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Factors in Summer Ozone Production in the

San Francisco Air Basin

In the recent report by Sandberg et al.
(1) it is suggested that biogenic emissions
are responsible for the high ozone levels
observed in the San Francisco air basin.

First, for biogenic emissions to in-
crease with previous winter rain, one
would need to establish that summer
vegetation is directly dependent on that
rain. Miller and Cooper (2) find that tree-
ring width is not correlated with previous
winter weather. Furthermore, it does not
necessarily follow that heavy winter
rains will produce more summer vegeta-
tion since soil will reach saturation and
any further rainfall will run off. One
should therefore perform a detailed
study of the types of vegetation in an
area, their dependence on rainfall, and
their emission patterns and then arrive at
emission factors for the whole basin.

We have been concerned with the role
of natural hydrocarbons in ozone pro-
duction and have studied areas in the
Midwest, Northeast, and Southeast, and
we do not expect the San Francisco Bay
Area to be significantly different. The
greatest concentration of terpene we ev-
er observed was in a pine forest in North
Carolina, when the «-pinene carbon con-
centration was approximately 60 parts
per billion (ppb), corresponding to ~50
percent of the total nonmethane hydro-
carbon found in the canopy. A maximum
pinene flux of ~67 wg/m%min was ob-
served at this location; the temperature
was ~34°C. If a simple line source dif-
fusion model (3) is used with a forest 100
km in depth, the a-pinene carbon con-
centration in a city 1 km downwind will
be 60 ppb at a high flux of 100 ug/m2-min,
assuming that the «-pinene is stable—
that is, that there is no reaction with O,
and OH radicals usually found in the at-
mosphere. With background O, and OH
levels of 20 to 30 ppb and 10° cm™, re-
spectively, the a-pinene concentration
will be much lower. It is clear that even a
high flux of 100 xg/m2-min will not have a
significant effect on the hydrocarbon
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concentration in a city downwind. The
EKMA (empirical kinetic modeling ap-
proach) model @) predicts that such low
levels (60 ppb carbon) could, at the most
favorable hydrocarbon/NO, ratio, pro-
duce only approximately 15 ppb ozone.

Sandberg er al. state that the highest
hydrocarbon levels are observed in the
early morning (3 to 4 a.m.) and hypothe-
size that this is due to katabatic noctur-
nal drainage from the wooded hills.
However, if the biomass is emitting the
hydrocarbons in the early afternoon, as
the authors suggest, they would be ex-
pected to react with ozone, which is
present in high levels in the afternoon.
This would be expected since most of the
natural hydrocarbons are olefinic (iso-
prene and the terpenes) and would have
a very high reaction rate with ozone.
Therefore, hydrocarbons involved in
katabatic nocturnal drainage would have
to be emitted during the night, when bio-
mass emissions are at a minimum. The
emission levels given by Sandberg et al.
are therefore gross overestimates. I sug-
gest that if the authors consider the NO,
values along with the hydrocarbons they
will also find the NO, values elevated
early in the morning. These high values
are a result of two factors: anthropogenic
emissions and the low mixing heights in
the nighttime hours.

The authors found a high correlation
(.81) between hydrocarbon and CO.
Since they found no correlation between
CO and rain but did observe a correla-
tion between hydrocarbon and rain, it
would appear that their data base
changes from correlation to correlation.

Finally, Sandberg et al. ignored exist-
ing aerometric hydrocarbon data. We
have studied a number of cities in the
past decade and have never found a sig-
nificant concentration of biogenically
produced hydrocarbons (isoprene and
the C,, terpenes). Much of the data has
been published. All the published data
show that the automotive contribution to

hydrocarbons between 6 and 9 a.m. can
vary from 40 percent (in Wilmington,
Ohio, a rural site) to as much as 90 per-
cent (in Manhattan, New York). The re-
mainder is attributable to stationary
sources.

