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Abstract—The UCLA Surface Meteorclogy and Ozone Generation (SMOG) mode! has been applied to
simulate and analyze the distributions of ozone in the Los Angeles basin on 27 and 28 August 1987, during
the Southern California Air Quality Study (SCAQS). SMOG is an integrated air pollution modeling system
that includes the coupled effects of meteorology, pollutant sources and dispersion, photochemistry and
aerosol microphysics. and radiative processes. High surface ozone concentrations are predicted along the
slopes of the surrounding mountain barriers and in the eastern basin, as observed. The pattern of surfacs
ozone concentrations is shown to be influenced by the evelution of oxidants within the temperature
inversion that typically blankets the Tos Angeles basin. In the past, dense layers of ozone have been
observed to be embedded within the temperature inversion, but their origin has remained unexplained. The
present model simulations reproduce these and other three-dimensional structures in the ozone distribu-
tion, as documented by measurements in the basin. The high concentrations of oxidants aloft are axplained
through a detailed dynamical/chemical mechanism. High mountains surréunding the Los Angeles basin
block the dispersion of ozone and other pollutants and generally contzin them within the basin. At the same
time. vertical circulations associated with the interaction of the sea-breeze and mountain slope winds inject
pollutants into the base of the inversion and create high concentrations of ozone. PAN. nitric acid. organic
nitrates and a variety of other pollutants. including acroseols. The contrast between ozone concentrations at
the surface and in these elevated layers can be enhanced in the evening by NO emissions. which titrate
ozone near the surface. The elevated layers act as a reservoir for aged poliutants, which can be mixed
downward on subsequent days to enhance surface concentrations. The recirculation of pollutants in the Los
Angeles basiz is thus reinforced by the presence of these oxidant layers, and may be respensible for the rapid
increase in surface ozone concentrations often seen in the morning, particutarly in the eastern basin where
emissions of primary pollutants are relatively small. The impact on surface ozone concentrations of
recirculated photochemically aged air is estimated to be as high as 8 pphmv in the eastern Los Angeles
basin. These simulations represent the first quantitative description of the roie of pollutants aloft on surface
air quality. Copyright © 1596 Elsevier Science Ltd

Key word index: Urban air quality, photochemistry, ozone, tropospheric ozone, air pollution. Los Angeles
smog, mesoscale meteorology.

L. INTRODUCTION interactions of coastal air flow with complex terrain

(Luand Turco. 1995), Nevertheless, the chemical com-

Formore than five decades, the Los Angeles basin has
suffered from severe photochemical air pollution, and
remains one of the most polluted regions in the world.
The photochemical smog problem in Los Angeles is
associated with specific factors, including: (1) large
emissions of primary pollutants such as NO, and
non-metharne hydrocarbon (NMHC) within the basin:
(2) ample sunlight to drive the photochemical pro-
cesses that generate smog {rom these emissions; and
(3) meteorological conditions and local topography
suitable for the accumulation of air pollution. The
observed distributions of pollutants in the basin in-
clude distinct elevated layers of ozone, aerosols and
other ¢ompounds (e.g. Edinger et al, 1972). Such
distributions have been shown to result from the
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position of these lavers, and the recirculation of ozone
from the layers back to the surface, have never been
quantitatively described.

Episodes of ozone pollution in the Los Angeles
basin are usuvally associated with the Pacific high
pressure system that controls Southern California’s
weather much of the vear. Light synoptic winds and
clear skies are typical of conditions that prevail at
these times. Connected with the descending branch of
the Hadley circulation, subsidence within the high
pressure cell generates a strong elevated temperature
inversion over the entire region. The subsidence
inversion layer is present almost continuously during
the summer half of the vear and occurs frequently
during the winter-half as well. The inversion prevents
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materials emirtted near the surface from being ven-
tilated into the free troposphere. thus trapping pri-
mary and secondary air polluzants near the surface in
the boundary laver. The topography of the Southern
California coastal region is illustrated in Fig. 1. The
Los Angeies basin is surrounded by high mountains
on thres sides and opens to the Pacific Ocean to the
west and southwest., Because of the westerly sea
breeze, this topographic configuration leads to the
accumulation of airborne pollutants within the basin,
particularly in the =ast. Topography also stesrs air
currents that contrel the transport and eventual dis-
persion of pollutants throughout the basin {Lu and
Turco, 1994). Coastal breezes and mountain winds
are generated by strong daytime heating of land
surfaces contrasted against the cool ocean surface
nearby; these land.sea circulations play an imporiant
rode in determining the transport and distribution of
pollutanis. '

Pollutant concentrations in the Los Angeles basin
vary significantly with location. Although a large frac-
tion of the total inventory of primary pollutants is
emitted in the western region of the basin, the highest
surface ozone concentrations are commonly detected
in the eastern basin (usually in the afternoon).
Measurements of the ozone vertical concentration
profile often show maximum abundances in the stable
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layer above the base of the temperature inversion
rather than at the surface. Observations of the vertical
distmibutions of other pollutants, including partic-
ulates, reveal distinct eievated lavers above the inver-
sion base in both the western and eastern Los Angeles
basin (Edinger et gl. 1972; McElroy, 1982; Smith and
Edinger, 1984). Bv late aftarnoon. these layers blanket
the entire western basin (Edinger, 1973; Blummenthal et
al. 1978), and in the evening, they extend over the
eastern basin as well {Wakimoto and McElroy, 1986).
Similar pollutant structures have been observed in the
sourthern and central California coastal regions
(McElroy and Smith. 1986, 1991). '
The characteristics of tracer transport in the Los
Angeles zir-shed have been studied by Lu and Turco
(1994, 1993) using 2 mesoscale metecrological model.
In that work, & passive tracer was employed as a sur-
rogate for secondary poilutants such as ozone, mainly
to investigate their dispersion properties. It was
shown that interactions between the sea breeze and
mountain-induced fows control the distribution of
tracer constituents over the Los Angeles basin. Pollut-
ants found in the boundary layer in the afiternoon are
dispersed in three different ways: by advection
through mountain passes into the high desert to the
east and north of the basin; by venting inio the free-
troposphere above the temperature inversion layer;
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Fig. 1. The model compuraticnal domain and topography are illustrated. The larger map defines the area

over which mesoscale dynamical calculations are carried out. The inper perimeter indicates the domain

used for the air quality {chemistry and microphysics) simulations. Heavy solid lines indicate the coastline.

