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Abstract |

Nitrogen-containing air pollutants contribute to many of California’s air qual-
ity problems. The impact of improved characterization of emissions of oxides
of nitrogen and ammonia was studied using the CIT airshed mode] applied
to the August 27-29, 1987, intensive monitoring period from the Southern
California Air Quality Study. Direct NO; and nitrous acid emissions at levels
between 0-10% and 0-3%, respectively, were used to examine the influence of
NO, emission speciation. A 50% reduction in total NO, mass emissions was
used to compare the importance of mass emissions and emission speciation.
A new NHj emission inventory developed for the South Coast Air Basin was
used in this study.

Model predictions matched the spatial and temporal distribution of ob-
served concentrations of O3, NO,, PAN, HNOj;, and fine particle nitrate.
Predicted pollutant concentrations were much more sensitive to NO, mass
emissions than to NO, speciation. Daytime NO, concentrations were gov-
erned by the rate of conversion of NO to NO; in the atmosphere, not by
direct NOj emissions. Nighttime NOs and nitrous acid concentrations were
sensitive to NO, speciation. Reducing NO, emissions led to significant reduc-
tions in concentrations of NOs, nitric acid, and fine particle nitrate, whereas
predicted ozone and PAN concentrations increased.

Direct emissions of NO, and nitrous acid appear to be at the low end

(i.e., close to zero) of the ranges studied here. Heterogeneous conversion of
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NO, is likely to be the main source of nitrous acid in the atmosphere.

To support modeling and control strategy development for nitrogenous
air pollutants, improvements are needed to the ammonia emission inventory.
Continuing shifts in agricultural activities within the South Coast Air Basin
" need to be tracked, the diurnal variation profiles for ammonia emissions need
to be improved, and new measurements of ammonia emissions from cattle

and poultry farms are needed.
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1 Introduction

Nitrogen-containing air pollutants, especially the oxides of nitrogen (NO,),
play a central role in many of California’s current air quality problems. Re-
ductions in emissions of volatile organic compounds (VOC) have helped to
reduce ambient ozone concentrations in California, but NO, emission reduc-
tions will be needed to help solve the State’s remaining ozone, acid deposition,
visibility, and PM;o problems. In addition to understanding and controlling
total pollutant mass emission rates, the detailed chemical composition of
the emissions also is important, as shown for the case of VOC emissions by
Harley et al. (1992).

While most of the direct NO, emissions are in the form of nitric oxide
(NO), other important nitrogen-containing pollutants that are directly emit-
ted include nitrogen dioxide (NO3), nitrous acid (HONO), and nitrous oxide
(N20). Nitrogen dioxide is one of six criteria pollutants for which National
Ambient Air Quality Standards have been established. NO, in combustion
system exhaust can lead to plume discoloration problems for large point
sources. Nitrous acid photolyzes in the atmosphere to produce hydroxyl rad-
icals which in turn initiate photochemical smog reactions. Nitrous oxide has
been identified as a greenhouse gas and a scavenger of stratospheric ozone,
and is therefore of concern even though it is unreactive in the troposphere.
Ammonia (NHj) is another important nitrogen-containing air pollutant, al-

though combustion is a minor source of ammonia compared to waste decom-



position sources. Ammonia reacts with nitric acid in the atmosphere to form
ammonium nitrate, a condensable product which contributes to particulate
matter concentrations.

At present, emission inventories used in photochemical modeling studies
generally assume that NO, emissions are uniformly composed of 95% nitric

oxide, 5% mnitrogen dioxide, and 0.5% nitrous acid regardless of the source

type.

Research Objectives

The objectives of this research are to: (1) study the sensitivity of predicted air
pollutant concentrations to changes in the direct emission rates of NO; and
HONO; and (2) compare predicted and observed concentrations of nitrogen-
containing air pollutants for the August 27-29, 1987 intensive monitoring

period from the Southern California Air Quality Study (SCAQS).

NO, Emissions
While the majority of direct NO, emissions are in the form of NO, other
pollutants including NOs, N,O, and HONO are also emitted. A review of

prior studies of the direct emissions of these pollutants is presented below.

Nitrogen Dioxide
Nitrogen dioxide (NO3) can be formed during combustion (Heywood, 1988)
when exhaust gases cool rapidly, allowing high concentrations of hydroper-
oxyl radical (HO3) to persist, and resulting in conversion of NO to NO, by
the reaction:

NO + HOj — NO, + OH*



In addition to NO; formation in combustion, some NO may be oxidized to
NO; in the exhaust plume from a combustion source while NO concentrations
remain high:

NO + NO + Oz = 2NO,

Because of the way motor vehicle emission standards have been specified,
most measurements of motor vehicle exhaust NO, emissions report only total
NO,, without any subdivision of the total into individual species. However,
in selected studies, more detailed measurements have been made (Cadle et
al., 1979; Hilliard and Wheeler, 1979; Lenner et al., 1983; Lenner, 1987).
Early measurements suggested average NO, fractions of 12% for engine-out
emissions, with tailpipe-out NO; fractions of 5% (Cadle et al., 1979). High
ambient NO; concentrations measured during the winter in Sweden led to
measurements of the NO; fraction in gasoline engine exhaust at low temper-
atures and at various engine loads (Lenner et al., 1983; Lenner, 1987). NO,
fractions of up to 50% were measured in warmed up engines operating at idle
or low load conditions (Lenner, 1987). The NO, fraction tended to decrease
as engine load increased, whereas total NO, emissions increased with increas-
ing engine load. The nature of the emission control systems installed on the
vehicle also affected NO, speciation significantly: the highest NO, fractions
were measured in a vehicle equipped with an air injection (pulsair) system
and in a vehicle equipped with a thermal reactor designed to oxidize hydro-
carbons and carbon monoxide in the exhaust. The lowest NO, fractions were
measured in a vehicle equipped with a three-way catalyst system (Lenner,
1987). Recent measurements made during the Auto/Oil study confirm that
NO, fractions are very low (1.3% of total NOy) in normal-emitting vehicles

equipped with three-way catalyst systems (Sawyer, 1992).
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NQO; has been measured in diesel engine exhaust by several investigators
(Harris, 1987; Lenner, 1987). A passenger diesel vehicle equipped with EGR
had measured NO, fractions in the range 15-35% (Lenner, 1987). NO, con-
centrations measured by Harris (1987) decreased with increasing engine load,
consistent with previous findings for gasoline-powered vehicles.

