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Abstract. Volcanic eruptions can alter the quality of incom-
ing solar irradiance reaching the Earth’s surface thereby in-
fluencing the interactions between vegetation and the Earth
system. Isoprene (C5H8) is a biogenic volatile organic com-
pound emitted from leaves at a rate that is strongly depen-
dent on the received flux of photosynthetically active radia-
tion (PAR). We used a theoretical approach to investigate the
potential for volcanic eruptions to change the isoprene flux
from terrestrial forests using canopy-scale isoprene emission
simulations that vary either the relative or absolute amount
of diffuse (Idiff ) and direct (Idir) PAR. According to our sim-
ulations for a northern hardwood deciduous forest, if the to-
tal amount of PAR during summer remains constant while
the proportion ofIdiff increases, canopy-scale isoprene emis-
sions increase. This effect increases as leaf area index (LAI)
increases. Simulating a decrease in the total amount of
PAR, and a corresponding increase inIdiff fraction, as mea-
sured during the 1992 Pinatubo eruption, changes daily total
canopy-scale isoprene emissions from terrestrial vegetation
in summertime by +2.8 % and−1.4 % for LAI of 6 and 2,
respectively. These effects have not previously been real-
ized or quantified. Better capturing the effects of volcanic
eruptions (and other major perturbations to the atmospheric
aerosol content) on isoprene emissions from the terrestrial
biosphere, and hence on the chemistry of the atmosphere,
therefore may require inclusion of the effects of aerosols they
produce on climate and the quality of PAR.
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(d.j.wilton@sheffield.ac.uk)

1 Introduction

A variety of biogenic volatile organic compounds (bVOCs)
are produced and emitted by terrestrial ecosystems, with
global bVOC fluxes far exceeding those of anthropogenic
sources of VOCs (IPCC, 2007). The high chemical reactiv-
ity of bVOCs, and their high mass emission rates, gives rise
to substantial impacts on atmospheric chemistry (Laotha-
wornkitkul et al., 2009; Arneth et al., 2010). Atmospheric
isoprene reacts with hydroxyl radicals that are the main sink
of methane, which is an important greenhouse gas. There-
fore changes in isoprene fluxes have an indirect influence
on the amount of atmospheric methane (Fehsenfeld et al.,
1992; IPCC, 2007). Estimates of above-canopy fluxes of iso-
prene (C5H8) from terrestrial vegetation, and other reactive
bVOCs, are required for quantitative Earth system studies.
In particular, atmospheric chemistry models used to assess
changes in tropospheric ozone and secondary aerosol for-
mation (Carslaw et al., 2010) require realistic estimates of
bVOC emission rates. Estimates of present-day global iso-
prene emissions from the terrestrial biosphere are typically
440–660 TgCyr−1 (Guenther et al., 1995, 2006; Lathiere et
al., 2010). However, the fact that most models converge on a
similar figure does not necessarily mean that the estimate is
correct (Monson et al., 2007).

Experimental and field observations indicate that isoprene
emissions from both individual leaves and the forest canopies
are strongly dependent upon the amount of photosyntheti-
cally active radiation (PAR) received (Guenther et al., 1995,
2006). Empirical isoprene emission models therefore in-
clude a function of PAR, although it’s partitioning into dif-
fuse (Idiff ) and direct (Idir) fractions is not usually consid-
ered (Guenther et al., 1995, 2006). However, radiation from
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the Sun is partially diffused by aerosol particles in the at-
mosphere, especially dust from volcanic eruptions (Farquhar
and Roderick, 2003; Gu et al., 2003) via Mie scattering,
elastic scattering due to particles larger than the wavelength
of the radiation. Mie scattering occurs in addition to the
Rayleigh scattering caused by atoms and molecules. Other
sources of particles in the atmosphere, such as wind-blown
dust, sea salt and secondary organic aerosols (SOA) from
both anthropogenic and biogenic sources, also scatter light
and reduce the total amount of solar radiation reaching the
Earth’s surface; a phenomenon known as global dimming
(Wild, 2009). The amount of SOA formed in the atmosphere
by the reactions of bVOCs is particularly uncertain (Carslaw
et al., 2010) and depends in part on bVOC emissions rates.
In addition to aerosols having a direct effect on global dim-
ming by scattering radiation, they also have an indirect effect
through the formation of cloud condensation nuclei.

