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Abstract

A comprehensive comparison between two aerosol thermodynamic equilibrium mod-
els used in chemistry-climate simulations, EQUISOLV II and EQSAM3, is conducted
for various relative humidities and chemical compositions. Our results show that the
concentration of total particulate matter as well as the associated aerosol liquid wa-5

ter content predicted by these two models is comparable for all conditions, which is
important for radiative forcing estimates. The normalized absolute difference in the
concentration of total particulate matter is 6% on average for all 200 conditions stud-
ied, leading to a regression coefficient of about 0.8 for the water associated with the
aerosol between these two models. Relatively large discrepancies occur, however,10

at high ammonium, low nitrate/sodium concentrations at low and medium relative hu-
midities (RH<60–70%), which is analyzed and discussed in detail. In addition, the
prediction of the partitioning of ammonium and nitrate is investigated under realistic at-
mospheric conditions. The data collected during the Mediterranean Intensive Oxidant
Study (MINOS) campaign are simulated using both models. The results show that both15

models can reproduce the concentration of total particulate matter for 90% of the time
within a factor of 2, while the predicted concentration of aerosol water by these two
models is significantly correlated. The largest difference exists near RH’s of 70–80%
which is the RH range for the transition of mixed ammonium salts from the solid to the
liquid phase.20

1 Introduction

Atmospheric aerosols are important as they affect human health, air quality, visibility
as well as climate change. The aerosols impact the earth’s radiation balance directly
through reflecting and absorbing incoming solar radiation back to space and indirectly
through changing cloud microphysical properties by acting as cloud condensation nu-25

clei. Accurate methods for predicting atmospheric aerosol composition must be devel-
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oped in order to better quantify these effects and to understand the underlying physical
and chemical processes. Sulfate, nitrate, ammonium, chloride and sodium are among
the most important inorganic aerosol species in the atmosphere. Their compounds can
be hygroscopic and absorb water under almost all ambient environmental conditions.
The uptake of water alters the aerosol size, and causes water to become the con-5

stituent with the largest atmospheric aerosol mass, especially when the aerosols grow
into fog, haze or clouds (Metzger and Lelieveld, 2007). The uptake of water impacts
the wavelength dependent refractive indices, since the refractive index of water is lower
than those of other aerosol species. Thus, water plays a significant role in determining
the aerosol properties and the radiative forcing of aerosols.10

Penner et al. (1998) showed that increasing the RH from 90% to 99% increases the
calculated aerosol direct radiative forcing by 50%. Adams et al. (1999) also showed
that the amount of water taken up by the aerosol above 95% relative humidity (RH)
could increase the total aerosol radiative forcing by about 60%. In a sensitivity study
of the direct forcing to various parameters, Pilinis et al. (1995) found that the aerosol15

radiative forcing is most sensitive to changes in relative humidity and the corresponding
water content of the aerosol. In addition, the water content of the aerosol is strongly
dependent on the chemical composition of the aerosol particles. In the atmosphere,
semivolatile species such as HNO3(g) and NH3(g) can condense onto nonvolatile sul-
fate particles to form ionic particles of sulfate (SO2−

4 ), nitrate (NO−
3 ), ammonium (NH+

4 )20

and protons (H+) that take up the surrounding water concurrently. This process leads
directly to the hygroscopic growth of aerosols. In addition, nitrate and ammonium
aerosols can affect tropospheric chemistry by providing additional particle surface for
scattering incoming solar radiation (Liao et al., 2003) and further perturbing photo-
chemical oxidant production via altering photolysis frequencies. Thus, in order to bet-25

ter represent the effects of aerosol particles on radiative forcing, the prediction of the
partitioning of the volatile inorganic aerosol components between the gas and aerosol
phases (ammonia and ammonium, nitric acid and nitrate, etc.) and the aerosol associ-
ated water is of great importance in the development of climate models.
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In the past two decades, many thermodynamic equilibrium models have been devel-
oped to predict the phase partitioning of multi-component aerosols and their gas-phase
precursors in the atmosphere, for instance, EQUIL (Bassett and Seinfeld, 1983), KE-
QUIL (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;5

Meng et al., 1995), EQUISOLV and EQUISOLV II (Jacobson et al., 1996; Jacobson,
1999), AIM and AIM2 (Wexler and Seinfeld, 1990, 1991; Clegg et al., 1992, 1994,
1995, 1998a,b; Wexler and Clegg, 2002), ISORROPIA and ISORROPIA II (Nenes et
al., 1998, 1999; Fountoukis and Nenes, 2007), GFEMN (Ansari and Pandis, 1999a,b),
EQSAM, EQSAM2 and EQSAM3 (Metzger et al., 2002; Metzger et al., 2006; Metzger10

and Lelieveld, 2007), HETV (Makar et al., 2003), ADDEM (Topping et al., 2005), MESA
(Zaveri et al., 2005) and UHAERO (Amundson et al., 2006). Most equilibrium models
are computationally expensive since they require iteration in order to reach equilibrium,
including EQUISOLV II which has been adopted in the current version of the UMICH-
IMPACT-nitrate model (Feng and Penner, 2007). However, both accuracy and high15

computational efficiency are essential objectives in the development of thermodynamic
equilibrium models for chemical transport calculations.

In this study, we conduct a comprehensive comparison for various relative humidities
and chemical compositions between EQUISOLV II, one of the most reliable and widely
used equilibrium models, and EQSAM3 which is based on a new analytical concept20

that strongly improves computational efficiency and flexibility regarding the large num-
ber of aerosol species that can be considered (currently 100 compounds). In addition,
we evaluate the performance of these two models under realistic atmospheric condi-
tions during the Mediterranean Intensive Oxidant Study (MINOS) campaign in Crete in
the period 27 July to 25 August 2001 (Lelieveld et al., 2002; Metzger et al., 2006; Sal-25

isbury et al., 2003). Our objectives are to gain an understanding of the similarities and
differences between these two models for representation of the gas/liquid/solid parti-
tioning of the aerosols under various thermodynamic regimes and recommend further
improvements.
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A description of EQUISOLV II and EQSAM3 is presented in Sect. 2, followed by
a comprehensive comparison of the simulation results from 20 different sets of initial
compositions in the Sect. 3. A brief description of the MINOS campaign and a compar-
ison of the model simulations and the observations during this campaign are presented
in the Sect. 4. Section 5 presents a discussion and our conclusions.5

2 Description of the two thermodynamic equilibrium models

A comparison of the methods used as well as the system solved in EQUISOLV II and
EQSAM3 is listed in Table 1. In EQUISOLV II, the equilibrium concentrations of each
species are calculated by numerically solving the equilibrium equation for each species
separately, accounting for each chemical reaction. The equation for each species is10

solved in turn and the resulting concentration is used to solve the remaining equations.
This sequence is repeated in an iterative manner until the concentrations of all species
converge. EQUISOLV II is positive-definite, mass-conserving, and charge-conserving
at any point along the iteration procedure (Jacobson, 1999). Bromley’s mixing rule
(Bromley, 1973) is used to calculate the mean mixed activity coefficients while the15

mean binary activity coefficient of an electrolyte is parameterized using a number of
measurements (Table B.9, Jacobson, 2005) and Pitzer’s method (Pitzer and Mayorga,
1973) at 298.15 K. Harned and Owen’s (1958) method is adopted to account for the
temperature dependency of mean binary solute activity coefficients. The aerosol wa-
ter content at equilibrium is determined using the Zdanovskii-Stokes-Robinson (ZSR)20

method (Stokes and Robinson, 1966), by considering the deliquescence relative hu-
midity (DRH) and the crystallization relative humidity (CRH) for single solutes in binary
or multi-component mixture (Jacobson, 1999) with temperature dependent but tab-
ulated DRH and CRH. The advantage of EQUISOLV II is that its open architecture
makes it easy to incorporate new reactions and species but the shortcoming is that25

because of the general nature of the solution algorithm it is computationally quite slow
even though the analytical equilibrium iteration (AEI) method adopted in EQUISOLV II
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resulted in a speed up of 13–48 times that of an older version of EQUISOLV (Jacobson,
1999).

EQSAM3 is the first solubility-based thermodynamic gas/aerosol equilibrium model
(Metzger and Lelieveld, 2007). In contrast to EQUISOLV II and all other thermody-
namic gas/aerosol equilibrium models, no iterations are required to solve the entire5

set of equilibrium reactions and the gas-liquid-solid partitioning. Within EQSAM3, all
relevant non-ideal solution properties such as aerosol activities (including activity co-
efficients, aerosol water and the DRH and CRH of either binary or multi-component
aerosol mixtures) are only analytical functions of the solubility of the chemical com-
pounds at a specific RH and temperature. Therefore, EQSAM3 is, similarly as EQSAM10

and EQSAM2, up to three orders of magnitude more computationally efficient than the
current state-of-the-art gas/aerosol equilibrium models as already shown by Metzger
et al. (2002).

