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The Role of Biogenic Hydrocarbons in Urban
Photochemical Smog: Atlanta as a Case Study

W. L. CHAMEIDES, R. W. LINDSAY, J. RICHARDSON, C. S. KiANG

The effects of natural hydrocarbons must be considered in order to develop a reliable
plan for reducing ozone in the urban atmosphere. Trees can emit significant quantities
of hydrocarbons to metropolitan areas such as Atlanta, and model calculations indicate
that these natural emissions can significantly affect urban ozone levels. By neglecting
these compounds, previous investigators may have overestimated the effectiveness of
an ozone abatement strategy based on reducing anthropogenic hydrocarbons.

“Y AAGEN-SMITS PIONEERING WORK
on photochemical smog first es-
A tablished that the photooxidation
of hydrocarbons in the presence of nitrogen
oxides produces ozone (Os) (). In urban
areas with large emissions of anthropogenic
hydrocarbons (AHCs) and nitrogen oxides
(NO,), this mechanism often drives summer
O; levels above the 0.12 ppmv National
Ambient Air Quality Standard (NAAQS)
(2). In the United States, a plan for O;
abatement was implemented in the 1970s
through the Clean Air Act. Although the
law calls for emission reductions in either
AHGCs or NO, its implementation by the
Environmental Protection Agency (EPA)
and the relevant state agencies has focused
on AHC reductions (2, 3). However, de-
spite large and costly reductions in AHC
emissions during the past 10 years, Oj; levels
in many areas have not decreased (4, 5);
more than 60 cities remain in violation of
the NAAQS, and almost 40% of these cities
are in the South.

The apparent lack of success in U.S. ef-
forts to reduce O3 suggests that there may
be flaws in our nation’s O3 abatement strate-
gy or in its implementation. One possible
flaw in the current AHC-based strategy
relates to the assumption implicit in the
strategy that AHC emissions are the domi-
nant source of Os-producing hydrocarbons
to the urban atmosphere and that biogenic
or natural hydrocarbons (NHCs) are negli-
gible. Our studies, which have focused on
the chemistry of a specific southern city
(Atlanta, Georgia) where Oj levels continue
to exceed the NAAQS despite sizable AHC
reductions (5), suggests that this assumption
is not always appropriate.

In the United States, trees are the princi-
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pal emitters of biogenic nonmethane hydro-
carbons, and isoprene and «-pinene are
the primary species emitted (6-10). Nation-
wide this source is estimated to produce
30 x 10° to 60 x 10° kg of carbon per year,
whereas AHC sources account for only
about 18 x 10° kg of carbon per year (6,
10). However, despite the large NHC
source and smog chamber experiments that
indicate that NHCs can effectively produce
O; in the presence of NO, and sunlight
(11), the role of NHCs in urban photo-
chemical smog has been discounted (12).
One argument advanced for neglecting
NHG:s is that although NHC sources aver-
aged over the entire United States may be
significant compared to AHC sources, they
should be relatively small in urban areas
where anthropogenic emissions are most
concentrated (10). However, an analysis of
NHC sources in urban areas indicates that
these sources are ubiquitous and quite sig-
nificant; in southern cities such as Atlanta,
NHC emissions appear to be as large as, if
not larger than, AHC emissions (13-17).

It has also been argued that NHCs are
negligible because their urban concentra-
tions are much smaller than those of AHCs
(10, 16). However, because NHCs are more
reactive than AHGs, they react faster than
AHCs and thus can have a significant effect
in spite of their low concentrations.

In our model calculations simulating the
formation of O; in Atlanta, NHCs had a
large effect although they comprised only a
few percent of the total hydrocarbon bur-
den. These calculations were performed
with the city-specific empirical kinetics mod-
eling approach (EKMA) (18-20). The
EKMA model (developed by the EPA) sim-
ulates the photochemistry of a well-mixed
column of air extending from the surface to
the top of the mixed layer as the column
advects from its initial position at 0800 local

standard time (LST) at the city center to
some evening position downwind of the
city. During advection, surface emissions
add hydrocarbons and NO, to the column,
and variations in the mixing height cause air
from above to be mixed into the column.
The eftects of changes in the local hydrocar-
bon source strength are explored by simulta-
neously varying the initial hydrocarbon con-
centration at 0800 LST and the daytime
surface emission rates. Changes in the local
NO, source strength are explored by vary-
ing the equivalent NO, parameters.

