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Abstract

This dissertation investigates thermodynamic and dynamic modeling of urban and
regional atmospheric aerosols. A rigorous and efficient aerosol thermodynamic model,
SCAPE2, is developed. The model considers the inorganic aerosol system of sulfate,
nitrate, ammonium, chloride, sodium, potassium, calcium, magnesium, carbonate, and
water. SCAPE2 can be used to predict either the equilibrium gas/aerosol partition of
volatile inorganic species or the particle surface vapor concentrations if applied to the
aerosol phase only. It has also the option of predicting the equilibrium or metastable
aerosol water content.

A three-dimensional, size- and chemically-resolved aerosol dynamic model is
developed by incorporating the aerosol thermodynamic model, SCAPE2, into an urban
airshed model (CIT model). The model includes advection, turbulent diffusion,
condensation/evaporation, nucleation, emissions, and dry deposition. Gas-to-particle
conversion is represented by dynamic mass transfer between the gas and aerosol phases.
The model employs an absorption approach in dynamically modeling production of
secondary organic aerosols. A calculation method for dry deposition of aerosol particles
1s proposed.

The aerosol model is applied to simulate gas and aerosol behavior in the 27-29
August episode in the 1987 Southern California Air Quality Study (SCAQS). Simulation

results are compared systematically against SCAQS measurements, and general good



viii
agreement is observed. The assumption that volatile inorganic species such as NH,NO,

are at instantaneous, local equilibrium is examined and it is found that, in many instances,

gas/aerosol mass transfer limits the rate of gas-to-particle conversion.
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Chapter 1

Introduction



Atmospheric aerosols are of paramount importance in urban air pollution control. The
particulates can cause health problems, affect visibility, and lead to acid deposition.,),-
Atmospheric aerosols typically consist of three modes, the nucleation mode (0.01-0.1 pm
diameter), the accumulation mode (0.1-1.0 um diameter), and the coarse mode (>1 um
diameter). Freshly formed aerosols can frequently deviate from the general atmospheric
aerosol size distribution; for instance, ambient measurements in South Coast Air Basin
have shown that two distinct modes can exist in the 0.1 - 1.0 pm diameter range (see
Chapter 2).

Chemical components of atmospheric aerosols include elemental and organic
carbon and a variety of inorganic compounds. The inorganic substances, typically
comprising 25-50% of the total aerosol mass (Gray et al., 1986; Heintzenberg, 1989),
include sulfate, nitrate, chloride, ammonium, sodium, and crustal species such as
aluminum, silicon, calcium, and iron. In the Los Angeles area, particulate carbon
accounts for about 40% of the fine particulate mass concentration.

Developing mathematical models of air pollution is extremely useful to study how
the poilutants form and transport in the atmosphere. It helps us better understand the
interactions among all the physical and chemical aspects that govern the behavior of
atmospheric pollutants. Using mathematical models to predict the fate of atmospheric
aerosols also facilitates policy makers to assess control strategies. A state-of-the-science
model employs the currently best understanding of physics and chemistry; it can be used
to predict the response of the ambient air pollution levels to different emission control

strategies. i



1. Thermodynamic Aerosol Models

The first generation of thermodynamic gas/aerosol equilibrium models can be dated back
to 1983, when Bassett and Seinfeld (1983) and Saxena et al. (1983) independently
developed two thermodynamic equilibrium models. Earlier works studying aerosol-
phase chemistry include those of Peterson and Seinfeld (1979, 1980), Beyak and Peterson
(1980), and Orel and Seinfeld (1977). These earlier models treated aerosols as single-
phase systems, and considered time-dependent condensation and/or aerosol-phase
oxidation of sulfur dioxide. Russell et al. (1983) considered ammonium nitrate in
equilibrium with its gas-phase precursors in modeling the formation and transport of
ammonium nitrate aerosol. This might be the first effort ever in coupling a gas-phase air
quality model to an aerosol equilibrium calculation. The model developed by Saxena et
al. (1983) treats aerosols as containing an insoluble core, a soluble solid shell and an
aqueous film. The chemical composition of the aerosol phase is governed by the
chemical equilibria between the ambient gas and the aerosol liquid phases and between
the aerosol liquid and the soluble solid phases. H,SO, is solely controlled by the
diffusion-limited condensation process. The liquid-phase chemical reactions of SO, are
also considered. At about the same time, a more rigorous equilibrium model (EQUIL)
was developed by Bassett and Seinfeld (1983). This model set up the basic framework
that has influenced all the subsequent equilibrium models.

The model EQUIL is a pure thermodynamic equilibrium model. The partition of

all the species, including sulfate, among the gas, liquid and solid phases is solely



controlled by thermodynamic equilibria. Aerosol particles are assumed to be mono-
dispersed. Note that a transport calculation for sulfate has to be performed if a particle
size distribution is considered. The model uses Kusik and Meissner (1978) (K-M)
method to estimate multicomponent activity coefficients and the polynomial regression to
estimate binary activity coefficients. It is one of the few equilibrium models that consider
the temperature dependence of activity coefficients. Water activity is calculated by the
K-M method also. This model only considers three species in the aerosol phase (sulfate,
nitrate, and ammonium) and their counterparts in the gas phase (sulfuric acid, nitric acid,
and ammonia) besides water. EQUIL is an accurate and robust model that is free from a
priori approximation on species concentrations. The negligible species concentrations are
calculated and converged too. The model predictions agree well with measurements.
Subsequently, Bassett and Seinfeld (1984) extended EQUIL to deal with the particle size
distribution and considered the Kelvin effect. This subsequent version of EQUIL is
termed as KEQUIL. In KEQUIL the sulfate size distribution has to be a fixed priori
because, as noted earlier, thermodynamics does not control the sulfate distribution. It is
worth mentioning that inclusion of the Kelvin effect does not necessarily lead to a better
improvement of a model’s performance. The reason lies in the time scale for mass
transfer between particles of different sizes due to the Kelvin effect. For particles larger
than 1 um, the Kelvin effect is generally not important, and the time scale for the
equilibrium state to be reached with respect to the Kelvin effect is so long that it may
never materialize. EQUIL and KEQUIL demand large computing time as a result of its

rigorous treatment of the equilibrium state.



Based on the model EQUIL and a major concern of computational efficiency,
Saxena et al. (1986) presented another equilibrium model, MARS (Model for an Aerosol
Reacting System), that was intended for incorporation into large-scale air quality models.
MARS is basically a simplified version of EQUIL. Given the total concentrations of
sulfate, nitrate, and ammonium, MARS first determines which species in the system are
important and which are not. The calculation domain is divided according to the molar
ratio of total ammonia to sulfate, which is important in determining the chemical
composition of the system, and the ambient relative humidity (RH), which determines
whether or not a specific solid phase exists. For example, in an ammonia-rich
environment ([NH;] > 2[H,SO,4]) and RH larger than 80%, the model will assume that all
the species exist in an aqueous phase and [HSO,] = 0 (the stoichiometric sulfate
compound is (NH,),SOy4(aq) only). Note that in reality, the equilibrium H* + SO,% =
HSO,- will always produce some HSO," in the aerosol solution. These simplifications
enable MARS to be very computationally efficient; it is about 400 times faster than
KEQUIL and 60 times faster than EQUIL. The disagreement is generally smaller than
5% between the predictions of MARS and EQUIL, and 10% between those of MARS and
KEQUIL.

EQUIL, KEQUIL and MARS only consider sulfate, nitrate, and ammonia, the
simplest chemical composition of an aerosol system. Ambient measurements have
shown that chloride and sodium may also be important in the aerosols, especially in the
coastal regions (Russell and Cass, 1984; Orsini et al., 1986; John et al., 1988). Moreover

the marine aerosol particles can lose their chloride completely by reaction with sulfuric



acid and/or nitric acid (Hitchcock et al., 1980), shifting the chloride to the gas phase or
the smaller sized particles.

Considering the importance of NaCl in aerosols, Pilinis and Seinfeld (1987)
developed the equilibrium model SEQUILIB that deals with the gas/aerosol system
containing sulfate, nitrate, chloride, sodium, and ammonium. The model uses Bromley
(1973) method to estimate multicomponent activity coefficients and the Pitzer method
(Pitzer and Mayorga, 1973) to estimate the binary activity coefficients. Temperature
dependence of the activity coefficients is not considered in the model. Water activity is
estimated by the ZSR method (Robinson and Stokes, 1965). The model is assumed to be
able to predict the aerosol size distribution in equilibrium with the gas-phase compounds.
In doing so, it requires the given size distributions of non-volatile species (i.e., sulfate and
sodium). In some cases, however, thermodynamic equilibria cannot uniquely determine
the aerosol size distribution (see Chapter 6); therefore, the model is not expected to be
capable of predicting the equilibrium aerosol size distributions in these cases. The
technical approach in SEQUILIB is similar to that used in MARS. The full calculation
domain is divided according to the ratio of ammonia plus sodium over sulfate molar
concentrations and the ambient relative humidity. The unimportant species identified are
generally assumed to be zero. The detailed determination of calculation domain has been
proven to be very useful in speeding up the computations. In general, SEQUILIB is
seven times slower than MARS and five times faster than EQUIL when dealing with the
sulfate/nitrate/ammonium only system. SEQUILIB gives results similar to those of

EQUIL and MARS when applicable and it successfully predicted the amount of the



aerosol nitrate, ammonium, and chloride existing at Long Beach, California, during the
episode of 30-31 August 1982. SEQUILIB has been used as an inorganic aerosol module
to calculate the quantities of ammonium, chloride, nitrate, and water contained in
atmospheric particles in a size-resolved secondary organic aerosol model (SRSOAM)
(Pandis et al., 1993).

Several assumptions used in SEQUILIB may lead to limitations of the model's

application. These assumptions are: (1) in sulfate poor cases, H and HSO,- are assumed
not to exist; (2) in sulfate rich cases, gas-phase ammonia, NH;(g), is assumed to be zero;

(3) in sulfate extremely rich cases (the ammonia plus sodium to sulfate ratio is smaller

than 1), SO,2- is assumed to be zero; (4) if RH is lower than the lowest deliquescence

point of the mixture's possible binary salts, aerosol water content is assumed to be zero.
Also, SEQUILIB uses the thermodynamic data from a variety of sources, which may not
be internally consistent. The first three assumptions in SEQUILIB perhaps do not greatly
alter the major species concentrations in the gas phase and liquid phase, but it causes
estimation of the H* concentration inaccurate. The fourth assumption is not correct
theoretically; the deliquescence point of a multicomponent salt is generally lower than the
lowest deliquescence point of the mixture's binary salts. And the temperature
independence of the deliquescence points assumed in SEQUILIB may lead to even larger
inaccuracy. Wexler and Seinfeld (1991) showed that SEQUILIB can considerably
underestimate aerosol water content at low RHs.

Considering the weaknesses of SEQUILIB, Kim et al. (1993a, b) developed a

second-generation aerosol equilibrium model SCAPE (Simulating Composition of



Atmospheric Particles at Equilibrium). The original goal of developing this model was to
maintain the computational efficiency as well as eliminating the ad hoc assumptions that
may prevent an accurate prediction of aerosol acidity. Also considering that the previous
models have arbitrarily used the activity coefficient estimation methods without an
evaluation first, in SCAPE all the three most widely used activity coefficient estimation
methods (i.e., Bromley, K-M, and Pitzer) are adopted as options and the guidance of
choosing them is given. The ZSR method is used to estimate water activity because of its
computational efficiency and acceptable accuracy. The fourth assumption in SEQUILIB
is released so that aerosol water content can exist at any humidity in SCAPE only if the
equilibrium state is satisfied. The temperature dependency of deliquescence points is also
calculated.

The computational approach in SCAPE is as follows. The first step is devoted to
calculate the initial concentrations that can serve as a starting point for the iterative
solution of the full equilibrium problem. This initial guess of concentrations is actually
the one-size version of SEQUILIB. The next step is to calculate the full equilibrium
concentrations of the gas and liquid phases without neglecting any species. The
equilibrium relations together with the mass balance and electroneutrality equations are
then reduced to one equation that includes only the hydrogen ion concentration as the
independent variable. After the hydrogen ion concentration is obtained, the entire species
concentrations in the gas and liquid phases can then be calculated. Aerosol water content
is used as a constraint in this step. After gaseous and aqueous species concentrations are

obtained, solid concentrations in the aerosol phase are then calculated. In SCAPE one



has the option to calculate the negligible solid concentrations or not. The solid
concentrations are then used as constraints and the full process is iterated until these
constraints are satisfied. This computational approach can make SCAPE very accurate.

Some limitations of SCAPE should be mentioned. First, SCAPE does not
consider temperature dependence of activity coefficients. This temperature effect has yet
to be evaluated. Second, SCAPE has convergence problems at low relative humidities
because of use of Newton’s method, which is fast but not so robust and its convergence
depends on closeness of the initial guess. Third, SCAPE is slow at high nitrate-to-sulfate
loadings and low RH’s. Finally, SCAPE is a bulk gas/aerosol equilibrium model, which
cannot be installed in an airshed photochemical model without modifications.

Another second-generation inorganic aerosol model developed prior to SCAPE is
AIM (Aerosol Inorganics Model) (Wexler and Seinfeld, 1991). AIM is actually not a
pure aerosol thermodynamic equilibrium model. It first calculates the species surface
partial vapor pressures around aerosol particles based on equilibria only in the aerosol
phase, then calculates mass transfer between the aerosol and gas phases if the species
surface vapor pressures are not equal to those in the bulk gas phase. Therefore, AIM is a
model coupling aerosol dynamics and thermodynamics in view of the fact that sometimes
thermodynamics cannot uniquely determine the aerosol size distribution. The capability
of AIM to predict the particle surface vapor pressures is most useful for it to be coupled
in an aerosol dynamic model. AIM is rigorous but computational time consuming.
AIM's slow convergence is a result of its rigorous treatment of chemical equilibria; it uses

the Gibbs free energy minimization method, which generally requires large computing
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time. Kim et al. (1993b) compared the computing times required for several cases by
SCAPE and AIM and found that SCAPE is generally considerably faster than AIM.

Another weakness of AIM is its neglect of bisulfate ion, HSO,". This makes the model

most inaccurate under atmospheric conditions with a large generation of sulfate and
insufficient aerosol sodium or ammonium to neutralize the sulfate.

A brief summary of the attributes of the different models is presented in Tables
1.1 and 1.2. It should be noted that SCAPE here is implied as the original version; since
then SCAPE has experienced considerable modifications. Description of the current
version of SCAPE, termed as SCAPE2, which is developed to be incorporated into an

urban/regional aerosol dynamic model, is given in Chapter 7.

2. Three-Dimensional Comprehensive Aerosol Models

Pandis et al. (1992, 1993) used a trajectory model to study the dynamics of secondary
organic aerosols. The trajectory aerosol model, as is the case for most of the general
Lagrangian air pollution models, assumes simplified turbulent diffusion and no flow
convergence/divergence and wind shear. For three-dimensional modeling of complex
nonlinear atmospheric chemistry and transports, the Eulerian approach is required (Peters
etal., 1995).

Based on an urban airshed model (i.e., CIT model) for gaseous pollutants, Pilinis
and Seinfeld (1988) constructed the first 3-D comprehensive aerosol model coupled with

the gas phase. The model was applied to the South Coast Air Basin of California and
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provided the first 3-D predictions of the concentrations and size distribution of inorganic
and organic aerosol species over an urban airshed.

Currently available 3-D comprehensive aerosol models are those developed by
Pilinis and Seinfeld (1988); Wexler et al. (1994) and Lurmann et al. (1997); and
Binkowski and Shankar (1995). Most of the aerosol models have been developed as
modules to be merged with previously developed gas-phase air quality models. The
important physical and chemical processes for urban aerosols are advection, turbulent
diffusion, emission, sedimentation and deposition, nucleation, coagulation, and
condensation/evaporation. All the currently available 3-D aerosol models assume gas-
aerosol equilibrium for the volatile inorganic compounds although it has been shown that
equilibrium cannot be established under certain conditions (Wexler and Seinfeld, 1990;
Meng and Seinfeld, 1996). A more thorough assessment of the 3-D comprehensive

aerosol models is given in Chapter 7.

This dissertation consists of eight chapters. Chapter 1 (this chapter) introduces the
general background of aerosol thermodynamic and 3-D airshed aerosol modeling. The
research works presented in Chapters 2 to 6 have already been published, and can be read
independently. In Chapter 2, the mechanisms of formation of the droplet mode in
addition to the three typical modes (i.e., nucleation, accumulation, and coarse) of
atmospheric aerosols are examined. The most plausible explanation for formation of the
droplet mode in aerosol size distribution is proposed. In Chapter 3, aerosol water content

and acidity associated with the inorganic fraction of PM, ; and PM,, mass in South Coast
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Air Basin are evaluated by using a thermodynamic gas/aerosol equilibrium model
(SCAPE) and the measured aerosol composition data from the 1987 Southern California
Air Quality Study (SCAQS). Chapter 4 is devoted to develop the data and correlations
for incorporating carbonate and bicarbonate salts into a gas/aerosol equilibrium model.
The species of importance for atmospheric aerosols are considered. Chapter 5
investigates the gas/aerosol distribution of formic and acetic acids for typical
sulfate/nitrate/ammonium/sodium/chloride/water aerosols. Chapter 6 studies the time
scales to achieve gas-aerosol equilibrium for volatile atmospheric species. This study
demonstrates the necessity of dynamic approach in calculating mass transport between
the gas and aerosol phases under certain conditions. In Chapter 7, we incorporate a
thermodynamic model (SCAPE2) into an urban airshed model (CIT). The episode of 27-
29 August in the 1987 SCAQS is simulated with a dynamic approach for the gas-aerosol
interaction. Model predictions are compared against SCAQS measurements. Chapter 8

presents summary and conclusions of this thesis research.
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Table 1.1. Comparison of thermodynamic treatments in gas-aerosol equilibrium models

EQUIL, MARS SEQUILIB AIM SCAPE
KEQUIL
Temperature wk, ya, K K 4, RHD K, RHD
dependence
Binary activity Polynomial  Pitzer Pitzer K-M K-M
coefficient regression
Multicomponent  K-M Bromley = Bromley K-M Bromley,
activity K-M, Pitzer
coefficient
Water activity K-M ZSR ZSR ZSR ZSR
Kelvin effect Yes No No No No

9u, K, 7, ay, and RAD are chemical potential, equilibrium constant, activity coefficient,
water activity, and relative humidity at deliquescence, respectively.
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Table 1.2. Comparison of the attributes of different gas-aerosol equilibrium models

Model attributes

EQUIL, KEQUIL

MARS

SEQUILIB

AIM

SCAPE

Pros: rigorous, accurate, including Kelvin effect
Cons: only sulfate/nitrate/ammonium system, slow

Pros: fast, simple

Cons: only sulfate/nitrate/ammonium system, a priori approximation
on concentrations, inaccurate in predicting aerosol acidity and
acrosol water content at low RH’s, RHD’s are temperature
independent

Pros: fast, size resolved

Cons: a priori approximation on concentrations, inaccurate in
predicting aerosol acidity and aerosol water content at low
RH’s, RHD’s are temperature independent, unique problem
in predicting aerosol size distribution under certain conditions

Pros: rigorous, size resolved, capable of calculating particle surface
vapor pressures at any time

Cons: slow, exclusion of bisulfate ion, inaccurate in predicting
aerosol acidity

Pros: accurate, free of approximation on any species concentrations,
fast except in extreme cases

Cons: not size resolved, convergence problem at low RH’s and high
nitrate-to-sulfate ratios
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Chapter 2

On The Source of The Submicron Droplet

Mode of Urban and Regional Aerosols

[The text of this chapter appears in: Meng Z. and Seinfeld J. H. (1994) derosol Science

and Technology 20, 253-265.]
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ABSTRACT

While atmospheric aerosols are typically described as consisting of three modes, the
nucleation mode (0.01-0.1 pum diameter), the accumulation mode (0.1-1.0 um diameter),
and the coarse mode (>1 um diameter), ambient measurements have shown that two
distinct modes can exist in the 0.1 - 1.0 pm diameter range. These modes are referred to
as the condensation mode (approximate aerodynamic diameter of 0.2 um) and the droplet
mode (approximate aerodynamic diameter of 0.7 um). It has been postulated that the
droplet mode results from aqueous-phase chemistry (Hering and Friedlander, 1982; John
et al., 1990). In this work we examine the mechanisms of formation of the droplet mode.
It is shown that growth of condensation mode particles by accretion of water vapor or by
gas-phase or aerosol-phase sulfate production cannot explain the existence of the droplet
mode. Activation of condensation mode particles to form fog or cloud drops followed
by aqueous-phase chemistry and fog evaporation is shown to be a plausible mechanism

for formation of the droplet mode.



19

1. Introduction

Atmospheric aerosols have been described by a trimodal size distribution; the three
modes are commonly designated as the nucleation (0.01-0.1 pm), accumulation (0.1-1.0
pm) and coarse (>1 pm) modes (Whitby, 1978; Whitby and Sverdrup, 1980). Several
recent measurements of inorganic as well as organic aerosol size distributions, however,
have shown that two distinct modes can exist in the 0.1 - 1 pm diameter range. Based on
data from the low pressure impactor, Hering and Friedlander (1982) reported two distinct
types of fine particle sulfur size distributions in Los Angeles, with mass median
aerodynamic diameters of 0.2 pm and 0.54 pm. The larger mode was observed to be
associated with heavy sulfate loadings, as much as 52 pg m-3. During the 1980 PEPE-
NEROS study near Columbus, Ohio, McMurry and Wilson (1983) found that more sulfur
was observed to accumulate in particles larger than 0.5 pum than that which could be
accounted for from gas phase reactions alone.  More recently, Wall et al. (1988) and
John et al. (1990) observed two modes in the 0.1 - 1 um diameter range for inorganic
aerosols in the 1987 Southern California Air Quality Study (SCAQS). Wall et al.
observed a bimodal nitrate distribution during both day- and night-time periods. Strong
acid was found to be associated with the smaller sulfate mode. John et al. reported the
two modes to have aerodynamic diameters of 0.2+ 0.1 um and 0.7+0.2 pm. Nitrate was
observed to be internally mixed with sulfate in the aerosols; it has similar mode diameters
as the sulfate. The submicron aerosol was almost neutral due to the near-balance of
ammonium with sulfate and nitrate. Bimodal organic aerosol size distributions in the 0.1

- 1.0 pm diameter range were also measured during the SCAQS at Claremont (Pickle et
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al., 1990; Mylonas et al., 1991). It is not clear from these measurements whether the
organics are externally or internally mixed with the inorganic aerosol, but it appears that
the existence of a bimodal size distribution for organics is due to secondary formation,
associated with photochemical reactions. In a numerical study of the ambient secondary
organic aerosol size distribution, Pandis et al. (1993) showed that a bimodal secondary
organic aerosol size distribution can result only if there exist sufficient primary particles
in the 0.5-1.0 um diameter size range or if the condensable species have a strong
preference (an accommodation coefficient difference of two orders of magnitude) for the
0.5-1.0 pm diameter particles. Similarly, the existence of the inorganic droplet-mode
particles will, to some extent, influence or be influenced by the second peak of organics

through condensation.

Whereas a number of studies have shown that the smaller mode at around 0.2 um
can be produced by nucleation and/or condensation, the formation mechanism of the
observed mode in the 0.5 - 1.0 pm diameter range is not clear. Although it was
postulated that the larger mode results from aqueous-phase chemistry (Hering and
Friedlander, 1982; John et al., 1990), the precise mechanisms of generation of such a
mode have not been examined quantitatively. It is the goal of this work to consider the
possible mechanisms that could be responsible for the existence of the larger mode,

which was termed the so-called droplet mode by John et al. (1990).
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Hering and Friedlander (1982) observed that during the 15 days when the droplet-
mode aerosols were measured in the South Coast Air Basin, morning fogs also appeared
at the coast in 8 of the 15 days. In the 1987 summer SCAQS, only two fog episodes in
the coastal areas were reported. However, low stratus clouds have been observed to
cover much of the southern California coastal region during most of the extensive
sampling days (see Table 2.1) and to penetrate about 10-15 miles inland. The typical
height of these clouds is from 250 to 500 m, which is generally lower than the mixing
height (Motallebi, 1993). Low clouds can play the same role as fogs to assist aerosol
particles to grow. Although the droplet-mode aerosols were measured every day of the
summer SCAQS by John et al. (1990) (droplet modes might not be observed in some
individual sampling periods), fogs or clouds were not observed in every instance. It is
worth pointing out that the summer sampling period was chosen to study conditions of
high oxidant and particulate matter (Hering and Blumenthal, 1989). The meteorological
conditions were fairly uniform on the SCAQS intensive sampling days. The existence of
the droplet mode observed in the summer and fall SCAQS intensive days does not
necessarily mean that such a mode would also exist under significantly different

atmospheric conditions.

The possible formation mechanisms of the droplet mode include: (1) direct
particle emissions, (2) growth out of the smaller mode, and (3) evaporation of larger
droplets. Since the droplet mode has been found to be generally associated with higher

relative humidities and higher sulfate/oxidant levels (Hering and Friedlander, 1982), it
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cannot be explained as arising solely from primary emissions. Also, sulfate, nitrate, and
ammonium are the major components in the droplet-mode particles, and generally they
constitute secondary material. By eliminating the possibility of direct emission as the
sole source of the droplet mode, we must examine growth out of a smaller mode or
evaporation of larger droplets as potential mechanisms of formation. We first consider

the possibility of growth from the smaller particles.

2. Growth From the Smaller Mode

Particles grow by coagulation, condensation of gaseous species, water accretion and
water accretion followed by aqueous-phase chemistry. At ambient concentration levels
formation of the droplet mode by coagulation of submicron particles can be shown to be
too slow to account for the growth to the droplet mode within normal residence times

available (Hering and Friedlander, 1982).

Water Accretion

Although water accretion alone cannot explain the appearance of the droplet mode simply
because of the different chemical compositions of the two modes, it is important to know
how large a dry particle can grow as a result solely of increasing ambient relative
humidity. The growth of a dry particle of initial diameter D, by accretion of water to a

diameter D can be expressed in terms of the volumes of its constituents as:



._D__(LJ%_ 1 VHZO % 1
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where V is the total volume, Vp,0 is the volume of water in the particle, and the subscript
“0” denotes the dry particle. Since the total volume of the dry particle, V), can consist in

general of both soluble and insoluble constituents, we write V) as

VO = Vsol + Vinsol =(1+ 8 )Vsol ()

where =1V, /V., 15 the insoluble to soluble volume ratio of the original material. So

we can rewrite Eq. (1) as

%
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where Mp,0 and M, are the total mass concentrations of water and soluble materials (ug

m3); and Pppp and Py, are the mass densities of water and the soluble component (g

cm3).

