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In order w better vnderstand the photochemnical and meteorological processes controlling regional seale ajr
qualiry problems such as ozone formation, we have developed a three-dimensional Eulerizn modei and applied
this model to a high-pressure period (July 4 to July 7, 1986) over the eastern United States. Meteorological and
physical variables from a three-dimensional primitive-equation model are used 10 drive the transporn parameters
over a grid with 60x60 km? horizontal resolution, and 15 unequally spaced vertical layers extending from the
ground 10 ronghly 15 km. The treatment and incorporation of the dymamic model, the transport medel, surface
depesition, emission of anthrepogenic and nawral Oy precursors, the chemical mechanism for 35 individual
species, solar radiadon and the numerical methods are discussed in detail. Model performance is tested by
comparing model predicted O, concentrations with observations from the .S, Envirenmental Protection Agency
ozone-monitoring network.  Although a significan: correlation between model and observed O; is found,
systematic discrepancies aiso exist and are discussed in relation to the basic model formulation, and variability
in the observed Q5. Additionally, a comparison of time-averaged NO, and anthropogenic nonmethane
hydrocarbon (NMHC) concentrations to relatively leng term observations provides a qualirative assessment of
the model’s ability 1o simulate certain aspects of these O precursors from the few available observations. The
model is used as a diagnostic tool to analyze varicus aspects of regional scale O, formation and the budgets of
the primary Oy precursors. Czone formation over much of the continental model domain is shown to be NO,
limited. On the other hand, for midday NO, levels greater than about 4 or 5 ppbv, O, formation is gencrally
suppressed because of the low NMHC 10 NO, raties (I 10 7) that are characteristic of the emissions inventory.
Regional-scale budget analyses show that very linle NO, or NMEC is transported 10 the free troposphere for
the high-pressure conditions of this smidy and in the absence of a significant subgrid-scale vertical mixing
process (Le., efficient cumulus transport). We caleniate a net mmover time of about 1.5 days for continental
05 below 1800 m with in situ photochemical formation being balanced by photochemical loss and transport off
the American continent. The results of this work are intended to serve as a baseline for further model
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development.

1. INTRODUCTION

Ozone is a key species in the topospheric photochemistry. It
is a prerequisite in the production of hydroxyl radicals [Levy,
1971], which control the chemical cycles of many reduced gases
in the atmosphere [Weinstock and Niki, 1972; Wofsy et al,, 1972].
Without the presence of ozone, the amount of reduced gases in the
troposphere would be substantially higher than their present
concenrations. On the other hand, czone is one of the major air
pellutants that, in high concentration, can endanger health and
damage plants [National Academy of Sciences, 1977: Heck et al.,
1982; Reich and Amundson, 1985). In addition, because of its
absorption of the infrared spectrom near 9.6 mm, ozone is an
important greenhouse gas. Pertwrbation of tropospheric ozone,
particularly in the upper troposphere, may have significant climatic
effects [Fishman et al., 1979a; Wang and Sze, 1980].

High concentrations of ozone are frequently observed over large
rural areas in the industral counmies during the summer months,
especially under high-pressure systems [e.g. Cox et al., 1975;
Research Triangle Institute, 1975; Vikovich et al., 1977; Guicherit
and VanDep, 1977]. Although there is a consensas that the high
ozone concentrations are due primarily 10 anthropogenic activities
[e.g., Fehsenfeld et al, 1983}, it is not clear quantitatively how
much, various sources conaibute to the rural ozone. Potentially
significant sources for rural ozone include photochemical
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production from anthropogenic and natural precursers and direct
fansport from the swratosphere. The precursers include NG,
hydrocarbons, and CO. The emissions of these precursors are
wsually widely scattered. As a result, the distibutions of the
precursors display a high degree of variability over space and time
le.g, Logan, 1983; Fehsenfeld et al, 1988]. Since ozome

_production depends strongly on the distributions of the precursors

and the relationship between ozone production and cencentrations
of precursors is highly nonlinear [Dodge, 1977; Hov and Derwent,
1981; Liu et al., 1987), it is necessary to include realistic ransport
processes to evaluate the budget and distribution of ozone.

There have been several three-dimensional modeling efforts to
include adequate tansport and photochemical processes in
studying rural ezone buildup and other regional pollution problems
such as acid deposition [Lamb, 1983; Liu et al, 1984; Chang et
al., 1987}, With a three layer model, Liu et al. [1984] were able
1o get a reasonably good agreement berween calculated O,
concentrations and observed values of the Suifate Regional
Experiment (SURE) project in the eastern United States [Mueller
and Warson, 1982]. However, comparisons of calculated and
observed values of NC,, NO, and 5O, were not satisfactory.
They awributed the discrepancy to the short lifetimes of these
species and the limited spatial resolution of the model.

In order w study the photochemistry of rural ozone and
transfermaticn of acid precursors such as NO, and SO,, we have
developed a three-dimensional regional air quality model. The
model comsists of two major componenis: the mesoscale
meteorological module (MM4) and the air quality medule. The
general approach used in our model is similar to that of the
regional acid deposidon model (RADM) developed by the
National Center for Atmospheric Research (NCAR) [Chang et al.,
18871
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I the following sections, we first describe the structure of the
model, the numerical methods, emission inventory, photochemical
scheme and the boundary conditions assumed. We then present
a model study of the rral ozone buildup during a high-pressure
period (July 4 to 7, 1986) in the eastern United States. This
period was chosen because the clear sky and stagnant conditions
were conducive to photochemical production of O, providing an
excellent opportunity o sudy the photochemistry and wansport of
O, and its precursors.

We will compare the O, levels calcuiated by the model o these
observed by the U.S. Environmentzl Protection Agency (EPA)
ozone network [U.S. EPA, 1987]. Comparison of the distributicns
of O; precursors calculated by the model, ie, NO, and
nonmethane hydrocarbons (NMHC), to observed values cam
provide an important test of the photochemical and transpert
processes in the model. Unformmately, there are few reliable
measurements of NO, and NMHC over the rural areas of the
eastern United States. Measurements in urban centers are not
useful for comparison with the model because of the coarse
resolution (60x60 km?). Finally, an analysis of midday
photochemical O, formation and the regional-scale budgets of O
and its precursors are presented as iliustztions of the resulting
photochemical conditions determined by the air quality model and
the most recent Nadonal Acid Precipitation Assessment Program
(NAPAP) emissions inventory.

In addition, an extensive data base of O, NO, HNO,,
peroxyacetyl nitrate (PAN), natural and anthropogenic NMHC, and
other related species was obtained at a rural site (Scotia,
Pennsylvania) during this period. This allows a detailed

examination of the photochemical processes that govermn the -

relationships between O, its preciwsors, and other key
photochemical species. A companion paper (M. Trainer et al.,
manuscript in preparation, 1991} will address this subject in detail.
The present study will focus on the regional aspect of Oy and its
PIecursors.

2. MoODEL DESCRIPTION

The model system (Figure 1) contains two major components:
the dynamic and air quality medels. The air quality model then
consists of two components: a transpert model and a
photochemical model. Following Chang et al. [1987], the
dynamic model is run off-line, and generates meteorological and
physical variables that are used as input for the other 2
components. This section describes the treatment of various
processes within ¢ach model component, and how the predictive
equations are solved.

2.1. The Dynamic Model

2.1.1. The Penn SiatefNCAR mesoscale model (MM4) system.

This dynamic model is 2 three-dimensional, hydrostatic,
compressible, primitive-equation medel [Anthes et al., 1987]. The
vertical coordinate of the model is the terrain-following sigma
coordinate ‘
o= W

p

where p* = (p, - pp. p 1s the pressure at the ¢ level, p, is surface
pressure, and p, is the pressure at the top of the model atmosphere
(100 mbar). The prognostic and diagnostic variables of the
dynamic model are listed in Table 1. The model domain is shown
in Figures 22 through 2¢, and covers the eastern part of the United
States. There are 48 grid cells in the east-west direction and 36
in the porth-south direction, corresponding to 60x60 km? grid

TABLE 1. Meteorclogical Data Generated by the Dynamic Model

Variable Definition
Prognastic Variables
u east-west component of velodty
v north-south component of velocity
T lemperatare
q, water vapor mixing ratio
q. cloud water mixing ratio
4, rain water mixing ratio
r surface pressure minus 100 mbar
T, ground temperature
Diagnostic Variables
&4 vertical velocity in ¢ coordinate
Ky horizontal diffusion coefficiens
K vertical diffusion coefficients
m, mixing coefficients
Ry total rainfail
E] PBL height
K?BL level of PBL
u frictional velocity
H, sensible heat floxes
E, Latent heat fluxes

Ancillary Data Common to Dynamic, Chemical and Transport Modudes
terrain height

Iand use categories

mapscale factor at concentration points

mapscale factor at velocity points

coriolis parameters

autude of the grid points

longimde of the grid points

L, N
e na}?:l’“

resolution on a Lambert conformal map projection.  The model
has 15 vertical layers, and a Blackadar planetary boundary layer
(PBL) parameterization [Zhang and Anthes, 1982] is used m the
simulations. Half of the vertical layers are concentrated in the
lowest 2 km of the model atmosphere in order to resolve the PBL
(Table 2). The explicit moisture scheme of Hsie et al. [1984] is
used to calenlate the meisture cycle, which is necessary for cloud
waler and rainwater forecasts and the photolysis rate computations
discussed in section 2.3.3. Results from the dynamic model are
saved for incorperation into the chemical and transport models
every 30 min.

TABLE 2. Vertical Structure of the Three-Dimensional Model

Full o Half Thickness,” Height,‘ Pressure,!
Levels Lavels m m mbar
0.0 © 005 4100 13840 145
0.1 0.15 2574 10681 235
0.2 0.25 1895 8538 325
0.3 0.35 1552 6333 415
04 0.45 1323 5406 505
0.5 0.55 1157 4172 505
0.6 0.65 1033 3081 685
0.7 0.74 754 2193 766
Q.78 0.81 531 1555 829
0.84 0.365 422 1080 878
0.89 0.91 325 707 919
0.93 0.945 237 426 950
0.96 0.97 155 230 973
0.98 0.985 77 115 986
0.9% 0.995 76 38 995

1.0

*Based on U.S. Standard Ammosphere (1976).
TAssumed surface pressure of 1000 mbar.
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2.1.2. Synoptic discussion and model simulation. We have
choser: a particular 4-day peried {(July 4-7, 1986) to correspond
with a field experiment conducted by the NOAA Aercnomy
Laboratory at Scotia, Pennsylvania, for which high (>100 ppbv)
Oy concentrations were observed. The initial and boundary
conditions were mterpolated from National Metecroiogical Center
(NMC) analysis wih a successive correction techmique and
enhanced with rawinsonde data.

The synoptic scale conditions for the model initial time (00 UT,
Tuly 4, 1986) are dominated by a high-pressure system (1019
mbar) centered in western Pennsylvania, which moves slowly
toward the south-southeast. The main arsas of precipitation are
associated with a cold front from a low-pressure system in the
Atlantic Ocean, which passes the eastem seaboard on the previous
few days, and extends through the Florida peninsula. Ancther
low-pressure system is located in the southern Canada and Dakota
areas to the west of the model domain. The low-pressure system
over Canada eventally intensifies (center pressure reaching 985
mbar at 12 UT, July 6, 1986) and moves toward the north-
northeast. The major precipitating areas in the simulation perod
are around the fronts associated with this developing low and
located to the north of Pennsylvania, as well as on the southern
rim of the high-pressure system which brings moist air from the
Atlantic inte the Carolina region. During the simulation period,
the eastern United States is either dominated by the high-pressure
system or located In the warm sector of the low-pressure system
in Canada. On the last day (July 7, 1986), 2 short wave passes
through the east coast, but no significant weather is associated
with this wave. At the end of the simulation peried (00 UT, July
8, 1986) the frontal system extends from the northeastern United

States, through the Great Lakes, Wisconsin, and Missour toward
the Texas panhandle. The southeastern United Siates is still
controlled by the high-pressure system just off the east coast.

Figures 24 and 2b show the simulated and observed wind Selds,
respectively, for the sixth model layer above the surface (6=0.865
or ~880 mbar) at 00 UT, Tuly 7, 1986. The model simulates the
weather pattern very well. Both figures show anticyclonic flow
within the domain and a smaller anticyclonic feamwre in the
northwest corner at this level. The most obvicus discrepancies
between the wind fields occur when the observed wmds are light
and variable. Thus the predicted center of the large-seale
anticyclone is about 180 km northwest of that inferred from the
observations, and smaller-scale features (i.e., cyclonic curvature
over Alabama and Georgia and imbedded anticyclenic curvamre
over central Kentucky) are absent in the model-predicted winds.
Figure 2¢ shows the cloud optical depths predicted at the model
surface averaged from 9 am. to 5 p.m. EST (1400 to 2200 UT) on
Tuly &, 1986, along with the position of the surface warm and cold
fronts from the NMC analysis associated with the Canadian low
prassure systern at 2100 UT. Details on how the optical depths
are detepmined will be discussed in the photolysis and radiation
section (section 2.3.3). However, Figure 2c illustrates the
ceincidence between the observed frontal locations and the model-
predicted cloudiness associated with the synoptic features just
described.

The reason that the model simulatior for this period is carried
out only 4 days is related to the synoptic sitvation. 10 the focus of
our study on photochemical O, formation in the lowest 2 or 3 km
of the woposphere, and w the Lfetimes of the key species
important to Oy photochemistry in this altitude range. For this
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Fig. 2a. The model-predicted horizonta] wind field at the ienth model level (average pressure = 380 mbar), at 1200 UT, July
6 1986, Small increments are 5 m §™, large merements are 10 m sk
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Fig. 2b. The horizontal wind field at about §30 mbar at 1200 UT Juiy 6, 1986, derived from interpolation of the NWS radiosonde
cbservations,

Fig. 2c.

Model derived cloud optical depths integrated from the surface level to 15 km and averaged from 1400 to 2200 UT July

6, 1986, Also shown are the observed frontal locations as given in the synoptic NMC analysis for 2100 UT July &, 1986.
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meteorclogical situation, the center of the high pressure system
moves out of the majority of the model domain on July 7, 1986
with a surface low-pressure wough extending down the entire
eastern seaboard through Georgia and Alabama. Further model
calcuiation is equivalent to starting the simulation over with a new
air mass defined by the boundary conditions and is therefore not
relevant to the primary focus of this study, ie., O; formation
under z single well-defined high-pressure system. In order to
minimize the mfluence of Injual conditions, the model should be
run over a period of time that is longer than the phelochemical
lifetimes of the key species. As is shown in the O, budget section
of this paper, the photochemical lifetimes of ozone and its major
precursors averaged over the lower 2 km are all less than 3 days.
Our simulations therefore span a long enough time to allow
regional O, w0 build up photochemically.