Gas turbines are used in electric power generation, and a study by John-
son and Smith (1978) indicated high NO, fractions in the NO, emissions from
a 150 MW gas turbine power station. All of the NO, emitted at idle was in
the form of NOy; even at full load the NO, fraction was 22%. Spectroscopic
measurements of the NO, flux in the power plant plume were consistent with
the direct stack sampling results. Therefore, power plants using gas turbines

may be a significant source of direct NO4 emissions in California.

Nitrous Acid

Nitrous acid has been measured in motor vehicle exhaust by Pitts et al. (1984).
Nitrous acid has been detected in indoor air; both direct emissions and con-
version of NO; have been identified as contributors (Pitts et al., 1985; Pitts
et al., 1989). Measurements of nitrous acid in outdoor air have been reported
by several investigators (Harris et al., 1982; Sjédin, 1988; Vecera and Das-
gupta, 1991; Winer and Biermann, 1994). The diurnal pattern of measured
nitrous acid concentrations shows a buildup overnight attributed both to
direct emissions and in situ atmospheric formation, and rapid photolysis of
HONO during daylight hours. Croes (1991) has reviewed the available source
and ambient measurements of nitrous acid, and has recommended that until
better information becomes available, nitrous acid emissions at the level of

2% of total NO, should be used; sensitivity studies to investigate alternative



scenarios of 1 and 3% HONO were also recommended.

Nitrous acid is a significant atmospheric pollutant because it forms hy-
droxyl radicals as one of its photodissociation products. The hydroxyl radi-
cal is important in photochemical smog formation (for a detailed discussion,
 see Finlayson-Pitts and Pitts, 1986). The major photochemical reaction-
initiating steps include photolysis of nitrous acid, formaldehyde (HCHO)

and ozone:

HONO+hy — NO+ OH*
HCHO +hvy — HCO®+ H*®* - 2HOS + CO
O3+hryr = 0;+0('D) = 20B* + 0,

During the 1987 Southern California Air Quality Study, Winer and Bier-
mann (1994) measured nitrous acid, NO;, and formaldehyde concentrations
at the Long Beach and Claremont air monitoring sites using differential opti-
cal absorption spectroscopy (DOAS). Significant diurnal variation in nitrous
acid levels was noted, with very low concentrations observed during the day-
time, and a buildup of nitrous acid overnight. The highest concentrations
(up to 13.5 ppb) were observed at Long Beach during the fall. Using mea-
sured concentrations of nitrous acid, formaldehyde, and ozone, Winer and
Biermann calculated radical generation rates from the photolysis of the mea-
sured species. It was found that for monitoring periods in November and
December of 1987, nitrous acid photolysis was the dominant source of hy-
droxyl radicals during the early morning hours after sunrise.

Winer and Biermann also estimated contributions to ambient HONO con-
centrations due to direct nitrous acid emissions and in situ conversion of NO;
in the atmosphere. Their data from Long Beach in the fall of 1987 suggest

a nitrous acid fraction of 0.8% in direct NO, emissions and a pseudo-first
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order rate constant for NO, conversion of 1.0% per hour. The heterogeneous
mechanism by which NO, is converted to nitrous acid in the atmosphere is

not completely understood, although reactions such as:

NO + NO; + H,O — 2HONO
2NQO; + H,0 — HONO + HNOg4

have been reviewed (Calvert et al., 1994).

Measurements of nitrous acid emissions from motor vehicles traveling
through the Caldecott tunnel (Kirchstetter et al., 1996) indicate that direct
HONO emissions from motor vehicles are low. The measured HONO to
NOj ratio for uphill traffic at the Caldecott tunnel was (2.9 £ 0.5) x 1073,
These measurements suggest that ambient HONO concentrations are gov-

erned mainly by heterogeneous formation.

Nitrous Oxide

Early suggestions that coal and fuel oil combustion were signficant sources
of N2O emissions have now been discounted because even brief delays in an-
alyzing stack gas samples containing SO, and NOy can result in a significant
N3O sampling artifact (Muzio and Kramlich, 1988; Muzio et al., 1989). With
respect to motor vehicle emissions, there is nevertheless concern that three-
way catalytic converters may be converting some NO to N,O instead of com-
pletely reducing NO to N;. Dynamometer measurements of emissions from
32 vehicles indicated N,O emission rates of 3.6 mg/mile from noncatalyst
cars versus 45 mg/mile for cars equipped with three-way catalyst systems
(Dasch, 1992). Additional measurements of motor vehicle N3O emissions
have been reported in European tunnel studies (Berges et al., 1993; Sjédin

et al., 1994). The global impact of NoO emissions is beyond the scope of this
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study; N2O does not contribute significantly to formation of photochemical

smog in urban atmospheres.

Ammonia

An ammonia emission inventory for the South Coast Air Basin was prepared
by Gharib and Cass (1984). A calculated total of 165x10% kg/day of ammo-
nia was emitted to the air basin in 1982. The dominant sources of ammonia
emissions in 1982 were livestock (52%), domestic pets such as dogs and cats
(9%), flux from soils (14%), and sewage treatment plants (9%). Combustion
sources such as motor vehicles and power plants were not significant sources
of ammonia. Dickson (1991) has prepared an updated ammonia emission
inventory for 1987 using data from Gharib and Cass (1984) together with
updated activity and emission factor data. Between 1982 and 1987, many
cattle feedlots and dairies relocated outside the air basin, whereas poultry
farming within the air basin increased (Dickson, 1991). More recent mea-
surements in the South Coast Air Basin suggest that emissions from dairy
farms may be overstated in current ammonia emission inventories (Schmidt
and Winegar, 1996).