A climate-biosphere feedback mechanism might operate if
the amount of diffuse radiation significantly alters the emis-
sion of bVOCs. Scattered, i.e. diffuse (Idiff ), radiation, gives
a more uniform irradiance through the canopy and penetrates
deeper into the canopy to reach shaded leaves. Increases in
Idiff , therefore, can enhance the productivity of vegetation at
the canopy or ecosystem scales (Roderick et al., 2001; Os-
borne and Beerling, 2002; Gu et al., 2003; Farquhar and
Roderick, 2003). At the global scale, Mercado et al. (2009)
estimate that variation inIdiff from 1960 to 1999 led to a 25 %
enhancement in net ecosystem exchange. Because isoprene
emissions are partly dependent on the amount of radiation
received by the leaf, this suggests that the complexity of the
light environment must be considered in isoprene emission
models, rather than just the total amount of PAR intercepted
at the top of the canopy.

Volcanic eruptions inject enormous amounts of dust into
the atmosphere that change the ratioIdiff/Idir. Instrumen-
tal records showed attenuation ofIdir, enhancedIdiff and a
peak global cooling of 0.4 K after the Pinatubo eruption (Mc-
Cormick et al., 1995; Olmo et al., 1999). Given these obser-
vations, it is conceivable that changes to the relative amounts
of Idir andIdiff following major volcanic eruptions might al-
ter the rate of canopy-scale isoprene emissions to the atmo-
sphere, with potentially important consequences for the ox-
idative capacity of the troposphere (Telford et al., 2010).

Here we investigate this hypothesis using a theoretical
treatment that involves modifying a radiative transfer scheme
of an existing isoprene emissions model (Guenther et al.,
2006) with the DePury and Farquhar (1997) treatment ofIdiff
and Idir irradiating a vegetation canopy. DePury and Far-
quhar (1997) developed a photosynthesis model permitting
calculation ofIdir andIdiff falling on the sunlit and shaded
fractions of forest canopies. We undertook simulations for
two case studies with this coupled model, both for an ar-
bitrary 1 m2 area of land, with a range of leaf area indices
(LAIs). These simulations are intended to examine the quali-
tative effects that changes inIdiff andIdir may have on canopy

isoprene emission rates of a hardwood forest. In Case 1, we
consider the effects of varying the proportion ofIdiff with the
total PAR flux remaining constant for a particular hour of the
day. In Case 2, we simulate the effects of observed changes
in Idiff/Idir during the summertime following the Pinatubo
volcanic eruption on forest canopy isoprene emissions with
a range of leaf area indices.

2 Materials and methods

Canopy-scale isoprene emission rates were calculated, fol-
lowing the method established by Guenther et al. (1995,
2006), as

Emission rate= εγ (1)

whereε is an emission factor for a specific plant functional
type at standard conditions (in mg C m−2 h−1), andγ is the
emission activity factor (dimensionless) which modifies the
emission rate with functions of climate, environment and
vegetation. The emission activity factorγ is given by:

γ = γt ×γLAI ×γp (2)

whereγt , γLAI andγp are factors for temperature, LAI and
PAR, respectively. Other factors can be included (soil mois-
ture and leaf age, for example), but our calculations here ad-
dress the specific hypothesis that different relative amounts
of Idir and Idiff affect isoprene emission rates. We use the
function forγt adopted in the standard version of MEGAN
(Guenther et al., 2006), which depends upon hourly and daily
average temperatures. To focus on radiation effects, we keep
temperature fixed throughout the day at an appropriate daily
average. The termγt is therefore a constant and included
to give calculated emission rates that more closely resemble
actual rates.

For PAR and LAI we consider the canopy to be divided
into sunlit and shaded fractions which are differently affected
by direct and diffuse radiation (DePury and Farquhar, 1997).
Isoprene emission rates for the sunlit and shaded fractions
are calculated separately. For a given value of LAI, the sunlit
fraction is given by Guenther et al. (1995):

LAI sun= LAI ×[1−exp(−0.5×LAI /sinβ)]×sinβ (3)

and the shaded LAI is simply:

LAI shade= LAI −LAI sun (4)

whereβ is the solar angle, obtained from solar geometry
equations for a given latitude, day of the year and hour of
the day. We then calculateγLAI after Guenther et al. (2006):

γLAI = 0.49×LAI /
√

(1+0.2×LAI 2) (5)
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By substituting LAIsun or LAIshadefor LAI into Eq. (5), we
calculate emissions from the sunlit or shaded fractions of
canopy, respectively.