2.2, The Transport Model

In sigma coordinates, the continuity equation for a chemically
reactive species becomes [Haltiner, 1971]
ap r)C:_aP ;’X- -m2v me'x - dp rx‘lsubgrid + p*P-Ly) o4}
where 7 is the species mixing ratdo, P and L are mixing ratio
production and loss terms due to chemistry, ¥ is the horizontal
wind speed in sigma coordinates, m is the map-scale factor and
Vs is the rectilinear herizortal gradient operator on constant G
surfaces. The species that are transported, and the formulation of
the chemical production and loss terms are discussed in the
following section. In addition w the wind feld, the MM4 model
also provides the coefficients associated with subgrid-scale mixing.
These variables include horizontal and vertical diffusion
coefficients and Blackadar planetary boundary layer mixing
parameters [Blackadar, 1979], all updated 2t half-hour intervals.
The weatment of wamsport and numerical integraticn is very
similar to that of Chang et al. [1987], except in the descripzion of
convective Iransport within the actve PBL. The horizontsl and
vertical diffusion tendency terms are expressed as .

aP'X 2 7 KHVO‘x
) = 3
K- =
op ‘xl pd oy
eal = (PK-Z) 1G]
T gittten P02 02

where V; is the horizontal gradient operator on constant sigma
surfaces and  is the air density. Horizontal diffusion coefficients
(Ky) are calculated according to wind shear derived in the
dynamic model {Smagorinsky et al, 1965]. Although horizontal
diffusion is considered, for reasons 1o be discussed with regard to
numerical integration, the diffusion coefficients derived In this
manner are usually small in comparison with the numerical
diffusion inherent in the advection scheme.

A mixing scheme [Blackadar, 1979; Zhang and Anthes, 1982]
is used to compute the tendency term within the PBL during free
convection:

ap ‘x = p*m.(r ) 5

T];Bj;.ing P omis=X ( )
where ¥, is the mixing ratic at the lowest model level. The
tendency at the lowest model layer is calculated from mass
conservation. The mixing parameter m,, as determined by MM4,
averages zround 2 x 10°> 5", and the tendency term of equation
(5} vsually dominates all other transport terms within the active
PBL. Although the average peak height for continenial areas at
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5 p.m. is roughly 1.4 km, maxirwn PBL heights as high as 2 kun
over relatively dry, cloud-free regions are predicted by MM4.
PBL heights as Jow as 70 m are predicted over the ocean, with a
diurnal average of ~ 200 m. The PBL heigm is depressed
significantly by the presence of clouds and is assumed to be zero
af night over land.

22.1. Nwnerical methods. The transport tendency due to
advection is calculated according to the iterated upstream finite
difference advection algerithm of Smolarkiewicz [1983, 1984] with
one corrective step and cross terms included. This algorithm is
positive definite, mass conserving (CDC Cyber 205 machine
accuracy of ~1 part in 102, single precision), and computationally
inexpensive bur possesses the undesirable characteristic of
appreciable numercal diffusion due to inaccuracies in the
numerical approximations of spatial and temporal gradients [Brost
et al., 1988]. We have previously analyzed this numerical scheme
and quanrified the numerical diffusion associated with horizontal
advection for real meteorological situations. Numerical diffusion
is directly related 1o wind speed and direction, as well as o the
magnitude of the concentration gradient. For our meteorological
case, we estimate an average horizontal diffusion coefficient (due
to numerical diffusion) of ~2x10° m?-s"! below 3 km, increasing
to ~7x10° m?-s? at 10.5 km in the limiting case of extremely
sharp gradients. These values are at least a factor of 10 greater
than herizontal diffusion ceefficients derived from observations of

" point sources [Gifford, 1982] and on the average are also about a

factor of 4 larger than the coefficients derived according to wind
shear {Smagorinsky er al., 1965]. The numerical diffusion
introduced by the advection algorithm certainly introduces a
degree of uncertainty in the predicted distribution of Oy and its
precursors, particularly from swong point sources. However, since
horizontal diffusion is typically of seconrdary importance at higher
altitudes because of higher wind velocities and boundary condition
dependence [Brost, 1988] and is of secondary importance below
~3 km because of the dominance of vertical mixing [Brost et al,
1988], numerical diffusion introduced by the advection algorithm
is probably secondary to other uncertainties in the meteorological
and chemical variables. This same conclusion has also been
drawn by others who have used or tested the same algorithm [eg.,
Ko er al., 1985; Rood, 1987] for stratospheric conditions. In
relation to the comparison of observed and model-predicted O,
we present evidence suggesting that uncertainties in parameterizing
vertical exchange by cloud transport are a limiting factor in the
model’s ability 1o reproduce observed Q. ‘

The sum of advection, diffusion, and mixing tendency ierms
comprise the net transport tendency, which is calculated with a
150-s dme step. The tendencies due to vertical diffusion in
equation (4) {(above the PBL and in stable regimes) are calculatad
explicitly with the 150-s time step, or sufficient subiterations to
ensure numerical stability. Similarly, the tendencies due to mixing
(equation 5) are explicitly caleulated for a 150-s time step using
subiterations that ensure better than 10% accuracy in comparison

" to exact analytical solutions of equation (5).

2.22, Treaimen:t of deposition. A fiux boundary condition for
species known o undergo significant surface deposition is
included in the model. The flux to the surface is the product of the
concentration at the first level (py) and the deposition velocity at
the surface (v,). Following the formulation of Wesley and Hicks
[1977], the inverse of the deposition velocity is the resistance to
deposition, and is the sum of the aerodynamic resistance (r,) and
the surface resistance (). The surface resistances are assumed to
be invariant with time, and adopted vajues are listed in Table 3 for
those species that are deposited.
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TABLE 3. Reciprocal Surface Resistances for Transported Species That
Are Depogited

1

Species Reciprocal Surface Resistance, cm &
N 0.5
NO, 0.4
HNO, 10.0
H,0, 0.5
CH,C0H 0.5
CHE,0 0.3
CH,CHO 0.3
PAN 03 -
SC, 0.3
PPN 03
MEX 0.3
RCHO 0.3

1 over water surfaces.

"O5 deposition veloty redaced to 0.1 e §°
The original formula from Wesley and Hicks [1977)] is valid in
the lowest few meters of the boundary layer. We use the same
formula to compute the aerodynamic resistance, and assume that
this value (r,) is valid for a thin layer from ground up to 1 m:

! n?26-5,) (6)
P TR

where z is height (taken to be 1 m), z; is the roughness length
(dependent on land use category, Table 4), £ is von Karman’s
constant (0.4) ané &* is the friction velocity. The nondimensional
concentration stratification function ¢, can be assumed to be
equal to the thermal stratification function ¢, and is caleulated
according to Businger et al. [1971] by

rm,=

Neurral conditions
9, =074

Stable conditions
0y = 074 « 4.7(%)

Unstable conditions
9, = 0.74(1. - %)'W

L is the Monin-Obukhov length, given by

N TM -3

kgw'T’

where w71~ is the surface heat flux, g is acceleration due to
gravity and T is temperature.

L=-

TABLE 4. Roughness Lengths for Different Land Use Categories

Land Use Category Roughness Length 2,5, cm

Urban land 100
Agricuiture 15
Range-grassland 12
Deciduous forest 100
Coniferous forest 100
Mixed wetland + forest S0
Water 0.00001
Marsh 20
Desernt 10
Tundra i0
Permanent ice 5
Tropical forest 150
Savannah 15

10.813

The aerodynamic tesistance for the rest of the lowest model
layer is computed by

%

ro= dz
=
lsz

where z, is the height of the lowest mode! layer. So the total
aerodynamic resistance r, is the sum of r_ and r,. By definiten
of the vertical diffusion coefficient in the surface layer,
K, = ku*z
O
the aerodynamic resistance for the upper layer r_, can be computed
as

Neurral conditions

In(z
ru =74 2l
ku.
Stable Conditions
In(z z, =1
r =74 (zy) {7y - 1)
ku* Lku™

Table 4 gives the roughness lengths for each land use calegory
specified within the MM4 model [Anthes et al., 1987], used in
calculating equation (6).

2.3. Treatment of Chemistry

The chemical species and reactions considered in this study are
essentially those of Trainer et al. {1987a]. The species considered
are listed in Tazble 5, along with the solution method for
dstermining the concentration. Those species that are ransported
have appreciably long chemical lifetimes, and the tendency due to
wansport for these species is calculated as discussed in the

TABLE 5. Chemical Species Considered, and Method of Determinarion

Determination Methed Species

.2, NO2, HNO,, H,0,, CH,00H, CO,
isoprene + ¢-pinene, CH,0, CH,CHO,

PANT, higher-alkares (>C,), SO, butanes,
ethene, higher-alkenes (>C,), PPN?, MEK®,

RCHOS

Species that updergo
‘iransport and chemical
integration

Species determined only
by chemical integration

OH, HO,, TRO,, NO; + N,0;, HO,NO,,
NO + NO,

0'D, 0y, NO, NO,, NO;, N,0;, HONO,
individual RO,, CH,00, CH,CHOO

Species determined by
equilibrium conditions

Species held at fixed

H, (500 ppbv), CH, (1.64 ppmv)
mixing ratio

05 + NO, + 2NO; + 3N,05 + HO,NO,.

*NO + NO, + NO, + 2N,0; + HO,NO, + HONO.

CH,CCO,NO,,

H,CO0,NO,.

“Methylethylketone.

7C,B.CHO.

8CH,CO0, + CH;0, + C;HyO, + GH,0HO, + C;HOHO, +
C,HC00, + CH,0,COCH; + CHO,.
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preceding section. Species calculated with the quasi-steady state
approximation (QSSA) [Hesstvedt et al, 1978] have chemical
lifetimes short enough that wansport has listle effect on their
disributions but long enocugh that photochemical equilibriurn may
rot be achieved within the 150-5 time step. O'D, the ratio of NO
to NO,, and the Creigee intermediarzs are assumed o be
controlled by photochemical eguilibrium. For computational
efficiency, use is made of species grouping [Liu, 1977].

Only gas phase photochemistry is considered within the medel
formalism. Although agueous phase chemistry is necessary for
model applications related 1o acid deposition [Chang et al., 1987],
our emphasis in this study is on photochemical oxidant formation.
A recent publication by Lelieveld and Cruizen [1990] has
addressed the importance of cloud chemistry to global models of
Qy and related precursors. Although this study shows that
aqueous chemisiry can lead to reductions in net O; formation
between 1.5 and 3 km for swmmer northern hemisphere mid-
latimde conditions with NO, levels typical of anthropogenic
influence, these reductions become significant only over time
scales longer than the 4 day pericd simulated in our model. With

VMCKEEN ET AL.: REGIONAL MODEL STUDY OF O, IN EASTERN UNITED STATES

a typical air mass cyeling frequency of ~3 hours in cloud, and 16
hours in cloud free regions assumed in their study, and the
additional inclusion of NoO; loss to clouds, the authors find a net
O, formation decrease of ~1.5 ppbv d! averaged over daytime.
Such changes would have cnly 2 minor impact on our predicted
C, below 2 km over the 4-day period Furthermore, our model
does inclnde N,Os loss (to acrosols), which accounts for a
significant fractien of the ner O formation decrease in the
Leiieveld and Cruwzen smudy. The choice of a high-pressure
system for our simulations additionally minimizes the fraction of
the model domain expected o be influenced by clouds.

2.3.1. Anthropogenic and natural emissions inventory. The most
recent NAPAP inventory for 1985 [U.S. EPA, 1989] is utilized for
anthropogenic NO_ and NMHC emissions. Sumnmertime, weekday
conditions were assumed throughout the 4-day simuiation, with
values being updated hourly. Although the 4-day period was a
weekend, we did not use the weekend emission data because it
was a July 4 long weekend. There is uncertainty in how this
holiday condition would fit mw the given emission classification
of typical weekday, Saturday, or Sunday. Average NO,

TABLE 6. NAPAP Emissicn Inventory (Averages) for U.S, Land Area Within the Model Domain

Total Area Point Mobile Lumped
Species Emission” Emission Emission Fraction®  Spedies
NO 17.9 9.2 8.67 0.683
NO, 0.826 0.495 0.331 0.669
Cco 819 73.1 8.79 0.754
voC*© 158.0 140.0 176 0.620
SC, 18.0 1.28 16.3 0.2565
Alkane(0.25-0.5)¢ 119 1.12 0.067 0.649 ] butane
Gther(0.25-0.5) .62 0.52 0.096 0.000
Alkane(0.5-1) 1.26 117 0.088 0.624 )
Alkane(1-2) 1.18 1.04 0.140 0.440
Alkane(>2) 0.133 0.124 0.008 0.293
Crther(D.5-1) 0.883 0.817 0.071 0.008
Other{>1) 0.238 0.201 0.036 0.038 ¢ higher-alkanes
Alkane/Aromatic 0.108 0.086 0.023 0.199
Aromatic(x2) Q.758 0.616 0.142 0.394
Aromatic(>2) 0.808 0.734 0.074 0.569 J
Ethene 1.26 1.16 0.103 0.454 } ethene
Propene 0.162 0.132 0.030 0.141 ]
Primary alkene 0.223 0.206 0.016 0.448 | pronene
Intemnal alkene 0.518 0.499 0.0i8 0.654
Prim/Int alkene Q.067 0.091 0.006 0039
CH,0O 0.439 0.366 0.073 0.338 } CH,0
Higher aldehyde 0.158 0.138 0.020 3.205 } CH3CHO .
CH,? 5.04 4.46 0.585 0.467
Ethane 0.410 0.348 0.062 0.452
Propans 0.413 0.364 0.048 0.323
Benzenes 0.272 0.218 0.054 0.035
Phenoi/cresol 0.031 0.174 0.132 0.000
Styrenes 0.052 0.076 0.0156 0.000
Acetone 0.114 0.080 0.034 0.000
Higher ketone 0.115 0.074 0.041 0.000
Organic acids 0.048 0.040 0.009 0.000
Acetylene 0.330 0.278 0.052 0.469
Haloalkenes 0.145 0.134 0.011 0.000
Unreactive 0.170 0.140 0.030 0.000
Other(<0.25) 0.178 0.123 0.055 0.000
Unidentified 0.397 0.383 0.013 0.857
Unassigned 0.232 0.202 0.030 0.008
NH, 2.61 2.03 0.572 0.156

AN emissions (except VOC) are in wnits of 10™ molecule m™ 5.

1

bMobile fraction refers to the fraction of area emissions due to mobile sources (i.e., automobiles),

“VOC emissions are in nanogram m'* 571,

FNumnbers in parentheses refer to NAPAP OH reactivity classes in units of 10 ppra min,

1

“Emissions of species from CH, to NH, are not included in the model
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emissions for a typical Saturday and Sunday are only ~10% and
20% below typical weekdazy emissions, while average NMHC
emissions are reduced 24% and 35% [U/S. EPA, 1989]. Sincs
uncertainties in the emissions of these species, regardless of te
day-of-week classification, are much higher than these changes,
and more waffic is expectad for a holiday weekend than a rypical
weekend, we have chosen to adopt the weekday emissions
scenario. Table § gives the diurmal averages of the various
NAPAP emission classes over the continental region of the model
domain, as well as the parttioning of these sources it the
species used within the model. The NAPAP inventory is divided
berween emissions from height-resolved individual stacks or point
sources (~34,000 individual points within the smdy area), and
mobile or nonmebile area sources averaged over 1/4° longitde by
1/6° latitude (~20%x20 km?) grids. Mobile area sources represent
emissions due w0 all forms of motorized vehicles, while the
nonmebile area sources are emissicns from all other anthrepogenic
sources, as well as ground level industrial sources that emit less
* than 3 tons per year of total hydrocarbon (THC) or NO,, and
industrial stacks that emit less than 100 tons per year of THC or
NO,. Asis evident from Table 5, mobile area emissions account
for a significant fraction of the anthropogenic alkanes and alkenes
and for ~35% of the total NO,. The point scurces dominate SO,
emissions and comprise 43% of the total NO, but conmribute little
to the NMHC emissicns. The spatial diszibution of the diurnally
averaged point plus area emissions for NO,_ and butane averaged

10,817

over the model grid size of 60x60 km? are shown in Figures 3a
and 35, respectively. Seventy percent of the butane emissions are
from mobile sources, which is reflected in the congruence of high
emissions and populated urban centers in Figure 35. The pattern
of NO, emissions exhibits influence from both of the area and
point source calegories, as is shown in Figure 3a. Large emissions
associated with coal-fired electricity-generating facilities account
for a significant fraction of the NC, emitted throughout the Ohio
River valley.

