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Abstract

In order to study the distribution characteristics of natural volatile organic compounds (NVOCs), we investigated

the seasonal variations of a— and B—pinene levels in a pine forest in Florida for a year. The mean concentrations of

o— and B—pinene measured during the whole study period were computed to be 125+86 (N =65) and 86+ 52 pptv

(N =56), respectively. According to our data grouping scheme, the seasonal means for both pinenes were observed

to peak during fall with their max and min values in summer and winter, respectively. The overall results of our

study suggest that terpenes are subject to highly strong temporal variability because of changes in their major

source characteristics across seasons.

Key words : NVOCs, emission, temperature, monoterpene, season

1. INTRODUCTION

Volatile organic compounds (VOC(s)) are known to
constitute one of the principal components in atmosph-
eric chemistry (e.g., Zimmerman et al., 1988). It is acc-
epted that numerous types of VOC are emitted to the
atmosphere from a variety of anthropogenic and natur-
al sources (Kesselmeier et al., 2000). The importance
of anthropogenic VOC emitted from various industrial
and/or transportation sources is well recognized (May-
er, 1999); they play the dominant role in the photoche-
mical reactions in urban areas under the presence of
various nitrogen oxides including peroxyacetyl nitrate
(PAN). Similarly, the environmental cycle of the natu-
ral VOC (NVOC) is suspected to be tightly coupled
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with that of ozone. Hence, these NVOCs can belong to
the vital components of the tropospheric chemistry wi-
th their massive quantity of emissions. In addition, the-
ir presence in the earth’s atmosphere can affect the glo-
bal chemistry of greenhouse gases (CH4), major pollu-
tants (CO), secondary organic aerosols, etc. (e.g., Hoff-
man et al., 1997).

Evidence collected from many of previous studies
indicates that plants are the dominant source of
NVOCs. A detailed speciation of those VOCs has sho-
wn that more than 400 types of NVOCs can be emitted
by plants (e.g., Hewitt and Street, 1992). These
NVOCs are found to consist of aldehydes, ketones,
alcohols, alkanes, alkenes, isoprene, terpenes, and org-
anic acids. It was estimated that the annual global flux
of NVOCs could amount to 1150 Tg of C, exceeding
that of anthropogenic counterparts. The total budget of
NVOCs is found to be made up of isoprene (44%), mo-
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noterpenes (11%), reactive VOCs (22.5%), and others
(22.5%) (Guenther et al., 1995). However in a given
locality, it is suggested that surrounding vegetation
(i.e., local sources of NVOCs) can contribute substan-
tially to their concentration levels (Arnts and Meeks,
1981). The fractional composition of ambient monoter-
pene levels from many coniferous forests around the
world has carefully been examined (Harrison et al.,
2001; Kim, 2001; Biesenthal and Bottenheim, 1998;
Ciccioli et al., 1993; Feshenfeld et al., 1992; Pio and
Valente, 1988; Zimmermann et al., 1988; Isidorov et
al., 1985). The results of those studies consistently ind-
icate that the emissions of those NVOCs are dominated
by two different monoterpene species, i.e., 0.~ and B-
pinene.

Although enormous studies were conducted previou-
sly to gain a better knowledge on the atmopheric che-
mistry of NVOCs, many unknowns still remain with
respect to the extent of their contribution to total VOC
budgets or their competitive relations with anthropoge-
nic counterparts. Hence, there is a great demand to ex-
tend the database to better characterize the speciation
and/or spatial~temporal distribution patterns of
NVOCs. In an effort to better describe the environmen-
tal behavior of NVOCs, the seasonal distribution patte-
ms of a— and B~pinene were investigated from a slash
pine forest in northern Florida, USA during the period
between 1994 ~1995.

2. EXPERIMENTAL

2. 1 Sampling and analysis

The study site is located at the Austin Cary Forest, a
two hectare cleared area surrounded by commercial
slash pine plantations . This rural site is located appro-
ximately 15 kilometers NE of the downtown business
district of Gainesville in the north central region of
Florida, USA. Specific descriptions of the study site
have been provided previously in our companion paper
(Kim, 2001).
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In this work, the collection of NVOC samples was
made using Tenax-TA sorbent for one to two times
per day basis at intervals of several days or weeks. The
collection of samples was generally made during the
daytime (typically between noon to 6 PM) for the total
duration of one to three hour periods (typically two ho-
urs). The analysis of NVOCs was then made by the GC
system interfaced with an automated cryogenic focus-
ing system (Tekmar, Model 5010-GT Automatic Des-
orber). The protocol for sampling and analysis was
developed and used specifically for the measurements
of monoterpene species. For the collection of NVOC
from the ambient air and the slash pines, sampling tub-
es were prepared with pyrex glass tubes (od 1.27 X 18.1
cm long) filled with 900 mg of Tenax~TA. The collec-
tion of air samples was then made using a rechargeable
personal air sampler (Model PAS-3000, Supelco) and
a sampling adaptor (#14-1486-200, Tekmar) which
consists of a sampling tube holder, O-rings for a sa-
mpling tube, and a metal (Ni) filter (Calogirou et al.,
1996). Once collected, samples were stored in a clean
tube container (Tekmar) under a cool condition (<4
°C). The recovery rates of all terpene hydrocarbons
spi-ked in the field were found at 95 to 105% range
within one to five days of storage. The precision of this
NVOC measurement technique was generally deter-
mined below 10%. The detection limits for monoter-
penoid species were found to be ~2 pptv at typical
sampling volume of 20 L.