Conteur lines correspond to terrain elevations; the contour intervals are 200 m. The lines AA’, BB, CC,
DD’ and EE' give the locations of the vertical cross-sections discussed in the text.
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and by injection into the temperature inversion layer
itself. The elevated lavers of poilution mentioned
above. which are seen 10 be zmbedded within the
inversion layer, are themselves created by several
mechanisms, including: local surface convergencs
forcing vertical pumping; coupied sea-breeze/moun-
tain-slope winds that divert air into the inversion
layer: and boundary layer siabilization during the
early evening hours that isolates pollutants aloft.
Materials trapped in the inversion layer by these
mechanisms may later act as a scurce of oxidants
for processes occurring near the surface, and may
contribute to extreme ozone concentrations measured
at the ground after several days of stagnant air
conditions.

Because many factors influence the concentrations
of ozone in the Los Angeles basin. modeling studies
are needed to determine the causes of the observed
ozone distrbuton and to evaluate its environmental
impacts, Traditionally, two primary approaches to air
pollution modeling have besn taken. On the one
hand. meteorology-based studies have emphasized
the physical properties of the boundary layer and the
pathways for pollutant transport over complex re-
gional terrain {e.g. Schuitz and Warner, 1982; Ulrick-
son and Mass, 1990b; Lu and Turco, 1994, 1993).
However, such an approach is not capable of quan-
tifving the concentrations of the most important
pollutants, because chemical transformations are
ignored, On the other hand, chemistry-based “air
quality” models, such as the urban airshed modeis
{McRea et al., 1982 a, b; Russell er al., 1988; Harley et
al., 1993; Scheffe and Morris, 1993), have focused on
the prediction of surface concentrations of ozone {and
other pollutants) using simplified representations of
boundary layer physics and regional transport. Al-
though, in this latter case, the estimated error in the
predictions of hourly-averaged surface ozone concen-
trations often falls in an acceptable range of 35%
(CARB, 1992), the “meteorclogical” parameters ad-
opted in these models are represented as a number of
input ‘parameters that can be adjusted to improve the
agreement with observations. In a comparison of the
predicted vertical ozone profile to measurements,
Roberts and Main (1992) found that the O; concen-
trations aloft from their Urban Airshed Model
(UAM) simulations were under-pradicted by 30~130
ppbv. The UAM predictions showed large errors in
the western Los Angeles basin and offshore in the
morning hours, and by midday and afternoon in the
central and eastern basin as well.

Clearly, ozone concentrations are controlled both
by meteorological factors that derermine pollutant
dispersion and by chemical transformations that gen-
grate ozone from primary pollutants. Accordingly,
a coupled treatment of meteorclogy, tracer dispersion,
and photochemistry is essential for comprehensive
air quality modeling, With appropriate boundary
conditions, and rigorous validation based on local
observations. such a modeling system can be useful in
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studying the behavior of pollution in urban airsheds
throughout the world.

Lo ez al (1995b) applied such an air polluticn
model (SMOG, see below) to carry out simulations of
the 27-28 August 1987 air pollution episode during
the Southern California Air Quality Study (SCAQS)
in the Los Angeles basin. By comparing SMOG pre-
dictions to a variety of meteorological and inert tracer
observations, Lu et al. demonsirate that the mode]
quite accurately represents the cornplex thres-dimen-
sional dispersive fields of that period. In the present
work, corresponding simulations of the chemical
evolution of the regional ammosphere are used to
analyze the generation and dispersal of ozone and
other pollutants across the Los Angeles basin. Distinct
elevated layers of poliution were measured during
SCAQS, and these features are reproducsd in the
simulations, as discussed below. Although the results
presented here correspond to two specific days of the
SCAQS field program, the general structure of the
three-dimensional distributions of various pollutants
should apply to many typical summer days in the Los
Angeles basin.

In Sections 2 and 3, respectively, the elements of the
SMOG modeling system. and the procedures adopted
to carry out numerical simulations are outlined. Sec-
tion 4 presents model predictions; first, ozone near-
surface distributions are discussed in Section 4.1; next,
the vertical structure of the ozone distribution in
different areas of the basin is explained in Section 4.2;
finalty, the contrasts between the composition of pol-
luted air aloft and near the surface are discussed in
Section 4.3, In Section 3, the impact of elevaied pollu-
tion layers on surface ozone concentrations in the Los
Angeles basin is quantified for the first time. Section
6 summarizes our major results.

2. AN INTEGRATED MODELING SYSTEM: SMOG

A fully integrated air pollution modeling system—
the Surface Meteorology and Ozone Generation
{SMOG) model-—has been developed specifically for
studying air polluticn on urban and regional scales
{Lu, 1994; Lu er al., 1995a; Jacobson, 1994; Jacobson
et al, 1993). SMOG includes detailed treatments of
mesoscale meteorology, boundary layer physics,
tracer advection, convection and diffusion, photo-
chemistry, aerosol microphysics and chemistry, and
solar and terrestrial radiative tranmsfer. Ail of these
critical processes are coupled in a single model, result-
ing in a powerful tool for studying the chemical ori-
gins of and control strategies for urban and regional
air pollution. The performance of the SMOG model
has been evaluated using field data such as that col-
lected during the Southern California Air Quality
Study (SCAQS) (Lu er al. 1995b). Comparisons be-
tween simulations and observations show that
the mode! is capable of reproducing, simuitaneously,
the principal features of local and regional scale
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meteorology. tracer dispersion over complex terrain,
and the photochemical transformations of known pri-
marv pollutants.

The mesoscale meteorological code utilized in
SMOG is a three-dimensional hydrosiatic primizive
equation code (Lu, 1988. 1994) that predicts the dy-
namical and thermodynamic siructure of the armo-
sphere—e.2. winds. turbulence, temperature. humdity
and cloud felds. Previously, this model was success-
fully applied to forecast regicnal mesoscale rainfall
{Lu and Cheng, 1989), as well as to investigaie bound-
ary laver behavior in a coastal region with mountain-
ous barriers {Lu and Turco, 1994, 1993). The model
incorporates physical processes such as turbulent dif-
fusion and convective transport, water vaper conden-
sation and precipitation, solar and infrared radiation
transfer, and ground energy and water balance.