The natural emissions of isoprene and ¢t-pinene are based on
the most recent EPA data for land use and forest type. The EPA
land use data is in terms of land area per 1/6° latitude by 1/4°
longitude grid for each vegetatve type. The emissions from
deciduous and coniferous forests are derived according to Lamb et
al. [1987]. Following this procedure, each forest type is divided
into four vegetative categories. These include high isoprene, low
isoprene, deciduous with no isoprene, and coniferous ernitters.
The vegetation bicmass factors of Lamb et al. {1987] (units of
kilograms per hectare) are used to convert hectares of forest type
into kilograms of biomass for each vegetative category and for
each model grid. Emission factors relating individual NMHC 1o
the four vegetative categories (units of pg gt mly for the forested
arezs, and emission factors relating NMHC amounts to crop type
(2g m™ hr'Y) are those used by EPA for compiling ratural NMHC
inventories (T. E. Pierce, Atmospheric Sciences Modeling
Division, personal communication, 1989). Besides isoprene and
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Fig. 3a. Diumally averaged NO, emissions for a summertime weekday, from the NAPAP 1985 (version 5.2) emission invente
with the 60x60 km model resolution. Both area and point sources are included. Emissions are in units of 101* molecule m™ s7E.
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Fig. 3b. Diumally averaged butane emissions for a summertime weekday, from the NAPAP 1985 (version 5.2) emission mvemor?r
with the 60x60 km model resolution. Both arca and point scurces are included. Emissions are in znits of 10" molecule m? s

o-pinene, the EPA data also account for monoterpenes other than
O-pinene, and an unknown component that is assumed to be
unreactive. The different forest type and crop categories,
individual NMHC fractions, and fractional area coverage are
shown in Table 7 for 30°C conditions. These data are not
corrected for cloudiness or canopy effects but clearly indicate the
predominance of deciduous forests as the main isoprene source,
Averaged over the model domaim, ¢.-pinene emissions are mostly
emitted by coniferous forests, but deciduous forests and corn crops
also make significant conwibutions. The temperature dependence
of isoprene and ¢-pinene emissions are also taken from Lamb et
al. [1987]. The light intensity dependence of the isoprene
emissions and canopy correction terms o account for the reduction
of light by foliage are those of Jacob and Wofsy [1988].

The inchusion of natural NO, emissions within the model is
based upon the NO flux measurements of Williams et al. [1987,
1988]. Because of the observed strong dependence of the NO
emissions on scil nigate and soil moisture, which are two
quantities not treated within the model, we have simply assigned
a natural NO emission of 1.2 x 10'* molecules m™-s™ 1o all grids
over land. Although this assignment will overpredict natural NO
emissions in forested areas, and underpredict fertilized crop areas
[Williamns et al., 1988), it is represeniative of grasslands and
pasture, which comprise a large fraction of the relatively sparsely
populated western portion of our model domain. Since the
assigned value is less than 5% of the average anthropogenic NO,

emission (see Table 6), the influence of the namral emissions is
generally negligible.

Emissions from both nanwral and anthropogenic sources are

incorporated into the model as grid averaged productioni terms
within the chemical module. Anthropogenic point sources are
partitioned vertically according to stack height, while all other
emissicns take place in the bottom layer.
23.2. The chemical mechanism. A standard reaction scheme for
CH,, €O, H,0, Oy, and NO_ chemistry used in our calculations
has been discussed by Liu et al. {1980]. Reaction rates for this
scheme have been updated to Jet Propulsion Laboratory (JPL)
[1987]). A complete list of reactions and their rates is presented
in Table §.

Also listad in Table 8 are the reaction mechanisms and rate
constants of the NMHC. Since explicit treatment of the NMHC
in the three-dimensional model is prohibitively expensive in terms
of computer rescurces, lumping technigues are needed to simplify
the organic chemistry [e.g., Dodge, 1977; Atkinson et al., 1982;
Lurmann et al., 1986; Stockwell, 1986; Gery et al., 1989). The
chemical mechanisms for the anthropogenic NMHC and isoprene
in this study are based on the smdy of Atkinson et al. [1982], with
the updated modifications recommended by Lurmanrn et al. {1986].
However, unlike the Lurmann et al. mechanism, we include an
alkane class (higher alkane) that represents >C, alkanes other than
butane, similar to the original Adkinson et al. scheme. This
chemical mechanism is like the RADM mechanism [Stockwell,
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TABLE 7. Total Hydrocarbon Emission Rates and NMHC Fractions at 30°C, and Land Surface Fractions
for Different Vegetative Types

Vegetation Emisgion ~ Monoterpene -Pinene Isoprene Unknown Fraction
Type pg m- hrl Fraction Fraction Fraction Fraction of Area®
Qak forest? 4256.2 0.028 0.026 0.731 0215 0.1529
Deciduous” 3356.3 0.058 0.052 0.627 0.262 0.2056
Coniferous” 3106.3 0.235 0206 0.24 0.320 0.1513
Alfalfa 37.9 Q1 0.1 0.5 0.3 0.0151
Sorghum 394 0.25 0.25 0.2 0.3 0.0043
Hay 189.0 Q25 0.25 0.2 0.3 0.0384
Soybeaa 222 0.0 0.0 1.0 " 0.0 0.0629
Com 3542.0 ol 0.1 0.0 0.8 0.073%
Potatces 48.1 02 025 0.0 0.5 0.0016
Tobacco 254.0 01 0.1 0.0 0.8 0.0010
Wheat . 30.0 Ql 0.1 05 0.3 0.0173
Couen 37.9 025 0.25 0.2 0.3 0.0036
Rye 37.9 0.25 025 0.2 0.3 0.0002
Rice 5100 025 025 0.2 0.3 0.0021
Peanuts 510.0 025 025 0.2 0.3 0.0011
Barley 37.% 025 0.25 0.2 0.3 0.0025
Oats 379 025 025 02 0.3 0.0196
Range+Scrub 18%.0 0.25 0.25 0.2 0.3 0.0035
Grass 281.0 0.25 0.25 0.2 6.3 0.1542
Urban grass 281.0 0.25 0.25 0.2 a.3 0.0086
Other crops 37.9 025 025 02 0.3 0.0237
Water 0.0570

20ak, deciduous, and coniferous forest type daia were calculated using the weight factors for the four
vegetalive categories of Lamb et al, (1987] and the NMHC species emission factors for these categories from

the EPA (T. E. Pierce, private communication, 1989).

*Deciduous refers to deciduous forest canopy other than oak.

Coniferous refers to coniferous forest canopy.
dfraction of area refers 1o the fraction of land area.

1986], in that species are grouped according to OH reactivity.
Thus the 1985 NAPAP emissions inventory, designed for RADM
applications, is directly applicable. The assignment of 1985
emissions classification into the lumped NMHC adopted here is
shown in the last column of Table 6. The NAPAP emission
inventory {Table 6) provides only limited information on the
composition of the NMHC, so a detailed classification is not
warranted. Furthermore, because the emphasis of our study is on
the rural atmosphere, the extremely reactive NMHC such as higher
aromatics and higher alkenes are lumped into less reactive NMHEC
groups as described below. The dominant species within each of
the NAPAP lumped categories are enumerated in Table 9.

For the butane class within the model, it can be seen from
Table 6 that the other alkane(0.25-0.5 OH reactivity) class, which
is dominated by ethyl alcohel, accounts for nearly 50% of the
emissions. The OH reaction rate assigned to the model higher-
alkane class is taken to be that of hexane, or nearly 1x10* ppm'1
min’!, which corresponds to the emission weighted OH reaction
rate of the alkane classes above C4 (Table 6). The aromatic{<2.0)
class is dominated by toluene emissions which also have a similar
OH reaction rate [Atkinson, 1985]. Assigning the aromatic(>2.0)
NAPAP class to the higher-alkane model class certainly
underestimates the net reactivity close to emission sources, but the
high reactivity of these species implies that concentrations will be
generally quite low and unimportant as primary precursors to O,
formation inn rural areas. There are, however, several intermediate
carbonyls and organic nitrates generated in the oxidation of the
species within the aromatic classes [Atkinson, 1985; Caivert and
Madronich, 1987] that are inhereatly neglected within the lumped
species approach. Since the intermediate ketone of the higher-
alkane class is assumed to be methylethylketone [Lurmann et al.,
1986}, which has a longer lifetime then the carbonyls generated by

the aromatics, the O, formation potental is relatively more diffuse
for the fraction emitted as aromatics. We have performed tests
with the threa-dimensional model that have the reactivity of the
higher-alkane class increased by a factor of 4, While O, close to
urban areas is sensitive to this medification, regionally averaged
O, is only inflzenced by a faw percent. Thus the results of this
study pertaining to rural Oy formation are not particularly sensitive
to the loss of reactivity inherent in our lumping approach.

For the model propene class, the NAPAP primary alkenes are
dominated by butene emissions, which have an OH reaction rate
only 20% higher than propene. However, the intemal alkene class
consists of species that are 2 w 3 times more reactive than
propene. Congistent with the mechanism of Lurmann e al.
[1986], these highly reactive alkenes have been lumped into the
propene class. Similar o the arguments for reactive aromatics,
these species are not expected to contribute significantly outside
of urban areas. Although simplifications necessary in deriving a
manageable set of reactions to describe the oxidation of
anthropogenic NMHC inherently introduce a degree of uncertainty,

“we believe that the essential features concerning their role in rural

O, formation are captured by the mechanism.

The isoprene oxidation mechanisms of Killus and Whitten
[1984] or Lioyd er al. [1983] are restrictively complex for direct
inclusion into three-dimensional calculations. As z consequence,
we keep the reaction rate constants of isoprene but assume the

-products of propene oxidation with OH and Q5 as surrcgate

products for the equivalent isoprenme reactions in & manner

‘consistent with the condensed version of Lurmann et al. [1986].

The applicability of the propene surrcgate mechanism was tested
by using the one-dimensional photochemical model of Trainer et
al. [1987a] w compare calculations with the condensed version
against the fufl mechanism of Lloyd et al. [1983]. For
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TABLE 8. Reactions in the Three-Dimensional Model

Number Reaction Rate Notes”
QXD OID + Ml = C°P + M] 2871
(8 OD+H,0—0H+OH 2210
(i) O+ <:H4 — OH + CH, 0.1
(12) OH+ CH, - H,0 + CH, zgﬁ 17T
(13) OD+H, >OH+H 1
(135) OH -+ HI? - H0+H 5.5712,-2000T
(17a) OH+CO— H+CO, 1_5'13(1 .50,
(18) OH+ HO, » H,0+ 0, 4611201
(19) OH+ 0, - HO, +0, G 12e0rT
@1) O+ HO, - OH + 202 1.1714,500T
(22) HO, + HO, » H,0,+ 0, 2380, ) T 100
x(Iz-z-l 412201 o)
(23) OH+H0, - HO 0 337220
24) HO, +H\%o L OH - vg; 3 T‘2e2‘°"r
(26) 0, +NO - NO, + 0, 2.0712, 1400
(29)  OH + ENO; »H,0 + NO, i:0+{b3[M]l(1+kj[\/I]ﬂc_g] k of JPL [1987]
(30) COH + NO, —» HNO, Troe expression
(41) NO + NO; — 2NO, 10T
(43) O3 +NO, - NO;+ O, 1,413,500
(44) NG, + NO3 = N,0s Troe expression
45)  N,O5 - NO, + NO; RA4/(:. 1-27 1120017y
(46) NO, + NO, > 2NG, + O, 8,518, 2450 Cantreil et al. [1985]
{(47)  HO, + NO, = 0. 6(OH + \402) 0. GHNO; 2. 12, non Hail et al. [1988]
(50)  CH,0 + NO; — HNO; + HO, + CO 026 :
(51)  NO; + isoprene — organic aitrale 3.0712,450T Dlugokencky and Howard [1989]
(52) NOj + C;Hg — organic nitrate 4083 Recommended rate and products of Lwrmann et al. [1986]
(53)  NO; + CHyCHO - CH;COO, + HNO, 1471271900
(63) HO, + CH,0, —» CH,0CH + G, 7771815007
(64)  CH0, + CH,O, —» 2HO,+ 2CH,0+ O, 19713207
(65) CH;O0H + OH - 0.56(CH;0, + H,0) 1o
+0.44(CH + CH,0)
(66) CH;0, + NO Jgizoz + CH,0 + HO, 4,212,180
(68) OH+ CH,0 - H,0+ CO + HO, 1o
(71)  HO + NO —» HONO Troe expression
(72)  NO + NO, + H,0 — 2HONO 6.0 Atkinson and Lioyd [1984]
(73)  Ny05 + HyO = 2ENO, 1.0%
(C71) HO, + NO, — HO,NO, Troe axpressmn
(C74) HO,NO, = HO, + NO, RCT1x4.76%5710900T
(€73) HozNo2 +OH > \ro2 E,0+0, 137123807
(75}  OH + SO, — 80,7 + HO, Tree chrcssmn
(76)  NO, + NOy = NO + \o + 0, 2.5 14,1230 Atkinson and Ligyd {1984]
() CHsO, + CH,C00, — CH,CO, + HO, 101 Moorigat et al. [1985a}
+ CH,0 + €O,
(78)  CH,COO, + CE;COC, = 2CH;0, 2512 Moorigar et al. [1989a]
+0,+ CO
(79) OH FPAN B products 123772554 Wailington et al. [1984}
(80)  OH + CH,CHO — CH,CO0, + H,0 65712250
(81)  NO, + CHyCO0, + [M] — PAN + [M] i Atkinson and Lioyd [1984]
(82)  PAN — CH,CO0, + NO, 2,018 1554 Atkinson and [loyd {1934]
(83) NO + CH;CO0, - CH;0, + NO, + CO; 4272130 (Regy
(84)  OH + higher-alkanes — BUTO, 2 0‘“ 36017 Recommended rate and products of Lurmann et al. [1986]
(85) NO + CHsO, = CH,;CHO + N0, + HO, . 42712187 RES)
(8%) OH+CH,,— BUTO, 1 68‘11 ~558) Recommended rate and products of Lurmann et al. [1986]
(85) NO + BUTO, = 0.9NO, + 0.1(RCHO 42712380 Reg)
+ org. mit) +0 3{C,H;0, + CH,CHO)
+ 0.6HO, + C.4TMER
(50) OH+(CH, - ETHYO, Troe ex ss:on
(©1)  NO + ETHYO, —2CH,0 + NO, + HO, 4271210 Reg)
92) OH + C;H, — PRPYO, 417125447 Recommended rate from Atkinson et al. [1979)]
(3) NO + PRPYQ, — CH,CHC + CH,0 4.2'12 180T (R66)
+NO, + HO,
(94) Oy + CH, - CH,0 + 0.4CH,00 1.271472633T Recommended rate and products of Lurmarn ef al. [1986]
+ 0.12HO, + 0.42CO + .06CH,
+ 0.21H,0 + 0.18CO, + H,
93y O+ CyH, — 0.52CH,0 + 0.2(CH,00 13-, 2105 Recommended rate and preducts of Lurmann et al. [1936]
+ CH;CHOO) + 0.10H + 0.21CH;0,
+ 0.5CH,CHO + 0.33C0 + 0.23HO,
©7)  NO + CH,C0 —» NO, + CH,O 7012 Recommended rate and products of Lirmans et al, [1986]
©98)  NO, + CH,00 — NQ, + CH,0 708 Recommended rate and products of Lurmarn et al. [1986]
99) so2 + CHy 00 - s.o4 + CH,0 7.0 Recommended rate and products of Lurmann et al. [1986]
(100) CH,00 + CI-I O — produezs 14i Recommended rate and products of Lurmann et al. [1986]
(101) CH,00 + HZO -» CHOOH + H,0 4078 Recommended rate and products of Lurmann et al, [1986]



