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Summary Seasonal variability in basal isoprene emission
factor (µg C g–1 h–1 or nmol m–2 s–1, leaf temperature at 30 °C
and photosynthetically active radiation (PAR) at 1000 µmol
m–2 s–1) was studied during the 1998 growing season at Duke
Forest in the North Carolina Piedmont. Emissions from eight
upper-canopy white oak (Quercus alba L.) leaves were mea-
sured periodically from the onset of isoprene emission on Day
of Year (DOY) 119 (April 29) to leaf senescence in late Octo-
ber (DOY 299). Emissions from four leaves were measured
under basal conditions with a controlled-environment cuvette
system equipped with 10-ml gas-tight syringes and a reduction
gas detector. Emissions from the other four leaves were mea-
sured under ambient conditions with the same system. Emis-
sion rates from the four leaves measured under ambient
conditions were adjusted to basal conditions based on the PAR
and leaf temperature algorithms of Guenther et al. (1993). The
seasonal onset of isoprene emission was in agreement with pre-
vious studies where cumulative degree days from the date of
the last spring frost were used to estimate bud break, leaf ex-
pansion, and increase in basal emission factor (EF). Between
DOY 141 (May 21) and 240 (August 28), mean meteorological
conditions 6 to 18 h prior to the EF measurements (ambient
PAR and temperature) explained up to 78% of the variability in
mean basal EF between measurement periods. Summertime
mean isoprene emission potential was reached on DOY 141
(May 21) and was maintained until DOY 240 (August 28),
when isoprene emission began to decline monotonically as leaf
senescence approached. The mean value for leaves measured
under ambient conditions and adjusted to basal conditions for
DOY 141–240 was 75.6 µg C g–1 h–1 (74.2–79.1), whereas the
mean value for leaves measured under basal conditions was
72.9 µg C g–1 h–1 (64.7–88.9). Between DOY 141 and 240,
daily mean isoprene EFs varied from 54 to 96 µg C g–1 h–1

(27 to 49 nmol m–2 s–1). In agreement with previous work at
this and other sites, basal isoprene emission rates of fully ex-
posed leaves at the crown apex of this tree were about 20%
higher than those of the selected leaves. The length of the pe-
riod prior to measurement of isoprene emission, during which
meteorology was correlated with basal EF, appeared to be re-
lated to the timing and periodicity of meteorological change,
and probably explains quantitative differences in the length of

this period among studies. The empirical equation that we de-
rived for this effect explained variability in midday EFs at the
study site, but its general applicability remains to be tested.
Strong diurnal changes in EF (as high as a factor of 2) are im-
plied in this study, and should be examined further.

Keywords: biogenic volatile organic compound, heating de-
gree days, leaf temperature, photosynthetically active radia-
tion, Quercus alba.

Introduction

Isoprene emission from vegetation is the world’s largest
known source of non-methane volatile organic compounds
(NMVOCs). Its importance is further amplified by its high
reactivity compared with other abundant atmospheric
NMVOCs. It is estimated that over 90% of isoprene emission
is from vegetation (Guenther et al. 1995). Current emission
models are based on an emission factor (EF; µg C g–1 h–1 or
nmol m–2 s–1) that is defined for standard conditions (e.g., leaf
temperature of 30 °C, and photosynthetically active radiation
(PAR) of 1000 µmol m–2 s–1) and then adjusted for short-term
light and temperature effects (Geron et al. 1994, Guenther et
al. 1995). Because most isoprene is emitted during meteoro-
logical conditions that approximate the standard conditions,
the standard or basal isoprene EF is a critical parameter in
modeling global atmospheric hydrocarbon concentration and
reactivity.