A 34-species photochemical mechanism,
CB-4, was used in the model to simulate the
chemistry within the air column. In CB-4 a
carbon-bond mechanism is used in which
nine functional groups represent the volatile
organics emitted into the urban atmosphere
(21). Although the chemistry of isoprene is
explicitly included in the mechanism, this
portion of the mechanism is not typically
used; EPA recommends to EKMA users
that isoprene be set equal to zero, thereby
inactivating the NHC portion of the mecha-
nism (19).

The model parameters were chosen to
simulate Oj; in an air column advecting from
downtown Atlanta to Conyers, Georgia (lo-
cated 40 km southeast of Atlanta), on 4 June
1984, a typical O;-episode day for Atlanta
(22). This day was also simulated by the
Georgia Department of Natural Resources
(DNR) for their 1987 State Implementa-
tion Plan, and, except for the inclusion of an
NHC source, the input data used in our
simulations were the same as those used by
DNR (23, 24).

Because vegetative emissions are light-
and temperature-sensitive, the NHC emis-
sions added to the model were distributed
over the course of the day so that most of
the NHCs were emitted in the afternoon.
The NHC emission rate was initially 0,
increased linearly until 1200 LST, remained
constant from 1200 to 1500 LST, and then
decreased linearly to 0 at 1900 LST. (Slight-
ly higher Oj levels were obtained when the
NHC emissions were held constant with
time.) We varied the total, integrated, day-
time NHC emission rates from 0 to 50 kg
km™2 (13). In all cases the initial NHC
concentration was set at 0.

All NHC emissions were assumed to be
isoprene (25). The chemistry of isoprene
was simulated with (i) that specifically in-
cluded in the CB-4 mechanism and (ii) the
functional group chemistry of the CB-4
mechanism (each isoprene molecule treated
as two olefins and one paraffin) (21). We
report the results of the first approach, but
both approaches generally yielded O; levels
within a few percent of each other.

The maximum 1-hour averaged Oj; level
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calculated as a function of AHCs and NO,
with no NHC emissions is shown in Fig.
1A. The maximum Oj level of 0.150 ppmv
calculated for present-day AHC and NO,
levels (the dot in Fig. 1A) is in excellent
(perhaps fortuituous) agreement with the
maximum Os level measured at Conyers
(0.147 ppmv). Because a reduction in AHC
emissions from 34 to 24 kg km™? reduces
O; from 0.15 ppmv to the NAAQS of 0.12
ppmv in Fig. 1A, one would project on the
basis of this figure that a 30% reduction in
AHC emissions would be needed to bring
Atlanta into compliance with the Clean Air
Act. However, this projection changes con-
siderably if NHCs are included.

The maximum Oj; levels calculated as a
function of AHCs and NHCs with NO,
held at present-day levels are shown in Fig.
1B. The vertical dashed line indicates the
results when AHCs are held constant at
present-day levels; by following this line
upward from the x-axis, one can explore the
effects of adding NHC emissions to the
existing NO, and AHC emissions. As Lur-
mann et al. (26, 27) found, adding NHCs to
the anthropogenic emissions has a very small
effect on O3; 30 kg of NHCs per square
kilometer caused only a 10% increase in O3
in Fig. 1B. However, it would not be cor-
rect to conclude that NHCs can be neglect-
ed. For these high emission rates, there is an
overabundance of hydrocarbons and, as a
result, O3 responds nonlinearly to any hy-
drocarbon addition. Thus increasing AHCs
above present-day levels also has a very small
effect on O;. Note that NHCs can generate
significant Oj levels by themselves. In Fig.
1B, with AHC:s set to 0, maximum O; levels
0f 0.08, 0.11, and 0.12 ppmv were obtained
for NHC emission rates of 30, 40, and 50
kg km ™2, respectively.

Because of the nonlinear response to hy-
drocarbons of O, the presence of NHCs can
exert a profound influence on the effective-
ness of an O; abatement strategy based on
AHC reductions. With no NHC emissions,
the calculations imply that a 30% reduction
in AHC emissions would be adequate to
reduce O; to 0.12 ppmv. However, for an
NHC emission rate of 30 kg km™2 [our
estimate of the isoprene emission rate for the
Atlanta area (13)], a 70% AHC reduction
would be needed. For NHC emissions of 50
kg km ™2 [our estimate of the total daytime
NHC emission rate (13)], O3 remains above
the NAAQS even after AHC emissions are
completely eliminated. We find that for
NHC emissions of 30 kg km™2 or more, the
percentage reduction in NO, emissions
needed to bring O3 down to 0.12 ppmv is
less than that required of AHC emissions.