Using these relations and typical observed aerosol compositions, we will now

calculate the size change associated with water accretion. We will take the values of S
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and M;,; as observed and calculate only Mo by the thermodynamic-equilibrium code
SCAPE (Simulating Composition of Atmospheric Particles at Equilibrium), which
determines the minimum of the total Gibbs free energy for a closed multiphase system
given the total concentrations of sulfate, nitrate, ammonia, chloride, and sodium and the
ambient temperature and relative humidity (Kim et al., 1993ab). The observed
inorganic composition of condensation and droplet mode particles in the 1987 summer
SCAQS is given in Table 2.2. Throughout the calculation, we fix the temperature to be
298 K. For a given relative humidity, we vary the total ambient ammonia concentration
until we find the observed inorganic composition for Dy=0.2 pum particles as given in
Table 2.2.  We can then obtain from the equilibrium calculation the water Mpy,o

associated with the given inorganic composition for each relative humidity. We have
used P00 =1 g cm3 and Py, = 1.75 g cm3, which is between the density of ammonium

sulfate (1.78) and ammonium nitrate (1.73) (Zhang et al., 1992). B was measured to
decrease from 5 for particles of 0.04 um in diameter to 0 for particles larger than 0.6 um
in diameter and was approximately 2 for particles of about 0.2 um diameter in SCAQS
(Zhang et al., 1992). M, was calculated to be 6.22 ug m-3 for the condensation mode
from Table 2.2. Fig. 2.1 shows the calculated ratio of the wet particle diameter to the dry
particle diameter as a function of relative humidity. Also shown is a data point for the
dry 0.2 pm diameter particles in the 1987 SCAQS at Claremont, California. The datum
was obtained by a tandem differential mobility analyzer and was averaged over 12
measurements (Zhang et al., 1992). The ratio for the aerodynamic diameters will be

even smaller than the calculated values indicated by the curve in Figure 2.1 due to the
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decrease of density when the particle absorbs water. Both the observation and theoretical
calculations thus show that the condensation-mode particles observed in SCAQS can at
best grow to twice their diameter from water accretion alone for relative humidities up to

95%.

Vapor Condensation

Condensation of gaseous species onto preexisting particles is another possible growth
mechanism. First, we want to examine whether the observed amount of sulfate in the
droplet mode can be produced in the gas phase by SO, oxidation within a time scale

consistent with typical aerosol residence times.

SO, can be oxidized to sulfate in the atmosphere, and reaction with OH radicals is
the major SO, gas-phase oxidation pathway in the urban environment (Middleton et al.,
1980; Saxena and Seigneur,1987). The rate constant for this reaction at 298 K is 1.2x
10-12 molecule-lem3s-! (NASA, 1990). Using a summer daytime OH concentration of
5x10% molecules cm-3 (Lin et al., 1983; Seinfeld, 1986), we can estimate the SO,
conversion rate by OH radicals at 298 K to be about 2% hr-!. For SO, concentrations of
1 and 10 ppb, the typical observed values, for example, in SCAQS at Long Beach, we
estimate that the characteristic times required to produce the amount of sulfate in the
droplet mode from the condensation mode (see Table 2.2) are 59 and 5.9 hours,
respectively. The shorter time scale is attainable if the SO, concentration remains close

to 10 ppb.



26

Although the observed total amount of sulfate in the droplet mode may be
produced in the gas phase, the droplet-mode aerodynamic diameter of around 0.7 um
cannot be attained through the condensation process. Starting with a 0.32 um mass
median diameter aerosol with ¢,=2.16, Hering and Friedlander (1982) showed that the
mass median diameter of the final aerosol size distribution is 0.26 pum for the added
aerosol volume to be 30% of the total. They also showed that the mass median
diameters for the added aerosol volume size distributions are 0.14-0.16 um for the new
aerosol volume to be 5-60% of the total. For the data we are using, the added aerosol
volume is 83% of the total. Based on Hering and Friedlander's analysis, it is unlikely
that the droplet-mode particles (~0.2 pm in aerodynamic diameter) can grow into the

droplet mode (~0.7 pm) through the pure condensation.

Aerosol Phase Chemistry

Particles may grow as a result of aerosol-phase chemistry. The aqueous-phase oxidation
of sulfur dioxide has been frequently studied (Penkett et al., 1979; Chameides, 1984;
Jacob,1986), indicating the importance of aqueous phase conversion of SO, to SO42- in
fogs and clouds. However, investigations of the oxidation pathways of SO, in wet
acrosols have shown that aerosol phase chemistry is not as important as a sulfate
generation mechanism as the gas-phase pathway in daytime (Middleton et al., 1980;
Peterson and Seinfeld, 1980; Saxena and Seigneur, 1987). Although atmospheric sulfate

production is dominated by aqueous-phase paths at night, the overall sulfate production
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rate is predicted to be an order of magnitude smaller at night than in the daytime (Saxena
and Seigneur, 1987). Nevertheless, we will reexamine here the importance of aqueous-
phase sulfate production in submicron aerosols using the recently developed
thermodynamic computer code (SCAPE) (Kim et al.,, 1993ab). We seek to see if
sufficient sulfate can be produced to account for growth from the smaller mode to the
larger mode. We shall consider the reactions of SO, with O3, H,0,, and O, catalyzed by
Fe3* and Mn?2*, since other chemical pathways appear to be insignificant (Saxena and

Signeur, 1987). The conversion rate expressions are given in Table 2.3.

For the purpose of estimation, we choose p so, =10 ppb, p, =50 ppdb, p,, =1
ppb. The metal concentrations are [Mn2*] = 10-3 M, which is the typical concentration in
the haze aerosols (Martin, 1984b), and [Fe3*] = 0.3 uM, which is the saturation value at
pH 5.0 (Martin and Good, 1991). The water content and pH of the wet aerosols used are
those for the droplet mode in Table 2.2. The predicted conversion rates are given in
Table 2.4. Also given in Table 2.4 are the growth times required for particles starting
with the amount of sulfate observed in the condensation mode to achieve the amount of
sulfate in the droplet mode (see Table 2.2 for the compositions of the two different
modes). The metal catalyzed oxidation mechanisms are predicted to be most influential.
However, even for the transition-metal catalyzed pathway, the characteristic time for
sulfate to increase from the amount typical of the condensation mode to that of the
droplet mode is about 11 - 32 hours, which exceeds that corresponding to gas-phase

chemistry at the same ambient SO, concentration. Also, since we assumed the water
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content to be at its upper limit for the growing aerosols, the actual time needed is likely

even longer.

The calculations of Saxena and Seigneur (1987) and our predictions indicate that,
based on our current understanding of heterogeneous sulfate-forming reactions, gas-phase
oxidation of SO, tends to be the dominant daytime sulfate production mechanism for
RHs less than 100%. Uncertainties in the kinetics of SO, oxidation by O, and/or an
underestimation of the liquid water available for SO, oxidation can affect this prediction.
The latter does not seem to be a significant factor for this discrepancy since the normal
relative humidity rarely exceeds 90%. In the early morning, the relative humidities can
be close to or larger than 100%, and the larger droplets may be formed. We will treat
this case later. = Pathways of metal catalyzed SO, oxidation, indeed, are not well
understood at high ionic strengths. Martin and Hill (1987) reported an inhibition effect of
ionic strength on the rate of the manganese catalyzed oxidation of sulfur; this inhibition
effect may be important for the aerosol-phase chemistry due to its high-ionic-strength
characteristics. On the other hand, Berresheim and Jaeschke (1986) studied the removal
of SO, directly in the presence of different aerosol systems. By using a metal
concentration of 55 ng m-3 and RH=94%, they obtained an SO, removal rate of 2-5% hr-
I for Mn(NOs)s, 1.5% hr! and 0.09% hr-! for MnCl, and MnSQy, respectively, at pHs as
low as 1.5. If we use 2.5% hr! as an upper limit of the metal catalyzed liquid-phase
reaction rate, it is only comparable with that of the gas-phase chemistry as we have

shown above.
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General Considerations

Given the major compositions observed in both the condensation and droplet modes, we
can estimate the relative growth factor of the diameter D/D, between the droplet and
condensation modes regardless of the detailed mechanism. By assuming the number

concentration is conserved, from Eq. (1) we obtain

D (V)%_{(Hﬂ)Vsol*'VHzO}%

= 4)
Dy \Wy (1+ B Wsor0 (
or
1
ﬂ_{(H ,B)Msol'*'MHzOpsol/szO}é )
Dy (1+ Bo)Mgo 0

We assume the same £, p,,, and p,, as before. Since f drops to 0 for
hygroscopic aerosols with diameters larger than 0.6 pm (Zhang et al., 1992), we choose
/=0 for the droplet mode particles. M, , is calculated by SCAPE given the composition
in the droplet mode and the ambient relative humidity. In Figure 2.2, we show the
calculated diameter ratio from Eq. (5) as a function of the droplet-mode sulfate, nitrate
and chlorine concentration, respectively, while keeping concentrations of the other

components at their observed mean values (Table 2.2). The calculated diameter ratio
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between the droplet mode and the condensation mode is well below the observed mean
value 4.2 in the summer SCAQS. The mean ratio 4.2 of the physical diameters is
converted from the measured one, 3.5, of the aerodynamic diameters according to an
assumed 80% relative humidity for the droplet-mode particles. Even increasing the
sulfate or nitrate concentrations in the droplet mode well beyond those observed, the
diameter ratio is still considerably below the observed mean value. The chloride
concentration is the least reliable one among the measured species, but from Figure 2.2¢
we see that within the uncertainty in the chloride measurement the observed droplet-mode
diameter also cannot be reproduced. The actual number concentration of the droplet-
mode particles is much smaller than that of the condensation mode, implying that all of
the condensation-mode particles do not grow to become droplet-mode particles. The
above analysis suggests, in short, that the droplet-mode aerosols do not result from

growth out of the condensation mode.

3. Fog-Assisted Particle Growth

Formation of small particles can result from a two-step process, the first step of which is
the activation of the small particles to form fogs or clouds, followed by the evaporation of
the droplets to give residual aerosol. Since aqueous-phase chemistry can occur inside the
fog droplets, the residual particles resulting from evaporation can be altered in size and
composition from the original cloud condensation nuclei. As noted earlier, high sulfate
loadings in Los Angeles have been observed to be correlated with morning fogs (Cass,

1979).
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The number concentration of the droplet-mode particles can be estimated from the
measured total mass concentration M of droplet mode particles and the mean diameter of

the droplet mode as

M
N=— (6)
~ D3
6 P
where p is the density of the individual droplet-mode particles,
Mor + My,0
p= 2 ™

- Msol/psol + MHZO/,DHZO

From the data for the droplet mode in Table 2.2 at 80% relative humidity, the number
concentration of the droplet-mode aerosols is estimated to be about 390 cm-3. Number
concentrations of fog droplets above 2 pm in diameter have been observed to range from
10 to a few hundred cm3 (Garland, 1971). Waldman (1986) measured a fog number
concentration of 738 cm-3 at 04:30, 11 June 1983 at Henninger Flats, California, with
mass median diameter of 25.7 um and observed an increase of the number concentration
and decrease of the mass median diameter with increasing time. From some of the
available data, therefore, it appears that the number concentration of the droplet mode is

of the same order as that of fogs.
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Activation of CCN

At a given supersaturation (RH>100%) particles larger than the critical size will be
activated to form fog droplets. The relationship between the saturation ratios and the

particle diameter can be written as (Seinfeld, 1986)

A B
lnS:B_F (8)

where A=40V,/RT, B=6n,V,/x, c is surface tension, ¥, is the molar volume of
water, and 7, is the number of moles of solute in the particle. The values of ¢ and ¥, are
found to be 72 dynes cm! and 18 cm? mol-, respectively, from CRC Handbook of
Chemistry and Physics. n; can be calculated from the data in Table 2.2. The so-called
Kdhler curves that result from Eq. (8) are given in Figure 2.3 for particles with the
composition of the condensation-mode particles in Table 2.2. In Figure 2.4, we show the
critical diameter as a function of the supersaturation ratio. It is predicted that the
supersaturation needed to activate particles of the observed composition at 0.2 um is

0.045%, and 0.025% at 0.3 pm.

To calculate the activated fraction of the particles, we assume an initial log-

normal size distribution for the condensation-mode particles,
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N (InD, ~InD,, )?

D, )=—=————exp[- 9
n( p) \/2_7;Dpln0'exp[ o 7 ©)
M (InD, ~InD e )*

D. )= - 10
Nu(Dp) x/-Z—EDpan'exP[ I o 7 (10)

where N and M are the total number and mass concentrations, respectively, o is

geometric standard deviation, and Epg and Bpg”, are the number and mass median

diameters, respectively. Bpgm is related to Epg by D

=D, exp(3In* 0).  The

pgm

cumulative number distribution function can be expressed as

F(D,) (D, / D,y)

1 1
—+ —er
N 2 2 (o

] (1)

where erf(x) is the error function.  The error function can be approximated by

1
erf(x)~ (1- e~ )2 for x>0 (REA, 1991) . The absolute error for this approximation
is smaller than 0.008, and goes to zero when x approaches zero or infinity. Thus, for a

certain critical diameter D), the activated fraction of the total number concentration can

be approximated as
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2} (12)

Similarly, we can calculate the activated fraction for the mass concentration. The result is
shown in Figure 2.5. For a supersaturation of 0.1%, at 298 K about one-half of the total
number of condensation mode particles are predicted to be activated. When the
supersaturation reaches 0.4%, all the condensation mode particles are predicted to be

activated.

Aqueous-Phase Reaction

In order to calculate the aqueous-phase reactions, we need to know how many fog
droplets are present and therefore how many of the condensation-mode particles are
activated. Based on the observed data, only a small fraction of the condensation-mode
particles should be activated. We do not know what the supersaturation value was under
the observed conditions. Above we showed that a supersaturation of 0.1% leads to
activation of about one-half of the particles. Since fewer than one-half appears to be
activated, we need to assume a supersaturation value somewhat less than 0.1%. We will
assume a supersaturation of 0.035%, which leads to about 4% of the condensation-mode
particles being activated (see Fig. 2.5). The initial log-normal size distribution of the
condensation-mode nuclei around 0.2 pm mass median diameter is used. We also

assume that the final fog size is monodisperse, and that activation is essentially
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instantaneous. The assumption of a single final fog droplet size leads to a simplification
in the calculation. Although the actual fog droplets should be distributed in size, the
difference among different droplet sizes should be small for the case considered here. For
a supersaturation of 0.035%, the critical particle diameter is 0.24 um (see Fig. 2.4). For
the initial nuclei size distribution used here, all particles above 0.24 pm are activated.
These particles constitute about 4% of the total number of particles. Only about 0.4% of
the particles exceed 0.34 pm diameter. If we consider that the fog droplets form
primarily from particles between 0.24 pum and 0.34 pm, the final fog droplet sizes
resulting from particles in this range should be very similar. In a detailed fog formation
study by Pandis et al. (1990), such a size range was put into one computational section

and the final droplets were represented by one size within one section.

The pH of the fog droplets is used as 5.0 (Waldman, 1986) and the fog is assumed
to exist for one hour. Aqueous-phase oxidation of SO2 to sulfate inside fog droplets is
treated similarly to that inside submicron particles except that we now use the aqueous-
phase concentration of Fe3* and Mn2+ in the fogs as 225 and 33 pg/L (Waldman, 1986)
and neglect the oxidation by dissolved ozone (Pandis and Seinfeld, 1989). After fog
evaporation, the diameter of the residual particles is calculated according to
D,= (6m/7rp)% , where m is the mass of the remaining material, which includes the
original CCN mass, the added mass from aqueous-phase chemistry, and the associated

water at equilibrium at the relative humidity prevailing after the fog. We present the

diameter of the residual particles after evaporation as a function of the fog droplet
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diameter in Figure 2.6. We have calculated only sulfate production; nitrate is assumed to
be uniformly mixed with sulfate in the particles at an observed mean molar ratio 3.37 for
the droplet mode. Ammonium is calculated based on thermodynamic equilibrium by
assuming that there exists sufficient NH3 present in the atmosphere to neutralize the
sulfuric and nitric acids in the particles. This assumption seems justified since sulfuric
and nitric acids were observed to be neutralized by ammonium in the droplet mode (the
overall average ratio of the equivalent ammonium concentration to the sum of nitrate and
sulfate measured in the three summer sites is 1.01 without taking into account sodium and
chlorine ions). After the fog evaporates, the ambient relative humidity is assumed as
80%. For a given fog diameter at 5 um, we obtain droplet modes at 0.6 and 0.8 pum
diameter for SO concentrations of 1 and 10 ppb, respectively. When the fog diameter is
10 pm, the corresponding droplet modes after evaporation can be as large as 0.9 and 1.5

pum in diameter, for the two SO, levels, respectively.

Figure 2.7 shows the total mass concentration of the droplet-mode particles
predicted to result from fog evaporation as a function of the initial supersaturation. The
assumptions made are the same as those for Figure 2.6. In the South Coast Air Basin of
California, fog usually occurs at night or early morning, during which time the SO,
concentration is around 1 ppb. The curve for 1 ppb SO, concentration and 5 um fog
diameter gives a droplet-mode aerosol mass concentration comparable to those measured.
In Figure 2.7 we see that the mass concentration saturates when the supersaturation ratio

is sufficiently large. This occurs because beyond a certain value of the supersaturation
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ratio, all the available CCN are activated. Since the fog diameter is assumed to be fixed,

further increase of the supersaturation does not alter the conversion rate of SO? to sulfate.

Under ambient conditions, the increase of supersaturation will also increase the rate of

particle growth, so the fog diameter will itself increase.

4. Conclusions

The important mechanisms that may contribute to particle growth from the atmospheric
aerosol condensation mode (about 0.2 pm aerodynamic diameter) to the droplet mode
(about 0.7 um aerodynamic diameter) have been studied. Water accretion alone cannot
account for the growth of droplet-mode particles from the condensation mode. Aerosol-
phase chemistry as currently understood and gas-phase sulfate formation do not appear to
be capable of explaining the existence of the droplet mode as resulting from growth of the
condensation mode. The number concentration of droplet mode particles is generally
less than that of the condensation mode, also suggestive of mechanisms other than direct

growth of the condensation mode.

Activation of condensation mode particles to form fogs or clouds followed by
aqueous-phase sulfate formation and fog evaporation is shown to be a plausible

mechanism for formation of the urban and regional aerosol droplet mode.
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Table 2.1. Observation of fogs and low clouds over the coastal areas and the droplet-
mode aerosols in the 1987 summer SCAQST

Summer SCAQS Fogs Low Clouds Droplet Mode
Days (lower than 500 m) Aerosol
6/19 No Yes Yes
6/20 No - Yes
6/24 No Yes Yes
6/25 No Yes Yes
7/13 Yes Yes Yes
7/14 No Yes Yes
7/15 No Yes Yes
827 No No Yes
8/28 No Yes Yes
8/29 No Yes Yes
8/30 Yes - Yes

9/2 No No Yes
9/3 No Yes Yes

TThe measurements of fogs and clouds shown here are only for the coastal areas. Two fog events reported
here are inferred from the relative humidity data measured at Long Beach City College (Appel et al.,
1987).  Cloud measurements are obtained from the Weather Satellite Photos (InstaWeather, 1989) and
SCAQS Modeling Data Archive of California Air Resources Board (CARB) (King et al., 1990). Droplet-
mode aerosols were measured in all three sampling sites, Long Beach near the Pacific Coast, Claremont
inland, and Rubidoux near the eastern end of the South Coast Air Basin, by John et al. (1990).
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Table 2.2. Observed composition of condensation and droplet mode particles in the
Southern California Air Quality Study (SCAQS) (John et al., 1990) and calculated water
content and pH at thermodynamic equilibrium at different relative humidities

Composition (neq/m3)? Calculated properties®
Water content (ug/m?) pH
Mode NHy NO; SO, Na Cl RH=08 RH=09 RH=08RH=09
Condensation 75 50 24 10 10 8.8 19 4.75 4.84
(0.2 pm) +84 +90 +18 0 14
Droplet 352 219 129 - 21 36 81 443 4.55
(0.7 um) +283 +£238 +66 +12

“ Data are from the 1987 summer SCAQS-Long Beach, Claremont and Rubidox, and the sizes given for
the mode are the measured mean aerodynamic diameters (John et al., 1990).
b Data are calculated with the gas-aerosol equilibrium code SCAPE (Kim et al., 1993ab).
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Table 2.3. SO, oxidation rate expressions?

05 o, = 1fals0aa] + 5[1503 ]+ 6[505 [0 0] [502(e]
ko=24x10*M7 15! at 298K
ky=3.7x10°M 57!
by =1.5x10°Mls71 Hoffmann and Calvert (1985)

k[H+][HSO§][H202(aQ)] 1

H20 N RH o, = L
? 202 1+ K[H*] (80, (gas)]
k=745x10"M%s7! at298 K
K=13M"1 Hoffmann and Calvert (1985)

Fe’* & Mn2+:
Ryposal = L{4.7[H+]—1[Mn2+]2 4 0.82[H+]—1[Fe3+][S(IV)]o-} /[SOz(gas)]

1.70 x 103[1vmz+]1‘5
631107 + [Fe**]’

o=1+ for [SAV)]>107*M, pH0-4 and

Roporal = L{4.7[H+]_I[Mn2+]2 +1x107[Fe* [[sav)]? } /[802(gas)]

for [S(IV)]> 107*M, pH 47 Martin (1984a)

2 L is water content expressed in pg m-3, [SO,(gas)] is in units of nmol m-3 and the
conversion rates are in units of s-1.
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Table 2.4. Aerosol-phase sulfate conversion rates and estimated times for particles with
the composition of the condensation mode to grow to the composition of the droplet
mode at 80% and 90% relative humidities

Mode O3 H,0, Metal Oj H,0, Metal
RH=80% RH=90%
Conversion rates  0.0002 0.027 0.40 0.0007 0.06 1.19
(%/hr)
Growthtime  6.6x10* 468 32 1.7x10* 208 10.8

(hr)
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Fig. 2.1 The diameter growth factor as a function of the relative humidity for accretion
of water by particles. The curve is calculated by the gas-aerosol equilibrium code
SCAPE by assuming the mean condensation-mode composition of Table 2.2. The data
point is the observed value at RH=80% in SCAQS at Claremont, CA.
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Fig. 2.2 Calculated diameter ratio of the droplet mode to the condensation mode as a
function of (a) sulfate, (b) nitrate, and (c) chloride in droplet-mode particles at 80%
relative humidity, with the concentrations of other components as observed. The data
points are observed mean values in summer SCAQS.
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Fig. 2.3 Kohler curves for dry particles with the same composition as observed in the
condensation mode.
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Chapter 3

Contribution of Water to Particulate

Mass in the South Coast Air Basin

[The text of this chapter appears in: Meng Z., Seinfeld J. H., Saxena P., and Kim Y. P.

(1995) Aerosol Science and Technology 22, 111-123.]
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ABSTRACT

Water content associated with the inorganic fraction of PM,; and PM,, mass at San
Nicolas Island, Long Beach, Burbank, and Riverside, California, has been estimated by
using a thermodynamic gas/aerosol equilibrium model (SCAPE) and the measured
aerosol composition data from the 1987 Southern California Air Quality Study (SCAQS).
From midnight to the early morning, when the temperature is low and relative humidity is
high, water is usually the predominant aerosol substance. Particulate water in the winter
is estimated to be considerably larger than in the summer at each of the four sites. The
estimated mass of aerosol water at high relative humidities is generally larger than that
required to account for the total measured gravimetric aerosol mass, suggesting a loss of
water in the measurement of total PM,, and PM,, mass. Aerosol acidity was also
estimated on the basis of the SCAQS data. Generally pH is estimated to be low for all
the sampling sites, with the highest pH values at Riverside (2-4.5) and lowest at Long
Beach and San Nicolas Island (-0.8-3.3) in the summer.  Wintertime particles are

estimated to be less acidic than those in the summer.
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1. Introduction

Atmospheric aerosol frequently consists of an external mixture of non-hygroscopic and
hygroscopic particles (Covert and Heintzenberg, 1984; Zhang et al., 1993). Hygroscopic
particles are generally more abundant than the nonhygroscopic particles; nonhygroscopic
particles in the size range between 0.05 pm and 0.4 pm observed at Claremont,
California, and Grand Canyon, Arizona, generally consist of less than 30% of the total by
number (Zhang et al., 1993).  Aerosol samples collected in the summertime urban
atmosphere of Nagoya, Japan, showed that hygroscopic particles comprised 70 to 80% of
the total in the 0.1-0.7 um diameter size range (Okada, 1985). The hygroscopicity of
atmospheric particles is primarily determined by the presence of soluble substances; for
Instance, the water absorption properties of sulfate, nitrate, ammonium, sodium, and
chloride are well known (Tang, 1976). The hygroscopicity of organics, on the other

hand, is just beginning to receive attention (Rogers et al., 1991).

The hygroscopic properties of atmospheric particles are important in determining
the ambient behavior of urban and regional aerosols. Atmospheric haze is most intense at
high relative humidity (Ho et al., 1974; Covert et al., 1979; Sloane and Wolff, 1985;
Takeda et al., 1986). A linear relationship between light scattering coefficient and liquid
water content has been suggested (Ho et al., 1974) and a strong correlation between light

scattering coefficient and relative humidity (RH) at high RH has been reported (Covert et
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al., 1979; Rood et al., 1987).  Strong particle acidity is controlled by the inorganic

substances as well as by the water content of the particles (Saxena et al., 1993).

Direct measurement of aerosol water content has proven to be difficult because
sampling and analytical techniques used for other aerosol species are inappropriate for
measurement of water (McMurry and Stolzenburg, 1989). Water content can also include
metastable water, which is that corresponding to a supersaturated solute concentration.
In a study in 1983 of the hygroscopic properties of atmospheric particles in Riverside,
California, Rood et al. (1987) found that metastable water contributed 5 to 20% of the
total particle light scattering coefficient. Recently, the TDMA (Tandem Differential
Mobility Analyzer) technique has been used to measure the sensitivity of particle size to

RH (McMurry and Stolzenburg, 1989; Covert et al., 1991; Zhang et al., 1993).