It has recently been demonstrated that EF increases during
springtime with increasing cumulative mean temperature
above 0 °C (degree days; °D) after the last spring frost. The EF
declines as evenings cool in late summer and fall (Monson et
al. 1994, Goldstein et al. 1998). Currently, it is assumed that
the basal EF is constant during the summertime at 70 µg C g–1

h–1 for high-emitting genera such as Liquidambar, Populus,
and Quercus, which dominate isoprene emission in the USA.
Recently, however, it has been suggested that the basal EF
may vary with meteorology (the product of ambient PAR and
temperature) and these effects may persist for up to 2 days
(Sharkey et al. 1999). However, this finding was based on
measurements at two sites over a period of 3 years. Further-
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more, different leaves were sampled during each of the eight
measurement periods, and it is not clear if some of these mea-
surement periods were influenced by phenological events; i.e.,
increasing spring basal EFs or late summer–autumn declining
EFs may have impacted these results. Laboratory studies sug-
gest that the period of meteorological influence on basal EF
may be considerably longer than 2 days (Petron et al. 2000).
We have attempted to determine if there is a persistent effect
of temperature and light on basal EF in the field by measuring
emissions from the same leaves over the course of a growing
season and, if so, what representation best explains the EF
variability.

Methods

We randomly selected four pairs of leaves on the northeast
portion of the upper crown at a height of 26 m on a 30-m tall
mature white oak (Quercus alba L.) tree. The selected leaves
were exposed to direct sunlight for most of the day (0900 to
1600 h) during the summer months and were accessible from
an adjacent walk-up micrometeorological tower at the Black-
wood Division of the Duke University Forest. This tree was
the same one studied by Geron et al. (1997) and Sharkey et al.
(1996), and additional details on the site can be found in Geron
et al. (1997). Growth of the eight leaves was measured at 5- to
10-day intervals, from initial expansion to midsummer, with a
portable leaf area meter (LI-3000A, Li-Cor, Inc., Lincoln,
NE). Insect herbivory resulted in minor leaf area reductions on
four of the leaves after expansion was complete (Figure 1).
Leaf mass per unit area was determined on 6-cm2 sections of
adjacent leaves in similar light environments during midsum-
mer. These sections were dried at 80 °C for 48 h and weighed.

Gas exchange on the eight leaves was monitored with a
Li-Cor LI-6400 gas exchange measurement system with a
red/blue light source. This system measures water vapor
(H2O) and carbon dioxide (CO2) exchange from leaf surfaces
with infrared gas analyzers and allows control of PAR, leaf
and air temperature, humidity, CO2 concentration, and air flow
over 6 cm2 of leaf area enclosed in the cuvette. Ambient purge
air was drawn by the gas exchange system from an opening in
the canopy 2 to 3 m below the leaves being measured. This air
was passed through an 18.9-l plastic mixing vessel at a flow
rate of 500 µmol s–1 (resulting in a mixing time of ~ 30 min) to
help stabilize ambient concentrations of isoprene and CO2.

Cuvette exhaust air samples were drawn from the Teflon ex-
haust outlet line with glass 10-ml locking gas-tight syringes
with Teflon plungers (VICI Precision Sampling, Inc., Baton
Rouge, LA). Ambient air samples were drawn from the line
between the mixing vessel and the gas exchange system. The
syringes were placed in an insulated, unrefrigerated container
and transported to the laboratory for analysis within 2 to 4 h.
Experiments showed that isoprene loss from the syringes was
less than 2% over 24 h and was therefore considered to be neg-
ligible.

Isoprene concentrations in the cuvette exhaust and ambient
air were determined by the methods described by Greenberg et