JOSEPH J. BUFALINI
Gas Kinetics and Photochemistry
Branch, Environmental
Sciences Research Laboratory,
Environmental Protection Agency,
Research Triangle Park,
North Carolina 27711
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The underlying assumptions that led
Sandberg et al. (1) to the conclusion that
there is a significant relationship be-
tween biomass increase during wet years
and summer ozone excesses require a
much more rigorous examination. First,
in regard to the data displayed in their
figure 1, the authors employed only a
limited number of years to support their
biomass hydrocarbon-ozone hypothesis.
It would provide a much more stringent
test of their hypothesis if data available
from the whole span were used. We
transferred the numbers for the whole
span (1962 to 1977) from figure 1 and
found a correlation coefficient of only .45
for the 16-year period. We also examined
the annual averages of the maximum
hourly average oxidant for the San Fran-
cisco Bay Area air basin for 1965 to 1974
(2). The correlation coefficient obtained
for this average and the 2-year precipi-
tation was .12. Thus, the totality of the
data hardly justifies the strength of their
claim for a rainfall-biomass-ozone inter-
action and erodes confidence in their
suggestion that a single wet winter (1977
to 1978) will test it. The authors speak of
ozone excesses, but that is not technical-
ly correct for the entire length of the air
monitoring record. The instruments
commonly in use until the last 3 years did
not measure ozone specifically but re-
sponded also to other pollutants (posi-
tively to the peroxyacyl nitrates and NO,
and negatively to SO,); it is appropriate
to distinguish between total oxidant and
ozone data.

Second, no measurements were made
to confirm that the kinds of hydro-
carbons in the San Francisco Bay Area
actually originated from biomass. The
authors used estimates of hydrocarbon
emissions based on a study of plants in a
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closed atmosphere to propose what may
be happening in a natural environment
(3). Furthermore, there is more evidence
than they acknowledged that non-
methane hydrocarbons (NMHC) from
natural sources may never reach signifi-
cantly high concentrations. For ex-
ample, two recent studies ¢, 5) showed
that the total carbon from natural hydro-
carbons did not exceed 0.1 part per mil-
lion (ppm) in rural and remote areas.
These studies were carefully designed to
minimize calibration errors that would
make it difficult to distinguish between
natural and anthropogenic hydrocar-
bons. In other studies, whenever rural
hydrocarbons were higher, there was
evidence of contributions from anthro-
pogenic sources (6, 7). Concerning the
potential for oxidant formation from 0.1
ppm carbon NMHC, it should be re-
called that the federal standard of 0.24
ppm carbon NMHC was established to
achieve the oxidant air quality level of
0.08 ppm. Thus, an oxidant concentra-
tion of only a few hundredths of a part
per million would be expected from an
NMHC concentration of the order of 0.1
ppm carbon.

Third, the biomass hydrocarbon-
ozone hypothesis does not take into ac-
count some important information which
describes the spatial variation in ozone
concentration as a function of photo-
chemistry and the transport process (8).
For example, at a suburban location
such as Livermore, it is generally be-
lieved that higher oxidant concentrations
are attributable to a delay in oxidant for-
mation over urban areas because of high-
er NO concentrations; this can also ex-
plain the data of Coffey and Stasiuk cited
by Sandberg et al. At locations in the
downwind trajectory higher oxidant con-
centrations are to a significant extent due
to reactions of NO, (formed by the
quenching of ozone by NO emitted in the
central areas) with anthropogenic hydro-
carbons—not to addition of natural hy-
drocarbons. Because oxidant formation
can be highly sensitive to hydrocarbon/
NO, ratios (9, 10), a hypothesis based
only on total hydrocarbons (including
methane) is too simplistic to be plau-
sible, given our current knowledge of
transport and transformations in pho-
tochemical air pollution.

In future examinations of the possible
effects of biomass hydrocarbons on the
photochemical synthesis of ozone, a crit-
ical assessment of meteorological factors
is essential. Sandberg er al.’s suggestion
that the nocturnal drainage from vegeta-
ted slopes concentrates biomass hydro-
carbons in adjacent air basins implies the
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need for relatively stable nighttime con-
ditions that are likely to be coupled with
a low inversion and high temperature the
following day. Indeed, our experience in
the San Bernardino Mountains of south-
ern California shows a clear relationship
between ozone concentrations and me-
soscale meteorological patterns at mon-
itoring stations in the conifer forest zone.
Thus, meteorological patterns typical of
the summer season iead to the high
ozone concentrations observed in the
forest (/1). We feel that even though the
siting of our monitoring stations allows
for the hypothetical participation of bio-
mass hydrocarbons, there is no evidence
that they could possibly be as important
as the transport processes associated
with the characteristic summer meteoro-
logical patterns. :

Other factors to consider are that ter-
penes may act as 0zone COnsumers as
well as ozone producers in the tropo-
sphere (/2) and that vegetation canopies
also act as a sink for ozone (/3). These
suggestions further illustrate the com-
plex nature of this problem.