MCKEEN ET AL.: REGIONAL MCDEL STUDY OF Q4 IN EASTERN UNITED STATES

10.821

TABLE 8. (continued)

Number Reacien Rate Notes™
(102) NO + CH,CHOO — NO, + CH,CHO 701 Recommended ratz and producis of Lurmann et al. [1986]
(103) NO, + CH,CHOO — NG, + CH,CHO 707 Recommended rate and products of Lurmann et al. [1986]
(104) S0, + CH,CHCO —= 50,~ + CH,CHO 7.0';4 Recommended mate and products of Lurmann e al. [1986]
(105) CH,CHOQ + CH,0 — produets 1.4 Recommended rate and products of Lurmann et al. [1986]
(166) CH,CHOO + HyO — products 4.0‘32 Recommended rate and products of Lirmann et al. {1986]
{109) HO, + RO,* — CH,00H 3.0'_;2 The mate is that suggested by Lurmann 21 af, [1986].
(105b) HO% 12-5 %%288%{ - 8_3';5CH3OOH 3.0 Predocts from Moeortgat et al. [%9896']. The rate is that
+ 0. +* sugpested by Lurmann et al. [1986].2
(110) OH + RCHO — RCCO,- 9.0'12;1“0” Recommended rate and products of Lurmann er al. [1686]
(111) NO, + RCOO, + [M] — PPN + [M] 4772 R81) The raie is that suggested by Lurmann et ol. [1986].
(112) PPN — RCOG, + NO, 2075155 Rez) Recommended rate and products of Lurmann et af. [1586]
(113) NO + RCOO, = NOy + C,H,0, 42712180 Re6) Recommended rate and products of Lurmann et al, [1986]
813 I?rg + ﬁgx S \I)E)Oz CH.CHO  CHLCO0, igg‘gfs?rf ®66) Recommended mate and products of Lurmann et al. [1986]
+ o = NU;y + 3 + 3 o €
(141) CH + isoprene — PRPYO, 1571500 Recommended rate and products of Lurmann ef al. [1986]
(143)  Q, + isoprene — same as Og+propene (R95) 707151900 Recommended rate and preducts of Lurmann et al. [1586]
(144) N,0; + aerosol Hy0 — 2HNO, surface area + humidity
- dependenced

Photolysis Reactions in the

PO3) Oy+ hv 5 0P + 0,

(PO3D) Oy + hv = O'D + O,

(PH202) H,0, + v — OH + OH

(PNO2) NQ, + hv + Oy —» NO + O,

(PHNO3) - HNO, + Av — NC, + OH

(PHO) CH,O + v + 20, = CO + 2HC,
{PH2) CILO+ v > CO +

(PNO3) NC; + v — 0.39(NC, + O) + Q1ING + Oy)
PN2035) N,Og + kv — NO, + NO,

(PHNO2) HONQ + hv — NO + HO

PPOX) BO,NO, + hv — NO, + HO,
(PCH3CH) CH,CEO » kv — CH,0, + HO, + CO
(PCCH) CH,00H + kv — CH,0 + OH + HO,
(PMEX) MEK + &v — CH4CO0, + GHL0,
(PALD) RCHO + hv — HO, + GHO, + CO

Three-Dimensional Modei

same as (PHO) (Carter et al., [1979])
same as (PCHICH) (Carrer et al., [1979])

"Unless otherwise stated, reaction rates or photolysis cross sections and reaction products are from JPL {1987].
RO, stands for the individual RO, species listed in Table 5, with the exception of CHy0;, and CH;COO,.

P The actual product of the dominant branch is CH,CO{OOH), which is
‘RCOQ, stands for the peroxy propiony! radical C,H,COC,.

e aerosol surface area at the lowest three layers is taken to be 1%10°% em? e

lumped in the mechanism with CH;OOH.

? according 10 average continental background conditions [Whithy,

1978). The aerosol surface area is assumed to decrease linearly with height to a value of 1x107 at the top of ropopause [Turco et al., 1981]. The
sticking coefficient is assumed to be (.05 for relative humidities above 40%, and 0.0 below, according to Mozurkewich and Calvert [1988].

hydrocazbon and NO, conditions typical of a rural site in the
eastern United States, minor differences were found berween the
two mechanisms in terms of OH, RO;s, O5, and O production
rates (Trainer, unpublished results, 1689), justifying the use of the
simplified mechanism for a reasonable range of conditions. The
reaction products of erpene oxidation are less well known [Lioyd
er al., 1983], Here we treat the oxidation of the terpenes like that
of isoprene. Averaged over the model domain, terpene emissions
account for ~30% of the natura] NMHC emissions during daylight
hours, when NMHC has an influence on O; formadon. The
primary terpene, o.-pinere, has an OH reaction rate that is about
half that of isoprene. However, more recent natural NMHC
emissions estimates (B. Lamb, private communication, 1989)
suggest that the isoprene emissions used in this study could be
underestimated by a factor of 2 or more. Additionally, isoprene
emissiens for the grid containing Scotia, Pennsylvania, would have
to be at least a factor OF 4 larger than those used in this study to
be consistert with observed isoprene levels [Trainer er al., 1987b,
manuseript in preparation, 1991]. Therefore uncertainties within
the emission rates of isoprene dominate any uncertainties
associared with the treatment of the oxidalion mechanism or
reactivity of the terpenes.

TABLE 9. Dominant Species Within NAPAP Lumped Catego
{U.S. EPA, 1989]

ries

Category Dominant Species

Alkanes {0.25-0.5}
Alkanes (0.5-1.0)

a-butane, iso-butane, 2,2-dimethylbutane
iscpentane, n-pentane, hexane, pentane isomers,
22 4-trimethylpentane, 2-methylpentane

Alkanes (1.0-2.0) cyclohexane, heptane, C-7 cycioparaffins,
methycyclopentane, 2,4-dimethyihexane, octane

Alkanes (>2.0} n-pentadecane, 2-methyldecane, n-dodecane

Alkane/arcenatic mix naphtha, mineral spirts

Primary alkenes butene, 1-pentene, 1-hexene, methyl methacrylate

Internal alkenes 1,3-butadiene, 2-methyl-2-butene, trans-2-pentene

Primary/Itemal isomers of pentene, C-10 olefins, C-5 olefins

alkenes

Aromatics (<2.0}
Aromatics (>2.0)
Cthers (0.25-0.5)
Others (0.5-1.0)
Others (>1.0)

toluene, ethylbenzene, n-propylbenzene

o-xylene, p-xylene, 1.2,4-trimethyibenzene

ethyl alcohol, dimethyl ether, isopropyl acetate
isopropyi alcohol, n-butyl acetate, n-propyl acetate
glycol ether, propylene glycol, buylcellosolve

Numbers in parentheses refer to the OH reaction rate in amits of 10*
pPpm min™, and the individual species are ordered according to the
contribution by weight.
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In keeping with the Lurmann er al. [1986] mechanism, crganic
nitrates are formed from the higher-alkane RC, - NO reaction and
the NO, reactions with propene and isoprene. Within the
mechanism, organic nitrates are assumed o be a sink for NO_ with
no mechanism for et o reactve nivogen. Buhr er al. [1990]
have reported a 1 to 2% NG, corrribution due t¢ C, to C alkyl
nitrates at the Scofia site, which are expected to have lifetimes
greater than 5 days [Roberts, 1990; Atkerton and Perner, 1990],
However, organic nitrates with lifetimes much shorter than a few
days certainly exist [Roberts, 19907 and may contribue to the 15%
of the unaccounted reactve nitrogen observed at the Scotia site
[Buhr et al., 1990) as well as other locations [Fahey er al., 1986].
The incomplete wearmen: of organic nitrates introduces additional
uncertainty into the chemical mechanism, particularly with respect

to the influence of such species on NO_ and refated O, formation -

in rural regions that are influenced by long distance transpert from
wban actvity. However, since the mechanisms and preducts
associaied with the removal of many organic nitrates, as well as
their relative conmribution, are stll unknown, this sumplistc
treatment is scmewhat justified.

2.3.3. The treatment of radiation and photolysis. Solar radiation
and the influence of clouds are considered within the
parameterizations of isoprene flux and the photolysis reactions
listed in Table 8. The explicit moisture scheme of Hsie et al.
[1984] allows the cloud water mixing zatics 10 be determined at
each model grid. Following the approach of Chang <t al. [1987],
assuming a mean cloud drop size (10 pm) allows a determination
of the optical depth and energy Tansmission coefficient for each
layer. The species dependent correction to the clear sky
photodissociation rates are also used from that swdy to
parameterize below-cloud or above-cloud conditions. Muldple
cloud levels are treated by assuming a random distribution of
cleudintess within each cell, and applying probability fractions to
above- or below-cloud conditions based on the percent cloud cover
at each grid above and below a given layer. The percentage cloud

cover at each layer is parameterized in terms of the relative

humidity according to Geleyn [1981]. Thus each layer contains a
fraction that is clear, a fraction below, and a fraction above cloud,
from which the species dependent photolysis corrections of Chang
er al. [1987] are applied proportionally. Cloudiness influences on
the isoprene emissions is estimated by assuming that the spectrally
integrated actinic flux is proportonal to the NO, photolysis rate.

Clear sky photolysis rates are determined by the multiple
scattering routine of Anderson and Meier [1979] and updated
every 30 min. Wavelength dependent photon fluxes, Rayleigh
scattering coefficlents, and O, photodissociation cross sections
from World Meteorological Organization {(WMO) and NASA
[1985] are used m the calculations. The stratospheric Og
distribution [Dittsch, 1978] and the temperature profile [Louis,
1974] for summertime at 40° N are used as ambient conditions
(total O column = 310 Dobson units (DU)). Secattering due to
aerosols s also included, with an assumed visual range of 25 km,
and appropriate comections made to the isowropic scattering
formalism [Anderson et al,, 1980]. The ground albedo is taken to

be 0.05, and photolysis rates are calculated for assumed surface

elevations of 0; 1 and 3 km for interpolation within the rmodel
domain according to orography.

2.4. Compuational Procedure

Because of limitations on the available core memery of the
computer, the time integration of the transport and chemical
processes must be calculated independenily over the three-
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dimensional domain. The technique and justfication for
employing the "time spliting” of chemical and transport operators
has been described by McRae et al. [1982]. Following this
approach, the time integration of equation (1) is performed in the
following steps. The chemnical production and loss terms are
calculated frst. ‘The wansported and short lived species are
integrated over a 150-s time step by the chemical operator. The
resulting felds of transported variables are then integrated for a
150-s time step by the wansport operator to yield values for an
assumed net fime step of 150 s. Although consecutive operations
of chemistry and then wansport are not symmefric with the
numerical .schemes employed, the resulting fields of chemical
species caleulated with the order of the operations reversed are
essentially identical after several hours of integration.

The tendency due to chemistry is calculated using a modified
form of the quasi-steady state approximation (QSSA) method,
which has been shown to yield maximum deviations from exact
solutions of 1-2% for time steps of 30 s [Hesstved? et al., 1978].
With our modifications and a time step of 150 s we estimate
maximum deviations of <8%, occurring near sunrise or sunset.
During other times of the day, predicted comcentrations are
insensitive to time step sizes less than 150 s.

3. RESULTS OF THE MODEL STUDY

The primary focus of this study deals with the regional aspects
of O, formation over the eastern United States for a particular 4- -
day summer time period. We first present the model-predicted
O fields, and compare those to available observations taken at
various locations within the model domain. We then compare the
limited sets of summertime NO, and NMHC observations with
those predicted by the model o confirm that regional variations of
the O, precursors are also adequately simulated. The model is
then used as a diagnostic tool to examine the budgets of Oy and
its precursors for this particular time period within and above the
PBL. In contrast to the regicnal scale aspects of O, presented in
this work, a2 companion paper (Irainer et al., manuscript in
preparation, 1991) will focus on 2 comparison of model results
with an mtensive field study conducted at Scotia, Pennsylvania,
during June and Tuly 1986.

3.1. Comparison ?f Model and Observed Ozone
on a Regional Scale . .

The U.S. EPA has organized and operated a network of
monitoring stations, originally named SAROAD (Storage and
Remieval of Air Quality’ Data} but now termed AIRS
(Aeronometric Information Retrieval Systems) that dates back to
the early 1970s. Measurements ‘of Oy, NO,, SO,, NMHC, and
other chemical species are available for nearly 200 sites with up
to hourly resolution [I.5. EPA, 1987]. Since there are questions
about the accuracy of the NO, measuwrements [Fehsenfeld et al.,
1987], and since most of the NO, and NMHC measurements are
confined to urban areas, we focus solely on a comparison with the
ozone network which is relatively densely spaced throughout the
eastern United States,

As was mentioned previously, the model-derived ©Q at
nightime is an average of the lowest 78 m and is not
representarive of surface concentrations that are contolled by
suwrface deposition and reduced venical mixing during the
nocrumal inversion. Furthermore, the photochemical formation of
O, is correlated with sofar insolation, so afternoon Oy
concentratons generally reflect the net photochermistry occurring
throughout the daylight period. We therefore restrict our
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comparison to afternoon conditions and compare O; mixing ratios
averaged from 1 to 5 pm. EST for the last 3 days of model
simulation. In using the ATRS ozone network data, cauticn must
also be taken in making comparisons since the model predicts gzid
averaged quantities, and there is some concem abour how
representative a particular measurement is for a larger area
[Schere, 1988]. Also, measurements taken m Or near urban areas,
which comprise a significant fraction of the wtal data, may be
setiously influenced by local chemistry such a8 tiration effects by
locally emired NO. Realizing these limitations to the observed
data, we have eliminated ail measurements classified by AIRS as
"city center” bur kept all "suburban” and "rural” data regardless of
distance from urban centers. Also, a station was eliminated from
the observed data set if apy of the 1 p.m. to 3 p.m. hourly-
averaged values were missing. These are the only filters applied
to the observational data.