To calculateγp we follow Guenther et al. (2006), where
the equation is dependent upon hourly (P ), daily average
(P24) and the previous 10 d average (P240) values of radi-
ation, with a different constant (P0) adopted for sunlit and
shaded parts.

γp = Cp[(α×P)/
√

(1+α2
×P 2)] (6)

α = 0.004−0.0005× ln(P240) (7)

Cp= 0.0468×exp(0.0005×(P24−P0))×P 240
0.6 (8)

Derivation of the equations for the calculation of direct, dif-
fuse, sunlit and shaded PAR is given in DePury and Far-
quhar (1997), including terms for reflected and scattered
PAR. We therefore calculate an emission rate for the sunlit
and shaded fractions of the canopy separately using the ap-
propriate sunlit and shaded PAR, for all P terms in Eqs. (6)
to (8) and the appropriate sunlit or shaded LAI forγLAI .

2.1 Model calculations

Case 1. FixedItotvariable Idiff . We first consider canopy
isoprene emissions for differingIdir andIdiff using calculated
values of radiation, as per DePury and Farquhar (1997). We
calculateIdir and Idiff for a given hour of the day, and use
these values to calculate isoprene emission rates. The cal-
culations procedure is then repeated, reducingIdir by up to
40 % of its initial value and increasingIdiff such that the
total radiation remains the same. This allows investigation
of how emission rates vary with changing proportions of di-
rect and diffuse radiation. We calculated isoprene emissions
over a single day with an hourly time step (choosing the
195th day of the year) for 1 m2 area of land surface, at a
latitude of 42.5◦ N, temperature of 293 K, andε = 10 mg iso-
prene m−2 h−1 and LAIs 2, 4 and 6 m2 leaf m−2 land sur-
face. These environmental conditions, and the emission fac-
tor, represent a deciduous broad-leaved forest on a summer
day in the Northern Hemisphere.

Case 2. Pinatubo. VariableItot andIdiff . Gu et al. (2003)
reported measurements of direct and diffuse radiation in the
years following the eruption of Mount Pinatubo in 1991,
which was the largest eruption in the last 100 years, and in-
jected vast amounts of aerosol particles into the troposphere
and stratosphere (including ca. 2×107 t of SO2, some of
which oxidizes in the atmosphere to form sulphate aerosol).
We therefore used a second approach to simulating the effect
of changes inIdir and Idiff on canopy-scale isoprene emis-
sions using curves fitted to the data of Gu et al. (2003), which
were obtained during (1992) and after (1994) the Pinatubo
eruption under cloudless skies in a northern hardwood for-
est (42.5◦ N, 20 72.2◦ W) (Fig. 1). We take the 1992 curves
to represent a relatively dusty atmosphere, where the amount
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Fig. 1. Variation of direct(a) and diffuse(b) PAR as a func-
tion of solar angle in dusty (1992) and clear (1994) atmospheres.
The curves are given by Direct PAR, dusty atmosphere = 194.7 (1-
e−0.05664β ), Diffuse PAR, dusty atmosphere=96.4 (1-e−0.0423β ),
Direct PAR, clear atmosphere = 209.6 (1-e−0.08061β ), Diffuse PAR,
clear atmosphere = 65.2(1-e−0.03712β ), whereβ is the solar angle.
Based on data from Gu et al. (2003).

of diffuse radiation will be higher than normal and the 1994
curves to represent a clear atmosphere where the amount of
diffuse radiation will be more like normal. Note that the
terms dusty and clear in this context are relative.

The radiation responses (Fig. 1) are similar to those for
global solar radiation (Gu et al., 2003) and are scaled to con-
vert them to PAR, such that for the clear atmosphere they give
the same maximum values ofIdir andIdiff (as in Case 1). For
the dusty atmosphere they are further scaled by the ratio of
the maximum global solar radiation in the dusty atmosphere
over that for a clear atmosphere. The curves in Fig. 1 there-
fore provideIdir and Idiff changes for calculating PAR for
the sunlit and shaded LAI fractions and computing canopy
isoprene emissions. These data indicateIdiff increases by
50 % to 70 % andIdir decreases by 30 % to 9 % between
dawn/dusk and midday (Fig. 1). Environmental conditions
and isoprene emission factors are as for Case 1, i.e. a mid-
summer day to be consistent with Gu et al.’s (2003) mea-
surements.
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Fig. 2. Variation of γp for the sunlit and shaded fractions of the
canopy in clear and dusty atmosphere with respect to hour of the
day, with LAI = 6.
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Fig. 3. Variation ofγLAI with respect to hour of the day for sunlit
and shaded fraction and for LAI of 2 and 6.