In conclusion, we do not feel that
Sandberg er al. have made a case for
their hypothesis that annual changes of
ozone concentrations in the San Fran-
cisco Bay Area air basin are strongly de-
pendent on biomass hydrocarbon emis-
sions. Rather, current accepted mecha-
nisms for formation of photochemical air
pollution (/4, 15) provide an integrated
view in which summer season meteo-
rology, associated transport processes,
photochemical  transformations  in-
volving anthropogenic hydrocarbons,
and the influence of hydrocarbon/NO,
ratios are important variables that deter-
mine the spatial and temporal trends in
ozone concentrations in such an urban
and suburban airshed.

PauL R. MILLER
USDA, Forest Service
Pacific Southwest Forest and Range
Experiment Station, Statewide
Air Pollution Research Center,
University of California, Riverside 92521
JaMES N. Pr1Ts, JR.
ARTHUR M. WINER
Statewide Air Pollution Research Center
and Department of Chemistry,
University of California, Riverside
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We first wish to point out the veri-
fication of our prediction. Despite the
overall 5 percent per year downtrend in
the past decade of ozone data, a large in-
crease was observed, as forecast, in 1978
although the magnituée was under-
estimated. In 1977 there were 40 days on
which ozone levels exceeded the 80-ppb
federal standard for 1 hour; 72 days were

forecast (in March) for 1978 and 93 days

were observed (as of 1 November 1978).
The largest winter precipitation increase
in 16 years of data was followed by the
largest annual increase in ozone ex-
cesses, both in percentage and in num-
ber. Moreover, an increase in mean
ozone values on meteorologically com-
parable days limits a purely summer-sea-
son meteorological explanation.

Bufalini’s comments concerning tree
rings were indirectly applicable. Miller
and Cooper’s results (/) relating tree-ring
width to temperature and spring rains in
northern Scotland may offer a good pre-
dictor of ozone in Aberdeen and a prom-
ising methodology for a more com-
parable climate, such as that in New
England. However, we: followed Fritts
(2) in limiting our derived relationship
to the precipitation-stressed Southwest
states. We are aware of the geographic
complexities in dendrochronology and
find indications that fine-tuning of the
relevant biomass indices would strength-
en our basic correlation.

Bufalini discovered an inadvertent
data-base shift in our simple and multiple
correlations for San Jose. For the full 13
years of hydrocarbon data the com-
parable correlation coefficients (r) are: 2-
year winter rain to summer quarter maxi-
mum-hour hydrocarbons, .69; 2-year
winter rain to summer quarter maxi-
mum-hour CO, .36; summer quarter
maximum-hour hydrocarbon to CO, .77.
The resulting r? value for hydrocarbons
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with CO implies a vehicular factor of
nearly 60 percent in the variance, and
that for hydrocarbons with rain implies a
natural factor of more than 40 percent.

Published ambient hydrocarbon mea-
surements are admittedly the strongest
argument against the biogenic hypothe-
sis. The data on a pine forest in North
Carolina from Arnts et al. (3) cited by
Bufalini are for measured fluxes above
the forest canopy. They show the ex-
pected temperature inversion from cano-
py top to forest floor, and thus one might
anticipate higher concentrations below
the canopy. Because most of the Califor-
nia forested areas are in rugged terrain, a
significant portion of the biogenic hydro-
carbons emitted during the day would re-
main trapped below the canopy in-
version and flow katabatically down the
normal drainage channels, collecting fi-
nally in the valleys. Neither the flux mea-
surements above the canopy nor the ex-
tended line-source model would be appli-
cable to this flow. Direct measurements
in wooded California terrain are needed,
as we recommended in our report.