Another advantage of EQSAM3 is that there are many options that easily allow the
control of its complexity. As one example, the neutralization reaction order can be ei-15

ther determined based on the solutes solubility via temperature dependent DRH/CRH
of single solutes in binary or mixed solutions, or prescribed according to the Hofmeister
series (Metzger and Lelieveld, 2007) that accounts for the degree to which ions bind
water (i.e., the so-called salting-out effect). The former neutralization order is auto-
matically determined given the temperature and the solubility of the electrolytes. The20

electrolyte with a lower solubility is allowed to precipitate out from the solution system
at relatively high RH so that the associated ions are bound and are not available for fur-
ther reactions. Then the partitioning between solid and liquid phase can be computed
based on the DRH/CRH of the single solutes in the mixed solution. The concentration
of residual gases can be deduced according to the conserved mass. On the other25

hand, if the reaction order is prescribed, it is assumed that the precipitation of neu-
tralized compounds follows the ability of the ions of the single solutes to neutralize the
mixture, in which the ions to the left are neutralized first preferentially:

For anions: SO2−
4 >HSO−

4>NO−
3>Cl−>CO2−

3
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For cations: Mg2+>Ca2+>Na+>K+>NH+
4>H+.

This increases the effective concentration of the remaining ions so that they precipi-
tate if their DRH/CRH is reached, e.g. in case of decreasing RH. Since the DRH/CRH
dependent neutralization order needs further evaluation, we utilize the prescribed neu-
tralization order based on the Hofmeister series for this comparison. A brief inter-5

comparison between these two neutralization orders will be presented in the Sect. 3.
Common to both thermodynamic models is that they consider the so-called hystere-

sis loop, by which atmospheric aerosols take up water when solids deliquescence in
case the RH increase above the DRH of individual solid compounds (i.e., following the
lower bound of the hysteresis loop), while aerosol water evaporates until crystallization10

occurs at the CRH when the ambient relative humidity decreases (i.e., following the
upper bound of the hysteresis loop). In the latter case, an electrolyte is allowed to form
solids which precipitate out from the solution if the RH is below its deliquescence rela-
tive humidity (DRH), whereas the electrolyte solid is not allowed to form when the RH
is above the electrolyte’s DRH, even if the electrolyte is in a multi-component mixture15

(Jacobson, 1999; Metzger and Lelieveld, 2007). On the other hand, if the ambient RH
is decreasing, water evaporates from the aerosol particles which increase the solute
concentration. At the DRH, the solution remains supersaturated and is not allowed to
crystallize until the crystallization relative humidity (CRH) is reached. The aerosol par-
ticle is considered dry when the RH drops below the lowest CRH of the solute present20

in the actual solution.
Since aerosol water depends on both the composition of the solution and the solute

concentration, an iterative procedure is usually required to solve the gas-liquid-solid
aerosol partitioning, as it is the case for EQUISOLV II. However, since the RH fixes
the water activity of atmospheric aerosols in equilibrium with the ambient air, the new25

solubility method of Metzger and Lelieveld (2007) applied in EQSAM3 is sufficient to
calculate the water uptake of atmospheric aerosol particles analytically.
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3 Comparison of simulation results

In order to compare these two models under similar conditions, some modifications
were necessary. In EQUISOLV II, we switched off the chemical reaction involved in the
formation of solid (NH4)3H(SO4)2 (letovicite), since EQSAM3 excludes the formation
of letovicite. As discussed in Sect. 2, the derived DRH in EQSAM3 depends only5

on the solubility of the solute given the temperature and ambient RH, so we deduced
a modified solubility for all the chemical compounds given the DRHs used in EQUISOLV
II such that the calculated DRHs in EQSAM3 (according to the Eq. 21, Metzger and
Lelieveld, 2007) are exactly the same as those prescribed in EQUISOLV II. The derived
solubilities of the major solid compounds and their DRHs are listed in the Table 2. The10

DRH of Na2SO4 and in particular of NaHSO4 calculated using the solubility from the
Handbook of Chemistry and Physics is at variance with the value used in EQUISOLV II.

Table 3 lists a set of 20 different initial conditions similar to the 20 cases in the ther-
modynamic model inter-comparison of Zhang et al. (2000), but with the addition of
initial conditions for the crustal elements (K+, Ca2+, and Mg2+). Ansari and Pandis15

(1999a) show that the inclusion of crustal species could improve the agreement of the
prediction from the model to measurements by up to 15% in locations where crustal
elements are of significance and Jacobson (1999) found that the presence of the Ca2+

and Mg2+ significantly affected the prediction of nitrate and ammonium in more polluted
locations, such as Los Angeles. Metzger et al. (2006) also show that the consideration20

of mineral cations is important to balance aerosol ammonium. Hence, it is essential
to account for the impacts of crustal species on the prediction of particulate ammo-
nium and nitrate in general. We conducted 10 simulations for each initial condition,
by using 10 different RH varying from 10% to 95% at a temperature of 298.15 K. For
these 20 initial conditions, the concentration of total sulfate is fixed at 20 µg m−3. Be-25

cause H2SO4 has a very low vapor pressure, its gas phase concentration is negligible,
so its concentration is used as a reference for the other species. Thus, we define
the initial chemical concentrations of the other compounds according to seven dimen-
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sionless ratios with respect to total sulfate: the molar ratio of total ammonium (i.e.,

tNH4
=nNH+

4 (p)+nNH3(g)) to total sulfate (referred to as
tNH4
tSO4

), the molar ratio of total nitrate

(i.e., tNO3
=nNO−

3 (p)+nHNO3(g)) to total sulfate (referred to as
tNO3
tSO4

), the molar ratio of total

sodium chloride to total sulfate (referred to as tNaCl
tSO4

), the molar ratio of total potassium to

total sulfate (referred to as tK
tSO4

), the molar ratio of total calcium to total sulfate (referred5

to as tCa
tSO4

), the molar ratio of total magnesium to total sulfate (referred to as
tMg

tSO4
) and

the molar ratio of total cation species to total sulfate (referred to as tCAT
tSO4

), where tCAT is

defined as:

tCAT = nNH+
4
+ nNa+ + nK+ + 2nCa2+ + 2nMg2+ .

The dominant composition potentially present in the system is determined by the ratio10

tCAT
tSO4

. If tCAT
tSO4

<2, all available cation species react with the sulfate and the system con-

tains excess sulfate and is called the sulfate rich regime. If tCAT
tSO4

=2, all available cation

species are just sufficient to neutralize the sulfate present in the system and this is
called the sulfate neutral regime. If tCAT

tSO4
>2, the available sulfate in the system is not

enough to neutralize the cation species and this is called the sulfate poor regime. For15

the 20 sets of conditions, conditions 1–5 are in the sulfate rich regime, conditions 6–10
are sulfate neutral, and conditions 11–20 are sulfate poor. Note that we also include
some of the same cases in each of these three regimes that were included in the inter-
comparison of Zhang et al. (2000) so that a direct comparison of our results with the
results of that study can be made. Simulations are carried out under the assumption20

that aerosols lie on the deliquescence branch. A sensitivity test to explore differences
when using efflorescence will be investigated in Sect. 4.

Figure 1 shows scatter plots of the concentration of aerosol water, total particulate
matter, nitrate, ammonium, chloride, and potential of hydrogen labeled as H2O(aq),
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PM, [NO−
3 ]p, [NH+

4 ]p, [Cl−]p, and pH predicted by EQSAM3 and EQUISOLV II under all
200 simulation conditions specified in Table 3. The solid black lines are the 1:2, 1:1
and 2:1 lines. The prescribed neutralization order specified by the Hofmeister series in
EQSAM3 was adopted in this figure.