The tracer transport code that comprises the chem-
ical, microphysical. radiative and dispersion algo-
rithms for SMOG originated from research in the
middle atmosphere and planetary atmospheres
{Turco et al., 1977, 197%a.b, 1982a; Toon er al,, 1979,
19388). Previously, the tracer code was used to carry
out a number of regional and global scale simulations
(e.g. Turco er al., 1932b; Malone er al,, 1986; Toon et
al., 1987, 1988, 1989a; Westphal er al., 1988, 1991). In
the tracer code, a time spiitting algorithm is used to
calculate separately the effects on species concentra-
tons of advective and diffusive transport, chemisiry,
and microphysics. A finite-element method is adopted
for horizontal advection and a finite-difference
scheme for vertical transport and diffusion. This ap-
proach leads ¢ efficient and accurate dispersion solu-
tions with minimal computer memory demands,

The gas-phase chemistry algorithm is based on
a modified version of the carbon-bond-extended
mechanism (CBM-EX)} (Gery er al.. 1989). The photo-
chemical scheme consists of 100 species and 223
chemical reactions and photoprocesses. The concen-
trations of 93 active species are predicted in each
model cell. To overcome the extreme “stiffness” in the
eguations of chemical kinetics, solutions are obtained
using an accelerated version of the well-known Gear
solver (SMVGEAR]) (Jacobson and Turco, 1994), The
basic Gear algorithm is a multistep. variable-order
predictor—corrector scheme that is known to provide
robust and accurate solutions for reactive chemical
systems (Gear, 1969, 1971). Compared to the original
Gear code, SMVGEAR provides equivalent solutions
with an increase in computational speed of a factor of
100 or more for three-dimensional problems (Jacob-
son and Turco, 1994).

An efficient two-stream radiztive transfer model de-
veloped by Toon et al. (1989b) for vertically inhomo-
geneous multiple-scattering  turbid armospheres,
1s emploved to calculate solar and infrared heating
rates and photodissociation rates. The scattering and
absorption by acrosols and clouds are computed with
a fast Mie code (Toon and Ackerman, 1681).
The accuracy of the radiative transfer solutions for
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photodissociation rates and heating rates is typically
better than 90%.

The present tracer code also inciudes all of the
important processes that control aerosol behavior—
nucleation, ¢oagulation, condensational growth and
evaporation. sedimentation. dry and wet deposition,
chemical equilibrivm, and aqueous chemistry (Jacob-
son, 1994), However, aerosol tracers are not treated in
the present work.

3. SIMULATIONS FOR 3CAQ8

Most previous analyses of the SCAQS data and
other measurements have focused on surface condi-
tions: the general morphology of surface ozone,
ground-level distributions of other poilutants includ-
ing NQ,, and the dispersion of inert tracers released
and measured at the ground, By contrast, the simula-
tions performed here address the full three-dimen-
sional distributions of ozone during the Southern
California Air Quality Study (SCAQS) of 27-28 Au-
gust 1987. The overall model computational domains
and topographical relief for this region are illusirated
in Fig. 1. The metecrological compenent of the
SMOG model employs an 85 x 335 horizontal grid
system with grid spacing of 0.057 longitude (4.6 km)
by 0.045% latitude (5 km). The domair for the tracer
chemistry simulations centains 51x 34 grid cells
covering the Los Angeles basin and adjacent areas
nested within the meteorological domain. Twenty
non-uniform vertical layers, with the highest resolu-
tign in the lower troposphere, are used for both mod-
els in the coupled system. The cerresponding sigma
levels are 0, 0.19, 0.342, 0.462,0.357, 0.633, 0.693, 0.74,
0.778, 0.808, 0.8331. 0.83, 0.869. 0.888, 0.906. 0.923,
0.943, 0.955, 0.974, 0.988, and 1.

In the present simulations, boundary layer fluxes
of sensible and latent heat and water vapor are cal-
culated using a multi-layer hybrid boundary layer
model (Lu and Turco, 1994). A 10-layer soil modet'is
included in the computation of the surface fluxes. The

* thickness of the soil lavers are 0.003, 0.008, 0.013,

0.021, 0.034, 0.056, 0.090, 0.146, 0.237, and 0.390 m,
respectively, from the surface to a depth of 1 m. The
surface and soil parameters can be variable, but were
assumed to be uniform over land surfaces in the pres-
ent simujation (refer to Table 1 for the adopted para-
meters). Initially, the soil temperature is the same as
the initial surface temperature to a depth of i m, and
the soil moisture content is 0.16 m* per m?® to that
depth.

© The metecrological model is initialized each day at
4:00 am. PST and run for 24 h. Upper air soundings
taken around 4:00 PST are used to interpolate the
initial meteorological conditions over the entire re-
gional grid. First, the meteorological data are ana-
lyzed on horizontal surfaces. The wind components.
temperature. and relative humidity are interpolated to
the horizontal grid points specified in the model
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Table 1. Surface und soil parameters used in the model simulations

Surface roughness over land (z,) 075 m

Surface roughness over ocean {Zq) 0.001 m

Surface albedo (A) .2

Sea surface temperature (T.,) 18°C

Surface smissivity (&) 0.93

Soii saturated moisture content (W) 0.433 m® perm?
Soii saturated moisture potential (¥, =0.218 m

Seil sarurated hvdraulic conductivity (K.,,) 541%x 107" ms™!
Dimensionless exponent for seil (8) 450

Volumetric heat capacity for dry soil {p.c)
Voiumetric heat capacity lor water {p,c..)

134%10° I m K~}
2186% 10 Im™ 2 K!

domain, using a weighting function that varies as the
inverse square of the distance between the station
point and the grid point. The weighting function is
further adjusted according to the maximurn height of
the terrain berween the station point and the grid
point; hence. the presence of topographical barriers
are recognized in the scheme to reduce the influence of
measurements at stztions lying on the far side of
a2 mountain range. Finally, the analvzed fields on
horizontal surfaces are interpolated onto the moedel
¢ layers using a cubic spline method. In this study,
meteorclogical daia measured at surface stations
have not been used in the analysis of model initial
conditions.

The lateral boundary conditions for the meteoro-
logical mode! are open boundaries (Lu. 1994). To
include the effects of larger scale forcing, the model
predictions are nudged toward prescribed (observed
large-scale) values in a narrow zone along each lateral
boundary. The boundary zone has a thickness of three
grid intervals. The prescribed boundary parameter
values are the inital values interpolated within the
boundary zone. The geostrophic winds in the simula-
tion are the winds at 4:00 a.m. PST averaged over alt
stations in the region. Neither the prescribed bound-
ary values nor the geostrophic winds are changed
during 2 24 h simulation period, Therefore, the synop-
tic conditions in the early morning hours has been
assumed 1o be representative for that day. For the
chemical tracers in the SMOG model, constant inflow
and open cutflew boundary conditions are adopted,
consistent with the boundary velocity flelds deter-
mined above. To calculate the tracer inflow fluxes, the
background concentrations given in Table 2 are
assumed.