The main reascn for choosing the particular time period of July
4 to July 7, 1986, is because the synoptic conditions show a clear
anticyclonic system that favors the photochemical production of
Oy, A low-pressure systemn had just passed through the eastern
seaboard on July 3, 1986, essemtially dispiacing any previcusly
fermed O, as the front moved northeastward over the Adantic.
The observed maximum O, values for July 3, 1986, were all less
than 60 ppb throughout the domain with no organized spatial
structure. On July 4, 1986, 0, values began to rise as a center of
high pressure began to build over the eastern Chio River vailey.
At 0000 UT, Tuly 4, 1986, the model calculations begin with an
imposed O initial conditon of 30 ppbv throughout the domain.
Figure 4 shows the inirial conditions, as well as the continental
area 1-5 p.m. EST averaged O, predicied by the model for the 4
different days of the model simuladon. Mosi of the O5 increase
occurs in the first 44 hours of model start-up. During the final 36
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hours of simulation, the average O does not change, but
sigmificant horizontal variations arise from the changing synoptic
weather conditions. '

Plates la through 1d show the observed and calculated 1 10 5
pam. EST average C, mixing ratics for the last 2 days of the
modei simulation (July 6 and 7, 1986). It should be noted that the
depiczion of the observed Oy fieids in Plates 12 and 1c have some
interpolated regions in southem Canada and over bodies of water,
particularly the Atlantic Ccean where there are no observations.
Locarions of the observations are noted in these figures by dark
blue crosses (suburban measurement sites) and circles {rural sites).
The model Oy fields shown in Plates 15 and 1d comprise all of
the calculated points, mciuding the oceanic values. For the
observed O, distributions in Plates 1a and 1, isolated stations can
influence local gradients as well as the regional pattern. It is
therefore necessary 1o keep In mind that visual comparison should
be done over general regions, and with regard to the number of
stations influencing the contours of the observed data.

In the region: where the boundary influence is minimal (roughly
eight or nine grié cells away from model borders), several
important features are reproduced fairly well. For example the
southern extent of the contours from the main bedy of high O, are
fairly well simulated east of Illineis and north of Alabama on days
3 and 4. Agreement between the position (Chesapeake Bay to
southern: New Jersey, southern Connecticut) and magnitude of the
highest Oy values (>100 ppbv) is also apparent on these days.
Both mode] and observations show a tendency for a southem
migration of the ozone maximum from the Long Island region to
the Chesapeake Bay area from day 3 to day 4. The movement of
the cold front associated with the low-pressure system located
along the northern border is the most obvicus feature bome out in
both the observations and model; however, local differences are

6 | i T T ] l i 1 14 [] l i 1 i & I [ & T |
5T p
4t Initic) E
£ I ]
-t
= 37 ]
L
R [ ]
% 5 L 7/6/86 and 7/7 /86 3
1r -
O : L 1 1
30 35 40 45 o0 55 ¢0
Ozone (ppbv)
Fig. 4. The vertical distribution of the initial Oy and 1-5 p.m. EST, continental area averaged Oy for the 4 days of model

simulation.
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.Plate la.

The 1-5 pan. EST average observed O, for July 6, 1986. Locations of the observing staticns are shown by crosses

(suburban locations) and circles (rural locations). Units of Oq-are in parts per biilion by volume. Interpolated regions over Canada
and the Ailantic Ccean or with sparse observations should be ignored.

4Q. - 355,

g5, - 70.

70. - 88,

y 85, - 100,
> 100,

Plate 15 Moedel-predicted 1-5 pm. average O, for July 6, 1986, and the lowest model layer.

apparent due to uncertainties in predicting the exact location of the
frontal edge. The influence of the front appears o be somewhat
farther south over New York, Vermont, and New Hampshire,
while the model shows an influence at the eastern edge of the cold
front on day 4 that advects air with high O values northward
directly over Maine. The one region swongly influenced by
coastal mflow (the Carolinas, Georgia, and Alabama) that is
characterized by relatively low O; is also well simulated for both
days.

When one examines the regions of O5 overpredicdon and
underprediction, certain aspects of the comparison become more
obvious., Figures 5z and 55 show the overprediction and
underprediction, respectively, for the July 6, 1986, dara depicted
in Plares 1a and 16, O, is significantly overpredicted by the
model along the eastern seaboard north of Long Island and also
over a broad regien extending from the Kansas-Nebraska border
through flinois and Wisconsin into eastern Michigan. Coastal
locations along the southern model border are also consistenty

overpredicted. Regions of significant underprediction are south of
Long Island and east of the Mississippi river, and most
preniounced along the Ohio River valley and throughout North
Carclina. The Q4 overpredictions and underpredictions for July 7,
1986, are very similar to those shown in Figures 3a and 5b, with
the exception of the eastern Wisconsin and southern Lake
Michigen sites changing to slightly underpredicted, and an increase
in the overprediction for most sites in eastern Michigan, Ohio, and
northern New York.

Several factors are undoubsedly contributing to the patterns of
model overprediction and underprediction noted above. The
inability of the dynamical model to correctly predict certain
meteorological features, such as the exact position of the fromt
aleng the northem U.S. boundary, may explain part of the
discrepancies. A tongue of enhanced Oy was observed to extend
into the Carolinas on day 4, but the modei predicts only 2 slight
southwestward enhancement. This is a region where model and
observed winds show significant differences. Referring to Figures
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Plaie 1c.

The 1-5 p.m. EST average observed O, for July 7, 1986, Locations of the observing stations are shown by crosses

(suburban locations) and circles {rural locations). Units of Oy are in parts per billion by volume. Interpolated regions over Canada
and the Atlantic Ocean or wiith sparse observations should be ignored.

40. -~ 535,

55. - 70.

70. - 8S5.
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» 100,

Plate 1d. Model-predicted 1-5 p.m. average Oy for July 7, 1986, and the lowest model layer.

2a and 2b, the 880 mbar observed winds at 000 UT July 7, 1986,
show a northwesterly component over West Virginia, and a
westerly component over the areas of highest O in Nomh
Carolina, suggesting that the Ohio River valley is an upwind
source of pollutants in this region. The medel predicts southerly
or southeasterly flow over much of North Carclina, with
southwesterly flow over West Virginta that forces air from the
Ohio River valley northward over Chesapeake Bay.

A significant underprediction also exists along the highly
populated eastern seaboard south of Long Island that cannot be
attributed to discrepancies in the predicted wind field. As will be
discussed later, with regard to the budget and photochemical
generation of Qa, this is a region where the NAPAP emissions
inventory underpredicts observed NMHC to NO, ratios by nearly
a factor of 4. We have performed a calculation with
anthropogenic NMHC increased uniformly by 2 factor of 4 to test
the sensitivity of O, to this uncertainty. For these conditions, the
model overpredicts al] but two points in this region, but also adds

to the overprediction at lower observed O;. Nonetheless, the
model underprediction in the wrbanized eastern seaboard could
certainly be explained by an underestimation in the anthropogenic
NMHC emissions in this region. Alternatively, since highly
reactive aromatic and alkene species are lumped into less reactive
categories within the chemical mechanism, there is a possibility
that part of the underprediction is related to model’s treatment of
these species. However, as the preceding discussion dernonstrates,
discrepancies between observed NMHC to NO, ratios for wrban
areas and those derived with the emissions inventory preclude our
ability to attribute the O, underestimation to possible deficiencies
in the chemical mechanism.

Amother factor contributing to the model discrepancies, possibly
related to the two main regions of overprediction, is the absence
of vertical transport from subgrid-scale cumulus convection within
the mode! formalism. A comparison of Figure Sa with Figure 2¢
shows that much of the overprediction in the midwest is
coincident with or ahead of the cloudiness and cold front in the
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Fig. 5a.

northwest portion of the model domain. Similarly, the region of
overprediction north of Long Island coincides with the warm front
and associated cloudiness in the northeast United States and
southeastern Canada. The main regions of overprediction for July
7, 1586, also coincide with predicted areas of cloudiness.
Although we have relied on the premise that convective cumulus
transport should be minimal under high-pressure sysiems, the
coincidence of c¢loudiness and O, overpredicticn suggests that
neglecting this transport process may compromise the ability of
the model to accurately predict O, particularly along the fromeal
boundaries of the high-pressure systermn. It should be noied thar all
sites in [llinois overpredict O, while from Figure 2¢ Illinois
should be well southward of the cold front. However, NMC radar
summaries, surface analysis and visible satellite images for July 6,
1686, show that cloudiness extended from western Arkansas and
Texas through the western two thirds of Misscuri and northward
to middle Mmnesota, patchy clouds were present over much of
eastern Arkansas and southeastern Missouri, and rain occurred
over the northern half of Olinois berween 1900 and 2300 UT. The
dynamic medel inherently underpredicts the cloudiness along the
western border owing to the formulation of the boundary
conditions, which is cne possible factor contributing to the higher
. than observed Oy values along the westemn border in Plates 15 and
1d.  Arother factor that significantly influences the western
portion of the medel is the predicted PBL heights from the
dynamic model. Because of uncertamties in specifying the PBL
beight at the borders, it was simply fixed at 100 m on all

Model-predicted minus observed 1-5 p.m. averaged Q5 for July 6, 1986 (ppbv).

boundaries. This undersstimation for the western boundary
propagates four or five grid cells into the domain and has the
tendency Lo concentrate Oy I the lowest layer by suppressing
vertical exchange. The dynamic model also predicts vexy shallow
PBL depths (<300 m) over most of lllinois and northwest Indiana,
extending northeastward through Michigan between 1900 and 2300
UT on Tuly 6, 1986, which is largely responsible for the high (>70
ppb) surface O, values shown in Plate 15 for this region. Since
the observations indicate that significant cumulus activity
developed throughout Mincis before and during this same time
period, the model undoubtedly underpredicts the vertical exchange
that occurred. Cbviously, further model simulations that include
reliable parameterizations of the convective cumulus transpert
process are Tecessary to assess its impact. The O, overprediction
along the southern coast is quite possibly due to the model’s
inability to accurately predict the PBL. height and resclve the local
land-sea air circulation for coastal iocations. These feanires, as
well as other subtleties of the meteorological situation, are not
expected to be reproduced precisely by the dynamical portien of
the model.

Additienal factors could also contribute o the model
discrepancies. As was mentioned earlier, we have used average
weekday emission rates, while July 4-7, 1986, was a holiday
weekend. Although differences in NO, and NMHC emissions
between a typical summer weekday and a Sunday are only ~20%
on the average, a July 4 weekend may not be typical of any
classification. However, preliminary calculations with decreased
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Fig. 5b. Observed minus model-predicted 1-5 p.m. averaged O, for July 6, 1986 (ppbv).

anthropogenic emissions in NO, and NMHC indicate that a
significant decrease in the model predicted Oy for the western half
of the model domain requires more than a 30% reduction in both
these precursors. The possibility of clean air O, overproduction
catmot be excluded. Parrish et al. [1986] and Perner et al. [1987}
have suggested that photochemical models in general may
inherently overpredict peroxy radical and OH concentrations.
Sillman et al. [1990] have also shown that regional scale models
can overpredict O, owing to a combination of low mode]
resolution and noniinearities in the Oy production [Lix et al,
1987]. An investigation of this possible influence with a higher
resolution, nested model domain is planned for future work. Other
factors, such as the influence of boundary conditions, the relarively
high numerical diffusion associated with the Smolarkiewicz
advection scheme, and the parameterization of vertical transport
{particularly at night) could also be affecting the results, Further
refinements and sensitivity stdies related o these aspects of the
mode] are aiso anticipated.

In order to obtain information on the reliability of the model Cy
predictions, simple statistical analysis of matching data as well as
variations in the observed data need to be considered. For point
by point comparisons, we assume a single measurement ocewting
within a grid cell is represenzative of the grid cell, and two or
more medsurements occurring within a model grid cell are
averaged. Figures 6a through 6¢ illustrate the point by point
comparison of model versus observed O averaged from 1 to 5
p.m. EST for July 5, 6, and 7, with exact correspondence denoted

by the dashed line. Both the model and observations show a
marked increase in the number of points exceeding 35 or 90 ppbv
from day 2 to day 3. The model shows a distinct tendency o
overpredict at low observed Oy and underpredict at the high end
on all three days of the simulation. Table 10 gives the correlation
coefficients, and other statistical relationships in relation to Figures
6a o 6¢c. With the large number of comparable points (~155) the
correlations between model and observations (0.54 w0 0.58) are
significant above the 99.9% confidence level on all 3 days.
Although there is little difference between the observed and
medeled Oy mean values on day 2, 2 3- to 4-ppb difference is
apparent on days 3 and 4. When one looks at the fraction of
points predicted accurately within specific limits, the model
performance appears to be best on day 2, which is probably zn
atifact of the medel O, bias evident in the mean values.
However, nearly 50% of the comparisons are within 15 ppbv or
25% on the last 2 days of simmlation.

The general characteristics of model performance shown in
Figures 6a through 6¢ and the statistical quantities given in Table
18 can be compared with rwo previous three-dimensional studies
of O; in the northeastern United States. An analysis of calculared
versus observed Oy for the summertime northeast United States by
Liu et al. [1984] resulted in a correlation goefficient of 0.7.
However, enly nine stations were compared over an 8-day period,
and dara for all hours of the day were considered. The four-level
model used in the smdy incorporated a height varying surface
layer, so a portion of the stated correlation arises from adeguately
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simulating the nighwime inversion, when Q, concentrations are
small at the surface. Analogous to our results shown in Figure 6,
the Liu et al. simulations tend to overestimate O when observed
Q; is low, and underestimate O, when observed Oj is high
[Morris et al., 1988]. The authors anribute the overprediction to
the fact that the O, monitering sites used in the comparison were

-

close to forests, and the model was unable to account for the high
deposition rates during might Overprediction was also noted
during daylight hours under cloudy or raimy skies at individual
sites. Underpredictions for high O, observations were attributed
1o comparing large volume averages obtained by the model with
point measurements within subgrid-scale ozone plumes that the
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model cannot resolve. The same pattern of overprediction and
underprediction has been observed with the EPA/NCAA regional
oxidant model (ROM) [Lamb, 1988; Schere and Wayland, 1989],
which also simulates northeast U.5. summertime ozone, but with
a 20x20 km? grid and four vertical layers. By analyzing the
statistical distribution of observed and model O for locations near
urban sources, remote sites, and intermediate sites, the authors
note that underprediction of high O, is characteristic of those
locations near urban sources, due to the inability of the model to
simulate subgrid-scale urban plumes. Although overprediction for
low Oy is characteristic of all three site ¢lassifications, it is most
pronounced for the remote locarions. The authors attribute this to
uncerrainties in specifying the boundary conditions of O,.
Although a correlation coefficient of 0.38 is significant, it
implies the model can only explain a limited amount {(~34%) of

TABLE 10. Calealated and Observed Ozone Statisucs

Tuly 5, 1986 Tuly 6, 1986 July 7, 1986

Number of 161 159 149
Comparison Potnts

Calculated 622+ 113  B66.62167 66.1 = 14.3
mean O

Observed 63.1£17.9 63.7£238 62.4+ 206
mean O,

Correlation 0.54 £ 0.05 0.58 £ 0.05 058 £ 005
Coefficient

Fraction predicted Q.66 0.49 0.58
better than 15 ppb

Fraction predicted ~ 0.63 0.45 0.48
better than 20%

Fraction predicted 0.87 0.74 0.83
better than 25 ppb -

Fraction predicted 0.77 0.60 0.72

better than 33%

the variation in the observed data. This becomes quite apparent
when one examines the variation in the observed data itseif.
Figure 7 shows the absolute difference between calculated and
observed 1-3 p.m. average O, versus the range of observed values
(observed (0 maximum minus the observed Qs minimum) for the
comesponding grid cell for day 4. The range of observations
include all of the hourly O, observations over the 4-hour period
and all stadons {if more than one) within a model grid. The
various numbers indicate the number of AIRS sites within each
grid cell. The median range in hourly averzged observed O; is 21
ppb, but in extreme cases, the range can exceed 50 ppb over a
60x60 km® arca and 4-hour time period. Apparently, the
observational data set can be seriously influenced by subgrid-scale
processes such as the proximity and relative location o wrban
areas, topographic characteristics of the site, and other factors the
model is unable to resolve. Although Figure 7 does not provide
mformation on the origing of the observed variability, some
qualitative inferences can be drawn. Medel grids contaming only
one station generally have a smaller range than grids with two or
more stations, which suggests that in general the spatial variability
within a 60x60 km? grid may influence the total variability more
than the temporal variability. However, there are several grids
with only one monitoring station that have 2 range between 40 and
60 ppbv, so isolated instances of high temporal variability can
sometimes occur. Figure 7 also shows that the more monitoring
stations within a given model grid, the better the model predicts
15 pam. average Q4. Therefore because of the variability in the
observations, a moderate correlation coefficient of 0.58 is probably
as good as can be expected. The fact that an equivalent and
significant correlation exists for the last 3 days of simulation
suggests that some general aspects of the model, such as the
meteorology and the location and magnitude of the O source
regions, roughly correspond to the actual situation.
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Fig. 7. Scatter plot of the difference between model-predicted and observed O averages from 1 to 5 p.m. EST on July 7, 1986,
versus the range of hourly observations over that 4-hour period, and over all observing locations within a model 60x6) km gnd
Numbers indicate the number of locations within the 60x60 km model grid used in the analysis.

