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ABSTRACT

This work focuses on the formation, transport and comtrol of
atmospheric nitric acid and nitrate aerosol using both theoretical
modeling and experimental techniques. A mathematical model was
developed that describes the formation and tramsport of
photochemically produced atmospheric gases and nitrate aerosol, using
fundamental thermodynamic data to determine the quantity and state of
the aerosol nitrate produced. Model predictions compared favorably
with the field data available. A sensitivity study of the model
indicat?d that the predicted aerosol nitrate concentrations are highly
dependent on temperature. The trajectory model was used to study the
fate of nitrogen oxides emissions and the chemical reactions
responsible for the formation of atmospheric nitric acid. A majority
of the NOx emissions deposit out within 24 hours, primarily as HNOs.
Previously it was believed that almost all of the atmospheric nitric
acid was produced during daylight hours, however model results
indicate that nighttime reactions can produce comparable quantities,
especially in the upper portions of the boundary layer more than a
hundred meters above ground.

An experimental program was designed and executed to collect a
set of data for use in studying nitrate formation, and for use in
evaluating the accuracy of air quality models. A large quantity of
aerosol nitrate was observed to accumulate overnight near the coast,
presumably due to the reaction between HNO3 and sea salt aerosol or

soil dust—like material. This aerosol is then transported inland the
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following afternoon, and can contribute to the high particulate
nitrate levels found inland. Data from the experiment were used to
test the hypothesis that atmospheric HNO3 and NH3 are in equilibrium
with the aerosol phase., Most of the data are comnsistent with the
assumption that an external mixture containing some pure NH4N03 is
present. Additional improvement is obtained if anm internally mixed
NH:—NO;—Soz aerosol is assumed to be present.

‘ Further evaluation of the air quality model against the data
described above showed that the model accurately predicts the measured
concentrations of 0,, NOZ’ total nitrate, HN03, and NH3.
Representative emission control programs were tested using the model,
and results indicated that NOx emission control will reduce HNO,(g),
aerosol nitrate and PAN concentrations. For the particular
trajectories studied, NOx control would also have reduced the peak 03
concentrations., Reducing NH3 emissions will reduce aerosol nitrate
formation at the expense of increasing HNO3 concentrations.

Controlling organic gas emissions will reduce 03 and PAN. Further

research areas suggested by this work also are presented.
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CHAPTER 1

INTRODUCTION
1.1 Objective

Billions of dollars are spent annually to try to control, or
reduce, the air pollution now affecting industrialized societies.
Naturally the question arises, "Can the methods used by engineers to
design solutions to these air pollution problems be improved?”. If
so, then more etficient and effective control programs may result that
will achieve air quality objectives at the least possible cost.
Mathematical models that relate alterations in pollutant emissions to
the resulting changes in air quality are one of the most powerful
tools used by engineers to test proposed pollutant abatement plans in
advance of their adoption. Air quality models of this sort have yet
to be developed for a number of important, but poorly understood,
classes of air pollution problems. Before they can be constructed one
must first understand the problem, and in particular how the different
chemical constituents in the atmosphere interact to cause the
formation of irritating substances (e.g. strong acids) and visibility-
reducing secondary aerosols.

The objective of this research has been to create a better
understanding of the atmospheric processes that govern the formation
and transport of nitric acid (HN03) and nitrate aerosol. The
knowledge gained then is used to formulate mathematical models that
can be employed by engineers to devise more effective strategies for

the control of aerosol nitrate and nitric acid. While exploring



rational emission control strategies that will reduce the formation of
nitric acid and ammonium nitrate, the synergisms between coexisting
pollntants; such as peroxyacetyl nitrate (PAN), ammonia (NH3)'
nitrogen dioxide (NOZ)' and ozone (03). also are investigated. The
concepts developed are tested against experimental data obtained in
the Los Angeles Basin, but the methods developed are generally

applicable to other urban areas.

1.2 The Importance of Nitrate Aerosol and Nitric Acid in the

Atmosphere

A substantial portion of the aerosol nitrate in the atmosphere
is found to reside in a fine particle size fraction with particle
diameter less than about 2 pum (Appel et al., 1978; Hobbs and Hegg,
1982; Grosjean, 1983). These fine particles, especially those with
diameters of the same order as the wavelength of visible light scatter
light very effectively and can lead to pronmounced visibility
degradation (Friedlander, 1977; van de Hulst, 1957). Aerosol nitrate
is estimated to account for up to 40% of the severe visibility problem
experienced in the eastern portion of the Los Angeles Basin (White and
Roberts, 1977). Groblicki et al. (1981) estimate that about 17% of
the decreased visibility in Denver is due to fine particunlate
nitrates. These small particles also are easily respirable (National
Research Council, 1979), with possible accompanying health
implications.

Nitric acid is of concern for a variety of reasons, not the

least of which is that it is a precursor to the formation of aerosol



nitrate (Duce, 1969; Stelson and Seinfeld, 1982; Russell and Cass,
1984). The presence of nitric acid in the atmosphere leads to the
acidificat;on of rain and fog and to acidic dry deposition
(Liljestrand and Morgan, 1978; Waldman et al., 1982; Huebert, 1983).
Nitric acid also has been cited as a contributor to the formation of
mutagenic, nitrated organic compounds in the atmosphere (Grosjean et
al. 1983) and itself is probably not healthful if inhaled at high
concentrations. Aerosol nitrates and nitric acid are also two of the
major end products of nitrogen oxides (NOx) emissions. Thus an
understanding of how HNO3 and aerosol nitrate are produced in the
atmosphere forms an integral part of an improved understanding of the
ultimate fate of NOx emissions and the production of other
photochemical pollutants (Seinfeld, 1975; Russell et al., 1985;
Grosjean, 1983).

Problems associated with aerosol nitrate and nitric acid are
not restricted to urban areas with large emissions of nitrogen oxides.
Rural areas of the eastern United States and Canada experience
acidification of the rain and lakes due to sulfates and nitrates that
are being advected from more the populated areas (Galloway and Likens,
1981). Henderson, Nevada, near Las Vegas, experiences markedly
decreased visibility from nitrate-—containing aerosols (Clark County
Health District, 1982), and it is the semi~rural areas near Riverside,
Ca., 60 EM's downwind of Los Angeles, that experience the greatest
decrease in visibility due to aerosol nitrates produced in the

atmosphere of California’s South Coast Air Basin.



1.3 Methodology of this Research

One major route for fine particle nitrate production is suspected
to proceed by the reaction between gaseous ammonia and nitric acid to
form ammonium nitrate (NH4N03) particles. Nitric acid, in turn, is
produced by a series of photochemical and thermal reactions involving
primary N0x, reactive hydrocarbon (RHC) emissions, and their products.
Thus, to describe correctly the dynamics of atmospheric ammonium
nitrate aerosol and nitric acid, one must describe the complete system
which has become known as photochemical air pollution, or smog.
Chapter 2 reports on the development and testing of the trajectory
formulation of a photochemical air pollution model that describes the
emissions of NOx, RHC, and NH3 from their sources, and the subsequent
transport and reaction of these emissions to form 03, N02, HNO3 and
ammonium nitrate aerosol in equilibrium with atmospheric ammonia and
nitric acid.

Chapter 3 uses the trajectory model to investigate the
relative importance of the competing chemical reactions that determine
nitric acid concentrations in the atmosphere, as well as the fate of
NOx emissions and the deposition of nitrogeneous pollutants. The
research reveals that a significant amount of mnitric acid canm be
formed at night as a product of nitrate radical (N03) and dinitrogen
pentoxide (N205) reactions. This study confirms that the chemical
mechanism, and the description of the transport, deposition, and
emissions used can accurately reproduce the observed behavior of NO3

concentrations in the atmosphere. Also in Chapter 3 the role that



scavenging of NO3 and N205 by aerosols may play in the production of
nitric acid and aerosol nitrates is discussed.

A major barrier encountered when studying the dynamics of
atmospheric nitric acid and aerosol nitrate is the lack of high
quality observations on the concentrations of these pollutants and
their co-pollutants collected in a form that can be used to verify
theoretical air quality modeling calculations. To advance this
research project it was necessary to acquire a set of atmospheric
pollutant concentration data that could be used to elucidate the
important processes affecting basinwide nitrate concentratiomns, to
further test an advanced trajectory model, and, eventually, to
evaluate a full, grid-based, airshed model describing the dynamics of
the pollutants. A major experiment was conducted in the Los Angeles
Basin on 30-31 August, 1982, during which ionic aerosol constituents,
nitric acid, ammonia and other gaseous precursor concentrations were
measured for 48 consecutive hours at tem sites. Results and
conclusions derived from the field experiment are described in
Chapter 4. The results of this experiment are incorporated into the
model evaluation effort described in Chapter 6.

The field experiment provided a very large set of data that
can be used to test a key hypothesis in the air quality model: that
nitric acid and ammonia are in equilibrium with the aerosol phase. A
number of calculation procedures have been proposed to predict the
equilibrium distribution of the species. Chapter 5 compares the field

experimental findings to results obtained using alternative



theoretical hypotheses about the chemical composition of the aerosol
species present in the atmosphere., The likely importamce of aerosol
nitrates formed by routes other than the reaction of HNO3 with NHB’

such as chloride displacement from sea salt by HNO3 to form NaN03. is

investigated.

Chapter 6 describes an evaluation of the accuracy of an
advanced photochemical, trajectory air guality model that describes
aerosol nitrate and nitric acid formation. Model calculations are
compared to results of the 30-31 August, 1982, field experiment.
Within this chapter the effects of alternative control programs
directed at reducing NOx, NH3, and RHC emissions are depicted, and the
implications of alternative control strategies are discussed further.
Perturbing the emissions pattern in the air basin also illustrates the
complex synergisms between photochemically generated air pollutants,
and shows that a given reduction in precursor emissions need not
result in a proportional reduction in the resulting pollutant
concentrations. Future research needs are discussed in Chapter 7, and

a summary of this work is contained in Chapter 8.
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Abstract—A mathematical model describing the transport and formation of aerosol NH,NQj, is presented.
Based on a vertically resolved Lagrangian trajectory formulation incorporating gas phase kinetics, NH,NO,
concentrations are computed at thermodynamic equilibrium with precursor HNO, vapor and NH,
concentrations. Sensitivity analysis shows that NH,NO, concentration predictions are strongly influenced
by ambient temperature and NH; levels. A brief description of the NH; emissions inventory used in this
study is included to indicate the important sources. The model was tested by comparison to ambient NH,
NH{ and NOj concentrations measured at Ef Monte, California during June 1974. Model results compare
favorably with the ambient measurements and are used to explain trends in those measurements. An early
morning nitrate peak develops as HNO, produced soon after sunrise reacts with NH, accumulated
overnight. A second peak in nitrate concentration is predicted and observed at El Monte later in the day.
Potential applications of this model to control strategy decisions and to study the fate of NO, are discussed.

INTRODUCTION

Aerosol nitrates are important contributors to visi-
bility reduction in cities with photochemical air pollu-
tion problems. White and Roberts (1977) estimate that
during the ACHEX study, aerosol nitrates were re-
sponsible for about 40°, of the light scattering ob-
served at Riverside in the eastern Los Angeles Basin.
Groblicki et al. (1981) report that 179, of the visibility
problem in Denver is attributable to aerosol nitrates.
Control strategies for urban visibility improvement in
such cities will need to address aerosol nitrate abate-
ment alternatives. Before this can be done, a reliable
means is needed for predicting the relationship be-
tween pollutant emission sources and resulting nitrate
concentrations.

Ammonium nitrate is a secondary pollutant formed
from reactions between NH; and HNO, vapor. From
thermodynamic considerations Stelson et al. (1979)
and Stelson and Seinfeld (1982a, b) have shown that
atmospheric NH,NO; should be in equilibrium with
precursor HNO, and NH; concentrations. The val-
idity of this assumption has been tested in field
experiments by Doyle et al. (1979), where it was found
that the NH,NO, equilibrium constant derived from
published thermochemical data is consistent with
atmospheric observations.

In this paper a mathematical model relating pol-
lutant emissions to NH,NO; concentrations is pro-
posed and tested. Based on a Lagrangian trajectory
formulation, the model inciudes transport, gas phase
kinetics and aerosol production. A sensitivity analysis
is performed on the NH,NO, formation mechanism
used in the trajectory model to indicate which par-
ameters are most important to formation of atmos-
pheric NH,NO,. A summary of the emissions in-
ventory used in this modeling study details the import-
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ant sources of NH, and their spatial distribution (Cass
et al., 1982). Model results will be evaluated against
NH,, NH; and NOj concentrations observed at El
Monte, California on 28 June 1974. Potential use of
this model for studying acid deposition and the fate of
nitrogen containing pollutants is discussed.

MODEL DESCRIPTION

Ammonium nitrate aerosol is classified as a secon-
dary pollutant because it is formed in the atmosphere
from reactions involving gas phase precursors. To
predict NH,NO, formation, this paper utilizes a
photochemical trajectory model coupled with an
equilibrium treatment of aerosol production.
Concentrations of the gas phase precursors of
NH,NO; as well as other pollutant concentrations are
calculated using a vertically resolved, Lagrangian
trajectory form of the atmospheric diffusion equation
presented in McRae er al. (1982a). The equation
governing the concentration of species i, ¢;(z, t), is

ce;, ¢ ey
AL —-(Kz:é>+k,.(cl,cz. v 1)
¢z

with initial conditions

ci(2,0)=c(z) t=0 (2)
and boundary conditions
(K::$>=o :=H (3a)
cz
‘ dc;
[u;c,. - Kai} =E z=0 (3b)
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where K., (2) is the vertical turbulent eddy diffusivity,
Ri(cy,....c,, T)is the rate of chemical production of
species i at temperature T, H is the height of the air
column and ¢, is the settling velocity. As used in (1), v, is
used to describe gravitational settling, but its effect on
(1) is negligible for aerosol particles smaller than about
I um. Aerosol NH,NO; is generally associated with
um-sized particles, so gravitational settling can be
neglected in the following calculations. Parameters
associated with the boundary conditions are v}, the
deposition velocity, and E;, the species mass flux per
unit area. Treatment of surface deposition and the
relationship of K,, to atmospheric stability is de-
scribed in McRae et al. (1982a) and will not be repeated
here. Vertical transport of both gases and aerosols is
dominated by turbulent eddies. It is important to note
that models described by (1) are based on the assump-
tions that horizontal diffusion and vertical advection
are small, and that the effects of wind shear are
negligible. The effects of these simplications are dis-
cussed in Liu and Seinfeld (1975).

18
NO, + OH - HNO,
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Ground level (z = 0) boundary conditions are a
statement of mass continuity, accounting for surface

deposition, diffusive transport and emissions. Since the
top of the region (z = H) is well above the mixing
depth, turbulent transport through the top of the air
column is negligible. Deposition velocities are used to
describe the interaction and reaction of gases and
aerosols with surfaces. In general. v} is dependent on
meteorclogical conditions and on the reactivity of
species i with the underlying surface. Limits on the
aerosol deposition rates can be found using the same
modeling. techniques as those for gaseous pollutants.
The vertically resolved trajectory model and compu-
tational cells are shown schematically in Fig. 1.

The chemical kinetics associated with the term
Ri(c,,...,c,,T)in (1)are described using the photo-
chemical reaction mechanism of Falls and Seinfeld
(1978), Falls et al. (1979), McRae et al. (1982a) and
McRae and Seinfeld (1983). Only those homogeneous
gas phase pathways producing HNOj and their cor-
responding rate constants, at 25°C, will be given here.
These pathways are:

1

Kg = 1.52x 10°* ppm ™! min~

40
NO, + RO, -» HNO, +RCO, K, =5.5ppm™" min~!

46
N,0; + H,0 = 2HNO, K4 = 1.5%x10"° ppm™' min~ .
Az z Lagrangian
Air Parcel Moving Tx.t) Co-ordinates

Along Trajectory

Column 0 Rlc) AN N
Height ") 7 : T
z S E; Mixing Height
> e v T 2(1) variation Along
o i Py Trajectory Path
S-Sl
Eulerian
Co-ordinates / s
Vgt~ Kyy ;g—
Trajectory Path
RN on
: &
: b Ragy iy
‘ jet —
H(t) o az; Ric;)® i Az,
i~f - ; i
c
Peads].y
2
e2
o]

(b)

Fig. 1. Schematic representation of (a) vertically resolved Lagrangian
trajectory model and (b) the computational grid cell convention.
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Other than direct emissions, the only source of HNO,
is assumed to be the photochemical production
through the above reactions. Reaction 18 is the
dominant route producing HNO; for typical daytime
atmospheric conditions. Photolytic loss of HNO; is
ignored since it is small.

Equilibrium concentrations of gaseous NH, and
HNO,, and the resulting concentration of solid or
aqueous NH,NO; can be calculated from fundamen-
tal thermodynamic principles using the method pre-
sented by Stelson and Seinfeld (1982a). The procedure
is composed of several steps, requiring as input the
ambient temperature and relative humidity (r.h.). First,
the equilibrium state of NH,NO, is defined. If the
ambient relative humidity is less than the relative
humidity of deliquescence, (r.h.d.), given by

In (chd) = 723.7/T + 1.7037, )

then the equilibrium state of NH,NO, is modeled as a
solid. Supersaturated solutions also are possible.
Formation of solid NH,NO,, from the gas phase
precursors, is described by the equlibrium system

NH;(g) + HNO,(g) = NH,NO,(s). (3)

oA
H
=
-
Z 10001
=
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Fig. 2. {a) NH,NOj equilibrium dissociation constant as

a function of temperature (r.h. 50%). (b) NH,NO,

equilibrium dissociation constant as a function of rh.
(temperature, 25°C).

The dissociation constant is given by K = Pyy Pyno,
where Pyyy, and Py, are the partial pressures of NH,
and HNOj;, respectively. K can be estimated by
integrating the van't Hoff equation. The resulting
equation for K, in units of ppb?* (assuming 1 atm of
total pressure) is

In K = 84.6 —24220,7 — 6.1 In (T;298). (6)

At relative humidities above that of deliquescence,
NH,NO, will be found in the aqueous state. A
dissociation constant for the comparable reaction
involving aqueous NH,;NO; can be found and is a
function of both temperature and relative humidity.
Temperature dependent equilibrium relative humid-
ities above ionic solutions (r.h.t.) can be calculated
from

{7

r.ht. = 100 exp(MI),
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where v is the number of moles of ions formed by
ionization of one mole of solute, M the molecular
weight of water, m the molality of the solution and ¢,
is the osmotic coefficient given by

m
¢T=1+1J‘ md(lny %), (8)
mJo

where y * is the mean molal activity of NH;NOj in the
solution at temperature T. The activity coeflicient
depends on temperature and molality. An iterative
scheme is used to match the relative humidity calcu-
lated from (7) to the ambient relative humidity. This
calculation gives the equilibrium solution molality and
activity that are needed to evaluate K, the equilibrium
dissociation constant, from the expression

In(K/(y tm)?) = 54.18 — 15860/T
+ 11.206 In (T/298).

9)

If the ambient relative humidity is between that of
deliquescence and the value given by (7) for a saturated
solution at m = 25.954, linear interpolation is used
between the corresponding dissociation constants.
Figures 2(a) and (b) depict the dependence of K onT
and r.h. For typical atmospheric conditions, the
mechanism predicts an equilibrium dissociation con-
stant between 0.04 (ppb)? at 5°C and 90°, r.h. and 1400
(ppb)? at 40°C and a r.h. of 30, . Figure 2(b) indicates
that extrapolation of the calculation scheme used for
aqueous solutions to that for supersaturated solutions
would give results slightly different than those found
using (6) for solid NH,NOj. In the case of a saturated
solution surrounding solid NH,NO,, equating the
chemical potentials across interfaces shows that the
appropriate dissociation constant is the same as that
for the solid. This model assumes that the time
required for the gaseous precursors, and water, to
come to equlibrium is short compared to the character-
istic time for the production of HNO,. This may not
be true if the concentrations of the precursors differ by
orders of magnitude, though this is seldom the case in
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Fig. 3. Flow diagram of NH,NO; formation mechanism illustrating three basic
steps in calculation procedure.
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urban basins. Nitric acid and NH; losses to other
aerosol species are neglected at this point, and thus

mixed aerosols are not considered. These effects can be
incorporated once sufficient, appropriate field data
become available to verify a more complex model.

Gas phase concentrations of NH, and HNO, and
the concentration of NH,NO, are then calculated
from precursor concentrations and the equilibrium
system

NH,(g) + HNO;(g) = NH,NO;(s or aq). (10)

Concentrations of the different species can be de-
termined mathematically by solving the following
system of equations.

(x) NH; (g) + (y) HNO; (g) = (a) NH,NO;
+(x—a)NH;(g)

+(y—a)HNO;(g) (11)
and

[NH;(g)][HNO,(g)] = (x—a)(y —a) = K, (12)

where x is the total concentration of NH; plus NH_,
y is the total concentration of HNO, plus nitrate, a is
the resulting concentration of NH,NO, aerosol, and
(x — a), (y — a)are the equilibrium gas phase concentra-
tions of NH, and HNO,, respectively.

If the product of the concentrations of NH; and
HNO; is smaller than the dissociation constant,

[NH;(@][HNO;(®@] =(x)(n <K (13)

no NH,NO; should be present. In this case the gas
phase concentrations are as given by the gas phase
kinetics. The steps involved in predicting the nitrate
concentrations are shown schematically in Fig. 3.

SENSITIVITY STUDY

A Fourier amplitude sensitivity test (FAST) (Koda
et al., 1979; McRae et al.,, 1982b) was performed on the
NH,NO; calculation scheme to assess which par-
ameters contribute most to the formation of NH,NO,
in the atmosphere. The ranges of species concentra-
tions used in the analysis are representative of those
observed by Tuazon et al. (1981) for Claremont,
California and were measured by Fourier transform
infrared (FTIR) spectroscopy. In these experiments the
FTIR sampling cell temperature was often consider-
ably higher than ambient, which could volatilize some
of the NH,NO,, so the measurements may give
NH; (g) and HNO, (g) levels higher than ambient. The
results of the FAST analysis are shown in Table I,
where it can be seen that NH,NO, formation is most
sensitive to variations in temperature. The reason for
this is the strong dependence of the dissociation
constant on 7. Two insights can be gained from FAST
analysis, the first being that it is critically important to
specify the temperature field accurately. Secondly,
since nitrate formation is sensitive to NH; over the
range encountered, control of upwind NH, emissions

AT Ser

Table 1. Sensitivity of ammonium nitrate formation model
to input parameters

Sensitivity*
Parameter Range (%)
Temperature 1040°C 41
Ammonia 4-23 ppbt 39
Nitric acid 649 ppbt 17
Relative humidity 20-50°9, 3

* Partial variance, normalized to 1009, indicates the
relative importance of vaniation of model inputs on NH,NO,
formation.

+ Values representative of those found in Tuazon et al.
(1981) for Claremont, California.

should prove to be beneficial in limiting NH,NO,
concentrations at Claremont and that an accurate
description of the NH, emissions is required for
modeling purposes.

To show how the concentrations of NH,NO,
change with ambient meteorological conditions, rep-
resentative levels of total NH; (i.e. NH,(g)+ NH})
and total HNO, (i.e. HNO,(g) + NO; ) were used to
calculate NH,NO; concentrations over a range of
atmospheric conditions. Predicted concentrations of
NH,NO, ranged from 0 to 67.6 ug m ™3, with typical
values of about 10 ugm~* corresponding to 25°C,
65% r.h., 8 ppb of total NH, and 16 ppb of total
HNO,. Concentration plots in Fig. 4 again show that
NH,NO; formation is sensitive to temperature, de-
creasing rapidly as temperature increases. An interest-
ing aspect of the temperature dependence is the flat
area indicating that no NH,NO; is present. Above
35°C little NH,NO; would be present except at high
ambient levels of the gas phase precursors, while at
15°C some NH,NO,; would be present at most
precursor concentrations. Figure 4 also shows that
there is little change in NH,NO, formation as the r.h.
changes, although the effect is to create slightly more
NH,NO, as r.h. increases.

EMISSIONS DATA REQUIRED FOR MODEL EVALUATION

Once the model has been formulated the next step is
to evaluate its ability to predict ambient levels of
NH/NO,. The data required for such tests include;
pollutant emissions, observed air quality and the
prevailing meteorology. In the Los Angeles Basin
accurate emission inventories exist only for the period
between 26 and 28 June 1974, limiting model evalu-
ation to those three days. Descriptions of the emission
inventories for NO, and reactive hydrocarbons to-
gether with the local meteorological conditions for this
period are available in McRae and Seinfeld (1983). As
indicated by the sensitivity analysis, there is a need for
an accurate description of the NH, emissions. Cass et
al. (1982) have recently completed such a study for the
year 1974, and the principal results are summarized
here. A grid system composed of 5 x 5km cells was
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Fig. 4. Predicted NH,NO, concentration surfaces at 15, 25 and 35°C and 45, 65 and 859, r.h. for total NH; and total
HNO, concentrations up to 20 and 40 ppb, respectively.

superimposed on the South Coast Air Basin map
(Fig. 5). Ammonia emissions were estimated within
each grid cell for the 53 classes of mobile and
stationary source types listed in Table 2.