Emissions of ammonia from motor vehicles were predicted to increase be-
tween 1982 and 1987 because of the increased use of three-way catalytic con-
verters, and the associated increase in emissions of reduced nitrogen species
such as ammonia. Nevertheless, motor vehicle exhaust still contributes only
a minor fraction (3%) of total ammonia emissions in the air basin. A sum-
mary of the 1987 ammonia emission inventory is presented below in Table 1;

the spatial distribution of ammonia emissions is plotted in Figure 1.



Table 1: Summary of ammonia emission inventory
South Coast Air Basin, 1987 (from Dickson, 1991)

NH; emissions percent

source (10% kg/day) of total
soil surface 35.0 16.4%
fertilizer application 3.5%

farm crops 3.0

orchards & ornamental 0.6

anhydrous ammonia 0.2

non-farm 3.7
livestock waste 45.1%

cattle - dairy 26.9

cattle - feedlot 0.3

cattle - range 14.3

horses 8.9

sheep 0.2

hogs 0.2

chickens - layers 35.5

chickens - fryers 22

chickens - pullets 7.3

turkeys 0.6
domestic emissions 11.8%

dogs 10.9

cats 2.4

human respiration 01

human perspiration 8.6

household ammonia use 0.6

untreated human waste 2.3

cigarette smoke 03
fuel combustion 0.6 0.3%
on-road vehicles 6.4 3.0%
point sources 42.5 19.9%
grand total 214




3720

Ammonia Emissions (kg/day)
0-100 # 200-300  400-500 B 1000+
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Figure 1. Spatial distribution of ammonia emissions in the South Coast air basin, August 1987.



2 Approach

The transport and photochemical transformation of air pollutant emissions
within the South Coast air basin were studied using a three-dimensional
Eulerian air quality model (McRae et al., 1982; Russell et al., 1988; Harley
et al., 1993a). This model, referred to as the CIT airshed model, solves
the atmospheric diffusion equation numerically for the concentration C; of

pollutant species i:

%-FV(&C,):V(KVC.)+R,+Q.

where the equation is solved simultaneously for multiple chemical species
(i=1,2,3, ... n). The equations are coupled via second-order chemical reac-
tions. The terms in the above equation are defined as follows: @ is the wind
velocity vector, K is the eddy diffusivity tensor, R; is the net rate of genera-
tion of species i by chemical reactions, and Q; is the rate of direct emissions
from elevated chimney stacks. Ground-level emissions are accounted for in

the surface boundary condition:

oC;

_Kzzgz_

= E,’ - U;C.'

where F; is the upward flux of direct pollutant species i emissions, and v;
is the dry deposition velocity for species i. Lateral boundary conditions and
initial conditions were specified using measured pollutant concentration data.

At the top of the modeling region, a zero concentration gradient condition
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was applied, so that the model predictions in the highest computational layer
were used to estimate pollutant concentrations above the modeling region.

Gas-phase photochemical reactions were represented within the model us-
ing the LCC surrogate species chemical mechanism (Lurmann et al., 1987).
- The mechanism includes 35 active chemical species and 107 reactions, Hy-
drocarbons are lumped together into 5 different species groups: C4 and larger
alkanes, ethene, C3 and larger alkenes, monoalkyl benzenes (e.g., toluene),
and di- and trialkyl benzenes (e.g., xylene and trimethylbenzene). Additional
organic species tracked in the mechanism include formaldehyde, acetalde-
hyde, and methyl ethyl ketone. The latter two species are used as surrogate
species for all C, and higher aldehydes, and all ketones, respectively. The
published version of the LCC mechanism was extended to include as explicit
species sulfur dioxide, isoprene, methanol, ethanol, methyl tert-butyl ether,
and methane, as described in more detail by Harley et al. (1993a).

Several nitrous acid reactions are included in the LCC mechanism. The

most important sink for nitrous acid during the daytime is photolysis:
HONO + hv =+ NO + OH*

The rate constant depends on sunlight intensity, but for overhead sun, J =
0.098 min~! in the LCC mechanism. The Carbon Bond 1V mechanism (CB4;

Gery et al., 1989) includes another sink for nitrous acid:

HONO + OH* = NO; + H,0

3 molecule=! s~1. Although this

with a rate constant of 6.6 x 10712 cm
HONO sink is not included in the LCC mechanism, Calvert et al. (1994)

state that photolysis is the dominant sink for nitrous acid, and that the
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reaction of HONO with the hydroxyl radical represents only a few percent of
total HONO removal. Both LCC and CB4 mechanisms include a three-body

reaction forming nitrous acid:
NO + OH ¥ HONO

The pseudo-second order rate constant for this reaction in the LCC mecha-
nism is 4.0 x 1073 exp(833/T) cm® molecule™ s~1. The reaction of NO with
hydroxyl radicals to form nitrous acid does not explain the observed buildup
of nitrous acid concentrations overnight, when hydroxyl radical concentra-
tions are low. The LCC mechanism includes one additional reaction forming
HONO:
2NO; + H,O0 - HONO + HNO;

with a pseudo-second order rate constant k = 4.0 x 10724 cm?® molecule~! 571,
and a rate expression of k[NO;][H20]. The CB4 mechanism forms nitrous
acid by the reaction of NO+NO,+H,0 instead (Gery et al., 1989).