Aerosol water content can be estimated on theoretical grounds by assuming that an
equilibrium state holds between the gas and aerosol phases (Pilinis and Seinfeld, 1987).
Once the particle chemical composition has been determined, the water content can be
calculated from thermodynamic equilibrium. In this work, we employ the state-of-the-art
gas/aerosol equilibrium model SCAPE (Kim et al., 1993ab) to estimate the liquid water
content associated with PM,; and PM,, aerosol particles during the 1987 Southern
California Air Quality Study (SCAQS). We also present theoretical calculations of the
daily as well as seasonal change of the aerosol acidity during the SCAQS at four sites,

Burbank, Long Beach, Riverside, and San Nicolas Island.
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2. Evaluation of Equilibrium Calculation

The 1987 Southern California Air Quality Study provides a data base of unprecedented
quality for study of aerosol properties (Hering and Blumenthal, 1989). The SCAQS
sampling systems for PM, ; and PM,, particles are described by Fitz and Zwicker (1989).
Basically, PM, ; and PM,, samples were collected on Teflon and prefired quartz fiber
filters that were then analyzed to determine aerosol mass, trace element, ionic species,
and organic and elemental carbon. Aerosol total mass concentrations were determined
by gravimetric techniques. The summer period included eleven sampling days: 19 June,
24 and 25 June, 13 to 15 July, 27 to 29 August, and 2 and 3 September. The fall and
winter period included 11 to 13 November, 3 December, and 10 to 11 December. The
particulate samples were taken five times per day at 0000, 0500, 0900, 1300, 1700 PST in
the summer and 0000, 0600, 1000, 1400, 1800 PST in the winter, with sampling periods

of four hours (daytime) and five to seven hours (nighttime) duration.

The input data of the SCAPE equilibrium calculation consist of total (gas and
aerosol phase) concentrations of sulfate, nitrate, ammonium, sodium, and chloride,
relative humidity, and temperature. All of the required data are available from the
California Air Resources Board (Watson et al., 1993) except the gas phase hydrogen
chloride concentrations. Because measurements of gas-phase HCI concentrations were

unavailable, we did not compute gas-particle equilibrium for chloride. Instead, we
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determined the total chloride concentration through iteration of the equilibrium
calculation until the calculated particulate chloride concentration was within 10% of that
measured. The calculated HCI concentrations in the gas phase then are generally within
the annual average range (0.5-1.8 pg m'3) reported by Eldering et al. (1991) in the same
region in 1986. In a few cases, especially at low RH, the chloride calculation did not

converge; consequently no results for these cases are presented.

The SCAPE calculations are based on the thermodynamic equilibrium between the
gas and particle phases at the ambient temperature and RH. The calculated particulate
concentrations based on equilibrium can be compared with those actually measured as a

means of evaluating the validity of the equilibrium assumption.

The calculated concentrations of volatile substances (nitrate and ammonium) in the
aerosol phase have been compared with those measured for the sites considered.
Observed and estimated PM, ; and PM,, concentrations for nitrate and ammonium are
shown in Figures 3.1 and 3.2 for the four sites considered and for both the summer and
winter study periods in the 1987 SCAQS. Strong correlations between the calculated and
measured nitrate and ammonium concentrations are displayed, implying a tendency to the
equilibrium state of nitrate and ammonium in the PM, ; and PM,, particles in the South
Coast Air Basin. The correlation coefficients between the calculated and the measured
values are given in Table 3.1. The calculated PM,, nitrate and ammonium concentrations

are more scattered around the measured values than those of the PM, ., and we can see
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from Table 3.1 that the correlation coefficients for the PM,, particles (with all sites and
both sampling periods considered) are smaller than those for the PM, s particles. This
behavior may be a consequence of the observation of Wexler and Seinfeld (1990) that the
equilibration time is longer for larger particles. In some cases, which generally
correspond to high temperatures and low humidities, little or no nitrate was estimated by
SCAPE, but a considerable amount of nitrate was measured. Note that the measured
filter concentrations were averaged for four to seven hours whereas the calculated
concentrations are based on the temperature and RH at the inception of sampling. This
may lead to an underestimate of the particulate nitrate if RH was low at the start of
sampling and increased subsequently and/or the temperature was high at the start of
sampling and decreased subsequently. We have examined these low estimated-nitrate
cases and found that in many cases the RH and/or temperature changed over the sampling
period. Another reason that may explain the measured nitrate concentrations exceeding
those calculated is that the ambient aerosol particles contained supersaturated water. The
presence of supersaturated water may result in more nitrate in the aerosol phase than the
equilibrium model predicts. In Table 3.1 San Nicolas Island showed the least correlation
between the measured and the calculated aerosol nitrate and ammonium concentrations.
Wexler and Seinfeld (1990) argued that ammonium nitrate in the gas and aerosol phases
is more likely to be in equilibrium under high concentration and warmer conditions. This
may explain the deviation of the San Nicolas Island aerosols from the equilibrium state,
because San Nicolas Island generally has lower pollutant concentrations and cooler

temperatures.
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Table 3.1 also shows that the winter aerosols were generally closer to equilibrium
than those in the summer, although the temperatures in the winter were much lower than
those in the summer. This is likely a consequence of the fact that the winter aerosols
were generally more concentrated than those in the summer, and the temperatures in the
winter were not low enough to reverse the equilibrium trend. The above analysis
indicates that the equilibrium assumption for the SCAQS aerosol data is generally a good
approximation in most of the cases, although in some cases (e.g., San Nicolas Island) the

error incurred from the equilibrium assumption can be large.

3. Liquid Water Content in the South Coast Air Basin Aerosol

In SCAPE as well as in previous gas/aerosol equilibrium models, the ZSR method
(Robinson and Stokes, 1965) is employed to calculate acrosol water content based on the
soluble species concentrations in the aqueous phase that is determined by the equilibrium
state for the gas/liquid (aerosol)/solid (aerosol) system. The ZSR method is
computationally efficient and its performance is similar to other estimation methods (Kim
et al., 1993a). In order to calculate aerosol water content, the ZSR method requires the
saturation molalities of all the possible single salts that are present in the solution as ions
at the ambient RH. Note that the aerosol particles frequently become concentrated
solutions, and the necessary binary solution data are generally lacking at such high ionic

strengths; this affects the accuracy of this method. SCAPE has used the up-to-date water
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activity data, some of which are available up to very high ionic strengths. In our

calculations, we used the convergence constraint of 1% for water content.

The gravimetric mass determinations from filters were generally made at 45%
relative humidity (Countess, 1989), but the particulate mass concentration at ambient RH
can be significantly larger than that measured gravimetrically at 45% RH. This is
because (1) water makes a significant contribution to the total particulate mass at high
RHs; and (2) volatile inorganic substances generally favor the particulate phase at high

RHs.

Tables 3.2 and 3.3 show the 10th, 50th, and 90th percentile values of the calculated
water content for PM, ; particles at Burbank, Long Beach, Riverside, and San Nicolas
Island in the summer and winter periods of 1987 SCAQS. Also shown in the tables are
the concentrations of each measured chemical species on which the percentiles of
calculated water content are based. Tables 3.4 and 3.5 show similar results but for PM,,
particles. The procedure of calculating the percentile values listed in Tables 3.2-3.5 is as
follows. We first construct the cumulative frequency distribution of the calculated water
content, as shown in Figure 3.3 for the PM, ; aerosols in the summer. From this plot we
can identify the 10th, 50th, and 90th percentile values of the calculated water content at
different sites; for instance the 50th percentile of PM, ; water content at Long Beach in
the summer is 10.2 pg m3. The actual sample that corresponds to this amount of water

content is then found; for this example, it was taken at 17:00 PST on 28 August 1987.
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The measured concentrations of the other chemical species for this sample are then
recorded in the 50th percentile column for Long Beach in Table 3.2. Note that since we
only calculate the percentiles of water content and associate all the other measured
chemical species to it, the measured species concentrations corresponding to the different
percentiles of water do not correspond to the percentile values for these species. For
instance, the measured sodium concentration corresponding to the 10th percentile of
water content at Long Beach in Table 3.2 is even larger than that corresponding to the
50th percentile of water content. Note that all the species concentrations were actually
measured except that the aerosol water content was calculated by SCAPE. The mass
represented by "other" is the difference between the gravimetrically measured total mass

at 45+£5% RH and the summation of all the measured species excluding water.

A notable feature of the results shown in Tables 3.2-3.5 is that at all sites the 90th
percentiles of the calculated mass of particulate water, which generally corresponds to
high relative humidities, exceed the unidentified portion of the measured total mass
concentration, suggesting a loss of water in measuring the gravimetric mass in these
cases. On the other hand, the 10th percentiles of the particulate water at inland sites,
which corresponds to very low relative humidities, are generally less than "other"
concentrations, suggesting an overmeasurement of the total mass due to additional water
condensation onto particles during the gravimetric measurements. At the coastal sites
(i.e., Long Beach and San Nicolas Island) the 50th percentiles of water are generally

larger than the 50th percentiles of the unidentified portion, whereas at the inland sites the
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50th percentiles of water are less or comparable. In summary, measuring total
gravimetric mass at a fixed RH of 45% leads to either loss or gain of liquid water
compared to that under ambient conditions; furthermore, observations so derived can be

corrected to the ambient RH by using SCAPE.

The gravimetrically measured total mass and the calculated average water content
associated with PM, ; particles over the summer and winter intensive SCAQS sampling
days are shown in Figure 3.4. Daytime averages (0900, 1300 and 1700) and nighttime
averages (0000 and 0005 PST) are carried out separately. Water content for RH larger
than 95% is not included in the averages because of the possibility of fog formation.
Water is estimated to be the dominant particulate substance during most of the nighttime
and early mornings. Aerosol mass concentrations during the summer SCAQS periods
were largest at Riverside and smallest at San Nicolas Island. During the nighttime and
early morning, excluding fog events, the aerosol at Riverside has the largest water
content; Burbank and Long Beach particles are estimated to have similar amounts of
water. During the daytime Riverside aerosol has the smallest water content due to low
RHs, and Long Beach aerosol has the largest liquid water content. The aerosol liquid
water content during daytime is smaller than that during nighttime and early morning at
all locations. It is evident that water content in the winter is much larger than that in the
summer, favored by the larger pollutant concentrations (mainly nitrate), the low
temperature and higher average RH in the winter. Long Beach aerosol has the largest

water content of the sites considered in the winter.
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The daytime average water content in the summer was calculated to be 23% and
33% of the total gravimetric mass at 45% RH at the coastal sites of Long Beach and San
Nicolas Island, and 6% and 3% at Burbank and Riverside, respectively. The nighttime
water content in the summer was calculated to be from 30% to 40% for inland sampling
sites and slightly larger for the near-coast sites. In the winter, for both daytime and
nighttime, liquid water content relative to the total gravimetric mass at all sites was
predicted to be slightly larger than that in the summer. In summary, for both seasons,
daytime aerosol liquid water content constituted about 3% to 10% of the total gravimetric
mass at inland sites and about one third of the total aerosol mass in the coastal areas on
average while nighttime aerosol liquid water content ranged from 20% to 55% for

sampling sites from at inland to at coastal areas.

Aerosol water content associated with PM,, particles generally exhibits similar
features to that associated with PM, ; particles, but the PM,, water content is larger than
the PM,; water. We have observed that in most of the cases when ammonium is
dominant in both PM, ; and PM,, particles, the water content of PM,, rarely exceeds 1.5
times that of PM, particles. = However, in some cases where sodium is of equal
importance with ammonium in the PM,, particles, for instance at 05:00 on June 19, at
Burbank, the PM,, water is estimated to be more than twice the PM, water. This is
because most of the ammonium in PM,, particles is actually distributed in PM, 5 particles

whereas most of the sodium is associated with PM,, particles.
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4. Aerosol Acidity

The acidity (pH) associated with the PM, and PM,, aerosol particles has also been
calculated by using SCAPE. We show the results for PM, ; and PM,, particles in Figures
3.5 and 3.6, respectively. pH here is defined according to the molality of H*. Generally,
the summer PM, ; particles are estimated to be quite acidic, with daytime particles being
more acidic than the nighttime particles. The estimated summer aerosol pH ranged from
0.7 to 3.5 at Burbank, -0.7 to 2.5 at Long Beach, 2.0 to 4.5 at Riverside and -0.8 to 3.3 at
San Nicolas Island (not shown). The median pH was around 1.5 at Burbank, 1.0 at Long
Beach, 3.5 at Riverside and 0.6 at San Nicolas Island. The difference of chemical
composition is primarily responsible for the pH difference at different locations. For
comparison, for northeastern U.S., Ferek et al. (1983) estimated the particulate pH to
range between -0.8 and 2.0 over 24 samples (April 1979-August 1980). The estimated
low pH at San Nicolas Island (not shown) was due to the absence of basic compounds
such as ammonium. Riverside particles have an estimated pH higher than that of other
sites because of the prevalence of ammonium in that area. Aerosol acidity in the winter
was less than that in the summer; this tendency is consistent with observations of aerosol
acidity in St. Louis, Montana, and Kingston, Tennessee (Koutrakis et al., 1988). This is
primarily a result of the low sulfate and relatively high ammonium concentrations in the
winter. Another reason for this is that RH is generally higher in the winter than in the

summer. At higher RHs water dilutes the concentrations of acidic compounds, such as



66
(NHy),SO,4, NH,HSO, and NH,NO;. The median estimated pH of the winter PM,;
aerosol particles was around 2.5 at Burbank and Long Beach, and 4.0 at Riverside. Note
that the typical pH of fog droplets in this area is about 5.0 (Waldman, 1986); therefore,

the particles are predicted to be considerably more acidic.

The pH of PM,, aerosol particles is expected generally to be larger than that of the
corresponding PM, ; aerosol due to the presence of crustal basic species such as Na*,
Ca?*, K+, and Mg2* (only Na* is considered in the current version of SCAPE) in the
larger particles. Our results basically reflect this tendency, although sometimes the

difference is small.

The aerosol acidities predicted by SCAPE are affected by accuracy of SCAPE's
estimation of aerosol water content. The predictions are less accurate at low RHs when
only a small amount of water is present in the particles. Since SCAPE is not a size
segregated model, the calculated aerosol acidity is only a bulk property. Note that
different sized particles generally have different chemical compositions; for example,
most of sulfate is generally present in small particles and sodium generally exists in the
coarse particles. Thus, in reality, sodium in the coarse particles cannot neutralize the
sulfate in the fine particles, but unless we carry out a size-resolved equilibrium
calculation, this size-distribution effect cannot be resolved. The acidities predicted by

SCAPE should be viewed only as the average over all the applicable particles.
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Saxena et al. (1993) pointed out that the acidity measured in an aqueous extract of
collected particles does not necessarily correspond to the actual aerosol acidity; the
suspended particle acidity is generally smaller than that implied by the total extract
method. A rough estimate of the average hydrogen ion concentration in the summer at
Burbank based on the median pH of 1.5 and water content of 7 pg m-3 is 0.22 nmoles
m-3, which is considerably smaller than the mean hydrogen ion concentrations measured
in Kingston, TN (36.1 nmoles m-3), and St. Louis, MO (10.3 nmoles m-3) (Koutrakis et
al., 1988). To make a valid comparison, we estimate the total extractable aerosol acidity

in SCAQS according to

[H*]|=2[s07"|+[NO5 |+ [C1 |- [NHG |- [Na*]

where all the ion concentrations are in units of nmol m>. We show the results in Table
3.6. The total estimated extractable aerosol acidity in the South Coast Air Basin is

generally comparable with that measured in other locations.

S. Summary

The water content of atmospheric aerosols is important in determining aerosol properties
such as light extinction and acidity.  Aerosol water content is difficult to measure.
Because of its volatility and high concentration in the atmosphere, water can generally be

assumed to be in local equilibrium between the gas and particulate phases. Development
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of the ability to predict aerosol water content given other atmospheric and aerosol
parameters is important to predicting changes in PM, ; and PM,, mass and visibility that
are likely to result from changes in emissions. In this work we have used a state-of-the-
art gas/aerosol equilibrium model to estimate the water associated with the PM, s and
PM,, aerosol measured during the 1987 Southern California Air Quality Study (SCAQS)
at San Nicolas Island, Long Beach, Burbank, and Riverside, California, for both the
summer and winter phases of SCAQS. By comparing observed and estimated total
aerosol mass, it is seen that most of the aerosol water was generally lost in measuring the
total gravimetric mass at 45% relative humidity when the ambient RH was high. Acidity
was estimated for the SCAQS aerosol. Generally, pH is estimated to be low for all the
sampling sites, with the highest pH values at Riverside (2-4.5) and lowest at Long Beach
and San Nicolas Island (-0.8-3.3) in the summer. Winter particles are less acidic than
summer particles because of the smaller sulfate concentrations and larger water content.
Detailed comparisons of estimated and observed aerosol compositions at the SCAQS
sites generally validates the assumption of equilibrium between the gas and particulate

phases for the volatile inorganic species.
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Table 3.6. Average total extractable PM, ; aerosol acidity (units of nmol m'3)

Burbank Long Beach Riverside San Nicolas Isl.

Summer 18.2 0.52 13.4 25.6
Winter 80.3 26.1 134.1
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Fig.3.1 Estimated and measured PM,; and PM,, nitrate at Burbank, Long Beach,
Riverside, and San Nicolas Island during the 1987 SCAQS. The straight line indicates
where the estimated concentrations are equal to those of the measured.
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where the estimated concentrations are equal to those of the measured.
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Fig. 3.3 Cumulative frequency distribution for the calculated water content for the
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during the 1987 SCAQS.
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Chapter 4

Atmospheric Gas-Aerosol Equilibrium:
IV.

Thermodynamics of Carbonates

[The text of this chapter appears in: Meng Z., Seinfeld J. H., Saxena P., and Kim Y. P.

(1995) Aerosol Science and Technology 23, 131-154.]
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ABSTRACT

Data and correlations for incorporating carbonate and bicarbonate salts into a gas/aerosol

equilibrium model are developed. The species considered include CO,(g), CO,(aq),

HCOj3, CO3%Z, NH,CO3, Na,CO;(s), NaHCO;(s), K,CO5(s), KHCO;(s), CaCO;4(s),
MgCO;(s), NH4HCO;(s), and NH,COONH,(s). Three activity coefficient estimation
methods (Bromley, K-M, and Pitzer ) are examined. Necessary parameters for these
three methods are obtained. It is found that, in general, the Pitzer method performs better
than the other two, and is selected as the multicomponent activity coefficient estimation
method of choice. Water activity correlations for binary carbonate solutions are obtained
by polynomial fitting of available data. Deliquescence points for the important

atmospheric carbonate salts and their temperature dependence are given.
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1. Introduction

An atmospheric gas/aerosol equilibrium model (SCAPE) has been recently developed
(Kim et al., 1993a, 1993b; Kim and Seinfeld, 1994). This newest equilibrium model
differs from previous ones (i.e., EQUIL(Bassett and Seinfeld, 1983), KEQUIL (Bassett
and Seinfeld, 1984), MARS (Saxena et al., 1986; Binkowski, 1991), SEQUILIB (Pilinis
and Seinfeld, 1987), and AIM (Wexler and Seinfeld, 1991)) in both computational and
thermodynamic approaches. SCAPE has been applied to investigations of aerosol water
content and particle acidity (Saxena et al., 1993a, 1993b; Meng et al., 1994). The original
SCAPE accounted only for substances such as sodium, ammonium and ammonia, sulfate,
nitrate, and chloride. In subsequent work Kim and Seinfeld (1994) expanded the

thermodynamic data base to include the crustal species, K, Ca2*, and Mg?2+.

Dust from arid and semi-arid regions of continents can be a significant source of
tropospheric aerosol particles (Junge, 1979; Schiitz, 1980; Pye, 1987; Andronova et al.,
1993; Gomes and Gillette, 1993). The Asian deserts (Chinese, Arabian, Persian), the
North American arid and semi-arid areas at about 40°:10°N, and the Sahara Desert
constitute large sources for mineral dust in the Northern Hemisphere (Gomes and
Gillette, 1993). In the deserts of southwestern United States, dust accounts for about 20
to 30% of the total fine mass and contributes about one-third to one-half of the total light
scattering by particles (Vasconcelos et al., 1994; White et al., 1994). Generally, the soil

or mineral dust is rich in alkaline elements such as Ca, K, and Mg. The northern part of
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the Sahara Desert is known to be a region enriched in carbonates (Gomes and Gillette,
1993). Gillette et al. (1992) reported emissions of alkaline elements (Ca, Mg, K, and Na)
from soils in the southwestern United States, primarily in the form of carbonates. In the
U.S.S.R.-U.S. dust experiment conducted during dust storms in Tadzhikistan (Soviet
Central Asia) during September 1989, samples of soil-derived aerosol exhibited alkaline
elements such as Ca and K (Andronova et al., 1993). Ca was found mainly as CaCO,

(calcite).

In urban areas dust containing alkaline carbonates can also originate from local
sources, such as construction materials, road salt, and etc. Sturges et al. (1989) collected
aerosol samples in suburban Toronto, Canada, between January and July 1986, and
observed carbonate concentrations to be 1-2 pg/m3 (about 6% of the total mass), with
summer concentrations slightly higher due to the greater degree of construction activity.
Clarke and Karani (1992) found that in the atmosphere of the city of Leeds, UK.,
carbonate comprised 2-3% of the coarse particulate mass. They also found that more
carbonate was measured than could be attributed to calcite and inferred that the fine
particles contained apparently volatile carbonate for which the most likely source is the

surface of soot particles.

Since a considerable fraction of the crustal species (i.e., Ca, K, and Mg) is in the
form of carbonate, inclusion of these species in an equilibrium aerosol model is desirable.

Such inclusion will enable estimation of pH, water content and CCN potential of dust
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particles by themselves or in mixtures with other inorganic compounds. In this work we
evaluate the currently available thermodynamic data related to the carbonate salts and
develop that data into a form for inclusion in a gas/aerosol equilibrium model such as
SCAPE. In some cases necessary data are not available in the literature and we acquire

them from the related experimental data, such as solubility.

2. Chemical Reactions Involving Carbonate Salts

The chemical reactions of carbonates considered in this work are given in Table 4.1.
There are 12 chemical reactions, of which 8 involve solids. The equilibrium constant is

expressed as by Kim et al. (1993a),

0 CO
kD= K(To)“p{‘ fITS (Z})“l)‘%ﬂ(l““(‘?)”%} (1)

where K(T) and K(T}) are the equilibrium constants at temperature 7" and 7}, (298.15 K),
respectively. AGJQ, AH?, and AC;) are change of the standard molar Gibbs free energy
of formation, molar enthalpy of formation, and molar heat capacity at constant pressure,
respectively. AH}, and ACI(: are assumed to be constant over the temperature range 7 to

Tj. These thermodynamic data are listed in Table 4.2. Most of the values cited are from

the NBS Thermodynamic Tables (Wagman et al., 1982) so as to maintain internal
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consistency. The heat capacity data of aqueous carbon dioxide, bicarbonate ion, and
carbonate ion are not available in the NBS Thermodynamic Tables, and we obtained
these values by the best fit of Maurer's (1980) equilibrium constants as a function of
temperature for the related equilibria over the temperature range 0-50 °C. The overall

average relative deviations of the equilibrium constants in these fits from those of Maurer

are smaller than 3%. Data for carbamate ion (NH,CO5) are also deduced from the
equilibrium constant relation of reaction between aqueous ammonia and bicarbonate ion

in Maurer's work.

Values of the equilibrium constants at 298.15 K and their dependence on
temperature are also given in Table 4.1. Equilibria involving Ca2* and Mg2* ions are
assumed to be temperature independent due to absence of heat capacity data. The
temperature dependence of the last two reactions in Table 4.1, which involve solid
ammonium bicarbonate and ammonium carbamate, is also not available and is not

included.

3. Estimation of Activity Coefficients

The equilibrium constant can be expressed as (Denbigh, 1981; Kim et al., 1993a),

K, =TTa" @)
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where vj; is the stoichiometric coefficient of the ith species in the jth reaction, and the

activity of aqueous-phase species i is defined as
a; =yim; ©)

where m; is the species concentration in molality (mol kg-!) and y; is its activity

coefficient. Combining Egs. (2) and (3) gives
K;= H(?’imz’) g 4)

Eq. (4) is the basis of the equilibrium constant expressions given in Table 4.1. The
accuracy of the calculated equilibrium species concentrations depends critically on
estimation of the activity coefficients. In SCAPE (Kim et al., 1993a, 1993b; Kim and
Seinfeld, 1994) the three widely used multicomponent activity coefficient estimation
methods, namely Bromley (1973), Kusik and Meissner (K-M, 1978), and Pitzer (Pitzer
and Kim, 1974; Pitzer, 1991), have all been evaluated in detail for the species considered
in those works: H*, NH,*, Na*, NOj5-, Cl,, HSO,~, SO4%, CaZ*, K¥, and Mg2*. The first
two methods are actually based on individual binary activity coefficients, while the Pitzer
method is based on estimation of the individual ion (or neutral molecular) activity

coefficients, though, in reality, only ion-pair activity coefficients can be measured. In
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this work we do not consider the temperature dependence of the activity coefficients but
use the values at 25°C, at which most of the experimental results have been obtained.
Including the temperature effect on the activity coefficient is desirable. When the results
given here are used at temperatures much different from 25°C, special caution should be
taken. Formulation of the temperature dependency of the activity coefficient can be

found in the paper of Bassett and Seinfeld (1983).

Binary Activity Coefficients

The formulae and parameter values for the Bromley, Kusik and Meissner, and Pitzer
methods for estimation of the binary activity coefficients are given in Tables 4.3-4.5,
respectively, for substances of interest here. Note that the Bromley and K-M methods
were originally developed only for strong electrolytes; they were not intended for weak
electrolytes such as H-HCO; and H,CO; pairs. It is therefore not surprising that the B or
g parameter values of the two methods are generally lacking for the weak electrolytes.
Also, they are not expected to perform well when strong ion association occurs unless
additional terms are added to the original expressions (Bromley, 1973). Of relevance
here, calcium carbonate and magnesium carbonate are believed to exhibit strong
association. Most of the necessary parameter values for the Bromley and K-M methods
are generally not available or must be obtained from fitting the models to data at low
ionic strength. We obtained or re-calculated these necessary parameters by best fitting

the activity coefficient data available in the literature.
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Figure 4.1 shows the activity coefficient as a function of ionic strength for
NaHCOj; predicted by the three methods together with the experimental data acquired by

Sarbar et al. (1982a). Values of the parameters B and g for the Bromley and K-M

methods have been obtained by the least-square fitting of Iny to Sarbar et al.'s
experimental data for ionic strength up to 1 m. All three methods, as expected, perform
equally well at low ionic strength, bﬁt may lead to potentially large errors at high ionic
strength where no experimental data are available. At high ionic strength the Bromley
and K-M methods behave similarly for NaHCO;, whereas the Pitzer method predicts a

considerably higher value of the activity coefficient.