Source tests show that trace amounts of NH, are
present in the exhaust of both mobile and stationary

combustion sources (Cadle and Mulawa, 1980; Gentel
et al., 1973; Harkins and Nicksic, 1967; Henein, 19785;
Hovey et al., 1966; Hunter, 1971; Muzio and Arand,
1976; Wohlers and Bell, 1956). Emission factors for
NH, release obtained from these and other references
were combined with fuel use data reported by Cass
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Fig. 5. Gridded map of the South Coast Air Basin used for constructing NH emissions inventory. Superimposed on the map
is the trajectory path that reaches El Monte at 3 p.m. (PDT) on 28 June 1974.
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Table 2. Summary of ammonia emissions by source category in the South Coast

Air Basin 1974
Total emissions
Source category (kgday™Y)
Stationary fuel combustion
Electric utility
Natural gas 590.0
Residual oil 2000.0
Digester gas 0.5
Refinery fuel burning
Natural gas 160.0
Residual oil 99.0
Refinery gas 420.0
Industrial fuel burning
Natural gas 610.0
Liquified petroleum gas (LPG) 4.0
Residual oil 150.0
Distillate oil 140.0
Digester gas 9.0
Coke oven gas 15.0
Residential/commercial fuel burning
Natural gas 270.0
Liquified petroleum gas (LPG) 4.0
Residual oil 62.0
Distillate oil 73.0
Coal 20.0
Sub totals 4626.5 (3.09°,)
Mobile source fuel combustion
Automotive
Non-catalyst autos and light trucks 3309.0
Medium and heavy duty trucks 4499
Diesel vehicles 370.0
LPG for carburetion 10.0
Civilian aircraft
Jet 150.0
Piston 29
Shipping
Residual oil boilers 70.0
Diesel ships 50.0
Railroad-diesel oil 90.0
Military
Gasoline 10.0
Diesel 60.0
Jet fuel 50.0
Residual oil 0.8
Off highway vehicles 120.0
Sub totals 47426 (3.17°,)
Industrial point sources 2070.0 (1.38°,)
Soil surface 23790.0 (15.9°)
Fertilizer
Farm crop 2870.0
Orchards 2390.0
Handling 380.0
Non-farm 7420.0
Sub totals 13060.0 (8.72°,)
Livestock
Cattle
Dairy 24390.0
Feedlot 6880.0
Range 12160.0
Horses 16220.0
Sheep 990.0
Hogs 250.0
Chickens 18200.0
Turkeys 1120.0

Sub totals 80210.0 (53.6°,)
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Table 2. {contd).

Source category

Total emissions

tkgday™!)
Domestic
Dogs 10350.0
Cats 32300
Human respiration 46.0
Human perspiration 7000.0
Household ammonia use 600.0

Sub totals
Total

212260 (14.2°,)
149725.1 (100.0)°,,

{1978) to give total NH; emissions from autos, trucks,
railroads, shipping, plus industrial, residential and
commercial fuel use. Within each fuel use category, the
NH; emissions shown in Table 2 were distributed
spatially in the same manner as NO, emissions. A
number of industrial processes are known to emit NH
(National Research Council, 1979; Miner, 1969), in-
cluding refinery operations, NH,-based fertilizer
manufacturing, NH; storage facilities, refrigeration
plants, chemical plants and steel mill coke ovens.
Estimates of NH; emissions from industrial facilities
were derived from source test information and ques-
tionaires sent to individual companies.

Biological decay processes also produce NH, and
the release rates from a variety of soil surface types are
available (Porter et al., 1975; Elliot et al, 1971;
Denmead et al., 1978; Denmead et al., 1976; Miner,
1976). Using aerial photographs and maps available
from the U.S. Geological Survey (1976) the land use
within each grid square was summarized by type.
Emissions from exposed land surfaces were estimated
within each square by matching emission rate data to
soil surface types.

Chemical fertilizers used in the air basin include
NH,;,urea, NH, NO;and (NH,), SO, . Depending on
fertilizer type and method of application, anywhere
from a few percent to several tenths of the nitrogen
content may be lost to the atmosphere as NH; (Baker
et al., 1959; Ernst and Massey, 1960; Gasser, 1964;
McDowell and Smith, 1958; Stanley and Smith, 1955,
Trickey and Smith, 1955; Wahhab et al., 1957; Walkup
and Nevins, 1966). The NH, loss characteristics of
fertilizers were estimated by consultation with a local
agricultural expert (Meyer, personal communication).
Fertilizer use statistics were obtained from the
California Department of Food and Agriculture (1974)
and from the U.S. Bureau of the Census (1977).
Chemical fertilizer consumption, subdivided into
cropland, orchard and non-farm use, was combined
with the NH, loss data to compute total NH;
emissions.

Decomposition of livestock wastes is a major source
of NH, emissions. Animal inventories by county were
obtained from the U.S. Bureau of the Census (1977)
and from state and county agricultural agents. Waste
production rates, nitrogen content and NH; volatiliz-

ation rates were estimated for each major commercial
animal type from previous studies (Adriano et al.,
1974; Fogg, 1971: Giddens and Rao, 1975; Lauer et al.,
1976; Luebs et al., 1973a,b; Stewart. 1970; Taiganides
and Hazen, 1966; Viets, 1971). Emissions from range
animals were distributed spatially in proportion to
pasture and herbaceous range land areas. U.S.
Geological Survey (1976) maps were used to locate
emissions from animals raised in confinement (e.g.
dairy cattle, feedlot cattle). Ammonia losses from
domestic animals (cats and dogs only) plus human
respiration, perspiration and household cleaning
chemicals were distributed in proportion to residential
land use.

The overall spatial distribution of NH;, NO_,
reactive hydrocarbon and CQO emissions in the South
Coast Air Basin is shown in Fig. 6. The largest spike in
the NH, diagram is centered over the town of Chino
on the prevailing upwind side of the city of Riverside,
and results from the intensity of livestock operations in
that area.

AIR QUALITY DATA FOR MODEL EVALUATION

Within the three day time period for which emission
data are available, aerosol nitrate measurements were
sought that were taken over short sampling intervals
(1-2 h) using methods that would minimize the poss-
ible interferences. Simultaneous concentration meas-
urements of related aerosol species such as sulfate and
ammonium were desired, as well as the concentration
of relevant gas phase species, such as NH;, HNO,,
NO, and O,. The data set most nearly fulifilling the
requirements was found for E1 Monte, California. The
measurements were taken on 28 June 1974, and consist
of 2-h averaged concentrations of aerosol nitrate and
NH/;, and gas phase NH; (Reynolds et al, 1975).
Aerosol nitrate and ammonium concentrations were
obtained by using a low volume sampler with Gelman
A glass fiber filters for collection followed by wet
chemical analysis. Gaseous NH; concentrations were
found using oxalic acid impregnated backup filters.

Ammonium nitrate data for other time periods in
the Los Angeles area are available and are consistent
with the results presented in Reynolds et al. (1975).
These studies have found measured ambient nitrate
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concentrations ranging up to 149 uygm™®, though

values are generally lower (Lundgren, 1970; Hidy e1 al..
1980; Appel et al., 1978; Spicer, 1974; Appel et al.. 1981:
Tuazon et al., 1981). In Claremont, California, ambient
levels of gaseous HNO, and NH, have been observed
up to 49 and 23 ppb, respectively (Tuazon et al., 1981).
Concentrations of up to 86.4 ugm ™ of particulate

nitrate were also found at Claremont (Appel er al.,
1980). Nitrate levels were found to vary diurnally,
peaking in the midmorning. Ozone and HNO, peaked
later in the afternoon. Partial pressure products of
NH; (g) and HNO, (g) from data taken at Claremont
were compared against relative humidity and tempera-
ture. The product decreased with relative humidity and
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increased with temperature, the same trend predicted
from thermodynamic considerations,

When interpreting ambient measurements, it 1s
important to be aware of the potential for artifact
nitrate formation on filter substrates (Pierson et al.,
1980; Spicer and Schumacher, 1979: Appel et al., 1979;
Witz and McPhee, 1977). The physical nature of the
nitrate artifact problem is that the gaseous HNO; may
react with the filter substrate forming nitrate on the
filter. This results in a positive error as more nitrate is
measured on the filter than was deposited as an
aerosol. A negative error can result from revolatiliz-
ation of the NH,NO; prior to sample analysis, or by
reaction with other gaseous or particulate acids dis-
placing the HNO, (Appel et al., 1980). The observed
revolatilization is in agreement with the equilibrium
hypothesis employed in this paper. If the filter, after
being foaded and before being analyzed, is exposed toa
change in environment it would set up a new equilib-
rium between the aerosol and its environment,
possibly altering the aerosol’s measured composition.
The new equilibrium could be due either to a change in
temperature or to a change in the gaseous environment
during or after sampling. To prevent this problem the
NH,NO, would have to be collected, stored and
analyzed in a manner that prevents volatilization of the
aerosol from the filter.

Steps have been taken to correct the filter artifact
problem, the most direct being the use of a substrate
that does not react with gaseous HNO; to form
nitrate. Substrates that have been tested and show little
reactivity with HNOj include polycarbonate, Teflon
and quartz fiber (Spicer and Shumacher, 1979). Most
glass fiber and nylon filters prove to be quite sus-
ceptible to artifact nitrate formation, although
Gelman A filters are not as susceptible as many others
(Appel et al., 1979). Another method involves stripping
the HNO; (g) from the sampling stream prior to
filtration by passing the gas through a denuder, then
measuring total nitrate downstream (Appel et al.,
1981).

MODEL EVALUATION AGAINST AMBIENT
MEASUREMENTS

Usually ambient measurements are made at a fixed
location. A Lagrangian model, however, predicts con-
centrations along a trajectory in a single air mass as it
flows through the air basin. The path of a sample
trajectory, the one starting at 1 a.m. and reaching E1
Monte at 3 p.m. Pacific Daylight Time (PDT) on 28
June 1974, is shown on a map of the Los Angeles basin
(Fig. 5). Use of a trajectory model to predict concentra-
tions at.different times for a fixed geographical lo-
cation then requires finding the path that each air mass
takes to reach that location at the appropriate time.
This is done for trajectories reaching EI Monte
throughout the day of 28 June 1974 using the method
prescribed in Goodin et al. (1979).

By taking a series of trajectories reaching E1 Monte
during the day, a time history of species concentrations
can be constructed (Fig. 7). Each concentration predic-
tion shown represents a weighted average of three
trajectories arriving at E1 Monte at 1 h intervals, and
are plotted on the half hour. In Fig. 7(a), the predicted
ground level NH, NO, concentration is plotted along
with the measured nitrate and NH; concentration.
Concentrations are given in umol m ™ for all species
and NOj; concentrations are restated in ug m ™. Gas
phase concentrations are also shown in ppm or ppb.
Use of a system based on molar concentrations is more
convenient in the presence of chemical reactions, and
clarifies the relationship between aerosols and their gas
phase precursors. Considering the difficulty in obtain-
ing ambient nitrate measurements, comparison be-
tween observed and predicted nitrate concentrations is
quite good.

From Fig. 7(a), it can be seen that the measured
molar concentrations of aerosol nitrate exceed that of
NH; . The difference could arise if species other than
NH,NO, were present in the aerosol (e.g. NaNO, ), or
as a result of the filter artifact problem. Filter artifact
problems can lead to either a positive error due to
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HNO, reacting with the filter or a negative error from
the volatilization of either ammonium or nitrate

containing species. Twenty four hour averaged meas-

urements for the day modeled showed only 5.1 yugm”~ 3

of sulfate. Previous studies (e.g. Appel et al, 1978)
showed that most of the sulfate aerosol appears in the
late afternoan. Thus, the interference from sulfate
should be small for the period modeled. It is impossible
to say how the predicted nitrate should compare to the
measured nitrate concentrations without knowing the
magnitude of the two types of possible sampling error.

Relatively little NH,NO, is measured or predicted
in the early morning. The concentration rises until
about 10 a.m. (PDT) at which time it starts to decrease
as the temperature increases. The same trend is found
by other investigators (Appel et al., 1980). Both the
measurements and predictions for 28 June 1974, show
an afternoon rise that is uncharacteristic of the usual
decrease in NH,NO; as the temperature increases.
Figure 7(b), the plot of the predicted and measured
total (gas plus aerosol phase) NH; concentrations,
shows that the reason for the unexpected afternoon
peak is that the air mass contains more NH,. Figure
7(b) also serves as a check on the NH, emissions
inventory. Even in the presence of possible transfer of
revolatilized NH, to the oxalic acid impregnated
backup filter used to measure NH;, the sum of
measured NH, and NH; should give total NH;.
Predicted total NH; is about 10-20%, low through
most of the day, except in the early morning.
Predictions follow the same diurnal trends as the
measurements, indicating the spatial accuracy of the
inventory over which the trajectory passed.

In view of the possible effects occurring from nitrate
artifact formation, it is interesting to note that the
predicted nitrate levels are high in the morning when
the potential to form artifact nitrate is small. In the
afternoon the increasing HNO, concentration raises
the potential formation of artifact nitrate, and it is seen
that the predicted nitrate concentrations begin to fall
below the measured levels.

As an additional check on model performance,
predicted O, concentrations at El Monte are com-
pared to measurements in Fig. 7(c), and the two
profiles compare well. Ozone measurements were not
taken at El Monte, so the measured values being used
are interpolated from surrounding monitoring sites.

A good measure of the sensitivity of nitrate forma-
tion to temperature variations is obtained from
Fig. 7(d). Increase in the separation between the curves
is due almost totally to the change in K from the
temperature change, not from a change in the amount
of total inorganic nitrate produced. This figure also
illustrates the potential problems arising from either
upsetting the equilibrium, or from errors in the
temperature field specification.

For model evaluation purposes it was necessary to
compare predictions and observations at a fixed point;
however, it is more illuminating to investigate dy-
namics of the nitrate aerosol production along a single
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trajectory. In this manner the effects of the physical
processes are more easily isolated. In the series of plots
shown in Fig. &, the evolution of pollutant concentra-
tions is shown as the air mass traverses the basin. Early
morning NH, emissions into the air parcel increase the
NH, concentrations but have only a small effect on the
aerosol levels because little HNO, has been produced
by photochemical reactions (Fig. 8a). After sunrise,
photochemical reactions start forming inorganic ni-
trate from the oxidation of NO, emissions. Initially
most of the nitrate formed is tied up in the aerosol
phase increasing the NH,NO, concentration and
decreasing that of NH,. Nitric acid continues to be the
limiting species for aerosol formation until 8 a.m. when
the HNO, concentration begins to rise rapidly. Both
NH,NO,; and HNO, levels continue to increase, and
NH; to drop, until about 9 a.m. when a midmorning
NH,NO, peak occurs. After this time the NH,NO,
concentration decreases due to two effects, aerosol
volatilization by the increasing temperature and dilu-
tion by the growing mixed layer, The profile for PAN,
an organic nitrate, is shown in Fig. 8(a). PAN follows
the same diurnal trend as HNOQ,, peaking at 33 ppb
compared to 44 ppb for HNO,. The peak HNO,
concentration was 1392 that of O,. Tuazon et al.
(1981) found a similar PAN to HNO, ratio and
approximately the same maximum values. For exam-
ple, the peak HNQ; levels were 119, of the observed
O, concentrations at Claremont, California in 1978.

Figure 8(b) graphically illustrates the initial rise in
NH, from emissions. Photochemical reaction of NO,
causes a rapid increase in the concentration of total
inorganic nitrate shortly after sunrise at 5:45a.m.
Total nitrate increases until about noon when dilution
and deposition of HNO, and NH, NO, cause the
total nitrate concentrations to stabilize. Profiles of
three pollutants related to HNO, formation, O5, NO
and NO,, are shown in Fig. 8(c) for comparison.

Vertically-resolved profiles of NH,NO, and its
precursors are plotted in Fig. 9 at three different times
during the day. Early in the morning, the most marked
profile is that of NH; showing that the emissions are
being trapped within the mixed layer. Four hours later,
at 8 am., the mixing depth has increased and so has the
NH,NO;, but the availability of HNOj is still limiting
the formation. By noon, HNO, is the most abundant
species below the temperature inversion and NH;
availability now limits aerosol formation. Directly
above the inversion base the change in the NH, profile
is created by the decrease in HNO, allowing a higher
equilibrium NH; concentration.

In this study, the currently available collection of
simultaneous observations on emissions and air
quality has been pursued as far as it can be taken, and it
is apparent that additional model applications should
be supported by a data set explicitly designed for
nitrate air quality model verification. Such a data set
should include simultaneous measurements on all
species of interest including NH, and HNO, vapor,
plus NH; and NOj concentrations. Measurement
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methods should be selected that will minimize sam-
pling artifact problems. The sensitivity analysis pre-
sented in this paper points to the need for highly
accurate temperature data. Model structure dictates
that temperature measurements must be available
along the trajectory considered, not just at the end
point of the trajectory.

FUTURE MODEL APPLICATIONS

Potential uses of this model include control strategy
determination for visibility improvement and the

the air parcel at those times.

study of aerosol processes, acid deposition and the fate
of nitrogen containing species. Results from this model
as well as field measurements (Tuazon et al., 1981)
indicate that along most of the trajectories in the
western portion of the Los Angeles Basin there is more
HNO,; than NH,, and that the main factors limiting
the formation of aerosol are warm temperatures and
lack of NH;. This result was also indicated by the
sensitivity analysis performed on the formation
mechanism alone. In the eastern part of the basin,
downwind of the dairies, the situation may well be
reversed, resulting in a HNO; deficiency.
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Since both HNO, and NH,NOQO, are products of
NO, reactions, the ability to model these two species

can be valuable in studying the final fate of pollutant
nitrogen. The model can give bounds on the amount of
HNO; and aerosol nitrate deposition. Also by using
the vertically resolved species concentrations, the mass
of nitrogen containing species advected out of the
basin can be approximated. Possible future uses of this
work include studying acid deposition. An important
part of that investigation would include the transport
and production of NH, which would act to neutralize
acid deposition of both the solid and aqueous phases.

CONCLUSIONS

The mathematical model for urban air pollution
presented here solves the basic equations describing
the transport and production of gaseous species, and
the generation of NH, NO, aerosol. This model is able
to quantitatively predict an aerosol species concentra-
tion produced by gas phase reactions and condensa-
tion in an arban atmosphere directly from species
emissions using a mechanistic description of atmos-
pheric processes. Predictions of this model include
vertically resolved species concentration profiles of
gaseous pollutants and aerosol NH,NQ,.

Predictions from the proposed mode! agree well
with the 1974 ambient measurements at El Monte,
California, and show qualitatively the trends and
concentrations found by more recent studies where
measurement methods were used that suppress artifact
nitrate problems. Future uses of the model include
contro} strategy design for visibility improvement,
the study of aerosol processes and the fate of NO,
emissions.
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ABSTRACT

A mathematical model is used to study the fate of nitrogen oxides
(NOx) emissions and the reactions responsible for the formation of
nitric acid (HNO,). Model results indicate that the majority of the
NO inserted intd an air parcel in the Los Angeles basin is removed by
dry deposition at the ground during the first 24 hours of travel, and
that HNO, is the largest single contributor to this deposition flux. A
significant amount of the nitric acid is produced at night by N 0
hydrolysis. Perturbation of the N 0 hydrolysis rate constant wxghln
the chemical mechanism results in reaxatrxbutlon of the pathway by
which HNO, is formed, but does not greatly affect the total amount of

produced. Inclusion of NQO.-aerosol and N,0O.—aerosol reactions
doeg not affect the system grea%ly at COlllSlO% 2ff1c1enc1es, a, of
0.001, but at o = 0,1 or « =1,0, a great deal of nitric acid could be
produced by heterogeneous chanical processes,

Ability to account for the observed nitrate radical (NO,)
concentrations in the atmosphere provides a key test of the glr quality
modeling procedure. Predicted NO, concentrations compare well with
those measured by Platt et al. (138 Analysis shows that transport,
deposition and emissions, as well as chemistry, are important in
explaining the behavior of N03 in the atmosphere.

* Department of Mechanical Engineering

* . . .
Department of Chemical Engineering, Carnegie-Mellon University,
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1. Introduction

Nitric acid is a major end product of nitrogen oxides emissions.
Its presence in the atmosphere can lead to the acidification of rain
and fog (Galloway and Likens, 1981; Waldman et al,, 1982; Levine and
Schwartz, 1982; Liljestrand and Morgan, 1978; Adewuyi and Carmichael,
1982) and to dry deposition (Russell et al., 1984; Liljestrand, 1980;
Huebert, 1983). Aerosol nitrates, formed by reaction between nitric
acid and either ammonia or preexisting aerosol, are key contributors to
the visibility problems observed in cities like Los Angeles and Denver
(White and Roberts, 1977; Groblicki et al., 1981). As a result, there
is considerable interest in better understanding the mechanisms by

which nitric acid is formed in and removed from the atmosphere.

Recent studies of the deposition of nitrogen-containing species
and the formation of aerosol nitrates (McRae and Russell, 1984; Russell
et al., 1983, 1984; Russell and Cass, 1984) show that an understanding
of the fate of nitrogen oxides (NOx) emissions depends on several
poorly understood steps in the nitric acid production cycle.
Calculations are sensitive to the treatment of dinitrogen pentoxide
(N205) hydrolysis, dry deposition rates, aerosol scavenging processes,
and temporary storage of NOx in the form of aerosol nitrates and
peroxyacetyl nitrate (PAN). The purpose of the present paper is to
estimate the relative importance of these key processes to the
formation and fate of nitric acid and other major nitrogen-containing

pollutants.
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A number of different methods may be employed to investigate
nitric acid production, notably: smog chamber studies, mathematical
models, ;nd atmospheric measurements. Each of these approaches has its
individual strengths and weaknesses, Smog chamber studies do not take
into account fresh emissions, diffusion, transport and depositiom to
natural surfaces, although they do allow accurate characterization of
the pollutant evolution within a confined air mass, Studies based on
atmospheric measurements have the advantage that the air being sampled
has been exposed to all of the actual processes affecting pollutant
formation, 1In practice, however, it is hard to follow individual air
parcels in the field. In addition, field data usually are taken at
ground level, with little or no attention being given to the chemistry
and transport processes taking place aloft., Likewise, it is very
difficult to separate the effects of tramnsport, chemistry, and

emissions from one another given most sets of field experimental data.

Mathematical models, in their many forms, can retain most of the
strengths of the two previous methods., All theoretical formulations
embody some degree of approximation, and a variety of assumptions must
be used. However, if a model can be formulated that performs well when
compared to smog chamber and field observations, its use has many
advantages as a diagnostic tool for exploring atmospheric processes.
These models incorporate descriptions of vertical diffusion,
deposition, pollutant emissions and advective transport, By
suppressing each of these processes in turn, one can investigate the

extent to which particular physical or chemical mechanisms are
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responsible for the time rate of change of pollutant concentratioens
observed at ground-based air monitoring sites. In the present study, a
photochemical trajectory model will be used to explore the mechanisms

that determine nitric acid concentrations in the atmosphere.

2., Trajectory Model Description

The trajectory model adopted for use in this study is described by
Russell et al. (1983), and includes the effects of gas phase chemistry,
the formation of nitrate aerosol, emissions, deposition and vertical
diffusion, The photochemical mechanism based on McRae et al, (1982)
has been augmented with the aerosol nitrate chemistry of Russell et al.

(1983). Five additional reactions involving NO, have been added:

53
No, + HCHO ~ HNO, + HO, + CO 'kyy = 0.86 ppm + min”l
>4 -1 . -1
NO3 + RCHO ~ RCO3 + BNO3 ks4 = 3,6 ppm  min
55
NO, + hv > 0.7 NO, + 0.7 0 + 0.3 NO kg = £(hv)
26 -1 . -1
N03 + OLE + RPN k56 = 12.4 ppm =~ min
57 1 . -1
No2 + No3 -+ NO + No2 + o2 k57 = 0,59 ppm ~ min

Rate constants for the nitrate radical attack on aldehydes and olefins,
(OLE), are from Atkinson et al, (1984). The NO, photolysis rate used
is from Graham and Johnston (1978). The ultimate products of reaction
56 are reported to be nitroxyperoxyalkyl nitrates and dinitrates,

abbreviated RPN (Bandow et al., 1980). Tests performed on the model
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show that inclusiom of reactioms 53-57 has little effect on the
predictions of ozone, NO or Noz, but is important to the dynamics of
NO3 and the production of nitric acid., Two other nitric acid-producing

reactions are:

18
No, + OH > HNO, kg = 1.52x10% ppu ! min~!
46 -6 -1 -1
N205 + H20 -> 2HN03 k46 = 1,.9x10 PP® ~ min

The reaction numbers correspond to McRae et al., (1982). Rate constants
have been updated to reflect the recommendations of Atkinson and Lloyd

(1984) and Baulch et al. (1982).

An evaluation of the chemical mechanism”s ability to describe
the atmospheric chemistry was accomplished by comparing predictions
against a set of smog chamber experiments (Falls and Seinfeld, 1978;
McRae, 1981). That comparison showed good agreement between
measurements and predictions for both ozone and the measured nitrogen-
containing species. Evaluation of the complete trajectory model
indicated that it adequately predicts the concentrations of gas phase
pollutants, like ozome, and also the production of ammonium nitrate

aerosol (see Russell et al., 1983).

3. Nitrogen Fluxes and the Fate of Nitrogen Oxides Emissions

The air quality model was applied to follow the fate of NOx
emissions along a 24-hour trajectory across the Los Angeles basin. The

air parcel trajectory used in this analysis is shown in Figure 1, and
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passed over the Claremont, California, area at 1600 (PST) on 28 June
1974, the same day for which the initial model verification was
accomplished., The air parcel was modeled as a column 1000m high,
divided into 10 cells., The cell thicknesses, starting with the ground
level cell, were 30m, 50m, 70m, five 100m thick, 150m and 200m. The
day was marked by warm temperatures with an elevated inversion and high
photochemical activity. Emissions into the air parcel were derived
from a spatially resolved emissions inventory of the Los Angeles area.
This trajectory was chosen because the Claremont area experiences high
ozone levels, and because comparison will be made to NO3 measurements

taken in the same location by Platt et al. (1980).