Although our results should be viewed
cautiously because of uncertainties in the
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chemical mechanism used in the model and
in the AHC and NHC emission rates, a
comparison of our results with the observa-
tions of Westberg and Lamb (16) suggests
that the parameters used are not unreason-
able. On 3 days in the summer of 1981 with
winds out of the northwest, Westberg and
Lamb measured hydrocarbon levels at De-
kalb Community College, located approxi-
mately midway between downtown Atlanta
and Conyers. The average midday levels of
total nonmethane hydrocarbons and iso-
prene were 165 and 5 ppbyv, respectively. In
the model, with the use of present-day AHC
levels and an NHC emission rate of 50 kg
km™2, the calculated, midday total hydrocar-
bon level was 173 ppbv and the NHC (as
isoprene) level was 2.3 ppbv.
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Fig. 1. Isopleths of the maximum, hourly O,
levels (in parts per million by volume) calculated
as a function of (A) NO, and AHCs with NHC
emissions set to 0 and (B) AHCs and NHCs (as
isoprene) with NO, set at present-day levels. The
dot in (A) indicates the Os level obtained for
present-day conditions (an initial AHC concen-
tration of 0.68 ppmv, a total daytime AHC
emission rate of 34 kg km™2, an initial NO,
concentration of 0.096 ppmv, and a total daytime
NO, emission rate of 28 kg km™2). EPA rec-
ommends that diagrams like this one be used by
state agencies making emission control projec-
tions (19).

Our results indicate the potential impor-
tance of NHCs to urban photochemical
smog and the errors that can be incurred by
pursuing an O; abatement strategy that
ignores their effect. Although uncertainties
remain in the emission rates and atmospher-
ic chemistry of NHC:s, as they do in the case
of AHCs, we believe that the effects of
NHCs must be considered if we are to
develop a reliable and effective strategy for
controlling Os.
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The Structure and Symmetry of Crystalline Solid
Solutions: A General Revision

M. VAIpa, L. J. W. SHIMON, Y. WEISINGER-LEWIN, F. FROLOW,
M. Lanav, L. Leiserowritz, R. K. MCMULLAN

Mixed single crystals composed of host and guest organic molecules of similar
structures and shapes are shown to comprise sectors with different host-guest
distributions and to have symmetries lower than that of the host crystal. These
properties are determined by the structure of the guest and the surface structures of the
crystal faces through which the guest molecules are occluded. This general concept is
illustrated by studies of three mixed crystal systems, (E)-cinnamamide—(E)-2-thienyl-
acrylamide, (E)-cinnamamide—(E)-3-thienylacrylamide, and (S)-asparagine—(S)-aspar-
tic acid, with x-ray and neutron diffraction and solid-state photochemistry.

IXED CRYSTALS COMPOSED OF

host and guest molecules of simi-

lar molecular structures and
shapes have been generally observed to ex-
hibit the same symmetries as those of the
host crystals. Moreover, Kitaigorodsky pro-
posed that guest molecules will occupy all
symmetry-related sites with equal probabili-
ty (1). These assumptions are the outcome
of considerations of bulk thermodynamic
properties, and, to our knowledge, no dif-
fraction studies to the contrary have been
reported.

We have shown that the adsorption and
occlusion of minor amounts of additive dur-
ing crystal growth are dictated by interac-
tions between the additive and substrate
molecules at the crystal surface (2). In cases
where the additive is a substrate molecule
with an altered moiety or functional group
and these interactions are unfavorable, addi-
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tive occlusion will be limited (0.01 to
1.0%). We show that for solid solutions,
produced by the occlusion of large amounts
of guest, the nature of the occlusion is also

dictated by a mechanism dependent on sur-
face symmetry and structural considerations.
Thus the guest may be adsorbed and prefer-
entially occluded at different subsets of sur-
face sites on the various faces, leading to a
mixed crystal composed of distinct sectors
coherently compounded together. Each sec-
tor exposes to solution its bounding crystal
face. By our proposed mechanism, we antic-
ipate that the symmetry of each sector will,
in general, be lower than that of the host
crystal, as illustrated here by low-tempera-
ture diffraction studies of three mixed-crys-
tal systems (see scheme 1), (E)-cinnamam-
ide (I)—(E)-2-thienylacrylamide (II), (E)-
cinnamamide—(E)-3-thienylacrylamide (III),
and the amide-acid system (S)-asparagine
(VII)—(S)-aspartic acid (VIII), and by stud-
ies of the photochemical behavior of the first
system. With these examples we show that
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