Ammonium nitrate formation and transport are tracked in the model us-
ing the method described by Russell et al. (1983) which assumes equilibrium
among gas-phase ammonia, gas-phase nitric acid, and particulate ammonium

nitrate in the solid or aqueous phase:
NH,NOs(s or aq) + NHj(g) + HNO3(g)

The equilibrium constant is calculated for the above reaction using equations
developed by Stelson and Seinfeld (1982ab) as a function of temperature and
relative humidity. The equilibrium assumption has been evaluated against
field observations (e.g., Hildemann et al., 1984; Harrison and Msibi, 1994).
Wexler and Seinfeld (1990) found that in some cases during SCAQS, depar-

tures from equilibrium were observed. Wexler et al. (1994) have developed a
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different modeling approach for urbarn and regional aerosols that represents
the kinetics as well as the thermodynamics of aerosol formation. However,
since uncertainties in the emission rates of ammonia, NO,, and VOC are
likely to dominate the problem of modeling ammonium nitrate formation,

the equilibrium assumption has been used in the present study.
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3 Application |

3.1 Southern California Air Quality Study

During the summer and fall of 1987, a comprehensive set of meteorological
and air pollutant measurements were made as part of the Southern California
Air Quality Study or SCAQS (Lawson, 1990). Special measurements made
during SCAQS include: upper air soundings for vertical temperature, humid-
ity, and wind profiles; chemically speciated PMs 5 and PM;4 concentrations;
and speciated hydrocarbon and carbonyl concentrations. Numerous other
special study measurements were made at the Claremont and Long Beach
monitoring sites, as described in more detail by Lawson (1990) and references
therein. A map showing the network of special SCAQS monitoring sites is
presented in Figure 2.

The CIT airshed model was applied to the August 27-29, 1987, SCAQS in-
tensive monitoring period over the computational domain shown in Figure 2.
Initial conditions and lateral inflow boundary conditions were specified using
measured pollutant concentrations, as described by Harley et al. (1993a).
The same meteorological fields developed and used as part of a previous
photochemical modeling study of the August SCAQS episode (Harley et al.,
1993ab) were used in this study.

14



3.2 Emission Inventory

The baseline emission inventory used in the present study was obtained from
the California Air Resources Board (Wagner and Allen, 1990). The inventory
A includes stationary point source and area source emission estimates, as well
as on-road motor vehicle emissions estimated using California’s EMFAC 7E
model. Stabilized hot exhaust emissions of CO and VOC from motor vehicles
were scaled up to three times the baseline (EMFAC 7E) values, consistent
with measurements of on-road vehicle emissions in the Sherman Way tunnel
in Van Nuys, CA (Ingalls et al., 1989; Pierson et al., 1990). Revised VOC
speciation profiles developed by Harley et al. (1992) were used in this study.
NO, emissions were assumed to consist of 93% NO, 5% NO., and 2% HONO
on a mole basis (note by convention, total NO, mass emissions are stated
assuming all NO, is emitted as NO;). A summary of the emission inventory
is provided below in Table 2. This emission inventory provides the basis
for the modeling conducted in this study, and will be referred to as the 3x
hot exhaust inventory (note however, that NO, emissions were not increased
above baseline EMFAC 7E values).

The August 27-29, 1987 SCAQS experiment covered a period running
from Thursday through Saturday. Unfortunately, no weekend traffic activity
data were available, so the motor vehicle emission inventory for August 29
was created using typical weekday traffic patterns which were not appropriate
for a Saturday. Because of this problem, it was decided to focus on August
28 (Friday) when assessing airshed model performance.

The ﬁain objective of this study was to examine the effects of chemical
composition of direct NO, emissions on air pollutant concentrations. For this

purpose, a 4 by 3 matrix of airshed model calculations was performed using
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Figure 2. Map showing Southern California Air Quality Study air monitoring sites (solid circles) and upper air
sounding sites (open circles). Note that both air quality measurements and upper air soundings were performed
at Long Beach. The airshed model computational region boundary is indicated by the dashed line.
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Table 2: Summary of SoOCAB emission inventory for August 1987

species species emissions
code  description (10° kg/day)
ALKA C4+ alkanes : 884
ETHE ethene 114
ALKE C3+ alkenes 190
TOLU monoalkyl benzenes 178
AROM di- and trialkyl benzenes 218
HCHO formaldehyde 31
ALD2 acetaldehyde 24
MEK  ketones 51
MEOH methanol 1
ETOH ethanol & higher alcohols 235
ISOP  biogenic alkenes 117
ROG total reactive organic gases 2042
NONR non-reactive organic gases 1129
CO  carbon monoxide 10867
NOx oxides of nitrogen 1138

Notes: includes South Coast Air Basin plus Ventura County and portions
of the Southeast Desert Air Basin. EMFAC TE emission factors for CO and
VOC were scaled up to 3 times the baseline values.

Table 3: Scaling factors used to adjust NO, emission speciation

0% NO, 5% NO, 10% NO,
0% HONO 1.07/0.00/0.0 1.02/1.02/0.0 0.97/2.04/0.0
1% HONO 1.06/0.00/0.5 1.01/1.01/0.5 0.96/2.02/0.5
2% HONO 1.05/0.00/1.0 1.00/1.00/1.0 0.95/2.00/1.0
3% HONO 1.04/0.00/1.5 0.99/0.99/1.5 0.94/1.98/1.5

Note: scaling factors A/B/C shown in this table were applied to NO, NO,,
and HONQ emissions, respectively, for the NO, speciation sensitivity runs.

17



different HONO and NO, emission fractions relative to total NO, emissions.
With total NO, emissions held constant, NO; fractions were set to 0, 5, and
10% of total NO,, and HONO fractions were set to 0, 1, 2, and 3% of to-
tal NO, emissions. These levels span the likely ranges of direct NO; and
HONO emissions. The emission inventories with alternate NO, speciation
assumptions were developed using the 3X hot exhaust inventory (Table 2)
and the scaling factors for components of total NO, emissions shown in Ta-
ble 3. An additional airshed model calculation was conducted with NO,
emissions from all sources reduced to 50% of 3x hot exhaust (base) values,
to study the importance of mass emissions versus NO, speciation in deter-
mining air pollutant concentrations. In the reduced NO, emissions case, the
composition of NO, used was again 93% NO, 5% NO,, and 2% HONO.
Another objective of this study was to assess model performance in pre-
dicting concentrations of HONO, HNOj3, NH3, and ammonium nitrate aerosol.
Baseline model performance has already been assessed for ozone, NO,, PAN,
and lumped VOC (Harley et al., 1993ab). Available concentration data for

nitrogen-containing air pollutants are reviewed below.