Results of that model application are shown in Figure 2, The
widths of the arrows in Figure 2 represent the magnitude of the
integrated net fluxes of nitrogen species between the start of the
trajectory and the end of that 24~hour period. These calculations

represent net fluxes in the following manner:

t .. | S »
- i+]j _ joi
Fisy(t) § f RV dt %:Qf R dt (1)
(o]

where Fi+j(t) is tﬁe net flux of nitrogen from species i directly to
species j from the beginning of the trajectory to time t, R;*j is the
instantaneous flux of nitrogen from species i to j by reaction m and
Ri*i is similarly the flux from species j to 1 by reaction n., The
summation is taken over all pertinent reactions. These results, of

course, depend on the trajectory chosen and on the meteorology of the

particular day studied, but they do indicate the general magnitude of
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each pathway, From Figure 2 it is seen that emissions of NO comprise
about 97% of the flux of No_ into the system, the remaining 37 being
N02. The NO is quickly oxidized to NO2 (the net flux between species
is shown), with very little nitrogen deposited out as NO, N02 then
reacts to form a variety of products: 137 is converted directly to
HNOB, 47% forms PAN, 137 N03, 47 N205, and 20 is removed by dry
deposition at the earth”s surface. Three percent of the NO2 remains in
the air parcel at the end of 24 hours. About 25% of the net NO., formed

3

combines with NO2 to form N,0., which hydrolyzes to form HNO Most of

275 3°
the N03 reacts with the organics to form HN03. Dry deposition removes
43% of the PAN in the first 24 hours, leaving the rest to deposit out
in subsequent days or to thermally decompose into NOZ and the

peroxyacetyl radical, Thus PAN can act as a reservoir for NOZ. Since
nitric acid is very reactive with most surfaces, it deposits out
quickly., Almost 73% of the nitric acid formed is lost by dry
deposition, Nitric acid and PAN are found to be the major end products
of nitrogen oxides emissions at the end of 24 hours, Additiomal HN03

will be produced the next day from the remaining NO2 and PAN.

A balance on the nitrogen in the air column, Figure 3, indicates
the importance of dry deposition. Fifty-eight percent of the NOx
initially present in the air parcel or emitted along the trajectory has
deposited out before reaching the end of the 24-hour trajectory. The
high HNO3 formation rates present in photochemical smog promote rapid
nitrogen oxides removal at the ground because the deposition velocity

of HNO, is higher than for many other No_ species (Huebert, 1983)., 1In
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addition, the smog condition studied here is caused in part by low
mixing depths that increase pollutant concentrations adjacent to the
ground, accelerating dry deposition processes. A plot of the
cumulative deposition along the ;rajectory shows that 397 of the oxides

of nitrogen deposited as BN03 (Figure 4). PAN and NO, contribute 332

2
and 242, respectively, to the dry deposition flux, while particulate

ammonium nitrate accounts for only 1%.

4, Nitric Acid Production at Night

A comparison of the rates of the four reactions (18, 46, 53, 54)
leading to HN03 formation is shown in Figure 5. As expected, most of
the daytime production of nitric acid occurs due to the reaction of NO2
with OH. During daylight hours the NO, and N, 0 levels sre very low
because of NO3 photolysis and NO4 scavenging by NO (Stockwell and
Calvert, 1983). At night a considerable amount of nitric acid may be
produced by N205 hydroly{is and N03 reactions with organics, During
the 24-hour period studied, OH attack om NO

and N hydrolysis,

2 2%
respectively, account for 44% and 24% of the total mitric acid
produced. The two No, reactions (53,54), in total, account for 327 of

the nitric acid generated, mostly by reaction 54.

Clearly the relative importance of various nitric acid formation
pathways is dependant on the accuracy of measurgd rate data, The rate
constant for N205 hydrolysis, k46’ adopted in Table 1 is the value
recently measured by Tuazon et al, (1983). Earlier research by Morris

and Niki (1973) placed an upper limit on ke that is a factor of 8
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TABLE 1

Major Reactions in the NO,-N,0¢ System at Night

REACTION RATE CONSTANT @ 298 K REFERENCE
(ppm min units)

7
NO, + 04 —-;—> No, k; = 0.05 1
NO + N03 —ZZ—> ZNO2 k8 = 29560 1
Nzos —1:6—-> NOZ + NO3 k45 = 2.9 1’3
. -6
N,0g + Hy0 - > 2HNO, kg = 1.9x10 4
NO,  + HCHO ;—0 HNO,+HO,+CO kg3 = 0.86 5
N03 + RCHO —;;—> RCO3 + HN03 k54 = 3.6 5,6
N0, + OLE —> REN® ke, = 12.4 | | 5,7,9
3 57 56
NO, + NOo; —> NO + NO, + 0, kg7 = 0.59 10
*
N,05 * aerosol > 2 HNO, k N,05 11
N03 + aerosol > aerosol k*NO 11
3
1 - Baulch et al. (1982)
2 - Tuazon et al, (1984)
3 - Malko and Troe (1982)
4 - Tuazon et al, (1983)
5 - Atkinson et al. (1984)
6 - The rate constant used for the NO, reaction with higher aldehydes
is that measured for acetaldehyde’
7 - The value used for the rate constant of the NO., reaction with
olefins is that measured for the NO, reaction with propene.
8 - The ultimate products of reaction 53 are reported to be
nitroxyperoxyalkyl nitrates and dinitrates (Bandow et al., 1980).
9 - Bandow et al. (1980)
10 - Atkinson and Lloyd (1984)
11 - See text
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higher than used in the present study, and the actual rate could still
be smaller than used here, Measurement of that rate constant is
plagued by rapid heterogeneous reactions with the surfaces of smog
chambers used to study that reaction. Two approaches will be taken to
estimate the magnitude of the effect that this uncertainty can have on
the production of nitric acid. First, the chemical mechanism itself
will be dissected to indicate the approximate functional dependence of
overall nitric acid production on each of the key rate constants. Then
the trajectory model will be used to conduct a study of the effect of

perturbed rate constants on predicted HN03 formation routes,

The dynamics of the nighttime N03-N205 system is described by the

set of 11 reactions shown in Table 1 and can be studied in spite of the
possible uncertainty in the rate constant for reaction 46. Excluding
the aerosol reactions, the rate expressions for NO, and N,0. using the

3 275
system in Table 1 become:

d[No,] *
— "‘k7[N02][03]-k8[N03][NO]-kM[NOZI[NO3]+k45[N205]-k°rg[ORG][N03]
-k57[N02][N03] -
and
418205 [NO, 1[N0, 1k, < [N, 0. )=k, [N, 0.][H,0]
=k,  [NO,][NO,]-k, . [N,0O.]=k, [N,O 0
= 44 NO9 1 INO3 1=k, 51Ny 05 i~k (LN, 05 I LH, (3)
where
ko:ngG] = k53[HCH0]+k54[RCHO]+k56[OLE] (4)

and N,O

accounts for the reaction of the organics with NO3. Both NO3 29
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have short characteristic reaction times, and the pseudo-steady state

approximation can be made:

k-,[o3][N02](k45 k,o[H,01)

[No,] = (5)

{k8[N0]+korg[0RG]+k57[N02]}{k45 46[3 o]}+k46 44lno ][H 0]
and

[No ] [0 ]

[N,0,] = a7 ®

{kS[NO]+korg[0RG]+k57[N02]}{k45 46[3 o]}+k44 46[NO ][H 0]
or

k,, [No,]
&b "2 (7)

[N205] = [N03]

k45 *+ kg [HZOI

Further simplification is possible in (5) by noting that
kg >> k,cl8,0):
k,5[05]1(N0,]

[NO,] = (8)
3
k8k45[NO]+k45k°rg[0RG]+k57k45[N02]+k46k44[N02][8201

The denominator in expression (8) is made up from the four sinks in the
N,0g - NO; system. The first term is due to NO, scavenging by NO, the
second to the N03 reaction with organics, the third to the reaction
with N02 to form NO, and the last corresponds to nitric acid productionm

by N2 5 hydrolysis.

These steady state expressions can be used to perform an

uncomplicated check on the NO3 concentration values reported by Platt

et al. (1980) at Claremont, California. Using the NO2 (0.05 ppm) and
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olefins plus aldehydes (0.04 ppm) values representative of nighttime
conditions during Platt et al.”s (1980) experiments, given in Table 2,
the magnitudes of the last three terms in the denominator of equation
(8) are about 0.3, 0.09, and 5 min-z, respectively, Compared to NO,
the NO2 and olefins plus aldehydes concentrations should be relatively
constant with height. NO concentrations at ground level are needed if
the first term in the denominator of (8) is to be evaluated, Platt et
al, (1980) were unable to measure NO, and Tuazon et al, (1981) report
NO concentrations at sunset below the detection limit of 1 ppb at
Claremont, California. If 1 ppb is taken as an upper limit on the NO
concentration at ground level, the first term in the denominator of (8)

2

is of the order 86 min “, or much greater than the other terms

combined, At that ground level NO concentration, the corresponding NO3
concentration is 12 ppt. At the other extreme, if the ground level NO
concentration is negligible, then the corresponding NO3 concentration

is 211 ppt. That range of NO3 values brackets the peak N03
concentrations measured at ground level by Platt et al. (1980) at

Claremont.

Equation (8) next can be used to examine the likely situatiomn
at night several hundred meters above the ground. Ozone scavenges the
NO aloft, and the stability of the atmosphere at night does not allow
surface NO emissions to diffuse upward rapidly. Under those
conditions, the NO concentration several hundred meters above the
ground should be very low (the trajectory model predicts less than

6

1x10 ° ppm aloft just after sunset). With NO levels very low, the
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TABLE 2

Species Concentration Used in Analysis

SPECIES CONCENTRATION (PPM)
-42
NO (average) 1 x10
b
05 0.15°
4b
HCHO 0.020°¢
RCHO 0.020¢
OLE 0.0012
_3C
NO (ground level) 1x10
a
NO (above inversion) 1x 10'-6

Value taken from trajectory model calculations used in this study
at 19:00 PST.

Value representative of those measured by Platt et al. (1980).

Value representative of those measured by Tuazom et al. (1981).

Concentration of higher aldehydes set equal to that
of formaldehyde.
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uncertainty in NO concentration present at ground level is removed, and
NO3 values aloft approaching the NO negligible case of 211 ppt should
be present. These predictions derived quickly from a steady state
analysis of an approximate nighttime chemical mechanism will be

compared to the results of the full trajectory model shortly.

The expressions derived for NO3 and N205 can be used to compute

the nitric acid production rates at night and also to test the

sensitivity of nitric acid production to the uncertainty in the N205

hydrolysis rate. Nitric acid is produced at night by N205 hydrolysis

(reaction 46) and by two reactions between the organics and NO3

(reactions 53, 54). Rates for these reactions are, respectively

' 2
d[BN03] ) 2 k46k44k7[320][03][N02] ©
dt k46k44[N02][320]+k45k8[N0]+k45korg[0RG]+k45k57[N02]
and
d[HN03] . k45k7[03][Nozl(k53[HCHOI+k54[RCHOI) 10
dt k46k44[N02] [H20]+k45k8[N0]+k45korg[ORG]+k45k57[N02]

It is instructive to look at the magnitude of equatioms (9) and (10) in

two regimes: if the NO is about 1 ppb and if the NO is negligible.

Using the species concentrations given in Table 2, with NO

1 1

concentration at 1 ppb, and k46=1.9x10-6 ppm ~ min ~, the dominant

route for nitric acid production is reaction 46, producing 4x10’5 ppm
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-1

min = of HNO3 (equation 9) compared to lxlO-6

ppm min~ by the set of

N03-organics reactions (equation 10).

At high altitudes the NO concentration is very small, decreasing
NO, scavenging and increasing HNO, production. If the NO concentration
is negligible, then the nitric acid production rates by reaction 46 and
by the organics-NO3 reactions (reactions 53 and 54) are increased to

4

7x10 " and 1.9::10-5 ppm mi.u—1 respectively., Note that in the absence

of NO, decreasing k46 has much less effect on BNO3 production by N
6

2%
hydrolyeis. This is because if [NO] < 10 ° ppm and
k46k44[N02][H20] > k45korg[0RG], then (9) simplifies to

d[HN03]

= 2k, [0,][NO,] (11
dt 773 2

with no dependence on k46'

An estimate of the importance of the N205 hydrolysis to the total
rate of nitric acid production can be found by comparing the previous
calculations to the rate of the N02-0H radical reaction at noon,
Assuming an No2 concentration of 0,100 ppm (Tuazon et al., 1981) and an
OH radical level of 2x10”/ ppm (Chameides and Davis, 1982), daytime
nitric acid production is about 3x10-4 ppm min-l, less than the
production of HNO3 by reaction 46 after sunset at locations where the

NO concentration is negligible (e.g. above the surface layer affected

by fresh NO emissions).
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Next the complete photochemical trajectory model was used to test
the sensitivity of nitric acid production to variations in a number of
key paraﬁeters. A comparison of the amount of nitric acid produced by
the various reactions in six different cases is shown in Table 3. The
base case reflects the calculations previously described in part 3 of
this paper. Rate constants shown in Table 1 were used, and no
scavenging of NO3 and N205 by aerosols was assumed to take place., In
this case, nighttime reactions (reactions 46, 53, and 54) account for
56% of the HNO3 formed during the 24-hour trajectory, 41X of that by

the homogeneous hydrolysis of Nzos.

There is some possibility that the value of k46 given in Table 1
may be too high. A second set of calculations was executed with k46
decreased by an order of magnitude below the value in Table 1. 1In this
case only 6% of the nitric acid is produced by reaction 46. However,
reducing k46 increases the predicted N03 concentrations and thus
increases the production of HN03 by the reactions involving organics,

Still, 47% of the nitric acid is produced by nighttime reactioms, and

the total nitric acid produced is reduced by only 3% (see Table 3).

Morris and Niki (1973) placed an upper limit on the value of k46
equal to 1.5x10-5 ppm"l min-l. If this value is used, 44% of the
pitric acid is produced by homogeneous hydrolysis of NZOS and 367 by
the OH-NO2 daytime reaction. At the other extreme, if k46 is set equal

to zero, the total nitric acid produced decreases by only 7%, and the

nitrate radical reactions with organics now account for 44% of that
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TABLE 3

Percent of Total Nitric Acid Produced by Each Reaction
Along a 24-hour Trajectory

k k,, of AEROSOL SCAVENGING
REACTION STEP BASE DECRégSED MﬁﬁRIS k46-0
PRODUCING uno3 CASE BY 10X & NIKI (0=0,001) (o= 0.1) (a=1,0)
N02 + OH (18) 44% 53% 36% 56% 44% 37% 29%
N205 + HZO(g)(46) 24% 6% 44% 0% 222 5% tr*
NO, + HCHO (53) 4% 7% 2% 7% 4% 1 tr
N03 + RCHO (54) 28% 342 182 37% 28% 112 4%
N205 + AEROSOL 22 467 67%
Percent of base case
nitric acid produced 100% 97% 117% 93% 101% 1142 124%Z

* tr = trace amount, less than 13
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produced. The final three columns of Table 3 indicate the possible
effect that heterogeneous reactions could have on the production of
nitric acid. These reactions will be discussed further in following

paragraphs.

The results shown here indicate that the homogeneous hydrolysis of
NZOS probably is an important mechanism in the formation of nitric acid
in the atmosphere. Reducing the rate constant used from that of Morris
and Niki (1973) to that of Tuazon et al. (1983), a factor of eight
decrease, lowered the amount of HN03 produced via reaction 46 by omnly
55%. Further reduction of k46 by an order of magnitude decreased total
nitric acid produced at night by only 18%. In all cases the nitric
acid produced at night is a significant fraction of the total. NO3 -
organic reactions also are shown to be an important source of nitric
acid in this analysis. Perturbing k,. results in a redistribution of
the amount of nitric acid produced by each reaction, but the total

nitric formed is not as greatly affected (see bottom of Table 3).

5. Prediction of EQB Concentrations

As indicated earlier, two key species in explaining the production
of HNO3 are N20S and NO3. Unfortunately, there are no ground level
measurements of N205 available and only one set of ambient measurements
of NO;, NO, and 04 (Platt et al., 1980). However, the rapid conversion
of N03 to N,0q, and subsequent rapid decomposition of N205 should cause

N02, N03 and Nzo5 to reach equilibrium at night, such that
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[N03][N02]
[Nzosl

3

where K = 1,2x10° ppm  (Tuazon et al.,, 1984). Other reactioms of NO

3
and NZOS would perturb this equilibrium state only slightly because the
timescales for the other competitive reactions are significantly longer
than those that establish the equilibrium condition, Hence, an ability
to correctly predict NO3 concentrations at night would suggest that
Nzo5 concentrations also have been predicted correctly. A key test of

nighttime nitric acid formation calculations at present thus involves

comparison of observed and predicted NO4 concentrations.

The trajectory model employed earlier can be used to estimate the
NO, concentrations observed at Riverside on 12 September 1979 by Platt
et al. (1980). The initial conditions used were the No, (0.08 ppm),
H,0 (23200 ppm), 04 (0.23 ppm) and NO, (0.0 ppm) concentrations
measured by Platt et al. (1980) at Riverside at 1800 Pacific Daylight
Time (PDT). Emissions, again, were derived from a spatially resolved
1974 inventory of ;he area. Air mass motion at night on this occasion
was small, and the nominal motion of the air parcel between 1800 and
2400 hours PDT would have been only 5.6 km. Since the emission
inventory and the air parcel characteristics are defined over 5 km by 5
km grids, a horizontal transport distance of only 5.6 km implies that
Platt et al,”s (1980) measﬁrements at a fixed site in Riverside can be
compared to a short Lagrangian trajectory calculation passing over that

site. A comparison of the measured and predicted ground level NO3
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concentrations is shown in Figure 6. The measured peak was 288 ppt and
the predicted peak was about 255 ppt, both profiles showing the
dramatic -rise in N03 just after sunset, and then a rapid decline. The
predicted concentrations peak about one half hour before the measured
concentrations, possibly due to dissociation rates of NO2 and NO3 after
sunset that are greater than that modeled, or due to transport on a
sub-grid scale. The latter is unlikely as the wind velocities during
the experiment were not very great, and the measured ozone and nitrogen
dioxide concentrations did not change mdrkedly. 03 and NO2 predictions
and measurements are shown in Figure 7., Predicted and observed ozone
concentrations compare quite well. The N02 predictions are lower than

observed, but the NO2 trends over time track one another.

In order to account for the rapid decrease in ground level NO3
concentrations observed after the peak at 1930 hours as shown in

Figure 6, the 03 concentration must decrease and the NO3 concentration
increase. Stockwell and Calvert (1983) used a box model, lacking
vertical resolution and vertical diffusion, and achieved this result by
greatly increasing NO emissions into their model. However, NO
emissions in Los Angeles, in fact, are decreasing at that time of day.
There are several key reasons why the trajectory model used here can
reproduce the observed NO3 peak without an NO emissions increase.
Emissions into the vertically resolved trajectory model are treated as
ground level sources., As night falls the atmosphere stabilizes, which

decreases mixing, causing an increase in the ground level NO

concentrations. However, the effect of this lowered mixing rate in the
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trajectory model is more widespread than its effect on increasing NO
concentrations alone and is not equivalent to injecting more NO into a
box model., The lowered mixing rate also affects the NO2 and 03 loss
rate at the ground and slows the downward flux of 03 from elevations
above the ground level cell in the model. Emissions used in this study
are derived from a spatially resolved emissions inventory for the Los
Angeles basin, from which the emissions density in the Riverside area
can be determined. In the trajectory model, deposition fluxes are
computed based on the concentration in the bottom cell omly. Use of
ground level emissions and deposition, coupled with a stably stratified
atmosphere at night, leads to a very pronounced NO3 concentration
profile with elevation in the atmosphere, as shown in Figure 8.

Figure 8 also indicates the potential importance of nitric acid
production aloft, where the N03 and N,0 concen;rations are predicted

275

to be much greater than those observed at ground level.

The trajectory model can be used to elucidate the important
processes affecting the N03 concentration at ground level over time,
This will be done by systematically removing physical processes, such
as mixing, deposition, chemical reaction and emissions of NO, from the
trajectory model run that was initiated using the 03 and Noz values
that were measured by Platt et al. (1980) at 1800 PDT on 12 September
1979 at Riverside. The results of this analysis are showm in Figure 9,
Removing NO emissions increases the N03 peak, to about 575 ppt, Secause

NO is a very efficient NO3 scavenger, Decreasing the N, 0 hydrolysis

rate constant, k46’ by an order of magnitude, again increases the peak
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NO3 concentration to about 830 ppt. Further decreasing k,  to zero
only‘increases the N03 concentration peak to 1000 ppt. Reduction of
the value of k46 in the two preceding cases causes a delay in the
occurrence of the N03 peak because the removal of nitrogen oxides from
the system is delayed, Deleting deposition of all species changes the
No, profile greatly, increasing the peak No3 concentration by about

fifty percent relative to the base case.

Vertical mixing has a major effect on the No, concentrgtions.
Trapping the emissions in the bottom cell of the model almost removes
the peak, whereas the base case calculation of the atmospheric mixing
after sunset increases the peak NO3 value and pushes the peak to a
later time. Reduced vertical mixing in effect traps more NO emissions
in the bottom cell of the model, giving an effect that is opposite to

that discussed previously for the case where emissions are suppressed.

This brief analysis shows that chemistry alone cannot explain
the behavior of NO3 in the atmosphere. A complete analysis requires
including the effects of tranmsport, deposition and emissions, Given
detailed data on emissions, meteorology, and 03 and NO2 concentrations,

a similar analysis could be applied to the data of Noxon et al. (1980).

6. Aerosol-Radical Interactions

Both N03 and N205 possibly could be scavenged by surface
reactions with aerosols (Chameides and Davis, 1982). Though the rates

of these reactions are unknown, an upper bound can be found from
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kinetic theory. The trajectory model can be used to assess t{he maximum

effect of aerosol scavenging.

Possible products of the nitrate radical interaction with
aerosols include aerosol nitrate, a sink in the system, or
decomposition of the NO3 into NO2 and oxygen. NZOS also might
decompose into its precursors, react with the aerosol surface to form
aerosol nitrate, or, if the N205 contacts water on the aerosol surface,
it could undergo heterogeneous hydrolysis to produce nitric acid. 1In
the following analysis, the aerosol surface reaction with NO3 will be
modeled as a sink for N03, the products remaining in the aerosol phase;
while NZOS reaction with the aerosol will be assumed to produce nitric
acid that could re-enter the gas phase. Thus, the two reactions added

to the system are

NO 1 > 1 * = f£.(n(d_))
3 + aeroso aeroso kNO  (m p

3

*
N205 + aerosol + HZO > ZHNO3 + aerosol kNZOS = fz(n(dp))

where the two rate constants are calculated as functions of the aerosol
size distribution function, n(dp), which determines the aerosol surface

area as a function of particle diameter, dp'

An upper bound for these rate constants can be derived from
kinetic theory by calculating the collision rate of the gas molecules
with the aerosol surface. Assuming that 100%Z of the collisiomns are
effective in achieving reaction, these upper limit rate comnstants are

given by (Dahneke, 1983)
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R R —| dn(d)ae) (1)

o 1

Q

where Di ;s the diffusion coefficient of species i, Kn is the Knudsen
number based on aerosol size and the mean free path of gaseous species
i, and o is the collision efficiency. An estimate of the heterogeneous
reaction rate constants in the Los Angeles atmosphere can be found
using the measured aerosol size distribution of Table 3 in Whitby et
al. (1972). Upper bounds on these rate constants, using a=1, are

calculated to be
%* -
kyo (@=1) = 2.4 min |
3

k; o Coml) = 1.5 min~}
205

Collision efficiené¢ies are both hard to measure and highly
dependent on the aerosol surface characteristics., Baldwin and Golden
(1979) measured the collision efficiency of N205 on a sulfuric acid
surface to be greater than 3.8x10-5. Chameides and Davis (1982) report
measured efficiencies for OH radical-aerosol reactions from less than
10—4 to 0.25, the magnitude depending largely on the surface
composition. In the present work, the assumed collision efficiency,a ,
for both N205 and NO3-sutface reactions will be taken as 10—3, which is
between that measured for N205 on sulfuric acid and the OH interaction

with NaN03 (Jech et al., 1982). The actual rate will vary as the

aerosol surface characteristics and size distribution change.
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The importance of aerosol scavenging is dependent on the time
scales associated with the different sinks in the NO3—N205 system. At
night, given the species concentrations in Table 2, these sinks and

their time scales (given as the NO, reaction rate per unit NO3

concentration) are:

NO Scavenging 0.03 < k8[NO] < 30 min_l
Organic Reactions korg[ORG] ~ 0.10 min >
. * - . =1
Aerosol Interaction ky (a=0.001) ~ 0.004 min
03

From these re§u1ts, aerosol scavenging of NO3 at night should be
important only at very low NO concentratioms or at collision
efficiencies much higher than the o = 10-3 value assumed here. During
daylight hours, the losses due to photolysis and NO scavenging are very

much greater than the loss due to aerosols.