With regard to modeling, De Mandel
et al. @) concluded that the Environmen-
tal Protection Agency’s standard EKMA
diagram is inappropriate for urban cen-
ters in the San Francisco air basin,
where measured hydrocarbon/NO, ra-
tios are very low. Such diagrams, how-
ever, do indicate that for these low ratios
a hydrocarbon increment of 60 ppb
would produce an ozone increment of
about 30 ppb. Because mean summer
ozone maxima at our usual receptor sta-
tions are near the 80-ppb federal stan-
dard, an increase of 30 ppb can result in
an increase of more than 100 percent in
days over standard.

Miller et al. first criticize our data-
analysis rationale and question (i) our
elimination of early data years, (ii) our
neglect of annual averages, and (iii) our
incorporation of ozone and total oxidant
data. These are reasonable questions to
those unfamiliar with our data base.

Our ozone-oxidant monitoring net-
work grew from six stations in 1962 to 25
stations in 1977. Not until 1967 did we
establish our first exurban downwind
monitoring station (Livermore), where
quenching by nitric oxide in an urban
center was not an important factor. Thus
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the first 5 years (1962 to 1966) were ex-
cluded on the basis of comparability. An
additional 15 stations were added in the
following decade, but those established
after 1970 made relatively minor percent-
age contributions to total excesses in the
basin. Moreover, the increasingly strin-
gent controls on anthropogenic emis-
sions have increased the relative impor-
tance of natural emissions, particularly
since 1970.

We have found annual averages for
ozone-oxidant data to be of limited or
negative value in northern California.
Elevated afternoon ozone levels are
measured at our major receptor stations
on only 30 to 50 days per year compared
to 150 to 200 days in the Los Angeles ba-
sin; thus our annual averages reflect the
much more frequent days with back-
ground levels of 30 to 40 ppb. Moreover,
a negative correlation between winter
rain and winter ozone (reflecting zero
ozone values on most rainy days) would
counterbalance or outweigh the winter
rain-summer ozone relation in annual
means.

With respect to the comparability of
our ozone and total oxidant data, we
conducted parallel sampling for 2 years,
at 11 long-term stations. We found the
ozone slightly higher at two stations with
some SO, interference and slightly lower
at one station (San Jose) with the great-
est vehicular influence, but the impact on
overall basin data was less than 2 per-
cent.

The second category of the Miller er
al. critique, concerning hydrocarbon
measurements, has been covered in large
part in our reply to Bufalini. However,
we emphasize that we did not simply as-
sume that annual variations in total hy-
drocarbon concentrations were a func-
tion of biomass. We examined all the hy-
drocarbon data for our basin and found
strong correlations that signaled such a
relationship and called for further mea-
surements. The existing measurements
cited by Miller er al. appeared to have
been taken at times and places that were
not necessarily relevant.

We agree in general with the third cat-
egory of their critique concerning the im-
portance of transport and transformation
processes and of hydrocarbon/NO, ra-
tios. We do not suggest that the urban

ozone problem does not primarily result
from anthropogenic sources or that long-
range transport is not a very important
consideration. We do suggest that the
biogenic factor may also need to be in-
cluded. For example, consider the data
for the Los Angeles basin. The winter
rain factor appeared to have no skill at
the 80-ppb or even the 200-ppb ozone
levels for the Los Angeles basin, but was
strongly correlated at the 350-ppb level.
Recent data showing an increase in the
number of 350-ppb days from 7 in 1976 to
22 in 1978, in phase with heavy winter
rains on the southern coast, appear to
strengthen this relationship. It would be
imprudent to overlook a factor that be-
comes more important on the days of
greatest concern. On the other hand, the
Los Angeles air basin data indicate an
overwhelming anthropogenic base that
would make a biogenic factor more diffi-
cult to detect.

Our own mobile monitoring data show
that vegetation canopies as well as heavy
traffic arteries are sinks for ozone. The
reasons for the two kinds of sinks are, of
course, different, but both may involve
transport and incompletely understood
transformations.

In conclusion, we concur that an in-
tegrated overview of the ozone problem
is needed, incorporating summer-season
meteorology, associated transport pro-
cesses, photochemical transformations,
and hydrocarbon/NQO,, ratios. Pitts” work
has demonstrated the importance of
these ratios; we ask that the numerator
as well as the denominator be more ade-
quately determined.

J. S. SANDBERG
M. J. Basso
B. A. OkIN
Bay Area Air Quality Management
District, San Francisco, California 94109
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