Figures 4.2-4.5 show similar results to those in Figure 4.1 for Na,CO;, KHCO;,
K,CO;, and NH4HCO;, respectively.  For Na,CO; and K,CO;, Bromley (1973)
obtained B values from early work (Robinson and Stokes, 1965). We have refitted the
newer data of Goldberg (1981) and Sarbar et al. (1982b) and obtained new values of B.
Relatively high ionic strengths can be reached in these two electrolyte solutions, and we
see that generally all three methods perform well in the tested ranges. For K,CO;, the
Bromley and Pitzer methods accurately predict the experimental data whereas the K-M
method does not. Nevertheless, the K-M method still predicts the activity coefficient
within acceptable errors over the range for which data are available. For all the
bicarbonate salts only limited data are available even at low ionic strengths, and it is

impossible to judge the behavior of the three methods at high ionic strength. The Pitzer
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method does seem to predict unreasonably low activity coefficient values for potassium
bicarbonate at high ionic strengths, although, again, no data are available against which to

evaluate the theories.

The K-M method has been chosen as the binary activity coefficient estimation
method for multicomponent activity coefficient calculation in the previous SCAPE work
(Kim et al., 1993a; Kim and Seinfeld, 1994). Without strong evidence to the contrary,
for consistency we will use the K-M method here for the extension to carbonate salts.
From Figures 4.1-4.5 we see that the K-M method performs well in binary activity
coefficient estimation, and, particularly, gives reasonable predictions for the bicarbonate

salts at high ionic strength.

Multicomponent Activity Coefficients

Formulae for multicomponent activity coefficient estimation by the three methods are
given by Kim et al. (1993a). The binary activity coefficients of all the possible ion pairs
in the solution are needed in the estimation of multicomponent activity coefficient for the
Bromley and K-M methods. As noted earlier, SCAPE uses the K-M method to estimate
the binary activity coefficient for both the multicomponent Bromley and K-M methods.
The multicomponent Pitzer method requires additional ion interaction parameters besides
those specific parameters for the binary salts listed in Table 4.5. Most of the binary

parameters in Table 4.5 have been obtained from Harvie et al. (1984). New and
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presumably more accurate parameter values appeared after Harvie et al.'s work (Harvie et
al. only used the literature data up to 1980 and fitted some Pitzer parameters from the
solubility data) for NaHCO; and Na,COj; (Peiper and Pitzer, 1982), KHCO; (Roy et al.,
1983), K,COj3 (Sabar et al., 1982b), Mg(HCO,), and Ca(HCO,), (Pitzer et al., 1985), and
NH4HCO; (Roy et al., 1988). However, we shall only use the values given by Harvie et
al. (1984), if available, for estimation of the multicomponent activity coefficients because
all the parameters are interrelated. Clegg and Whitfield (1991), for example, pointed out
that substitution of revised parameters, even from more accurate data, can lead to
dramatic worsening of predicted activity coefficients. Plummer et al. (1988) have shown

that, for the solubility of NaHCO; in aqueous Na,CO; at 25 °C, substitution of

parameters A%, B() and C% obtained from recent data for the system NaHCO;-CO;-
CO,-H,0 for those of Harvie et al. leads to large inaccuracies in predicted NaHCO4

solubility in Na,COj; solutions.

The second and third virial coefficients, i.e., © and , for the Pitzer method for a
mixed electrolyte solution are given in Table 4.6. 6 is the interaction parameter for two
ions of like charge, and v is the mixed electrolyte parameter. These two parameters are
generally lacking for systems involving nitrate and bicarbonate or nitrate and carbonate.
Some parameters involving ammonium ion are also not available in the literature. Since
nitrate and ammonium are important species in atmospheric aerosols, these parameters

have to be acquired for a robust atmospheric gas/aerosol equilibrium calculation.
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In Figures 4.6a, 4.6b, and 4.6¢, predictions of the Bromley method, the K-M
method, and the Pitzer method are compared with measurements of the solubility of
NH4HCO; in NH4HCO3-NH,NO;, in NH;HCO;-NH,CI, and in NH,;HCO;-(NH,),SO,
solutions, respectively. The solubility is predicted based on the equilibrium constant
(solubility product), which is obtained from the measured saturation molality and the
calculated activity coefficients of a pure solution of that electrolyte at saturation. We do
not use the Gibbs free energy data in the table of Wagman et al. (1982) for the solubility
calculations because discrepancies exist between the measured solubilities in the binary
solutions and those calculated from Wagman et al.’s data and this would complicate our
comparisons. Note that the binary activity coefficient estimation methods for the
Bromley and the K-M methods are used correspondingly for full comparison (In SCAPE
only K-M method is used for estimation of the binary activity coefficients). As noted

earlier, some of the Pitzer ion-interaction parameters for these systems, i.e., ONO,,HCO, >

WNO3,HCO3,NH4 . WCI,HCO3,NH4 and WSO4,HCO3,NH4 are not available. We first fitted the
solubility data for the NH,*/NO;/HCO;" ternary system and obtained the values of

&no,.Heo, (0.0414) and w0, Heo, N, (0-000559). The procedure to obtain 6 and v

values from solubility data in a ternary system was described by Harvie and Weare
(1980). As can be seen in Figure 4.6a for the Pitzer curve, the predicted solubility of
ammonium bicarbonate in an aqueous ammonium nitrate solution by the Pitzer method
with the above two parameter values agrees well with the experimental data at a

temperature of 15 °C (Seidell and Linke, 1965). We also obtained WCLHCO;,NH, = -
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0.001168 and w0, Heo, NH, = 0-005424, based on the corresponding 6 values given by

Harvie et al. (1984) (see Table 4.6). Evidently, the Pitzer method performs much better
than the other two, with the Bromley method giving the worst predictions for these
systems.  For the NH,HCO;-(NH,),SO, solution, a convergent result could not be
obtained for the Bromley method so no result is shown for this case. The K-M method
performs well for the NH,;HCO;-NH,Cl system, but gives large errors for the other two
systems. The poorer performance of the Bromley method and occasionally for the K-M
method are very likely a result of the fact that the binary parameters for these two

methods, particuiarly for NH,HCO;3, have been fitted only to low ionic strength data.

The solubilities of NaHCO; in NaHCO3;-NaNOj;, in NaHCO;-NaCl, and in
NaHCO;-Na,SO, solutions, are shown in Figures 4.7a, 4.7b, and 4.7c, respectively. For
these ternary systems, only data for yyo, nco,,Na are not available; €yo, nco, was
already obtained and fixed from the NH,;HCO3;-NH,NO; system. Now with this value of
Ono,,Heo, We obtained yno, Heo, Na= -0-007438.  The good performance of Pitzer
method in Figure 4.7a implies that the 6yo, nco, value we have obtained is not specific
to just one ternary system. For the above three systems all three methods give correct
predictions. The performance of the K-M method in the NaHCO;-Na,SO, solution is
slightly better than the other two, but the Pitzer method is sufficiently accurate for

estimation of the solubility in this system.
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The solubilities of KHCO;5 in KHCO;-KNO;3, in KHCO;-KCl, and in KHCO;-
K,S0, solutions, are presented in Figures 4.8a, 4.8b, and 4.8c, respectively. The

parameter ¥no, Hco,,k Obtained is -0.000894 for the nitrate system. In the KHCO;-KCl

solution, all three methods follow the trend of the solubility curve, but the Pitzer method
is superior to the other two methods.  For the KHCO3-KNO; and KHCO;3-K,SO,
systems, the Bromley method gives completely incorrect predictions. Predictions of the
K-M method exhibit the correct behavior but with large deviations from the available

data. Only the Pitzer method accurately predicts the solubility data.

In Figures 4.9a and 4.9b, we present the solubilities of NaNO; in Na,CO3;-NaNO,
and NaCl in Na,CO3-NaCl solutions. =~ No Na,CO; solubility is compared because
Na,CO; generally crystallizes in hydrated forms. Therefore, predictions of water activity
in the solution are also necessary; this will complicate our comparison of solubilities
predicted by the three methods. The 0 and  values for nitrate and carbonate systems

are: Ono,,co,="0-081, Wno,,co,,Na= 0.0103. Note that the 0 value given here was

obtained directly without considering the unsymmetrical effect, which arises when the
interacting ions with like charge carry different number of charges (Pitzer, 1979). It was
originally thought that this unsymmetrical effect can be neglected for 2-1 mixing salts
(Pitzer, 1975). However, Harvie and Weare (1980) showed that it may be important in
some cases. For the Na,CO3;-NaNOj system, the Pitzer method agrees well with the data

while the Bromley and K-M methods significantly overpredict the NaNO; solubility. For
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the Na,CO3-NaCl system, the Pitzer method and the Bromley method perform equally

well, and the K-M method overpredicts the NaCl solubility.

In Figures 4.10a, 4.10b, and 4.10c, we show the solubilities of KNO; in K,CO;-
KNO;, KCl in K,CO;-KCl, and K,SO, in K,CO53-K,S0, solutions, respectively.  For
the K,CO;-KNOj3 system, we obtained yno, co, k= 0.012 for the Pitzer method. For
the K,CO3-KNOj; system the Bromley method is unable to follow the data, whereas the
Pitzer method performs the best and the K-M method slightly underestimates the KNO;
solubility over most of the range of K,COj; concentrations. For the K,CO;-KCl system,
the Bromley and the Pitzer methods perform well while the K-M method overpredicts the
KCI solubility. For K,CO3-K,SO, system, all the three methods perform well but the

Pitzer method is still deemed best.

Based on predictions of the solubility data, we see that the overall performance of
Pitzer method is evidently superior to the Bromley and K-M methods. The Pitzer method
can always predict reasonable solubility values within the available data range whereas
the Bromley and K-M methods may lead to considerable over- or under-estimations.
Kim and Seinfeld (1994) showed that the Pitzer method is generally in better agreement
with measurement than the Bromley and K-M methods for the crustal cations. This
conclusion agrees with our findings here. Since the Pitzer method is ideally capable of

predicting the activity coefficients of neutral species (presented below) in
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multicomponent solutions, it is deemed to be the multicomponent activity coefficient

estimation method of choice.

Activity Coefficient of Aqueous Carbon Dioxide

Harvie et al. (1984) found that in the carbonate system, the inclusion of neutral species,
€.g., COy(aq), is required to describe observed solution behavior. The activity
coefficients of aqueous molecular species can be calculated by the salting-out equations
(Setschénow, 1889; Pawlikowski and Prausnitz, 1983) and the Pitzer method. It appears
that the Pitzer method is superior in estimating the activity coefficients of the weak or
neutral species (Zemaitis et al., 1986). The activity coefficient of the neutral species N in
the Pitzer method (for which self-interactions are negligible) is given by (Harvie et al.,

1984; Clegg and Whitfeld, 1991)

In YN = Z(z/lNc )mc + Z(zz‘Na )ma (5)

where A is the Pitzer molecule-ion interaction parameter, "c¢" and "a" denote cations and
anions, respectively, and the summations are over all the present cations or anions in the
solution. The higher-order interaction parameters are generally not required for the

neutral species.
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Most of the A values for CO,(aq) of interest here have been obtained by Harvie et
al. (1984). Those lacking are for CO,-NOj;- and CO,-NH,*, and we obtained them by
fitting the CO, solubilities in NaNO3 and (NH,),SO, solutions measured by Yasuniski
and Yoshida (1979). All these values that are important in modeling the carbonate
system in atmospheric aerosols are given in Table 4.7. Note that in reality the interaction
parameter between neutral species and the individual ion cannot be directly determined

because no single ion solution could exist alone. Only the combined effect of ion pairs

can be measured; therefore, it is necessary to set an arbitrary value to A for some ion i.

Harvie et al. (1984) chose A to be zero. All the values given in Table 4.7 are

CO, H*

based on this convention.

The activity coefficient of CO,(aq) in NaNO; solution is shown in Figure 4.11.
The experimental activity coefficient has been converted from the original solubility data
(Ostwald coefficient) of Yasuniski and Yoshida (1979). Predictions by the Pitzer method
agree well with the experimental data. Note that the activity coefficient of CO,(aq) in
NaNOj solution changes from 1 to about 3 when the ionic strength increases to 10 m. In
Figure 4.12 we show the activity coefficient of CO,(aq) in the KNOj; solution to examine

if the previously obtained A value in NaNOj solution can also be applied to the

CO,,NO3
KNOj solution. There is a slight underestimation by the Pitzer method, but the relative

errors are small. This suggests that the A CO. NO: value that we have obtained is not
2> 3

merely specific to one single system.
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Figures 4.13 and 4.14 show the activity coefficient of CO,(aq) in (NH,4),SO, and
NH,4CI solutions, respectively. The agreement between the estimation and the data is
good for the (NH,),SO, solutions, but systematic underprediction has occurred for the
NH,Cl solution. The relative deviations of the Pitzer method from the data for the NH,C1

solution are still smaller than 10%.

4. Estimation of Water Activity

There are several methods, e.g., the Bromley (1973), Kusik and Meissner (1978), Pitzer
(Pitzer and Kim, 1974), and ZSR (Stokes and Robinson, 1966; Chen et al., 1973)
methods, to predict the water activity of a multicomponent solution; all of these
estimation methods are, at best, semi-empirical. Since we have recommended the Pitzer
method as the multicomponent activity coefficient estimation method, to maintain
thermodynamic consistency, it would be best to use the Pitzer method as the water
activity estimation method also. However, in the Pitzer method the dissolved species
concentrations for a given chemical composition in the solution can only be implicitly
determined in the equation; therefore, numerical iterations are required for a solution if
given the water activity. In atmospheric aerosol modeling, the water activity is usually
fixed as the ambient relative humidity. Noting that the water activity is frequently
“called” in solving the full gas/aerosol equilibrium problem, a more efficient water

activity estimation method than the Pitzer method is desirable for an efficient numerical



103
model. In the ZSR method the dissolved species concentrations, and thus the aerosol
water content, can be readily obtained for a given relative humidity; therefore, we choose
the ZSR method to estimate atmospheric water content. The ZSR method has already
been used in predicting atmospheric aerosol water content in the previous aerosol models
and SCAPE (Pilinis and Seinfeld, 1987; Wexler and Seinfeld, 1991; Kim et al., 1993a),
and detailed comparisons between the ZSR and the Pitzer and/or other methods have
been made by Saxena and Peterson (1981), Cohen et al. (1987), and Chan et al. (1992).
They have found that generally there are no major differences in accuracy between the
ZSR and the Pitzer methods. Nevertheless, we compare here the predictions of the ZSR
and the Pitzer methods for the carbonate and bicarbonate systems again because
thermodynamic consistency is an important issue. The aerosol water content W in the

ZSR method is given by (Kim et al., 1993a)

j\{i
e e ©

where M; is the molar concentration of substance i in the atmosphere (mole/m3 air) and
m;o(a,,) is the molality of the binary solution at the equilibrium water activity, a,, of the

multicomponent solution.

Parameters of the polynomial fits for the available water activity data for the

carbonate and bicarbonate substances of interest here are given in Table 4.8. For
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magnesium and calcium bicarbonates no direct measurement of water activity is
available; instead, we have used the predicted water activities by the Pitzer method for
molalities up to 10 m with the parameters given by Pitzer et al. (1985). Most of the
carbonates (except K,CO3) deliquesce at high RH (=90%) and therefore water activity
data are only available for the high RH range; extrapolating these data down to the low

RH range may produce large errors.

The comparison between the predictions of the ZSR method and the Pitzer
method for the Na,CO,-NaHCO, and K,CO,-NaHCO, ternary systems is presented in
Table 4.9. In the calculations we have assumed no chemical reactions in the solutions
and the molar ratio of the two compounds to be 1.0, and neglected the cooperated
interactions between ions, e.g., between HCO, and CO,” and between Na* and K*, in the
Pitzer method. Cohen et al. (1987) and Chan et al. (1992) showed that the higher-order
terms in the Pitzer method are not necessary in predicting the water activity. It can be
seen in Table 4.9 that in the experimental ionic-strength range, the predictions of the two
methods agree within 6%. Even at high ionic strengths much beyond the experimentally
tested range, the differences between the two methods’ predictions are in all cases smaller
than 30%. Note when the ionic strength is very high (~30 m, found by Kim et al., 1993b)

the Pitzer method with the present parameters may not be applicable.

5. Deliquescence Relative Humidity



105

A solid substance absorbs water and becomes a saturated solution when the ambient
relative humidity (RH) reaches its deliquescence point. The single salt relative humidity
of deliquescence (RHD) is generally larger than its RHD in a multicomponent mixed
system (Wexler and Seinfeld, 1991). Knowing the exact RHD of the atmospheric aerosol
particle is important in aerosol modeling, but unfortunately, few data are available for

solutions with more than two electrolytes.

Wexler and Seinfeld (1991) obtained a relationship between the single-salt RHD

and temperature,
In RHD(T") = In RHD(7})) M, Ls(l 1}
n =In ——m | =
07710007 R\T T,
- (7
=1nRHD(T0)+a(?~};)

where M, is the molecular weight of water, m, is the molality of the solute at saturation,

L= AH% s — AH% ag 18 the latent heat of fusion of the salt from a saturated solution at

molality m,, and AH% s and AH})», ag are the standard heat of formation of the crystalline

solid phase and of the substance in aqueous saturated solution at m,, respectively.

Data at 298.15 K for calculating temperature dependence of RHDs of interest here
and the calculated a values are given in Table 4.10. Note that only data for unhydrated

solids are given. CaCOj (calcite) and MgCO; (magnesite) have very low solubilities so
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we assume them to remain solids at ambient relative humidities. They can dissolve into

the solution by reaction with some other species (e.g., H").

It is interesting to note that the RHDs of carbonate salts in Table 4.10 increase
with increasing temperature whereas those of bicarbonate salts decrease with increasing
temperature.  Also, the RHDs of Na,CO; and K,COj; are highly dependent on
temperature, while those of the bicarbonate salts are only slightly or moderately

dependent on temperature.

6. Conclusions

Thermodynamic data for carbonate and bicarbonate salts that exist as components of
atmospheric particles have been developed for gas/aerosol equilibrium models. The
important carbonate species considered include CO,(g), CO,(aq), HCO5, CO;Z,
NH,CO;, NayCO;(s), NaHCOs(s), K,CO;(s), KHCOjs(s), CaCOjs(s), MgCOs(s),
NH,HCO;(s), and NH,COONH,(s). Three activity coefficient estimation methods, the
Bromley, K-M, and Pitzer methods, have been critically examined for carbonate salts.
Necessary parameters for these three methods are obtained or refitted to new available
thermodynamic data. In general, the Pitzer method has been found to be superior to the
other two methods for estimation of the multicomponent activity coefficient (The Pitzer
method has been found to perform better in systems including crustal cations (Kim and

Seinfeld, 1994)). Also with its capability of treating neutral species and weak
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electrolytes, the Pitzer method is believed to be the best choice of the multicomponent

activity coefficient estimation method for the gas/aerosol system.

To calculate aerosol water content, water activity data on binary carbonate
solutions have been fitted by polynomial regression for the ZSR method. The relative
humidities of deliquescence for the important carbonate salts and their temperature
dependence have been described. Only the carbonates of potassium and sodium are

expected to be in aqueous phase at ambient humidities.
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Table 4.4. Parameter values for the Kusic and Meissner method used for binary
activity coefficient calculation?

_Species gb upper limit of tested ionic strength (m)
H-HCO;4 - -
H,CO; - -
NH,HCO, -1.9974 1
(NH,),CO; < -
NaHCO, 0.4771 1.3
Na,CO4 0.00177 9.345
KHCO; -1.3162 1
K,CO, 0.9216 24.306
CaCOs, - -
MgCO; - -
Ca(HCO;), - -
MgHCO3), - -

aFormula:

r%=[1+B(1+0.1)7 - Bl
B=0.75-0.065¢
« —0.51071Y2
logT" = —=22""__
& 1+ CI'?

C =1+0.055gexp(—0.0231°)

o= (7102 )%122

bAIl of the data given here are obtained in this work; none of them were

available in the original Kusik and Meissner’s work (1978).

0 3

0 _ /4 NH4HCO3 0

¢ =
4 (NH4)2CO3 y 0 NapCO3
NaHCO3



117

Table 4.5. Parameter values for the Pitzer method used for binary activity coefficient

calculation?
Species BO B @ Co
H-HCO;, 0 0 0 0
H,CO, 0 0 0 0
Na,CO;3 0.0399 1.389 0 0.0044
NaHCO; 0.0277 0.0411 0 0
K,CO; 0.1488 143 0 -.0015
KHCO; 0.0296 -.013 0 -.008
CaCO, 0 0 0 0
Ca(HCO;), 0.4 2.977 0 0
MgCO; 0 0 0 0
Mg(HCO;), 0.329 0.6072 0 0
NH,HCO,b -0.038 0.070 0 0
(NH,),CO-¢ 0.1488 1.43 0 -.0015

a All data are from Harvey et al. (1984) unless noted. Formula:

%
Iny?, =zz,f" + m(———zv;)v2 )Bl’; 2 2007 cr,
V&
fr = —0.392 — = ln(l +bI%)
+bl V

b=12

© 2 _e " %
B!, =20, I (1+a[ : -——2—1)
a=20

bRoy et al., 1988.
Data for K,CO;.
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Fig. 43 Comparison of mean binary activity coefficient estimation methods for
KHCO,. Data are from Roy et al. (1983).
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the “B” values from Bromley (1973) and this work.
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Fig. 4.11 Activity coefficient of aqueous CO, in NaNO; solution predicted by the Pitzer
method. Data are converted from Yasunishi and Yoshida (1979)'s solubility data

measured at T=25 °C.
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Fig. 4.13 Activity coefficient of aqueous CO, in (NH,),SO, solution predicted by the
Pitzer method. Data are converted from Yasunishi and Yoshida (1979)'s solubility data

measured at T=25 °C.
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Chapter 5

Gas/Aerosol Distribution of Formic and

Acetic Acids

[The text of this chapter appears in: Meng Z., Seinfeld J. H., and Saxena P. (1995)

Aerosol Science and Technology 23, 561-578.]
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ABSTRACT

Data and correlations for evaluating the gas/aerosol equilibrium of formic and acetic
acids are developed. = The species considered include HCOOH(g), CH;COOH(g),
HCOOH(aq), CH3COOH(aq), HCOO-, CH3COO-, HCOONa(s), CH;COONa(s),
HCOOK(s), (HCOO),Ca(s), and (CH;COO),Ca(s). Based on available thermodynamic
data, we show that the gas/aerosol distribution of formic and acetic acids is strongly on
the gas-phase side for typical sulfate/nitrate/ammonium/sodium/chloride/water aerosols
and that dissolved formate and acetate have negligible effect on the gas/aerosol

equilibrium of the other components.



140

1. Introduction

Organic acids are apparently ubiquitous in the atmosphere (Table 5.1). Formic (HCOOH)
and acetic (CH;COOH) are the most abundant organic acids measured in the atmosphere.
It is also seen from Table 5.1 that the concentrations of organic acids are generally

elevated in the urban as compared to the non-urban atmosphere.

Organic acids are also important chemical constituents of rain water (Noller et al.,
1990; Avery et al., 1991; Sanhueza et al., 1992; Kumar et al., 1993) and of fog and cloud
water (Keene and Galloway, 1986; Murano et al., 1988; Collett et al., 1990). Avery et al.
(1991) reported that HCOOH and CH,COOH contributed 23% of the acidity in rain water
received in Wilmington, NC, between October 1, 1987, and September 30, 1990. In the
Venezuelan savanna region, Sanhueza et al. (1992) found that over 50% of the free
acidity in the rain water may be attributable to HCOOH and CH,COOH. Pierson et al.
(1988) have found evidence that organic acids can affect the acidity of dew. Kotronarou
and Sigg (1993) reported that, as a result of the presence of formate and acetate, S(IV)

oxidation rates in fog water were significantly lower than those expected in their absence.

Observations of organic acids in the aerosol phase, as opposed to the droplet, are
relatively scarce. From aerosol samples taken in Charlottesville, Virginia, Andreae et al.
(1987) reported mixing ratios of formic and pyruvic acids of 1.82 and 0.086 ppb in the

gas phase, and 0.025 and 0.015 ppb in the aerosol phase. This implies that both acids
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were present predominantly as gas; only about 1-2% of the total atmospheric formate and

10-20% of the total pyruvate were in the particulate phase.

Quantitative information on the gas/aerosol equilibrium of organic species is
generally not available. Organic acids are, as noted above, ubiquitous in the atmosphere.
Of fundamental interest to atmospheric chemistry is the gas/particle distribution of
organic acids. In this work we assemble and organize existing thermodynamic data
relevant to the atmospheric gas/aerosol distribution of formic and acetic acids. Second,
we evaluate, based on these data, the gas/aerosol distribution of formic and acetic acids in

typical sulfate, nitrate, ammonium, sodium, chloride, water systems.

2. Chemical Equilibria Involving Formate and Acetate Salts

Chemical equilibria involving atmospherically important formates and acetates are given

in Table 5.2. The equilibrium constant is expressed as (Kim et al., 1993a)

AH, (T, AC, L) T,
K(DZK(%)CXP{' RT, (7_1)_ R (”1"(7)"7)} M

where K(T) and K(T;) are the equilibrium constants at temperatures 7 and 7, (298 K).
AHJQ and ACS are changes of the standard molar enthalpy of formation and the molar

heat capacity in the reaction at temperature 7. In deriving Equation (1) the specific heat
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is assumed to be constant and thus the enthalpy varies linearly with temperature over the
range 7'to T,. These thermodynamic data are listed in Table 5.3. Most of the values
cited are from the NBS Thermodynamic Tables (Wagman et al., 1982) so as to maintain

internal consistency.

Values of the equilibrium constants at 298 K and parameters that determine their
dependence on temperature are also given in Table 5.2. However, since some necessary
thermodynamic data required to calculate the temperature dependence of the equilibrium
constants are lacking, data from other sources are required. The Henry's law constants for
formic acid and acetic acid and their dissociation constants in solution, for example, are
available from Clegg and Brimblecombe (1988). While there is virtually no difference
between the Henry's law constants of formic acid at 298 K as given by Clegg and
Brimblecombe (1988) and calculated from Wagman et al.'s (1982) data, the difference for
acetic acid is as large as 40%. The equilibrium constants for dissolution of solid
HCOONH,, CH;COONH,, CH;COOK, (HCOO),Mg, and (CH;COO0),Mg are not
available in the literature; therefore, their effects on aerosol chemistry cannot be
predicted. The ammonium salts are most likely to be important and their formation in the

atmosphere has been discussed by Grosjean et al. (1988) but remains speculative.