3.3 Observed Pollutant Concentrations

SCAQS Sampler

A special air sampling system to collect gaseous and size-resolved particulate
matter samples was developed for SCAQS (Fitz et al., 1989) and deployed at
the network of 9 ambient air monitoring sites shown in Figure 1. During the
summer portion of SCAQS, 5 samples per day were collected at each site,
from 0000-0500, 0500-0900, 0900-1300, 1300-1700, and 1700-2400 hours
PST.
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Line 3 of the SCAQS sampler measured fine particle nitrate quantita-
tively, using a fluorocarbon polymer-coated cyclone inlet to remove coarse
particles, and a tubular denuder to remove nitric acid, upstream of a filter
pack with a Teflon front filter and a nylon back filter. The nitric acid de-
nuder consisted of ten 6 mm outer diameter tubes coated with magnesium
oxide (Fitz et al., 1989). Line 4 of the SCAQS sampler was identical to line
3, except that it did not include the nitric acid denuder. Nitric acid con-
centrations were determined as the difference between total gas and particle
nitrate (line 4) and particle nitrate alone (line 3). Teflon and nylon filters
from lines 3 and 4 of the SCAQS sampler were extracted using 20 mL of
0.003 M NaHCO; / 0.0024 M NayCOj solution and quantified for nitrate by
ion chromatography (Countess, 1989).

Ammonia concentrations were measured using oxalic acid-coated glass
tubular denuders. Downstream of the ammonia denuder on line 5 of the
SCAQS sampler, an oxalic acid-impregnated quartz filter was used to col-
lect fine particle ammonium. Note that lines 3, 4, and 5 were all drawn
from the same sample air stream, and were passed through the same Teflon-
coated cylone to remove coarse particles. While the same nitric acid de-
nuders were used during multiple sample periods, new ammonia denuders
were installed for every sampling period. The ammonia denuders and ox-
alic acid-impregnated filters were extracted with 10 mL of 0.0036 M sodium
acetate solution; ammonium ion concentrations were then determined col-
orimetrically (Countess, 1989). In principle, this method yielded separate
methods of gas-phase ammonia (line 5a) and fine particle ammonium (line
5b). However, the ammonia denuders were sometimes overloaded, mainly at

the Rubidoux air monitoring site where ammonia concentrations were high-
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est. Therefore, true ammonia concentrations at Rubidoux may at times be

higher than the reported values.

Nitrous Acid

Spectroscopic (DOAS) measurements of ambient nitrous acid concentrations
during SCAQS have been reported by Winer and coworkers (Winer, 1989,
Winer and Biermann, 1994). During summer SCAQS sampling, HONO was
detected overnight at the Claremont monitoring site, but was almost always
below the detection limit of 0.8 ppb at Long Beach. Higher concentrations
of HONO were measured at Long Beach during the fall portion of SCAQS.

Peroxyacetyl Nitrate

Williams and Grosjean (1990) measured PAN concentrations by electron cap-
ture gas chromatography at all of the SCAQS intensive monitoring sites
shown in Figure 2, except for Hawthorne at the coast. The highest PAN

concentrations were reported at Claremont.

Nitrogen Dioxide

Chemiluminescent NO, analyzers operated routinely over a network of 35
air monitoring sites in the South Coast Air Basin and surrounding areas.
NO, concentrations were estimated as the difference between total reactive
nitrogen (NOy) and nitric oxide (NO). Winer (1989) measured NO; directly
at Long Beach and Claremont during SCAQS using DOAS.
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4 Results

A total of 13 airshed model simulations were performed for the August 27-29
SCAQS intensive monitoring period. As described earlier, a 4 by 3 matrix
of NO, speciation sensitivity runs were conducted using 0, 5, and 10% NO,
fractions, as well as 0, 1, 2, and 3% HONO fractions of total NO, emissions.
In addition, model sensitivity to total NO, mass emissions was studied by
reducing NO, emissions by 50%. Time series plots showing airshed model
predictions and observations for O3 and the relevant nitrogenous air pol-
lutants are included as Appendix A to this report, for all of the on-shore
intensive monitoring sites shown in Figure 2.

Statistical measures of model performance for ozone and nitrogen-containing
air pollutants are presented in Table 4. Statistical measures were calculated
as described by Tesche et al. {1990). Model predictions and corresponding
observations were only included in the performance statistics when observed
concentrations were greater than or equal to cutoff levels shown in Table 4.
Bias statistics indicate whether there is a systematic tendency of the model
to overpredict or underpredict observed concentrations. Gross error statis-
tics are computed using the absolute value of residuals (model prediction—
observation). Therefore, overpredictions and underpredictions do not offset
one another in the calculation of gross error. ARB guidelines (DaMassa,
1992) suggest that typical model performance for ozone is £15% normalized

bias and less than 35% normalized gross error.

21



Ozone

Performance statistics for ozone shown in Table 4 meet ARB guidelines for
typical model perfofmancé. The normalized bias of +2% suggests that there
was no systematic underprediction of ozone concentrations. However, peak
ozone concentrations at inland sites such as Azusa and Claremont were un-
derpredicted by the model, as shown in Figure A.1. Predicted ozone con-
centrations increased with increasing NO; and HONO fractions, as shown in
Figures A.1 and A.2 respectively. However, the effects were small over the
ranges of NO; and HONOQ fractions studied here. In Table 5, model predic-
tions for ozone are presented for all of the possible combinations of HONO
and NO, emission fractions listed in Table 3. Predicted ozone concentrations
increased with increases in both HONO and NO, fractions. A difference of
9 ppb was found between the lowest and highest predicted ozone concen-
trations for the peak hour at Claremont. This increase in predicted ozone
corresponds to an increase from 0 to 10% NO, fraction, and a simultaneous
increase from 0 to 3% HONO in direct NO, emissions.