3.1 Aerosol water5

For all conditions, the aerosol water H2O(aq) predicted by EQSAM3 is close to or less
than that predicted by EQUISOLV II except in sulfate rich conditions where EQSAM3
overestimates the aerosol water predicted by EQUISOLV II. For most cases, the dif-
ference is well within a factor of 2, and on average EQSAM3 underestimates aerosol
water by 29% for the sulfate poor and neutral conditions, due to the differences in10

predicting bi-sulfates in the sulfate neutral regime that were not determined within
EQSAM3 and the difference in predicting the amount of NH4NO3 and NH4Cl in the
sulfate poor regime. Table 4 gives the relative difference and linear regression slope
along with its 95% confidence interval (CI) of aerosol water and total particulate matter
between EQSAM3 and EQUISOLV II for three sulfate regimes at 298.15 K under all15

RH conditions shown in Fig. 1. “Rich” stands for the sulfate rich regime (i.e., cases
1–5); “Neutral” stands for the sulfate neutral regime (i.e., cases 6–10); “Poor” stands
for the sulfate poor regime (i.e., cases 11–20); “All” stands for the conditions includ-
ing all three sulfate regimes. Here we exclude values in our statistical table and the
linear regression calculation, if the aerosol water predicted by two models is less than20

1.0 µg m−3. The relative difference is defined as EQ3−EQ2
EQ2 ×100%, where EQ3 and EQ2

stand for EQSAM3 and EQUISOLV II, respectively. Overall, the slope of regression line
between the aerosol water predicted by EQUISOLV II and that predicted by EQSAM3
is 0.79 with a 95% CI of 0.03 for all 200 conditions shown in Table 3. For the sulfate
rich regime, the slope is 0.91 with a 95% CI of 0.05 while it is 0.75 with a CI of 0.07 for25

the sulfate neutral regime and 0.79 with a CI of 0.06 for the sulfate poor regime. The
discrepancy in the aerosol water between these two models is either due to differences
in the prediction of the partitioning of volatile species (i.e., ammonia and ammonium,
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nitric acid and nitrate, etc.) or due to the different treatment of bi-sulfates by these two
models, which affects the gas/liquid-solid partitioning and will be discussed in more
detail later.

3.2 Total particulate matter

As shown in Table 4, EQSAM3 slightly overestimates total particulate matter (PM) by5

6% compared to EQUISOLV II for all 200 simulations shown in the Table 3 when the
prescribed neutralization order was adopted. The slope of the linear regression line
between the PM predicted by EQUISOLV II and that predicted by EQSAM3 is up to
0.9 with a 95% CI of 0.04 for all 200 conditions, which indicates a good agreement be-
tween the two models on the prediction of PM. At the sulfate rich and neutral regimes,10

EQSAM3 predicted PM close to or a little less than EQUISOLV II by about 3% while
it overestimates PM by 15% as the sulfate is poor. Table 5 shows the total particulate
matter predicted by EQSAM3 and EQUISOLV II at 298.15 K and 30% RH for all 20
conditions and their relative difference. The total PM predicted by EQSAM3 is similar
to that of EQUISOLV II for almost all conditions except for the sulfate poor conditions,15

especially at the conditions with high ammonium (
tNH4
tSO4

=4.0) and low sodium ( tNaCl
tSO4

=0.5).

Under these conditions EQSAM3 predicts up to 50% more total particulate than EQ-
UISOLV II (e.g., case 14) because more ammonium nitrate is predicted in EQSAM3
than in EUIQSOLV II for this condition. The normalized relative difference is defined
the same as that in Table 4. The value in parentheses in the EQUISOLV II column20

in Table 5 is the PM concentration predicted by EQUISOLV II presented in Zhang et
al. (2000). The value in parentheses in the EQSAM3 and the relative difference col-
umn refer to the DRH-dependent neutralization order of EQSAM3. Notice that there is
a slight difference with respect to the PM concentration predicted in EQUISOLV II in this
study compared to that in Zhang et al. (2000) because we switched off the formation of25

letovicite in order to match the solid components predicted in EQSAM3. At RH 30%,
the PM predicted by EQSAM3 is about 14% higher than that predicted by EQUISOLV
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II for all conditions when using the prescribed reaction order. For the sulfate rich and
neutral regime, EQSAM3 slightly underestimates the total particulate matter by about
3% compared with that predicted by EQUISOLV II, which is consistent with what we
found in Table 4. The largest discrepancy occurs in the sulfate poor regime with an
average overestimation of about 30% and one case with a difference as large as 50%.5

When using the DRH-dependent neutralization order, the total PM predicted by
EQSAM3 is overestimated by about 53% compared to that in EQUISOLV II with the
largest difference being 74% at RH 30% given in the Table 5. Our comparison indi-
cates that there is better agreement between EQSAM3 and EQUISOLV II using the
prescribed neutralization order in EQSAM3. Hence, we choose the prescribed neutral-10

ization order hereafter for further evaluation and discuss the potential likelihood in the
discussion section.

3.3 Particulate nitrate

For most cases in the sulfate poor regime, the particulate nitrate concentrations pre-
dicted by both models agree except at low RH. At RH values below 60–70%, gaseous15

ammonia is preferred in EQUISOLV II while EQSAM3 partitions more ammonia to the
particulate form, which increases the partitioning of nitric acid to the particulate form.
The largest discrepancy in the prediction of the particulate nitrate between EQSAM3

and EQUISOLV II occurs at high ammonium (
tNH4
tSO4

=4.0), low nitrate (
tNO3
tSO4

=1.0) con-

centrations and zero or low NaCl ( tNaCl
tSO4

=0.5) loadings (i.e., cases 11, 14, 17 and 19)20

which result in the largest relative difference in the total PM (42%, 50%, 43% and 37%,
respectively) as shown in the Table 5.

The difference in the total PM concentration is much smaller at conditions with high
ammonium and low nitrate and high NaCl ( tNaCl

tSO4
=2.0) loadings. For example, the relative

difference between these two models drops from 50% to 28% and from 43% to 25%25

in going from case 14 to case 15 and from case 17 to case 18, respectively. From
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Fig. 3, we see that EQSAM3 predicts the same amount of solid particulate nitrate
(i.e., NH4NO3(s)) for both case 14 and case 15. This is in contrast to EQUISOLV
II, in which the amount of particulate NO−

3 depends on the amount of sodium. The
addition of sodium chloride drives the reaction NaCl(s)+HNO3(g) ⇔ NaNO3(s)+HCl(g)
to the right-hand side and the dissociation of NaNO3(s) produces the NO−

3 ion which5

can bind with NH+
4 to form NH4NO3(s), resulting in the increase of nitrate present in

the aerosol phase (case 14 vs. case 15) and further enhances the amount of total
particulate matter. The similar chemical mechanism holds to the formation of NH4Cl(s)
(i.e., case 15 vs. case 14 or case 18 vs. case 17). The relative difference in the total
PM concentration between EQSAM3 and EQUISOLV II is reduced in conditions with10

high ammonium (
tNH4
tSO4

=4.0) and high nitrate (
tNO3
tSO4

=3.0) but without any sodium chloride

present. For example, the relative difference drops from 42% to 20% and from 37% to
19% in going from case 11 to case 12 and from case 19 to case 20, respectively, as
a result of differences in the amount of predicted particulate nitrate.

In EQUISOLV II (Jacobson, 2005), a solid electrolyte is allowed to form when the RH15

is less than its DRH and the product of its reactant ion concentration and mean solute
activity coefficient exceeds its solubility product, i.e. the equilibrium coefficient, Keq(T ).
For example, in the reversible reaction NH4NO3(s) ⇔ NH+

4+NO−
3 , the precipitation of

ammonium nitrate from the solution phase in EQUISOLV II may occur when

mNH+
4
mNO−

3
γ2

NH+
4 ,NO−

3

> Keq,i (T )20

where the subscript i , differentiates the equilibrium coefficient for this reaction. A solid
may also form directly due to the heterogeneous reaction of gases on the surface of
a particle. For example, in the reaction NH4NO3(s) ⇔ NH3(g)+HNO3(g), a solid will
form when RH<RHD and

pNH3(g)pHNO3(g) > Keq,j (T )25

Thus, when the addition of Na+ occurs, more NaNO3(s) forms, and NH+
4 is able to

neutralize SO2−
4 rather than NO−

3 , which increases the alkalinity of the system. The
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excess NH3(g) can further neutralize NO−
3 or Cl− to form NH4NO3 and NH4Cl, resulting

in higher concentrations of particulate nitrate as well as the total PM and liquid water
content as shown in case 15 with its high ammonium, nitrate and sodium chloride load-
ings. When NaCl is not included, the addition of total nitrate to the system increases the
vapor pressure of HNO3(g) and shifts the reaction of NH4NO3(s) ⇔ NH3(g)+HNO3(g)5

to the left-hand side which increases the formation of solid NH4NO3, leading to higher
concentrations of particulate nitrate as shown in case 12.