3. Estimation of Activity Coefficients
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The equilibrium constant can be expressed as (Denbigh, 1981; Kim et al., 1993a)
Kj= H(7imi) Y )
i

where vj; is the stoichiometric coefficient of the ith species in the jth reaction, m; is the
species molality (mol kg!), and y; is its activity coefficient. The accuracy of the
calculated equilibrium species concentrations depends critically on estimation of the
activity coefficients. In the recently developed gas/aerosol equilibrium code SCAPE
(Kim et al., 1993ab; Kim and Seinfeld, 1995), the three widely used multicomponent
activity coefficient estimation methods, namely Bromley (1973), Kusik and Meissner
(1978), and Pitzer (Pitzer and Kim, 1974; Pitzer, 1991), have been evaluated in detail for

the species: H*, NH,*, Na*, NOj5~, Cl-, HSO,-, SO42-, Ca2*, K+, and Mg2*.

Formulae and parameter values for the Bromley, Kusik and Meissner (K-M), and
Pitzer methods for estimation of the binary activity coefficients for the formate and
acetate system are given in Tables 5.4-5.6, respectively. Measurements of osmotic and
activity coefficients are only available for HCOONa, CH;COONa, CH;COOK, and
(CH5C0O0),Mg; therefore the original parameter values are only available for these
compounds. The B values for other compounds for the Bromley method are estimated
based on a formula given by Bromley (1973), which uses information on the individual

ions of the compound. These estimated B values are generally less accurate than those
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derived from measurements and are only intended as an approximation when the direct

fitting B values are not available.

Figure 5.1 shows the HCOONa binary activity coefficient as a function of ionic
strength predicted by the three methods, together with the experimental data acquired by
Bonner (1988). Values of the parameters B and ¢ for the Bromley and K-M methods
have been refitted to both Hamer and Wu's and Bonner's experimental data for ionic
strength up to 14.7 m. In spite of using new fitting parameters (i.e., B and ¢) for the
Bromley and K-M methods, there is some disagreement between predicted and measured
values of the activity coefficient. The Pitzer method, whose parameters were obtained by
fitting Hamer and Wu's (1972) experimental data for ionic strength only up to 3.5 m,
starts to depart from the measured activity coefficients at an ionic strength of about 7 m.
At high ionic strength the Bromley and K-M methods behave similarly for HCOONa,

whereas the Pitzer method predicts a considerably lower value of the activity coefficient.

Figures 5.2-5.4 show results similar to those in Figure 5.1 for CH;COONa,
CH;COOK, and (CH;COO),Mg, respectively. For CH;COONa, the behavior of the
three methods is similar to that for HCOONa. The Pitzer method agrees well with the
new data, although its parameters were obtained from the old data (Hamer and Wu, 1972)
that were measured for ionic strength up to only 3.5 m. For CH;COOK, the experimental
data are only available at low ionic strengths, and all the three methods perform well. At

high ionic strengths, however, the Pitzer method behaves quite differently from the
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Bromley and K-M methods. For (CH;COO),Mg, the Bromley and K-M methods
accurately predict the measured data while the Pitzer method, with parameters given by
Kim and Frederick (1988), greatly overestimated the binary activity coefficients. This
systematic overestimate of the Pitzer method is not likely a result of the Pitzer theory

itself but the choice of its fitting parameters.

The multicomponent Pitzer method requires additional ion interaction parameters
besides those specific parameters for the binary salts listed in Table 5.6. Because many
important parameter values for this system are not available for the Pitzer method, we do
not adopt the multicomponent Pitzer method at this time. Limited by the available data
and keeping consistency with previous work, it appears that we can use the Bromley
method to estimate the binary activity coefficients and employ the K-M method as the
multicomponent activity coefficient estimation method. The K-M method has been
chosen as the binary activity coefficient estimation method for multicomponent activity
coefficient calculation in previous work related to the development of the gas/aerosol
equilibrium code SCAPE (Kim et al., 1993a; Kim and Seinfeld, 1995). For the four
formate and acetate salts considered here, the behavior of the Bromley and K-M methods
is similar. Considering that all the necessary parameter (B) values for the Bromley
method are available for the aerosol system of interest here, we will employ the Bromley

method as the binary activity coefficient estimation method.
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Because of a lack of data it is not possible to evaluate the activity coefficients of
aqueous molecular HCOOH and CH;COOH, and consequently these are assumed to be
unity. Such approximations have been used by Clegg and Brimblecombe (1988) in less
concentrated solutions than expected in aerosols. The activity coefficients of the aqueous
molecules in a concentrated solution are generally larger than 1.0 as a result of the salting
effect that tends to reduce the gas solubilities in the solution (e.g., Khan et al., 1994).
However, it should be noted that an increase of gas solubilities in the presence of salts has

also been observed (Ohe, 1991).

4. Estimation of Water Activity

The ZSR method (Stokes and Robinson, 1966; Chen et al., 1973) has been used to

estimate atmospheric aerosol water content in SCAPE (Kim et al., 1993a; Kim and

Seinfeld, 1995). Aerosol water content W is given by (Kim et al., 1993a)

m:
1= —, 3
gmi()(aw) ( )
W=y @
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where M; and m; are the molar concentrations of substance i in the atmosphere (mole/m3
air) and in the aerosol water (mole/kg water), and m;((a,,) is the molality of the binary

solution at the equilibrium water activity, a,,, of the multicomponent solution.

The influence on aerosol water content resulting from dissolved formic and acetic
acids is actually small at ambient conditions. This can be seen by examining Eq. (3). By
assuming Pucoon = Pemscoon = 10 ppb, T = 298 K, and pH = 5, the calculated aqueous-
phase concentrations are: [HCOOH(aq)] ~ 5.5x10° M, [HCOO] ~ 1.0x10° M,
[CH,COOH(aq)] ~ 5.5x10” M, and [CH,COO] ~ 9.6x10° M. However, the values of m,,
generally range from 1 to 10 M for RH between 65% and 95%. Therefore, the
contributions to the summation in Eq. (3) from formate and acetate are negligibly small,
and aerosol water content change due to dissolved formic and acetic acids from the gas

phase can be neglected at normal ambient conditions.

5. Gas/Aerosol Distribution of Formic and Acetic Acids

The few existing measurements available suggest that, of the total atmospheric amounts,
a small percentage of formate and acetate resides in the aerosol phase (Table 5.1). Based
on the above formulation, we can estimate theoretically the gas/aerosol distribution of
formic and acetic acids in the typical sulfate, nitrate, ammonium, sodium, chloride, water
aerosol system. We have selected three cases to study that span the range of expected

behavior in the inorganic aerosol system (Table 5.7). The first is a sulfate-rich case, that



148
is, insufficient ammonium and sodium to completely neutralize the divalent sulfate ion,
and therefore, the aerosol will be expected to be quite acidic. The second is a sulfate-
poor case in which there is sufficient ammonium and sodium to neutralize the sulfate
(i.e., the bisulfate ion is a minor constituent). Additional ammonium and sodium may
combine with the nitrate and chloride depending on their atmospheric abundance. The
third is an extreme case in which we assume that most of the sulfate and chloride are in
combination with sodium (i.e., of the sea-salt origin) and only about 3-4% of the sulfate
is available to combine with ammonium. No nitrate is assumed to be present. These
assumptions lead to a much less acidic aerosol system than the first two cases. In the
gas/aerosol equilibrium calculation, mixing ratios of the formic and acetic acids are
varied from 1 to 20 ppb, which covers their typical ranges under ambient conditions (see

Table 5.1).

In Figures 5.5 and 5.6 aerosol formate and acetate equilibrium concentrations are
shown as a function of the partial pressure of the gaseous formic and acetic acids for the
three cases, at 80% RH. In any of the three cases, formate and acetate are predicted to be
only minor constituents of the particles. This is consistent with the findings of Khan et
al. (1995). It is also found that the influence of formic and acetic acids on aerosol
chemistry is small. For the first two cases, the aerosol is quite acidic (pH<3.71); this
results in essentially no change of the pH values, and the major aerosol species
concentrations remain unaltered. For the last case, when the relative humidity increases

beyond 90%, the aerosol becomes slightly more acidic as gas-phase formic acid increases
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in mixing ratio from 1 to 20 ppb. The minimum influence of formic and acetic acids on
the aerosol pH is a result of the fact that they are weak acids. The aerosol system has
sufficient buffer capacity to maintain the same acidity. The only detectable change of the
aerosol species concentrations occurs with ammonium. The change of ammonium
concentration becomes most pronounced in the third case and at high-RH conditions.
Most of the dissolved formate and acetate ions are neutralized by the dissolved ammonia

so that the aerosol acidities virtually do not change.

The aerosol fraction of the total atmospheric formate is shown as a function of the
relative humidity in Figure 5.7. Also shown are the pH values for the different cases and
RHs. Less than 0.1% of the total atmospheric formate is predicted to be present in the
aerosol phase; this is a smaller value than some of the measurements (i.e., Andreae et al.,
1987; Grosjean, 1989) showed. It should be noted that we have not taken into account
the reaction of the organic acids with ammonia because of a lack of data. The importance
of this reaction has been discussed by Grosjean et al. (1988) and remains uncertain
pending appropriate data. Nevertheless, at high humidities there is no need to consider
this reaction directly. We shall now address the possible formation of formate and

acetate in the associated form.

A detailed discussion of modeling of multicomponent solutions with ion
association is given by Johnson and Pytkowicz (1979). In essence, the associated acetate

(or formate) with sodium or ammonium can be formed in aerosols; the equilibria are
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CH,COO + Na" = CH,COONa (5)

CH,COO + NH," = CH,COONH, (6)

CH,;COO-Na and CH;COO-NH, may be in the molecular form or, more likely, in the

form of ion pairs. If Kj and K are the stability constants for equilibria (5) and (6), the

extent of acetate association can be estimated from

CH,C00" 7 Na*

y
[CH,;COONa] = K;[CH;CO0™][Na"] 7

Y CH;COONa

CH,C00" 7 NHj

y
[CH;COONH, ] = K,[CH;COO™ ][NH} ] (8)

CH,;COONH}

Calculations for the three test cases for various RHs are given in Table 5.8. It is seen
that, except for the sulfate-rich case, most of the aerosol acetate exists in the associated
form with cations. The possible association of formate and acetate with cations will not
alter the concentrations of free sodium and ammonium ions because of their relative
abundance. Aerosol acetate concentrations in the presence of association can exceed

those in its absence by two orders of magnitude.
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6. Conclusions

We have shown that the gas/aerosol distribution of formic and acetic acids is
overwhelmingly on the gas-phase side. As a result, dissolved formate and acetate have

negligible effect on the gas-aerosol equilibrium of other components.

The framework presented here can be used to analyze the gas/aerosol distribution
of other organic species. In general, the longer chain monocarboxylic acids are less
soluble and less acidic than formic and acetic acids; therefore, the full family of the
monocarboxylic acids are not expected to be important in the aerosol phase. The low-
molecular-weight dicarboxylic acids are more soluble and acidic than formic and acetic
acids. Because they are generally not abundant in the atmosphere, their influence on
aerosol phase chemistry is likely limited. Organic acids with high molecular weights
generally have low vapor pressures, and thus are expected to be present primarily in the

particulate phase; they are not believed to have large impacts on aerosol phase chemistry.
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Table 5.3. Thermodynamic parameters for formates and acetates?

A} v %
Species kJ/mol kJ/mol J/mol/K
HCOOH (g) -351.00 -378.57 45.23b
CH;COOH (g) -374.0 -432.25 66.5
HCOOH (aq) -372.3 -425.43 -
CH3COOH (aq) -396.46 -485.76 -
HCOONH, (s) - -567.48 -
CH;COONH, (s) - -610.86b -
HCOONa (s) -599.9 -666.5 82.68
CH;COONa (s) -607.18 -708.81 79.9
HCOOK (s) -591.20b -679.73 -
CH,COOK (s) - -723.0 -
Ca(HCOO), (s) -1258.5b -1386.6 -
Ca(CH;COO), (s)  -1295.8b -1479.5 -
Mg(HCOO), (s) - -1255.2b 128.28
Mg(CH;CO0), (s) -646.43> -1405.8b -
HCOO" -351.0 -425.55 -87.9
CH,COO -369.31 -486.01 6.3

2 All values are from Wagman et al. (1982) except noted.
b From Karapetyants and Karapetyants (1970).
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Table 5.4. Parameter values for the Bromley method used for binary activity

coefficient calculation?

Species B upper limit of tested ionic strength
(kg/mole) (m)
HCOOH 0.0874¢ -
CH;COOH 0.1163¢ -
HCOONH, 0.044¢ -
CH;COONH, 0.0766¢ -
HCOONa 0.0519b, 0.029764 3-4b,14.7d
CH;COONa 0.1048b, 0.068944 3-4b,15.2d
HCOOK 0.0821¢ -
CH;COOK 0.1188b 3-4b
Ca(HCOO), 0.0261¢ -
Ca(CH;CO00), 0.0545¢ -
Mg(HCOO), 0.0191¢ -
Mg(CH;COO0), 0.0339b, 0.03534 12bd
aFormula:

0511z,2,/"*  (0.06+0.6B)z,z,]
1 + 11/2 + 15 2
(1 +521 )

Iz

logy, =—

bValues are directly from Bromley (1973).
“Values are constructed according to B= B, + B_ + &, J_, given by Bromley (1973).
dThis work.
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Table 5.5. Parameter values for the Kusik and Meissner method used for binary

activity coefficient calculation?

Species

q

upper limit of tested ionic strength

(m)

HCOOH
CH,COOH
HCOONH,
CH,COONH,
HCOONa
CH;COONa
HCOOK
CH;COOK
Ca(HCOO),
Ca(CH,CO0),
Mg(HCOO),
Mg(CH;CO00),

1.83b, 1.36¢
4.20b, 3.10°
5.05b, 5.22¢

0.83b,

3-4b, 14.7¢
3-4b,15.2¢
3-4bc

12b

aFormula:

r%=[1+B1+0.10H7 - Bl
B=0.75-0.065¢

logF* =

~0.51071"2

1+CIV?

C =1+0.055g exp(-0.0237°)
1
e =(rt)

bData are from Kusik and Meissner (1978).

¢This work.
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Table 5.6. Parameter values for the Pitzer method used for binary activity coefficient
calculation?
Species PO ;) £ Co upper limit of tested
ionic strength (m)
HCOOH - - - - -
CH;COOH - - - - -
HCOONH, - - - - -
CH;COONH, - - - - -
HCOONa 0.0820 0.2872 0 -0.00523 3.5
CH;COONa 0.1426 0.3237 0 -0.00629 3.5
HCOOK - - - - -
CH;COOK 0.1587 0.3251 0 -0.00660 3.5
Ca(HCOO), - - - - -
Ca(CH;COO0), - - - - -
Mg(HCOO), - - - - -
Mg(CH;CO0),> 0.22930 2.04167 0 -0.01460 4.0
2 All data are from Pitzer (1991). Formula:

Iny, =22,/ +m(2“1”2)3{2 . 2(“152)% cr
[ = —0.392[ I ZIn(l +b]%)}

1+b1
b=12
B, =259 + ﬂ [ '“’/2(1 ol ——1)]
cr, = %c;g
a=2.0

b From Kim and Frederick (1988).
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Table 5.7. Model cases of gas/aerosol chemistry’

Total Total  Total Total Total R
sulfate nitrate  chloride ammonium sodium
Case 1 50 30 9.36 10 5.9 1.66
Case2 5 5 9.36 20 59 28.09
Case3 8 0 1.7 40 4.7 32.21

"All species concentrations are in units of pg/m®.
"R, = (INH{ Ip + [Na" 1) /[SO3 .
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Fig. 5.1 Comparison of mean binary activity coefficient estimation methods for
HCOONa. Data are from Hamer and Wu (1972) and Bonner (1988).
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Fig. 5.2 Comparison of mean binary activity coefficient estimation methods for
CH,COONa. Data are from Hamer and Wu (1972) and Bonner (1988).
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Fig. 5.3 Comparison of mean binary activity coefficient estimation methods for
CH,COOK. Data are from Hamer and Wu (1972).
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Fig. 5.4 Comparison of mean binary activity coefficient estimation methods for
Mg(CH,COQ),. Data are from Robinson and Stokes (1965).
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formic acid for the three studied cases at RH = 80%.
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Chapter 6

Time Scales to Achieve Atmospheric Gas-

Aerosol Equilibrium for Volatile Species

[The text of this chapter appears in: Meng Z. and Seinfeld J. H. (1996) Atmospheric

Environment 30, 2889-2900.]
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ABSTRACT

Time scales to achieve gas-aerosol equilibrium for volatile atmospheric species are
systematically studied. It is found that equilibration between submicron aerosol and the
gas phase is attainable on a time scale comparable to that of typical ambient gas and
aerosol dynamics. However, the time required for the coarse aerosol to reach equilibrium
is predicted to be sufficiently long that volatile species in atmospheric coarse aerosol
particles may generally exist in non-equilibrium transition states. Variation of the gas-
phase concentrations of volatile compounds is generally controlled by equilibration with
the fine-mode particles. Volatile compounds in the gas phase can approach the
equilibrium state on a much shorter time than that of the gas-aerosol system. Sensitivity
analysis is performed to study how the equilibration times depend on relative humidity,
initial gas-phase concentrations, aerosol mass concentration, aerosol size, temperature,
accommodation coefficient, and different chemical compositions. The equilibration time
increases with increasing particle size, or decreasing accommodation coefficient or
temperature. Transport calculations performed for typical ambient aerosols confirm the
results obtained from hypothetical cases. Equilibrium for ammonia between the gas phase

and submicron marine aerosol is also examined.
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1. Introduction

Chemical components of atmospheric aerosols include elemental and organic carbon and
a variety of inorganic compounds. The inorganic substances, typically comprising 25-
50% of the total aerosol mass (Gray et al., 1986; Heintzenberg, 1989), include sulfate,
nitrate, chloride, ammonium, sodium, and crustal species such as aluminum, silicon,
calcium, and iron. Sulfates have sufficiently low vapor pressures that, when present, tend
to reside overwhelmingly in the aerosol phase. Inorganic volatile compounds of
atmospheric importance include ammonia, nitric acid, hydrochloric acid, and/or their
products (i.e., ammonium nitrate and ammonium chloride). Some organic acids,
aldehydes, and organic compounds, such as polycyclic aromatic hydrocarbons (PAHs),

also are distributed between gas and aerosol phases.

Modeling of the dynamics of atmospheric aerosols requires that one be able to
predict transfer of volatile species to and from aerosol particles. It has frequently been
assumed that a local equilibrium exists for volatile species between the gas and aerosol
phases. Thermodynamic relations that allow one to predict the gas-aerosol partitioning of
volatile inorganic species have been developed in a series of papers dating back to 1979
(Stelson et al., 1979; Stelson and Seinfeld, 1982abc; Russell et al., 1983; Saxena et al.,
1983, 1986; Bassett and Seinfeld, 1983, 1984; Pilinis and Seinfeld, 1987; Brimblecombe
and Clegg, 1990; Brimblecombe et al., 1992; Clegg and Brimblecombe, 1986, 1988ab,

1989, 1990, 1992; Khan and Brimblecombe, 1992; Wexler and Seinfeld, 1991; Kim et
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al., 1993ab, 1995; Meng et al., 1995ab). There also exist a number of studies in which
ambient gas and aerosol data have been evaluated with respect to gas-aerosol equilibrium
(Doyle et al., 1979; Cadle et al., 1982; Tanner, 1982; Grosjean, 1982; Hildemann et al.,
1984; Allen et al., 1989; Pio et al., 1992; Quinn et al., 1992). Knowledge of whether or
not an air mass exhibits local gas-aerosol equilibrium is useful in evaluating ambient
measurements and in guiding computational implementation of atmospheric aerosol

models (Pilinis and Seinfeld, 1987, 1988; Wexler et al., 1994).

Establishment of local gas-aerosol equilibrium in an air mass requires that the
time scale to establish equilibrium is short when compared to that over which the volatile
species and aerosol concentrations are changing in the air mass. The most ubiquitous
volatile species in atmospheric aerosols is water. Because of the relatively large amount
of water in the atmosphere, the time scale to establish gas-aerosol equilibrium for it is
extremely short. Thus, local gas-aerosol equilibrium can always be assumed to hold for
water. Wexler and Seinfeld (1990) formulated expressions for the characteristic times
associated with gas-to-particle conversion processes. The time scale to establish gas-
aerosol equilibrium depends on the vapor pressure of the species (which depends on
temperature), its partial pressure in the gas phase, the quantity of aerosol and its size
distribution, the species diffusivity, and the species accommodation coefficient of the
particle surface. Wexler and Seinfeld (1990) evaluated the magnitudes of these time
scales for equilibration of the vapor-phase species with a population of aerosol particles

and found that ammonium salts in the gas and aerosol phases are not always in
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equilibrium, especially under low aerosol loading and cooler conditions. Furthermore,
they showed that thermodynamic equilibrium often does not uniquely determine the size
distribution of ammonium salts; both transport and thermodynamic properties of the

aerosol are important.

In this paper we reexamine the equilibrium conditions for gas-aerosol systems.
Since the characteristic time is different from the actual equilibration time for the gas-
aerosol system, especially considering that the aerosol phase state is a strong function of
the transport process, we will perform detailed transport calculations for various ambient
conditions to investigate the equilibration process. We investigate not only how long the
equilibration process takes but also how the equilibration actually proceeds. It is also
important that we know how the intermediate states differ from the final equilibrium
state. Finally, we seek to apply our results to draw implications about gas-aerosol
equilibrium for different categories of ambient aerosols (i.e., marine and continental

aerosols).

2. Existence of a Size-Composition Equilibrium State

Even if a thermodynamic equilibrium state exists for a particular species between the gas
phase and the bulk (i.e., over all particles) aerosol phase, a unique thermodynamic
equilibrium state may not exist between the vapor phase and the size-distributed aerosol

(as shown below). Technically, this means that there may exist more than one aerosol
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size-composition distribution corresponding to the same minimum Gibbs free energy of

the system at the given conditions (Wexler and Seinfeld, 1990). For example:

1. Particles in more than one size range exist as pure solids.

In this case the particle surface vapor pressure of the volatile compound over the
solid particles is, neglecting the Kelvin effect, independent of particle size.
Thermodynamics alone will then not be able to govern this substance's distribution as a
function of particle size because any distribution of the substance among the solid
particles is automatically in equilibrium with the gas phase. Mass transport will be the
only factor to control this substance's distribution among the solid particles as a function

of size.

2. Particles in more than one size range are dominated by volatile species.

In this case if the aerosol is aqueous and the volatile species dissolved in the
solution are the only species or are osmotically dominant to the nonvolatile species (i.e.,
the nonvolatile species concentrations in the solution are negligibly small),
thermodynamic equilibrium will also not be able to predict the aerosol size-composition
distribution. Consider a simple example: two aqueous aerosol particles of different sizes

composed only of NH4;NO; and water. When gaseous NH,;NO; (or its gas-phase
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precursors, NH; and HNO;) transfers to the aerosol phase, each particle will

simultaneously absorb water in accordance with

M.
W, = / (1)

- mO(aw)

where W, (kg (m3 air)') and M ; (mole (m3 air)") are aerosol water content and molar
concentration of NH,NOj; in the jth size particle, respectively, and mgy(a,,) (mol (kg
water)"') is the molality of the binary solution at the equilibrium water activity, a,,, equal

to the relative humidity, RH. Eq. (1) is equivalent to

j = my(a,,) @

3
i
J|x

where m; is the molality of NH,NOj in the jth size particle. myj is the same for the two
differently sized particles because the water activity must equal the same value, i.e., RH,
for every size particle. Thermodynamics dictates therefore only that the aerosol-phase
NH4NO;-to-water molar ratio must be equal for these two particles but cannot determine
how the amount of total NH,NO; that is required to be in the aerosol phase at equilibrium
is to be distributed between these two particles. This can only be determined by mass

transfer considerations. Although thermodynamics cannot uniquely determine the
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equilibrium size-composition distribution of the volatile species in the above two cases,

the overall gas-aerosol partitioning is still governed by thermodynamic equilibrium.

If there exists a unique equilibrium state, the equilibrium aerosol size-composition
distribution can be determined as follows. It is convenient to discretize the aerosol size
composition into size sections. The total amount of volatile compounds are then
distributed among the gas phase and the different size sections so that the surface vapor
pressures of the volatile compounds over all the particles are equal to the gas-phase
partial pressures. For instance, one can use the algorithm proposed by Pilinis and
Seinfeld (1987) to perform this calculation. If a mass transfer calculation has to be
performed (e.g., the above two cases), an aerosol phase thermodynamic model such as

that of Kim et al. (1993ab) is needed to predict the particle surface vapor pressure.

3. Characteristic Time to Reach Equilibrium

The mass flux of a volatile species i to a single aerosol particle of diameter Dp (Wexler

and Seinfeld, 1990) is

Coo,i _Cs,i
J; = 22D, D, —%-—=L 3)

a',~D

14
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where D, is the diffusivity of species i, C,,; and C;; are the concentrations of i in the

bulk gas phase and in the gas phase at the particle surface, respectively, A is the air mean

free path, and ¢; is the accommodation coefficient of species i on the particle. Variation
of the gas-phase concentration of species i with time as a result of gas-to-particle

conversion is governed by

dCy ;
dt

=-In(D,,0Jy(D,.0)dD, 4)
0

where n(D,,,1)dD,, is the number concentration of particles between diameter Dy and
Dp +de. It is convenient to break the aerosol size distribution into a number of

discrete size sections and represent Eq. (4) as

a5 )

where N; is the number concentration of particles in size section j and Jj; is the mass flux
of species i to the jth section. The characteristic time scale for species i in the size section

Jj to reach the final equilibrium level as a result of transport is

C

e,l

- Cs,i

(6)

Jii T
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where C,; is the final equilibrium gas-phase concentration of species i. The
characteristic time scale for species i in the bulk gas phase to reach the final equilibrium

level is

= Coo,i _Ce,i (7)
=1 dC,,;/dt
Substituting Egs. (6) and (7) into (5), we obtain
1 :Z 1 ICS,i—Ce,lh| (8)
Toi rj’i|Cw,, —Ce,i

[t can be seen from Eq. (8) that 7, ; is controlled by the smaller values of ¢ ;,i» multiplied
by a weight factor. The physical meaning of Eq. (8) is that the characteristic time to
achieve the overall equilibrium level in the gas phase is controlled by those particles for

which the individual transport times are shortest.

p

There is an additional time scale, 7 i the characteristic time for change of the

particle surface vapor pressure or for equilibrium at the gas-liquid interface to be

established. 7 J‘f ; differs from 7 ; in that while 7 ; is the characteristic time needed to

transport the volatile species i between the gas phase and the size section j, rf, ; 1s the
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P

time scale needed for Henry’s law to be established across the gas-liquid interface. = i

can be approximated by (Wexler and Seinfeld, 1990),

rj.jl. ~ HRTW 7 ; )

where H, is the ith species effective Henry's law constant (M atm™), R is the ideal gas

constant (8.2x10” atm m3 mol” K-1), and 7 is temperature (K). Comparison of z'f, ; and

7 ; for the volatile gases of interest here is given in Table 6.1. Because ¢ ;j ; 1s generally

comparable with or smaller than 7, ; for the volatile species of atmospheric interest, we

can assume that interfacial equilibrium is generally established more rapidly than gas-
aerosol equilibrium except in some extreme cases (e.g., large pH values or an extremely

soluble compound).