“The &ir quality simulations described here begin at
4:00 PST con 26 August 1987 and continue for three
days until 4:00 PST on 29 August. During this hree-
day period. the metzorological fields were re-initi-
alized once sach day at 4:00 PST d.e. on 27 and 28
Augusi). To initialize the three-dimensional distribu-
tions of the principal chemical tracers, surface concen-
trarions of O,, NO, NO., CO, 8O, and non-methane
hydrocarbons (NMHCs) were interpolated onto the
SMOG grid from surface measurements over the
SCAQMD network 2t 4:00 PST on 26 August. Since

Table 2. The gas-phase species concentrations used for
background values and lateral boundary conditions in the
simulations

Species name Concentrations (ppbv)

co 110
NO 0.0
NO, 1
HONO 0.01
0, 40
CH,CO,NO- 0.03
HCHO 1
C.H, 1
PAR ‘ 10
OLE 0.1
ALD? 3
TOL L1
XYL 0.6
CH,0H 0.1
CH,CH,0H 0.01
1SOP 0.01
CH. 1650

onlv three NMHEC measurements are available for
this time, NMHC concentrations at other station
points were estimated from NO, concentrations un-
der the assumption that the NMHC to NO, concen-
tration ratio is 8.8 mole C permole-NO, in early
morning ambient air (Fujita ez al., 1990). The interpo-
lated surface tracer congentrations were then extrapo-
lated from the surface upward to 970 mb (abeut
350 m above the sea level) to represent ambient con-
centrations beneath the pre-existing temperature in-
version. These initial conditions, particularly above
the surface. are quite uncertain. In fact, as this study
later emphasizes, high concentrations of ozone and
other compounds are usually found in distinct layers
above the surface in the morning hours. Our simula-
tions show, however, that the initial conditions only
significantly influence the model results during the
first day. Accordingly, our analysis focuses on the
predictions from the second and third days of the
simulation period.

The initialization of the highly reactive tracers in
the SMOG chemistry occurs automatically as the
model is spun-up during the first morning when the
photochemical processes that provide sources of rad-
icals are activated.
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The dvnamical and chemical evolution of the tracer
distddbutions depends critically on the continuing
emissions of primary pellutants over the study period.
In the present work. the California Air Resources
Board (CARB} emission inventory for 26-28 August
1987 was urilized (Allen and Wagner, 1992). For
gaseous species. the emission inventory provides grid-
ded houriy e=mission rates of CO, NO, {(NO, NQ,
and HONOj, SO, (80, and $0O.), and reactive
organic gases {ROGs) for both distributed surface
and point stack emissions. However, it has been
found that the ROGs and CO emissions are signifi-
cantly underestimated in this inventory (e.g. Ingalls
et al., 1989; Pierson er al., 1992; Fujita er al, 19932),
which can lead 1o serious under-prediction of oZone
concenirations in the Los Angeles basin (Harley et al.,
1993; Jacobson er al, 1993). Fujita er al (1992)
compared the ratics of CO and NMHCs to NO; in
the emission Inventory and in ambient air in the
Los Angeles basin. The ambient CO/NO, and
NMHC/NO, ratios in the early morning are
about 1.5 and 2-2.5 rimes, respectively, higher than
the corresponding ratics in the emission inventory.
It is reasonable to assume that the NO, emissions in
the inventory are fairlv accurate; moreover, measured
ambient concentration ratios, particularly for
CO/NO, and NMHC/NO, in the morning, approx-
imately represent the actual ratios in emissions. Ac-
cordingly, the CO and NMHC emissions in the
CARB inventory may be corrected using appropriate-
ly measured concentration ratios. In this study, the
emissions are adjusted upward based on ambient
NMHC/NO, ratios reported by Fujita ez al. {1992) for
the SCAQS period (Lu, 1994; Lu et al., 19959). In this
case, the mobile hot-exhaust emissions of organic
gases are increased by a factor of 3 and the total CO
emission is increased by a factor of 1.6. Further, the
total emissions of organic gases are scaled by a second
factor to bring the ratio of NMHC/NO, in the
total daily inventory integrated over the entire
Los Angeles domain to a value of 3.8 mole C permole-
NO, (Fujita ez al, 1990). Obviously, this adjusted
emission profile represents a first approximation,
until precise analysis can reduce the uncertainties in
emissions.

4. SIMULATED OZONE DISTRIBUTIONS

Three-dimensional ozone distributions over the
Los Angeles basin were simulated for the period from
4:00 PST 26 August to 4:00 PST 29 Auvgust 1987. The
results for 27 August are discussed in this section
inasmuch as the predicted ozone distributions are
very similar on 27 and 28 August.

4.1. Surface ozone distributions

Figure 2a—c shows the predicted distributions of
ozone in the surface laver of the SMOG model for 27
August 1987 ar 10:00, 14:00 and 18:00 PST. In the

Los Angeles basin, a large portion of NMHC and
NQ, are emitted in the western region of the basin
(Los Angeles County). However, throughout the day
ozone concentrations in the eastern basin, in the San
Fernando valley and near high mountains are much
higher than those in the western basin. Analysis of
three-dimensional czone distributions in the basin
can vield a better undersianding of the evolution of
surface ozone concenirations.

In the early morning, surface czone abundaness lie
below 1 pphmv (part-per-hundred-million by volume)
everywhere in the basin except on some mountain
slopes and near the coast. The low concentrations of
C, near the surface are caused in part by NO titration
in the stable boundary layer at night. After sunrise,
ozone concentrations increase over the entire basin.
In the early morning hours, light winds within the
boundary layver are not effective in dispersing emitted
poilutants from their source regions. However, by
10:00 PST, as the mixed layer begins to deepen, ozone
concentrations rise to & pphmv and above in the sast-
ern basin and in the San Fernando wvalley, where
emissions of primary pollutants remain relatively
small. In these regions, cur simulations suggest that
rapid increases in ozone surface concenirations are
related to downward mixing of aged polluted air aloft
(see Section 3). )

As the sea breaze develops later in the day, pollut-
ants are carried inland from the western basin toward
the east and up the mountain slopes. At the same time,
ozZone is copiously generated by photochemical pro-
cesses driven by NO, and NMHC emissions. A sharp
gradient in the ozone concentration from the coastal
region toward the inland mountains is evident by the
afiernoon {Fig. 2b). The regional mountains act as
a barrer, confining polluted air within the sxtended
coastal plain. Because of the strengthening sea breeze,
the largest ozone concentrations develop in the east-
ern basin and San Fernando valley and along the
southern stopes of the San Gabriel Mountains (in the
San Gabriel valley).

