell but speeds up signi"cantly for simulations
for multiple grid cells. The computational speed of
EQUISOLV II improves with increasing number of grid
cells because all inner loops are vectorized around the
grid cell dimension array. On a scalar machine, this
results in a number of array references that is constant,
regardless of the number of grid cells in a grid block
(group of many cells). Thus, when the number of grid cells
increases, the computer time required per grid cell de-
creases. On a vector machine, additional speed increases
occur with multiple cells due to the vectorization. AIM2
solves all equations for all thermodynamic regimes using
the sequential quadratic programming algorithm to min-
imize the Gibbs free energy of the system. The computa-
tional speed of AIM2 is relatively slow, due mainly to the
computational cost for calculations of activity coe$-
cients and the use of an extended precision. Although the
version of AIM2 used in this work has not been pro-
grammed for the purpose of inclusion in a 3-D model, its
computational speed can be greatly improved for such
a 3-D application.

4. Conclusions and recommendations

We have conducted a comprehensive evaluation of "ve
aerosol thermodynamic equilibrium modules under a
variety of atmospheric PM concentrations, RHs, and temp-
eratures. Although the PM predictions of these modules
are generally comparable under most conditions, signi"-
cant discrepancies exist under some conditions, espe-
cially under high nitrate/chloride concentrations and
low/medium RH conditions. The normalized absolute
di!erences in total PM concentrations predicted by the
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"ve modules under all conditions and a temperature of
298.15 K are 7.7}12.3%. The di!erences can be as much
as 68% for speci"c cases. For RH"30% (i.e., conditions
typical of FRM measurements) under typical ambient
temperatures (298.15}308.15 K), the PM concentrations
predicted by the "ve modules di!er by 4}13% on average
and by as much as 63% for speci"c cases. The PM
compositions and concentrations predicted by the "ve
modules are highly sensitive to changes in the molar
ratios of ammonium to sulfate, nitrate to sulfate, and
sodium chloride to sulfate, RH, and temperature. The
di!erences in PM predictions are due mainly to di!er-
ences in the chemical species and equilibrium reactions
that are treated, the values of the equilibrium constants,
the computational procedures and associated assump-
tions, and the methods used to calculate binary and
multi-component activity coe$cients and water activ-
ities. The di!erences in the temperature parameteriz-
ations seem to have little e!ects on the di!erences in PM
predictions among these modules under most conditions
modeled in this study.

MARS-A predicted higher [H
2
O]

1
for medium RHs

than other modules due mainly to its assumption that no
solid exists for medium RHs. For some conditions tested
here, SEQUILIB predicts abnormal [NO~

3
]
1
and [H`]

1
due to numerical errors and lower [Cl~]

1
than those

predicted by the other modules due to a di!erent set of
equilibrium reactions used in SEQUILIB. Both MARS-
A and SEQUILIB predict higher NH

4
NO

3
for most

cases than the other modules due to di!erences in the
relevant equilibrium constants used and/or di!erences
and assumptions in thermodynamic treatment. SCAPE2
predicts higher [H`]

1
for highly concentrated particles

(i.e., under sulfate-rich and low RH conditions) due to
numerical artifacts caused by non convergence of the
solution. EQUISOLV II predicts higher NH

4
Cl for cases

with NaCl and low RHs due to di!erent equilibrium
reactions used for NH

4
Cl and NH

4
NO

3
. AIM2 predicts

results comparable to those predicted by the other mod-
ules for most acidic systems but does not simulate alka-
line systems. The di!erences in PM predictions between
AIM2 and the other modules are mainly due to the
treatments of additional equilibrium reactions involving
complex salts and di!erent methods to calculate activity
coe$cients. Our results also show that the di!erences
among the "ve modules can be greatly minimized by
using a similar set of equilibrium reactions in these
modules.

Ansari and Pandis (1999b) compared four aerosol
thermodynamic modules: GFEMN, ISORROPIA,
SCAPE2, and SEQUILIB under marine, remote conti-
nental, and non-urban continental conditions. They
found that the normalized mean errors between the most
accurate module GFEMN and the other three modules
are 13}26% for [NO~

3
]
1
and 39}256% for [H

2
O]

1
under

sulfate-poor conditions and 22}52% for [NH`
4
]
1
,

403}1134% for [H`]
1
, and 25}82% for [H

2
O]

1
under

sulfate-rich conditions. Among these modules, SCAPE2
predicted the highest [H`]

1
under sulfate-rich and low

RH conditions. Signi"cant discrepancies exist in [H
2
O]

1
for sulfate-rich conditions and in [NH`

4
]
1
, [H

2
O]

1
, and

total dry PM concentrations (i.e., excluding [H
2
O]

1
) for

sulfate-poor conditions between SEQUILIB and the
other three modules. Despite these di!erences, the total
dry PM concentrations predicted by ISORROPIA,
SCAPE2, and SEQUILIB are in good agreement to
those predicted by GFEMN, with a mean normalized
error of (6%. Our comparisons were conducted for
typical urban and coastal conditions, with a broader
range of RHs, higher concentration of sulfate, and higher
concentration ranges of total nitrate, ammonium, and
sodium chloride than those of Ansari and Pandis (1999b).
Only two modules, SEQUILIB and SCAPE2, are com-
mon to both studies. Our results show 8}12% di!erences
among the total PM concentrations (including [H

2
O]

1
)

and much larger di!erences in concentrations of partic-
ulate compositions. Overall, our results and those of
Ansari and Pandis (1999b) are consistent. The version of
SEQUILIB used by Ansari and Pandis (1999b) is a most
recent version than that used in this work. Although the
most recent version predicts slightly di!erent results than
the earlier version, the major discrepancies identi"ed
under our test conditions were found to remain the same.

Our results provide useful information for the selection
of aerosol thermodynamic equilibrium modules for fu-
ture PM modeling studies. The selection of a thermodyn-
amic module for 3-D air quality modeling may depend
on the speci"c objectives of the study and it is important
to understand the advantages and disadvantages of exist-
ing modules before incorporating them into a host air
quality model.

Given its simplest chemistry, MARS-A predicts results
comparable to those predicted by the other more com-
prehensive modules under high RH conditions. However,
MARS-A does not simulate sodium chloride and as-
sumes a metastable state for the particles. This assump-
tion may not be applicable in dry areas where RH values
are very low and the particles may not be in a metastable
state. Therefore, caution is advised when applying
MARS-A to dry areas (e.g., southwestern US) and coastal
areas.

The version of SEQUILIB that is currently used in
UAM-AERO and SAQM-AERO should be improved
because it gives unstable or even abnormal solutions for
PM predictions under many conditions. An improved
version of SEQUILIB exists, but it generally does not
improve the major discrepancies identi"ed for the urban
and coastal conditions selected in this work. Further
improvements of SEQUILIB appear warranted.

SCAPE2, EQUISOLV II, and AIM2 contain most
comprehensive aerosol chemistry and thermodynamics,
providing detailed PM predictions. Both SCAPE2 and
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EQUISOLV II can be applied to simulate PM for any
conditions, whereas AIM2 can be applied only to acidic
systems. The total CPU time is likely proportional to the
number of grid cells simulated in SCAPE2 and AIM2,
posing computational constraints and challenges for
their applications to large domains. On the other hand,
the vectorization used in the numerical scheme in
EQUISOLV II permits continuous solutions with rela-
tively fast speed over large numbers of spatial grid cells
and particle size bins for 3-D PM modeling. However,
the computer must have su$cient memory bandwidth
(ability to transfer information to and from memory
quickly) because the vectorized EQUISOLV II requires
more memory than the other non-vectorized codes.
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