Similar to EQUISOLV II, a solid electrolyte is allowed to form in EQSAM3 when the
RH is less than its DRH, but before a solid electrolyte precipitates out of the solution
the product of the reactant ion concentration must exceed the (temperature-dependent)10

solubility constant, for non-volatile compounds independent of the mean solute activity
coefficient, in contrast to EQUISOLV II. Here, we found that in case the RH is lower than
the DRH of nitrate salts, the amount of solid nitrate predicted by EQSAM3 is larger than
that from EQUISOLV II. The amount of particulate nitrate in the solid phase at lower RH
is hereby determined by the minimum amount of total nitrate and the available cation15

species in EQSAM3, whereas, in EQUISOLV II, the solid particulate nitrate is calcu-
lated by solving the equilibrium reaction equations of the solid compounds individually.
However, at the higher RH (>70%), EQUISOLV II predicts higher aerosol nitrate than
EQSAM3; most likely because the activity coefficient for NH4NO3 in EQUISOLV II is
slightly greater than that in EQSAM3 at lower molalities or higher relative humidities as20

shown in Fig. 2a.
For sulfate rich and neutral regimes, both models predict either zero or a negligible

amount of particulate nitrate for low RH (<60–70%). At higher RH conditions, EQUI-
SOLV II predicts higher particulate nitrate than EQSAM3, as aqueous uptake of HNO3
(and other gases) is not considered in EQSAM3 – coupling with an aqueous phase25

chemistry module is foreseen instead. Finally, the deviation of EQSAM3 from EQUI-
SOLV II is negligible for conditions with low nitrate and low ammonium.
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3.4 Particulate ammonium

The particulate ammonium predicted by EQSAM3 and EQUISOLV II are in good agree-
ment under most conditions, especially in the sulfate rich and neutral regimes ( tCAT

tSO4
<2

or tCAT
tSO4

=2) in which the sulfate is in excess of the number of cations or is just sufficient

to neutralize the number of cations. Thus, all the available ammonium is neutralized5

by the sulfate and present in the aerosol phase. In sulfate poor conditions, the partic-
ulate ammonium in EQSAM3 is within a factor of 2 of that in EQUISOLV II. EQSAM3
predicts a larger amount of particulate ammonium at smaller RH but a smaller amount
at higher RH compared to EQUISOLV II. The reason is the same as that discussed
above for particulate nitrate under similar conditions. That is because the activity coef-10

ficients of NH4NO3 and NH4Cl in EQUISOLV II are higher than those used in EQSAM3
at lower molality (i.e., higher RH). At lower RH, the amount of particulate ammonium is
determined in EQSAM3 by the total ammonium as well as the amount of anion species
available for neutralization, while that predicted by EQUISOLV II is determined by the
temperature-dependent equilibrium constant.15

3.5 Particulate chloride

The concentrations of particulate chloride predicted by EQAM3 are in agreement with
those predicted by EQUISOLV II in sulfate poor conditions. Under sulfate rich and neu-
tral conditions, the concentration of particulate chloride predicted by both EQSAM3 and
EQUISOLV II are negligible. Under sulfate poor conditions, the amount of particulate20

chloride that forms depends on the amount of NaCl or other crustal species (i.e., K+,
Ca2+, Mg2+). The presence of metal cations can neutralize sulfate and increase the
alkalinity of the system, which allows any excess NH3(g) to be neutralized by Cl− to
form NH4Cl, resulting in a higher concentration of particulate chloride. This is similar
to the effects of sodium on the amount of the particulate nitrate.25

9565

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/9551/2009/acpd-9-9551-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/9551/2009/acpd-9-9551-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 9551–9595, 2009

A comparison of
water uptake

L. Xu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

3.6 Potential of hydrogen

There is a larger discrepancy between the predictions of potential of hydrogen (pH) in
the solution system between these two models for the sulfate rich and neutral regimes.
Compared to EQUISOLV II, EQSAM3 overestimates the acidity of the solution system
on average under the sulfate neutral condition while the underestimation occurs under5

the sulfate rich condition. For most cases in the sulfate poor condition, the difference
between EQSAM3 and EQUISOLV II is well within a factor of 2.

3.7 Dominant solid PM compounds

Figure 3 shows the concentrations of the dominant solid compounds (i.e., (NH4)2SO4,
NH4HSO4, NH4NO3, NH4Cl, Na2SO4, NaHSO4, NaNO3 and NaCl) predicted by10

EQSAM3 and EQUISOLV II at RH 30% and a temperature of 298.15 K. The “other”
category in the figure includes all the rest of the solid compounds in the system. In
the sulfate rich regime (i.e., cases 1–5), the ammonium ion neutralizes sulfate ion
to form NH4HSO4 in EQUISOLV II while the formation of (NH4)2SO4 is dominant in
EQSAM3, due to our assumption in the model initialization. The prediction in EQUI-15

SOLV II is consistent with the fact that aqueous sulfate mainly dissociates to form one
hydrogen ion and one bisulfate ion when sulfate is in excess. The prediction of domi-
nant solid compounds in ISORROPIA II is similar in the sulfate rich regime (Foutoukis
and Nenes, 2007). Seinfeld and Pandis (1998) also showed that the particles consist
mainly of bisulfate in the sulfuric acid-ammonia-water system for an acidic atmosphere20

(TNH4/TSO4>0.5 and TNH4/TSO4<1.5). The preferred composition of the aerosol
phase is only ammonium sulfate if there is sufficient ammonia to neutralize the avail-
able sulfuric acid in the system. Spann and Richardson (1985) observed that ammo-
nium bisulfate is the preferred composition in mixed ammonium and sulfate particles if

the molar ratio of
tNH4
tSO4

is between 1.0 and 1.5. The addition of crustal species (i.e., K+,25

Ca2+, Mg2+) allows Na+ to neutralize the sulfate to form NaHSO4(s) and Na2SO4(s)
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and crustal species stay in the aqueous phase in EQUISOLV II, resulting in an increase
in the total solid particulate matter. In contrast, EQSAM3 does not show this behavior
because crustal compounds like CaSO4 with a low solubility practically remain as pure
solids over the entire RH range in EQSAM3 (Metzger and Lelieveld, 2007). Therefore,
if crustal species are added to the system, which directly form a solid at 30% RH, the5

solid particulate matter increases; comparing case 3 with case 4 in EQSAM3 in Ta-
ble 5, while there is a slight decrease in the total particulate matter. The reason is that
crustal species preferentially neutralize the anions than does ammonium, so that am-
monium is driven out of the aerosol phase, remaining the gas phase NH3(g) in cases
of excess crustal cations. This further results in less aerosol associated water along10

with more solid particulate matter and hence a slight decrease in the total PM. In the
sulfate neutral regime (i.e., cases 6–10), the total solid particulate matter predicted by
EQUISOLV II (which is dominated by sulfate salts mixed with some bisulfate salts) is
slightly higher than that in EQSAM3 in which only sulfate salts are predicted. In the sul-
fate poor regime, EQSAM3 predicts more solid NH4NO3 and NH4Cl than that predicted15

by EQUISOLV II for almost all the conditions at RH 30%. There is no solid NH4NO3
predicted in EQUISOLV II under conditions with high ammonium and low nitrate (e.g.,
case 11). By adding more total nitrate to the system which increases the vapor pres-
sure of HNO3(g), NH4NO3 begins to form in EQUISOLV II (i.e., case 12). In EQSAM3,
on the other hand, the formation of solid NH4NO3 depends only on the solubility of20

NH4NO3 and whether or not ammonium is in excess in the system. Additionally, no
solid NH4Cl forms in EQUISOLV II in case 17. Increasing the ratio tNaCl

tSO4
from 0.5 to 2,

allows more Na+ to neutralize SO2−
4 , resulting in an increase in the availability of am-

monium to bind with NO−
3 and Cl− to form NH4NO3 and NH4Cl in case 18. Figure 2a

shows the mean binary activity coefficients of NH4NO3 and NH4Cl as a function of25

molality while Fig. 2b shows the predicted molality of several electrolytes at a temper-
ature 298.15 K as a function of water activity. There is some difference in the activity
coefficients as well as the molality of the two dominant solid compounds (NH4NO3 and
NH4Cl) in EQSAM3 and EQUISOLV II, especially for NH4Cl. Note that a significant
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discrepancy also occurs in the molality of NaHSO4. Since no bisulfate solid compound
(i.e., NH4HSO4 or NaHSO4) is considered to be predicted in the sulfate rich regime in
our set up of EQSAM3, the different treatment of the bi-salts like NaHSO4 in EQSAM3
and EQUISOLV II is responsible for the model discrepancies in the sulfate rich and
neutral regimes.5