The photochemical generation of ozone diminishes
in the late afterncon. During the early evening, on-
shore breszes sweep the western basin clean (Fig. 2c).
Moreover, continuing surface emissions of WO,
titrate ozene near the ground (producing nitrogen
dioxide), thus further reducing local ozone densit-
ies. Accordingly, the maximum ozone concentrations
drift toward the slopes of thé surrounding moun-
tains. Throughout the afternoon and evening,
polluted air is transported upslope through meuntain
passes into the desert regions beyond, while some
is vented into the free troposphere. Later at night,
ozome conceniraticns near the surface are low
throughout the coastal basin. However, along the
mountain slopes, high ozone concentrations can
still be found. which are related to the elevated layers
of pollution formed over the basin during the after-
ncon and stabilized in the thermal inversion layer
at night. )
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4.2, Vertical ozone distributions and elevated pollution
layers

Surface ozone concentrations are, of course, merely
the lower boundary values of the full three-dimen-
sional ozone distribution. Figure 3 illustrates several
predicted and measured vertical ozone profiles jor 27
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August 1987. The measurements were taken from an
aircraft platform during the Southern California Air
Quality Siudy (SCAQS), in which spiral paiterns were
flown to obrain wvertical profiles (Anderson et al,
1939). The SMOG model results correspond to ozone
profiles ar grid points closest to the aircraft sampling

m L T T 1 * T T Ll ]‘ 1 1 IR ] I 1) T LR 1 1 T . rl T T 3 B

C —— Model ]
T . Aireraft .
£ o e UAM 7
ey L ]
'E = -
£ 100 §
< ot i, ]
- . : ‘:-"" -

500 B ; - -

L IR 1 i

A JE {(a) Paddr J
0'.” P SFURPRTE S B SNSRI VR BV SATSAT SATTNN N ST S S
] 50 100 150 200 250 300

Ozone Concentration (ppb)

2000 T T T T T z
C — Modsl 4

ook . e Aircraft .
—- A UAM ]
E 3
. +] - .
21000 ~ -
= I -
< r 1
E -

L {b) Hawthorme

0 NPT AN S T SN S UV A ST E S AETT T S N BT S S
U] 50 100 150 200 250 300

Ozone Concentration (ppb)

2000 [ =TT T ]
A ——— Modei :

1500 t' ....... Aircralt -

v e UAM ]
Bl :
O 5 -
=2 N N
= S0 - o E
C {c) Riverside .

o NIRRT TR T N S U ST O AU T ST S NN U TN SN S N ) BRSNS

0 50 100 150 200 250 300_

Ozone Concentration (ppb)

Fig. 3. Comparison of measured and predicted vertical profiles of ozone on 27 August 1987. Solid lines
represent the SMOG model predictions carried out for this study. Dashed lines represent aircraft measure-
ments, while the dotted lings are predictions {rom the Urban Airshed Model (UAM). The aircraft data and
UAM predictions were obtained from Roberts and Main (1992). The comparisens are for: (a} a location
15 km south of Long Beach over water, where the measurements were taken from 11:24 to 11:30 PST, the
SMOG model results are at 12:00 PST, and the UAM predictions represent an average {or the period
11:00-12:00 PST; {b) Hawthorne, with measurements from 11:08 to 11:15, SMOG at 11:00, and UAM
from 11:00 to 12:00; () Riverside, with measurements from 11:38 to 12:03, SMOG at 12:00, and UAM
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sites in space and time. Figure 3 alse displays model
simulations carried out for the final Air Quality Man-
agement Plan (AQMP) using the Urban Airshed
Model (UAM;} (SCAQMD, 1990, 1991; Roberts and
Main, 1992). In the UAM simulation, wind flelds were
obtained from the Colerado State University Meso-
scale Model (Ulrickson and Mass, 1990z) with sub-
sequent post-processing for use in UAM. The mixing
height fields were calculated by the Holzworth
method {Cassmassi and Durkee. 1990), which is based
on upper-air temperature sounding data and surface
temperature measurements. The emission inventory
used in the UAM predictions is similar to the CARB
inventory, but withour adjustments, Wagner et al.
{1992) found that the under-prediction of surface
ozone concentrations by UAM could be compensated
by adjusting the ROG emissions upward relative to
the CARB inventory. In this study, however, we focus
on the vertical structure of the ozone distribution,

Vertical ozone profiles at midday in the western
Los Angeles basin at the sites designated “Paddr” {a
flight path intersection over the ocean 15 km south of
Long Beach) and “Hawthorne” are shown in Fig, 3a
and b. The measured ozone concentrations near the
surface and above 1000 m are around 30-60 ppbv at
both sites. Very high ozone concentrations of 120-150
ppbv were detected berween 300 and 700 m at Paddr,
and more than 160 ppbv between 500 and 600 m at
Hawthorne. Similar vertical structures are predicted
by the SMOG model {Fig. 3}, although the maximum
ozone concentrations in these layers are 40-30 ppbv
lower than measured values. This observed stratified
vertical structure is suggested in the UAM simulation
for Hawthorne, but not for Paddr.

At two sites in the eastern Los Angeles basir, high
ozone concentrations were measured in the mixed
layer at midday and in the afterncon (Fig. 3¢ and d,
respectively), Above the top of the mixed layer. ozone
concentrations decreased sharply to about 60 ppbv at
both sites. SMOG reproduces the observed vertical
ozone profile at Riverside quite accurately. At Cable
Alrport, which is located on the steep southern
slopes of the San Gabriel mountains, the predicted

mixed-layer ozone abundance is abour 20% lower
than the measurements. This under-prediction is ap-
parently related to the over-prediction of the mixed
layer depth art this site. At both sites, the upper-level
ozone concentralions are also accurately simulated in
the SMOG model, By contrast, the UAM model fails
to predict the vertical structure at either of these sites.
which might be a resuit of the meteorological data
used to foree the model. or the coarser vertical resclu-
tion in that model. Neither surface nor upper-level
ozone abundances are correctly forecast by UAM.