In summary, we can define the equilibration time scale for the gas-aerosol system

as the larger of (2 and 7 i

Toi = max(rwji,rj’i) for any j. (10)

4. Gas-Aerosol Transport Processes
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The above time-scale analysis allows one to estimate the length of time needed to
establish the equilibrium state. A detailed transport calculation allows one to investigate

how the equilibrium state is approached.

The mass change of species i in aerosol size section j is

2=, (11)

Equations (3), (5), and (11) can be solved to yield the distribution of volatile compounds
among the gas phase and differently sized aerosol particles as a function of time. If the
aerosol particles are liquid, the surface equilibrium concentration, C; ; in Eq. (3), can be
evaluated based on the aqueous phase concentrations and the Henry’s law relation.
However, if the aerosol particles are solid, the equilibrium concentrations over a solid
particle surface then cannot be determined based on the aerosol phase information only;
the gas-phase concentrations are also required. Therefore, for transport to pure solid
particles, a relationship replacing Eq. (3) has to be derived to give the correct flux. By
solving the steady-state diffusion equation in the gas phase with an appropriate boundary
condition for pure solid particles, Wexler and Seinfeld (1990) derived the following
expression for transport of HNO, or HCI and NH; to form NH,NO,; or NH,Cl on solid-

phase particles,
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_ Coo,NH; Coo,ix — KN, x(5)
f 3 5 4
ij

where E = (DNH3 COO,NH3 + DHXCOO,HX )/, ,DNH3 DHX ) ’BU = ZZ/alej is the surface
accommodation factor, and Ky, x(s) 1is the equilibrium constant of the corresponding

reaction.

Equation (12) applies to mass transfer in a system in which any reactions of the

following type occur,
A(g) +B(g) < AB(s).
Another type of reaction,
HA(g) + MB(s) «> HB(g) + MA(s),
for example,
HNO,(g) + NaCl(s) <> HCI(g) + NaNO,(s)

can also be treated. Using the appropriate boundary conditions, the mass flux of HNO, or

HCI corresponding to this type of reaction is
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KCy 1no, — Coo,1ac
J =—Juey s =272D D Shhiss . 13
HNO3:J HCI,] 7T y2/) HNO3 (}/]+K)(l+ﬁHNO3’J) ( )

where K is the equilibrium constant, and y ; = Dyno, (1+ Brucyj) / Dy (1+ ,BHNO3’ i)

Egs. (12) and (13) will be used for those cases to be presented shortly in which the

particles are predicted to be solids.

5. Case Studies on the Approach to Gas-Aerosol Equilibrium

We have devised a hypothetical case to study the equilibration process (Case 1 in Table
6.2). The aerosol initially consists of two groups of particles; one group has dry diameter
of 0.2 um and the other, 3 pm. These two size sections correspond to the accumulation
mode and coarse mode of atmospheric aerosols typically observed in the ambient
environment. The small particles are assumed to be composed of pure (NH,),SO,, while
the large particles are pure NaCl. Though strictly hypothetical, this test case exhibits
several of the characteristics of typical tropospheric aerosol populations. Ambient
measurements have shown that NaCl is present at substantial concentrations in coastal
regions (Russell and Cass, 1984; John et al., 1988), and it is well known that (NH,),SO, is
an important component of the secondary submicrometer aerosol. To investigate the
approach to equilibrium we devise a transient “experiment” consisting of a step-change of

gas-phase concentrations. At ¢t = 0, we assume that the gas-phase ammonia and nitric
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acid instantaneously acquire concentrations of 10 pg m™ (14.4 ppb) and 30 pg m” (11.7
ppb), respectively. Since the given initial gas-phase concentrations of ammonia and nitric
acid are larger than the surface equilibrium concentrations of these species over the two
groups of particles, the volatile species will transport to the aerosol phase. Because there
is more than one condensational species involved, the surface equilibrium concentrations
have to be calculated by a thermodynamic aerosol model (e.g., Kim et al., 1993 ab). The
moving sectional technique (Gelbard, 1990) was used to represent the condensation
processes. The ambient temperature was assumed to be 298 K for the base case.
Following Wexler et al. (1994), we have also assumed the diffusivity and accommodation

coefficient to be 0.1 cm* s and 0.01, respectively, for the species of interest here.

The gas-aerosol equilibrium model SCAPE (Kim et al., 1993 ab, 1995; Meng et
al., 1995ab) was developed for partitioning the volatile species between the gas and
aerosol phases and determining the phase state of the aerosol particles. It requires input
data of the total concentrations of sulfate, nitrate, chloride, ammonium, sodium,
potassium, calcium, and magnesium, as well as temperature and relative humidity.
Sulfate, sodium, and crustal components are treated as nonvolatile species and are
assumed to reside in the aerosol phase only, while nitrate, chloride, and ammonium are
distributed between the gas and aerosol phases based on equilibrium calculations. The
surface equilibrium concentrations of volatile compounds, as noted earlier, are required to

solve the transport equations (i.e., Egs. (5), (11), and (3), (12), or (13)).
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Figure 6.1 shows the computed distributions of the aerosol species at t = 0 and
t — o for RH values ranging from 40% to 90%. For the two lowest relative humidities,
i.e., RH = 40% and RH = 50%, the initially dry particles do not contain any water at
equilibrium. The small particles experience little change of their composition while
NaNO, forms in the large particles in replacing the initial NaCl. Finally, all the chloride
in the large particles is released as gaseous HCI, and a small amount of NH,Cl is formed
on the small particles (the amount is too little to be seen in the figure). Solid NH,NO, is
not formed. For RH = 60%, the initially dry small particles are aqueous at equilibrium,
and NH,NO; is formed finally because the aqueous solution lowers the equilibrium
concentration product of HNO; and NH,. The large particles remain solid experiencing
only a composition change from NaCl to NaNO,. At RH = 70%, (NH,),SO, particles
become aqueous while NaCl coarse particles remain solid. It is worth mentioning that
(NH,),SO, has a deliquescent point at RH = 80%; the predicted lower deliquescent point
for (NH,),SO, is a result of using the Kusik and Meissner method to predict the activity
coefficients and of the thermodynamic data used to construct the equilibrium constants.
By doing so, we sacrifice some local accuracy to acquire overall accuracy and
consistency of model results. Water content associated with (NH,),SO, here can be
viewed as metastable water content, which is frequently observed in the atmosphere. At
equilibrium, the small particles consist of sulfate, nitrate, and ammonium, while the large

particles are a mixture of a solution of NaNO, and NH,Cl. When the RH exceeds 80%,
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both types of initial particles deliquesce and grow to larger sizes by absorbing nitric acid

and ammonia at equilibrium.

Figure 6.2 shows the detailed transport processes for the different RHs. The
equilibration times are routinely order of 10 hours or more, and they are not very
sensitive to changes of RH. Although transport for the pure solid case (RH=40%)
requires the shortest time, it is not significantly different from those for higher RHs. It is
interesting to note that for all RHs the nitrate and ammonium concentrations of the small
particles reached peak values at about 0.5 to 1.0 hour. This can be explained from the

different characteristic time scales of the two groups of particles, as shown in Table 6.3.

Large particles generally require much longer times than small particles for
transfer of volatile compounds between them and the gas phase. Initially, before the large
particles have time to influence the gas-aerosol system, most of the mass transfer occurs
between the gas phase and the small particles, and equilibrium between the gas phase and
the small particles is actually established. This stage is characterized by the increase of
NH,NO,; in the small particles. Because the gas-phase concentrations of NH, and HNO,
at this stage are still larger than the NH, and HNO, surface vapor concentrations over the
large particles, the volatile compounds eventually transfer, although slowly, to the large
particles. The mass transfer to the large particles decreases the gas-phase concentrations
of the volatile compounds and this actually drives these compounds in the small particles

to transfer back to the gas phase; note the decrease of NH,NO, concentration in the small
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particles. The time period of the first stage is controlled by the characteristic time scale
for the small particles, while the time span of the second stage is determined by that for

the large particles.

We have calculated the transport when only the small particles are present or only
the large particles are present for RH = 90% (not shown). The equilibration time in the
case for small particles only agrees well with the timing of the peaks for RH = 90% in
Figure 6.2 as well as the characteristic time (0.12 hr.) in Table 6.3 (here the characteristic
time for HCI is no longer relevant). The equilibration time in Figure 6.2 is longer than
that in the case for large particles only, but much shorter than the characteristic time for
the large particles in Table 6.3. This implies that, although the characteristic time
analysis is useful in qualitatively determining the equilibration time, the characteristic
time can differ by two or three orders of magnitude from the real equilibration time. The
reason for this discrepancy is that the characteristic time is estimated based on the initial
conditions, but these conditions for the aerosol system can change substantially as mass

transfer proceeds.

Figure 6.3 shows aerosol water content as a function of time for the two groups of
particles and different RHs. For RH=40%, all the aerosol particles remain solid
throughout the transport process. For RH=50%, the initially dry small particles first
become aqueous at about 1.5 min. with the transport of NH,NO, to them, then start to

evaporate at about 1 hour later. Evaporation of water from the small particles is a result
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of the loss of NH,NO, to the gas phase, which then transports to the large particles. For
RH = 60%, the small particles begin to accumulate water at the first half minute and
remain aqueous throughout the transport process. The large particles become aqueous at ¢
= 6 minutes at 70% relative humidity and the water content associated with them levels
off about 6 hours later. The small particles are always aqueous for RH > 70% and for

large particles this is true for RH > 80%.

To test the sensitivities of the results to initial conditions, we repeated the
calculations for a different set of conditions. We choose RH = 80% for the sensitivity
study. Figure 6.4a shows results similar to those in Figure 6.2 except that we now reduce
the gas-phase concentrations to 10 pg m” (3.88 ppb) HNO, and 5 pg m™ NH, (7.20 ppb)
while the aerosol phase conditions remain the same. It is seen that the equilibration time
is reduced to about half of that for the base case but is still longer than one day. In Figure
6.4b we reduce the concentrations of all the aerosol-phase components to one-half of
those in the base case. It then takes a longer time for the equilibrium to be established,
because fewer particles are available to accept the volatile materials. Next we decrease
the large particle size by half (the dry large particle diameter is 1.5 um) and maintain the
total aerosol mass unchanged. This implies that the large-particle number concentration
increases to maintain the same total mass concentration. The result is shown in Figure
6.4c. The equilibration time becomes considerably shorter than that in the base case; now
it takes about 15 hours for the equilibrium state to be reached. When the temperature is

decreased from 298 K to 288 K (not shown), the equilibration time becomes dramatically
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longer for the cool environment. This is in qualitative agreement with the findings of
Wexler and Seinfeld (1990) based on a characteristic time scale analysis. The major
reason for this is that most of the volatile species favor the particulate phase when
temperature is lower; it takes longer time to transport extra volatile species from the gas
phase to aerosol phase. Since we have used (NH,),SO, to represent the submicron
particles and NaCl to represent the coarse particles, it is interesting to investigate whether
chemistry plays a role in affecting the transport. We have: (a) replaced NaCl in the large
particles by (NH,),SO,; (b) assumed both NaCl and (NH,),SO, particles are present at a
diameter of 0.2 um; and (c) assumed both NaCl and (NH,),SO, particles are present at a
diameter of 3.0 um. Species concentrations as a function of transport time are presented
in Figure 6.5. When NaCl is replaced by (NH,),SO, in the large particles, the transport
proceeds faster than in the original case, primarily because less NH,NO, transports to the
large particles as a result of the fact that (NH,),SO, is more acidic than NaCl.
Nevertheless, the overall equilibration time is still about one day as a result of the
presence of the large particles. The equilibration time is substantially reduced if only
submicron particles exist in an external mixture of (NH,),SO, and NaCl, while Figure
6.5¢ shows that the equilibration time is quite long if only large particles are present. The
results shown in Figure 6.5 demonstrate that particle size, rather than chemistry,

determinines the overall equilibration time of the gas-aerosol system.

Since the equilibration time is very sensitive to change of accommodation

coefficient, we have varied the accommodation coefficient from 0.001 to 1.0 and show
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corresponding variation of the equilibration times in Figure 6.6. The equilibration time
for large particles is defined as that when all the volatile species concentrations have
reached within 5% of the equilibrium values, while for small particles, it is defined as the
time when the NH,NO; concentration in small particles peaks. It is seen in Figure 6.6
that the equilibration time for small particles ranges from 1.5 mins to several hours when
accommodation coefficient varies from 1.0 to 0.001, whereas the equilibration time for

large particles remains longer than 10 hours.

The transport calculations show that coarse particles are generally not in
equilibrium with either the fine particles or gas phase if they require much longer mass
transport times than the time scale over which the air mass is changing. The submicron
particles in the test case generally require 1.5 mins to several hours as the equilibration
time, a time scale more conducive to establish equilibrium under ambient conditions than
that for larger particles. It is noteworthy that the intermediate states obtained on the path
to equilibrium exhibit quite different features than either the initial state or the final

equilibrium state.

6. Implications for Ambient Aerosols

To apply the foregoing results to ambient aerosols we first consider typical urban aerosol
compositions for the fine and coarse particles (Table 6.2) from the 1987 Southern

California Air Quality Study (SCAQS) (Chow et al., 1994). During the SCAQS in fall
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1987, Chow et al. (1994) reported average concentrations of sulfate (3.13-4.93 pg m?),
nitrate (16.57-30.56 ug m™), ammonium (5.53-9.93 pg m™), chloride (0.54-1.14 pg m>),
and sodium (0.14-0.47 pug m>) of PM,, aerosols. Average gas-phase concentrations
ranged from 0.86-21.56 pug m™ for nitric acid and 4.10-21.89 pg m™ for ammonia. In the
calculations we assume that the total aerosol-phase concentrations were those typically
measured in SCAQS, except that we assume initially all ammonium nitrate exists in the
gas phase as ammonia and nitric acid. The assumed gas-phase concentrations of nitric
acid and ammonia are within the measured range in SCAQS. We then calculate the
transport of ammonia, nitric acid, and hydrochloric acid between the gas and aerosol
phases. An accommodation coefficient of 0.01 is assumed again in the calculation. We
show the concentrations of the volatile species as a function of time in Figure 6.7, and the
result is similar to what we have found in Case 1. The coarse particles are predicted to
require several days to reach the final equilibrium state. An interesting feature for this
urban aerosol is that HNO, and NH, vapor concentrations approach the equilibrium levels
much more rapidly than the corresponding aerosol species. The reason is that the time
scales for the gas phase to reach equilibrium are controlled by the small particles (see Eq.
(8)). HCI is an exception, because all HCI in the gas phase originates from the coarse
particles. Note that after the gas phase approaches equilibrium, a substantial amount of
the volatile compounds still transfer from the small particles to the large particles via the
gas phase. The aerosol species concentrations of the large particles have barely gained
any significant mass before the gas-phase concentrations reach equilibrium levels. This

interesting case demonstrates that even though the gas-phase concentrations may have
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already reached an overall equilibrium, it is still possible that different sized particles are
not in mutual equilibrium. Therefore, the equilibration time of the gas-aerosol system

7,,; (Eq. (10)) is different from the gas-phase equilibration time 7, ; (Eq. (7)).

Air flows in South Coast Air Basin (SoCAB) are affected by the land/sea breeze.
The residence times for airflows in SOCAB are generally less than 12 hours during the
summer time while recirculation and stagnation occur more frequently in the winter
(Douglas et al., 1991). In particular, we can estimate the time scale for change of
ammonia concentration in an air parcel flowing from Claremont to Riverside, two
sampling sites in the 1987 SCAQS. The average ammonia concentrations during the
summer SCAQS at these two locations are 2.06 ug m™ and 18.67 pg m> (Chow et al.,
1994). This leads to the time scale estimate for change of ammonia concentration at

Riverside,
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The distance between these two locations is about 35 km, and the wind speed can be
estimated as 4 m s™'. This gives 7 ~ 3 hr. Therefore, the time scales for change of the gas-
phase compounds are probably less than several hours. This implies that coarse particles
in SoCAB may not have sufficient time to establish equilibrium with gas-phase volatile

compounds. It should be noted that assuming all NH,NO; initially in the gas phase does
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not have a major effect on our results. It can be seen in Figure 6.7 that it takes less than
half an hour for half of the total NH,NO, to transport to the aerosol phase. It should be
noted that the longer equilibration times are not a result of the magnitude of the step-
change of initial gas-phase concentrations, since the equilibration time does not change
significantly when the difference between initial gas-phase concentrations and the final
equilibrium concentrations is reduced (Figure 6.4a). This is because when the difference
of the concentrations is reduced, although the amount of mass to transfer is decreased, the

mass transfer rate (Eq. (3)) is also reduced.

Marine aerosol is an important class of atmospheric particles. The major
component of marine fine particles is non-sea-salt sulfate (nss-sulfate), at a mass
concentration ranging from 0.2 to 1.5 pg m” (Fitzgerald, 1991). Aerosols in the marine
free troposphere contain an appreciable amount of sulfuric acid, which makes the
particles more acidic than NH,HSO, (Yamato and Tanaka, 1994). In contrast, for marine
air parcels that have passed over the continent within several days, sulfate aerosols
neutralized fully by ammonia are predominant. Coarse mode marine aerosols primarily
consist of sea salt, at a mass concentration ranging from 2 pg m™ to 50 ug m” (Fitzgerald,
1991). Nitrates in clean marine aerosols occur only about 0.1-0.2 pg m™ (Fitzgerald,
1991). During measurements at Mauna Loa Observatory, Hawaii, between May 1 and
June 5, 1988, Norton et al. (1992) reported 30 pptv (0.08 pug m™) nitrate aerosol and 103

pptv (0.27 ug m™) nitric acid at night (representative of the free troposphere) but 60 pptv
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(0.15 pg m™) aerosol nitrate and 130 pptv (0.33 pg m™) nitric acid during daytime

(representative of anthropogenically influenced marine boundary layer).

The ammonium-sulfate-bisulfate-water system is thought to be the most
representative of marine submicron aerosol. Quinn et al. (1992) reported discrepancies
between ammonia concentrations from measurements and from calculations based on an
equilibrium model for ammonium to non-seasalt sulfate molar ratio, R, larger than 1.8.
However, they observed equilibrium between ammonia and acidic particles and explained

their results through analysis of the relevant time scales.

It is meaningful to study the time scale for gas-aerosol transport in a marine
environment. We have assumed typical marine aerosol composition and gas-phase
concentrations (Table 6.2). We assume only monodisperse submicron aerosol particles of
dry diameter 0.1 um, the main component of which is sulfate with various amounts of
ammonium as defined by the ammonium to sulfate molar ratio, R,.. At t= 0 the particles
were exposed to a given gas-phase NH, concentration. We have calculated the ammonia
concentration change in an initial ammonia content of 0.07 ug m> (0.1 ppb) and 0.007 pg
m™ (0.01 ppb). The times needed for ammonia to reach the equilibrium values vary from
1 hour to several hours for R, decreasing from 2 to 0.25. These equilibration times agree

with the time scale analysis of Quinn et al. (1992).
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7. Conclusions

We have systematically studied the conditions for gas-aerosol equilibrium of the volatile
components of both fine- and coarse-mode atmospheric aerosols through detailed
transport calculations for hypothetical cases. It is found that the times required for the
coarse-mode aerosol particles to reach the equilibrium state are generally sufficiently long
that most of the atmospheric coarse aerosol particles are likely in non-equilibrium
transition states. The equilibration time between the fine-mode particles and the gas
phase is generally less than several hours, and whether submicron aerosol is in
equilibrium with the gas phase or not depends on the comparison with other relevant
ambient time scales. Sensitivity studies show that the gas-aerosol equilibration times are
not sensitive to changes of RH, initial gas-phase concentrations, small variation of
aerosol mass concentrations, and different chemical compositions, but are quite sensitive
to changes of aerosol size distribution, temperature, and accommodation coefficient. At
fixed total aerosol mass, equilibration time increases with increasing particle size, or
decreasing accommodation coefficient or temperature. Increase of the accommodation
coefficient towards unity does not substantially reduce the equilibration time for the
corase-mode particles; it does, however, reduce the equilibration time by several orders of

magnitude for the fine-mode particles.
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Table 6.1. Ratio of the equilibration times, 7 ﬁ /T
pg m-3 aerosol water content at 298 K

for some atmospheric species for 50

it
pH=0 pH=1 pH=2 pH=3

NH; 2.2 0.2 0.02 0.002
HCl 0.002 0.02 0.24 24
HNO;, 0.003 0.03 0.3 3.1
HCOOH 6.8x10° 6.8x10°° 6.9x10° 8.0x10°
CH3;COOH 6.7x10° 6.7x10°° 6.7x10°° 6.8x10°°
(COOH), 0.004 0.006 0.03 0.2
C3H403 3.8x10™ 3.9x10"* 5.3x10™ 1.9x10°

(Pyruvic acid)
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.................. large particles ’

Aerosol Water (1 g m'3)

Fig. 6.3 Aerosol water content for the two size sections as a function of transport time
for RH = 90%, 80%, 70%, 60%, 50%, and 40% (zero, invisible in the figure) in Case 1.
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Fig. 6.4 Species concentrations in the gas and aerosol phases as a function of transport
time for RH=80% in Case 1. Initial gas- and aerosol-phase data are given in Table 6.2,
except that (a) HNO, = 10 pg m™ and NH, = 5 ug m>; (b) all the species concentrations
in the aerosol phase are reduced by one-half; (c) the size of the large particles is reduced
by one-half.
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Fig. 6.5 Species concentrations in the gas and aerosol phases as a function of transport
time for RH=80% in Case 1. Initial gas- and aerosol-phase data are given in Table 6.2,
except that (a) NaCl in the large particles is replaced by (NH,),SO,; (b) both NaCl and
(NH,),S0O, particles are assumed to be present at a diameter of 0.2 um; (c¢) both NaCl and
(NH,),SO, particles are assumed to be present at a diameter of 3.0 um.
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Chapter 7

Size- and Chemically-Resolved Model of

Atmospheric Aerosol Dynamics

[The text of this chapter will appear in: Meng Z., Dabdub D., and Seinfeld J. H. (1997) J.

Geophys. Res.]
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Abstract

A three-dimensional, size- and chemically-resolved aerosol model is developed. Gas-to-
particle conversion is represented by dynamic mass transfer between the gas and aerosol
phases. Particle-phase thermodynamics is computed by a new thermodynamic model,
SCAPE2. The aerosol model is applied to simulate gas and aerosol behavior in the 27-29
August 1987 episode in the South Coast Air Basin of Californié. The assumption that
volatile inorganic species such as NH,NO; are at instantaneous, local equilibrium is
examined and it is found that, in many instances, gas/aerosol mass transfer limits the rate

of gas-to-particle conversion.
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1. Introduction

Particles in the Earth’s atmosphere play an important role in atmospheric chemistry,
climate, and human health. Atmospheric formation and removal of particles are governed
by a number of complex dynamic processes, including nucleation, condensation,
coagulation, chemical transformation in the gas, aerosol, and aqueous (cloud and fog)
phases, interphase exchange and equilibria, and wet and dry deposition. Atmospheric
particle sizes range from a few nanometers (nm) in diameter to several micrometers (Lm).
This factor of 10° in diameter translates into a factor of 10 in particle mass between the
two extremes of the size spectrum. Particle chemical composition can vary substantially
depending on particle size; indeed this variation is, at once, one of the most important
features from the point of view of atmospheric chemistry and human health effects and
one of the most demanding aspects to model theoretically.

A gas-phase atmospheric chemical-transport model predicts the spatial and temporal
distribution of gaseous species concentrations, ¢;(x, y,z,¢),i=1,2,...,N. An atmospheric
aerosol is characterized by both its size and composition distribution. The most general
form of an atmospheric aerosol chemical-transport model predicts the size-composition
distribution as a function of location and time. The starting point for an aerosol model is
the equation of conservation of particle number (or mass). Within that equation are terms
that account for transport and dispersion, gas-to-particle conversion, coagulation, and
removal processes. Pilinis and Seinfeld [1988] constructed the first three-dimensional

size- and chemically-resolved atmospheric aerosol model. The major features of the



225

model, as well as those of other existing aerosol models, are summarized in Tables 7.1-
7.4. The two currently available three-dimensional aerosol models, the Regional
Particulate Model [Binkowski and Shankar, 1995] and that of Lurmann et al. [1997],
assume instantaneous gas-aerosol equilibrium for volatile inorganic compounds. It has
been shown, however, that for some compounds under certain conditions equilibrium is
slow to be established relative to the time scale over which other changes are occurring
[Wexler and Seinfeld, 1990; Meng and Seinfeld, 1996]. Thus, it is desirable that the most
general form of an aerosol model not rely on the assumption of instantaneous, local
equilibrium of volatile species.

The models of Pilinis and Seinfeld [1988] and Lurmann et al. [1997] represent the
aerosol size distribution by the sectional approximation [Gelbard et al., 1980; Gelbard
and Seinfeld, 1980], wherein the size domain is segmented into a series of sections; or
bins, within which the aerosol has a uniform composition. The RPM [Binkowski and
Shankar, 1995] assumes that the aerosol size distribution adheres to a bimodal log-normal
distribution and then solves equations for the Oth, 3rd, and 6th moments of the
distribution. In theory, the moment method requires solving equations for all three
moments simultaneously. The RPM solves only the Oth moment completely; the 3rd and
6th moments are solved without the transport terms. Instead of solving mode-resolved
equations for the chemical components, the RPM solves only the total (summed over the
two modes) mass concentration for the individual species. The total mass concentration is
then distributed over the two modes; as currently formulated, the RPM assumes that each

of the two modes has the same chemical composition. The RPM also assumes that growth
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processes are fast compared with the generation of condensable vapor. Whereas this is
generally true for H,SO,, it is not the case for HNO,;, HCI, and NH;, for which detailed
mass transport needs to be calculated. Given the limitations of the modal approximation,
a sectional approach is deemed to be more appropriate, as it allows for general
specification of the aerosol size-composition distribution.

We present here the development and application of a three-dimensional size- and
chemically-resolved atmospheric aerosol chemical-transport model. The model is applied
to simulate gas and aerosol behavior in the South Coast Air Basin of California over a
three-day episode (27-29 August) during the 1987 Southern California Air Quality Study

(SCAQS).