At night Nzos—aerosol reactions can be examined by comparing the

time scales for Nzo5 loss:

Homogeneous Hydrolysis k46[H20] < 0.04 min-l
] * . =1
Aerosol Interaction k (a=0.001) =~ 0.003 min
N;05

Considering the uncertainties, the time scales associated with the N205
sinks at night are close. The N205 homogeneous hydrolysis rate could
easily be an order of magnitude lower and the aerosol interaction

higher, the conclusion being that N205-aerosol interactions are
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possibly important at night, lowering the concentrations of both NO,

and N205 in the atmosphere,

The trajectory model again can be used to explore the effect of
aerosols on the oxides of nitrogen system and on the production of
nitric acid by adding the last two reactions shown in Table 1. Again
the 24-hour trajectory passing through Claremont was modeled, first
with the collision efficiency equal to 0,001 and then with & = Q.1 and
1.0, For o = 0,001, little effect is seen on the nitric acid produced
when compared to the base case as shown in Table 3, Likewise, with a =
0.001 there is little effect on the NO3 peak shown in Figure 9. 1If
a= 0,1 or 1.0, the N03 peak almost disappears, but a great deal of
nitric acid is produced heterogeneously, indicating the importance of

aerosol interactions at high collision efficiencies,

9. Conclusions

The photochemical trajectory model used by Russell et al. (1983)
was applied to calculations along a 24~hour air parcel trajectory
crossing the Los Angeles basin during a day that exhibits summertime
high photochemicalAsmog conditions, Ground level dry deposition
calculations show that 58% of the nitrogen oxides inserted into the air
parcel have deposited at the ground during that 24-hour period.
Nitrogen oxides removal is dominated by HNO3 (39%), PAN (33%), and NO2

(24%). Much of the nitrogen left in the air column at the end of the

24~hour trajectory is predicted to be associated with'NO2 or PAN,
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During the following day, this PAN can either continue to deposit or

thermally decompose releasing NOZ.

Significant nitric acid production takes place both at night and
during the daytime. For the most probable case studied here (the base
case of Table 3), about 562 of the nitric acid produced during a 24~
hour urban trajectory traveling across the Los Angeles basin is
generated at night by reactions involving NO3 and NZOS' Most of that
HN03 production at night is due to the NO3 reaction with higher
aldehydes and hydrolysis of N205. Both pseudo-steady state analysis of
the nighttime chemical mechanism and trajectory model results indicate
that nitric acid production is siightly sensitive to an order of
magnitude decrease in the N205 homogeneous hydrolysis rate constant,
except at high NO levels or if aerosol scavenging is relatively

efficient (a>> 0.001).

Aerosol interactions with NO3 should perturb the system omnly
slightly except at very low NO concentrations, or if the aerosol
collision efficiency is high, N205 interactions with aerosols are more
important than N03-aerosol reactions at the same collision efficiency,
an effect magnified by any decrease in the NZO5 homogeneous hydrolysis
rate constant., Heterogeneous reactions on aerosols may be important
both in the formation of nitric acid, and as a sink for N

2°5°

An analysis of the possible effects of uncertainties in the N205

homogeneous hydrolysis rate conmstant shows that the effect of this

uncertainty is much different near the ground than at several hundred
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meters above the ground, Many of the perturbations used to estimate
the effect of uncertainties within the trajectory model cause a

redistribution of the mechanism by which nitric acid is formed but do
not affect the total amount of nitric acid produced greatly during a

24-hour period (see the bottom of Table 3).

The nitrate radical, N03, is a key species in the mechanism
producing HNO3 by NZOS hydrolysis. The behavior of NO3 predicted by
the trajectory model used here compares well with field observations,
and is consistent with known emission rates and atmospheric dynamics in
the Los Angeles area. Results indicate that simultaneous calculation
of dry deposition, emissions, chemistry, and vertical transport is
needed to reproduce Pla;t et al.”s (1980) observations and that
atmospheric measurements made at fixed ground level monitoring sites
must be interpreted very carefully if one is to correctly capture the

effect of transport processes on atmospheric chemical dynamics.
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Abstract—An intensive field study was conducted throughout California’s South Coast Air Basin to acquire
air quality model validation data for use with aerosol nitrate formation models. Aerosol nitrate, sulfate,
ammonium, other major ionic aerosol species, nitric acid gas and ammonia were measured concurrently at
ten sites for forty-eight consecutive hours during the period 30-31 August 1982. Ozone, NO and NO, were
measured at all locations, and PAN was measured at Pasadena and Riverside, completing a nitrogen balance
on the air masses studied.

The product of the measured nitric acid and ammonia concentrations ranged from less than | ppbv? to
greater than 300 ppbv? during the experiment, providing a wide range of conditions over which comparisons
can be drawn between chemical equilibrium calculations and experimental results. The ionic material in the
aerosol phase was chemically more complex than is assumed by present theoretical models for the
equilibrium between NH;, HNO, and the aerosol phase, and included significant amounts of Na*, Ca?*,
Mg?**,K* and Cl~ in addition to NH;, SO~ and NOj. Results of the experiment showed that aerosol
nitrate levels in excess of 20 ugm ™2 accumulated in near-coastal locations in the morning of 31 August,
followed by subsequent transport across the air basin. Trajectory analysis showed that the afternoon aerosol
nitrate peak observed inland at Rubidoux near Riverside was associated with the same air mass that
contained the high morning nitrate levels near the coast, indicating that description of both transport and

atmospheric chemical reactions is important in understanding regional nitrate dynamics.

L. INTRODUCTION

Ammonia and nitric acid vapor react to form am-
monium nitrate aerosol. This is important because
ammonium nitrate containing aerosols account for a
significant fraction of local and regional visibility
problems, particularly in Los Angeles and Denver
(White and Roberts, 1977; Cass, 1979; Groblicki et al.,
1981). Nitric acid concentrations also are important
because of their contribution to wet and dry acid
deposition processes. Since NH,NO, formation acts
as an important sink for nitric acid, the formation of
NH,NO; must be understood if nitric acid levels are to
be controlled in a deliberate fashion. Reliable air
quality models are needed if emission control strategy
development is to proceed. But before air quality
models that compute aerosol nitrate and nitric acid
concentrations are used for emission control strategy
testing, the accuracy of their predictions must be
evaluated.

An air quality model for NH,NO, formation and
transport recently has been developed (Russell et al,
1983). The Caltech photochemical airshed model de-
veloped by McRae and Seinfeld (1983) is used to
compute gaseous HNO, concentrations from reactive
hydrocarbon and oxides of nitrogen emissions. An
inventory of ammonia emissions is introduced into the
model. Then NH,NO, concentrations are computed
at thermodynamic equilibrium between gaseous

HNO, and NH, using the approach outlined by
Stelson and Seinfeld (1982a,b).

To date, this model has been tested in its trajectory
form against the time series of gaseous ammonia,
particulate ammonium ion and particulate nitrate ion
concentration measurements at El Monte, California
on a summer day during 1974. Although the model
appears to perform well, the ability to confirm this
conclusion is limited by the absence of field data on
gaseous nitric acid during that event, and by the
potential for artifact nitrate formation during sample
collection by the measurement methods used in 1974.
Better model validation data are needed.

Ideally, an air quality model validation data set for
aerosol nitrate formation should provide measure-
ments of all relevant gaseous species: NO, NO,,
HNO,, NH,, PAN (and O; if photochemical oxidant
concentrations are to be checked as well). In addition,
the concentration of the aerosol species NO3, SO; ™,
NH/ should be measured along with all other ionic
species that are present in the aerosol. Temperature
and relative humidity data are needed to compute the
equilibrium dissociation constant that relates gaseous
HNO, and NH; to the aerosol phase. Simultaneous
measurements at a number of widely spaced monitor-
ing sites are desirable if an Eulerian grid-based version
of the aerosol nitrate formation model is to be tested.
Two or more consecutive days of observation are
required in Los Angeles if air is to be tracked from the
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marine environment all of the way to the eastern end of
the air basin near Riverside. Low artifact measurement
methods are desired.

The purpose of this paper is to report on the
acquisition of such an aerosol nitrate air quality model
verification data set in southern California.

2. EXPERIMENTAL

A field experiment was conducted in the South Coast Air
Basin (SCAB) that surrounds Los Angeles during the period
30-31 August 1982. Moderate levels of photochemical smog
were encountered during the two days studied. Both days
were warm with scattered clouds. Peak temperatures reached
35and 37°C on 30 and 31 August, respectively at the eastern
end of the Los Angeles basin. During the afternoons, onshore
winds transported pollutants inland, with typical wind speeds
of about 5 m s~ . This combination of high temperatures and
inland transport resulted in a peak 1-h average ozone
concentration of 0.18 ppm on August 30, increasing to a |-h
average peak ozone level of 0.26 ppm in the Riverside area on
31 August.

Ten monitoring sites were established at the locations
shown in Fig. 1. The sampiing network operated for 48
consecutive hours from midnight at the start of the first day to
midnight at the end of 31 August. Two-hour average and 4-h
average measurements of HNO,(g), NH;(g), NO;, NH.,
SO~ and other major ionic species were obtained at each
site. All sites except Riverside were co-located with a South
Coast Air Quality Management District (SCAQMD) or
California Air Resources Board (CARB) continuous air
monitoring station, and 1-h average data on NO, NO,, O,
and SO, were obtained by cooperation with these agencies.
Site descriptions are given by the U.S. Environmental
Protection Agency {1973, 1978 ef seq.). PAN was measured by
electron capture gas chromatography, and NO and NO, were
measured by chemiluminescence by researchers at the
University of California at Riverside {UCR). PAN also was
measured by the same principle at Caltech in Pasadena.

The aerosol, nitric acid and ammonia sampling apparatus
for this experiment is shown schematically in Fig. 2. Aerosol
nitrate and nitric acid concentrations were measured both by
dual filter methods and by the denuder difference method.
Gaseous ammonia was measured by a dual filter method
using oxalic acid impregnated filters as a sink for NH,. Filter
holders were of open-faced design so that any large particle
nitrates would be collected. The sampling apparatus was
surrounded by a bug screen and shaded by a sun shield to
prevent nitrate volatilization through over-heating. Nine of
the ten sampling sites shown in Fig. 1 were equipped as
indicated in Fig. 2, while the 10th site at Riverside (UCR)
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Fig. 2. Schematic of the sampling apparatus used at nine of
the ten sites. The tenth station used only the two 10/ min ™!
lines with dual filters.

consisted of only the two sampling lines that contained dual
filter packs.

In the dual filter method for nitric acid determination, air
was drawn at a rate of 10/ min~* through a dual filter pack
(Grosjean, 1983; Spicer et al, 1982; Appel et al., 1980). A
Teflon prefilter (Membrana, Zefluor, 47 mm diameter, 1 yum
pore size) first removed the aerosol phase constituents.
Gaseous nitric acid that passed through the inert Teflon
prefilter was collected as nitrate on a nylon after-filter (Ghia
Corp., Nylasorb, 47 mm dia, 1 um pore size). Filters, after
exposure, were sealed immediately in petri dishes and chilled
until analysis to minimize volatilization from the sampies.

Water soluble material was extracted from these filters by
mechanical shaking in distilled—deionized-distilled water for
1 h or more. Measured extraction efficiencies typically were
above 97 %, The extract was divided for subsequent chemical
analysis. The aerosol material extracted from the Teflon
prefilters was analyzed for nitrate, sulfate, chloride, potassium
and sodium ions using Dionex Model 10 and Model 2120 ion
chromatographs (Mueller er al, 1978). Divalent cations
(calcium and magnesium) were measured using a Varian
Techtron model AA-6 atomic absorption spectrophotometer
(Varian, 1975). Ammonium ion on the Teflon filters was
determined by the phenol—hypochlorite method (Salorzano,
1967). Nitric acid concentrations were determined-by extract-
ing the nitrate ion collected on the nylon after-filters, with
chemical analysis by ion chromatography as described above.
Analytical uncertainties were assessed by analysis of reagent
grade standards prepared in the range 0-5 ppm (wt/vol
aqueous solution). Five replicate analyses of each of three
standard solutions that span the concentration range of
interest for each species were used to estimate the uncertainty
associated with the laboratory procedures. The relative
uncertainty associated with these measurements is shown in
the first data column of Table 1. A contribution due to the
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IF A
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ittt KMS * AIR MONITORING
O 10 20 30 STATION

Fig. 1. Locations of nitrate monitoring sites in the South Coast Air Basin.
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Table 1. Measurement uncertainties

Uncertainty due to

chemical analysis  Uncertainty due to
procedure* filter blankt
Species (%) (ug m™>)
NO; 15 1.0
SO~ 15 1.6
Cl- 22 0.6
NH; 20 02
Ca** 18 14
Na* 15 0.8
K* 18 1.1
Mg?* 18 0.5
HNO, 15 0.8
NH, 20 0.3

* One standard error, as %, of nominally measured value.
tOne standard error, stated in equivalent atmospheric
concentration.

variability of the filter blanks was added to this analytical
error. More than twenty blank filters of each type were taken
into the field but not exposed. The average blank values from
these filters were subtracted from the measured filter loadings.
The contribution to the uncertainty in these measurements
due to the variability of the filter blank also is shown in
Table 1. This uncertainty in the filter blank governs the lowest
quantifiable pollutant concentrations during this experiment.
A complete listing of the data from this experiment and their
associated uncertainties has been compiled (Russell and Cass,
1983).

The dual filter method for measuring aerosol nitrate and
nitric acid has the advantage of simplicity, low cost, sensitivity
and ability to produce both particulate and gaseous nitrate
concentration data from the same air stream. Results from the
nitric acid measurement method intercomparison (Spicer et
al., 1982) conducted in the SCAB showed that the dual filter
measurements were highly correlated with the median value
obtained by all competitive nitric acid measurement methods.
One of the two groups of investigators that used a
Teflon—nylon filter pair during the intercomparison study
obtained results suggesting a small positive proportional bias,
while a second group obtained results that suggest no
significant bias when measuring nitric acid. Dual filter
methods are susceptible to both positive and negative errors.
Volatilization of ammonium nitrate would decrease
measured nitrate aerosol (Appel et al., 1980). Nitric acid may
also react with collected aerosol increasing the measured
nitrate aerosol (Appel et al., 1980; Spicer and Schumacher,
1979).

The second method used for nitric acid determination
during the present experiment was based on the diffusion
denuder design described by Forrest et al. (1982), except that
10 sodium carbonate coated tubes 30cm in length were
contained within each denuder housing. At a total air flow
rate of 4.9/ min~', laminar flow was achieved inside the
denuder tubes at a nominal Reynolds number of 175 based on
tube diameter. Air flowing through the denuder was stripped
of nitric acid by reaction with the tube walls. Particulate
nitrate (PN) penetrated the denuder and was collected on the
nylon after-filter. A separate parallel sample line operating at
4.9 ¢ min ! contained a single nylon filter used to collect total
inorganic nitrate (i.e. nitric acid plus aerosol nitrate). Nitric
acid concentrations by the denuder difference method were
obtained by subtracting the particulate nitrate concentration
from the total inorganic nitrate concentration. Nitrate ion
levels on these nylon filters were determined by water
extraction and ion chromatography, with filter blank subtrac-
tion as described previously.
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Nitrate measurements obtained by denuder also are sus-
ceptible to interferences. Large particle nitrate may be lost in
the denuder by impaction. Laboratory experiments per-

formed on the denuders used in this experiment show losses
of about 309, for particles larger than 4 ym in diameter
(Strand, 1983). Because of this measurable bias in the denuder
system, nitric acid concentrations presented in this paper will
be based on the dual filter method.

Gaseous ammonia concentrations were determined from
the dual filter pack shown in Fig. 2 that contained an oxalic
acid impregnated back-up filter. The aerosol phase containing
ammonium ion first was removed by a Teflon prefilter
(Membrana, Zefluor, 47 mm dia, 1.0 um pore size). Ammonia
gas remaining in the air stream was collected by reaction with
an oxalic acid impregnated glass fiber filter (Gelman Type
AE, 47 mm diameter) (Yoong, 1981; Appel et al., 1980; Cadle
et al., 1980). After collection, filters were sealed and chilled as
described previously. Ammonia concentrations were de-
termined from the ammonium ion collected on the oxalic acid
impregnated filters by a modified version of the
phenol-hypochlorite method (Salorzano, 1967). The excess
oxalate and acid on the glass fiber filters interfered signifi-
cantly with the method of Salorzano (1967), so the method
was modified, adding a phosphate buffer (Harwood and
Kuhn, 1970) and additional hydroxide. The modified method
is described by Russell (1983) and was found to give
reproducible results with a correlation coefficient of r = 0.99.
Standard deviations for recovery of NH; standards contain-
ing 1 and 0.5 ppm (N by wt) were 2.5 and 3.5 %, respectively.

The calculated equilibrium dissociation constant for the
HNO;-NH;-NH NO; system is highly dependent on am-
bient temperature and relative humidity. Temperature meas-
urements to accompany each ambient sample were obtained
from nearby weather monitoring stations, where possible, or
from temperature measurements that were taken at the air
monitoring site by the station operators using mercury
thermometers. Instantaneous temperatures were taken each
hour. Relative humidities were computed from measured dew
point saturation temperatures that are monitored at a
number of locations in the SCAB. Dew point temperatures
were interpolated to the location of each monitoring site by
the method of Goodin et al. (1979).

3. RESULTS

Based on previous descriptions of aerosol nitrate
concentrations in the Los Angeles area (Appel et al.,
1978), high aerosol nitrate concentrations were ex-
pected in the Riverside area in the late afternoon due to
production of nitric acid in the plume downwind of
metropolitan Los Angeles. High aerosol nitrate levels
(above 25 ugm™3) were observed at Rubidoux as
expected, as is seen in Fig. 3(a). However, unexpectedly
high nitrate levels also were observed at near-coastal
sites like Lennox and Long Beach in the morning of 31
August, as seen in Fig. 3(c).

Hourly averaged data on surface wind speed and
direction at 39 monitoring sites in Southern California
were acquired from governmental agencies for the
period 30-31 August 1982. A mass-consistent wind
field defined over a 5km x Skm grid system that
covers the geographic area shown in Fig. 1 was
developed for each hour by the method of Goodin et
al. (1979). Air parcel trajectories were integrated over
these gridded wind fields using 10 min time steps.
Trajectory analysis shows that the peak nitrate concen-
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Fig. 3. (a) Nitrate concentration observed at Rubidoux, 30-31 August 1982
(b) Trajectory of the air mass passing over the long Beach area at 1100 on 31 August and
over the Rubidoux area at 1800 on 31 August 1982. (¢) Nitrate concentrations at Long

Beach, 30-31 August 1982.



tration at Rubidoux on the afternoon of 31 August is
related to the coastal peak observed at Long Beach
earlier that morning. A forward trajectory drawn from
the nitrate peak in the Long Beach area at 1100 hours
on the morning of 31 August passes within 3.5 km of
Rubidoux between 1700 and 1800 hours in the late
afternoon at the time of the nitrate peak in the eastern
portion of the air basin {see Fig. 3(b)]. A backward
trajectory drawn from Long Beach at 1100 hours on 31
August shows that that air mass first crossed the
coastline during the sea breeze portion of the late
afternoon of 30 August. At night, wind speeds dropped
toless than 0.5 m s~ ! with variable wind direction. The
air mass stagnated overnight in Long Beach, an area of
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high NO, emissions (see Fig. 6 in Russell et al., 1983).
The high nitrate concentration observed at Long

Beach in the morning of 31 August resulted from
progressive aerosol accumulation within a largely
stagnant and stable air mass. This nitrate-rich air
parcel then was advected inland on the next day’s sea
breeze. [t appears that transport may play as important
arole as chemical reaction in accumulating high nitrate
levels.

A balance on the ionic material in the samples taken
at Long Beach is shown in Fig. 4. The major con-
stituents are NH;, NOyand SO2 ", but Na* and Ca?*
often account for about one third of the cations
present, suggesting sea salt and soil dust contributions
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Fig. 4. Tonic species concentration at Long Beach. (a) Cations. (b) Anions.
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to the aerosol samples. Na ™ usually is present in excess
of ClI7, suggesting that reaction with strong acids like
H,S80, or HNO, has displaced some of the chloride
from the sea salt portion of the aerosol (Martens et al.,
1973; Duce, 1969; Robbins et al., 1959; Hitchcock et al.,
1980). The ion balance is good in spite of the fact that
CO%-, OH~ and H* concentrations were not
measured. Previous studies in the SCAB show the
presence of very low carbonate carbon levels in the
aerosol (Mueller et al, 1972). Large amounts of
hydrogen ion would not be expected because of the
great excess of ammonia present during this
experiment.

The composition of the aerosol observed inland at
Riverside is shown in Fig. 5. The largest contributors o

the ionic material are NH; and NOj, but noticeable
amounts of K*, Mg?*, Ca?* Na* and Cl~ also are
found. Note that C1™ arrives with the aerosol between
1600 and 1800 hours on 31 August near the time of
arrival of the trajectory from Long Beach discussed
previously. The important point to note from these ion
balances is that the ionic material in the actual aerosol
is much more complex than the mixed sulfate, nitrate
and ammonium salts that can be described by present
theoretical models for the equilibrium between NHj,
HNO; and the aerosol phase.
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Fig. 5. Ionic species concentration at Riverside. {a) Cations. (b) Anions.
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Gas phase HNO; concentrations are compared to
aerosol NO7 at the polluted near-coastal sites at Long

Beach and Lennox in Fig. 6. Nearly all of the inorganic
nitrateis in the aerosol phase. In contrast, Fig. 7 shows
that ammonia is partitioned about equally between
NH,(g) and aerosol NH; at Long Beach, while at
Lennox ammionia gas concentrations often were quite
elevated, suggesting an NH, source upwind of Lennox
(possibly at a nearby refinery or at the nearby
Hyperion sewage treatment plant).

Inland from the coast, gaseous nitric acid concen-
trations begin to increase in the late morning and early
afternoon, due possibly to photochemical production

1821

of HNO, or to-volatilization of NH,NO,. This can be
seen in Fig. 8 at Anaheim (which is located between

Long Beach and Riverside). By the time that the air
parcel defined at Long Beach at 1100 hours on 31
August reaches Rubidoux between 1600 and 1800
hours, a tremendous increase in NH; in the air parcel
has occurred [Fig. 9(b)], and most of the inorganic
nitrate again is found in the aerosol phase [Fig. 9(a)].
This increase in NH; is consistent with estimates of the
spatial distribution of NH; sources in the Los Angeles
area given by Cass et al. (1982) and Russell et al. (1983),
which shows that the largest source of NH; in the Los
Angeles area arises from a large group of dairies and
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Fig. 6. Particulate nitrate and gaseous nitric acid concentrations (ugm~ 3 as NOjy).
(a) Long Beach. (b} Lennox.
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animal husbandry operations in the Chino area just to
the west of Riverside and Rubidoux.

The product of the measured concentrations of
ammonia and nitric acid vapor is a key parameter that
can be compared to the predictions of theoretical
models for the ammonia and nitric acid concentrations
expected at thermodynamic equilibrium with the aero-
sol phase. Nitric acid and ammonia concentration
measurements were used to calculate their concen-
tration product (CP) at each monitoring site. As seen in
Fig. 10, the measured CP at Rubidoux varies from less
than 20 to over 300 ppbv?, and measured CP’s at some
monitoring sites were observed below 1 ppbv?, A very

wide range of NH, and HNO, concentration product
data thus have been acquired for use in verifying
theoretical calculations. The hypothesis that aerosol
nitrates were in equilibrium with gas phase nitric acid
and ammonia during this experiment has been tested
by Hildemann et al. (1984).

At two locations, Riverside and Pasadena, the major
gaseous and aerosol species that evolve from NO,
emissions were measured. Fig. 11 shows that most of
the pollutant oxides of nitrogen at these two sites were
present as NO and NO, throughout this experiment.
Only a small fractional conversion of NO emissions to
HNO; and NH,NOj, is needed to explain the nitrate
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Rubidoux.

concentrations observed. The fractional conversion of
NO and NO, to nitrate species during this experiment
is lower than observed during some other field measure-
ment programs (Grosjean, 1983; Spicer, 1982) but this
is consistent with the lower level of photochemical
activity experienced during this 2-day experiment. On
the days sampled, peak 1-h average O, concentrations
exceeded 0.20 ppm at only a few monitoring sites, with
the basin-wide 1-h O, peak within the region shown in
Fig. 1 amounting to 0.26 ppm. In contrast, the O,
concentration on the 1974 day modeled previously by
Russell et al. (1983) exceeded 0.40 ppm with a cor-
respondingly higher conversion of NO, to HNO; and
PAN.

4. CONCLUSIONS

Results from the field experiment show that the ionic
material in the aerosol phase throughout the South
Coast Air Basin is chemically complex. At most times,
the bulk of the ionic aerosol is composed of nitrate,
sulfate and ammonium ion. However there are signifi-
cant amounts of Na*, Ca**, Mg?*, K*, Cl~ and
possibly CO3~, OH™ or H* ions also present. The
coastal nitrate-containing aerosol has a significant sea
salt derived fraction, probably from the displacement
of chloride by reaction with nitric acid. These multi-
component aerosols are more complex than can be
handled by present mathematical models for the
equilibrium between HNO,, NH, and a mixed sulfate,
nitrate and ammonium containing aerosol.

Trajectory analysis has been used to judge the
importance of transport in determining aerosol nitrate
concentrations. Large amounts of nitrate were shown
to accumulate in an air mass that stagnated near the
coast at night. Later, this nitrate laden air mass was
transported inland by the sea breeze. The time of the
nitrate peak inland near Riverside coincided with the
time that that nitrate laden air mass reached that area.
This indicates that a description of transport charac-
teristics as well as atmospheric chemistry is important
in understanding the dynamics that govern the high
nitrate levels observed in the eastern portion of the Los
Angeles basin.