The analysis of NVOC was made by the two indivi-
dual GC systems of GC-ITD and GC-FID that were
produced by the same manufacturer (Perkin Elmer, GC
—8420 and -8500). These systems were equipped with
the same DB-5 capillary column and operated under
the same analytical conditions. The similarity in the
analytical systems made it possible to easily compare
and interpret the mass spectrometric and flame ionizat-
ion chromatograms acquired by both systems. More
details on the sampling and analysis of the NVOC con-
centration and emission rates have been described pre-
viously (Kim, 2001).
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3. RESULTS AND DISCUSSION

3.1 The overall picture of terpene
measurements

In this study, the analysis of NVOCs was initially
made to cover such species as: o.~pinene, J—pinene,
d-limonene, B~phellandrene and p-cymene. Howev-
er, quantitative analysis of NVOCs was confined most-
ly to two pinenes for the problems associated with low
concentrations of other species during most of time.
(The depletion of species other than two pinenes may
in some part be accounted for by their strong reactiviti-
es with two double bond structures.) The concentrat-
ions of NVOCs measured during this study are plotted
as a function of time in Figure 1. The overall picture of
NVOC distribution patterns in the study area can be
deduced from a statistical summary of the measure-
ment data (Table 1). First of all, two pinenes were gen-
erally found at their concentrations near 100 ppt range.
(Although an unusually high level of total monoterpene
(930 pptv) was observed near the end of August, 1994,

this unusual value was excluded from the data analysis
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Fig. 1. Time series plot of a- (dark circle) and $-pienene
(Empty box) over the whole study period.

to avoid distortion of the general tendency.) In addit-
ion, it also appears that there is a slight dominance of
o.— over B-pinene; the mean ratio of /0. was measur-
ed at 0.80%0.26 with a moderate variability of 0.4~2
(N=55).

It is reported in the literature that the concentrations
of total monoterpene hydrocarbons fall in the wide ran-
ge from as low as less than 10 to above a few tens of
ppb (Laurila et al., 1999; Janson, 1992). The low con-
centrations of terpene found from this study are hence
comparable with those found in other coniferous for-
ests (McClenny et al., 1998; Johansson and Jason,
1993; Yokouchi and Ambe, 1988). In order to learn
more about the general patterns of NVOC distribut-
ions, it may be worth comparing our results with those
derived from other studies. It is suggested that the typ-
es and quantities of the surrounding vegetation are hi-
ghly conducive to the determination of ambient bioge-
nic hydrocarbon levels (Arnts and Meeks, 1981). Acc-
ording to their study, isoprene was the dominant hyd-
rocarbon compound in a forest of oaks and hardwoods;
these trees are known to be the principal emitters of is-
oprene. However, consideration of many other factors
(e.g., temporal variability) is essential to explain the

environmental behavior of NVOCs as described below.

3. 2 Comparison of temporal distribution
patterns of terpenes

It is well known that the NVOCs can exhibit strong
temporal variabilities over relatively short—term perio-
ds such as diurnally. Most of previous studies indicate
the existence of consistency in the diurnal variability
of NVOCs. By measuring NVOCs from a northern
European boreal site, Hakola et al. (2000) reported that
monoterpenes generally exhibit a minimum in the day-

time and a maximum in the nighttime (with a rare ex-

Table 1. A statistical summary of NVOC concentrations and relevant environmental parameters determined during the
whole study period of Apr. 1994 through June 1995. All concentrations are given in ppt unit.

o-pinene B-pinene Bloc Temp. °C) RH (%)
Mean + SD (Median) 125+86.3 (103) 86.3+51.7(75.2) 0.80+0.26 (0.78) 26.2+5.14(26.8) 50.24+17.6(47.8)
Range (N) 21.7~338(65) 21.5~240(56) 0.40~2.0(55) 12.2~38(69) 23.1~100(57)
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Table 2. A statistical summary of NVOC concentrations and relevant environmental parameters for each of four seas-
ons. All concentrations are given in ppt unit.