2. Governing Equations for Aerosol Dynamics

Let n(m, t) be the number concentration of particles having total particle mass in
the range m to m + dm. (We need not explicitly indicate the spatial dependence of n for
the moment.) The total mass of a particle is the sum of the masses of its N individual

components,

M=

m=

m (m)
1

W

Let I(m, t) be the rate of change of the total mass of a particle of mass m as a result of

condensation/evaporation processes,

Km0=§bmw) 2
i=1
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where [; = dm; /dt. 1f the coagulation coefficient between particles of masses m and m’
is f(m, m’), the equation of conservation governing n(m, ¢) can be written as

on(mt)
ot

- g [](m, tyn(m, t)] + 1 T B(m ,m—m)n(m ,H)n(m—m,t)dm
om 2

—n(m, t)o,f LB (m,m yn(m',t)dm' 3)
0
+S(m,t)— L(m,t)n(m,t)
where S(m, t) is any external source of particles of mass m (e.g., nucleation), and L(m,
tYn(m, ) is the first-order rate of removal of particles of mass m (e.g., wet and dry
deposition).
For applications to urban/regional situations, one is generally interested in the
aerosol mass distribution, rather than the number distribution. We define
g:(m,1)= myn(m. 1) @
as the mass concentration distribution for species i. The total aerosol mass concentration
distribution function is

qg(m,t) = mn(m,t)

N 5
= Yg,(m0) ©
i=1
The normalized growth/evaporation rate of species i in a particle of mass m is
1 dm,
H,(mit)=——— 6
(m0)=—— ®)

and the total normalized growth rate of a particle of mass m is
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H(m,t)= l%’?

N (7
= 2 H(m,1)
=1
Using the above definitions, (3) becomes [Pilinis, 1990]

Aq.(m, 2

ZLED _ i m,1)qm, 1)~ H]
+ Iﬂ(m =g, 1y L) gy ®)

gm0

—q,(m, r)jﬂ(m T dm' + mS(m, 1)~ L(m, ), (m,1)

Equation (8) is the general equatlon governing the mass distribution of species i over the
aerosol mass spectrum. It includes condensation/evaporation, coagulation, sources (such
as nucleation), and removal processes. Under the most extreme particle concentrations in
urban areas, Brownian coagulation can be shown to have a negligible effect on the
evolution of the aerosol size distribution over the time scales of interest [Wexler et al.,
1994]. Thus, for urban/regional applications coagulation can be neglected in (8). The
spatial dependence of ¢; can now be accounted for and terms, identical to those for
gaseous specles, for advection and turbulent mixing can be added. Finally, for
computational purposes, the independent variable, m, can be transformed to a normalized

particle diameter, u = In( D, / D, ), where Dpy is a reference particle diameter (e.g., the

smallest diameter in the size domain). With p;(u,X,t) = (dm/du)g;, the result is
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—é’-ﬁ%‘t’—x’—” = (V(x,0)=V,(1)k) - Vp, + V- K(x,1)Vp,
1o
+Hl'(,U,X,f)p(,U,X,t)'—3“0;,‘;[[‘]]91-] (9)

+8;(p X, 1) = L(p, X, 1)p,
where x is the spatial coordinate vector, V(x,t) is the mean wind velocity vector, V is
the particle settling velocity, k is the unit vector in the upward vertical direction, and
K(x,1) is the turbulent diffusivity tensor.
The condensation/evaporation rate of species i is [Wexler et al., 1994]
_ ldm; 27DpD; Cy, ;= Cy

Tmodt m 24 (10)

+1
al-Dp

where D; is the molecular diffusivity of species i in air, C,; and C,; are the

i
concentrations in the bulk gas phase and at the particle surface, A is the air mean free
path, and ¢; is the accommodation coefficient for species i on the atmospheric aerosol.
Particle surface vapor concentrations C;; are estimated by a thermodynamic routine,
SCAPE2, which will be described subsequently. Equation (10) is used to compute rates
of gas/aerosol transfer for sulfate, ammonia, nitric acid, hydrochloric acid, and semi-
volatile organic aerosols (SOA). Water and CO, (or carbonates) can be assumed to be in
local, instantaneous equilibrium between the gas and aerosol phases. The condensation/
evaporation rate for water is [Wexler et al., 1994]

_ldm, < 1000H, 1000 cRH p; 9y (RH)

H =
Yomodt T Mymy(RH) p 6t [ Mumi.(RH) ORH

(11
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where M; is the molecular weight of species i, and m ; is the molality of species i in a

binary aqueous solution with water activity equal to relative humidity RH.

In a three-dimensional model dry deposition of both gaseous and particulate
species is included in the ground-level boundary condition to (9) in terms of a deposition
velocity, Vy = F/C(z,),where F is the downward mass flux and C(z,) is the concentration
at a reference height, z, (typically z, = 10 m) [Russell et al., 1993]. The deposition flux is
given by

dC(z)

F=[K.(z)+ D]~ =

+V,(C(z) (12)

where K. is eddy diffusivity, D is molecular diffusivity, and Vj is the settling velocity.

Eq. (12) can be reduced to

C(z,) dC(Z) ~ z dz (13)
ey VaC(z)=V,C(2) [ [K..(2)+ D]
where z, is the species sink height. Define
Vo= 1
P - Z.f dZ
Zd[Kzz(Z)+ D]
(14)

Ku(z)

Loz el

where x is von Karman’s constant, u(z, ) is the wind velocity at the reference elevation,

zg is the surface roughness height, L is the Monin-Obukhov length, and ¢, and ¢, are
experimentally derived functions that account for the influence of atmospheric stability

on turbulent transport. Note that the definition of V}p for particles is the same as the
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definition of the maximum deposition velocity, Vg max, for gases to deposit on a perfect-
sink surface by Russell et al. [1993], except that the term, In(zy/z;), in Eq. (14) is

evaluated separately for particles and gases, namely, for gases,

AYE
1{-@}2(—5) , (15)
Zy4 Pr
where Sc and Pr are the Schmidt and Prandtl numbers [Russell et al., 1993], while for

particles,

I j—i]: x(Se723 +10‘3/S')_1, (16)

where the Stokes number St = (V / g)(u=1=2 / v), and g is the gravitational acceleration, us is
the friction velocity, and v is the viscosity of air [Pleim et al., 1984]. Substituting (14)
into (13) and noting C(z,) = 0 for particles, we obtain

VS
(17)

V, =5
d 1=/

It is easy to see from (17) that V; approaches the settling velocity if the particles are
sufficiently large so that Vy is dominant over Vp; on the other hand, if Vg <<V}, (i, for
small particles), Vg — V), governed by the Brownian-diffusion controlled particle

deposition.

3. Gas-to-Particle Conversion

3.1 Condensation/Evaporation and Nucleation
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The condensation/evaporation driving force for species i is the difference between the

concentration just above the particle surface C;; and that in the bulk gas C, ;. Most

previous efforts in modeling condensation/evaporation of volatile species have assumed
instantaneous gas/aerosol equilibrium. In this work condensation/evaporation processes
are modeled dynamically. The thermodynamic model SCAPE2, which is described in
Section 3.3, is used to calculate the particle surface vapor concentrations Cg; in (10) for
all inorganic species. Later we will compare predictions based on the fully dynamic
approach with those based on the equilibrium approach, which partitions the total
concentration of volatile species between the gas and bulk aerosol phases and then
allocates the aerosol species to different size sections based on aerosol surface area
[Pandis et al., 1993; Lurmann et al., 1997].

Homogeneous nucleation is assumed to occur only with H,SO/H,O0. A

nucleation threshold H,SO, concentration C,, ¢, (0 pg m™) can be calculated from
[Wexler et al., 1994]
Corit, 1,50, = 016exp(01T —35RH —-27.7), (18)

where 7T is in K and RH between 0 and 1. If the ambient H,SO, vapor concentration

exceeds C,, 4, » that amount exceeding the threshold is removed from the gas phase

and placed in the smallest aerosol size section.

3.2 Secondary Organic Aerosol Formation
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Secondary organic aerosol (SOA) results when a parent organic compound A
reacts with OH, O,, or NO, to yield products that have sufficiently low vapor pressures

that they partition into the aerosol phase. For example,
A+OH——> -+ B+

where the semi-volatile product B formed with stoichiometric coefficient S partitions
between the gas and particulate phases,
B(g) == B(p)

Once the semi-volatile condensable vapor B(g) is formed in the gas phase, mass transfer
of B(g) to B(p) is governed by (10). Gas/particle partitioning of semi-volatile organic
compounds to urban particulate matter containing a significant fraction of organic matter
will be dominated by absorption of the compound into the particulate organic layer
[Odum et al., 1996]. Based on the absorption mechanism, the surface vapor
concentrations of semi-volatile organic compounds are governed by

F
eq Ut
st KI-OMIOM (19)

where Fj (ug m”) is the concentration of organic species i in the acrosol phase, K ,-O M (m?
ug™') is the absorption partitioning coefficient, and OM (pug m™) is the absorbing organic
mass concentration.

Aromatic species can be presumed to be the major anthropogenic sources of SOA
[Odum et al., 1996]. Two condensable vapor products can be assumed to result from each

of the reactions of toluene (TOLU) and higher aromatics (AROM) with OH, namely,
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TOLU + OH — ... + B, ATO1 + B, ATO2
AROM + OH — ... + B, AARI + B, AAR2
where B, and (3, are stoichiometric coefficients, and ATO1, ATO2, AARI1, and AAR?2 are

the generalized semi-volatile vapor products [Odum et al., 1996].

3.3 Aerosol Thermodynamics
SCAPE (Simulating Composition of Atmospheric Particles at Equilibrium) is an aerosol
thermodynamic model that was first introduced in 1993 [Kim et al. 1993ab] and has
undergone continued development since that time. It has the most complete treatment of
inorganic gas/aerosol equilibrium available, and provides the option of using three
popular activity coefficient estimation methods (Bromley, K-M, and Pitzer); also, with
respect to RH variations, one can choose to calculate either the metastable or full
equilibrium state of the particles. The ZSR method [Robinson and Stokes, 1965] is used
to estimate water activity because of its computational efficiency and comparable
accuracy with other more complex methods. Temperature dependence of deliquescence
points is also considered. The original version of SCAPE includes sodium, sulfate,
ammonium, nitrate, and chloride. Subsequent work has added potassium, calcium,
magnesium, and carbonates [Kim and Seinfeld, 1995; Meng et al., 1995a].

In the original version of SCAPE the equilibrium relations, together with mass
balance and electroneutrality conditions, are reduced to a single equation in the H”
concentration. After gaseous and aqueous species concentrations are obtained, solid

concentrations in the aerosol phase are calculated. The original version of SCAPE cannot
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be used directly to calculate the particle surface vapor concentrations Cg;. We have
modified the original version and have developed an option to handle aerosol-phase-only
thermodynamics. The new version is termed as SCAPE2. In determining the H'
concentration, the original SCAPE uses the combined bisection-Newton method; in
SCAPE2, only the bisectional method is applied to the logarithmic scale of the
concentration domain.

Crustal compounds affect the general equilibria of volatile species. When the
aerosol contains water, crustal species alter the ion balance and interactions. For pure

solid particles, the following heterogeneous chemical reactions are relevant:

HNO, + NH,Cl = NH,NO, + HCI
HNO, +NaCl = NaNO, + HCl
HNO, + KCl == KNO, + HCl
HNO, + 2CaCl, &= 1Ca(NO,), + HCl

HNO, + TMgCl, = IMg(NO;), + HCI

where the equilibrium constants for the above five reactions, K;, K2, K3, K4, and K35, are
1.8908, 4.0075, 12.694, 1461.7, and 2489.5, at 298 K, respectively. If surplus HNO,
vapor is present, it reacts preferentially with MgCl, if available, then CaCl,, KCl, NaCl,
and NH,Cl, based on the values of their equilibrium constants. For instance, if reaction
of HNO, and NaCl is to proceed, nitric acid must have consumed the available KCl,

CaCl,, and MgCl, already. The reverse is true if excess HCI is available for reaction with
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the nitrate salts, though this situation is less likely in the atmosphere. Similar

considerations apply to reactions of the carbonate salts with HNO, and HCI.

4. Numerical Solution

Operator splitting [McRae et al., 1982] is used to solve the different physical and
chemical processes according to the following order, TxT)T7 :TTyTx, where Ty, Ty,
Tz ¢, and T, represent the operators of transport in x direction, transport in y direction,
transport in z direction and gas-phase chemistry, and aerosol dynamics, respectively.
Spatial advection and diffusion terms in the above equation are solved by the same
methods as in the host gas-phase atmospheric chemical transport model.

The aerosol operator is activated after the gas-phase chemistry operator is
finished; it calculates mass transport between the gas and aerosol phases while total mass
concentrations are conserved. The numerical time step for the mass transport varies
according to the characteristic mass transport time scale and Courant number at the
beginning of each time step, and is determined by the smallest of these for all the aerosol
size sections. Whether or not the particle surface vapor concentrations for a particular
size section are updated at a given time step by “calling” the aerosol thermodynamic
model (SCAPE2) is determined by the ratio of the time passed since the last update over
the previous characteristic time scale for that section. The aerosol operator becomes
inactive after the mass transport has proceeded for a time step of the gas-phase chemistry

operator.



237

Representation of the size- and composition-resolved aerosol distribution function
is based on a sectional approach. An internal mixture is assumed for the particles, that is,
within each size section the chemical composition of the particles is unique, and
furthermore, the mass concentration distribution of a given species is assumed to be
constant in a given size section. The particle size domain is prescribed to be between
Dy, min and Dy, mayx, the values of which used in the application to be presented are 0.039
pum and 10 pm. The minimum value is chosen such that the division between the 6th and
7th sections occurs at a diameter of exactly 2.5 um, thus facilitating comparison of the
predictions with ambient PM,; and PM,, observations. (PM,; and PM,, denote the
aerosol particles with diameter smaller than 2.5 pm and 10 pm.) If particles grow beyond
Dy, max their sizes are reduced and the number concentration is increased to maintain
mass conservation; on the other hand, if the particles shrink below Dj, in, their sizes are
increased and the number concentration is reduced. The above treatment of the upper and
lower boundary conditions has a negligible influence on model predictions because, when
the particle size spectrum is sufficiently broad, the mass fractions of particles outside the
boundaries are small and small particles (sulfate dominant) are more likely to experience
condensation than evaporation at the lower particle size boundary.

The condensation/evaporation term is solved by Bott’s method [Dhaniyala and

Wexler, 1996]. Numerical solution of the condensation/evaporation portion of (9),

o pi(H,t)
ot

; 20
3 ou (20)

= Hi(ﬂ,t)p(ﬂ,t)~

is given by
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n+ n [H’] i n At n n
[ =[p 0 + [H]; [p:] j[eXP(HAt)—l]—Z;( T —Fj-m) 1)

where n denotes the discretized time (7), j, the discretized size domain (), At and Ay are

the time step and section width, and F},, and F,,, are the p; fluxes through the right

and left boundaries of section j. Numerical values of the fluxes F7,, and F Li/2 are

obtained by integration of the mass over the swept area by advection due to particle
growth or shrinkage. These fluxes are then normalized by the actual available mass so
that the numerical scheme is positive-definite. After comparing with other numerical
methods for solving the condensation/evaporation process, Dhaniyala and Wexler [1996]
found that Bott’s method is accurate and numerically very efficient.

Before (20) or (21) can be solved, one needs to evaluate the growth rate H;
according to (10), which requires estimation of surface vapor concentrations, Cy ;. For
sulfuric acid, we assume, because of its extremely low vapor pressure, the surface vapor
concentration to be zero for all particles. Vapor concentrations for the volatile inorganic
compounds, namely NH;, HNO,, and HCI, are estimated by the thermodynamic model
SCAPE2, as described earlier. At the beginning of the aerosol time step, SCAPE2 is
“called” to calculate the growth rates for all the inorganic aerosol components except
water and carbonates. Growth rates for aerosol water and carbonates are calculated as

follows:

Hwatsz,azi]'+Hw5 Hcar: c,adj+wa (22)
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where H,, is defined in (11), f'is the mass ratio of carbonate to water, and the adjusted
growth rates Hy, 4qj and H 44; are calculated by

1 4m, 1 Am,

Hyagp = m At cadi = Ap

(23)

where 4m,, and Am, are the differences between the equilibrium-update water content
and carbonates calculated at the beginning of the current aerosol time step and those from
the previous time step. The mass change of carbonates is adjusted based on the change of
aerosol water content.

Both sequential and parallel versions of the model have been implemented on
IBM RISC 6000 computers. About 72 CPU hours are required for a typical one-day
simulation of the South Coast Air Basin of California on a single IBM 390 computer,
while the parallelized version requires about 14 hours running on 5 IBM 390 nodes. More
than 95% of the CPU time associated with the aerosol model is consumed in calculating

aerosol thermodynamics.

S. Dynamic vs. Hybrid Approaches

This work uses a dynamic approach to calculate detailed mass transfer of volatile species
between the gas phase and size-resolved particles. The “hybrid” method has been used in
previous aerosol studies [Pandis et al., 1993; Lurmann et al., 1997]. The hybrid method
first calculates at any instant of time the equilibrium for volatile compounds between the
gas and bulk aerosol phases, then distributes the aerosol mass increment over the size

spectrum based on a particle surface area weighting.
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The dynamic approach can simulate mass transfer between the gas phase and
individual aerosol particles whereas the hybrid approach compute only overall gas-
aerosol equilibrium. For example, Figure 7.1 shows a comparison between predictions by
the dynamic and hybrid methods for a hypothetical single cell. The initial gas-phase
concentrations are: 10 ppb NH, (6.95 ug m™), 20 ppb HNO, (51.52 ug m™), and 2 ppb
HCI (2.98 ug m™). The initial size- and chemically-resolved aerosol concentrations are
taken to be those at r = 0 in Figure 7.1. Temperature is assumed t(‘) be 298 K and relative
humidity is 80%. Only condensation/evaporation is considered in this example; all other
physical and chemical aspects, such as deposition and emissions, are ignored. Initially,
particles in the 3rd and Sth size sections are more acidic than those in other size sections,
and particles in these two size sections experience some evaporation of NH,NO, even as
NH,NO, is condensing on particles of other sizes. At 2 hours, the concentrations in the
4th section have decreased because the original particles in this section have grown to
larger particle sizes while those in the 3rd section have not grown fast enough to reach the
4th section. The condensation/evaporation rate is controlled by the difference between the
concentration in the bulk gas phase and that at the particle surface, the single particle
surface area, and the total number of particles in the size section. Changes in the aerosol
size distribution after about 6 hours are negligible. That distribution, however, is quite
different from that predicted by the hybrid method based solely on equilibrium between
bulk gas and aerosol phases and the initial size distribution. The reason for this difference
is that the hybrid method does not account for the chemistry of individual particles. The

predicted partition of total nitrate and ammonium between the gas and bulk aerosol



241

phases by the two approaches is shown in Figure 7.2. In this case, the hybrid method just
gives the equilibrium partitioning. After 6 hours, even though the size distributions are
different, the overall gas-aerosol partitioning predicted by the dynamic model is close to
the equilibrium value. In 3-dimensional aerosol modeling, this may not be the case since
total nitrate and ammonium concentrations in a grid cell at a particular time will vary
depending on the approach used. For instance, as a result of mass-transport limitation, the
dynamic model may predict higher gaseous HNO, concentrations at a particular location
and time than equilibrium would indicate. Because HNO, has a considerably larger dry
deposition velocity than aerosol nitrate, the total nitrate concentration could, as a result,
be substantially reduced from that predicted based on instantaneous local equilibrium as a

result of the larger loss of HNO,.

6. Simulation of an Episode in the South Coast Air Basin of California

We present the simulation of a three-day episode in the South Coast Air Basin of
California (SoCAB), from 27-29 August, during the summer 1987 Southern California
Air Quality Study (SCAQS). High ozone (>240 ppb) and PM,, (> 100 pg m™>) levels were
measured during this episode. The highest measured ozone concentration for this period
was observed at Glendora on 28 August, with a peak 1-h average mixing ratio of 290 ppb.

Wind flow during the three-day period was generally characterized by sea breeze
during the day and a weak land-mountain breeze at night. Weak onshore pressure

gradient and warming temperatures aloft increased potential for photochemical ozone
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formation on 27 August. Low clouds penetrated into the coastal valleys on 28 August,
with pressures gradients still remaining weak onshore. The weak upper trough along the
coast on 29 August lifted the inversion base and created a slight reversal of the pressure
gradient, resulting in farther inland penetration of the morning low clouds and fog to
coastal valleys. Over the three-day period there existed well-defined inversion layers atop
neutral and unstable layers near the surface. Nocturnal ground-based inversions for 27-29
August were observed only at further inland locations. The nocturnal boundary layer was

generally slightly stable or near neutral.

6.1 Gas-Phase CIT Model

The “host” gas-phase chemical-transport model is the CIT model [McRae et al., 1982;
McRae and Seinfeld, 1983; Harley et al., 1993]. The CIT model is a three-dimensional
urban-scale gas-phase photochemical model. Three-dimensional meteorological data are
constructed through data interpolation with a diagnostic wind model [Goodin et al., 1979,
1980]. The horizontal grid domain is 80x30, with a resolution of 5 km. Five vertical
layers extend to a height of 1100 m above ground level. Gas-phase chemistry is based on
the condensed version of the LCC chemical mechanism [Lurmann et al., 1987] with
extensions by Harley et al. [1993]. The species in the chemical mechanism are listed in
Table 7.5. The original mechanism includes 35 chemical species, of which eight are
lumped species representing organic compounds of similar reactivity. Hydrochloric acid
(HC1) has been added to the original gas-phase chemical mechanism. A constant CH,

mixing ratio of 2.2 ppm is assumed. Isoprene is used as a surrogate for all biogenic
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hydrocarbon emissions. Since isoprene does not yield secondary organic aerosol [Pandis
et al., 1992a], the current simulation includes SOA only from anthropogenic aromatic

compounds.

6.2 Emissions

Emission data for gaseous compounds are described by Harly et al. [1993]. In brief, day-
specific pollutant emission inventories for the August 1987 episode were received from
California Air Resources Board (CARB) [Wagner and Allen, 1990]. The inventories were
based on EMFAC 7E mobile source emissions estimates [Yotter and Wade, 1989],
adjusted to account for daily temperature variations. On-road vehicle hot exhaust
emissions of CO and hydrocarbons were increased to three times the EMFAC 7E values
to reflect realistic on-road vehicle emission rates [Harley et al., 1993]. Stationary source
emissions, which include day-specific power plant, aircraft, and refinery sources, were
prepared by the South Coast Air Quality Management District (SCAQMD). The NH,
emissions inventory used was developed by Cass and Gharib [1984]. SO, emissions and
chemically- and size-resolved primary particle emissions used are those presented by
Lurmann et al. [1997]. Particle emissions account for six chemical species: sulfate,
elemental carbon (EC), organic material (OM), sodium, chloride, and “other” species.
Ammonium and nitrate from primary emissions are small and can be neglected. A value
of 75 metric tons per day is assumed for NaCl emissions following Lurmann et al.
[1997]. The total amount of NaCl emissions is uniformly distributed over the

computational domain, and the daily emissions are divided by 24 hours to obtain the
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hourly emissions within each grid cell. The original CARB PM profiles have been
distributed over the eight size sections for the current model based on an estimated

continuous size distribution.

6.3 Initial and Boundary Conditions

Boundary and initial conditions for the episode are specified using routine surface-level
air quality measurements and aircraft-based measurements acquired during SCAQS
[Harley et al., 1993]. PM10 data are based on monthly average [Lurmann et al., 1997].
The initial size- and composition-resolved aerosol concentrations are provided by
Lurmann et al. [1997], which were estimated based on the annual averages in SoCAB
[Solomon et al., 1988] and were distributed to the eight size sections used in the
simulations. Since their estimated initial concentrations are close to the actual PM,
measurements at midnight on 27 August 1987, it was not necessary to develop initial
conditions based on the measured PM, ; concentrations at midnight on 27 August 1987.
Boundary concentrations and initial concentrations above the mixing height are given in

Table 7.5.

6.4 Simulation Results

Predicted 24-hour average PM, ; mass concentrations on 28 August are shown in Figure
7.3. A band of high concentrations extending from northwest to southeast in the region is
predicted, with a maximum reached near Riverside. Although not shown, the maximum

predicted PM,, mass concentration is about 45% higher than the PM, ; mass. Predicted
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24-hour average PM, ; nitrate and ammonium mass concentrations on the same day are
shown in Figures 7.4 and 7.5. Both exhibit spatial patterns similar to those of total PM

mass concentrations.

Predicted size distributions of aerosol nitrate and ammonium are compared with
available measurements [John et al., 1989] on 28 August between 6 a.m. and 9:30 a.m. at
three locations in Figures 7.6 and 7.7, respectively. The model predicts well the
submicron-mode of the size distribution but does not predict the presence of the observed
supermicron nitrate mode. In examining the sodium and chloride size distributions for the
same period (not shown), we found that an observed single coarse mode was considerably
underestimated. An underestimate of NaCl in the coarse mode will lead to an
underestimate of nitrate in two ways. First, less NaCl will be available for reaction with
gaseous HNO, to produce coarse-mode aerosol nitrate; second, an underestimate of NaCl
also implies that less coarse mode surface area is available for condensation of NH,NO,.
A more accurate estimate of size-resolved NaCl emissions would likely improve
predictions of the coarse-mode aerosol distribution.

Figure 7.8 shows predicted nitrate size distributions at Rubidoux, the location of
the maximum in both nitrate and ammonium, for various sampling periods on 28 August.
In the early morning, two modes were observed for both species, nitrate being more
pronounced. The submicron mode is centered at about 0.5 um and the coarse mode is at
about 4.0 um. Between late morning and early afternoon, the aerosol size distribution

narrows as a result of condensation and the submicron-mode diameter shifts toward larger
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sizes. The coarse mode remains little changed. During late afternoon, two submicron
modes become evident, with the larger submicron mode growing to a diameter of about
0.7 pm. During the evening, (observations not available) the model predicts continuous
growth of the aerosol particles to a mode-diameter around 2 pm. Throughout the aging of
the aerosol size distribution, predicted and measured NH,NO, size distributions are in
good agreement. The model underestimated peak values of the sulfate size distributions.
This is almost certainly a result of the neglect of fog processing, which occurred in the
coastal regions in the late night and early morning of 28-29 August [Pandis et al.,

1992b)].