A nitrogen balance constructed at two locations in
the Los Angeles basin shows that conversion of only a
small fraction of the NO, emissions to HNO; and
NHNO, is sufficient to explain the aerosol nitrate and
nitric acid observed. The two days studied here were
both considered to have moderate smog (fairly typical
of a summer day), and a correspondingly lower
oxidation of NO, to HNO, and PAN than would
occur during an extreme air pollution episode in Los
Angeles.

The data set derived from this experiment can be
used in verification tests of aerosol nitrate formation
models, and will challenge the predictive capability of
current air quality models. The days sampled during
this experiment exhibited both interesting transport
patterns and evidence of chemical transformations
that can be used to test both the transport and gas-to-
particle conversion descriptions built into regional
scale air quality models.
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AMMONIA AND NITRIC ACID CONCENTRATIONS IN
EQUILIBRIUM WITH ATMOSPHERIC AEROSOLS:
EXPERIMENT VS THEORY
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Abstract—The equilibrium between gaseous ammonia, nitric acid, and aerosol nitrate is discussed on the
basis of a recent field experiment in southern California. Comparison is drawn between theoretical
equilibrium calculations and simultaneous measurements of nitric acid, ammonia, ammonium ion, nitrate
ion, sulfate ion, other ionic species, temperature and dewpoint. Particulate and gaseous polliutant
concentrations at some inland sampling sites are readily explained if the aerosol is assumed to exist as an
external mixture with all particulate nitrate and ammonium available to form pure NH,NO,. At other
monitoring sites, especially near the coast, aerosol nitrate is found in the presence of NH, and HNO,
concentrations that thermodynamic calculations show are too low to produce pure NH,NO,. This can be
explained when the amount of aerosol nitrate that can be derived from reaction of nitric acid with sea salt and
soil dust is taken into account. A calculation approach that accounts for the presence of mixed sulfate and
nitrate salts improves the agreement between predicted and observed pollutant concentrations in the
majority of cases studied. Uncertainties in these calculations arise from a number of sources including the
thermodynamic quantities, and the effect of these uncertainties on the comparison between theory and

experiment is discussed. .

INTRODUCTION

Theoretical calculations for the formation of atmos-
pheric aerosol nitrate based on thermodynamic
equilibrium between ammonia, nitric acid and aerosol
constituents have been presented recently by several
research groups (Stelson et al, 1979; Stelson and
Seinfeld, 1982 ab,c; Tang, 1976, 1980; Saxena
and Peterson, 1981; Saxena et al, 1983; Bassett and
Seinfeld, 1983). These chemical equilibrium calcu-
lations when embedded within a photochemical air-
shed model show promise of being able to predict the
aerosol nitrate concentrations that will result from
regional emissions of sulfurous, nitrogenocus and
hydrocarbon (HC) gaseous precursors (Russell et al.,
1983).

Very few complete sets of atmospheric measure-
ments exist, however, against which these chemical
equilibrium calculations have been tested. Stelson et al.
(1979) and Doyle et al. (1979) have shown that
measurements of gaseous nitric acid and ammonia
often are consistent with the upper limit on those
concentrations predicted if the gases were in equilib-
rium with pure solid NH,NO;. In those studies, the
aerosol phase was not characterized completely, and
little insight is gained into the cause of those cases
where the atmospheric concentration products of NH;,
and HNO, fall below the equilibrium dissociation
constant for pure NH NO;. The hypothesis that
NH;, HNOj;, and NH4NO; are in equilibrium also
has been pursued in cool humid atmospheres
(Harrison and Pio, 1983) and at the low concentrations
present in rural atmospheres (Cadle er al., 1982). Very
little work has been published to date that examines

the agreement between equilibrium-based calculation
schemes and field observations in cases where the ionic
components in the aerosol are treated as being more
complex than pure NH,NO;. A step in this direction is
provided by Tanner (1982), who compared the thermo-
dynamics of aqueous mixed sulfate-nitrate solutions
and solid ammonium nitrate to field experiments
under conditions present on Long Island, New York.

In the present paper, the role of atmospheric nitric
acid and ammonia in the formation of nitrate-
containing aerosols is discussed on the basis of field
experiments conducted in southern California.

. Comparison is drawn between theoretical equilibrium

calculations and an extensive collection of simul-
taneous observations on HNO;, NH;, NH;, NO5,
SOZ~, other ionic species, temperature and dewpoint.
Calculations for the chemical equilibrium within multi-
component aerosols are contrasted to the results
obtained if a pure NH,, HNO,, NH,NO, system had
been present. The case where non-volatile nitrates are
present due to reaction between nitric acid and either
sea salt or soil dust is considered. The effect of
uncertainties in the thermochemical data required for
these equilibrium calculations is discussed, as well as
the implications that these uncertainties hold for
verification studies of regional airshed models for
aerosol nitrate formation.

EXPERIMENTAL

The measurements used in this comparison were taken on
30-31 August 1982, as part of a project designed to acquire an
air quality model validation data set for use in testing models
for aerosol nitrate formation and transport. Gaseous nitric
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Fig. 1. Air monitoring sites in the South Coast Air Basin that surrounds Los Angeles.

acid and ammonia, and aerosol sulfate, nitrate, ammonium
and other major ionic species were monitored at 10 locations
in southern California (Fig. 1) over a 48-h period. The details
of the experiment are described by Russell and Cass (1984),
and only will be summarized here.

Gaseous nitric acid and ammonia and the major ionic
aerosol species were measured over 2-h and 4-h intervals
using filter-based techniques. Nitric acid measurements used
in this study were obtained by the dual filter method, using a
Teflon prefilter (Membrana Zefluor, 47mm dia, 1 um pore
size) for aerosol removal, followed by a nylon filter (Ghia
Nylasorb, 47mm dia, 1 um pore size) which quantitatively
collects nitric acid as nitrate (Spicer and Schumacher, 1979;
Appel et al., 1980; Spicer et al., 1982). Ammonia was collected as
ammonium using an oxalic acid impregnated glass fiber filter
(Gelman AE) preceded by a separate Teflon prefilter that
removed aerosol NH/ (Yoong, 1981; Appel et al., 1980; Cadle
et al., 1982). Aerosol phase constituents were measured from
material collected on the two Teflon prefilters. Ion chromato-
graphy was used to determine SO2~,NO;,Cl",Na*and K*
concentrations. Divalent cations, Ca?* and Mg?*, were
analyzed using atomic absorption spectroscopy (Varian
Techtron Model AA6). Ammonium ion concentrations were
measured by the phenol hypochlorite method (Salorzano,
1967, Harwood and Kuhn, 1970; Russell, 1983).

EQUILIBRIUM CALCULATIONS

Several alternative methods were used to calculate
the partial pressures of ammonia and nitric acid vapor
which in theory should be found in equilibrium with
the aerosol phase. When the aerosol phase was as-
sumed to consist of pure ammonium nitrate (s or aq) or
an aqueous NH;, NO;, SOZ~ mixture, the calcu-
lations were based on the studies by Stelson and
Seinfeld (1982a,c). Calculations involving dry, intern-
ally mixed NH; , NOj , SOZ -~ aerosols can be viewed,
from two perspectives. If the solid phase is assumed to
exist as a solid solution, then calculations can be
performed by the method of Saxena et al. (1983), If the
solid phase exists as a heterogeneous mixture of
various crystalline phases, then the vapor pressures
could be as high as over solid NH,NO, (Stelson and
Seinfeld, 1982c). Each of these approaches is based on
fundamental thermodynamic concepts, and provides a
method for calculating the equilibrium partial pressure
product of NH, and HNO, which should be found in
the presence of a specified level of gaseous and aerosol
constituents. The algorithm outlined by Russell et al.

{(1983) was used to check the apportionment of
measured total nitrate (HNO, (g) plus NO; )and total
ammonia (NH;(g) + NH_ ) between the gaseous and
aerosol phases.

Because it is important to an understanding of the
data analysis which follows, the mechanics of the
aerosol equilibrium model calculations will be de-
scribed here in some detail, illustrated for the case of
pure NH,NO; formation. First, the equilibrium dis-
sociation constant, K, for pure ammonium nitrate is
calculated from the ambient temperature, (T'), and
refative humidity, (r.h.) (Stelson and Seinfeld, 1982a).
Then the total nitrate, [TN],and total ammonia, [TA],
available to form ammonium nitrate is calculated as

[TN] = [HNO;(g)].. + [NO5 ],, ey
[TA] = [NH3 (g)]m + [NH: ]m’ (2)

where [HNO; (g)],, is the measured gaseous nitric acid
concentration, [NH,(g)],, is the measured gaseous
ammonia concentration, and [NOj ], and [NH{ ],.
are the measured aerosol nitrate and ammonium
concentrations, respectively, available or free to form
NH,NO;. Then the equilibrium constraint

[NH; (8)][HNO; gl<kK

is imposed. If [TN]{TA] <K, no ammonium
nitrate is predicted to be present because there is
not enough total nitrate and total ammonia to support
aerosol NH,NO; formation. If [TN][TA]> K
then aerosol ammonium nitrate is predicted to
form from the gas phase precursors such that the
product [NH;(g)]. [HNO; (g)], = K. The subscript ¢
indicates a theoretically computed pollutant concen-
tration that may differ from measured values.
Conservation of TA and TN gives the final expression
for the ammonium nitrate formed as
[(NH,NO;]. = ${{TA]+[TN] - [([TA]

+[TN])? -4([TA][TN] - K)]}} (3)
and the gas phase concentrations

[NH;(g)]. = [TA] - [NH,NO,], 4
and
[HNO; ()] = [TN] -[NH,NO;].. = (5

Thus the inputs to the model calculation are TA, TN, T



and r.h., and the outputs are the calculated aerosol and
gas phase concentrations, and the dissociation con-

stant, K. K and the calculated concentrations are very
sensitive to 7, and also to r.h. if the r.h. is high (Fig. 2).

Addition of ammonium sulfate to solutions contain-
ing aqueous ammonium nitrate would lower the vapor
pressure product [NH; J[HNO, ] in equilibrium with
the aerosol phase (Fig.2). In Fig.2, Y is the ionic
strength fraction of ammonium nitrate and is calcu-
lated as

v [NH,NO,]
[NH,NO;] +3[(NH,),S0.]

Note that the concentration product of nitric acid
times ammonia in equilibrium with a mixed sul-
fate/nitrate solution having a value of Y = 0.5 is about
half as high as that in equilibrium with a pure
ammonium nitrate solution. The temperature depen-
dence of the partial pressure product for the aqueous
mixed salt case should be similar to that of the pure
salt. In the case of a dry internally mixed ammonium
nitrate and sulfate solid solution, the vapor pressure
product is given as

[NH;] [HNO;] = zK, N

where z is the mole fraction NH,NO; in the aerosol
phase and K is the dissociation constant for am-
monium nitrate (Saxena et al., 1983). If the dry mixed
salt is viewed as a combination of the stable NH;,
NO;, SO;~ salts, such as NH(NO, and
J(NH4NO;)-(NH,),SO,, then the concentration
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Fig. 2. Partial pressure product of ammonia and nitric
acid in equilibrium with a sulfate, nitrate and am-
monium containing aerosol as a function of relative
humidity and ammonium nitrate ionic strength frac-

tion at 25°C (from Stelson and Seinfeld, 1982c).
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product [NH;] [HNO, ] at equilibrium with the solid
phase could be as high as K calculated for pure

NH,NO;, (Stelson and Seinfeld, 1982c).

UNCERTAINTY ANALYSIS

Uncertainties arise in this analysis from a number of
sources and are important when comparing the theor-
etically computed pollutant concentrations to the field
experimental results. For those cases where the gas
phase is assumed to be in equilibrium with pure
ammonium nitrate, a formal error analysis was
conducted.

An estimate was provided for the standard error of
each of the measured parameters required in the
calculation: NH,, NH;, HNO;, NO;, T and r.h.
Uncertainties associated with the Gibbs free energies
involved in calculations by the method of Stelson and
Seinfeld (1982a) were taken from Parker et al. (1976).

The global sensitivity of the calculation scheme to
uncertainties in the input variables is very non-linear,
and analytical methods for calculating the standard
error associated with the model outputs are difficult to
execute. Instead, a stochastic simulation approach was
used to propagate the error estimates for the measured
quantities and Gibbs free energies through the equilib-
rium calculations. For each time interval at all air
sampling sites, the modified Box-Mueller method
{(Jansson, 1966) was used to generate 200 random,
normally distributed, perturbed values for the model
input parameters, each set having a mean equal to the
nominally measured parameter value and a standard
deviation associated with the uncertainty in that value.
Then 200 alternative values for K were calculated and
200 estimates of the partition of TN and TA between
the gaseous and aerosol phase were generated using
the perturbed data sets. In the figures that follow, error
bounds shown represent one standard error about the
nominally measured or computed value based on the
error propagation study just described. In most cases,
uncertainty in the ambient temperatures is the prin-
cipal contributor to uncertainty in the computed value
of the equilibrium dissociation constant, K.

Additional potential contributors to uncertainty in
this analysis can be noted, but were not quantified. No
atiempt was made to include the contribution from
uncertainties in thermodynamic properties other than
the Gibbs free energies. The additional uncertainty due
to the other thermodynamic properties involved in the
calculations, such as the molal heat content, osmotic
coefficient, ionic activity and specific heats, should be
small. The equilibrium between nitric acid, ammonia,
water vapor and the aerosol is assumed to prevail at a
single instant in time, but calculations were actually
based on concentrations and temperatures averaged
over 2-h and 4-h intervals. It can be shown that if the
ambient nitric acid and ammonia concentrations are
positively correlated, then the product of the averaged
concentrations is less than the averaged concentration
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product,

(8)

for any finite time period. Since the extent of this bias is
unknown, it was not included in the error analysis. The
duration of the sampling interval may also affect the
extent of artifact nitrate formation (Appel et al,, 1980;
Spicer and Schumacher, 1979). It will be seen in the
figures that follow that generally better agreement is
obtained between theory and experiment when the
shorter-term (2-h) samples are used rather than the
longer-term (4-h) samples.

Pyno, Pxu, < Puno, Pru
3

CASES EXAMINED

Models for ionic aerosol formation in equilibrium
with gas phase precursors have been developed only
for a limited range of aerosol chemical compositions.
The most advanced treatments at present are for
concentrated mixed salt solutions containing different
combinations of nitrate, sulfate, ammonium, hydrogen
and magnesium ions (Saxena et al., 1983; Tang, 1980;
Bassett and Seinfeld, 1983). The actual aerosot is much
more complex than is assumed by current theoretical
models. Results from the present experiment show that
the ionic portion of the bulk aerosol contains all of the
above, plus sodium, potassium, calcium and chloride
ions (see Figs 4and 5 of Russell and Cass, 1984). From
the experimental data, it is impossible to tell how the
individual aerosol particles are speciated. In other
words, it is not known what fraction of the nitrate or
ammonium, if any, is present as ammonium nitrate,
and whether the ammonium nitrate is associated with
ammonium sulfate (for example) within individual
aerosol particles. As a result, three hypothetical distri-
butions of aerosol constituents between particles will
be discussed which span the likely range of aerosol
composition: a purely external mixture, a purely
internal mixture, and a size-segregated internal
mixture.

In an external mixture, each particle is composed of
a single salt (possibly aqueous) such as pure NH,NO,,
(NH,),SO, or NaCl, and the bulk aerosol com-
position (as seen in Figs 4 and 5 of Russell and Cass,
1984) is achieved by dispersing a variety of particles
with different chemical compositions in the same air
mass. At the other extreme, an internal mixture is
achieved if each particle has the same chemical com-
position as the bulk aerosol, and hence consists of a
complex mixture of many different anions and cations.

An interesting and intermediate case is that of a size-
segregated internal mixture. In this case, the aero-
sol will be assumed to exist in two size classes,
coarse (particle diameter, dp, > 2.5um) and fine
(dp < 2.5 um). Coarse aerosols usually are generated
mechanically. Sea spray and soil dust aerosols would
be prime examples. Gas-particle reactions may take
place on the surface of coarse particles, altering the
original composition of the aerosol, but the particle

LyNN M. HILDEMANN et al.

size would not decrease significantly. Ionic species
concentrated in the large particle fraction would
include chiefly, Ca**, Mg?*, K*, Na" and CI". plus
enough large particle NO; to achieve a charge balance
(obtained by reaction of nitric acid with sea salt or soil
dust). The fine particle fraction will be assumed to have
been formed by gas to particle conversion processes,
and would contain all of the ammonium, all of the
sulfate and that portion of the nitrate not attributed to
the coarse particle mode. This framework for the size-
segregated internal mixture hypothesis is consistent
with observations that sulfate and ammonium are
found chiefly in the small particle size ranges; Na~™,
Ca?* and Cl~ are found in large particles, while NOJ
is found in significant amounts in both the coarse and
fine fractions (Appel et al., 1978; Kadowaki, 1977).

EXTERNAL MIXTURE

In the case of an external mixture, pure salt particles,
such as NH4NO;, NaCl, or (NH,),SO., are assumed
to be present, and the gas phase concentrations of NH;
and HNO, are governed by equilibrium with
NH,NOj;. The key remaining question centers on the
possibility that other nitrate containing aerosol species
less volatile than NH,NO, are present in separate
particles (e.g. NaNO;), and hence some of the aerosol
nitrate is not available to interact with the precursor
gases. Field experimental measurements do not give an
absolute answer to this question, but two extreme
possible cases can be studied. In the first case, all of the
ammonia, nitric acid, and aerosol ammonium and
nitrate are assumed to be available to form NH,NO,.
This provides an upper limit on the amount of pure
NH,NO, that can be formed. A second case provides
the lower limit on the predicted pure ammonium
nitrate concentration by assuming that the NO3 ionis
bound preferentially as a relatively non-volatile salt of
Ca?*,Mg?*,K* or Na*. A number of displacement
reactions would bind nitrate in this manner, such as

NaCl(a) + HNO;(g) = NaNO;(a) + HCl(g) 9
CaCO,(a) + 2HNO;(g) — Ca(NO,),(a)

+H,0+CO,(g), (10)

where (a) indicates the aerosol phase. NaNQO; has been
identified in field measurements in the Los Angeles
area (Mamane and Pueschel, 1980). In this study the
term FREE NITRATE will be used to identify the
fraction of the aerosol nitrate in excess of that which
could be bound with the alkali metals or alkaline
earths, given mathematically for this experiment as

[FREE NITRATE] = [NO; ] - {2[Ca**]
+2[Mg*]+[K*] +[Na"]-[CI7]} (D)

where the brackets [ ] indicate the measured ionic
aerosol concentration in umolesm™>. The FREE
NITRATE concentration was constrained to be



Ammonia and nitric acid concentrations in equilibrium with atmospheric aerosols

greater than or equal to zero. In constructing (11) it
was assumed that the chloride ion present is found as
sodium chloride. The HCl produced by reaction (9)
might, in some cases, react with NH; to form NH,Cl,
and thus alternative forms of (11) could be
hypothesized.

The choicé between the two types of external
mixtures just described has no effect on the calculated
equilibrium dissociation constant of ammonium nit-
rate, as K is solely a function of T and r.h., but it does
affect the calculated gas and aerosol phase pollutant
concentrations. If pure ammonium nitrate is present
and is at equilibrium with the gas phase, then the
equilibrium dissociation constant should be equal to
the observed partial pressure product of NH; times
HNO; to within experimental and calculation un-
certainties. If the FREE NITRATE concentration is
zero, then ammonium nitrate may not be present, and
the calculated dissociation constant has no bearing on
the partial pressure of ammonia and nitric acid gas,
except that it should act as an upper bound on the
measured concentration product, CP.

Given the external mixture hypotheses, the theoreti-
cally predicted partition of measured total nitrate and
total ammonia between the aerosol and gas phases was
computed at each monitoring site shown in Fig. | over
each sampling interval during the period 30-31 August
1982. Results at three locations in the basin will be
discussed in detail: a near coastal site, Long Beach, a
mid-basin site, Anaheim, and a far inland site,
Rubidoux. Data on aerosol speciation at these sites are
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presented elsewhere (Russell and Cass, 1984). The
Long Beach sampling station, which is located about

6 km from the Pacific Ocean, experienced lower tem-
peratures (down to 18°C) and higher relative humid-
ities (1-h average above 909%,) than the inland sites.
This led to a minimum 2-h average calculated
NH,NO,; dissociation constant of less than
0.75 (ppbv)?. Rubidoux, located about 60 km inland,
was typically hotter and dryer, with peak temperatures
above 38°C, and a correspondingly high calculated
dissociation constant that exceeded 650 (ppbv)? over
one 2-h sampling interval. Comparison between
theory and experiment thus will be discussed for
dissociation constants varying over about three orders
of magnitude.

The calculated NH,NO; dissociation constant, K,
and the product of the measured HNO,(g) and
NH,(g) concentrations at Anaheim are shown in
Fig. 3. One standard error about each calculated value
of K is given by the vertical bars, while the standard
error of the measured concentration product is in-
dicated by the dashed horizontal lines. Agreement
between the theoretical calculations and measure-
ments generally is good, especially for the second day
when shorter sampling intervals were used. Recall that
the calculated dissociation constant should serve as an
upper bound on the concentration product, CP.

In the first of the two external mixture cases
considered, all of the aerosol nitrate is assumed to be
present as ammonium nitrate. Given the time history
of the computed dissociation constant, the measured
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Fig. 3. Observed [HNO,;}[NH;] concentration product and calculated dissociation
constant of pure NH,NO; at Anaheim, CA. No data between 0000 and 0200 on 31

August.
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total inorganic nitrate and total ammonia concen-
trations at Anaheim were apportioned between the
gaseous and the aerosol phase in accordance with the
equilibrium calculations. As seen in Figs 4(a) and (b),
the measured gas phase concentrations are somewhat
below those predicted, but still are in good agreement
given the results of the uncertainty analysis. The
calculated and measured aerosot concentrations like-
wise are in good agreement at Anaheim [Figs 4(c) and
{(d)]. Note that at a number of times (e.g. between 0800
and 1200 hours on 30 August) no ammonium nitrate
was predicted to be present. In this case there was not
enough total ammonia and total nitrate to support the
formation of pure ammonium nitrate at the prevailing
ambient conditions.

Moving further inland to Rubidoux, the agreement
between the calculated K and measured CP still is
good, with the measured CP, again, usually at or below
the theoretical value for X during the midday (Fig. 5).
At night the measured concentration product often lies
slightly above K, but there is very little nitric acid vapor
present and thus the nitric acid measurement is prone

CRLCULATED UPPEH LIMIT ON HNG3 AND MERSURED HNO3
EXTERNAL MIXTURE BASED ON TOTAL NITMATE ANO TOTRL AMMONIR

to larger than usual relative error. Rubidoux is down-
wind of a’large collection of dairy farms, and ex
periences very high ammonia and ammonium ion
concentrations [as seen in Figs 6(b) and (d)]. Agree-
ment between measured and predicted NH; concen-
trations is quite good at all times. The remaining
predicted pollutant concentrations match obser-
vations at most times, with the largest exceptions
occurring between 1000 and 1200 hours and between
1400 and 1600 hours on 31 August (see Fig. 6).

At the near-coastal sites, like Long Beach and
Lennox, the agreement between calculated dissocia-
tion constants and measured concentration products is
very poor during the daytime (Fig. 7). The measured
product of the concentrations of nitric acid vapor and
ammonia falls significantly below that expected if the
gas phase material were in equilibrium with pure
NH;NO;. In Fig. 8, it can be seen that the lower than
expected concentration product measured in the atmos-
phere is due mainly to lower nitric acid concentrations
than would be expected if aerosol ammonium and
nitrate ion concentrations were governed solely by the

MEASURED NO2- ANO NO3- CALCULRTED IF PURE NMUNG3 [S FORMED
EXTEANAL MIXTURE UASED ON TOTAL NiTHRIE AND TOTAL RMMORIA

RAE IR f ANAHE N
w T T T r T v — 0. T T T 2 T T Aammmn
o CALCULRTED UPPER LINIT | o CALCULATED NO3-
- MERSURED o - MERSUPED NO3-
12 1 ] j 0.8F 4
3 — £ o5+ 4
2 3
: §
& L}
g g
5 g
2 z
© g
5
CALCULATED UPPER L [M(T ON M43 ANO MEASURED N3 MEASURED Nels AND NWo CALCLLATED IF PURE NPUNOI (S FORWED
EXTERNAL MIXTURE BRSEN ON TOTAL NITRATE ANG TOTAL AMMONIR EXTERNAL MIXTURE BASED ON TOTAL NITRATE AND TOTAL PMMONIA
AP [N RNAHE [N
T A o— T T T RS T L I T 0.7, T T T T T T T T T T T
© CALCULATED UPPEA LIN(T o CALCLATED Niv
sk - MERSURED 4 - MERSURED M+
o.6f 4
s p
0.5f 4
E op p §
4
- sf 4 ? g
A1
& k]
i T 1 8
5 = oaf
& o 1 £
g z
Z
S 1 B oo
8
0f
T
a
i

30 AUG. 1982

HOURS  (POT)
(v}

HOURS  (POT)
(€)

Fig.4. Observed and calculated pollutant concentrations at Anaheim—external mixture with all aerosol nitrate available to
form NH¢NO,. No data between 0000 and 0200 on 31 August. (a) HNO;, (b) NH;, (c) NOj, (d) NH; .



CONCENTRATION (PPBV!