3.2, Distributions of Ozone Precursors

Since the O distribution and the photochemical Oy production
depend critically on the diswibutions of O, precursors, namely
NO_ and NMHC {e.g., Fehsenfeld et al., 1983], it is important o
con'ectly model their distributions. Comparison of the model
calculated distibutions of the precursors to observed values is also
an important test for the photochemical and transport processes in
the model. We compare calculated values with measurements
when it is possible. Unfortunately, measurements of NC_ and
NMHCs in the rural areas in the eastern United States are scarce
{Fehsenfeld et al., 1988; Greenberg and Zimmerman, 1984]. On
the other hand, measurements in the urban and suburban areas are
of limited use for comparison with our model because of the
coarse resolution in the model.

The distribution of NO, is particularly important because Oy
production is usually NO, lirmited outside highly polluted areas
[Fishman et al,, 19798; Logan et al., 1981; Liu er al. 1987]. Plate
2 shows the lowesi layer NO, distribution averaged from 9 am,
to 5 pan. EST for July 8, 1986. Mixing ratios correlate highly
with the emissions shown in Figure 3@, with regional maxima
along the eastern seaboard and the Chic River valley. Summaries
of rural NO_ measurements made to date are given by Altshuller
[1986) and Fehsenfeld et al, [1988], and a synopsis of NO,
measurements taken during SURE is given by Logan [1989].
There are several ground-based NO,_ measurement programs that
coincide with the dme of year and region of the model scenario,
from which we can examiine menthly to seascnaily averaged NO,

observations and compare with the model-predicted NO_ as 2
check on qualitative agreement. As was pointed out by Fehsenfeld
er al, [1987, 1988], the hot melybdenum and ferrous sulfate
converters used to convert NO, to NO in nearly all the
observations are not specific to NO,, making the measurements
subject to interferences frem PAN, n-propyinitrate, HNQ, (in the
case of molybdenum converters) and other nitrogen-containing
species. Therefore most measurements used in the comparison are
probably representative of NO,+PAN rather than NO_. Also,
because of the strong diurnal dependence of NO, [Fahsenfeld et
al,, 1988; Logan, 1989] due to changes in the PBL height and
photochemical reactions, only afternoon averages are compared.
Tabie 11 summarizes published i-3 p.n. EST averaged
cbserved NO, with model-calculated NO, and NO_ + PAN
averages of the corresponding grid averaged over the last 3 days
of simulation. Of the 13 points compared, only 3 show good
agreement (better than 25%), while 2 seriously overpredict, and 8
underpredict the observed average NO,.. Although the NO,
observations are highly variable (16 standard deviations of 80 to
80% of the mean values), the model overpredictions and nearly
half of the underpredictions are significant. Clearly, there are
difficulties with comparing averages of a 3-day period with
monthly or seasenal averages, but most of the model-derived NO,
+ PAN values have little day to day variation. The Indian River,
Delaware, site is close to the Atlantic coast and can be expected
1o be influenced meteorologically by occasional on-shore flow.
Within the model, the comesponding grid is influenced by
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Fig. 8. The vertical profiles of nitrogen compounds ad O, averaged from 9 am. to 5 pm. EST on July 7, 1989, and also

averaged over the continental region of the model domain.

predominantly westerly and northwesterly flow over the 4-day
period, and as a conseguence, one of the overpredicted sites. The
observed value at the Fort Wayne, Indiana. site seems spuriously
low, since the summer average NO_ observations of an exwemely
remote site {40 km WNW of Pierre, South Dakota) with 2 similar
instrument are 2 factor of 2 higher [V. A. Kefly et al., 1984]. The
eight sites for which NO+PAN is underpredicied can
simplistically be explained by local NO_ sources not resoivable by
the model, However, the six Iocations most seriously
underpredicted are from the SURE study, in which the
measurements are additionally biased by a 2-ppbv detection limit
[Logan, 1989], and possible . HNO, interferences from the

molybdenum NO, converiers [Winer er af,, 1574]. The one
measuring program operadonal during July of 1986 at Scotia,
Pennsylvania, shows very goed agreement for NO_ and about a
50% underprediction for PAN (Trainer et el., manuseript in
preparaton, 1991). The average NO_+PAN underprediction,
excluding the Scota and the two overpredicted comparisons, is
54%. Considering the Hmitadons of most of the cbserved data,
and the nature of the comparison, this difference would stll fall
within the expected uncertainty limits. Obviously, 2 sufficiently
dense and reliable rural NO, data set, coincident with the period
of model simularion, is necessary to reduce the uncertainy in such
a comparisen.

TABLE 11. Comparison Between Modeled and Observed NO_

Latimde, Observaiion Observed® Mode1®

Site Lengimde Datzs NO, NO_+PAN NO,
Montague, Mass? 4255, 72.55 Aug. 1, 1977, 10 Dec. 31, 1979 235 228 1.28
Secranton, Pa? 41.38, 75.67 Aug. 1, 1977, 10 Dec. 31, 1979 6.05 1.80 0.52
Indian River, Del? 38.67, 75.25 Aug. 1, 1977, 10 Dec. 31, 1979 2.08 521 327
Duncan Falls, Ohio® 39.83, 81.83 Ang. 1, 1977, 10 Dec. 31, 1979 3.85 202 1.16
Rockport, Ind.? 3792, 87.05  Aug. 1, 1977, o Dec. 31, 1979 $.97 52 449
Giles County, Tenn.? 35.21, §7.03 Aug. 1, 1977, 1o Dec. 31, 1979 5.33 1.42 0.58
Fert Wayne, Ind.? 41.08, 85.17 Aug. 1, 1877, 10 Dec. 31, 1979 0.49 139 0.55
Research Triangle Patk, N. C¥ 3587, 75.10 Arg. 1, 1977, o Dec. 31, 1979 7.00 1.56 072
Lewisburg, W.Va.? 7.78, 80.45 Aug. 1, 1977, 1o Dec. 31, 1979 3.48 1.08 0.73
Whiteface Mt, N.Y.C 4438 73.85 Tuly 1, 1982, 16 Tuly 29, 1982 124 1.46 0712
Shenendoah Natl. Park, Vad 3867, 78.47 Toly 14, 1980, to Aug. 15, 1980 1.98 1.14 0.41
Abbeville, La.? 29.97, 92.13 Aug. 5, 1979, © Sep. 11, 1979 296 1.47 1.37
Seotia, Pa.t "40.78, 77.95 Tune 25, 1986, 10 July 26, 1986 1187 2.20 1.29

®All NO, and PAN valnes are in ppbv and are 1 10 5 pm. EST averages over the time pericd of observations. Because of the probability of PAN
interference in all measarements except at the Scoda, Penmsylvania, site [Fehsenfeld et al., 1988}, the observations should be compared to the medel NO,

and PAN,

ESURE study, Muelier and Hidy [1583]. Cmly the July averages given by Logan {1989] are presented here.

°T.J. Keily et al. [1984). Whiteface Mountain is ~1.5 km above sea level, and e model terrain elevation is 440 m. Model values at the modzl surface

are given. At ~1.5 kmm sbove sea level, model values of NO, and NO+PAN are 0,12 and 036 ppbv, respeatively.

N, A. Keily et al. [1984].
CFehsenfeld e al. {1988]. ‘

e Scoda site observations are strictly NO,. The observed NO_ + PAN at Scotia, Pennsylvania, was 2.13 ppbv.
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The land area averaged verdcal profiles for odd nirogen
compounds NO, NO,, NO,, and PAN are shown in Figure 8.

Heighr profile 'nea.s.:remeq:.s of NO,, are essential for evaluating

the verteal wansport processes and NO_ within the model
Unformunately, there are onty limited obse:'vaLions of the vertical
disributon of NO_ over the eastern United States available in the
open literamure. Vertical profiles of NO, made during the SURE
smdy [Blumenthal et al., 1984] were measured with insiruments
having toc high 2 detection limit (~1 ppbv) w0 be of use in
compartson and are only published as annually averaged values.
NO, from twe flights between Columbus, Ohio, and Saranac Lake,
New York [Boatman et al., 1990], show decreasing mixing ratios
with height. reaching 1 ppbv berween 800 and 700 mbar with
values berwesn 1.5 and 3 ppbv within the PEL. Averaged from
37° 10 42° latitude and 76° o 84° longimde, the model-derived
NO, reaches I ppb at 2 km or ~780 mbar, with PBL averages of
about 5 ppb. These valves are In falr agreement with the Boatman
et al. observatons. The few flights over the western continental
United States measuring NO, and NO with reliable instruments
through the Glebal Tropospheric Experiment {GTE) [McNeal er
al., 1983; Beck et al., 1987] are specific w particular synopidc
conditions, as are the model-predicted NO_ profiles. Below about
2.5 kan, the NO_ profile in Figwre 8 is quahtat:vely consistent with
continental 'IZE measurements (G. Hiibler et al, Airbomne
measurements of total reastive odd nitrogen (NOy). submitted to
Journal of Geophysicai Research, 1990) and the midwest
observatons of Pickering e al. [1988], decreasing a factor of 4.5
between 1 and 2.5 kon, with 2 minimum observed at about 2.5 km
altirnde. A C-shaped NO profile for air masses of contnental
origin with 2 minimum occurring above 2 km is also commonly
observed [Drummond et al., 1988].

In terms of the parddoning of the NO, species, Figure 8 shows
that NO, accounts for abeut 15% of the NO, ar 1 km and
decre.ases to about 8% above 3 km. This is somcwha.t lower that
the mean of 15% for continental air masses over the southwestem
United States obtained from CITE measurements between 1 and
5 km altirede {G. Hiibler et al., manuseript in preparation, 1991).
However, the model does not include heterogeneous loss of HNO;,
which could influence this quantity at these altiudes. At the
surface, NO,, PAN, and HNO; account for 50, 10, and 338%,
respectively, of the NO, when averaged from 9 2.m. 1o 5 pm. and
over the continental rcglons of the model domain. In comparison,
the median fracdons of Fehsenfeld e al. [1988] (Scotia,
Pemnsylvania, summer 1986) give 38, 21, and 24% for the sarmne
species averaged over the same tme period. The PAN 1w NC,
ratio is strongly influenced by temperarure, which diminishes the
usefulness of a comparison with average model conditions (it has
already besn shown, in the NO_ comparison study, that for the
model] grid box containing Scoma.. average NO, agress very well).
However, the model average PAN+NO, fractzon of NO), is exactly
the median fraction sum of PAN and NQ, that is observed.

. Additionally, within the observations the sum of the median
fractions does not equal the median of the fracticn sums, and the
larger than observed HNO; 10 NO fraction may be indicarive that
the neglect of HNO, removal processes in the model could be
influencing these ranos near the surface as well,

To see qualitatively how representarive the model is for
regienal-scale NMHC cencenmations, we compare summertime
rural measurements averaged over a few weeks or a month to
averages from the corresponding model grid in a manner similar
to the NO_ comparison. The studies of Sexton and Westberg
{1984], Singh et ol {1981)] and Seila er al. {1984] report individual

MCKEEN T AL.: REGIONAL MOBEL STUDY OF Oy IN EASTERN UNTTED STATES

NMHC concenmrations within our model domain and qualify as
both rural and long-term (>3 weeks). The study of Sexton and
Westbery (1984} includes NMHC measurements tzken near

" Belifast, Maine, and Rebinscn, [llinois, averaged from 6 10 9 am.

However, ar the Belfast site, aromarics were not measured, and
only a limited number of alkanes were reported. Sings e al,
[1981] report limited summertime alkzne and alkene measurements
taken at the Lawrenceville, Illinois, site of Westberg er al. [1975]
and the Elkion, Missouri, site of Rasmussen et al. [1977]. The’
rural North Carclina study of Seda er 2l [1984] is the most
complete in terms of the number of individual NMHC considered.
However, only annual averages are reported, aithcugh no ammual
variation In the wial NMHC was observed. The five rural
measurement sites of this smdy were located at ridge and
mountain tops well above the surrounding terrain. For this reason,
we compare medel-derived quantites at the lowest model level
with the three sites having the lowest elevation (Linville Gorge,
Rich Mountain, and Deer Park) and bear in mind that the observed
values represent lower limits to what Is representative at lower
elevations. Two of these sites (Rich Mountzin and Deer Park) are
within one 60x60 km? grid, are very similar, and exhibit nearly
identical NMHC concentrations, so values for these two sites are
averaged for the comparison.

Because of the species lumping within the medel formulation,
a comparison between observed and medel-caleulated NMHC is
practical only if one also comsiders the OH reactivity of each
NMHC. The species distribution of the observed anthropogenic
NMHC are thersfore lumped into the eguivalent model species
using

2 NMHC phyeiic, -orr )
1

where the NMHC, are the individual NMHC species observed, and
k refers to the reaction rate of each hydrocarbon with OH. The
choice of this reaction weighted quantity allows a comparison of
the Oy production potential from the iniial products of the
anthropogenic NMHC, since the rates of all RO,-NO reactions are
equivalent (see Table 8).