The full picture of ozone and other pollutant distri-
butions in a complex geographical setting such as Los
Angeles basin cannot be obtained from a liraited num-
ber of aircraft sampling fights. Hence, simulations
with a comprehensive air quality modeling system like
SMOG can more clearly delineate the evolution and
patterns of regional pollution. Lu and Turce (1993)
investigated the characteristics of inert-tracer trans-
port in the Los Angeles ares and quantified the mech-
anisms that lead to the formation of contaminated
layers over the basin. In the present work, the explicit
inclusion of chemical processes leads to the prediction
of distinct ozone layvers—through similar dynamical
mechanisms—as have been observed. The mpact of
these polluted layers on surface conditions is guanti-
fied in Section 3. In the following subsections, the
vertical and horizontal structure of these ozone distri~
butions are described.

4.2.1. Lavers corering the western coastal re-
gions. Ozone concentrations projected onto a vertical
plane bisecting the Los Angeles basin from Santa
Monica Bay to the San Gabriel Mountains (path AA’
in Fig. 1) are {llustrated at two times of the day in
Fig. 4a and b. In the morning hours, residual layers
of ozone created the previous day are seen at an
altitude of about 700 m (Fig. 4a). These layers are
embedded within the stabilized temperature inversion
blanketing the region ai this time; hence, they are
effectively decoupled from the surface. Such layers
were originally created over the coastal regions during
the afternoon hours (Fig. 4b) through the intrusion of
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sea breezes onto the coastal plain {Lu and Turco, Over the coastal plain, nitric oxide emitted into
1995). As a result, 2 dense ozone layer is created at  the boundary laver partially titrates ozone near the
about 800 m by 14:00 PST (Fig. 4b), covering most  surface (by the reaction, NO + Q; = NOQ, + O;),
part of the western basin. leaving the ozone aloft unaffected. Therefore, surface
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ozone concentration is relatively low over the western
coastal region. This mechanism can enhance the
layered structure. however, is not responsible for the
lavered structure. To see this, the concentrations of
“total oxidants” (that is, O; = NO.) on the cross
section AA’ are illustrated in Fig. 3 (compare this to
Fig. 4b). A similar “plume” signature is noted in the
distribution of total oxidants, indicating that ttration
alone cannot explain the vertical structure observed
for ozone. Titration by NO may intensify the existing
vertical structure, however.

Similar pollution lavers are predicted for 28 August
1987 as well (Fig. 6). In this instance, high ozone
concentrations extend far westward over the ocean by
16:00 PST. In fact, most of the time during the two
days of this simulated event, ozore achieved max-
imum concentrations in these elevaied layers.

other important feature of the ozone distributions in
Figs 4-6 is the presence of distinct layers of ozone in
the free troposphere above the mountain ridge line.
Normally, the strong temperature inversion blanket-
ing the Los Angeles basin would prevent boundary
layer poilutants from entering the fres atmosphere.
However, forced by intense solar beating, upslope
mountain thermal winds create a chimney effect that
injects pollutants directly into the free troposphere
(Lu and Turco, 1993). In Figs 4-6, the ventilating
effect of the San Gabriel mountains resuits in the
formation of ozone plumes between roughly 2-3 km
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altitude over the Los Angeles basin (also see many of
the figures following). This mountain venting is an
important sink for pollutants within the Los Angeles
basin. Importantly, these contaminated plumes in-
jected into the free troposphere contribute to the
long-range effects of Los Angeles air pollution.

4.2.3. Layers created by near-coastal mountains.
Lu and Turco {1993) found that the combined sea
breeze and mountain flow circulation associated with
terrain adjacent to the coastline can produce extensive
layers of pollution offshore above the ocean surface.
Induced sea breezes carry relatively clean air onshore.
At the same time, air flowing up warm mountain
slopes circulates pollutants from the boundary layer
into the capping inversion layer and transports the
poilutants offshore in a re-circulation pattern. Figure
7 gives predicted ozone distributions om a vertical
cross-section bisecting the coastal Santa Ana moun-
tains {path BB’ in Fig, 1) at 14:00 PST. The layer of
poilution, generated by vertical motions, extends from
the western slopes of the mountains far offshore. The
layer contains not only ozorne, but other secondary
and primary pollutants such as nitric acid (HINOj),
peroxyacetyl nitrate (PAN), organic nitrates and
carbon monoxide. Thus, as an example, the carbon
monoxide distribution is illustrated in Fig. 8.

4.2.4. Layers associqred with surface convergence
zones. In regicns where surface air currents converge,
pollutants can be efficiently lifted from the boundary
layer into the inversion layer and free troposphere.
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Dense layers of pollution are commonly observed
niear such convergence zones {e.g. Smith and Edinger,
1984). Figure 9 shows the ozone distributions (on
a vertical cross-section following path CC'in Fig. 1) in

the vicinity of the San Fernando Valley where easterly
and westerly sea breezes converge, Polluted air from
the Los Angeles basin is transpoerted to the conver-
gence by thermally-induced easterly flow, is lofted
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owing to the convergence, and is then carried back Another prominent surface convergence occurs
in the westerly return circulation. Accordingly, a layer near Lake Elsinore, as illustrated in Fig. 10 (refer to
of ozone is formed aloft to the east of the surface path DD’ in Fig. 1). At 16:00 PST, a plume with a
convergence. peak ozone concentration of 21.5 prhmy is situated
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{Fig. 1) bisecting the Elsinore convergence zone, on 27 August 1987. (a) 16:00 PST; (b) 20:00 PST.

above the surface convergence. This plume extends
southward from the convergence at an altitude of
~ 1 km for a distance of 30 km. By 20:00 PST, lavers
- ofhigh ozone concentration blanket the entire region.
However, the ozone layers to the north (lying in the

eastern Los Angeles basin) are caused by processes
described in Section 4.2.5 below.