CONCERTRATION (PPBV)

Ammonia and nitric acid concentrations in equilibrium with atmospheric aerosols

88

1743

CALCULATED DISSOCIATION CONSTANT AND OBSERVED CONCENTRATION PRODUCT
EXTERNAL MIXTURE BASED ON TOTAL NITRATE AND TOTAL AMMONIA

AUBIDOUX
800 T T T T T T T T T T T
© CALCULATED DISSOCIATION CONSTANT
~ OBSERVED CONCENTRATION PRODUCT
7004 -
- [=]
L 600} '
~ soof 4
3
m yi -
3 [
# 0
& 300k
S bk
Q °
Z oo} X
100}
=]
0 Y | l 1 1

30 AUG. 1982

CALCULATED UPPER LIMIT ON HNO3 AND MERSURED HNO3
EXTERNRL MIXTURE BRSED ON TOTAL NITRATE AND TOTRL RMMONIA
AUB [ DOUX

12 16 24

31 AUG. 1982

HOURS (PDT)

Fig. 5. Observed [HNO,]{NH;] concentration product and calculated dissociation
constant of pure NH,NO, at Rubidoux, CA.

MEASURED NO3- RMO NO3- CRLCWLRTED {F PUME NMUNO3 [S FORMED
EXTEMHAL MIXTURE BASED ON TOTRL NITRATE AND TOTAL AMMONIR
AUB1BOUX

T T T T T

Y T T T
© CALCULATED UPPER L INIT
- MERSURED

CONCENTRRTION CunOLES/MP)

T ™ T T T T T T T T T
© CALCULATED NO3-
= MEASURED NO3-

(a)
CALCULATED UPPER LIMIT ON NH3 RND MEASURED N3
EXTERNAL MIXTURE BASED ON TOTAL NITRATE AND TOTAL RMMONIR
HUB [ DoUX

MEASURED Nie AND N+ CRLCULATED IF PURE NHUNO3 [S FOMMED

EXTERMAL RIXTURE BRSEQ ON TOTAL NITARTE AND TOTRL AMMONIA
AUB100UX A

T T T T
© CALCULRTED UPPER LIMIT
- MEASURED ! |

0.7

CONCENTRRTION CuMOLES/I®)

T T T

m

T T v
O CALCULATED N4+
- MERSURED M«

[
i
]

HOURS  (POT)
(b)

HOURS  (POT)
(a)

Fig. 6. Observed and caiculated pollutant concentrations at Rubidoux-—external mixture with all aerosol nitrate available to
form NH,NO,. (a) HNO;, (b) NH,;, (¢) NOj, (d) NH;.



89

LyNN M. HILDEMANN et al.

1744

CALCULATED OISSOCIATION CONSTANT AND OpSERVED CONCENTRATION PROJUCT
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Fig. 7. Observed [HNO;][NH,] concentration product and calculated dissociation
constant of pure NH,NOj at Long Beach, CA.

equilibrium between HNO;, NH; and NH,NO;. Ata
number of times in the afternoon of both days
sampled, the total nitrate and total ammonia concen-
trations fall below the level needed to form any
ammonium nitrate aerosol, as seen in Figs 8(c) and (d).
Nevertheless, measurable nitrate and ammonium ion
concentrations were observed in the aerosol phase
during both afternoons (Fig. 8). The likely explanation
is that pure ammonium nitrate is not present, but that
other nitrate and ammonium containing species are
formed. In this case, the second external mixture
hypothesis will be examined to determine whether part
(if not all) of the nitrate could be bound as a relatively
non-volatile salt.

The amount of nitrate ion present at each monitor-
ing site in excess of that that could be bound with Na ",
Ca?*, Mg?* and K* was determined. This excess
NOj ion, called FREE NITRATE, is defined in (11).
The HNO;, NH;, NH,NO; equilibrium calculations
then were repeated assuming that only the FREE
NITRATE plus an equal amount of ammonium ion
was available to equilibrate with the gas phase. Results
obtained under this hypothesis at Long Beach are
shown in Fig. 9. In 15 of the 18 sampling periods, no
NH,NO, formation would be predicted and indeed
no FREE NITRATE was present. At a sixteenth
sampling interval NH,NO; is predicted to be present,
and the predicted NOj; level matches the observed
FREE NITRATE almost exactly. Two of the 18
observations still show that FREE NITRATE was
present at times when the [NH;] [HNO,] concen-
tration product was too low to form pure NH,NO;.

Results at the remaining monitoring sites are similar
to those at Long Beach. The great majority of the
occasions where nitrate aerosol is observed at NH, and
HNO; concentrations too low to form pure NH,NO,
occur when the aerosol composition is consistent with
the presence of nitrate species other than ammonium
nitrate. This ts illustrated in Fig. 10. Figures 10{a) and
(b) show the NH, and HNOj concentrations predicted
at all stations under the first external mixture hypo-
thesis (that all aerosol nitrate is speciated as NH,NO,).
A large number of the theoretically calculated HNO,
concentrations exceed the field observations in that case,
indicating that more inorganic nitrate should have
been found in the gas phase. When the second external
mixture hypothesis is imposed (e.g. some nitrate
speciated as NaNO;, Ca(NOj), and other non-volatile
salts) then the number of outlying data points is
reduced to about 10 °, of the 180 total observations, as
shown in Fig. 10(d). Agreement between observed and
predicted NH, gaseous concentrations is fairly good at
all times under both external mixture hypotheses, as
seen in Figs 10{a) and (c). This is because gaseous NH,
is present in such excess that transfer of NH; ion from
the aerosol into the gas phase will not change gaseous
NH; levels greatly.

INTERNAL MIXTURE

The aerosol observed at each sampling site could be
idealized as a pure internal mixture. In this case each
aerosol particle would contain a variety of anions and
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cations in direct proportion to their ionic abundance in
the bulk filter sample. For the conditions observed
during this experiment, such an internally mixed
aerosol would be much more complex than the mixed
sulfate, nitrate and ammonium containing aerosols
that can be handled by present theoretical models that
describe the equilibrium between aerosol and gas
phase constituents. If a complete set of thermodynamic
data for the species possible in a highly concentrated
mixed NH;,Na*, Ca?* ,Mg?* K* NOj,S02",Cl-
system existed, which it does not, then a general
purpose Gibbs free energy minimization technique
could provide predictions. Such a technique has been
used successfully for the sulfate/nitrate/ammonium
system (Bassett and Seinfeld, 1983). Data from the
present study can be used to test the predictions of such
a complete model once the thermodynamic data for
the full system become available. Lacking the thermo-
dynamic data at present, no attempt will be made to
model a purely internal mixture at this time.

SIZE-SEGREGATED INTERNAL MIXTURE

Chemically resolved size distribution measurements
show that most of the atmospheric aerosol sulfate and
ammonium, and much of the nitrate, is found in a fine
particle accumulation mode (d, < 2.5 um), reflecting
that they are formed by a gas to particle conversion
process. Sea salt, soil dust and other mechanically
generated aerosols typically are found in a coarse
particle mode (d, > 2.5 um). Any nitrate aerosol
formed by reaction of nitric acid with sea salt or soil
dust likewise would be concentrated in the coarse
particle mode. To capture these characteristics of the
atmospheric aerosol, a size-segregated internal mix-
ture hypothesis was tested. The aerosol was assumed to
exist in two size fractions for computational purposes.
The large particle fraction was taken to be composed
of the sea salt and soil dust derived material (all Na*,
Ca?*, Mg?*, K*, Cl™ and enough NOj to achieve a
charge balance) and the fine particle fraction was
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assumed to contain the sulfate, ammonium and FREE
NITRATE in the form of an internally mixed aerosol.
Again, the resuiting aerosol may be aqueous or solid,
for which the calculation methods of Stelson and
Seinfeld (1982a, ¢)and Saxena et al. (1983) will be used,
as described previously. Both Fig. 2 and Equation (7)
indicate that addition of ammonium sulfate to the
internal mixture lowers the resulting vapor pressures
in equilibrium with the aerosol phase below the levels
observed when pure NH,NO, is present. Thus the size
segregated internal mixture hypothesis acts in the
direction needed to account for the few cases in Fig.
10(d) where HNO; concentrations are found to be

lower than would be expected in equilibrium with
NH,NO; alone.

A difficulty arises when considering the size-
segregated internal mixture case if no FREE
NITRATE is present. If no ammonium nitrate is mixed
with the sulfate, the predicted CP goes to zero. At any
time when this occurs in the presence of a significant
concentration product of ammonia and nitric acid, it will
be assumed that the size-segregated internal mixture
idealization for the distribution of nitrates between
fine and coarse particles is inappropriate. There must
have been some nitrate aerosol not bound in a non-
volatile form even though ion balance considerations
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show that all nitrates might have been speciated as
non-volatile coarse particle material. No theoretical
calcuiations will be attempted in those cases where the
underlying assumption about particie composition is
untenable.

The concentration product of HNO,; and NH,
calculated for the size-segregated internal mixture case
is compared to ambient measurements at Upland in
Fig. 11 and Long Beach in Table 1. Concentration
products that would be predicted for the case of
equilibrium with pure NH;NO; also are shown. At
Upland, the aerosol is predicted to be aqueous from

0000 to 0800 and from 2000 to 2400 on 30 August and

between 0000 and 0800 on 31 August. The remainder
of the time, the aerosol was predicted to be in the solid
phase. Resuits shown in Fig. 11(b), when the aerosol is
solid, are those obtained by the method of Saxena et al.
(1983). Alternatively, if the solid mixed salt consists ofa
heterogeneous mix of solid phases, such as NH,NO,
and 3NH,NO; - (NH,),SO,, then the CP could be as
high as for NH,NO; shown in Fig. 11(a). At Upland
the observed and computed concentration products
shown in Fig. 11(b) are in better agreement with the
size segregated internal mixture case than with the pure
external mixture hypothesis in five of the cases, particu-
larly those cases with the higher concentration products.
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size-segregated internal mixture hypothesis (Case 2)
HNO, (ppbv)

Table 1. Comparison of measurements at Long Beach to predictions given by the pure external mixture hypothesis based on FREE NITRATE (Case 1)and by the
CP (ppbv?)
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In the three cases where improvement is not noted, the

absolute value of the discrepancy is only 1 or 2 (ppbv)2.
At Long Beach, the size-segregated internal mixture
hypothesis brings the aqueous phase observation into
almost complete agreement between computed and

v 2 observed concentration products.
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CHAPTER 6

VERIFICATION OF A PHOTOCHEMICAL MODEL TO PREDICT AEROSOL
NITRATE AND NITRIC ACID CONCENTRATIONS, AND ITS USE FOR

CONTROL MEASURE EVALUATION

6.1 Introduction

Anthropogenic emissions of NOx and reactive organic gases
(ROG) are thp recognized precursors for a number of pollutants found
in the atmosphere including ozone (03), nitrogen dioxide (NOZ)' nitric
acid (HN03). and aerosol nitrate (AN). Emission control measures are
being taken to reduce the formation of 03 and NO2 in geographic areas
burdened by excessive concentrations. These control programs are
quite expensive, and an extended debate still surrounds the question

of determining the most effective strategies to reduce 0, and NO

3 2
concentrations (Pitts et al. 1983; Chock et al. 1981, 1983; Glasson
1981, 1983). A key problem faced when selecting between alternative
con;rol programs is that the decisions made will also affect the
concentrations of a number of currently unregulated but potentially
damaging co—-pollutants, in particular HNO3 and aerosol nitrate.
Nitric acid results in deposition of strong acids at the
earth’s surface by both dry and wet processes, including the
acidification of fog, rain, and snow (Galloway and Likens, 1981;
Liljestrand and Morgan, 1978; Russell et al. 1985; Waldman et al.

1982). Nitric acid also can be a factor in the formation of mutagens

and suspected carcinogens in the atmosphere (Grosjean et al. 1983).
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HNO3 can react with ammonia (NHB) and pre-existing particulate matter
in the atmosphere to produce fine, nitrate—containing, particles.
These fine~aerosol nitrates are very éffective at scattering visible
solar radiation and thus contribute to visibility reduction., Studies
conducted in Denver, for example, found that 12% of the fine particle
mass was present as nitrate, accounting for about 17% of the light
extinction (Groblicki et al., 1981). At Rubidoux, downwind of Los
Angeles, California, nitrate comprises about 21% of the total
particulate mass, responsible for 40% of the decreased visibility
(White and Roberts, 1977). Thus an understanding of how to control
HNO3 and aerosol nitrate concentrations is an important feature of any
air pollution abatement plan directed at the control of acid
deposition,‘fine particulate matter reduction, or visibility
improvement.

The purpose of the present study is to develop and test
engineering methods for predicting the effect of ROG, NOx. and NH3
control programs on atmospheric HN03, 03 and aerosol nitrate
concentrations, A photochemical trajectory model that predicts 03,
NOZ' total inorganic nitrate (IN), aerosol nitrate (AN), HNO,, NH3.
and PAN concentrations from emissions data will be tested for its
ability to reproduce field experimental data, Following this
evaluation, the air quality model will be used to determine what
effect reducing the emissions of ROG, NOx, and NH3 has on 03. PAN,
HNO3. NH3 and AN concentrations. Example calculations will be

presented for Rubidoux, near Riverside, CA, which experiences some of
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the most serious nitrate-induced fine particulate loading and

visibility problems in the United States.

6.2 Model Description

Results presented in this paper were obtained using a
Lagrangian trajectory formulation of the atmospheric diffusion
equation that describes atmospheric chemical reactions, turbulent
vertical diffusion, horizontal advective transport, and ground-level
pollutant deposition. Within the chemical mechanism the concentration
of ammonium nitrate aerosol is computed to be at thermodynamic
equilibrium with ammonia and nitric acid vapor, and where noted, the
beterogeneous formation of nitrate aerosol from the reaction of nitric
acid with preexisting aerosol is treated. Except for the following
specific details, a complete description of the gas phase model
appears elsewhere (Russell et al., 1983, 1985), and it will not be
described further here.

Reaction 58, describing the interaction between preexisting
aerosol and nitric acid, has been added to the previously described
version of this model in order to simulate the stripping of

atmospheric nitric acid by certain aerosols, such as sea salt,

58

SINK + HNO3 — BAN

where SINK is that portionm of the aerosol material available to react

with nitric acid and BAN is irreversibly Bound Aerosol Nitrate. This
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is a generalized reaction that includes a variety of specific chemical

reactions, such as the displacement reaction

NaCl(s or aq) + ENO, (g) = NaN03(s or aq) + HCl(g)

which is thermodynamically favorable, and is suggested by the excess
of Na+ ions in comparison to the chloride ions in many atmospheric
aerosol samples (Russell and Cass, 1984; Duce, 1969; Martens et al.,
1973). Unlike the reaction forming ammonium nitrate, this reaction,
as modeled, is irreversible. The aerosol available to strip nitric
acid, thus, is depleted as the reaction proceeds, just as the NaCl
would be depleted. The rate constant for this reaction is derived
from kinetic theory for the bombardment of the aerosol surface by
nitric acid vapor. Aerosol surface area per unit mass is computed
from the size distribution of Larson et al. (1984), which was obtained
on a moderately smoggy August day in California’s South Coast Air
Basin (SoCAB). Collision efficiencies for the reactions between gases
and atmospheric aerosol surfaces vary with aerosol surface
characteristics and composition, and are not known for all the
relevant combinations of reactive gases and aerosols. Baldwin and
Golden (1979) measured a value of 2.4x10_4 as the lower bound on the
collision efficiency of HNO3 with a sulfuric acid surface. With this
in mind, a collision efficiency of 0.001 was assumed for the reactiom
of nitric acid vapor with the SINK aerosol surface.

In this study, the height of the air column modeled is 1000 m,

divided into ten cells with vertical dimensions of 30, 50, 70, five
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100, 150 and 200 m. The emissions inventory, meteorological fields
and terrain characteristics are developed on a grid system containing
5 km by § km cells, so the horizontal dimensions of the air parcels
studied are set to the same size as a single grid cell.

A number of assumptions are involved in the derivation of a
trajectory model of this type, notably that the effects of horizontal
diffusion, vertical wind shear and vertical advection are small.
Implications of these assumptions are discussed by Lin and Seinfeld
(1975). In addition to the effects of these physical processes, which
are excluded from all trajectory models, deviation of predictions from
observations can occur due to uncertainties in the input data.
Uncertainties in the emissions arise from possible errors in the
emission inventory and small uncertainties in the actual path followed
by the air parcel. Emissions, winds, temperatures, surface roughness
and humidity are not homogeneous within each of the 5 km by 5 km grid
cells for which those fields are developed, though this sub—grid scale
inhomogeneity should affect the results Ii;tle. Concentration
measurements are made at only a limited number of locations and upper
level concentrations are not measured routinely. Uncertainty can
arise from extrapolating ground level measurements in order to set
initial conditions aloft. In the present study, the effect of the
uncertainty arising from initial conditions has been minimized by
using long trajectories that start in relatively clean air over the

ocean upwind of the Los Angeles urban area,
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6.3 Model Evaluation Data Base

6.3.1 Pollutant Concentrations

Model evaluation tests will be conducted using a number of air
parcel trajectories that cross the SoCAB (Fig 6.1) on 30-31 August,
1982, During this two—day period an experiment was conducted to
acquire a set of data for use in verifying this type of photochemical
air quality model (Russell and Cass, 1984). That set of experimental
data includes aerosol nitrate, sulfate, ammonium and other ionic
species, as well as gas—phase ammonia, nitric acid and PAN
concentrations., Data at sites shown in Figure 6.1 will be used in
this analysis. Gas-phase concentrations of total hydrocarbons, (O,
NO, NOx. and 03 for this time period were obtained from South Coast
Air Quality Management District (SCAGMD) and California Air Resources
Board (CARB) monitoring stations. PAN concentrations were measured at
the University of California, Riverside (UCR) and at Caltech in
Pasadena, CA, 03, NOx and NO concentrations reported by the SCAQMD
and the CARB are averaged over ome hour periods, and are reported to

the nearest 10 ppb.

6.3.2 Hourly Meteorological Data

Wind fields for the two—day period of interest were obtained
using measured wind velocities at 39 sites in the SoCAB. These wind
data were interpolated over the 80 by 30 grid of 25 ka cells
superimposed over the air basin using the method detailed in Goodin et

al. (1979). Hourly averaged temperature and relative humidity fields
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were obtained by interpolation between the 29 and 18 measurement
locations, respectively. Hourly averaged mixing depth fields were
obtained ffom the measured vertical atmospheric temperature profiles
available at 8 locations. Solar radiation levels measured at downtown
Los Angeles, Pasadena and Upland were used to set the photolysis rate

constants within the chemical mechanism.

6.3.3 Emissions

NOx, total hydrocarbon (THC) and CO emissions into the air
parcels modeled are calculated from a 1982 forecast emission inventory
for the SoCAB provided by the CARB (Ranzierri, 1983, 1984). The
inventory details the emissions, by species, from over 2600 source
categories distributed spatially and temporally over the basin,

Hourly emission rates are given for over 200 organic species, NO, N02,
and CO for each of the 5 km X 5 km grid cells throughout the SoCAB. A
summary of the daily totals of the emissions from mobile and
stationary sources is given in Table 6.1. The spatial distributions
of the THC, NOx and CO emissions are shown in Figure 6.2. Emission
rates given for the individual organic gas species are lumped into the
six organic classes compatible with the model used in this study.

The ammonia emissions inventory for 1982 used in this study
was developed by updating the 1974 emissions inventory previously
described by Cass et al. (1982). Total ammonia emissions, by source
category, are shown in Table 6.2, and spatially in Figure 6.2.
Variables that affect ammonia emissions from animal waste

decomposition have been investigated by Muck and Steenhuis (1982) and
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TABLE 6.1

1982 Estimated Emissions
in the South Coast Air Basin

Source Type
THC NO co
kg/day kg/dﬁy kg/day
Stationary Sources
Fuel Combustion
External Combustion Boilers
Utilities 6678.0 97716.6 8184.0
Industrial 2994.6 41017.0 7119.9
Commercial and Institutional 116.8 3577.6 26 .4
Internal Combustion Engines
Utilities 4467.7 8387.1 2999.3
Industrial 25127.7 58149.8 19212.0
Petroleum Refining
and Production 2839.1 35291.8 1105.0
Other Msnufacturing 3075.0 39488.5 181310.9
Residental, Agricultural, .
snd Other 16929.0 53296.7 127061 .4
Subtotal Fuel Combustiom 62227.9 336925.1 347018.9
Waste Burning and
Incineration 85.8 378.6 314.4
Landfill 777887.8 0.0 0.0
Solvent Use
Surface Coating 195379.2 1938 .4 362.5
Other 161841.0 152.2 26 .4
Petroleum Processes,
Storage, and Transfer 99857.9 11310.5 13600.0
Industrial Processes 26140.9 2640.9 18074.3
Miscellaneons 440015.1 3799.3 118576 .4
Subtotal Stationary Sources 1763435.6 357145.0 497972.9
Motor Vehicle Emissions
On-Road Vehicles 581375.2 662526.1 5001918.5
Off-Road Vehicles 26769.0 67112.8 172631.4
Railroads 3844 .8 15343.0 5798.4
Ships 22155.2 15972.6 88599.6
Aircraft 18154.0 16243.2 84513.6
Subtotal Motor Vehicle Emissions 652298.2 777197.7 5353461.5

TOTAL 2415733.8  1134342.7 5851434 .4
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FIGURE 6.2

Spatial distribution of the 1982 estimated daily emissions of
NH3, NOx, THC, and CO in the South Coast Air Basin.
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TABLE 6.2

Susmary of Amsonia Emissioms by Bource Category
im the South Coast Air Basin

1982
SOURCT CATIGORY TOTAL EMISSIONS
(kg/day)
Stationary Fuel Combuation
Rlectrie Utility
Watural Ges 1180.0
idual 0il 380.0
Digester Gas 0.9
Refinery Puel Buruing
Natural Gas 118.0
Residual 0il 15.0
Refinery Cas 3%0.0
Iodustrial Yuel Buraiag
Hatural Gas 470.0
Liquified Petroleum gso (LPFG) 8.0
Residusl 0il 22.0
Distillate 0il) 123.0
Digester Gas 26.0
Coke Qven Gas 15.0
Residential/Commercial Fuel Buruing
Natural Gae 207.0
Liquid Propase Gas (LPFG) 4.0
Residual 0il 85.0
Distillate 0il 79.0
Coal 3.0
reSubtotalevew 3145.9 (1.912)
Mobile Source Fuel Combustion
Automobiles
Catalyst Autos and Ligbt Trucks 2350.0
Non=-catalyst Autos sad Light Trucks 485.0
Diesel Autos aad Light Trucks 3.5
Catalyst Medium Vehicles 230.0
Won-catalyst Medium snd Hesvy Trucks 140.0
Diesel Trucks 23.0
LPG for Carburetion 7.1
Civiliao Aircraft
Jat 6.9
Piston 2.1
Shipping
Residual 0il Boilers 68.0
Diesel Ships 1.6
Railrosd—Diesel 0il 3.5
Military
Gasoline 4.9
Diesel 2.3
Jet Fuel 2.3
Residual 0il 0.8
Off-Highvay Vebicles 6.5
sweSubtotalatrey 3337.5 (2.03%)
Industrial Poinz Sources 2650.0 {1.493)
Sevage Treatment Planto 14,614.0 (8.881)
80il Surface 23,790.0 (14.30)
Fertilizer
Farm Crop 2010.0
Orchards 1630.0
Handling 420.0
Non-fars 4810.0
weresubtocals T 8870.0 (5.392)
Livestock
Cattle
Dairy 29,840.0
Feedlot 7210.0
Range 13,590.0
Horses 16,220.0
Sheep 860.0
Hogs 260.0
Chickens 16,450.0
Turkeys 490.0
wregubtotalever 84,920.0 (51.62)
Domestic
Dogs 11,5%0.0
Cats 3530.0
Human Respiration 46.0
Human Perspiration 7650.0
Household Ammonis Use 570.0
*erSubtotaleswe 23,386.0 (14.20)

e Total e 144,512.4 (100.0%)
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Steenhuis et al. (1982). Based on their work, the ammonia release
rate from animal waste decomposition is assumed to depend on

temperature and wind velocity, such that:

Ti-273
( 10 ) 0.8
E, =« 2.36 V. A (1)
i i
and
24
A= Ei (2)
i=1

where Ei is the hourly emission rate in the grid cell at hour i from
animal waste decomposition, A is the daily average emission rate of
NH3 from animal waste in the grid cell, Ti is the absolute temperature

in °K and Vi is the wind velocity inm s—1 at hour i. A minimum wind

velocity of 0.1 m s-l is assumed.

6.3.4 Initial Conditioms

Surface level initial conditions for trajectories emnding at
Rubidoux and Upland were based on the concentration fields constructed
by spatially interpolating the measured concentrations. Those
concentration fields start with the Pacific Ocean background values
(in ppb: 03. 40; NOZ' 10; NO, 10; €O, 100; HN03,

at the western edge of the grid and rise to match the on—land data at

1; Nﬂg' 1; THC, 1000)

the near coastal monitoring sites established during the field
experiment. Initial upper level pollutant concentrations over the

ocean were set to (in ppb): 03. 40; NO, 0.0; N02. 1.0; CO, 500; HNO

3'
1.0; NHS’ 1.0; and THC, 500. Initial NH4N03 concentrations over the
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ocean were set to 3.25 ug m—s. Trajectories ending at Upland and the
trajectory extending from Long Beach to Rubidoux start over land where
measurements are taken. Ground level initial conditions for those
trajectories are based on measured concentrations at the start of the
trajectorigs. wvhile upper level initial conditions are based on
pollutant concentrations observed before the mixing depth descended
the previous afternoon,

Atmospheric total hydrocarbon measurements available from the
SCAQMD are reported on a ppm C, or ppm carbon atoms, basis and are not
speciated into the many different organic gases actually present. The
initial conditions for each of the six hydrocarbon classes employed by
the trajectory model are found by splitting the measured THC values
into the six classes using the set of splitting factors givem in
Table 6.3. These factors were derived from the measurements taken by
Grosjean and Fung (1984) of the speciated hydrocarbon composition of

Los Angeles air, averaged over a number of sampling periods.