al. (1993) and Harley et al. (1997). Samples collected in the
syringes were injected into a 1.9-ml sample loop of an isother-
mal (130 °C) gas chromatograph. Isoprene was separated on a
stainless steel column (1.3 m long × 2 mm i.d.) packed with
Unibeads 3S, 60/80 mesh (Alltech Assoc., Deerfield, IL) and
measured with a reduction gas detector (RGD2, Trace Analyt-
ical, Menlo Park, CA). Zero grade air was used as the carrier
gas instead of nitrogen to minimize baseline disturbance (cf.
Greenberg et al. 1993). To reduce the analysis time, the carrier
gas flow through the column was reversed after isoprene
eluted. By back-flushing the column, later eluting compounds
were prevented from interfering with subsequent analyses.
After all samples were analyzed, the column oven temperature
was raised to 170 °C overnight to clear the column of less vol-
atile materials. Peak heights were determined with a commer-
cial integrator (Model 3396 Series III, Hewlett Packard, Inc.,
Avondale, PA). Peak height was determined to be a more con-
sistent and linear indicator of isoprene concentration than
peak area. On the days when analysis was performed, the sys-
tem was calibrated against a standard cylinder containing
460 ± 2 ppb (v/v) isoprene in air (Scott Specialty Gases, Inc.,
Plumsteadville, PA). The standard was referenced to the flame
ionization detection (FID) response of a gas chromatograph
(Model HP5890, Hewlett Packard, Inc.) that was calibrated to
a National Institute of Standards and Technology propane
standard (SRM 1660a, 3 ppm propane in air, Rochester, NY).
Standard dilutions were performed with a dynamic gas cali-
bration system (Model 146, Thermo Environmental Instru-
ments, Inc., Franklin, MA). Peak height response curves of the
reduction gas detector were linear between isoprene concen-
trations of 0.5 to 460 ppbv (cf. Greenberg et al. 1993). We esti-
mated that analytical error was less than ± 2% as determined
by repeated measurements of the standard gas over this range
of concentrations.

Leaf isoprene was sampled after allowing the gas exchange
system to equilibrate for at least 30 min, which purged the
mixing vessel with fresh ambient air. Isoprene emission sam-
pling began at approximately 1300 h EST. Typically, the four
leaves (one from each pair) measured at ambient conditions
were sampled first. Leaf internal CO2 concentration, photo-
synthesis, and stomatal conductance were allowed to stabilize
before samples were taken. This typically occurred within
5 min after enclosure for the leaves measured under ambient
conditions, but was sometimes longer than 15 min for leaves
measured under basal conditions, especially when ambient
conditions were cloudy or cooler (< 26 °C) than those typi-
cally encountered during the experiment. On a few days, vari-
ability in isoprene emission from these leaves was influenced
by passing clouds. Shortly following these measurements, the
remaining four leaves were measured under basal conditions
using the light and temperature control of the gas exchange
system. Three or four successive measurements were per-
formed on each leaf. On particularly cool days, an additional
heat source was applied to the thermoelectric temperature
control blocks of the gas exchange system to attain leaf tem-
peratures of 30 °C. Ambient isoprene samples were drawn
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from the sample line downstream from the mixing vessel at
approximately 20-min intervals.

Isoprene emission rate E (nmol m–2 s–1) was calculated as:

E f C C a= −( ) ,o i
– 1 (1)

where f is the flow rate (mol s–1) into the cuvette, Co and Ci are
the outlet (exhaust air) and inlet isoprene concentrations (nmol
mol–1), respectively, and a is the enclosed leaf area, which was
always 0.0006 m2 (6 cm2). The mean leaf mass per unit area
for the eight selected leaves was 110 g m–2 (range of 108 to
117 g m–2). Mass-based E (µg C g–1 h–1) was calculated by
multiplying E from Equation 1 by 1.964.

Isoprene emission rates from leaves measured under ambi-
ent conditions were adjusted to basal conditions based on the
PAR and leaf temperature algorithms of Guenther et al.
(1993). The primary focus of this paper is the basal rates mea-
sured at or corrected to a leaf temperature of 30 °C and a PAR
of 1000 µmol m–2 s–1.

As each isoprene emission sample was being drawn from
the cuvette exhaust, leaf environment and gas exchange data
were logged with the gas exchange system. In addition, leaf
temperature was monitored on random sun and shade leaves
on the branch where the sample leaves were located. A hand-
held infrared thermometer (Model 39800, Cole-Parmer Instru-
ment Co.,Vernon Hills, IL) was used to make these measure-
ments twice during each measurement period. Above-canopy
meteorological data (1-min measurements of PAR, air temper-
ature, wind speed and wind direction) were obtained from the
Forest–Atmosphere Carbon Transfer Scheme (FACTS1) site
located within a few hundred meters of the tower.