4.2.5. Layers in the eastern Los Angeles basin. The
evolution of ozone distributions across the entire Los
Angeles basin, extending from the coastal region to
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the @astern mountain barrier, is depicted for 27 Au-
gustin Fig. 11 (the ozone concentrations are displayed
on a vertical plane extending from Santa Monica Bay
to the San Bemardino Mountains). By 12:00 PST
{Fig. 11a), ozone concentrations at the surface show
a systematic increase from the western coast toward
the eastern mountains. The coastal zone les beneath
a distinct layer of ozone situated at abour 600 m {also
refer 1o Section 4.2.1). In the eastern basin. on the
other hand, ozone is confined to the mixed layer in
modest abundances. During the afternoon, sea
breezes transport pollutants within the boundary
layer from source regions in the western basin to
regions of accumulation in the eastern basin, Ozone is
continuously produced from primary pollutants over
this period. By 16:00 PST, very high ozone concentra-
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tions are found at the surface in the eastern regions
of the Los Angeles basin, and mountain venting is
forcing ozone into the free troposphere. In the early
evening hours (Fig. 11c), the boundary layer has sta-
bilized and photochemically-aged air is inserted into
the temperature inversion (Lu and Turco, 1994, 1993).
Cooler marine air moves injand undercutting the
warmer mixed-layer air. further emphasizing the con-
trast between ozone concentrations at the surface and
aloft. Conseguently, the entire basin is soon blanketed
by ozone layers (Fig. 11c). These ozone layers remain
over the basin during the night. Similar behavier was
se2n in the SMOG simulations for 28 August (Fig. 12).

Implications. Human health and environmental
impacts of exposure 10 ozone are directly related to its
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concentrations at ground level. The three-dimen-
sional ozone distributions described above point to
the origins of variations in surface czone abundances
around the Los Angeles basin. Early in the dav,
ground-level ozone concentrations are modulated by
the depth of the boundary layer and induced sea
breezes, In coastal regions, when marine air is flowing
onshore. ozone concentrations are limited to about
10 pphmv or iess. In general, afiernoon surface ozone

concentrations increase steadily from the western
coastal zone toward the eastern basin and inland
mounstains, as aged polluted air is drawn eastward by
sea-breezes and mountain flow. Accordingly, the
highest levels of ozone usually occur in the eastern
basin and along the southern slopes of the San
Gabriel Mountains.

During the evening, the stabilization of the mixed
layer traps photochemicaily-aged pellutants in the
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temperature inversion aloft, forming elevated layers
with high concentrations of pollutants. Below these
layers, relatively clean marine air pushes inland in the
evening hours. Further. emissicns of NO can reduce
ozone concentrations near the surface by titration.
Hence, nighttime surface ozone concenirations are
generzlly low across the basin. Nevertheless. high
concentrations of ozonme are seen along mountain
slopes that intersect clevated pollution layers. Night-
time drainage flows can also carry ozone back down
the mountain slopes.

The following morning, polluted air in elevated
layers can be entrained into the mixed layer as the
boundary layer depth grows. This entrainment pro-
cess can contribute to a rapid increase in surface
ozone ¢oncentrations even when winds are stagnant,
particularly in the eastern basin. The poteniial ozone
source is quantified in Section 3.

4.3. Chemistry of pollution layers

The pollution layers stabilized within the temper-
ature inversion are composed of photcchemically-
aged heavily conraminated air. Secondary pollutants
comprise mosi of the trace components of these
layers. Isolated from removal by dry deposition at the
surface, pollutants in these elevated layers have a long
lifetime; morecver, because mixing is suppressed at
these heights, the residence time aloft is greatly
enhanced. Thus, isolated from surface sources and
deposition, photochemical processing can proceed to
completion in these layers.
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A variety of secondary poilutarts are generated
photochemically and accumulate in the polluied
layers. Ozone and other oxidants are the most import-
ant of these compounds. Among the important sec-
ondary pollutants are peroxyacetyl nitrate (PAN),
other organic nitrates, nitric acid (HNO,), and a vari-
ety of oxidized hvdrocarbons including acrolein. An
example of the predicted vertical distribution of PAN
is shown in Fig. 13. Note that, during the evening
substantial quantities of PAN are found aloft; this
material is not subject to surface removal. Like ozone,
PAN and the other noxious photcochemical byprod-
ucts in these lavers can retwn to the surface the
following day.

High concentrations of nitrate radicals (NO;) and
dinitrogen pentoxide (N.Cs} are also found in the pol-
luted layers at night. [solated from surface emissions of
NO and NMHCs, NQj; is mainly converted into N.Oj.
N20O;in turn may undergo heterogeneous conversion
to HNO; on aercsel surfaces, inasmuch as the pol-
luted layers contain heavy loadings of particulates.

Low NO concentrations appear in the elevated
layers where O, can maintain relatively high concen-
trations. This situarion is quite different from condi-
tions at the surface, where continuing NO emissions
are trapped below the nocturnal temperature inver-
sion, aliowing nitric oxide and nitrogen dioxide con-
centrations build up near the surface at night. In this
surface layer, ozone concentrations are characteristi-
cally low, owing in part to the titratfon reaction of
NO with O4 {although this reaction does not reduce
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the total oxidant concentration). The titration reac-
tion enhances the conirast in the concentration profile
of O4 (and NO) between the surface and the elevated
layers.

Poliutants with relatively long lifetimes and domi-
nant sources in emissions are expected 10 be found
both in newly contaminated air and in aged polluted
air. Carbon monoxide. for example. appears in elev-
ated layers aloft and in air trapped nezr the surface in
the evening (Fig. 14 shows a tvpical SMOG prediction
for CO). The spatial distributions of such pellutants
are mote dependent on regional transport and disper-
sion, rather than on chemical transformations (except
for possible minor secondary photochemical sources,
as in the case of CO).

Since aerosols in polluted air are senerated prim-
arily by gas-to-particle conversion involving photo-
chemical byproducts {particularly sulfates. nitrates
and low-volatility organics), these aerosols are ex-
pected to have significant abundances in the polluted
layers stabilized in the inversion aloft. In fact, dense
aerosol layers have besn cobserved over the Los
Angeles basin by airborne lidar (e.g. Wakimoto and
McElroy, 1986}, These aerosol enhancements are co-
incident with the ozene layers described earlier.