3.8 Growth factor

Figure 4 shows the relative difference in the growth factor between EQSAM3 and EQ-
UISOLV II as a function of RH at a temperature of 298.15 K. The error bars indicate
the range of change in the growth factor for all 20 cases. Here the growth factor is de-
fined as the increase in the particle radius due to the uptake of water, mathematically10

expressed as

GF = (ρ/ρw × wH2O/PM + 1)1/3

Where GF is the growth factor, ρ is the density of the total aerosol mass including
aerosol associated water, ρw is the density of liquid water, wH2O is the aerosol water
predicted by the model, PM is the total particulate matter. The growth factor predicted15

by EQSAM3 and EQUISOLV II are in good agreement with a relative difference within
10% except at a RH of 70%. The larger difference at 70% RH is due to a different pre-
diction of the transition state for solid dissociation in the sulfate poor regime. When am-
monium is in excess, ammonium sulfate and ammonium nitrate are the dominant solid
compounds predicted in both models. EQUISOLV II predicts the multi-stage dissocia-20

tion of multi-component mixtures by rigorously solving the solid equilibrium reactions
at various RH. For example, Fig. 5 in Jacobson et al. (1996) shows that ammonium
sulfate and ammonium nitrate dissolve when the RH increases to about 62% and that
the liquid water content of the solution increases with an increasing rate of dissolution
of nitric acid and ammonia from the gas phase as the RH passes the MDRH. This indi-25

cates that the transition of mixed salts composed of ammonium sulfate and ammonium
nitrate from the solid phase to the aqueous phase in EQUISOLV II occurs at a RH of
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around 62%. This agrees with the findings in this study for the mixture of ammonium
sulfate and ammonium nitrate, e.g., case 12. In EQUISOLV II, the solid ammonium
nitrate starts to dissolve in the solution system at a RH around 60% in case 12. In
contrast, for the same initial condition, the transition in EQSAM3 occurred at a RH of
around 70% in the simulation, when RH passes the DRH of NH4NO3 (i.e., 62%). This5

affects the aerosol water content, which is predicted to be higher by EQUISOLV II at
RH 70% than by EQSAM3, eventually leading to larger difference of growth factors
between the two models around RH=70%.

4 Comparison with MINOS observations

The Mediterranean Intensive Oxidant Study (MINOS) was conducted in Crete, Greece,10

in the summer of 2001 from 28 July till 21 August and included a combination of ground-
based measurements (i.e., gases, radiation, and meteorological parameters) observed
at Finokalia in the north of Crete (35◦ N, 25◦ E) and two aircraft operated from Herak-
lion airport which performed measurements across the Mediterranean from the surface
throughout the troposphere (Lelieveld et al., 2002; Salisbury et al., 2003). This region15

is characterized by high solar intensity, humid marine air and polluted air from Europe
in the summer, so that one of the goals of MINOS was to investigate the role of chem-
istry and transport processes in the Mediterranean environment in contributing to the
high level of air pollutants. The study also offered an opportunity to investigate the par-
titioning of volatile species (i.e., HNO3, NH3 and HCl) between the gas and the aerosol20

phase.
Atmospheric HNO3 and NH3 were collected by a Cofer sampler with a flow rate 16

L min−1 and a sampling step 2–3 h. The concentration of HNO3(g) and NH3(g) were
determined by using ion chromatography with a detection limit for the mean sampling
volume of 3 m3 of 20 pmol mol−1 and a precision of about 15%. The bulk aerosol sam-25

ples were collected by PTFE filters running simultaneously with the Cofer sampler.
A total 226 aerosol samples were collected during the period of the campaign. The
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main anions and cations on the filters were analyzed by ion Chromatography, using
a Dionex AS4A-SC column with ASRS-I suppressor in auto-suppression mode of op-
eration for the main anions (i.e., Cl−, NO−

3 , SO2−
4 ) while the main cations (i.e., NH+

4 ,

Na+, K+, Mg2+, Ca2+) were analyzed using a CS12-SC column with CSRS-I suppres-
sor. The detection limits for both main anions and cations were around 5 ppb. More5

details can be found in Kouvarskis and Mihalopoulos (2002).
The measured concentrations of gases (g) and aerosols (p) used as input to the

two thermodynamic models include total ammonium (NH3(g) and NH+
4 (p)), total nitrate

(HNO3(g) and NO−
3 (p)), total sulfate (H2SO4(g) and SO2−

4 (p)), total chloride (HCl(g)

and Cl−(p)), sodium (Na+(p)), potassium (K+(p)), calcium (Ca2+(p)), and magnesium10

(Mg2+(p)). The aerosol precursor gases and aerosol compounds were partitioned be-
tween the gas, liquid, or solid aerosol phase by assuming thermodynamic and chemical
equilibrium.

The time scale for a particle to reach equilibrium depends on its size, which can
range from seconds or minutes for small particles up to days for coarse particles at low15

relative humidity and low aerosol concentration conditions (Meng and Seinfeld, 1996).
Thus, the total ammonium, total nitrate and total chloride used as input to the models
is the only the sum of the amount measured in the fine-mode particles (D<1.2 µm) and
the gas phase. The measurement sampling time was 2–3 h which is sufficiently long to
achieve equilibrium for the fine mode aerosols.20

Figure 5a and c show the time series from 29 July till 22 August of aerosol NH+
4 (p)

and gas NH3(g) partitioned by EQSAM3 and EQUISOLV II and the total ammonium
tNH4, aerosol NH+

4 (p) and gas NH3(g) from observations, respectively; Fig. 5b and d
show a scatter plot between the model predicted NH+

4 (p) and the observed values for
EQSAM3 and EQUISOLV II. The red line is a linear fit of the blue points. Figure 5e–h25

show similar plots for aerosol NO−
3 (p). The regression line as well as the goodness of

fit parameter (i.e., the square of correlation coefficient) between the model predictions
and the observations is given in Fig. 5. Table 6 presents a summary of the comparison
between the model predicted and observed concentrations of ammonium, nitrate and
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chloride in the gas and aerosol phase for EQSAM3 (referred to as EQ3) and EQUISOLV
II (referred to as EQ2) as well as the model predicted concentrations of total particulate
matter, solid particulate matter and aerosol associated water.

Generally, the predictions of EQSAM3 and EQUISOLV II are similar for particulate
ammonium and gaseous ammonia. Both capture the hourly and diurnal variations of5

NH+
4 seen in the observations, although with occasional excursions. Figure 5 shows

that both EQSAM3 and EQUISOLV II underestimate particulate ammonium in gen-
eral, since organic compounds that were measured are omitted here for modeling con-
sistency, in contrast to previous studies (Metzger et al. 2006; Metzger and Lelieveld,
2007). Still, the results shown in Table 6 are with 72% and 68% of the predicted10

aerosol NH+
4 concentrations within a factor of 1.5 of the observations for EQSAM3 and

EQUISOLV II, respectively, and up to 90% within a factor of 2. EQSAM3 slightly un-
derestimates aerosol NH+

4 by 3% on average while EQUISOLV II exhibits a somewhat
larger underestimation about 25%. However, the comparison of EQSAM3 and EQUI-
SOLV II with observations for aerosol NO−

3 is less favorable. The mean aerosol NO−
3 in15

EQSAM3 is roughly a factor of 9 higher than the observed mean value but absolutely
rather low concentration. This significant overestimation can also be seen in the scat-
ter plot of observed and predicted aerosol NO−

3 for EQSAM3. Most of the total nitrate

in EQSAM3 is in the particulate form, which is predicted to be of order of 1 µg m−3

whereas most of the observations are of order 0.1 µg m−3. EQUISOLV II on the other20

hand, does a much better job of representing the partitioning of total nitrate between
the gas and aerosol phase, as gaseous nitric acid is favored over aerosol NO−

3 in both
the observations and the predictions. As further shown in Table 6, the concentration
of gaseous nitric acid in EQUISOLV II is within a factor of 1.5 of the measurements
up to 99% of the time. Nevertheless, the mean aerosol NO−

3 from EQUISOLV II is25

somewhat smaller than the measurements: 0.04 µg m−3 in comparison to 0.09 µg m−3.
Overall, the partitioning of total nitrate in EQUISOLV II during the MINOS campaign
is better than that of EQSAM3. A similar conclusion holds for the partitioning of to-
tal chloride. Table 6 shows that 91% of the predictions of EQUISOLV II are within
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a factor of 1.5 of the observations for gaseous hydrochloric acid, whereas only 62%
of the predictions from EQSAM3 are within a factor of 1.5. Notice that the observed
concentrations of aerosol nitrate and chloride are very low (<0.1 µg m−3) compared to
the amounts present in the gas phase. Thus, there is only a small impact of these
compounds on the uptake of water. The prediction of the total particulate matter from5

the models is slightly lower than that of the observations. However, both models are
able to reproduce the observations within a factor 2. The performance of EQSAM3
for total particulate matter is better than that of EQUISOLV II with 90% of the predic-
tions within a factor of 1.5 of the observations. EQSAM3 predicts a higher fraction of
solid particulate matter (83%) compared to that in EQUISOLV II (61%), which leads10

to lower aerosol associated water. The average difference in the prediction of liquid
water content between EQSAM3 and EQUISOLV II is −0.64 µg m−3, and most of this
discrepancy occurs at an RH of about 70–80%. This RH is in the range for the solid-to-
liquid transition which was discussed in the Sect. 3. Overall, the correlation coefficient
between EQUISOLV II and EQSAM3 on the aerosol associated water is about 0.85.15