Results and discussion

The seasonal pattern of basal isoprene emission rates is shown
in Figure 1. Application of the environmental correction algo-
rithms of Guenther et al. (1993) to emission rates measured
under ambient conditions yielded basal rates that agreed well
with emission rates measured under basal conditions (Fig-
ure 1). The seasonal onset of isoprene emission was in good
agreement with previous studies where cumulative degree
days (°D) from the date of the last spring frost were used to es-
timate phenological activity and isoprene emission onset. The
last spring frost occurred on DOY 82, and bud break occurred
18 days later after 300 °D. Full leaf expansion was reached on
DOY 119 after an additional 300 °D, when low rates of leaf
isoprene emission were first measured. An isoprene emission
rate (74 µg C g–1 h–1) equivalent to the summertime (defined
here as the period from DOY 141 to 240) mean was reached
22 days later (DOY 141) after an additional 400 °D. Approxi-
mately 1000 °D after the last spring frost were required to
reach the summertime mean isoprene emission rate. Similarly,
1050 °D were needed to reach mean summertime rates at Har-
vard Forest (Goldstein et al. 1998). Individual leaf basal EFs
oscillated substantially during the summer (28 to 118 µg C g–1

h–1; 14 to 60 nmol m–2 s–1). The mean for all leaves was

74.3 µg C g–1 h–1 from DOY 141 (May 21) to 240 (August 28).
Thereafter, isoprene emission declined monotonically as leaf
senescence approached. For the 100-day period between
DOY 141 and 240, variability in EF seemed to exhibit a corre-
spondence with PAR and air temperature prevailing prior to
EF measurement, similar to that noted in field measurements
(Sharkey et al. 1999) and a laboratory study (Petron et al.
2000). To investigate this relationship further, we plotted the
correlation coefficients between EF and mean PAR (P), mean
air temperature (TA), and their product (PT ) for periods of 1 to
168 h (7 days) before measurement. Figure 2 shows that mean
meteorological conditions (the product of mean ambient PAR
and TA) for the 12- to 18-h period prior to the EF measure-
ments were highly correlated (r = 0.87, P < 0.001) with EF.

The regression of EF (µg C g–1 h–1) on P18T18 (the product of
mean PAR × TA over the 18 h before the EF measurements)
yielded the relationship:

EF P T= +37 445 0 0051. . .18 18 (2)

This regression explained 76% of the variability (root mean
square error (RMSE) = 5.713 µg C g–1 h–1, r2 = 0.76, P <
0.0001) in mean basal EF between measurement periods after
mean summertime isoprene emission potential was attained,
until the late-summer decline began. Examination of the
model residuals plot versus time and a Durbin-Watson statistic
of 2.232 (first-order time serial autocorrelation of –0.142) in-
dicated no significant time serial autocorrelation; therefore,
we did not employ time series regression analysis techniques.
We also examined the correlations of EF with PAR and TA

separately. The correlation of PAR with EF declined as the
time before EF measurement increased from 1 to 6 h. This is in
agreement with data summarized in Fall and Wildermuth
(1998) suggesting that PAR impacts on isoprene synthesis and
emission are probably effective on shorter time scales than are
those of temperature. From 7 to 18 h before measurement
(dawn to dusk), the correlation between PT and EF was rela-
tively constant, but beyond this period the correlation declined
rapidly. This is probably at least partly a result of cloudy late-
afternoon periods the day before measurement. Reduced late-
afternoon PAR coincided with warm nights resulting from re-
duced nighttime radiant cooling, and was accompanied by a
negative correlation between nighttime temperatures and pre-
ceding late-afternoon PAR values. In addition, some periods
of cool weather were accompanied by clear, sunny skies and
high PAR. The correlation between PAR and TA declined from
1 to 7 h before isoprene emission measurements and became
negative thereafter. There were no statistically significant cor-
relations between these variables (α = 0.05) for periods of 1 to
48 h before measurement. The correlations of EF with both
PAR and PT declined rapidly after 18 h. The PAR integrated
over periods beyond 24 h before measurement was not signifi-
cantly correlated with EF at α = 0.05. The correlations of EF
with TA peaked between 4 and 5 h before measurement, and
then declined steadily. However, the correlation of EF with
the product of PAR and TA increased up to about 18 h before
measurement, even though the correlations of EF with PAR
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and TA individually decreased after approximately 1 and 5 h,
respectively. This is partly a result of the relatively high
weighting of PAR in Equation 2; PAR values were averaged
over the nighttime hours, resulting in a weighting of PAR by
about a third. This suggests that PAR effects are relatively less
important than TA effects in determining subsequent changes
in EF, although PAR effects are statistically significant in this

