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Table 2 Reported estimates of zlobal meteorite accretion rate

- -;;b Wethad used in estimate

Accration rate

{tons vr™') Ref.

Magnetic spherules from Pacific 90 25

clay.
Al in Greeniand ice < 100,000 26
*5Al in Pacific sediments 1.3x 10 27
M in Antarctic iee 100,000 18
Iron in pamicles collected from <90,000 28

stratosphere
Ni in Pacific sediments (1-2)x 10° 29

400,000 30
Irin Mn nodules 20,000 31
70,000 32
Ir in Pacific sediments 110,000 9
78,000 23

{r in Antarctic ice 400,000 19
Ir in Antarctic and Greeniand ice 10.,000-20,000 21
Ir in South Pole acrosol 6,000-11,000  This work
Co in Antarctic atmosphere 600 2
3He/*He ratio in Pacific sediments 2.000 33
Satellite, visual and radio-meteor 16,000 22

studies

tons yr~' by using the Co concentration in the South Poiar
aerosol. This unusually small flux estimate probabiy results from
assumpiions Cunningham and Zoller used to convert atmos-
pheric meteorite concentration to 2 global flux value. When our
model is applied to Co concentrations repornted by Cunningham
and Zoller, a flux vaiue of 26,000 tons vr™* is obtained. Temporal
variations of Co at the South Pole suggest that Co may have 2
source other than crustzl material and metecrites, probably
voleanic or anthropogenic’. Consequently, the accretion rate
estimated from Co concentrations is an upper limit rather than
true flux value.

Takahashi et al™ measured the Ir concentration in the Antarg-
tic snow as 3.1 x 107'® g per g snow and estimated the meteorite
flux as (10-20)> 1¢° tons yr™!, both of which agree with our
estimates. Ganapathy also measured the [r concentration in the
South Polar snow layers'®, obtaining an estimated fiux of 160,000
tons yr~'. (He then multiplied this value by 4 to account for
uneven distribution of extraterrestrial marterial on the Earth's
surface.)

Bibren et al'™® mezsured #*Mn activity in the Antarctic snow.
The esumared accretion rate in this studv was about 30,000
tons yr~ assummcr a uniform flux, but was later multiplied by
a factor of 3 10 approximate the global accretion rate.

Although our reported flux value can be compared with those
from other studies of polar regions, comparison with accretion
rate values from oceanic sediments is difficult. Because of the
short sampling period in this wark (1 yr), extraterrestrial parti-
cles collected on our filters are from the sporadic flux of material
from solar dust cloud. Particles that make up this background
flux are believed 1o have masses between 107" and 10° g (ref.
22). On the other hand, due to very slow accumulation rate,
sediment samples used 1o estimate the flux of extraterrestrial
material usually cover a time span of several million years.

IIS

Samples that integrate such large time intervals, in addition to

background dust particles, also include fragmentation products
from large bodies. Extraterrestrial objects larger than 10% g do
not frequently enter the earth’s atmosphere, the impact probabil-
ity dereasing with increasing radius; however, over several mil-
lien vears, the impact of ObJEC[S as large as 101‘ g has a finite

. As the chemical methods used do not discriminate

.ﬂ-@probabmtv
=¥ between background dust particles and fragmentation products

from large bedies, a significant fraction of the flux estimated
from sediment samples may be due to such large body impacts™.
Satellite, visual and radio-meteor studies give a flux of back-
ground dust particles of around 16,000 tons vr~' (refs 22, 24),
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Our estimate of 6,000 to 11,000 tons yr~' for the panicles smaller
10° g is in reasonable agresment with these studies.

Due to relatively fast snow accumuiation rate in the polar
regions {>10 cm yr™'), the time interval covered by each snow
and ice sampie rarety excesds 100 vears. Since the contribution
of large bodies is not significant for shorm time intervals, the
aceretion rate estimates from polar samples should be smaller
than similar estimates from oceanic sediments.
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Large quantities of non-methane h\drocarbons (NMHCs) are
emitted into the atmosphere from vegetation'™. A recent inveniory
“by Lamb er al.” indicates that the emission of natural hydrocarbons
is significant compared to that of anthropogenic NMHCs in most
regions of the United Srates. Because of their chemical activity,
the natural NMHCs can play important parts in the formation
of trace gases, such as ozone (Q,), peroxyacetyl nitrate (PAN)
and oxygenated secondary hydrecarbons™™, which contribute to
regional-scale air pollution® and mazy be harmful to crops and
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forest’ . The impact of natural hydrocarbons on the formation
of Oy in the atmosphere has been discussed previously*. In
general, it has been concluded that their impact is small™*%, But
lack of daza on the ambient concenrrations of key photochemical
species and an incomplete analysis of the photochemistry has
prevented a definitive evalnation of the impact of naturai NVMIHGCs
on rural O,. Here we report on concentrations of key trace gases
measured concurrently at a rural site in the eastern USA during
the summer of 1986 and a modelling study conducted to analyse
these measurements. This siudy demeonstrates that namrai
NMHCs can have a significant impact on ozene formation in rural
air, ' ‘