Reductions of total NO, mass emissions had a much larger effect on pre-
dicted ozone concentrations, as shown in Figure A.3. Predicted ozone con-
centrations from central Los Angeles east to Azusa increased significantly
when NQ, emissions were reduced. In contrast, predicted ozone concen-
trations decreased at Rubidoux and increased only slightly at Claremont in
response to reduced NO, emissions. The spatial pattern of predicted ozone
concentrations and the response. to a 50% reduction in NO, emissions are

shown in Figures B.1 and B.2 respectively.
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Nitrogen Dioxide
Predicted NOy—-NO (i.e., total of NO; plus other reactive nitrogen species mi-
nus NO) concentrations were sensitive to the level of NO, emissions overnight,
but did not show any response during the daytime (see Figure A.4). As
| expected, increased NO, emissions led to highér predicted NO; concentra-
tions. The spatial distribution of true NO, concentrations is shown in Fig-
ure B.3. The highest predicted NO; concentrations in the afternoon occur
in the eastern portion of Los Angeles county. Predicted NO, concentrations
decrease significantly when NO, emissions are reduced, as shown in Fig-
ure B.4. Changes in predicted total NO, concentrations at the central Los
Angeles monitoring site are shown in Table 5 for all of the NO, emission

speciation cases.

Nitrous Acid

Predicted HONO concentrations were very sensitive to HONO emissions, as
shown in Figure A.5. During the August 27-29 period, HONO concentra-
tions were measured only at the Claremont and Long Beach monitoring sites.
Predicted concentrations show the same diurnal pattern as that observed at
Claremont: a build-up of HONO overnight and negligible daytime concen-
trations. Observed HONO concentrations at Claremont were predicted ac-
curately on August 28, but were underpredicted on the morning of Saturday,
August 29. Observed HONO concentrations at Long Beach were consistently
low (usually below the detection limit of 0.8 ppb), and were overpredicted by
the model. Predicted HONO concentrations as a function of NO, emission

speciation are also presented in Table 5.
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Nitric Acid

Peak observed nitric acid concentrations were observed during the middle of
the day, as shown in Figure A.6. Predicted concentrations exhibited a similar
strong diurnal variation in nitric acid concentrations. Note that the observa-
tions shown in Figure A.6 were calculated by the denuder difference method
from SCAQS sampler data, which means that observations are average values
integrated over periods of 4 h or more. The highest nitric acid concentrations
were predicted at the Azusa and Claremont monitoring sites, with lower pre-
dicted and observed values to the east at Rubidoux and upwind at coastal
and mid-basin sites. Predicted nitric acid concentrations were not sensitive
to NO, or HONO emissions. As shown in Figure A.6, decreasing total NO,
emissions resulted in approximately proportional decreases in peak predicted
nitric acid concentrations. Statistical measures of model performance for ni-
tric acid presented in Table 4 indicate that nitric acid concentrations are
overpredicted by the model. Inspection of Figure B.5 indicates that high
nitric acid concentrations occur in the downwind portions of the air basin.
High ammonia emissions in the southwest corner of San Bernardino county
were predicted to cause significant conversion of nitric acid to fine particle
ammonium nitrate, as shown clearly in Figures B.5 and B.7. Reductions in
NO, emissions led to lower ambient nitric acid concentrations throughout

the air basin, as shown in Figure B.6.

Fine Particle Nitrate
Observed fine particle (D, <2.5 pm) nitrate concentrations showed similar
diurnal variation to that observed for nitric acid. The highest predicted and

observed concentrations of nitrate aerosol were seen at the Rubidoux mon-
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itoring site. Predicted fine particle nitrate concentrations were sensitive to
total NO, mass emissions, but not to NO, or HONO emission fractions. In
general, the reduction in fine particle nitrate concentrations shown in Figure
A.7 was not proportional to the reduction in NO, emissions, although reduc-
ing NO, always led to some decrease in fine particle nitrate concentrations.
The highest fine particle nitrate concentrations were predicted downwind of
ammonia source-rich agricultural areas in San Bernardino county. Reduc-
tions in NOy emissions led to significant reductions in predicted fine particle

nitrate, as seen by comparing Figures B.7 and B.8.

Ammonia

Observed and predicted ammonia concentrations were low in most parts of
the basin, as shown in Figure A.8. Much higher concentrations were pre-
dicted and observed at the Rubidoux monitoring site. High concentrations
of ammonia also were observed at Burbank. Nighttime ammonia concentra-
tions were overpredicted at Long Beach. When NO, emissions were reduced

by 50%, predicted ammonia concentrations increased.

Peroxyacetyl Nitrate

Predicted PAN concentrations follow the same diurnal pattern seen in the
observations: concentrations are highest during the early afternoon hours.
Absolute PAN concentrations are predicted accurately at all sites, except at
Claremont where PAN was underpredicted, and at Anaheim where observed
values were close to zero at all times. Predicted PAN concentrations increased

when NO, emissions were reduced.
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Table 4: Summary of model performance statistics

total particle
Statistical measure 03 NO; PAN HNOj; nitrate
number of sites 50 35 7 8 8
cutoff® 60 ppb 20ppb 4ppb 2ppb 1pgm™3
bias? -2.8 +4.8 -1.6 418 +4.7
normalized bias +2% +24% -5% +57% +36%
gross error® 28 19 2.6 5.1 12

normalized gross error ~ 27% 46% 26% 8% 7%

o of residuals® 36 25 4.2 6.4 17

Notes: “Statistical measures are calculated using all pairs of predicted and
observed concentrations where the observed value is greater than or equal to
the cutoff value shown above. ®Same units as shown for the cutoff concen-
tration. HNO;3 and fine particle nitrate observations are from the SCAQS
sampler, integrated over periods of 4 h or more. Model predictions for these
species were averaged over the same intervals; each sampling period was
counted as a single observation.
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Table 5: Effects of NO, Emission Speciation on Airshed Model Predictions