6.3.5 Integration of Air Parcel Trajectories
Forward and backward air parcel trajectories were calculated

from the interpolated wind fields using ten—-minute time steps.

6.4 Model Evaluation for 30-31 August 1982
The ability to accurately predict 03 and NO2 concentrations
usually is the most stringent test used to evaluate a gas—phase

photochemical model. In this study, the ability to calculate total
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TABLE 6.3

Splitting Factors for Converting Total Measured Hydrocarbons (ppmC)
into Hydrocarbon Classes for Use as Initial Conditions

Class Factor
HCHO 0.0037
RCHO 0.0033
OLE 0.0042
ALK 0.0675
ARO 0.0177
C2H4 0.0061

For example, the initial HCHQO concentration = 0.0037 X THC measured
in ppmC,
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inorganic nitrate (IN), HN03, NH;, aerosol-phase nitrate and PAN will

be tested in addition to O and NO, .

3 2

Progress towards model verification for a few of these co-
pollutants was reported by Russell et al. (1983), when an earlier
version of this model was tested using nitrate ion, ammonium ion, and
ammonia gas concentration data for a short period on 28 June 1974
(Russell et al., 1983). Model verification data used during that
study were limited in that they were available at only one site, for a
few sampling periods, and contained data for only three of the
pollutants of interest, aerosol NO_, NHI. and gas-phase ammonia.
Because the aerosol nitrate samples were collected on glass fiber
filters, questions of artifact nitrate formation cloud the assessment
of data quality. In this section a much more extensive model
evaluation effort is carried out for the two—-day period of 30-31
August 1982,

Three sets of trajectories are studied in this evaluation: a
forward trajectory starting at Long Beach and ending near Rubidoux, a
set of trajectories ending at Rubidoux throughout 31 August 1982, and
a second set of trajectories terminating at the Upland measurement
site. Upland and Rubidoux both are in the eastern, downwind portion
of the SoCAB. Rubidoux historically experiences the highest aerosol
nitrate concentrations in the basin, and during the 1982 experiment
had the highest measured total inorganic nitrate concentrations. The
Rubidoux-Riverside area also had the highest measured ozone

concentrations during the 30-31 August, 1982 study period
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(230-260 ppb). Upland experienced elevated total nitrate
concentrations and often has some of the highest reported ozone
concentrations in the SoCAB, Both of these locations are downwind of
the Los Angeles metropolitan area and are affected by the reaction
products formed in the atmosphere downwind of a major city. As such,
these trajectories serve as ideal candidates for model verification
tests and can best be used to show the effect of emission control
strategies on pollutant concentrations, especially ozone and oxidized

nitrogen compounds.

6.4.1 Long Beach Forward Trajectory

During a previous examination of the data from the 1982 field
experiment (Russell and Cass, 1984), an air parcel trajectory was
identified that started in the morning at the Long Beach sampling site
at the time of the aerosol nitrate peak at that location, passed just
north of the Anaheim measurement station in the afternoon, and in the
evening terminated close to the Rubidoux site at the time of the
aerosol nitrate peak in the Riverside area. This single trajectory
provides an ideal opportunity for use in part of the model evaluation
effort because the contents of the air parcel are well defined at
several locations along its path. Likewise the initial conditions are
established using measured pollutant concentrations, minimizing the
uncertainty added from interpolating data.

Two distinct calculation schemes were tested against data
taken along the Long Beach to Rubidoux trajectory just discussed. In

the first calculation, Case 1, aerosol nitrate was assumed to be
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formed only by the reaction between NH3 and ENOS’ In the second test,
Case 2, aerosol nitrate formation proceeded by the reaction of HN03
with an’ ;nd by the irreversible reaction of HN03 with preexisting
aerosol (reaction 58, described previously). Use of reaction 58
requires that emissions along the trajectory be specified for the
aerosol materials that react readily with HN03. The emission rate of
SINK aerosol available to react was set at a comstant rate, such that
the total unreacted SINK aerosol plus BAN at the end of the trajectory
is approximately equal to the sum of the sodium, calcium, potassium,
and magnesium concentrations measured when the trajectory reached
Rubidonx./ Actual emission rates of these species as a function of
location are unknown.

The presence of the added SINK aerosol acts to increase the
predicted aerosol nitrate and total inorganic nitrate concentrationms.
Total inorganic nitrate is increased because some of the nitric acid,
which otherwise would undergo rapid removal by dry deposition, instead
is bound as aerosol nitrate, which deposits out more slowly. The
magnitude of this effect is a complex function of the ammonia
concentrations, nitric acid concentrations, and aerosol SINK emission
rate., If there is a large amount of NH3 in the air parcel, most of
the nitric acid will have reacted to form NH4N03, suppressing the HN03
concentration and greatly slowing the formation of irreversibly bound
non—NH4N03 nitrate aerosol (BAN).

Results of the Long Beach to Rubidoux forward trajectory

calculations are shown in Table 6.4, along with the measured pollutant
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concentrations, at 1400 and 1800 PDT, 31 August 1982. The trajectory
passed nearest to Anaheim at 1400 PDT, and the measured HN03, NH3,
aerosol niirate. and total nitrate are from that station. Measured 03
and NO2 values at 1400 are available from a number of monitoring sites
in the area and the 03 and N02 values shown are an average of the
three stations nearest to the air parcel'’s position at that time.

At 1800 PDT, the trajectory path calculation showed that the
air parcel was 3 km southwest of the Rubidoux sampling site and about
8 km west of the Riverside (UCR) site. Measured pollutant
concentrations from both of these sites are inclndedf The 03
concentration at Riverside was measured at a SCAQGMD site at Riverside
City College. PAN was measured at the UCR site,

Looking first at the results from the trajectory originating
in Long Beach at 1100 PDT, as it passes near Anaheim at 1400, the
ozone prediction very nearly equals the observed average, well within
the uncertainty in the observed concentrations which are reported to
the nearest 10 ppb. The predicted N02 is slightly lower than the
obsgrved. The observed nitric acid is very close to that predicted
regardless of whether or not an aerosol sink for nitric acid is
included in the calculation. In both cases, the predicted nitric acid
is between the values measured for the sampling periods straddling
1400 PDT, when the trajectory is closest to Anaheim. The aerosol
nitrate predicted for Case 1 is between the measured concentratiomns,

while the amount predicted in Case 2 is slightly greater than the
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observed values. In both cases the predicted ammonia matches the two
measured values to within the measurement uncertainties.

Farther downwind near Rubidoux at 1800 PDT a similar
comparison can be performed. Ozone, predicted to be 152 ppb, is equal
within the reporting uncertainty of 10 ppb to that measured in
Riverside and is slightly greater than that measured at Rubidoux,
Again the‘NO2 predictions are slightly below the measured values. In
this case, the trajectory arrival at Rubidoux again straddles two
measurement periods for HN03, N0;. and NH3, whiie at the UCR site the
1800 arrival falls within a single sampling interval. In all cases,
except for ammonia gas, the concentrations measured at UCR lie between
the range of values observed at Rubidoux. In both Cases 1 and 2, the
predicted concentrations of HN03, AN, and IN fall within the range of
the observations at Rubidoux and Riverside, The predicted NH3
concentration resulting from the Case 2 calculation also lies within
the measured range. While the NH3 concentration prediction for Case 1
may appear slightly lower than that at UCR, the c¢irca 5 ppd NH3
deficit is still within the experimental uncertainty of the lowest
measured NH3 concentration at that time.

PAN also was measured at the UCR site, and as seen in Table
6.4, the model closely predicts the observed PAN concentration, which
peaked at that time, Note that organic nitrate comprises a

substantial fraction of the total oxidized nitrogen at 1800 PDT in the

Riverside area. From the results shown in Table 6.4, it is concluded
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that the trajectory model is capable of predicting the downwind
concentrations of the secondary pollutants of interest in the
Riverside area at the time of arrival of the peak nitrate

concentrations, given measured initial conditions at Long Beach.

6.4.2 Trajectories Ending at Rubidoux

The Long Beach to Rubidoux trajectory calculation just
discussed provides an almost ideal example of a model verification
test in which both the ground level initial conditions and final
composition of the air parcel are known experimentally for a large
number of uncommonly measured air pollutants, While this test adds to
confidence in the model’s capability, it is unrealistic to expect that
high quality data on initial conditions always will be available for
arbitrarily selected trajectories. Likewise, the upper level
pollutant concentrations needed to initialize the model are seldom, if
ever, known. Upper level initial conditions must be estimated from
ground level measurements, while pollutants stored aloft may have been
affected by chemical processes not evident at the ground. This is
especially true in the early morning because of the markedly decreased
vertical mixing overnight that traps fresh emissions near the ground
and isolates portions of the upper air column from nighttime emissiomns
and from deposition. In this case the ground level portion of the air
mass may be heavily burdened by NO and N02. while in the upper levels
of the atmosphere nightfime chemical reactions cam convert almost all
of the NO and NO2 to HNO3 (Russell et al. 1985). Atmospheric

stratification at night also could affect the concentrations of the
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more reactive organic gases. If this situation is not taken into
account initial conditions based on ground level observations could be
specified éhat are inconsistent vifh actual pollutant concentrations
several hundred meters above the ground.

An alternative method for initializing trajectories was
examined. Air parcels arriving at Rubidoux throughout the day of 31
August were followed backward to midnight at the end of 29 August. In
that case all the trajectories begin over the ocean upwind of the city
and end between 24 and 47 hours later at the Rubidoux momitoring site.
Use of the lomger, two-day trajectories has three major advantages.
First, starting more than 24 hours before the arrival of the
trajectory allows sufficient time for most of the reactive pollutants
present due to initial conditions to be depleted from the system by
both ground level deposition and by chemical reactions to form
products less crucial to the formation of photochemical oxidants.
Secondly, starting the air parcel at a relatively clean background
location over the ocean minimizes the effect of initial conditions and
the uncertainty in the outcome arising from their specification.

Thus, predicted concentrations at the end of the trajectory are
primarily a function of the emissions along the trajectory, not
initial conditions, and the mass of each species in the air parcel at
the start of 31 August is consistent with the known emissions,
meteorology and chemistry of 30 August. Finally, this procedure
enhances the usefulness of subsequent control strategy calculations

because predicted concentrations are dominated by emissions along the
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trajectory that can be attributed to particular air pollution sources
rather than being heavily influenced by initial conditions (e.g. at
Long Beachi that are not readily assigned to their source. This is a
more demanding test of a model and the associated emissions inventory
than is the case when using shorter frajectories in which initial
conditions play a major, if not dominating, role.

In an effort to determine the importance of the uncertainties
in these initial conditions, a test was performed in which the initial
concentrations established over the ocean were first doubled and then
cut in half for the trajectory arriving at Rubidoux at 1600 PDT. This
trajectory displayed the greatest predicted nitrate loading and second
highest ozone concentration among the trajectories terminating at
Rubidoux. The predicted total inorganic nitrate concentrations at
Rubidoux at 1600 PDT for the base case, for the case with the initial
conditions doubled and for the case with initial concentrations cut in
half were 18.2, 15.5, and 20.6 ppb, respectively. The ozone
concentrations averaged over the last hour of travel along that
trajectory were 185, 195, and 176 ppb, respectively. This test shows
that initial conditions play a very small role in determining
predicted pollutant concentrations for the multi-day trajectories
studied here. On the other hand, if the emissions are set to zero
along this same trajectory, the total inorganic nitrate predicted at
Rubidoux falls to only 1.6 ppb, and ozone falls to 38 ppb. Thus, the

predicted pollutant levels are almost solely a function of emissions
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within the urban area when a reasonable set of initial conditioms
starting over the ocean is used.,

Next the air quality model’s ability to reproduce the time
history of pollutant concentrations at Rubidoux given trajectories
that originate over the ocean was examined. Again the model was
evaluated in two modes: with and without the addition of aerosol that
can irreversibly react with nitric acid to form aerosol nitrate.

Plots of the pollutant concentrations predicted at Rubidoux
for 31 August without the emission of SINK aerosol along the
trajectories are compared to measured values in Figures 6.3 through
6.8. Ozone and NO2 concentrations averaged over the last hour of
travel are shown in Figures 6.3 and 6.4. Trajectories arriving at
Rubidoux on the hour were used to estimate two hour average
concentrations when needed for comparison to measured values (two hour
average weighted 1/4 start hour, 1/2 midpoint, 1/4 eand hour).
Predicted two hour average total inorganic nitrate concentrations are
shown, with the measured values, in Figure 6.5, nitric acid in Figure
6.6, aerosol nitrate in Figure 6.7 and NH3 in Figure 6.8,

A plot of the predicted and observed concentrations of 03 and
NO2 throughout 31 August at Rubidoux shows that the model predictions
are in good agreement with the measured species concentrations.
Figure 6.5 shows the comparison of averaged predicted and observed IN.
The model predicts the trends and, approximately, the two—hour
averaged concentrations. The peak predicted TN, 38 pg m_3 (as NO_ ),

3
is only slightly less than the peak measured, 43 pg m-3. which is
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considered close given measurement and model input uncertainties. The
predicted 24-hour average IN is 19 ug m~3, whereas the measured
average isA18 ng m-3. showing very good agreement.

Having shown that the predicted and measured TN agree well,
the question of apportioning the nitrate between the gas and aerosol
phases arises. The apportionment of nitrate between the aerosol and
gas phases is sensitive to the temperature, humidity, and NH3
concentration (Russell et al., 1983), and to the presence of other
aerosol constituents (Hildemann et al., 1984). In the first case
studied here, pure NH4N03 is assumed to be the only aerosol nitrate
* species formed. Most of the inorganic nitrate is predicted to be
found in the aerosol phase, not the gas phase, and the measurements
confirm that prediction (Fig. 6.6). The measured and predicted 24—
hour averaged aerosol nitrate concentrations were 13 and 16 pg m~3.
respectively (Fig. 6.7). Measured gas phase nitric acid levels in
this case exceed observed values throughout the day (Fig. 6.6), but
the absolute magnitude of this discrepancy is very small., The
measured i4—honr averaged HNO3 was 1.9 ppb compared to the predicted
1.1 ppb. Measurement uncertainties on the nitric acid values are
approximately 0.4 ppb (one standard error).

A plot comparing the ammonia concentrations, Figure 6.8,
indicates that throughout much of the day the predictions agree well
with the measurements. This is remarkably good agreement comsidering
that the ammonia emission inventory and model used here represent the

first test of a procedure for calculating atmospheric ammonia levels,



127

In the trajectories terminating at Rubidoux, most of the
ammonia emissions are due to livestock operations, which determine the
very tall spike in the NH3 emission inventory (Fig. 6.2) located
immediately upwind of Rubidoux. The major peak in the NH3 emission
inventory is so sharp that a slight perturbation in the calculated
path of an air parcel cam create a noticeable difference in the
predicted NH3 concentrations. Also, knowledge of the diurnal emission
pattern for livestock waste decomposition and the exact spatial
distribution of the animals during the August, 1982 experiment could
be improved. As a result, NH3 concentrations cannot be predicted with
the same precision as other pollutant concentrations, even though the
source of the NH3 emissions pas been identified with reasonable
certainty.

In the early morning when the inversion base is very low,
ammonia is trapped in the lower cells of the model. An over
prediction of ammonia occurs at this time. A slight change either in
the diurnal profile for ammonia release from livestock waste
decomposition or in the trajectory path would greatly change the
concentration of NH3 at Rubidoux during this period. The 24-hour
average NH3 measured was 51 ppb, compared to the predicted 61 ppb.
This overprediction of NH3 levels could explain part of the reason why
the predicted HNO3 is slightly lower than that measured (Fig 6.6):
excess NH3 would react with HNO3 to increase predicted aerosol phase

NB4N03, while reducing predicted HN03.
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A second explanation can be offered for measured ambient HNO3
levels that are below those predicted by a model that considers omnly
the equilisrium between NH3, HNOS. and NH4N03. Additional species
{e.g. sulfates) coexisting with nitrate in the aerosol phase could
lower the vapor pressure of nitric acid over the particle, thus
increasing the aerosol nitrate formation and decreasing the amount of
HN03. This effect is discussed in a previous examination of the
verification data being used here (Hildemann et al., 1984),

In view of the sensitivity of the model’s nitrate predictions
to ammonia concentration and temperature and of the uncertainty in the
ammonia emissions from the large sources just upwind of Rubidoux, a
second set of calculations was performed in which total inorgamic
nitrate concentrations predicted by the model were apportioned between
gas phase HN03 and aerosol NB4NO3 using the ambient ammonia
concentrations and temperatures measured at Rubidoux. The
temperatures at Rubidoux used in the previous modeling calcumlations
were obtained from filtered, interpolated temperature field values
calculated for the center of each grid cell and need not equal the
measured temperatures at Rubidoux, exactly. Using the measured
ambient temperature and ammonia concentration to partition the nitrate
at the trajectory endpoint improved the model predictions from those
shown in Figure 6.7 to those shown in Figure 6.9. Thus, given the
ability to more precisely predict the ammonia concentrations and using

actual measured temperatures the model can accurately partition the
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inorganic nitrate at Rubidoux between the vapor and aerosol phases.
This calculation also decreases the predicted 24-hour average aerosol
nitrate from 16 pg m_3 to 12 pug m—s, bracketing the measured value of
13 ug m—s.

Next the emissions of SINK aerosol were added along each
trajectory at a constant rate needed to approximately match the total
non—ammonium cationic material seem to arrive at Rubidoux. The entire
set of multi-day trajectory calculations beginning over the ocean was
repeated with HNO3 allowed to react with SINK aerosol by reaction 58.
This change in assumptions tends to increase the aerosol nitrate and
total nitrate. concentrations predicted, though in this case the effect
is small. As seen in Figure 6.10, the 24~hour average AN increases to
18.4 ug m-3. of which 84% is ammonium nitrate and the remaining 16% is
bound aerosol nitrate (BAN). The HNO3 concentrations predicted remain
virtually unchanged because of the large ammonia concentrationms.

An interesting model result is obtained when the aerosol sink
for HNO3 is included in the calculation. The model predicts the co-
existence of ammonium nitrate, bound aerosol nitrate, HN03, NH3 and
unreacted aerosol SINK. Consumption of aerosol SINK is kinetically
limited. Given more time, or if the collision efficiency for HNO3 on
SINK aerosol is much higher than a = 0.001, then the aerosol has the

capacity to strip a large fractiom, if not all, of the nitric acid

from the atmosphere.
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6.4.3 Trajectories Ending at Upland

A similar analysis was carried out for air parcels reaching
Upland on 51 August. Trajectories were initiated at midnight on 30
August, and the only case examined was that of pure NH4N03 formation.
Predicted and measured ozone, total nitrate, aerosol nitrate and total
NH3 are shown in Figures 6.11 through 6.14.

Predicted and observed ozone comcentrations at Upland also
agree very well. However, the model predicts more TN to be present
during the middle of the day than was observed. The reason for the
discrepancy is not clear. In the trajectories ending at Rubidoux, PAN
was a major product of N02 oxidation. Results from the trajectories
ending at Upland show PAN concentrations averaging about 3 ppb less
than in the Rubidoux trajectories. Transfer of oxidized nitrogen from
PAN to HN03 could account for the predicted imorganic nitrate at
Upland being higher than that measured. The predicted AN and that
measured match well throughout much of the day (Fig. 6.13). In the
afternoon there is measurable nitrate aerosol though the model
predicts that no pure NH4NO3 would form. As seen in the Rubidoux
trajectories (Fig 6.10), the small amount of measured AN at Upland in
the afternoon could easily be accounted for by the reaction of HNO3

with SINK aerosol to form bound aerosol nitrate,
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A scatter diagram of predicted 03 against that observed at
both Upland and Rubidoux shows that the data points are grouped
closely about the 1:1 line (Fig. 6.15). Ordinary least squares

regression of 03 predictions vs. observations yields the relationship:

[03]pred = 0.93 [03]obs + 4 (3)
with 03 values expressed in ppb. The correlation coefficient is 0.96,
indicating a very good fit,.

In this study, sets of results from the shorter (single day)
and longer (multi-day) trajectories have been used to evaluate the
model’s performance. In both cases the model has performed well.

Some uncertainty in the air parcel path is added to the analysis when
trajectory paths are calculated over multi-day periods, especially if
the trajectories are continued during the night when wind speeds are
low and variable, However, this is the only way to decrease the
uncertainties that would otherwise arise from misspecifying initial
conditions and to accurately show the effects that changing pollutant
emissions have on the resulting concentrations. If initial conditions
dominate or greatly affect the predicted concentrations, a change in
emissions within the model may have little effect on model
predictions, or in some cases could produce predictions that move in a
direction opposite to reality. A good example of the latter case
could arise if initial conditions placed an excessive amount of NOx in
the air parcel as it starts in the morming. In this case increasing

NO emissions further could decrease the peak 03 concentration, while

if the correct initial NOx concentrations were used, then the
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OZONE AT
UPLAND AND RUBIDOUX,
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FIGURE 6.15

Predicted 03 plotted against observed 03 for both Rubidoux and
Upland, CA, 31 August 1982.
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atmosphere would be sufficiently starved for NO_ that further NO_
emissions would increase predicted 03 levels.

Thé use of multi-day trajectories could suffer from the
effects of vertical wind shear at night. On this particular occasion
it appears that these effects were small. Upper level wind data were
collected at a number of sites. At Point Mugu where the early morning
winds were measured at 0419 PDT, the winds varied little in direction
(less than 10°) with height. Upper level velocities also were low,
less than 2.5 m s-l. to well above the height of the modeling region.
In the eastern portion of the basin, the early morning measurement
taken at 300 PDT showed that the difference between the ground level
velocity and the velocities up to 188 m was less than 1 m s_l with
direction varying no more than 25 degrees. That 188 m elevation is
greater than the depth of the early morning mixed layer within which
the pollutants emitted at ground level are trapped. Given the low
wind speeds and small variation in direction with elevation on this
day, the upper levels of the air parcel should move approximately with
the air parcel path computed from surface wind data.

The above discussion, along with the successful model
evaluation results, argues that the multi—day trajectories can, and

should be, used for testing the effects of emission control measures.
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6.5 Evaluation of Control Strategies for H_N_O3 and Aerosol Nitrate
Abatement

A ﬁrimary use of the air quality model is to study the effect
of proposed emission control strategies in advance of their adoption
and, in turn, to help guide researchers and public agencies toward an
optimal control strategy. Im this section, the effects of a number of
simple candidate control strategies are simulated and the results are
discussed. The focus of this study is primarily directed towards
developing strategies that will reduce aerosol nitrate and nitric acid
concentrations in the atmosphere, however these control measures may
also inhibit or promote the formation of other éhotochemical
pollutants, notably 03, PAN and NOZ' Thus, when discussing the
results of the following tests, the effect of possible strategies on
pollutants other than HNO3 and AN will be detailed.

Choice of the first set of control measures examined was
motivated by the 1982 Air Quality Management Plan (AQMP) for the SoCAB
(SCAQMD and Southern California Association of Governments, 1982).

The AQMP outlines control measures that will be used to decrease
oxides of nitrogen emissions by about 23% and ROG by about 34% between
the years 1979 and 1987, or about a 20% and 30% decrease,
respectively, below the 1982 estimated emissions inventory used in the
present study. For the purpose of this study, these reductioms will
be applied homogeneously over the air basin and will be applied

equally to emissions of each of the lumped organic species. In a more

detailed analysis, the original emissions inventory could be modified



141

to reflect the specific reductions in each source category. This
would result in a less spatially homogeneous reduction and could
change theArelative chemical composition of the organic emissions.

Long-term air quality data taken throughout the SoCAB during
1982 (Gray et al. 1985) show that Rubidoux is the monitoring site most
heavily affected by high AN levels. Therefore, the set of
trajectories beginning over the ocean and ending at Rubidoux
throughout 31 August were chosen for emission control measure
evaluation. On this day, the Rubidoux-Riverside area had the highest
03 reported in the basin and, as expected, had the highest total
nitrate concentrations.

Table 6.5 shows the effects on the inorganic nitrate species
of different combinations of emission reductions applied to the multi—
day trajectories ending at Rubidoux. Pollutant emissions into these
trajectories as they actually occurred on 31 August 1982 will be
referred to as the base case emissions, and the observed ammonia
concentration and temperature at Rubidoux are used to apportion total
inorganic nitrate between HN03 and aerosol nitrate., Results in Table
6.5 are for the case without the addition of SINK aerosol to react
with HN03. The effect of including the addition of SINK via reaction
58 on various control measures will be discussed later. Predicted
maximum two—hour average AN, 24-hour average AN, 24-hour average 1IN,
and maximum two—hour HNO3 are given in each case for comparison.