The field measurements were carried out at Scotia, Pennsyl-
vania. The site is locazed in a forest preserve 10 km west of State
College, remote from the influence of direct anthropogenic
emissions. The site is a monitoring station of the Nartional Acid
Precipitation Assessment Program (NAPAP) with well-charac-
terized meteoralogy. Trace gases measured at the site include
NO, NQ., HNO,, PAN, NQ, {the sum of the reactive nitrogen
species'”), 0., NOT, 5077, individual HC up to £ including
the terpenes and isoprene, CH.O and CH;CHO.

Ozone shows a characterisiic diurnal cyele at the site (Fig. 1).
At night O; is suppressed due to surface deposition in a shallow
inversion laver. In the morning hours O; increases following
the breakup of the nocturnal inversion layer as air from above
is mixed downward. During the day O, also increases due to
photochemical formation. The highest O; concentrations at the
site are observed under high-pressure conditicns associated with
low surface winds, high temperatures and predominantly clear
skies. These high-pressure systems can persist for several days,
allowing the accumulation of photochemically active trace com-
pounds and the formation of secondary products. Accordingly,
high-O; concentrations are frequently observed over large
regions during these periods'®'®,

In particular, during 4-7 July 1986, central Pennsyivania was
at the northern edge of a stagnant high-pressure system over
the eastern USA. The O, concentration observed at Scotia during
this 4-day period peaked at 110 p.p.b.v. Figure 2 shows the
daytime average hydrocarbon mixing ratios observed at the site;
the natural NMHC 1soprene was the predominant hydrocarbon.
Isoprene concentrations were low in the morning hours and
increased throughout the day as the temperature increased,
consistent with the expected temperature dependerice of the
emission rate™. Furthermore, the average iscprene concentra-
tion increased during the 4-day period as did the average daytime
temperature. The anthropogenic NMHCs {sum of C;-C,4 HC)
observed during this pericd were mainly alkanes, with propane,
butanes and pentanes contributing 60% by mass to the C;-
Co HC. The concentraticns of more reactive anthropogenic
NMHCs were low. For example, the concentration of ethene
was 0.23 pgm™’, while the propene concenfration was
<0.1 g m™’. The high contribution of the less reactive light
alkanes to the total burden of anthrepogenic NMHCs is charac-
teristic for a rural site®'.

To simulate this event a fine-resolution, one-dimensional
planetary boundary laver {PBL) model developed by Trainer et
al* that includes isoprene photochemisiry was used 10 evaluate
the effiect of natural NMHCs on the formation of rural ozone.
The fine-height resolution is nesded to model this event. Because
the vertical mixing near the surface is slow and the photo-
chemicdl destruction of the very reactive natural NMHCs is
fast, the mixing ratios of the nawral NMHCs decrease rapidly
with altitude™,

In the model calculations the temperature dependence of the
isoprene smission rate was described according to measurements
by Lamb et 21™ at a forest site in eastern Pennsylvania. For the
height at which the samples were taken {5 m) the maximum
isoprene concentration predicted by the model is 5 p.p.b.v. or
15 wg m™*, which is typical of the observed values.

The emission rate for NO, was chosen to reproduce the
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Fig. 1 Average diurnal ozone mixing ratio at Scotia, Pennsyl-
vania, for 25 June-26 July 1986 {circles) and for times when the
surface pressure was larger than the average pressure of 970 mbar
{open triangles). The sampling height was 5 m abeove the ground.

observed diurnal partern of NO,. During the 4-day pericd, NO,
showed a sharp peak in the morning that lasted 1-2h and
coincided with the breakup of the noctural inversion laver
{Fig.3). The NO, concentrations during the day were

~1p.p.b.v. As there are no appreciable local NO, sources, the

NO, is probably transported to the site from distant sources.
To simulate this phenomena a contdnuous NO, emission rate
was assumed for the height range from 200 to 300 m. The exact
range is not important provided that it is above the nocturnal
inversion layer. During the night-time the vertical mixing is slow
and NO, accurnulates in this emission layver. The surface, where
the measurements are taken, is isciated from the air aloft during
the night by the shallow inversion laver. In the morning, when
the inversion breaks up, downward mixing of NQ, leads ¢ the
sharp carly morning rise in the near-surface NO, mixing ratio.
The subsequent decline in NO, is due to dilution as the PBL
height increases during the daytime and due 10 photochemical
conversion of NO, to PAN and HNO,.