Figure 6 shows the absolute difference between the predictions of the particulate
nitrate concentrations from EQSAM3 and EQUISOLV II and the observations as the
function of temperature, relative humidity, sulfate concentration, and the molar ratio of
total ammonium to total sulfate. Both EQSAM3 and EQUISOLV II show large discrep-
ancies with observations at low temperatures and high relative humidities. EQUISOLV20

II slightly underestimates particulate NO−
3 for almost all conditions but some over-

predictions occur at lower temperatures, higher relative humidities, and sulfate poor
regimes (molar ratio of tNH4/tSO4>2.0). This agrees with findings discussed in Yu et
al. (2005). Yu et al. (2005) found that ISORROPIA overpredicts particulate nitrate at
the conditions of lower temperature, high RH and sulfate poor regimes in Atlanta while25

underpredictions occur at high temperature, low RH and sulfate rich conditions (molar
ratio of tNH4/tSO4<2.0). Moya et al. (2001) suggested that a dynamic instead of an
equilibrium model may improve the agreement between the model prediction and ob-
servations for particulate nitrate under the conditions with high temperatures and low
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RH based on observations collected during the IMADA-AVER field study in Mexico City
in 1997. EQUISOLV II is in better agreement with the observations with respect to the
prediction of nitrate. EQSAM3 predicts a scattered departure from the observations at
both high and low concentrations of sulfate and shows somewhat higher departures at
high molar ratios of tNH4 to tSO4.5

Figure 7 is similar to Fig. 6 but for particulate ammonium. The prediction of ammo-
nium from these two models is similar. The prediction of particulate ammonium seems
not as sensitive to temperature and relative humidity as the prediction of particulate
nitrate in both EQSAM3 and EQUISOLV II. They have small biases with the observa-
tions when the molar ratio of tNH4 to tSO4 is less than 2 (in the sulfate rich regime) but10

have a larger discrepancy with the observations at larger molar ratios of tNH4 to tSO4

or higher concentration of SO2−
4 .

Ansari and Pandis (2000) found that efflorescence branch concentrations of aerosol
nitrate are 11% larger than those of the deliquescence branch at low aerosol nitrate
concentrations (<8 µg m−3). Here we investigate the biases of the models in this15

metastable regime. Figure 8 shows a histogram of the model bias in the prediction
of aerosol nitrate assuming both the deliquescence and efflorescence branch. The ab-
solute difference between EQSAM3 and the observations in the prediction of aerosol
nitrate using the efflorescence branch is similar as that of the deliquescence branch.
The average model bias shifts from 0.73 µg m−3 for deliquescence to 0.79 µg m−3 for20

efflorescence. In contrast, in the EQUISOLV II, the model mean bias shifts from a slight
underestimation of −0.05 µg m−3 for deliquescence to an overestimation of 0.02 µg m−3

for efflorescence. This indicates that the model mean bias slightly decreases if the efflo-
rescence branch in EQUISOLV II is used while the bias in EQSAM3 is not significantly
changed.25
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5 Discussion and conclusions

We conducted a comprehensive evaluation of two aerosol thermodynamic equilib-
rium models EQSAM3 and EQUISOLV II under various RH and composition domains.
EQSAM3 and EQUISOLV II predict a similar amount of aerosol water for all conditions,
with a statistically significant linear regression slope of about 0.8. The agreement is5

even better in the sulfate rich regime where the linear regression slope is close to 0.91,
so that most of the discrepancy between the two models is in the sulfate neutral and
poor regime. Although the prediction of the water associated with aerosols in these two
models is generally comparable under most conditions, there are large discrepancies
under some conditions, which can be explained by the different treatment/prediction of10

bi-salts (NH4HSO4, NaHSO4, KHSO4), different prediction of transition state of mixed
salts (e.g., the mixture of ammonium sulfate and ammonium nitrate) and the aque-
ous uptake of HNO3, HCl and NH3 which are not considered here in EQSAM3 as the
coupling of EQSAM3 with an aqueous phase chemistry module is foreseen instead.

In general, the PM concentration predicted by these two models is consistent ex-15

cept under conditions with high ammonium and low sodium. EQSAM3 slightly over-
estimates total particulate matter (PM) by 6% compared to EQUISOLV II for all 200
simulation conditions with a statistically significant linear regression slope of 0.9 with
a 95% CI of 0.04. At the sulfate rich and neutral regimes, EQSAM3 predicted PM close
to or a little less than EQUISOLV II by about 3% while it overestimates PM by 15%20

as the sulfate is poor. At a temperature of 298.15 K and an RH of 30%, the normal-
ized absolute difference in the concentration of total PM predicted by the two models is
about 14%. The largest discrepancies occur in the sulfate poor regime where the two
models differ by 30% on average with the largest difference as high as 50% in some
specific cases. This leads to differences in the predicted aerosol water. Overall, the25

particulate nitrate concentration predicted by two models agree with each other except
at the low RH (<60–70%) under most conditions in the sulfate poor regime. Then the
formation of solids explains the differences in the particulate concentrations. The ad-
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dition of sodium chloride increases the prediction of particulate nitrate in EQUISOLV II
and decreases the relative difference between the two models. At higher RH (>70%),
EQUISOLV II predicts higher aerosol nitrate because of slightly larger activity coeffi-
cients for NH4NO3. Similar to particulate nitrate, these two models agree under most
conditions for particulate ammonium, especially in the sulfate rich and neutral regimes.5

EQSAM3 shows some deviation from EQUISOLV II but the difference is within a fac-
tor of 2. For particulate chloride, the largest difference in the prediction occurs in the
sulfate poor regime since the amount of the aerosol chloride strongly depends on the
amount of excess ammonium as the weakest cation. There is a larger discrepancy
between the predictions of pH in the solution system between these two models for10

the sulfate rich and neutral regimes. For most cases in the sulfate poor condition, the
difference in pH between EQSAM3 and EQUISOLV II is well within a factor of 2.

By comparing the dominant solid PM compounds predicted by the two models at an
RH of 30%, we found that the ammonium ion neutralizes the bisulfate ion to form am-
monium bisulfate in EQUISOLV II in the sulfate rich regime, while ammonium sulfate is15

the dominant species in EQSAM3, related to our assumptions in the model set up. This
explains the difference between two models in the sulfate rich and neutral conditions.
The difference in the activity coefficients as well as the derived molality of major salts
in EQSAM3 contributes slightly to the difference in the gas-liquid-solid partitioning in
the sulfate poor condition. Overall, the relative difference of the mass growth factor20

between EQSAM3 and EQUISOLV II at various RH and at a temperature of 298.15 K
is about 5%. The largest difference of around 10% occurs at a RH 70% because of the
difference in the transition state predicted by two models at RH around 70%.

A comparison was also conducted using realistic atmospheric conditions. The ni-
trate and ammonium concentrations during the MINOS campaign were simulated for25

the summer of 2001 from 28 July till 21 August in Crete, Greece, a location character-
ized by high solar intensity and polluted air from Europe. Overall, both EQSAM3 and
EQUSOLV II underestimate particulate ammonium compared with the observations by
3% and 25% on average. The predictions of particulate nitrate from both models devi-
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ate significantly from the observations. This is due to the fact that the concentration of
total nitrate is very low and most of nitrate is in the gas phase. EQUISOLV II is able to
reproduce the gaseous nitric acid to within a factor of 1.5 in 99% of the observations,
while only 20% of observations are reproduced to within a factor of 1.5 in EQSAM3.
However, because of the very low nitrate concentrations, the impact of this difference5

on the prediction of total particulate matter as well as aerosol water is minor. Thus,
both of models are able to reproduce the observed particulate matter to within a factor
of 2 in more than 90% of the observations and the predicted water associated with the
aerosol in the two models is strongly correlated with a correlation coefficient 0.85. The
largest differences exist at an RH 70–80% which corresponds to the RH near the tran-10

sition to deliquescence as discussed in Sect. 3. Note that although the concentration of
total nitrate during the MINOS campaign is low on average, leading to the discrepancy
on the prediction of particulate nitrate between model predictions and observations,
better agreement is found at the condition of high nitrate according to our findings in
Sect. 2 for the comparison of low and high total nitrate (i.e., cases 11 and 12, cases15