data set. Both PAR and TA were allowed to assume separate
additive effects by fitting:

EF P T= + +α β β1 i 2 j (3)

and constructing a response surface (Figure 3) of model resid-
uals (root mean square error), where Pi and Tj are mean PAR
and TA, respectively, for 1 to 36 h before measurement and α,
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Figure 1. Top: Leaf expansion of the eight leaves from which isoprene emission was measured. Green symbols denote leaves measured under am-
bient conditions, and red symbols indicate the leaves measured under basal conditions (leaf temperature of 30 °C and PAR of 1000 µmol m–2 s–1).
Symbols indicate paired leaves. Middle: Above-canopy PAR (blue dotted line) and air temperature (red solid line) measured at the Duke FACTS1
site nearby. Solid symbols denote mean measured isoprene concentration in the canopy. Bottom: Isoprene emissions rates from the leaves mea-
sured under ambient conditions and adjusted to basal conditions (solid green line) based on the algorithms of Guenther et al. (1993). The dashed
red line indicates EF for leaves measured under basal conditions. The horizontal line at 70 µg C g–1 h–1 is the constant value of the oak EF used in
BEIS2 (Geron et al. 1994, Guenther et al. 1994). Error bars denote 1 standard deviation.
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β1 and β2 are regression parameters from least squares fit. Fig-
ure 3 suggests that the fit of Equation 3 yields results similar to
Equation 2 for mean PAR between 4 and 18 h before measure-
ment, and for mean TA between 6 and 18 h before measure-
ment. Although this resulted in little change to the error
response surface or statistics yielded from a similar response

surface from the combined variable fit of Equation 2, the re-
gression parameters again reflected a lower weight of PAR
relative to TA. For instance, for i = 4 h and j = 8 h in Equation 3
(RMSE = 5.573 µg C g–1 h–1, r2 = 0.78, P < 0.0001), the values
of α (0), β1 (0.0250) and β2 (1.81) indicate that the increase in
EF resulting from a 50% increase in TA is approximately three
times greater than the corresponding percentage increase in
PAR. This is similar to the effect of averaging PAR over the
18 h before measurement in Equation 2. However, even with
Equation 3, a similar fit is obtained with mean PAR up to 18 h
before measurement. Thus, PAR and TA seem to have com-
pensating effects in many instances that result in a fairly wide
range of averaging periods with similar statistical fit (Fig-
ure 3).

We also tested correlations between EF and CT, CL, and CTL,
where the latter three variables are environmental correction
terms of Guenther et al. (1993) for TA, PAR, and the product of
the two averaged over the hours before measurement. The cor-
relation pattern of EF with CL was very similar to that for
mean PAR discussed above. However, the correlations of EF
with CT and CTL were somewhat lower, and resulted in an in-
crease in RMSE of about 20% (~ 1 µg C g–1 h–1).

The effects of PAR and TA over the 18 h before measure-
ment on EF can be simply incorporated into current emission
schemes as an additional correction factor, for instance:

EF P T= + −70 1 0 0000682 700018 18( . ( )), (4)

where the constant 70 is the current static summertime basal
EF for oaks used in emission models (and very close to the
summer mean observed at the canopy position in this study)
and 7000 is the approximate mean value of P18T18 during the
period from DOY 141 to 240. Equation 4 accurately describes
the variation in basal EF at 1300 h during this period, which
ranged from 54 to 96 µg C g–1 h–1 (mean for all eight leaves).