The rate of the NO, emission, chosen to reproduce the
abserved diurnal variation, is 4% 10" m™* s~ This value agrees
with the average NO, emission rate estimated for western
Pennsylvania®, The emission rates of the anthropogenic
NMHCs were chosen to reproduce the concentrations observed
at the site. The ratio of the anthropogenic NMHCs to NO,
emission rates (by volume) was 1.2 with the following partition-
ing: C.H,, 38%; C,Hg, 25%; C,H,, 6% CsH,, 6%. Butane was
taken as the surrogate for the C.-C,, hydrocarbons.
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Fig. 2 Averageisoprene (squares) and anthropogenic C;-C,o HC

(circles) mixing ratios at Scotia, for 4-7 July 1986. Horizontal bars,

times during which several individual samples were taken; vertical
bars, variation of isoprene throughout the time,
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Fig. 3 a, Observed variation of the NO, mixing ratic at Scotia

for 4-7 July; 1986; b, the variaticn of the NO, mixing ratic during

a 4-day period as caiculated by the model for the emission model
described in the rext

Figure 4a shows the predicted ozone varation for a 4-day
peried at a height of 3 m for the NO, emission rate and thres
models: only CO and CH,, with isoprene, and with
anthropogenic NMHCs. The model thai includes all the hydro-

. carbon emissions simulates the observed peak ozone concentra-

tions well except for 7 July. The deciine in O, observed on 7
July may indicate an approaching cold front and change of air
masses at the site. This efiect needs to be investigated in more
detail. If no hydrocarbons are emirtted and only CO and CH,
oxidation are considered in the model (Fig. 4a, curve 1), the
daytime maximum ozone values are ~53 p.p.b.v. When isoprene
emission is added (Fig. 4a, curve 2), the concentrations of HO-
and organic peroxy radicals are substantially increased, resuiting
in a strong build-up of ozone during the 4-day period. In this
context we note that carbonyl comgounds such as methylvinylk-
etone, methacrolein and formaldehyde are major intermediates
in the production of HO, and orzanic peroxy radicals from
isoprene. These intermediates and other byproducts such as
PAN, H,0O; and orgzanic peroxides are increased substantiaily
due to the oxidation of isoprene™. If there is.an efficient
heterogeneous removal of these intermediates, the build-up of
peroxy radicals and thus ozone would be significantly curtajled.

Addironal inclusion of the emission of anthropogenic hydro-
carbons (Fig. 44, curve 3) shows only a small additional increase
in the ozone production in these conditions, The system is in a
strongly nonlinear regime where an increase of the hydrocarbon
emission rate does not lead to a corresponding increase in the
ozone production rate. Consequently, the model evalnation of
the impact of natural NMHCs depends on the way the questicn
is posed. For example, in a calculation that includes first the
emission of anthropogenic NMHCs and then the addition of
isoprene, most of the ozone increase (~70%) is due to
anthropogenic NMHCs. Many previous studies that considered
only this model may have therefore underestimated the contribu-

£ Qtion of natural NMHCs to rural ozore formation.

The comparison of model prediction and observation indi-
cates that the oxidation of NO, which is mainly of
anthropogenic origin, in the presence of naturally emitted
isaprene, at levels observed at this rural site, can lead to high

ozone concentrations during a stagnant high-pressure period.

T 16

Fig. 4 a Model-caleufated variation of the O, mixing ratio during

a 4-day peried for the following modeis: 1, CO, CH. oxidation

only; 2, additional isoprene emissicn; 3, additional isoprene and

anthropagenic NMHC emission. 5, Observed variation of the O,
mixing ratic at Scotia, 4-7 July 1986.

If high ozone in rural areas is of concemn, a reductien of the
emission of anthropogenic hydrocarbons will probably not
reduce the ozone formation substantially in rural air. Consider-
ation has to be given to a reduction of the anthropogenic NO,
emissions.

Finally it is interesting to note that, in the absence of
anthropogenic NO, emissions, isoprene contributes little 10
ozone formation. Mode! calculations that assume only a bio-
genic surface emission of NO, with a flux of 2x 10" m™* s~
{ref. 25) indicate that isoprene has little effect on the production
of ozone and even can lead to a slight reduction in Q;. The
conversion of NO_ to PAN and possibly other organic nitrates
in the photo-oxidation of isoprene plays a critical part in
moderating the PBL photochemistry=®,
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