19 and 20).
Finally, a sensitivity test was carried out in order to evaluate the impacts of temper-

ature, RH, sulfate concentration and ammonium-to-sulfate ratio on the prediction of
nitrate and ammonium. We found that both EQSAM3 and EQUISOLV II overpredicts
particulate nitrate at lower temperatures, higher RH, and in sulfate poor regime. This20

is consistent with the findings of the models discussed by Moya et al. (2001) and Yu
et al. (2005). As for the prediction of particulate ammonium, it seems not as sensi-
tive to temperature and relative humidity as the prediction of particulate nitrate in both
EQSAM3 and EQUISOLV II. They show small biases with the observations when the
molar ratio of tNH4 to tSO4 is less than 2 (in the sulfate rich regime) but tend to have25

a larger deviation from the observations at higher molar ratios of tNH4 to tSO4 or
higher concentration of SO2−

4 . The impacts of using the efflorescence branch vs. the
deliquescence branch were also evaluated. The model mean bias slightly decreases
if the efflorescence branch in EQUISOLV II is used while the bias in EQSAM3 is not
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significantly changed.
Overall, our results show that the results of EQSAM3 and EQUISOLV II are com-

parable under most conditions. Because of this and the high computational efficiency
of EQSAM3, we recommend to incorporate EQSAM3 into global aerosol models to
solve the thermodynamics under chemical equilibrium conditions. The few discrepan-5

cies found can be minimized either by the coupling of EQSAM3 with an aqueous phase
chemistry module, or choosing different assumptions on the treatment on bi-salts, e.g.
similar to EQSAM2 (Metzger et al., 2006). More importantly probably, the assumption
that equilibrium is achieved between gas and aerosol phase may be a limiting factor for
global scale applications by considering larger aerosol modes, since non-equilibrium10

situations between gas and aerosol phase might then become pre-dominant for the
particulate matter or growth factor predictions. We plan to incorporate EQSAM3 into
the IMPACT global aerosol model using the hybrid dynamical solution method (Feng
and Penner, 2007) to provide a model inter-comparison under a broader range of con-
ditions.15
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Table 1. Description of the parameterization and methods in EQUISOLV II and EQSAM3.

EQUISOLV II EQSAM3

Binary activity co-
efficients

A number of measurements,
Pitzer’s method and Harned
and Owen’s methoda

Derived as a function of
temperature, relative humid-
ity and solubility of chemical
compoundsb

Multi-component
activity coefficients

Bromley (Bromley, 1973) N/A

Water activity ZSRc Osmotic pressure additivityc

DRH/CRH Prescribed based on a num-
ber of laboratory measure-
ments for electrolytes at 298 K

Derived as a function of the
solubility of chemical com-
pound and temperature

MDRH N/Ad Derived as a function of the
solubility of chemical com-
pounds and temperature

Solution method Iterative chemical equilibrium
and mass-flux iteration tech-
niques

Analytical solution according
to the solutes precipitation or-
der (non- iterative)

System solved in
this study

H+-NH+
4 -Na+-Ca2+-Mg2+-K+-

OH−-NO−
3 -SO2−

4 -Cl2−-CO2−
3

H+-NH+
4 -Na+-Ca2+-Mg2+-K+-

OH−-NO−
3 -SO2−

4 -Cl2−-CO2−
3

Reference Jacobson et al. (1996), Jacob-
son (1999)

Metzger and Lelieveld (2007)

a Pitzer’s method (Pitzer and Mayorga, 1973) and a number of measurements (Table B.9, Jacobson, 2005) are adopted
to predict the mean binary solute activity coefficients at 298.15 K while the temperature dependence of the coefficients
is predicted using the Harned and Owen (1958) method.
b Mean ion-pair activity coefficients are needed only for volatile compounds (i.e., NH4NO3 and NH4Cl) in EQSAM3.
c EQUISOLV II uses the so-called Zdanovskii-Stokes-Robinson (ZSR, Stokes and Robison, 1966) mixing rule to es-
timate liquid water content at equilibrium, which is explained by the additivity of osmotic pressures (Metzger and
Lelieveld, 2007) and applied as this in EQSAM3.
dThe MDRH in EQUISOLV II is not a function of chemical composition and temperature but can be inferred by solving
the solid-liquid equilibrium reactions at various RH (Zaveri et al., 2005).
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Table 2. List of solubility and corresponding DRH of major solid compounds in EQSAM3 at
a temperature 298 K.

Solubility (%)a DRH (298K)b

(NH4)2SO4 36.66 (43.31) 0.7997 (0.7980)
NH4HSO4 64.72 (76.00) 0.4000 (0.3999)
NH4NO3 56.83 (68.05) 0.6183 (0.6067)
NH4Cl 23.53 (28.34) 0.7710 (0.7659)
Na2SO4 39.86 (21.94) 0.8420 (0.9390)
NaHSO4 76.57 (90.00) 0.5200 (0.9285)
NaNO3 40.98 (47.70) 0.7450 (0.7476)
NaCl 22.66 (26.47) 0.7528 (0.7540)

a The number inside of the parenthesis is that from Table 1 and 2 of Metzger and Lelieveld
(2007) while the number outside is the deduced solubility used in this study.
b The DRH inside of the parenthesis is that derived from the solubility of solutes looked up from
the Handbook of Chemistry and Physics (Metzger and Lelieveld, 2007), while the value outside
the parentheses is the DRH used in this study.
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Table 3. List of 20 conditions for model simulationsa.

Sulfate condition Case No.
tNH4
tSO4

tNO3
tSO4

tNaCl
tSO4

tK
tSO4

tCa
tSO4

tMg

tSO4

Sulfate rich 1(2) 1.0 1.0 0 0 0 0
2(8) 1.5 3.0 0 0 0 0

3(10) 0.5 1.0 0.5 0 0 0
4 0.5 1.0 0.5 0.04 0.02 0.01
5 1.5 3.0 0 0.04 0.02 0.01

Sulfate neutral 6(14) 2.0 1.0 0 0 0 0
7(15) 1.5 0.33 0.5 0 0 0
8(17) 1.5 3.0 0.5 0 0 0

9 1.5 0.33 0.4 0.04 0.02 0.01
10 1.5 3.0 0.4 0.04 0.02 0.01

Sulfate poor 11(5) 4.0 1.0 0 0 0 0
12(9) 4.0 3.0 0 0 0 0
13(13) 2.0 1.0 0.5 0 0 0
14(14) 4.0 1.0 0.5 0 0 0
15(20) 4.0 1.0 2.0 0 0 0

16 2.0 1.0 0.5 0.04 0.02 0.01
17 4.0 1.0 0.5 0.04 0.02 0.01
18 4.0 1.0 2.0 0.04 0.02 0.01
19 4.0 1.0 0 0.04 0.02 0.01
20 4.0 3.0 0 0.04 0.02 0.01

a The particulate sulfate concentration is fixed as 20 µg m−3 for all cases. The concentration of
other aerosol components is listed as molar ratio with respect to the particulate sulfate concen-
tration. Simulations under each set of initial compositions were conducted for 10, 20, 30, 40,
50, 60, 70, 80, 90 and 95% relative humidity at a temperature 298.15 K. The case numbers in
the parenthesis refer to the cases in the study by Zhang et al. (2000).
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Table 4. Relative difference as well as linear regression slope with its 95% confidence interval
of total particulate matter (PM) and aerosol water (AW) between EQSAM3 and EQUISOLV II
for three sulfate regimes at 298.15 K under all RH conditions shown in Fig. 1. “Rich” stands
for the sulfate rich regime (i.e., cases 1–5); “Neutral” stands for the sulfate neutral regime (i.e.,
cases 6–10); “Poor” stands for the sulfate poor regime (i.e., cases 11–20); “All” stands for the
conditions including all three sulfate regimes.

Sulfate regime AW PM
Rel. Diff. (%) Reg. Slope Rel. Diff. (%) Reg. Slope

Rich 39.38 0.91±0.05 −2.02 0.42±0.09
Neutral −29.87 0.75±0.07 −3.59 0.02±0.045
Poor −28.06 0.79±0.06 15.42 0.54±0.08
All −3.79 0.79±0.03 6.30 0.89±0.04
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Table 5. Total Particulate matter (PM) concentration predicted at 298.15 K and RH 30% under
all conditions. The value in parentheses in the column for EQUISOLV II is the model-average
PM concentration from Zhang et al. (2000) for the reference. The value in parentheses in the
column for EQSAM3 is the PM concentration using the DRH-dependent neutralization order.
The relative difference is defined as the normalized difference in the PM concentration predicted
by EQSAM3 and EQUISOLV II. The value in the parentheses is the difference corresponding
to the DRH-dependent neutralization order while that outside the parentheses corresponds to
the prescribed neutralization order (specified by the Hofmeister series) in EQSAM3.