Figure 7.9 shows predicted one-hour-average aerosol concentrations as a function
of size at various times during 28 August for Riverside. Sulfate, nitrate, ammonium, and
EC primarily reside in fine (PM, ;) particles while crustal (other) species are in coarse
(PM,,) particles. Organic matter that is dominated by primary emissions is present in all
size sections. Sodium and chloride are predicted to be minor constituents of the aerosol
phase. Inland locations, such as Claremont and Riverside, are predicted to have higher
NH,NO, concentrations than coastal and central basin locations. Long Beach exhibits
higher sulfate concentrations in smaller particles than other locations. During daytime,
condensation of NH,NO, causes smaller particles to grow faster than larger particles. For
instance, at Riverside, the peak of the accumulation mode grows from the 4th section
(0.31-0.62 pm) at 6 a.m. to the Sth section (0.62-1.25 pum) at 12 p.m. However, dry

deposition of particles competes with particle growth. This can be seen from the decrease
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of the total mass concentrations from 6 a.m. to 12 p.m., particularly for the larger
particles, although condensation of NH,NO, shifts the peak to the larger particle size.
Since evaporation of volatile compounds would shift the submicron-mode peak to a
smaller particle size and would have no effect on the overall concentration of crustal
species (“other”) in the bulk aerosol phase, the decrease in aerosol concentrations at
noontime is a direct result of dry deposition. Note that, as expected, dry deposition has a
larger effect on smaller and larger particles than those of intermediate size (~1 um). At 4
p.m., a bimodal size distribution is formed for the submicron particles. At 8 p.m.,
continued growth causes the NH,NO, concentration to peak at a supermicron particle
size. Note that a large fraction of the small particles is also removed by dry deposition.
By midnight the aerosol size distribution attains a shape similar to that at the previous

midnight.

7. Model Performance

Predicted gaseous and PM, ; and PM,, species concentrations have been compared against
available measurements. Both PM,; and PM,, samples were collected on Teflon or

prefired quartz fiber filters that were then analyzed to determine aerosol mass, trace
element, ionic species, and organic and elemental carbon [Countess, 1989]. PM,; NO3

samples were collected by both Teflon filter and denuder difference method. PM, ; NH}
concentrations were measured by both Teflon filter and backup quartz filter impregnated

with oxalic acid after NH; removal by denuder. However, some of the PM, ; ammonium
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samples by the denuder method at Riverside were contaminated due to the high ammonia
concentrations having overloaded the NH; denuder [Hering et al., 1997]. Five samples
were taken each day with sampling periods of 4 h during the daytime and 5-7 h during the
nighttime.

Predicted PM,; nitrate and ammonium concentrations are compared with
measurements in Figures 7.10 and 7.11, respectively. Note that model predictions are 1-h
averages while measurements are averages over 4-7 hours. Statistical analysis of
performance by the model based on 24-h means is presented in Tables 7.6 and 7.7. Error

analysis is carried out only for species with observed concentrations exceeding 1 ug m>.

7.1 Nitrate

The predicted time-series PM,  nitrate is shown in Figure 7.10 and agrees well
with observations. Overpredictions occur more frequently than underpredictions.
Predicted 24-h means of PM,; nitrate averaged over the eight SCAQS observation
stations are 18.3, 23.9, and 22.9 ng m>, which were higher than the 14.6, 17.2, and 16.4
pg m” measured on 27, 28, and 29 August, respectively. Predicted 24-h means averaged
over the eight SCAQS observation stations of PM,, nitrate are 20.7, 26.5, and 25.4 ug m>
which were considerably higher than the 12.7, 13.4, and 14.8 pg m® measured on the
three days. Note that the Teflon-filter-sampled PM,, nitrate concentrations were even
lower than the PM, s nitrate from the denuder difference method, suggesting that losses

occurred during PM,, nitrate sampling by Teflon filters.
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The maximum 24-h means of nitrate occurred at Riverside for all three days. The
predicted 48.0, 60.5, and 65.2 ng m” of PM, ; nitrate at Riverside were higher than the
39.1, 41.3, and 42.5 ug m> measured on 27, 28, and 29 August, respectively. The
predicted maximum 24-h mean PM,, nitrate, at Riverside, 53.5, 68.5, and 71.2 ug m>, are
to be compared with the measured 36.8, 40.1, and 42.9 ug m™ by Teflon filters.

Overprediction of PM nitrate is a result of overprediction of total nitrate. Total
nitrate predicted by the current model is very close to that given by Harley et al. [1993].
This behavior indicates that the gas-phase photochemistry may be producing too much
HNO,;. There are two pathways for production of HNO;: 1) NO, + OH; 2) N,O, + H,0.

The second pathway contributes about a quarter of the total nitrate production.

7.2 Ammonium

Figure 7.11 shows patterns of predicted and observed PM, , ammonium at 8§ locations.
Observations are based on Teflon-filter samples, plus the estimated volatilized
ammonium. The volatilized ammonium is assumed to be in combination with nitrate and
1s determined by the difference between PM, ; nitrate sampled by the denuder difference
method and Teflon-filter method. Although the PM, ; ammonium was also measured on
an oxalic acid filter downstream of an oxalic acid coated glass tube denuder, the samples
were contaminated when the denuder became overloaded at Riverside due to the high
ammonia concentrations [Hering et al., 1997]. At other locations, the ammonium ion
concentrations inferred by this method agreed with those measured by the denuder

difference method.
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Predicted 24-h means of PM,; ammonium averaged over the eight SCAQS
observation stations are 6.4, 8.3, and 8.3 pg m” which agree well with the 6.5, 8.4, and
9.6 pg m* measured on 27, 28, and 29 August, respectively. The predicted 24-h means of
PM,, ammonium averaged over the eight SCAQS observation stations are 7.3, 8.9, and
8.9 ug m™ which were higher than the 4.3, 5.7, and 8.1 pg m™ measured on the three
days. Note that, similar to nitrate, the Teflon-filter-sampled PM,, ammonium
concentrations were also lower than the PM,; ammonium from the denuder method.
Maximum 24-h means of ammonium occurred at Riverside for all three days. Predicted

maximum PM, ; ammonium concentrations also agree very well with observations.

7.3 Nitric Acid

Predicted and observed time-series HNO, are shown in Figure 7.12. Predicted 24-
h HNO, means averaged over the eight SCAQS observation stations are 6.3, 7.1, and 6.6
ppb, which exceeded the 3.2, 5.0, and 5.9 ppb measured on 27, 28, and 29 August,
respectively. Overpredictions occurred at Azusa due to timing differences of the peak
values. Maximum 24-h means of HNO, occurred at Claremont and Burbank. The
predicted 9.4, 7.9, and 9.6 ppb of HNO, were comparable with the 7.4, 9.2, and 8.8 ppb

measured on 27, 28, and 29 August, respectively.

7.4 Sulfate
Predicted 24-h means of PM, ; sulfate averaged over the 8 stations are 5.3, 6.4, and 6.3 pug

m” which are much lower than the 6.5, 9.1, and 13.7 ug m™ measured on 27, 28, and 29



251

August, respectively. Predicted 24-h means of PM,, sulfate are 6.6, 7.8, and 7.8 pg m™,
which were also lower than the 7.9, 11.0, and 16.4 ug m™ measured on the three days.
Underprediction was most severe on the third day, when morning fogs and low clouds
penetrated further into the coastal valleys, suggesting that most of the sulfate
underprediction can be attributed to sulfate formed in the aqueous phase, a process that is

not currently treated in the model.

7.5 PM Mass

The 24-h means of PM mass at the station where the maximum occurred are shown in
Figure 7.13. PM mass is overpredicted when PM NH,NO, is overpredicted. Maximum
24-h means of PM mass all occurred at Riverside. The predicted 92.9, 107, and 113 pg m’
3 of PM, ; mass at Riverside agreed well with the 83.5, 96.8, and 90.6 ug m™ measured on
the three days. Predicted maximum PM,, mass is 140, 164, and 167 ug m™, in proximity

to the measured 152, 167, and 147 pg m™.

8. Conclusions

We have developed a three-dimensional size- and chemically-resolved aerosol model that
includes advection, turbulent diffusion, condensation/evaporation, nucleation, emissions,
and dry deposition. For condensation/evaporation of volatile inorganic species, a new
thermodynamic model, SCAPE2, which has a comprehensive treatment of gas/aerosol

equilibrium is included. The aerosol model has been coupled with the three-dimensional
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gas-phase photochemical CIT model, and has been applied to the 27-29 August 1987
episode in the South Coast Air Basin of California. Simulations have been compared
systematically against available observations. Generally good agreement between
predictions and measurements is observed. There is evidence that gas/aerosol mass

transfer limits overall gas/particle conversion for volatile inorganic species.
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Table 7.5 Boundary conditions for chemical species considered in the model

Species Name Mixing Ratio Species Name Concentration
(ppb) (ug m”)

NO 1 PM,, NO3 1.7

NO2 1 PM, ., NO3 0.56

03 60 PM, ; NH} 0.90

HONO PM,,,, NH7 0.27

HNO3 0.01 PM, ; SO3~ 1.2

HNO4 0 PM,,,, SOF” 0.30

N205 0 PM, CI" 0.26

NO3 0 PM,;,, CI 0.26

HO2 0 PM, ; Na" 0.22

CO 200 PM, 5, Na" 0.18

HCHO 3 PM,, K* 0

Acetaldehyde 5 PM,, Ca* 0

Methyl ethyl ketone 4 PM,, Mg* 0

Methyl glyoxal 0 PM,, CO3~ 0

PAN 0 PM,, H,0 0.12

Total RO, radicals 0 PM,,, H,O 0.03

CH,CO; radical 0 PM, EC 0.14

Alkyl nitrate 0 PM,, ,, EC 0.02

C," alkanes 9.5 PM, ; Primary OM  3.04

Ethene 1.7 PM, 5, Primary OM 1.01

C," alkenes 1.8 PM,, SOA 0

Toluene 1.5 PM, ; Other 3.67

Higher aromatics 1.6 PM, ; ,, Other 1.12

Unknown dicarbonyls 0

Cresol 0

Nitrophenols 0

Hydrogen peroxide 0

Methanol 0

Ethanol 0

Methyl tert-butyl ether 0

[soprene 0

NH3 0.1

SO2 1

SO3 0

CH4 2200

HCl 0.01

Vapors from toluene 0

Vapors from higher aromatics 0
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Table 7.6 Model performance on 24-h mean concentrations averaged over the eight
SCAQS observation stations on 28 August 1987 (units in ug m~)’

Species Mean Mean Mean Mean Mean  Mean
Observed  Predicted Bias Normalized Error Normalized
Bias (%) Error (%)
HNO, 12.7 18.0 53 56 7.1 67
NH, 3.3 1.5 -1.8 -33 2.3 79
PM, SO, 9.1 6.4 2.7 -30 3.0 34
PM, NH, 8.4 8.3 -0.2 -1.0 2.3 29
PM, ; NO, 17.2 23.9 6.7 47 9.0 61
PM, EC 3.0 3.8 0.8 35 1.3 50
PM,; OM 12.0 12.8 0.8 14 45 40
PM,,Mass 49.6 70.4 20.7 46 20.7 46

"The 24-h mean of the measured concentrations is based on the five samples within each
day. If some samples are missing, averages are performed only on the available samples,
and the predicted concentrations are averaged for the same periods accordingly. Measured

PM,; NO3 and NHj concentrations used are from the denuder samples that recover

evaporated NO3 and NH} during sampling while Teflon-filter measurements were only
available for the PM,, samples. Thus, the reported measured PM, ; concentrations can be
occasionally larger than the corresponding PM,, concentrations.
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Table 7.7 Model performance at the monitoring station at which the maximum 24-h mean
concentration was observed on 28 August 1987 (units in pg m>)*

Species Location Maximum Maximum Maximum In
Observed Predicted Domain?

HNO, Burbank 23.3 20.0 40.3

NH, Riverside 11.7 5.9 88.8

PM,; SO, Long Beach 11.4 12.9 19.1

PM,; NH, Riverside 15.5 17.5 21.0

PM, s NO, Riverside 41.3 60.5 72.9

PM,; EC Azusa 5.6 54 7.2

PM, ; OM Azusa 17.9 16.3 245

PM, ; Mass Riverside 96.8 106.5 126

"The 24-h mean of the measured concentrations is based on the five samples within each
day. If some samples are missing, averages are performed only on the available samples,

and the predicted concentrations are averaged for the same periods accordingly. Measured
PM,; NOj; and NHj concentrations used are from the denuder samples that recover
evaporated NO3 and NHj during sampling while Teflon-filter measurements were only
available for the PM,, samples. Thus, the reported measured PM, ; concentrations can be

occasionally larger than the corresponding PM,, concentrations.

*Maximum 24-h mean concentration predicted anywhere in entire domain.
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PM?2.5 Mass Concentration
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Fig. 7.3 Predicted 24-h average PM, ; mass concentrations on 28 August 1987 in South
Coast Air Basin.
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PM2.5 Nitrate Concentration
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Fig. 7.4 Predicted 24-h average PM,; nitrate concentrations on 28 August 1987 in
South Coast Air Basin.
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PM2.5 Ammonium Concentration
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Fig. 7.5 Predicted 24-h average PM, ; ammonium concentrations on 28 August 1987 in
South Coast Air Basin.
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Fig. 7.6  Aerosol nitrate size distributions for three South Coast Air Basin locations
between 6 a.m. and 9:30 a.m. on 28 August 1987. Air samples were taken with Berner
Impactors at the intensive SCAQS sampling sites and analyzed for various inorganic ions.
The impactor stage masses were transformed by a data reduction algorithm into mass size
distributions and then fitted with log-normal functions. The measured aerosol size
distributions presented are reconstructed from the fitted log-normal parameters.
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Fig. 7.13 Predicted and observed maximum 24-h-mean PM,; and PM,, mass
concentrations of the 8 SCAQS monitoring stations during 27-29 August 1987. The

maxima all occurred at Riverside.
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Chapter 8

Summary and Conclusions
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Thxs thesis is a composite of research works on urban aerosol thermodynamic and
dynamic modeling. A new thermodynamic model, SCAPE2, which has the most
complete treatment of gas/aerosol equilibrium has been developed. The new
thermodynamic model is used in the development of a 3-D size- and chemically-resolved
aerosol model that includes advection, turbulent diffusion, condensation/evaporation,
nucleation, emissions, and dry deposition. i}

Chapter 1 is an introduction on the general background of aerosol thermodynamic
and 3-D aerosol modeling. Chapter 2 studies the mechanisms of formation of the droplet
mode in addition to the three typical modes (i.e., nucleation, accumulation, and coarse) of
atmospheric aerosols. Water accretion alone is excluded for the growth of droplet-mode
particles from the condensation mode. Aerosol-phase chemistry as currently understood
and gas-phase sulfate formation do not also appear to be capable of explaining the
existence of the droplet mode as resulting from growth of the condensation mode. The
proposed most plausible explanation for formation of the droplet mode is activation of
condensation mode particles to form fogs or clouds followed by aqueous-phase sulfate
formation and fog evaporation.

Chapter 3 examines aerosol water content and acidity associated with the
inorganic fraction of PM,; and PM,, mass in South Coast Air Basin by using a
thermodynamic gas/aerosol equilibrium model (SCAPE, the previous version of
SCAPE?2) and the measured aerosol composition data from the 1987 Southern California
Air Quality Study (SCAQS). During nighttime when temperature is low and relative

humidity is high, water is usually the predominant aerosol substance. Particulate water in
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the winter is estimated to be considerably larger than in the summer at SCAQS
observation sites. Aerosol acidity is estimated to be high for all the sampling sites, with
the lowest pH values at Long Beach and San Nicolas Island (-0.8-3.3) and highest at
Riverside (2-4.5) in the summer. Winter particles are less acidic than summer particles
because of the smaller sulfate concentrations and larger water content.

Chapters 4 and 5 are devoted to develop the data and correlations for
incorporating carbonates and formic and acetic acids into a gas/aerosol equilibrium
model. The species of importance for atmospheric aerosols are considered. It is found in
Chapter 5 that the gas/aerosol distribution of formic and acetic acids is strongly on the
gas-phase side for typical sulfate/nitrate/ammonium/sodium/chloride/water aerosols and
that dissolved formate and acetate have negligible effect on the gas/aerosol equilibrium of
other components.

Chapter 6 investigates the time scales to achieve gas-aerosol equilibrium for
volatile atmospheric species. It is found that equilibration between submicron aerosol and
the gas phase is attainable on a time scale comparable to that of typical ambient gas and
aerosol dynamics. However, the time required for the coarse aerosol to reach equilibrium
is predicted to be sufficiently long that volatile species in atmospheric coarse aerosol
particles may generally exist in non-equilibrium transition states. The equilibration time
increases with increasing particle size, or decreasing accommodation coefficient or
temperature. The research presented in this chapter demonstrates the general necessity of

dynamic approach in calculating mass transport between the gas and aerosol phases.
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In Chapter 7, the previous research results are used in developing a three-
dimensional size- and chemically-resolved aerosol model that includes advection,
turbulent diffusion, condensation/evaporation, nucleation, emissions, and dry deposition.
For condensation/evaporation of volatile inorganic species, a new thermodynamic model,
SCAPE2, which has the most complete treatment of gas/aerosol equilibrium is included.
The model employs an absorption approach in dynamically modeling gas/particle
partitioning of secondary organic aerosols. The aerosol model has been coupled with the
three-dimensional gas-phase photochemical CIT model, and has been applied to the 27-
29 August 1987 episode in South Coast Air Basin of California to evaluate model
performance. Simulation results have been compared systematically against available
observations. Generally good agreement between predictions and measurements is
observed. There is evidence that gas/aerosol mass transfer limits overall gas/particle
conversion for volatile inorganic species.

Several aspects in the current aerosol dynamic model can be improved in future
research. The current model considers only aromatics, which is believed to be most
important in producing secondary organic aerosols (SOA). The simulation results showed
that SOA production based on the organic-absorption approach is considerably less than
the primary organic materials, as well as that predicted by the previous models that
assume very low saturation vapor pressures for the produced semi-volatile organic
compounds. Although it is expected that our model should predict less SOA production
as a result of the absorption approach that results in higher saturation vapor pressures for

the condensable product vapors, more conclusive results can be obtained after inclusion
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of gasoline and representative biogenic compounds into the current chemical mechanism
with respect to SOA production. It is also desirable to see how the different chemical‘
mechanisms may affect the model predictions. In this respect, the SAPRC90 chemical
mechanism [Carter, 1990] can be employed instead of the currently used extended LCC
chemical mechanism [Lurmann et al., 1987; Harley et al., 1993].

The current model formulation does not include fog/cloud module. Interaction
between aerosol and fog/cloud particles is very important and should be considered in
future model improvement. Inclusion of a sound fog/cloud module will undoubtedly
improve the model predictions, in particular, the aerosol sulfate predictions. Future
research in numerical improvement should focus on developing a more efficient
integration method for the condensation/evaporation equation (i.e., Eq. (20) in Chapter 7)
that requires minimal updates of the particle surface vapor concentrations calculated by

SCAPE2.



284

REFERENCES

Carter, W. P. L. (1990). Atmos. Environ. 244:481-518.

Harley, R. A., Russell, A. F., McRae, G. J.,, Cass, G. R. and Seinfeld, J. H. (1993).
Environ. Sci. Technol. 27:378-388.

Lurmann, F. W., Carter, W. P. L. and Coyner, L. A. (1987). A surrogate species chemical
reaction mechanism for urban-scale air quality simulation models, Vol. I and II.,
ERT Inc., Newbury Park, California, and Statewide Air Pollution Research Center,
University of California, Riverside, California. Report to the U.S. Environmental

Protection Agency under contract 68-02-4104.



285

Appendix A

Comparison of SCAPE2 with SCAPE
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Table A.1. Hypothetical cases for comparison of SCAPE2 with SCAPE4

Species Case

(ng m™) 1 2 3 4
Total sulfate 40 10 50 10
Total nitrate 5 30 30 30
Total chloride 0 0 9.36 9.36
Total ammonium 10 10 10 10
Total sodium 0 0 5.90 5.90
RP 1.44 5.77 1.66 8.28

AThe cases are the same as those in Table 1 of Kim et al. (1993b).
br s 1s the molar ratio of the total concentration of ammonium and sodium over the sulfate
concentration.
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Table A.2. Comparison of predicted aerosol concentrations for Case 3

Relative Humidity

Species 90 80 70 60 50 40
Acidity (pH)
SCAPE (P)¢  0.69 0.90 1.27 1.89 1.88 5.90
SCAPE (K)4 0.49 0.25 -0.01 -0.18 -0.19 -0.64
SCAPE(B)4 049 0.21 -0.03 -0.23 -0.22 -0.82
SCAPE2 (P) 0.69 0.92 1.28 1.92 - 3.34
SCAPE2 (K) 0.49 0.25 0.03 -0.21 -0.35 -0.77
SCAPE2 (B) 0.50 0.23 0.00 -0.25 -0.39 -0.77
NO; (ug m”)
SCAPE (P) 5.1 2.5 1.6 1.0 0.2 0.0
SCAPE (K) 4.8 1.9 0.9 0.4 0.1 0.2
SCAPE (B) 4.5 1.6 0.7 0.4 0.1 0.0
SCAPE2 (P) 49 2.4 1.5 1.0 0.0 0.0
SCAPE2 (K) 4.8 1.8 0.9 0.4 0.1 0.0
SCAPE2 (B) 4.5 1.6 0.8 04 0.1 0.0
NH, (ug m?)
SCAPE (P) 10.5 10.5 10.5 10.5 10.4 10.3
SCAPE (K) 10.5 10.5 10.5 10.5 10.5 10.5
SCAPE (B) 10.5 10.5 10.5 10.5 10.5 10.5
SCAPE2 (P) 10.5 10.5 10.5 10.5 10.6 10.5
SCAPE2 (K) 10.6 10.6 10.6 10.6 10.6 10.6
SCAPE2(B) 10.6 10.6 10.6 10.6 10.6 10.6
Cl' (ug m®)
SCAPE (P) 0.9 0.4 0.2 0.1 0.0 0.0
SCAPE (K) 0.7 0.2 0.1 0.0 0.0 0.0
SCAPE (B) 0.7 0.2 0.1 0.0 0.0 0.0
SCAPE2 (P) 0.9 0.4 0.2 0.1 0.0 0.0
SCAPE2 (K) 0.7 0.2 0.1 0.0 0.0 0.0
SCAPE2 (B) 0.7 0.2 0.1 0.0 0.0 0.0
H,0 (ug m?)
SCAPE (P) 222 114 78.7 574 5.50 9.99
SCAPE (K) 218 110 74.4 55.9 15.3 4.61
SCAPE (B) 218 109 76.0 55.8 15.7 3.91
SCAPE2 (P) 216 111 77.5 56.8 0.00 0.52
SCAPE2 (K) 216 110 76.5 55.9 7.36 2.79
SCAPE2 (B) 214 109 76.1 55.8 8.13 4.01

ap: Pitzer method; K: Kusik and Meissner method; B: Bromley method.
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Table A.3. Comparison of predicted aerosol concentrations for Case 4

Relative Humidity

Species 90 80 70 60 50 40
Acidity (pH)
SCAPE (P)@ 2.18 2.52 2.68 227 3.03 2.14
SCAPE (K)@ 2.02 221 2.37 251 2.69 271
SCAPE (B)¢  2.03 222 2.38 2.52 2.70 2.82
SCAPE2 (P) 2.17 2.52 2.66 1.84 0.50 -1.90
SCAPE2 (K)  2.09 2.38 2.58 2.71 2.85 2.80
SCAPE2 (B) 2.10 2.40 2.59 2.73 291 2.75
NO; (ug m™)
SCAPE (P) 24.8 23.0 21.2 24.3 26.8 16.4
SCAPE (K)  24.7 233 22.3 21.0 18.8 16.5
SCAPE (B)  24.6 23.1 22.0 20.5 18.1 15.2
SCAPE2 (P) 248 22.9 21.1 21.1 23.3 29.5
SCAPE2 (K) 24.9 23.5 22.3 21.0 18.6 15.5
SCAPE2 (B) 24.8 23.3 22.1 20.8 17.6 15.2
NH, (pg m”)
SCAPE (P) 9.4 7.9 6.5 7.2 8.7 5.1
SCAPE (K) 9.4 8.2 7.2 6.3 5.1 4.1
SCAPE(B) 93 8.1 7.1 6.2 48 35
SCAPE2 (P) 9.4 7.9 6.5 5.9 6.6 0.0
SCAPE2 (K) 9.5 8.3 7.3 6.3 5.0 3.8
SCAPE2 (B) 9.4 8.2 7.2 6.2 4.6 3.5
Cl' (ug m?)
SCAPE (P) 6.4 4.6 2.9 22 3.7 2.6
SCAPE (K) 6.4 4.7 3.4 2.3 1.1 0.6
SCAPE(B) 6.3 4.6 3.3 2.2 1.0 0.1
SCAPE2 (P) 6.4 4.5 2.8 1.8 2.1 9.1
SCAPE2 (K) 6.4 4.8 3.5 23 1.1 0.4
SCAPE2 (B) 6.4 4.7 3.4 2.2 0.9 0.1
H,0 (ug m™)
SCAPE (P) 196 81.2 39.5 14.9 16.2 4.07
SCAPE (K) 189 81.8 48.4 31.2 17.3 9.73
SCAPE (B) 188 81.3 48.0 30.9 15.4 2.15
SCAPE2 (P) 189 80.8 38.7 19.8 15.8 34.0
SCAPE2 (K) 190 82.6 48.9 313 16.4 7.8
SCAPE2 (B) 190 81.9 48.5 31.2 14.2 1.42

ap: Pitzer method; K: Kusik and Meissner method; B: Bromley method.
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Table A.4. Comparison of computing times (units in CPU second) ¢

Case
1 2 3 4

SCAPE

Pitzer 1.3 1.0 3.2 18

Kusik-Meissner 3.2 1.4 5.9 38

Bromley 3.5 1.6 6.3 42
SCAPE2

Pitzer 0.4 0.8 0.6 1.0

Kusik-Meissner 1.3 0.3 0.9 0.4

Bromley 1.2 0.3 0.5 1.2

dResults of SCAPE were calculated on SUN SPARC station SLC, and SCAPE2 on
SUN SPARC station 1+.
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Input species concentrations

Select calculations for gas/aerosol
equilibrium or aerosol phase only

| Determine subdomain |

Estimate initial species
concentrations and aerosol water
content by assuming no solids

» Calculate H™ concentration |

l

| Update aerosol water content |

No

Wtent converged?

Yes

Calculate precipitations | No

for major species
Yes

Y

No

\@s converged?

Yes

Calculate precipitations No

for minor species?

Yes

Minor solids converged?

Fig. A.1 Schematic diagram of the computational
approach used in SCAPE2
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Appendix B

Time-Series of Predicted and Observed
PM, . Chemical Concentrations
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