O; (ppb) at Claremont, 1400-1500 hours PST

0% NO. 5% NO, 10% NOo
0% HONO 175 177 178
1% HONO 177 178 180
2% HONO 178 180 182
3% HONO 180 182 184

HONO (ppb) at Central LA, 0500-0600 hours PST

0% NO, 5% NO2 10% NO,
0% HONO 1.5 1.5 1.6
1% HONO 2.7 2.7 2.7
2% HONO 3.6 3.7 3.7
3% HONO 4.7 4.7 4.7

NO3; (ppb) at Central LA, 0500-0600 hours PST

0% NO, 5% NO, 10% NO,
0% HONO 49 59 67
1% HONO a0 59 68
2% HONO 51 60 69
3% HONO 52 61 70

Note: all model predictions are for Aug. 28, 1987. NOj; concentrations include
NOQ; and other species such as PAN and HONO that are measured as if they
were NOy by chemiluminescent analyzers (see text for further discussion).
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5 Discussion

Model predictions of the impact of NO, emission speciation are direction-
ally consistent with theoretical considerations. The photostationary state

relationship (Seinfeld, 1988) predicts:

[NOy]

[03]ss x [N O]

and therefore increasing the NOs fraction of direct NO, would lead to in-
creased ambient O3 concentrations. However, the magnitude of this influence
appears to be small over the range of NO, fractions (0-10% of total NO,)
studied here. Ambient NO2 concentrations during the daytime are deter-
mined by the rates of NO; photolysis and in situ NO to NO; conversion, but
not by direct NO; emissions. The influence of NOy emissions is greater at
night when sunlight-driven reactions do not occur. Likewise, increased emis-
sions of HONO accelerate the initiation phase of the photochemical smog

system by supplying additional hydroxyl radicals shortly after sunrise:
HONO + hv -+ NO + OH*

While Winer and Biermann (1994) found that nitrous acid photolysis was
the dominant early morning initiation step at Long Beach on Nov. 12, 1987,
HONO concentrations observed during the summer phase of SCAQS were not
as high as those observed on Nov. 12, and HONO photolysis was therefore less
important. Model resﬁlts presented here indicate that even in the absence of

any direct HONO emissions, other reactions such as formaldehyde photolysis
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are capable of rapidly initiating photochemical reactions. NO, emission spe-
ciation has a much greater influence on ambient HONO concentrations than
it does on ozone concentrations. Further study of surface/heterogeneous for-
mation pathways will be needed to understand the dynamics of atmospheric
HONO concentrations completely.

Ozone concentrations were not sensitive to the distribution of NO, emis-
sions among NO, NQO,, and HONQ. In contrast, predicted ozone concen-
trations increased significantly in response to reductions in total NO, mass
emissions. The largest increases were seen in the source-rich western portion
of the air basin. These results must be interpreted with caution however,
because California is pursuing a control strategy that involves reductions in
both VOC and NOy emissions, not NO, emissions alone as considered here.
The analysis presented here was only intended to compare the importance
of NO, mass emissions and NO, speciation. In general, NO, mass emission
rates were found to be more important than NO, speciation in determining
ambient pollutant concentrations.

Nitric acid concentrations were overpredicted on average, as shown in
Figure A.6. The overpredictions were large at Azusa and Rubidoux, whereas
nitric acid concentrations were more accurately predicted at other sites such
as Burbank, central Los Angeles, and Claremont. If ammonia emissions were
higher, more nitric acid would be converted to ammonium nitrate by the
time polluted air masses reached Rubidoux. Uncertainties in NO, emissions,
the dry deposition rate of nitric acid, and the equilibrium assumption for
ammonium nitrate may have contributed to the overprediction of nitric acid
concentrations.

Ammonia concentrations increased when NO, emissions were reduced.
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This occurred because nitric acid concentrations decreased in response to
NO, emission reductions, so that less ammonium nitrate could be formed,
and more ammonia therefore remained in the gas phase. While observed
ammonia concentrations at most sites were low during the August 27-29
episode, high concentrations were measured overnight at Burbank and during
the morning at Rubidoux. Observed ammonia concentrations at Rubidoux
(see Figure A.8) suggest that ammonia emisions may be more broadly dis-
tributed over the entire day, as compared to the present emission inventory
which peaks sharply at midday. Some new information (Schmidt and Wine-
gar, 1996) on ammonia emissions from dairy farms has been reported since
the 1987 SCAQS ammonia emission inventory was compiled. However, fur-
ther development of the ammonia emission inventory is needed, to include:
accurate diurnal variation in emissions, up-to-date livestock populations in
the South Coast Air Basin, and new measurements of ammonia emissions
from cattle and poultry farms.

The large increase observed in aerosol nitrate concentrations between
Claremont and Rubidoux suggests that control of ammonia and NOy emis-
sions could have significant air quality benefits in one of the basin’s most
polluted areas. However, emission forecasts for California through the year
2010 indicate that NO, emissions will not be controlled nearly as effectively as
emissions of CO and VOC (ARB, 1993). In the near term, since the prospect
for large reductions in NO, emissions appears bleak, the state should study
the control of ammonia emissions from agricultural sources, in order to re-
duce the contribution of aerosol nitrate to PMs 5 concentrations in the eastern
portion of the South Coast Air Basin. Further research is needed to assess

the advantages and disadvantages of this control strategy.
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Predicted PAN concentrations increased significantly when NO, emis-
sions were reduced. Since PAN is formed directly from NO,, this result was
noi expected. However, lowering NO, emissions clearly resulted in higher
concentrations of ozone and radical species. The peroxyacetyl radical reacts

with NO, to form PAN:
CH3C(0)00* + NO; — PAN

Reaction with NO represents a competing sink for peroxyacetyl radicals:

CH;C(0)00* +NO — CH,C(0)0* + NO,
CH;C(0)0* = CHi+ CO,

As NO, emissions (and therefore ambient NO, concentrations) were reduced,
peroxyacetyl and other radical concentrations increased. Since a greater frac-
tion of the remaining NO, was found in the form of NOjy, PAN formation

was enhanced.
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6 Conclusions

The impact of NO, emissions and NO, speciation on air pollutant concentra-
tions was studied using the CIT airshed model applied to the August 27-29,
1987 SCAQS intensive monitoring period. A matrix of 12 airshed model cal-
culations was conducted using a range of NO;/NO, and HONO/NO, ratios
in direct NO, emissions. Daytime ambient NOs concentrations were deter-
mined by the rate of NO to NO, conversion in the atmosphere, not by direct
NO; emissions. Predicted HONO concentrations were very sensitive to the
HONO/NO, emission ratio. Ozone and nitrogen-containing air pollutants
other than NO, and HONO were not sensitive to NO, emission speciation
for the ratios examined in this study (0-10% NO, and 0-3% HONO). A 50%
reduction in total NO, mass emissions caused large changes in the concen-
trations of ozone and all nitrogen-containing air pollutants. NO,, HNO;,
and particle nitrate concentrations decreased in response to reduced NO,
emissions, whereas PAN concentrations increased.