5. POLLUTANT RECIRCULATION IN THE BASIN

Pollutants trapped in stabilized lavers can be en-
trained downward into the boundary layer during the

R. LU and R, P. TURCO

moming hours as the mixed layer deepens with solar
heating. To determine the potential impact of stabil-
ized photochemically-aged air on surface ozene con-
centrations. the SMOG model was used to calculate
the relative contributions of primary emissions and
recirculated secondary pollutants during a 24 h pen-
od. Toward this end, rwo medel runs were carried out
for 27-28 August 1987, In the first simulation (case
NE, no emissions), 2ll surface emissions were termin-
ated and initial pollutant distributions were equated
to the predicted concentrations at 18:00 PST on 27
August, obtained from a continuous thres-day simu-
lation (described earlier). Therefore, case NE repres-
ents the impact of residual aged pollutanis from the
27th on ozone abundances on the 28th. The second
simulation (case NP, no initial pollutants} includes
surface emissions, but assumes background species
concentrations initially. In the absence of aged poilu-
tants, case NP defines the pellutant concentrations
generated on the 28th owing to the primary emissions
during the 24 h period, Both the NE and NP simula-
tions were initiated at 1800 PST, at which time ozone
photochemical production is negligible. )

In case NE, ozone produced on the 27th is trans-
poerted to and stored in stabilized layers during the
evening. Some of this residual ozone (as well as other
oxidants and secondary pollutants) is mixed down-
ward on the following morning (the 28th). Figure 15
depicts the surface ozone concentrations predicted at
12:00 PST on 28 August for the case NE. The largest
values are seen in the eastern basin and east of the
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Santa Ana mountaips, where ozone levels of 6-8
pphmyv occur, Ozone concentrations peak in the area
east of the Sania Anz mountains. Over the western
regions of the basin, away from the coastline, surface
ozone abundances are in the range of 46 pphmv. The
concentrations are moderated later in the afternoon
as polluted air is gradually ventilated {rom the basin.

Another estimate of the surface effects of residual
pollutants on the 28th can be obtained by subtracting
the ozone concentrations predicted in case NP, which
includes the effects of pimary emissions but no aged
pollutants, from the concentrations simulated in the
continuous three-day run, which includes both effects.
Figure 16 illustrates these surface ozone concentra-
tion differences at 12:00 PST on 28 August. Again,
a peak abundance of above 8 pphmv is found in the
eastern basin. The ozone concentraiion reaches a
maximum value of about 6 pphmyv at 14:00 PST, and
decreases gradually later in the day. In the western
basin, the contributions of stabilized layers to surface
ozone are in the range of 2 pphmv. These amounts are
somewhat smaller than those shown in Fig. 15 in part
because ozone can be titrated by freshly emitted nitric
oxide, which is absent in the case of NE.

Both of the simulations. NE and NP, clearly dem-
onstrate the significance of pollutant recirculation in
the Los Angeles basin. During the evening, substan-
tial quantities of aged contaminated air are stabilized
in elevated layers above the basin; these layers serve as
a reservotr, and later a source, of secondary pollus-

ants. Downward-mixing the following day provides
a mechanism for delivering the stored pollutants to
the surface. This recycling process can explain the
rapid increase in surface ozong concentrations fre-
quently observed in the eastern regions of the Los
Angeles basin during the morning hours. The contri-
bution of recirculation to surface ozone concentra-
ticns is as great as § pphmv in the eastern regions.

6. SUMMARY AND DISCUSSION

An integrated air pollution modeling system
{(SMOG) has been used to investigate the relation-
ships between meteorology, pollutant dispersion, and
air quality in the Los Angeles basin (Lu, 1994; Lu et
al., 1995 a, b). In this work, the spatial and temporal
distributions of czone on 27 and 28 August 1987 have
been simulated and analyzed in detail. The highly
non-uniform surface ozone concentrations measured
in the basin are a comsequence of complex three-di-
mensional coupled dynamical/photochemical pro-
cessas, The highest levels of ozone are predicted in the
eastern basin and along the slopes of the surrounding
mountain barriers, as observed. Moreover, SMOG
simulations have revealed for the first time the role of
stabilized layers of pollution, which are a common
feature over Los Angeles, as an important secondary
source of ground-level ozone and other pollutants.
including PAN, nitric acid and organic nitrates.
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Fig. 16. Diiferences in ozone concentrations near the surfacs at 12:00 PST on 28 August 1987 between the
standard three-day simulation and the simulation in which only ene day’s emissions and chemisiry occur
starting from background conditions (case NP). The ozone contour intervals are 2 pphmv.

The impact of photochemically-aged air from aloft
on surface ozone concentrations is estimated to be as
high as 8 pphmyv in the eastern Los Angeles basin. In
fact, rapid increases in surface ozone frequently noted
in the eastern basin during the merning hours can
be attributed to fumigation from stabilized layers of
pollution. Vertical circulations associated with sea-
breezes and mountain flows lead to the formation of
these layers (Lu and Turco, 1994, 1995). High moun-
tains surrounding the basin hinder long-range disper-
sion and confine pollutants within the basin, During
the afternoon and evening, these accumuiated mater-
ials are transported to and stabilized within the tem-
perature inversion blanketing the region. The follow-
ing day, secondary pollutants are mixed downward,
enhancing surface concentrations. Accordingly, the
mechanism of pollutant recirculation and surface en-
hancement in the Los Angeles basin is a fundamental
consequence of meteorological conditions. [t follows
that other urban areas with similar terrain and cli-
mate should expenience comparable effects.

The SMOG simulations also reveal the major
pathways leading to the dispersion of pollutants from
the Los Angeles basin. A “chimney™ effect caused by
upslope winds on heated mountain slopes vents pollu-
tants directly into free troposphere during the after-
noon. As a result. layers of pollution are created in the
free troposphere. which contribute o regional and
global scale dispersion of these materials. Also impor-

tant is the advection of contaminated air over major
mountain passes bisecting the ranges surrounding
Los Angeles. In the late afternoon. pollutants are
effectively transported across the mountains, parti-
culariy through the Cajon and Newhall passes. Con-
sequently, pollutants are carried to the high desert
region where alr guality and visibility can be signifi-
cantly degraded.

An obvious conclusion of this work is the need for
validated three-dimensional coupled meteorological/
chemical models of urban air sheds. Our simulations
and analyses have démonstrated the importance of
explicitly resolving the dynamics of the boundary
layer, the coupling between the mixed layer and free
troposphere, and the interactions of air flow with
terrain in complex coastal settings. With 2 modeling
system like SMOG, the formation of stabilized layers
of pollured air and the recirculation of secondary
pollurants can be studied and understood (Lu, 1994;
Lu er al., 1993a). Moreover, the competing modes of
regional and long-range transport of pollutants can
be guantified. In this regard, model predictions are
helpful in pointing to essential field measurements
and monitoring activities that can lead to a better
characterization of air pollution. Finally, any at-
tempts to develop policies for contrelling primary
emissions and improving air quality using numerical
predictions must be based on reliable scientifically-
validated models. The capability of air quality models
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in simulating pollutant levels aloft is an important
aspect in evaluating the performances of air quality
models.
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