Petron et al. (2000) and Sharkey et al. (1999) found that av-
eraging TA over 48 h or more resulted in higher correlations
with EF than those that we obtained. However, PT averaged
over 48 h or more yielded insignificant correlations very close
to zero in our data. Examination of the patterns of meteorology
during our study indicated that the periodicity of PAR and TA

varies. Oscillation about the 24-h summertime mean diurnal
profile was on the order of 6 to 36 h for both PAR and TA. This
change in periodicity would generally tend to eliminate most
of the impacts of weather prior to the 6–36-h period that were
not influencing tree phenology (i.e., seasonal onset or decline
in EF). This may also explain the difference between the opti-
mal length of this period in our study and that of Sharkey et al.
(1999), who obtained best fit using the product of the means of
PAR and TA for the two calendar days before the measurement
day. Weather before EF measurement in that study was more
stable over the preceding 2 days than in our study. Petron et al.
(2000) also found a linear relation between EFs and CT for av-
eraging times of 36 and 336 h before measurement. The latter
study was conducted in a laboratory where the environment
could be changed gradually over longer time periods, and pro-
vides valuable information about the possible duration and
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Figure 3. Response surface of model residuals (root mean square er-
ror; RMSE) from the regression EF = α + β1Pi + β2Tj where Pi and Tj

are mean PAR and TA, respectively, for 1 to 36 h prior to measure-
ment and α, β1 and β2 are regression parameters from least squares fit.

Figure 2. Correlation coefficients of EF measured from DOY 141 to
240 with mean PAR (�), air temperature (�) and the product of mean
PAR and air temperature (�) prevailing during the previous 1 to 96 h.
Correlations below 0.50 are insignificant at α = 0.05.
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magnitude of weather impacts on EFs. Such data would be dif-
ficult to derive from field measurements.

Recent studies have suggested that EFs for high-emitting
species such as the oaks are higher than currently assumed
(e.g., 100 instead of 70 mg C g–1 h–1) for the most exposed fo-
liage in mature canopies (Guenther et al. 1996a, 1996b,
Sharkey et al. 1996, Harley et al. 1997). Although we obtained
a mean EF of close to 70 µg C g–1 h–1, additional leaf-level
measurements at the crown apex of the study tree indicated
that basal rates in fully exposed leaves were 53% higher on an
area basis, and 21% higher on a mass basis. Leaf mass per unit
area was 25% higher (138 g m–2) at the apex than at the level of
the seasonal measurements. This is in agreement with previ-
ous work at this and other sites (Harley et al. 1996, Sharkey et
al. 1996, Geron et al. 1997, Harley et al. 1997).

Equation 2 implies a potentially large (up to a factor of
about 2) diurnal change in basal emission factor. We observed
such a change from 1030 to 1300 h on a single day in mid-
September, but no change in basal EF from 1300 to 1600 h
was detected. The magnitude of this predicted effect is similar
to that observed for two leaves in a single day at Harvard For-
est (Sharkey et al. 2000). The diurnal profile yielded by Equa-
tion 2 also fits well in both shape and magnitude with the
diurnal ratio of measured to modeled (using a diurnally con-
stant EF) fluxes observed from July 24 to August 28, 1995, by
Goldstein et al. (1998, Figure 5). This ratio peaked at 1.4 be-
tween 1400 and 1500 h EST, but fell to 0.6 between 0600 to
0700 h and 1800 to 2000 h. Goldstein et al. (1998) noted that
the gradient flux method applied in that study may have under-
estimated fluxes during the more stable periods in the morning
and late afternoon.