This is one of the first studies to examine airshed model performance sys-
tematically for ozone and nitrogen-containing species including nitric acid
and fine particle nitrate. Uncertainties in emissions of ammonia, NO,, and
VOC, must be reduced to support future modeling and control strategy de-

velopment for nitrogen-containing air pollutants.
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7 Recommendations

Pricrities for further research are listed below from highest to lowest:

o Further improvements are needed to the ammonia emission inventory.

Specific improvements include:

— understanding of the diurnal variation in ammonia emissions
— measurements of ammonia emissions from cattle and poultry farms

— updated livestock population data for the South Coast Air Basin

e To understand the dynamics of HONQ concentrations, improved char-
acterization of heterogeneous processes converting NO, to HONO in

the atmosphere is needed.

e A potentially large source of direct NO; emissions is gas turbine power
plants. Measurements of NO, as well as total NO, emissions should
be conducted to assess the magnitude of NO; emissions from these

sources.
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A Time Series Plots

In this appendix, time series plots of predicted and observed pollutant con-
centrations are presented for the network of 8 mainland air monitoring sites
shown previously in Figure 2. Each plot consists of two pages (4 sites per
page), with the first page of each pair presenting model predictions and ob-
servations along a cross-section of the air basin from west to east starting
at Hawthorne and proceeding inland through central LA to Claremont and

Rubidoux. The figures are listed below:
A.l1 Ozone plots showing sensitivity to NOs emission fraction

A.2 Ozone plots showing sensitivity to HONO emission fraction
A.3 Ozone plots showing effects of NO, emission reduction

A4 Total nitrogen dioxide (NO,~NO} time series plots

A.5 Nitrous acid time series plots

A.6 Nitric acid time series plots

A.7 Fine particle nitrate time series plots

A.8 Ammonia time series plots

A.9 Peroxvacetyl nitrate time series plots
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Figure A.2: Ozone Time Series Plots -- HONO Emission Impact
(NO2 Emission Fraction Held Constant at 5%)
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Figure A.3: Ozone Time Series Plots -- Impact of NOx Mass Emissions
(HONO Fraction=2% and NO2 Fraction=5%)
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Figure A.3: Ozone Time Series Plots -- Impact of NOx Mass Emissions

(HONO Fraction=2% and NO2 Fraction=5%)
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(HONO Emission Fraction Held Constant at 2%)
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Figure A.4: Nitrogen Dioxide Time Series Plots
(HONO Emission Fraction Held Constant at 2%)
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Figure A.5: Nitrous Acid Time Series Plots
(NO2 Emission Fraction Held Constant at 5%)
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Figure A.5: Nitrous Acid Time Series Plots
{NO2 Emission Fraction Held Constant at 5%)
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Figure A.6: Nitric Acid Time Series Plots
(HONO Fraction=2% and NO2 Fraction=5%)
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Figure A.6: Nitric Acid Time Series Plots
(HONO Fraction=2% and NO2 Fraction=5%)
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Figure A.7: Fine Particle Nitrate Time Series Plots
(HONO Fraction=2% and NO2 Fraction=5%)
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Figure A.7: Fine Particle Nitrate Time Series Plots
(HONO Fraction=2% and NO2 Fraction=5%)
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Figure A.B: Ammonia Time Series Plots
(HONO Fraction=2% and NO2 Fraction=5%)
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Figure A.8: Ammonia Time Series Plots
(HONO Fraction=2% and NO2 Fraction=5%)
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Figure A.9: Peroxyacetyl Nitrate Time Series Plots
(HONO Fraction=2% and NO2 Fraction=5%)
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Figure A.9: Peroxyacetyl Nitrate Time Series Plots
(HONO Fraction=2% and NO2 Fraction=5%)
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B Concentration Isopleth Plots

The spatial distribution of predicted pollutant concentrations are shown in a
series of isopleth plots that are included in this appendix. Isopleths are plot-
ted for August 28 from 1400-1500 hours PST, a time of peak photochemical
activity. Each page that follows contains a matched pair of figures: model
predictions using the baseline emission inventory, and predicted concentra-
tions after a 50% cut in NO, emissions. The figures are presented in the

following order:
B.1 + B.2  Ozone isopleths

B.3 + B.4  True nitrogen dioxide (NO,} isopleths
B.5 + B.6  Nitric acid isopleths

B.7 + B.8  Fine particle nitrate isopleths

B.9 + B.10 Peroxyacetyl nitrate isopleths
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FIGURE B.1
Predicted Ozone (ppb) using Baseline Emissions
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FIGURE B.3
Predicted NO2 (ppb) using Baseline Emissions
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FIGURE B.4
Predicted NO2 (ppb) with 50% Reduction in NOx Emissions
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FIGURE B.5
Predicted Nitric Acid (ppb) using Baseline Emissions
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FIGURE B.6
Predicted Nitric Acid (ppb) with 50% Reduction in NOx Emissions
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FIGURE B.7
Predicted Fine Particle Nitrate (ug/m3) using Baseline Emissions
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FIGURE B.9
Predicted Peroxyacetyl Nitrate (ppb) using Baseline Emissions
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FIGURE B.10
Predicted Peroxyacetyl Nitrate (ppb) with 50% Reduction in NOx Emissions
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