Table 12 gives the comparison of OH reactivity weighted
tumped NMHC species for the 6 rural sites just mentioned, At all
sites except Belfast, Maine, the model roughly equals or
underpredicts reactivity weighted NMHC. Within the model, the
grid representing the Belfast site is directly under the influence of
continental sources because of persistent westerly ffow, while one
would anticipate, for average summer conditions, relatively lower
concenirations due to its coastal location and the formation of a
local sea-breeze circulation. Moreover, iso-pentane and n-pentane
were the only species measured at this site that fall into the high-
alkane class of lumped species. The North Carolina sites are in
excellent agreement with model-predicted total reactivity weighted
NMHC. However, this agreement is fortuitous, since the
comparison is with annually averaged quantities, and all of the
measurement sites were on ridge and mountain tops, which
introduces ambiguity in what model level should be used in the
comparison. Nonetheless, the partitioning between the individual
lumped species is reproduced quite well by the model in this
region. The two Illinois sites and the Missour site suggest that
the tota]l NMHC predicted by the model is a factor of 2 to 3 too
low in comparison to these observations, the most significant
difference occurring in the higher alkenes.  However, a
quantitative comparisen is hard to justify when one considers the
scatter in the observed data (1o standard deviations of 125%,
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135%, and 68% of the mean concentrations for propene, ethene,
and i-butane, respectively, in the Sexton and Westberg smdy).
The scatter in the model-predicted concentraticns over the 3 days
of averaging (day to day variations <50% of the mean for any
lumped species at these three sites) is somewhat less but still adds
to the uncertainty. We conclude that the partitioning between the
lumped anthropogenic NMHC species within the moded,
particularty with respeet to the reactivity weighting relevant 10 (O,
formation, is reasonabiy consistent with the few available rural
obscrvations. It should also be noted that reactivity-weighted
anthropogenic NMHC measurements taken during the model
simulation pericd at the Scotia site show good agreement with
those predicted by the model for that location (Trainer et al.,
manuseript in preparaton, 1991). Similar to the case for NO,
information on the height distribution of NMHC is very scarce.
The only comparzble observations over the eastern United States

The % am. 10 5 pm. EST average NQ, for the lowest model layer on July 6, 1986 (ppbv).

are wnpublished by the investigators. However, they have been
cited by Fishman et al. [1985]. Neither the gradients or
magnitudes are consistent with the three-dimensional mode! results
averaped over the same area as the Persistent Elevated Pollution
Episode/Northeast Regional Oxidant Study (PEPE/NEROS) study
region. Aireralt measurements from Westherg [Altshuller, 1989]
are all above the PBL and do not include vertical gradients, just
bulk upwind values over Birmingham, Atlanta, Philadeiphia, and
New York. Therefore we must defer assessment of our vertical
NMHC profiles until zppropriate observations become available.

The average mixing ratios of isoprene {+ a-pinene) from 9 a.m.
to 5 pam. caleulated for the surface level (centered at 37 m) on
day 3 are shown in Plate 3. The values range from about 0.05
ppbv to 1 ppbv except over the areas affected by oceanic air. The
calculated concentration of isoprene should be regarded as the sum
of all natural NMHC normalized to the reaction rate constant of

oMb

BHOH .

Plawz 3. The 9 am. to 5 p.m. EST avemage isoprene distribution for the Jowest modsi layer on July 6, 1986 (ppbv).
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TABLE 12. Comparisen Between Modeled and Observed NMHEC
with Weightmg Accornding 1o OH Reactivity

Sitz IButane? THigh Alkane  Ethene ZHigh Alkene Total
Beifast, Maine? 1.6/3.5° >1.8/ 12.42 871 2.3 >4.2/ 3.0 >19.7/ 21.6¢
Robinson, 1.2 6.9/3.1 17.6/ 14.3 6.7/ 33 16.6/ 7.4 54.0/ 28.5
Elkton, Mo.” 3.21.3 >4.0/ 5.1 6.7/ 1.7 2.5/ 2.6 »25.4/ 10.7
Lawrencevitle, 1.2 12.6/5.6 >12.9/19.7 16.37 4.7 25.4/ 9.9 >72.4/ 39.9
Linville Gorge, N. €/ L.2/2.7 10.5/ 13.5 2727 8.4/ 6.4 265253
Rich Mounmin, N. CF 14726 10.7/ 122 47728 6.2/ 6.4 267/ 23.9

“Observed values are derived by weighting individual species concentrations with the OF reaction rates at 208°
K, and summing over the model lumped NMHC classes. The OH reaction rates are taken from JPL [1987] and
Atkinson [1985]. Caleulaied values ar based on model conczmurations averaged frern 7 10 9 a.m. EST from July
5, 1986 to July 7, 1986, and weighted with OH reaction rates used in the model (see Takle 8).

bSevion and Westberg [1984]. The Belfast, Maine, measurements were from June 10 July 1575, and the
Robinson, Ilincis, measurements were from June 1o July 1977. Both sews are 6 1o 9 am. averages.

CAll entries are in r.hc form: (derived from observatiens)/(mode! derived). All values are in urits of ppb (cm®
molecale! s)x10712,

Aromatic c.ompounds were not measured for siies containing the ">" symbol in these columns.

“Singr et al. {1981]. The Lawrenceviile, Minois, measurements occurred in June 1974 and were originally
published by Westberg et al. [1975]. The Elkion, Missour, measurements occurred in August-September 1975
[Rasmussen et al., 1577].

SSeila et al. [198-4] All measnrements occurred betwesn Sepiember 1981 and October 1982, and all values
are annual averages. The Rich Mountain values arc a composite average of the Rich Mountain and Deer Park

observations. All sites from this study are at least 300 m above the terrain surface of the model.

isoprenz. Because of the high reactivity of iscprene with OH, iis
distribution has large sparial and semporal variabilities [Hov, 1983;
Trainer et al., 19870]. Alse, vertical wansport processes have a
dominating influence on surface concentrations, as will be shown
in connection with the budget analysis of the ozone precursors.
The coastal locarions and the region around Louisiana with high
isoprene are associated with shallow PBL heights. Regions of
cloudiness (Figure 2¢) also have low PBL heights, a decrease in
the photelytic production of OH, and hence enhancements of
isoprene associated with high cloud optical depths. This is most
obvious in the South Carolina-northern Georgia arez and the
Vermont-New Hammpshire region extending north and west into
Canada, where isoprene-emitting forests are also located.

Isoprene emigssion rates depend strongly on temperature, and
most of the isoprene cbservarions were made at the surface near
source areas that are substantially below the altimde of the lowest
level of our model. A large aititude gradient in iscprene therefore
compounds the difficulty of comperison [Trainer et al., 1987al.
Figure 9a gives the height dismibutions of isoprene and the
reactvity-weighted sum of the primary anthropogenic NMHC for
July 6, 1988, averaged over the dzytime (9 am. to 5 p.m. EST)
and over land area. The mixing ratio of isoprene decreasing by a
factor of ~20 from the lowesr layer to the top of PBL (~1.4 km],
while the reactivity-weighted anthropegenic NMHC have a much
smaller gradient and dominate the narural NMHC in terms of RO,
formation potential above 500 m. At the surface, where O,
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Fig. 9a. Vertical profiles of the 9 2.m. - § p.m. EST average isoprene and OH reaction weighted anthropogenic NMHC (eguation
(7)) on July 7, 1986, also averaged over the continenial region of the model domain.
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production is 2 maximum, the natural NMEC contribute on the  shown for completeness. Below 3 km, the regionally averaged
average nearly twice as much as the anthropogenic NMHC to the  concentrations of these species are in steady state after the third
available NMHC oxidation products. day. The reactivity of each hydrocarbon or aldehyde normalized

Figure 95 gives the vertical disuibution of the four lumped to the iscprene-OH reaction rate is also given in Figure 92, from
NMHC species used in the model, aleng with CO for the last day  which it can be seen that the magnimde of the vertical gradients
of model simulation, The aldehydes CH,0 and CH,CHO are 2lso  for the primary NMHC are proportional to the OH reactivizy.
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From Figures 9 and 95 it can be seen that at the surface, CO
accounss for 41%, isoprene for 21% and the aldehydes for 28% of
the OH conversicn to HO, or RO, on the average. Above 1 km,
CO dominates the conversion processes. The higher alkanes
constimire the largest anthropogenic RO, source near the surface,
and buranes dorminate at higher altimdes.

In terms of O, photochemical production, the product of the
relative OH reaction rates and the mixing ratics in Figure 95 gives
the relative importance each NMHC conmibutes to peroxy radical
formation from the primary NMHC oxidarion step. However, one
must also consider that the aldehydes as well as ketones are the
products of primary and secondary NMHC oxidation steps.
Additionally, since the reactions of NC with the organic peroxy
radicals have HO, or RQ, as products, more than one O; molecule
can be produced for every NMHC molecule oxidized by OH.
From a more fimdamentai point of view, the sum of OH, HO,,
and RO, is direatly proportional 1o O, production [Kleimman,
1986; Trainer et al., 1987a), in which case the primary NMHC
oxidaden steps simply convert HO_ 10 RC,. Figure 9¢ shows the
% am.-5 pm. (EST), and continental area average vertical
distributions of the main production and loss terms for the sum of
HO_ and RO,. The net losses (the loss minus the production due
to reactions that return HO, and RO,) due to PAN and peroxide
formation are shown to {liustrate the net effect of these processes.
The OlD-i‘HzO reaction accounts for 2 majority of the production
throughout the lower uoposphere, although formaldehyde
photolysis accounts for about 20% throughout the lower 6 km.
The OH+NOQ, reaction ((R29) in Table 8) is an important less for
the sum of HO, and RO, at the surface but falls off quickly with
aliitude as NO,, decreases. The recombination reactions of HO,
with irself and RO, w form peroxides are impoertant throughout
the lowest 6 km. On the average, net PAN formation contributes
little o the radical loss, with an average maximum influence of
about 9% at 200 m.

3.3, The Budget and Photochemical Generation
of Ozone

In this section, factors influencing O, production at the surface
and throughout the PBL on a regional basis are examined, along
with simple budget studies above and within the PBL of O and
1ts precursors.

The horizontal variations in the diumally averaged (day 3) net
Q, production are shown for both the lowest layer and the 0-1800
m average in Plates 4ag and 4b. One stiking feature in both
figures is that the variability of net O formation is relatively
small (less than a factor of 4) over large regions of the continent.
Cmne can conelude that O, formation over rural areas represents a
significant fraction of the total Oy being produced. Duez to
elevated NO_ scurces from power plants, a relatively high rate of
Q5 formarion along the Ohio River valley is evident in 0-1800 m
average, but is absent in the 0-80 m layer. Similar to the case for
the isoprene distributions, the regions of cloudiness shown in
Figure 2c have suppressed O, formaticn near the surface. There
is some indication in Plate 4q, particularty along the western edge
of the cloudy region in the southeastern United States, thar Oy
formaton is enhanced just outside the cloudy region, where
relatively high NO, levels caused by the reduced photochemistry
beneath the cloud (see also Plate 2} are being advected into the
cloud-free regions. Also in Plate 4a, isolated regions near the
southern and southwest border appear to act as SWong source areas
that influence local Oy formation. While erthanced O, formation
is expected in these strong source regions, difficulties in predicting
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the PBL height near borders and coastal locations do not allow us
1o have confidence in our predictions for these regicns.

If one compares the NC_ distibutien in Plate 2 10 the net Oy
formation in Plate 44, the regions of highest net O, formation are
generally adjacemt to urban locations with swrong NO, sources.
The influence of the Boston-Washington corridor extends into the
Atlantic and slighdly southward into eastern Virginia, consistent
with the air flow depicted in Figures 2a and 2b. The general
patermn of met O, formarion maximums associated with strong
urban sources is aiso apparent in Plate 4b, However, Plate 4b
shows that averaged over the lowest 1800 m, the met O,
production is more extensive through the Ohic and Pennsyivania
region than is evident in just the surface plor. This corresponds
to the center of the high-pressure region where PBL heights are a
maximum and is therefore the region where Q, precursors have
the highest potendal for influencing the column below 1800 m.

Averaging over the continental domain and from 0 to 1300 m,
85% of the net O; formation occurs between 9 am. and 5 p.m.,
EST. A majority of the O, photochemnicaily Jost over the diurnal
cycle (60%) also occurs during this ime. Therefore the diurnal
averages in net O, formation are dominated by the photochemistry
occurring during this 8-hour period. Net photochemical loss is
observed during the nighttime howrs between 9 pm. and 5 am.,
largely due w the formation of NO; and N,O5 from the O,
reaction with NC, and the subsequent loss of N,O4 to aerosols
and NO, reactions with naturally emitted NMBC to form organic
nitrates. However, the total O, photochemically lost during this
8-hour pericd is only 18% of the total O5 lost over the diurnai
cycle.

In order w wundersund photcchemically the behavior of O
formation with respect to ambient NO_ levels, we examine the net
O, formation rates at a particular time. Figure 10a shows a scatter
diagram of the net O, production at 1 p.m. EST on the fouth day
for the lowest model layer as a function of NO, concentraticn.
Only data with no overhead cloudiness are considered. The
different symbols comespond to the levels of (namral plus
anthropogenic) NMHC mixing ratios with the anthropogenic
NMHC weighted by OH reactivity, and normalized to that of
isoprere (equation (7). It can be seen from Figure 10a ihat net
photochemical O, production generally increases as NO, increases
from 0.1 to ~2 ppbv. Although there are relatively few points
with NOX values > 4 ppbv, there is a general wend for net O,
production to dectease with inereasing NO,, above this value, with
the magnitide related 1o the amount of precursor NMHCs. For
NO, Tess than 1 ppbv, much of the scatier in Figure 10a is due to
scatier in the O, loss term, while above 1 ppbv the O; production
term dominates the net photochemistry and accounts for a majority
of the scatter. As was discussed by Trainer et al. [19874,b] at
NOQ, levels less than ~1 ppb, O production is limited by NO,
availability, while at higher NO, levels, O, production is quite
sensitive to the ambient NMHC to NO_ ratio. The large scatter in
the NO_ range 3-10 ppb for a particular range of NMHC shows
that facters other than total NMHC also influence production. To
a good approximation the net O, production is simply the sum of
the reactions:

(R24)

(R66,R83,R85,R89,
RO1,R93,R113,R115)

An analysis of individual terms at NO_ = 7 ppbv shows that a
large part of the variation can be explained by differences in the
HO, production sequence:

NO + RO, - NO, + OH -

NO + RO, — NO, + products
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Platz 4a. The net Qg production minus less (units of ppbv b diumally averaged frem 1200 UT, July 6, 1986, 10 1200 UT, July

7, 1986, for the lowest medel level (~37 m).
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Plate 45. The net O, producticn minus loss {units of ppbv 'l dinmally averaged from 1200 UT, July 6, 1986, to 1200 UT, Iuiy
7, 1986, and also averaged over the lowest seven model layers (~1800 m above the surface).