Condition PM concentrations (µg m−3) Relative difference (%)
EQSAM3 EQUISOLV II

1 23.69 (32.11) 23.69 (23.3) 0.00 (35.54)
2 25.33 (37.96) 25.32 (25.1) 0.04 (49.92)
3 24.30 (35.42) 24.30 (21.5) 0.00 (45.76)
4 24.21 (36.68) 24.81 −2.42 (47.84)
5 25.24 (39.3) 25.97 −2.81 (51.33)
6 26.97 (36.05) 26.96 (26.8) 0.04 (33.72)
7 27.57 (35.24) 27.57 (25.6) 0.00 (27.82)
8 27.57 (48.08) 27.57 (24.9) 0.00 (74.39)
9 27.04 (35.01) 27.77 −2.63 (26.07)
10 27.04 (47.34) 27.77 −2.63 (70.47)
11 39.04 (39.04) 27.51 (26.9) 41.91 (41.91)
12 47.14 (60.75) 39.21 (40.5) 20.22 (54.93)
13 32.45 (44.78) 28.01 (27.4) 15.85 (59.87)
14 42.08 (48.28) 28.01 (30.5) 50.23 (72.37)
15 51.18 (66.39) 40.00 (40.6) 27.95 (65.98)
16 33.86 (45.84) 28.32 19.56 (61.86)
17 41.43 (49.24) 28.98 42.96 (69.91)
18 51.14 (67.36) 40.87 25.13 (64.82)
19 38.39 (40.38) 28.06 36.81 (43.91)
20 48.32 (61.73) 40.66 18.84 (51.82)
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Table 6. Comparison between modeled and observed concentrations of gas and particulate
phase ammonium, nitrate and chloride by EQSAM3 (EQ3) and EQUISOLV II (EQ2) as well
as the model predicted concentrations of total particulate matter, solid particulate matter and
aerosol associated water. The observational data are from the MINOS campaign (Metzger et
al., 2006).

Variable Concentrationa (µg m−3) Biasa (µg m−3) Percentage within a factor of 2 (%)b Percentage within a factor of 1.5 (%)b

EQ3 EQ2 Obs. EQ3 EQ2 EQ3 EQ2 EQ3 EQ2

NH+
4 (p) 2.14±0.93 1.65±0.77 2.20±1.62 −0.06±0.92 −0.55±1.05 90.71 90.16 72.13 68.31

NH3(g) 0.68±0.91 1.14±1.08 0.77±0.69 −0.10±0.80 0.36±0.91 36.07 53.01 21.31 36.07
NO−

3 (p) 0.82±0.58 0.04±0.10 0.09±0.04 0.73±0.59 −0.05±0.10 1.64 10.38 1.09 6.56
HNO3(g) 0.61±0.58 1.40±0.79 1.33±0.78 −0.72±0.59 0.07±0.10 20.22 100.00 18.58 98.91
Cl−(p) 0.51±0.51 0.03±0.11 0.06±0.07 0.45±0.53 −0.03±0.11 8.20 10.93 4.92 8.20
HCl(g) 2.03±1.41 2.46±1.45 2.42±1.47 −0.39±0.53 0.03±0.11 91.26 91.26 61.75 91.26
PM 8.36±3.35 6.76±2.79 9.62±3.57 −1.26±1.48 −2.86±1.69 100.0 91.26 89.62 65.57
PM(s) 6.91±4.20 4.13±4.13 – – – – – – -
H2O(aq) 2.41±4.99 3.29±4.26 – – – – – – –

a The value of the concentration and bias is given as the mean ± standard deviation and the bias is defined as the
absolute difference between the model predictions and the observations.
b The percentages of the model predicted points that are within a factor of 1.5 or 2.0 of the observations. The total
number of samples during the MINOS campaign was 183.
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Figure 1 Scatter plots of aerosol water (H2O(aq)), total particulate matter (PM), particulate NO3
- 

([NO3
-]p), particulate NH4

+ ([NH4
+]p), particulate Cl- ([Cl-]p), and potential of hydrogen 

(pH)predicted by EQSAM3 and EQUISOLV II based on the 200 initial conditions specified in 

Table 3 at a temperature 298.15K. The black dashed lines are the 1:2, 1:1, 2:1 lines, respectively. 

The units are μg m-3. The concentration is shown using a logarithm scale.  

 38

Fig. 1. Scatter plots of aerosol water (H2O(aq)), total particulate matter (PM), particulate
NO−

3 ([NO−
3 ]p), particulate NH+

4 ([NH+
4 ]p), particulate Cl− ([Cl−]p), and potential of hydrogen

(pH)predicted by EQSAM3 and EQUISOLV II based on the 200 initial conditions specified in
Table 3 at a temperature 298.15 K. The black dashed lines are the 1:2, 1:1, 2:1 lines, respec-
tively. The units are µg m−3. The concentration is shown using a logarithm scale.
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(a) 

 

(b) 

Figure 2 (a) mean binary activity coefficients of NH4NO3 and NH4Cl as a function of molality; (b) 

molality for several electrolytes at a temperature 298.15 K as a function of water activity (i.e. RH 

with a 0-1 scale). 

 39

Fig. 2. (a) mean binary activity coefficients of NH4NO3 and NH4Cl as a function of molality; (b)
molality for several electrolytes at a temperature 298.15 K as a function of water activity (i.e.,
RH with a 0–1 scale).
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Figure 3 The concentrations of major solid compounds predicted by EQSAM3 and EQUISOLV 

II at an RH of 30% and a temperature of 298.15 K for the 20 cases listed in Table 2. 

 40

Fig. 3. The concentrations of major solid compounds predicted by EQSAM3 and EQUISOLV II
at an RH of 30% and a temperature of 298.15 K for the 20 cases listed in Table 3.
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Figure 4 Relative difference in the growth factor between EQSAM3 and EQUISOLV II for all 

200 cases in Table 3 as a function of RH at a temperature 298.15 K. The error bars indicate the 

range of values for different cases. 
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Fig. 4. Relative difference in the growth factor between EQSAM3 and EQUISOLV II for all 200
cases in Table 3 as a function of RH at a temperature 298.15 K. The error bars indicate the
range of values for different cases.
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(a) (b) 

 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 5 Time series of the EQSAM3 and EQUISOLV II predictions and observations for 

NH4
+(p), NH3(g), tNH4, NO3

-(p), HNO3(g), tNO3 during the period of the MINOS campaign. The 

red line in the panels at the right is a linear fit to the data. 
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Fig. 5. Time series of the EQSAM3 and EQUISOLV II predictions and observations for NH+
4 (p),

NH3(g), tNH4, NO−
3 (p), HNO3(g), tNO3 during the period of the MINOS campaign. The red line

in the panels at the right is a linear fit to the data.
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Figure 6 The difference between the modeled and observed concentrations of NO3
- as a function 

of temperature, RH, SO4
2- concentration, and the molar ratio of tNH4 to SO4

2- during the MINOS 

campaign. 
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Fig. 6. The difference between the modeled and observed concentrations of NO−
3 as a function

of temperature, RH, SO2−
4 concentration, and the molar ratio of TNH+

4 to TSO2−
4 during the

MINOS campaign.
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Figure 7 The difference between the modeled and observed concentrations of NH4+ as a function 

of temperature, RH, SO4
2- concentration, and the molar ratio of tNH4 to SO4

2- during the MINOS 

campaign. 
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Fig. 7. The difference between the modeled and observed concentrations of NH+
4 as a function

of temperature, RH, SO2−
4 concentration, and the molar ratio of TNH+

4 to TSO2−
4 during the

MINOS campaign.

9594

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/9551/2009/acpd-9-9551-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/9551/2009/acpd-9-9551-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 9551–9595, 2009

A comparison of
water uptake

L. Xu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion  

Figure 8 Error distributions of aerosol nitrate assuming different equilibrium states 

(deliquescence vs. efflorescence) of the particles during the MINOS campaign. Errors are 

calculated as the predicted minus the observed values of aerosol nitrate. The number of samples 

was 183. 

 

 45

Fig. 8. Error distributions of aerosol nitrate assuming different equilibrium states (deliques-
cence vs. efflorescence) of the particles during the MINOS campaign. Errors are calculated as
the predicted minus the observed values of aerosol nitrate. The number of samples was 183.
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