o-pinene B-pinene Blow Temp. (°C) RH (%)
1. Spring
Mean=+SD (Median)  102+77.6 (60.3) 64.11+36.4(51.3) 0.86+0.31(0.80) 26.2+3.9(26.7) 429+13.7(41.5)
Range (N) 26.7~314(29) 26.6~153(22) 0.49~1.90(22) 13.5~31.1(30) 23.1~80(29)
II. Summer
MeanxSD (Median)  177+£114(122) 112£73(99) 0.51+0.09 (0.53) 33+3.2(33) 50.3%£3(50.2)
Range (N) 75~338(8) 33.7~203(6) 0.40~0.62(6) 29~38(8) 46.8~54(4)
HI. Fall
Mean =+ SD (Median) 183+55(176) 131+34(127) 0.75£0.20(0.69) 27.9425(28.2) 66.8+14.7(65)
Range (N) 73~285(18) 83~240(18) 0.47~1.24(18) 23~32.3(18) 46~100(13)
1V. Winter
Mean + SD (Median) 4454+19.7(47.6) 40.0x15.2(384) 0.931+0.14(0.88) 19.7+£4.2(21.7)  49.61+20.6(43)
Range (N) 21.7~78.6 (10) 21.5~69.1(10) 0.75~1.13(9) 12.2~25.7(13) 25~90(11)

ception of certain compound like sabinene). In fact,
Riba et al. (1987) measured the total concentrations of
atmospheric terpene from a pine forest area in France.
They reported that the concentrations measured during
September were less than 500 pptv in the daytime and
went up to 2,000 ~4,000 ppt at night. By contrast, the-
re also appears an opposing result in which daytime
enhancement is seen consistently from a forest enviro-
nment (Bufler and Wegmann, 1991). However, eviden-
ce is abundant enough to support the relative enhance-
ment of nighttime monoterpene levels from many regi-
ons around the globe including far east Asia (Yokouchi
et al., 1988) and Russia (Isidorov et al., 1985). This
relative enhancement in monoterpene concentration is
believed to come mainly from nighttime reductions in
(or absence of) reactive chemical species (e.g., OH and
05). It may also be possible to infer that those unusual-
ly high concentrations of terpene might have been fa-
vored by enhanced atmospheric stability during night-
time periods with the formation of atmospheric invers-
ion as can be seen frequently from temporal patterns of
other trace components like mercury {e.g., Kim and
Kim, 2001).

As most of our measurements were made intensively
during daytime periods (e.g., noon~ 6 PM), the con-
centration data obtained during our study periods are

unlikely useful enough to examine the diurnal variabil-
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ity. However, as measurements were conducted at sim-
ilar time schedule for an extended period of time, the
results may be plausible enough to describe distribut-
ion patterns over monthly or seasonal scale. Results su-
mmarized in Table 2 indicate that there are large varia-
bilities in the computed seasonal mean values. The res-
ults of this study cleary show that the highest and low-
est seasonal mean values for the two pinenes occur
consistently at fall and winter season, respectively. Ac-
cording to our study, seasonal distribution patterns of
NVOCs are characterized by the dramatically reduced
concentrations during winter season. It is also interest-
ing to find out that the highest seasonal mean for terpe-
nes occur during fall rather than summer. Results of
recent studies generally indicate that the relative abun-
dances of the terpenoid compounds can vary signifi-
cantly across seasons. For example on the basis of the
field study from a Finnish boreal forest, Hakola et al.
(2000) reported that o.—pinene can comprise more than
70% of terpenoid during May but that isoprene can
grow to make up the half of the total terpenoid during
July. The existence of such strong temporal variabili-
ties in relative terpenoid composition is in fact in line
with directly quantified emission rates under various
field conditions (e.g., Boissard et al., 2001). However,
the causes of relatively reduced concentrations for

summer—term in this study may in part be sought from
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limited measurements during that season because of
frequent rain events. In fact if concentration differen-
ces in two terpenes between summer and fall are chec-
ked by t—test, the level of difference is not statistically

significant.

4. CONCLUSIONS

In this study, the environmental behavior of NVOCs
was investigated by measuring the concentrations of
both ot— and B-pinene and the relevant environmental
parameters from a slash pine forest in Florida, USA.
According to our analysis, there were large variabiliti-
es in the computed seasonal mean values of two pinen-
es. It was also seen that both pinenes exhibited consis-
tently the highest and lowest seasonal mean values at
fall and winter season, respectively. These results are
compatible with the previous findings that the relative
abundances of the terpenoid compounds can vary sign-
ificantly across the seasons. On the basis of our study,
it is concluded that the presence of strong temporal
variability in two terpenes concentration levels appears
to be the distinctive characteristics of NVOC distribut-

ions.
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