(PO3D) Oy +hv —» O'D + O,

RS) O'D + H,0 —» OH + OH

with {R8) varying by more than z factor of 2 between humid
southern sites, and relatively dry northern sites with equivalent
NO,, Oy, and NMHC levels. The formation rate for the sum of
RO, and HO, is alse influenced by variatons in formaidehyde
levels and its subsequent photolysis to yield HO, {PHO in Table
8). Since formaldehyde production is significandy influenced by
RO, abundance, and since isoprene oxidation is the fastest path o
RO, formation, the ratio of isoprene to anthropogenic NMHC
- contributes to the variation for a given total NMHC amount.
Variadons in ketome and higher aldehyde abundamces make
addidonal minor contributions to the scatter. For the midday
conditjons within the model, PAN and NO, are esseatially in
equilibrium, so the net PAN fornation accounts for less than 0.5
ppb bl at any NO, level in Figere 10a. Oj itseif can influence

HO.. and hence O, production through the reaction sequence
(PC3D) and (R8). However, as was pointed out by Fishman et al.
[1985], its immediate impact can be mitigated somewhat by
affecting the NO balance through the reacton

(R26) 0, + NO = NO, + O,

The decrease in Oy photochemical production for NO, levels >
5 ppbv in Figure 104 is due 0 a precipitous drop in peroxy radical
concentrations for NO, > 2 ppbv, as illusrrated in Figure 105.
This behavior in the sum of RC, and HO, is largely a

consequence of the NMHC to NO, ratio thai is characteristic of

the emissions inventory and transport processes influencing the
concentrations of these precursors. Om the basis of the mean
carbon numbers for each of the model NMHC classes [U.S. EPA,
1989] and assumed concentrations (based on average emissions)
of other species such as erhane and propane not considered in the
model, we calculate an NMHC to NO_ ratio berween 7 and 1 (ppb
Cppb! NO,) with an average of 4 when NO_ > 10 ppbv between
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7 am. and 9 am. (EST). Thus the decrease in O, production at
higher NO_ levels is consistent with EKMA type box model
studies [Dodge, 1977; Lin er al., 1988] in which low NMHC 10
NO, ratios do not allow enough HQ, and RC, formaton to stay
ahead of the odd-hydrogen loss through

{R29) OH + NO, — HNO,

Seinfeld [1988] also concluded that NMHC w0 NO, ratios of 3 or
4 are characteristic of eastern U.S. urban countes, on the basis of
the same emissions inventory, but these ratios are significantly
lower than the median ratios of 7 1o 15 that are observed for urban
regions in the eastemn United States [Sewnfeld, 1988; Alrshuller,
19891, Possible causes of this discrepancy have been discussed by
Altshuller (1989] and include the neglect of evaporative NMHC
emnissions in the NAPAP emissions inventory and the influence of
the noctumal inversion height in separating NC, emissions from
power plants with surface emissions of NMHC during early
morning hours when the NMHC to NO_ ratios are measured. The
effects of an underestimation in the anthropogenic or naturzl

NMHC emissions on net O, formation, as well as a detailed

analysis of the diumal dependence of the NMHC 1o NC, ratio, are
beyond the scope of this study and are left for future work.

The model has alse been used o snudy the budget of O and its
precursors for the same time period, with emphasis on the average
large-scale picture of the processes affecting the various species.
In this case we again average over the continental region within
the mode! borders and also consider the horizental flux of species
off the Atlantic coast as well as to continental grid peints along
the model borders. The net changes due 1o vertical transport
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emissions, and deposiden are then summed over grid points and
24 hours to derive a layer average change for each individual
precess over 1 day. Layers cen be summed or looked at
individuaily to obtain insight on the average magnimde and
importance of each process for different scales of vertical
resoluzion., Resuits for Oy, NO,, isoprene, and higher alkanes are
shown in Figures 11-14 fer the diumal cycle beginning 2% days
alter model inifadon. We have chosen to present results for the
bottom layer (0-75 m), the lowest 1800 m (bottom seven layers),
and the 1800-3600 m layer. The average mixing ratos at the end
of ihe diumnal cyele are aise shown, with units of the accumuiated
diurnal changes given in ppbv dl.

As shown in Figure 11, the amount of O, in the bottom layer
is largely controlled by depositon and photochemical production,
although photochemical less and vertical diffusion from above
{primarily at night) each contribute ~30% w0 the net loss and
source respectively. Averaging over the bottom 1800 m,
photochemisry and flow out over the Atlantic determine the net
balance with a wmover time of 1.5 days. The chemical
productien in figure 115 corresponds to a continental average
production rate of 1.1x10'2 meiecule em? sl This value is
somewhat lower than the 1.48x10'2 molecule cm? s due to
anthropogenic NO, emissions deduced by Fishman et al. [1985]
from cne-dimensional calculations based on  summertime
conditions in the eastern United States. Also, since 70% of the
wial NO, emissions in the continental United States occur within
our model domain, the producton rate is consistent with the
estimate of 1x10'? molecule cm™® 7! averaged over the United
States during summer by Liu et af. [1987] due to antdwropogenic

(advection, diffusion, and PBL mixing), photochemistry, NO_ emissicns. About 25% of- the Oy formed below 1800 m is
Czone
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Fig. 11.

The budget of Oy over the diumal cycle from 1200 UT on July 6, 1986, to 1200 UT on July 7, 1986, averaged over

<ontinental regions of the mode! domain. Budgets are shown for three height layers: (#) the surface layer, (b) the layer extending
from O 1o 1800 m above the surface, and {¢) the 1800 1o 3600 m layer. Arrows indicate the direction of vertical flux affecting

the layer.
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Fig. 13. The budger of isoprene over the diumal cycle from 1200 UT on July 6, 1986, to 1200 UT on Tuly 7, 1986, averaged
over continental regions of the model domain. Budgets are shown for three height layers: (a) the surface layer, (b) the layer
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from 0 to 1800 m above the surface, and (¢) the 1800 10 3600 m layer. Arows indicale the direction of vertical flux affecting

the layer.

advected out over the Atlantc between 35% and 45° latitude.
Within these height and latitude limits this comesponds io an
average horizontal flux of 3.2x10"% molecule em™? 5!, Between
1800 and 3600 m the tumover time increases ©o ~8 days, and
vertical advection of Q; from higher layers balances a net
photechemical loss and 2 small loss out of the boundaries. The
net downward motion associated with the high-pressure conditions
of this study has only a minor influence in terms of downward
advection of Q; frem the middle roposphere to the lowest 1800
m. However, these conditions are favorable to O, precursor
buildup and consequently the large O production evident below
1800 m.

NQ,, isoprene, and higher alkanes are controlled primarily by
emissions and vertical mixing in the bottom layer. For NO_ the
interconversion with PAN accounts for most of the photechemical
production and loss terms. However, izyer averaged PAN is
essentially in equilibrium below 3600 m. The net photochemical
NO, loss is due 1 reaction with OH, except at the very bottom
layer where 10% of the photochemical NO, less in Figure 122 is
due to organic nitrate formatien (4% for the 0-1800 m average).
For the 0 to 1800 m layer, all three precursors are controlled
primarily by emissions and chemical loss, with loss to the
boundaries contributing about 25% to the relatively long-lived
higher alkanes.

Transport of pollutants and their precursors such as NO, and
NMHCs to the upper troposphere is 2 major concem because of
the potential for long-range ransport. The photochemical lifetimes
of pollurants such as O, and PAN becomes significantdy longer at
higher altirude, and concurrently, the wind speed increases with

altitude, For the case shown in Figures 11-14, only 1% of the
NQO, and 3.3% of the higher alkanes that are emitted near the
surface are wransported above 1800 m. The flux of PAN above
1800 m (not shown) is about 25% larger than that of NO,, so
~2.25% of the emitted NO, is transported above 1800 m. In the
1800-3600 m layer, NO, and higher alkanes are transported by
advection from below with tumover times of the order of a day,
despite the general downward advection associated with the high-
pressure comditions. However, the fluxes associated with the
advection process are relatively small, so the precursor
concentrations in this layer are low enough to effectively suppress
O, production. Isoprene levels in this layer average about 0.3
Pptv (parts per trillion by volumne), due largely to the mixing ratios
specified on the continenial boundaries at this height (~2 pptv).
Within the model, vertical diffusion coefficients above the PBL
are set to fairly smaill values (1 m? s'l), according to the
background vertical diffusion coefficients recommended by Zhang
and Anthes [1982). Therefore the influence of vertical diffusien
is expected 1 be small at all heights except ¢lose to the ground,
where large gradients and higher vertical diffusion coefficients can
be present. Gidel [1983) and Chatfield and Crutzen [1984] found
that the most effective vertical wansport is probably via convective
clouds. Our choice of a high-pressure environment may lead to
slower vertical wansport relative to the average conditions in the
summer. Allernadvely, since subgrid-scale cumulus convection is
ignored in the model formulation, these results represen: a lower
fimit to the amount of precurscr material that may actually be
transported upward from below 1800 m. As was mentioned
previously, the effects that subgrid-scale cumulus convection and
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other mixing processes at the PBL boundary may have upon the
wansport of O and its precursors between the PEL and the free
woposphere are left for future work, when adequate
parameterizations for these processes become available.

By locking at the total change over the 1-day time period in
Figures 11-14, it is obvious that below 3600 m the model is nearly
in steady state with respect 1o contnental averages. The one
exception is 2 15% increase in higher alkanes for the 1800-3600
m layer, due to the fact that the characteristic wansport between
the PBL and the layers above is much longer than the 3 days the
model has been run. A judicious choice in the initizl cenditon
accounts for the lack of change in the 1800-3600 m O, while
isoprene and NO, have relatively fast photochemistry that
dominares the chemistry-transport coupling below 3600 m. The
fact that there is no significant wend in O and its precursors
below 1800 m leads us w believe that the Oy mixing ratios
predicted on the third and fourth days are not infivenced by the
initial conditions or the time from initiation.

4, SUMMARY AND CONCLUSIONS

We have developed an Euledan regional-scale three-
dimensional mode] that incorporates results from a mesoscale
metecrological model with a photochernical mechanism and a
transport algorithm to simulate abundances of several key
atmospheric species over a given 4-day time period. Beczuse of
the high temporal resolution of the predicted meteorological
variables, a more fundamental treatment of boundary layer growth,
and a much larger vertical extent, the model differs significantly
from previous three-dimensional models used to smdy rural 03
[Liu et al., 1984; Lamb, 1983].

Model performance is tested by comparing model derived O,
values during the afternoon tc those observed by the EPA
monitoring network on the same days. In this way, the spatial
variability of O, between the two data sets over a large region can
be compared. In general, the magnitude, location, and movement
of the highest O concentrations observed on July 6 and 7, 1986,
are reproduced well by the model. Regicns of low O, associated
with flow from the Atlantic Ccean that is well removed from the
model boundaries are also well simulated. The correlation
coefficient between the two data sews inereases as the model
progresses, with a value of 0.58 (statistically significant above the
99.9% level} obtained on the last 2 days of the 4-day period.
Althcugh this correlation is less than what we would lLike, an
analysis of the observed O, values over the 4-hour peried used in
the caleulatons reveals large temporal and spatial variations over
a 60x60 km® area. These variations are presumably due to
subgrid-scale features such as topography, locaton relative 1o
anthropogenic sources, and micrometecrolegical facters the mode!
is unable to resolve. The model tends to consistently overpredict
O, in regions where cumulus clouds were observed to be present,
presumably owing to the absence of a subgrid cumulus convective
parameterization scheme within the model formalism. The model
consistently underpredicts O, aleng the eastern U.S. seaboard,
. south of Long Island. This is alse a region where observed

NMHC to NO_ ratics are much higher than those given in the
1985 NAPAP emissions inventory. A sensitivity run with NMHC
emissions increased by a factor of 4 eliminated much of the
predicted versus observed O, discrepancy in this region. A
comparison between model predicted NO, and NMHC with
relatively long term measurements provides a qualitative means of
assessing the model’s ability to predict these Qg precursors.
However, there are only a limited number of measurements of
both NO, and NMHC in rural areas. The 13 NC, comparisons
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show that the model tends o underpredict the long term averaged
observations, but tends to fall within the large uncertainty Lmits
associared with most of the observed NO, data. For the one
measurement program operational during the simulation period,
NO, averages agree quite weil. The six sets of observations used
in the NMHC comparison show that the relative partidoning of the
species used in the lumping scheme is reproduced fairly well, but
that the absolute amount of anthropogenic NMHC predicted by the
medel is somewhat less than that observed. However, large
variations within the observations and model data preclude a
meaningfil quanritative comparison.

An analysis of the O, photochemical terms for clear sky,
continental areas shows that Oy production is NO, limited aver
much of the model domain, and that midday net O, production
generally decreases as NO, values increase above 5 ppbv. This
decrease is mostly due to the suppression of peroxy radical
formaton due to the low NMHC w0 NO, ratios inherent in the
NAPAP emissions inventory. The net Oy production for relatively
high NO_ values has a large degree of variability due to ambient
NMHC concentrations, waler vapor, isoprene abundance, and
oxidation intermediates such as CH,0.

When results of the model are used 10 analyze individual
processes with respect to diumal and layer averages over the
continent, it becomes apparent that the choice of a high-pressure
period, and possibly the neglect of subgrid-scale cumulus ransport
within the model formalism, lead to very litle tanspor: of Oy
precursors above 1800 m. Although the average O, transpert is
downward at 1800 m because of the net advection associated with
the high-pressure cendidons, this' flux is unimportan: in
comparisen with the Oy photochemically produced within the
PBL. We calculare an O, turnover time of about 1.5 days due to
O, production below 1800 m that is largely balanced by
phoiochemical loss and transport out over the ecean.

While this study focuses on the large-scale regional aspects of
Q,, its precursors, and its formation, the model results contain a
vast amount of information on the various photochemical and
physical processes affecting the chemistry at individual points. A
companion paper (Trainer et al., manuscript in preparation, 1991)
will consider a more detailed look at these processes for a
particular location with extensive, simuitaneous, high-quality
measurements. It should be emphasized that the results presented
here are basically from one simulaticn. In this sense, these results
represent 2 baseline case, from which further improvements in the
medel ¢an be compared.

Several aspects of the model formulation invelve
approximations and assumptions thar contribute to the overall
uncertainty in the O, predictions, In terms of the model’s ability
w0 accurately describe the dynamic meteorolegy, the omission of
important vertical exchange processes (i.e., subgrid-scale cumuius
mixing) may seriously impact synoptic-scale Oy predictions. The
testing and assessment of reliable cumulus convection
parameterizations is therefore anticipated. With respect to
computational procedures, the numerical algorithm used two
transport individual species is known to have significant numerical
diffusion associated with it. Although the deminant anspert
process affecting O, and its precursors in the lowest 1 km is from
convective mixing within the PBL, further tests with advective.
ransport algorithms that do net contain numerical diffusion are
necessary to fully assess its impeet. The dependence of the
overall results on grid resolution is also another area of concem
that we intend to address. With respect 10 the chemical
mechanism used in this study, there are several aspects of the
lumping procedure that need to be tested within the framework of
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three-dimensional simulations © assess the uncerizintes in the
predictions of O, and its precursors. Currentdy, computational

tesource consiraints prohibit 2 mere robust treatment of the

complex photochemistry associated with anthropogenic and natural
NMHC. Despite the uncertzinties inroduced from all of the
consideratons presented above, the model contains the essential
and importan: elements related to the transport and photochemistry
of O, In this sense the results presented in this work can previde
a reference for funwe swdies of the budget and distribution of
rural ozcne,
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