Examination of the leaf isoprene EF data from Guenther et
al. (1996b) and Harley et al. (1997) suggests that EF may be
lower in the morning than in the afternoon. However, this diur-
nal effect has not yet been explicitly examined in these or other
leaf-level data. Lehning et al. (1999, Figure 2) found no obvi-
ous diurnal pattern in isoprene synthase activity on leaf area or
protein bases, but did observe an apparent lag in isoprene syn-
thesis capacity relative to temperature on a day when tempera-
tures ranged from 12 °C at night to 26 °C at noon. This range is
similar to that observed on cooler summer days during our
study, and may reflect a chilling effect on isoprene synthesis
capacity. It is possible that, in previous studies, the diurnal EF
pattern was obscured by the low rates measured (and pre-
dicted) at low PAR and ambient air temperatures early and late
in the day. The diurnal effects implied by Equation 3 can vary
in size depending on the lengths of the averaging periods used.
This is illustrated in a comparison between modeled and eddy
correlation isoprene flux measurements (Figure 4) made from
the same tower during June 1996 (Guenther and Hills 1998).
In this comparison the “old” model uses a diurnally static EF,
whereas the “new” model adjusts the EF as a function of Pi = 4
and Tj = 8, as described in Equation 3.

The values of β1 (0.0250) and β2 (1.81) were derived from a
fit excluding the intercept term, because it was close to zero
and statistically insignificant for combinations of β1Pi and β2Tj

yielding minimal errors shown in Figure 3. The comparison
presented in Figure 4 for a sunny day (DOY 173; June 21,
1996) indicates that the new model improves the fit during the
morning and at midday, but is very similar to the old model
during the afternoon. Similar patterns were observed for
model and flux comparisons on other days of the flux study.

The seasonally adjusted EF patterns based on the °D esti-
mates and previous weather effects of Equation 2 are shown in
Figure 5. Use of Equation 3 (β1 = 0.0250, β2 = 1.81, Pi = 4, Tj =
8) produced a nearly identical fit. These adjustments explain
observed seasonal variability in EF at approximately 1300 h
caused by springtime warming and phenology, mid-summer
meteorology, and late-summer senescence quite well. How-
ever, this fit is only valid for observations made at approxi-
mately 1300 h from a single Quercus alba tree, and further
study is warranted before these effects are incorporated into
emission inventory systems. These algorithms should be
tested against diurnal and seasonal flux measurements. Labo-
ratory experiments examining the effects of PAR and temper-
ature for the 24 h before measurement may be able to distin-
guish between the effects of these variables on EF. In this
study, for instance, it is possible that PAR has little effect on
EF directly, but instead is confounded with a more complex
nonlinear temperature effect over the time before measure-
ment. For example, high PAR can also cause leaf temperatures
to exceed air temperature by several degrees (Geron et al.
1997), so it is possible that the PAR effect is a reflection of a
leaf temperature versus air temperature effect in the data. Al-
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Figure 4. Comparison between emission models and eddy correlation
isoprene flux measurements made at the study site during June 1996
(Guenther and Hills 1998). The “old” model is based on a diurnally
static EF, whereas the “new” model adjusts the mean emission factor
used by Guenther and Hills (1998) as a function of P4T8 (α = 0, β1 =
0.0250, and β2 = 1.81) as described in Equation 3. Solar noon oc-
curred at approximately 1300 h. Similar patterns were observed for
the model and flux comparisons during other days of the flux study.
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ternatively, because Lehning et al. (1999) have shown that EF
and isoprene synthase activity respond similarly to short-term
(16 day) leaf shading, it is possible that the effects of PAR and
temperature over the preceding hours could be controlled by
isoprene synthase activity or by availability of the substrate
dimethylallyl diphosphate. Fall and Wildermuth (1998) dis-
cuss the possibility that PAR may affect EF between sun and
shade leaves through enzyme activation and substrate supply.
These factors may also be driving the shorter-term summer-
time EF changes that we observed. Although laboratory inves-
tigations of these processes are needed to quantify the relation-
ships, it is clear that the observed temporal effects could
significantly affect both seasonal and episodic isoprene emis-
sion inventories.
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TEMPORAL VARIABILITY IN BASAL ISOPRENE EMISSION FACTOR 805

Figure 5. Seasonally adjusted EF patterns predicted for 1300 h (solar
noon) based on the cumulative mean temperature above 0 °C (°D) af-
ter the last spring frost, and Equation 2 (dashed line) versus mean of
observed basal emission rates (EFs from leaves measured under am-
bient and basal conditions combined) as described in the bottom panel
of Figure 1 (solid line).
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