A 20% decrease in the NOx emissions alone relative to the base

case decreases the predicted maximum AN 40%, and the 24-hour average
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TABLE 6.5

Predictea inorganic nitrate concentrations at Rubidoux,
California, resulting from decreases in emissions

Aerosol Nitrate

Maximom T'o—!o!.r Average
~%)

(ug =
Base Case THC

mx Emissions Reduction
0% 20%

THC Emissions Reduced 30%

NOx Emissions Reduction
o 20%

40% 60%  80%
Base Casne
NH, Emissions 27.0 16.3 11.7 8.3 3.4 31.2 19.5
Reduced NH
Emissions 7.2 6.4 - - = 7.0 6.3
Asrosol Nitrate
24-bour A_vaonu
(ug » 7)
Base Case THC THC Eaissions Reduced 30%
NO Elhuon; Reduction N()x Emissions Reduction
s *208  40% 60% s0m oO% 20%
Base Case
NE; Emissions 11.5 8.4 4.8 2.7 1.1 13.3 9.0
Reduced NH
Emissions 2.8 1.8 - - - 2.8 1.8
Total Nitrate
24-bhour A!!rlgu
(ug » 7)
Base Case THC THC Emissions Reduced 30%
Nox Emissions Reduction NO, Emissions Reduction
0] 20% 40% 60% 80% o% 20%
Base Case
an Emissions 18.6 15.4 10.3 6.8 4.0 21.2 15.9
Reduced NH
Emissions 16.1 13.1 - - - 16.9 13.1
Nitric Acid
Maximum Two-Hour Average
(ppd)
Base Case THC THC Emissions Reduced 30%
NOx Emissions Redaction NO_ Emissions Reduction
% 20% 40% 60% 80% % 20%
Base Case
N!l3 Emissions 9.6 7.9 5.9 4.1 2.6 10.1 8.0

Reduced NH
Emissions

6.9 13,2 - e -

18.8 14.2
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AN value decreases 27%. 1IN decreases about 18%, or by about the same
percentage as the decrease in_NOx emissions. Less change is noted in
the predicted nitric acid. This occurs because HNO3 concentrations
are largely governed by the NH4N03 equilibrium dissociation constant
and the ambient NH3 concentrations. The excess of ammonia tends to
allow only a small amount of nitric acid in the gas phase while the
rest of the inorganic nitrate is transferred into the aerosol phase.
Elsewhere in the air basin, NH3 levels are much lower and a change in
IN would be reflected more readily in a change in HNO3 levels.

Decreasing the organic gas emissions results in an increase in
AN, TN, and HN03. At first glance this is a slightly discouraging
result, Careful examination shows that this increase in inorganic
nitrate is due primarily to the oxidized nitrogen being displaced from
PAN into inorganic nitrate species. The peak total inorganic plus
organic nitrate concentration remains essentially unchanged when
organic gas emissions are reduced. PAN is known to be a plant
toxicant and eye irritant. Under some circumstances this trade—off
between organic and inorganic nitrate species formation might be
deliberately manipulated in order to achieve a desired balance between
TN and PAN. Decreasing organic gas emissions also may decrease the
formation of other potentially harmful organic and nitrated organic
compounds not studied here.

Reducing the NOx and organic emissions has a beneficial effect
on reducing the 03 levels (Table 6.6). Note that a 20% decrease in

NOx emissions from the base case decreases the maximum 03 at Rubidoux
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TABLE 6.6
Predicted Peak One—Hour Ozone Concentrations (ppb)

at Rubidoux, California,
as a Function of Emission Reductions

NOx Emission Reduction

0% 20% 40% 60% 80%
% THC
Reduction
0%’ 190 170 144 117 80
30% 181 166 - - -

*
0% = base case
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more than a 30% decrease in organic emissions for the particular event
examined here. This finding differs from the results of some previous
studies. éossible reasons for these differences ﬁre discussed later.
Just before arriving at Rubidoux, the trajectories pass over a
number of farming and animal husbandry operations, resulting in the
high observed ammonia concentrations. One possible control strategy
for reducing the aerosol nitrate concentrations could be predicated on
relocating these large NBs sources, The same result may be achieved
indirectly as urban sprawl pushes farming operations further away from
the center of the SoCAB, To simulate this possibility, ammonia
emissions from farm—oriented operations (due to livestock waste and
fertilizer used for agricultural purposes) were removed from the
inventory. The same s?ts of trajectory calculations used in the
previous control measure evaluation study were repeated except that
the ammonia emissions were reduced. These results are given in
Table 6.5. The 24-hour average ammonia concentration at Rubidounx
decreased from the base case value of 51.0 ppb down to 4.3 ppb when
farm-related activities were eliminated. Decreasing the ammonia has a
tremendous effect on the ammonium nitrate and nitric acid predictions.
With farm related NH3 emissions removed, only 2.8 pg m_3 of nitrate is
found in the aerosol phase, compared to 13.3 pg mm3 of nitric acid
gas, a reversal of the base case. Reducing ammonia to control aerosol
nitrate formation results in an increase in HNO3 and the problems
associated with HN03. Thus, the advantages and disadvantages of this

avenue of control must be weighed before any action is taken.



146

If SINK aerosol is present that can react with nitric acid to
produce aerosol nitrate, reducing the ammonia emissions does not lead
to as large‘a decrease in aerosol nitrate as was predicted above for
the case of a pure NH3. HNO3 and NH4N03 system. Increszsed nitric acid
concentrations that result from NHB removal lead to‘more bound aerosol
nitrate being formed due to reaction 58. As shown in Table 6.7, the
24-hour average aerosol nitrate drops from 13.8 pug m.-3 with the base—
case level of ammonia emissions to 8.3 pg m-3 for the reduced ammonia
case——not so drastic a reduction as when no SINK is included in the
calculations.

Further reduction of NOx emissions beyond the 20% anticipated
by the AQMP was examined. TN concentrations were seen to declinme in
almost direct proportion to changes in Nox emissions. Reducing NOx
emissions by 20, 40, 60, and 80% resulted in decrease in IN of 18, 45,
64, and 78%, respectively at Rubidoux. A similar, almost linear
dependence, between HN03 formation and NOx input was found by Spicer
(1983) in smog chamber experiments.. In this study, AN decreased at a
slightly greater rate than TN: 27, 58, 78, and 90% for the four levels
of decreased Nox emissions defined above. Maximum 03 concentrations
predicted at Rubidoux also declined as NOx emissions were decreased.
During the present study, a 60% reduction in NOx emissions would have
been sufficient to meet the federal ozone standard alomg the
trajectories ending at Rubidoux.

In some previous modeling studies investigators found that,

contrary to the findings presented here, lowering NOx emissions
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TABLE 6.7

Predicted Pollutant Concentrations
at Rubidoux, California
when Emissions of SINK aerosol are Included

AN AN TN HNO, (g)
Max 2—H£ Avg 24-Hr ﬁvg 24~-Hr %vg Max 2 Hr
(ug m °) (pg m (pg m (ppb)
Base Case, No SINK 27.0 11.5 18.6 9.6
Base Case, SINK Included 29.4 13.8 21.4 9.3
SINK Included, NH
Emissions Reduced 14 .4 8.3 18.9 12.7
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increased 03 concentrations. There are obvious reasons that could
account for the different findings, and some more subtle reasomns, too.
Fi¥st it is well known that depending on the hydrocarbon to
NOx ratio in an air parcel, NOx control can either increase or
decrease 03 concentrations. A different mix of organic gas and NOx
emissions, resulting from different trajectory paths and that emission
inventories for different years have been used, could account for part
of the difference in the 03 response to NOx emission changes. Along
the same lines, some investigators have examined the effect of a
further decrease in NOx emissions only after a large decrease in ROG
emissions from mobile sources was imposed. This resulted in a larger
reduction in total ROG emissions than studied here, and also a
different organic gas emission composition., Also, there are inherent
differences in the models used. More subtle causes for the
differences in the outcomes of the calculations may well lie in the
way that the trajectories are initialized. If shorteg trajectories
are used, as has been customary in previous studies, the choice of
initial conditions could play a very large role in determining the
results. Application of emission controls will affect those initial
conditions but a great deal of uncertainty surrounds the question of
estimating the effect of emission controls on initial comditions for
short trajectories that start over land within the air basin. If in
previous modeling studies the concentrations of NO and NO2 in the

upper levels of a model at the start of the trajectory were based on
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ground level observations in the morning, then those NO and NO2 levels
may have been estimated to be much higher than reasonably could be
expected. Nighttime reactions between NO2 and 03 would convert almost
all the N02 present aloft at night to HNO3 by sunrise the next morning
(Russell et al., 1985). Many organic gases, however, can persist
aloft at night because little or no photolysis takes place and OH
radical concentrations are greatly reduced at night. As the mixing
depth increases the next day, the air entrained downward from aloft is
comparatively lean in NO and N02, and, as a result, fresh NOx
emissions are required to promote the formatiom of 03.

This study concludes that reducing NOx emissions will result
in lower AN, HN03. PAN, and NO2 concentrations. Lowering NOx and ROG
emissions may also decrease the formation of other nitrogenous organic
compounds, certain of which are mutagenic and carcinogenic (Ohgaki et
al., 1982). For the case considered here, NOx control, indpendently
or combined with ROG control, also assisted in controlling ozone at

Rubidoux.
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6.6 Conclusions

The predictions of a trajectory model describing the
photochemical dynamics of ozone, NOZ' EN03. PAN, and aerosol nitrate
were compared to field measurements. Predicted 03 and NO2
concentrations closely followed the measured concentrations.
Predicted total inorganic nitrate concentrations at Rubidoux were very
close to those measured at that site, often matching observations to
within experimental error. The ability to closely account for the
origin of measured 03, N02, and IN concentrations is one of the most
severe tests of a gas—phase photochemical model. Model predictions of
the apportionment of IN between the aerosol and gas phases compare
satisfactorily to the observations through much of the day, although
on the average the model underpredicts the HN03 concentrations by a
fraction of a ppb. This could be due to a number of reasons. Among
the more likely reasons are: inaccuracies in the interpolated
temperature fields, and uncertainties in the ammonia emissions
inventory. VWhen the observed ambient ammonia concentrations and
temperature are used to apportion the total inorganic nitrate between
the gas and aerosol phases, the AN predictions match observations very
well. In spite of the uncertainties, the predicted NH3 levels are
close to the observed values, averaging slightly greater than

observed, indicating that the inventory does not differ greatly from

the actual emissionms.
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Control strategy tests indicate that reductionms in NOx
emissions would result in nearly proportional reductions in total
inorganic ;itrate formation and slightly greater than proportional
reductions in aerosol nitrate. For the cases studied, ozone
concentrations also declined as the NOx emissions were reduced.
Decreasing ROG emissions also lowered 03 concentrations and decreased
organic nitrate (PAN) concentrations, though at the expense of
increasing inorganic nitrate formation.

Nitrate aerosol formation at Rubidounx would be greatly
decreased if ammonia emissions from farm—related operations were
suppressed. However a corresponding increase in nitric acid
concentrations would be expected to accompany this approach to aerosol
nitrate control, Combined emission control strategies can be
formulated that include a combination of controls on organic gases,
NOz. and NH3 emissions that will achieve a greater control of aerosol

nitrate and HNO3 levels than a strategy predicated on control of only

a single precursor species.
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CHAPTER 7

FUTURE RESEARCH

7.1 Introduction

Research, by its nature, often raises new questions in
addition to answering those questions originally addressed. Among the
areas requiring future research that were identified during the
execution of this work, five general areas stand out: aerosol
formation, atmospheric chemistry, deposition of atmospheric pollutants
and aerosols, development of advanced air quality models and
applications of air quality models to the design of air pollutant
control programs. Each of these topics will be reviewed in this

chapter, with specific recommendations given for further research.

7.2 Aerosol Formation

The present work was concerned with understanding the
formation and dynamics of atmospheric aerosol nitrates, which were
studied using both field experimental and mathematical modeling
techniques, Observations and predictions were stated in simple terms
based on the concentration of nitrate aerosol. A number of aspects of
the formation of nitrate aerosol, and of the nitrate air quality
- problem, remain to be fully understood. In particular, how can omne
predict the size distribution of the atmospheric nitrate aerosol that
is produced? This question of size distribution prediction is

critical to an understanding of how to control the visibility problems
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that result from high nitrate loadings, because the fine particle
fraction of the aerosol burden contributes more to visibility
impairment than does the coarse particle fraction. In order to
undertake an analysis of these size distribution issumes, one must
understand whether or not HNO3 and NH3 react to form very small
particles of ammonium nitrate that then would coagulate to form fine
particles in the accumulation mode (around 1 um), or if the products
of the HN03—NB3 reaction are incorporated directly onto preexisting
aerosol material., One must further examine if the composition of the
ambient aerosol greatly affects the formation paths of nitrate
aerosol.

As discussed in Chapters 3 and 6 of the present work, gas
phase species like N205, N03. and HNO3 continuously bombard the
surface of aerosols at & rate predictable from kinetic theory.
However, the fraction of these collisions that result in heterogeneous
chemical reaction have not been studied extensively, in particular it
is not known how surface characteristics or aerosol composition affect
the heterogeneous reaction rate., As shown, if the collision
efficiencies, o, are high, then the presence of aerosol could greatly
affect the gas phase concentrations of these species and greatly
enhance the production of nitrate aerosol, even in the absence of NH3.
The collision efficiency and reaction products for the reactions of
HN03. N205, and NO3 with a variety of candidate aerosols (e.g., NaCl,
CaC03, (NH4)2804. etc.) should be determined experimentally. These

results would advance the predictive capability of gas and aerosol
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phase photochemical air quality models. They also will have a
profound effect on the ability to account for the size distribution of
the aerosol nitrates since much of the alkaline particle surface area
resides in the large particle sizes.

In Chapter 4 it was shown that the chemical composition of the
water soluble portion of the atmospheric aerosol is quite complex,
containing not only NH:, N0;. and SO:, but also C1 , Mg++, K+, Na+,
and Ca*?. In Chapter 5 it was shown that the presence of these
additional materials can perturb the equilibrium between HNOs(g),
NBs(g), and the aerosol phase, thus affecting the amount of aerosol
nitrate formed. At present, air quality models that exist describe
the equilibrium composition of a gas and aerosol phase system
comprised of nitrate, sulfate, and ammonium compounds. One research
project envisioned would extend the knowledge of the thermodynamics of
mixed salt aerosols, resulting in more complete models of the
equilibrium between atmospheric gases and aerosols. First, basic
thermodynamic data sufficient to define phase diagrams for realistic
mixed salt aerosols are required.. A second project could entail
obtaining ;xperimental data on the actual composition and surface
structure of single solid aerosol particles and microdroplets which
are needed to define and test models comstructed to describe the
equilibrium between NH3. HNO3, and a complex aerosol system.
Experimental data on particle composition likewise could be acquired
and then used to test the hypothesis that HNO3 and NH3 are in

equilibrium with the aerosols.
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In this study, photochemical production of the precursor gas
and gas—tOfparticle conversion were studied for nitrate aerosol. A
model was developed that predicted the rate of formation of nitric
acid gas, followed by equilibration with the aerosol phase. There may
well be other relevant classes of particulate formation problems that
could be modeled by an analogous approach, in particular, the
photochemical production of low vapor pressure organic gases that then
condense to form organic aerosols. Again, the same questions could be
raised concerning whether the low vapor pressure organic gases
nucleate homogeneously or if they condense on preexisting aerosols.
Prediction of organic aerosol size distributions is important not omnly
for visibility studies but also because of the health implicatioms of

breathing fine particulate organic compounds.

7.3 Atmospheric Chemistry

As discussed in Chapter 3 a number of critical reaction rates
required for use in the air quality model remain uncertain. Im
particular, the rate constant for the homogeneous hydrolysis of
dinitrogen pentoxide (N205), reaction 46 in Chapter 3, is one of the
more important factors needed to determine the formation rate of HNO3
and the ultimate fate of NOx emissions. Depending on the magnitude of
that constant, a tremendous amount of nitric acid can be formed by
this path. The reactions of N O_. with other atmospheric constituents

275

remains largely unexplored. Experimental work om the kinetics of N205

should be pursued.
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Atmospheric radical chemistry is just beginmning to be
jnvestigated for a number of key species. The present model uses a
descriptio# of NO3 radical chemistry that was unknown until just
recently. Again the rates of these reactions, their products, and
other radical reactions should be examined further. Chapter 3
suggests that one class of these reactions, radical reactions with
aerosols, could be a very significant determinant of atmospheric gas
concentrations. Other reactions to be studied would include those
that take place primarily at night in the upper atmosphere.

A number of field experimental programs are suggested by this
work, Chapter 3 dealt with theoretically modeling the atmospheric
chemistry and transport of a number of constituents for which little
or no atmospheric concentration data exist, such as HN03, N03, and
N205. In response to the need for better data, an extemnsive field
experiment was conducted to better define the HNO3(3) and NH3(g)
concentrations. However, few measurements of NO3 radical
concentrations have been made, and no ground-level concentrations of
NZOS are available. Experimen;s should be conducted that will better
define the concentrations of these trace species. Those experiments
would provide a data set for use in a more complete evaluation of air
quality models. A more detailed knowledge of an essential set of
atmospheric chemical reactions would result.

Most experimental programs ha;e been limited to obtaining
ground level measurements of pollutants, though in Chapter 3 it was

shown that a large quantity of the atmospheric nitric acid can be
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produced above the ground level in the air quality model, depleting
the reactive nitrogen oxides. As discussed in Chapter 5,
misspecification of the concentrations of the upper level pollutants
can seriously affect the results of control strategy evaluation
studies. However, very little data are available to accurately
specify the day or nighttime concentrations of such pollutants as
BNOs, NOZ’ and N03in the upper levels of the boundary layer. Though
the modeling study indicated that ﬁigh concentrations of NO3 should be
present at night several hundred meters above the giound. there are no
data with vhich to test this finding. A program to study the upper
level pollutant concentrations would be very useful to elucidate
atmospheric chemical reactions that play a significant role in the
formation of photochemical pollntants, and for use in further model
development and verification,

A largely unexplored area of atmospheric chemistry is the
production, reactions and fate of HC1(g), a strong acid. As shown in
Chapter 4, HC1{(g) could be displaced from sea salt aerosol by reaction
with HN03. Measurements of HC1(g) and C1  concentrations could be
examined to determine the extent to which sea'salt acts as a sink for
nitric acid, and how important the deposition and reactions of HC1
could be to the environment. HCl(g) also may perturb the equilibrium

between HN03. NH3 and the aerosol phase.

7.4 Deposition of Atmospheric Pollutants
Ground level deposition is the ultimate fate of a large

fraction of the gaseous pollutants, and almost all of the aerosol, yet
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many of the details of this deposition process are largely
undetermingd. In Chapter 3 it was shown that a significant fraction
of the NOx emissions can be removed at the earth’s surface by dry
deposition during the the first 24 hours after pollutant release.
Little data exist to verify this finding in detail. The deposition
rates of both aerosols and gases should be studied to better

understand the deposition process and to evaluate the present model.

7.5 Application

The results of this study are immediately applicable to the
development of emission control strategies that will reduce the
formation of atmospheric nitric acid and aerosol nitrate. But before
this can be done, additional information is needed. First, an
understanding of available emission control techniques and their costs
is needed. The nitric acid/aerosol nitrate system involves a number
of unusual pollutants, such as NBS' Little or no thought has been
devoted to the questions that surround Nﬂ3 control to date. This is a
particularly important deficiency that requires immediate attention
because the most advanced NOx control techmiques (e.g. selective
catalytic reduction) proposed for future use involve.NH3 injection and
subsequent NH3 release to the atmosphere. This trade—off between NOx
and NH3 emissions must be evaluated quickly before additional NH3
emitting sources are introduced into urban air basins. A second topic
that requires research centers on the definition of appropriate goals
for air quality control programs. Synergisms between pollutants must

be acknowledged. A good example is that without NH3’ no NH4N03 will
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be formed. However, starving the atmosphere for NH3 will increase the
nitric acid burden in the atmosphere. Thus, acceptable or desired

levels of all pollutants should be prescribed.

7.6 Development and Evaluation of Advanced Air Quality Models

As additional knowledge is gained of the physical processes
that determine gaseouns pollutant concentrations in the atmosphere,
these advances should be incorporated into the model éresented here.
Chapters 2, 3 and 6 showed that incorporation of some of the most
recent findings in atmospheric chemistry made it possible to determine
the concentrations of a number of trace, yet very significant,
atmospheric components. For aerosol phase pollutants, the model could
be expanded to include a description of the thermodynamics of a mixed
sulfate—-nitrate aerosol, and for the formation of organic aerosol.

An Eulerian, grid based, photochemical air quality model that
predicts nitric acid and aerosol nitrate formation simultaneously at
all sites in an airshed can be developed as a direct exteansion of the
trajectory model approach used here. This type of model can be used
to investigate the basinwide dynamics of pollutants, not just those

along a given set of trajectories. More importantly, it shows the

basinwide effect of proposed emission control strategies.

7.7 Meteorology
A number of improvements in governmental routine
meteorological observations would be beneficial to the type of

research undertaken in this project. Atmospheric air quality modeling
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studies would greatly benefit from more frequent, more widespread, and
more accurate, measurements of the mixing depths, turbulent
diffusivities, temperature, humidity and solar insolation, for

example.

7.8 Conclusion

A number of areas for future research have been presented.
They include experimental and theoretical studies of both a basic and
applied research nature. The list is only a partial one, and other
areas also may be apparent to the reader. Basic research will produce
refinements to the model, while its immediate application to analysis
of emission control programs promises to be bemeficial and

instructive.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

This work has investigated the important factors that determine
the dynamics of nitric acid and aerosol nitrate in the atmosphere.
Both theoretical modeling studies and experimental methods were
employed. Initially, a mathematical model was developed to describe
the formation and transport of photochemically produced gases and
ammonium nitrate aerosol. Using basic equations of ;tmospheric
transport, deposition, and gas phase chemical kinetics, the model
mechanistically calculates ammonia and nitric concentrations from
emissions., Ammonium nitrate aerosol concentrations then are computed
at thermodynamic equilibrium with gas phase NH3 and HN03. As such,
this model represents the first attempt to predict the concentration
of secondary aerosol nitrate from gaseous emission data using a
fundamental description of the transport, chemical reactions and
thermodynamics leading to aerosol formation. A sensitivity study on
the model indicated that aerosol nitrate concentrations are highly
dependant on the temperature. The model was tested against a limited
set of daytime atmospheric NH3, N0; and NH: data available at
El Monte, CA, from experiments conducted in 1974, and adequately
predicted the observed concentrationms.

Next the existing description of daytime oxides of nitrogen
chemistry was extended to cover nighttime conditions., By adding a

description of the nighttime chemistry of two trace oxides of
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nitrogen, NO3 and NZOS’ it was found that, contrary to prevailing
opinion, a significant amount of nitric acid can be formed at night.
Model evaluation indicated that this expanded description of
atmospheric chemistry, transport, and emissions was necessary, and
sufficient, to reproduce observed atmospheric NO3 concentration
measurements. Other studies that have not included a complete
description of transport processes or emissions have been umable to
reproduce the N03 concentration profile without using ad hoc methods.
Homogeneous hydrolysis of Nzo5 could be responsible for a
large fraction of the nitrate produced in the atmosphere. However the
rate constant for this reaction is very difficult to measure
accurately so a sensitivity test was conducted to determine the effect
of this uncertainty on atmospheric nitric acid production. Though the
predicted nitric acid produced by the hydrolysis of N205 will decrease
as the rate constant for that reaction is decreased, competing
pighttime reactions involving NO3 will produce more nitric acid aand
the overall effect on mighttime nitric acid formation is small. A
theoretical investigation into the possible role that aerosols can
play in determining gaseous pollutant concentrations and the formation
of nitrate aerosol showed that a significant fraction of nitrate in
the atmosphere is formed heterogeneously if the collision efficiency
for the N205 bombardment on existing aerosol surfaces is high. At
more moderate collision efficiencies, a less than 0.001, heterogeneous
reactions are less important and gas phase reactions dominate the

chemistry of the formation of inorganic nitrate species like HN03.
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Verification of the accuracy of air quality model predictions
was impeded by a lack of data on the concentrations of pollutants
important to the dynamics of nitric acid and nitrate aerosol. To

alleviate this problem, a field program was designed and executed to

measure the concentrations of HNOS(g), NH3(g). NO, , NH:. 80:. and
other aerosol species. PAN, NO, NOZ’ and 03, also were measured

during the experiment completing a nitrogen balance on the air masses
studied.

Measurements indicated that the atmospheric aerosol could be
more complex than is assumed by present models, comsisting not only of

NH+, No; and SO:. but also significant amounts of NA+, cl, K+, Mg

++
and Ca++. A number of hypotheses were tested to determine whether or
not a mathematigal model based on an equilibrium between NH,, HNO3 and
the aerosol phase could account for the observed nitrate. Most of the
data were consistent with the assumption that some pure NH4N03 aerosol
coexisted as an external mixture with other aerosol particles.
Further improvement is obtained if a mixed NHI—NO;—SO: aerosol is
assumed. An important finding was that nitrate aerosol can build up
overnight near the coast in the absence of large NH3 concentrations.
This aerosol production can be explained as being formed by the
reaction of HNO3 with sea salt or soil dust—like aerosol. The nitrate
aerosol then is transported inland the following day.

An evaluation of the photochemical, gas and aerosol phase, air

guality model showed that the model predictions compare favorably with

the 03. N02, total nitrate, NH3, and nitric acid concentrations
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observed during the experiment. The model then was used to test the
effects of emission control programs suggested by recent public agency
documents. Model results indicate that NOx emissions control will
decrease aerosol nitrate, HNOs(g). N02 and PAN. For the particular
trajectories studied, NOx control also would have reduced the peak O3
levels. Control of NH3 emissions would decrease the formation of
nitrate aerosol at the expense of increasing the HNO3 concentrations.
Organic gas emissions control could be used to abate 03 and PAN
formation. Model results show that a mixed strategy, controlling both
NOx and organic gas emissions simultaneously, would have decreased the

03 concentrations more than either control measure used independently

for the trajectories studied here.