Figures 2 and 3, respectively, depict variations inγP , the
radiation activity factor (Eq. 6), andγLAI , the leaf area ac-
tivity factor (Eq. 5) of the sunlit and shaded canopy with
the hour of the day. These two variables show different re-
sponses. The termγP varies with hour of the day as the total
amount of radiation increases and decreases, with the timing
of the peak value in shaded radiation slightly before and af-
ter midday because of its greater dependency upon diffuse

radiation. Figure 3 showsγLAI varies simply with respect to
hour of the day. As the solar angle increases from dawn to
midday more of the canopy intercepts direct sunlight caus-
ing a decrease in the shaded fraction. The reverse situation
occurs between midday and dusk. Increasing LAI from 2 to
6 increasesγLAI , but the shaded component increases more
because a higher LAI means more leaf area is located below
the upper canopy.

3 Results and discussion

Our Case 1 sensitivity analyses indicate that increasing the
amount ofIdiff relative to the total PAR, such thatIdir is re-
duced by 40 %, decreases isoprene emissions from the sunlit
fraction of the canopy by 7–9 % (Fig. 4a) and increases emis-
sions from the shaded fraction by 35–40 % (Fig. 4b). Overall,
the differential effects of increases in the relative amount of
Idiff on emissions from the sunlit and shaded fractions of the
canopy result in a small net increase in the daily total iso-
prene emissions (Fig. 4c). There is a small effect of LAI on
the response because higher LAIs generate more shaded leaf
area per unit area of land, and an increase inIdiff means ra-
diation penetrates to a greater fraction of the shaded leaves
(Roderick et al., 2001; Farquhar and Roderick, 2003). Sus-
tained changes in the quality of solar radiation over the grow-
ing season might therefore alter isoprene emissions from for-
est canopies, in addition to their well established effects on
photosynthesis and productivity (Roderick et al., 2001; Os-
borne and Beerling, 2002; Gu et al., 2003; Farquhar and Rod-
erick, 2003).

Results from the calculations under the conditions given
by Case 2, driven by observations, represent a first-order
simulation of the possible effects of the eruption of Mount
Pinatubo on isoprene emissions arising solely from changes
in the nature and quality of solar radiation. Calculated
canopy isoprene emission calculations for this more realistic
scenario were undertaken with LAI = 2 and 6 in dusty (1992)
and clear (1994) atmospheres. We report the hourly varia-
tions in emissions because the proportion ofIdiff radiation
varies with time of day (Fig. 5a–d) (Roderick et al., 2001).
When expressed as the difference between emissions in a
dusty and clear atmosphere, our results (Fig. 5b,d) reveal that
emissions from the sunlit fraction of the canopy decrease,
and those from the shaded fraction increase, for all hours of
the day, irrespective of LAI. These responses reflect changes
in γP between clear and dusty skies (Fig. 2) for the sunlit and
shaded fractions of the canopy becauseγLAI in Eq. (5) is un-
affected by atmospheric conditions. A larger increase in iso-
prene emissions from the shaded portion of the canopy is ev-
ident at LAI = 6 (Fig. 5d) than at LAI = 2 (Fig. 5b) because of
the proportionally higher LAIshadeat LAI 6. At LAI = 6, total
canopy isoprene emissions increase for all hours of the day,
whereas at LAI = 2 emissions only increase around midday,
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Table 1. Total daily canopy isoprene emissions for 1 m2 in clear atmosphere and dusty atmosphere with a range of reductions in temperature.

LAI Clear atmosphere Dusty atmosphere

T = 293.0K T = 293.0 K T = 292.5 K T = 292.0 K T = 291.5 K

2 21.7 21.4 20 18.71 17.53
4 35.01 35.6 33.37 31.24 29.24
6 39.83 40.9 38.33 35.89 33.6

with reductions from the sunlit fraction during the rest of the
day leading to a net daily decrease in emissions.

In terms of total isoprene emitted from the canopy per
day, we calculate 21.7 and 21.4 mg C m−2 for LAI = 2 in
the clear and dusty atmospheres, respectively, and 39.8 and
40.9 mg C m−2 for LAI = 6. These numbers represent a
percentage change of−1.4 % for LAI = 2 and +2.8 % for
LAI = 6. Reductions in temperature associated with increase
in atmospheric dust are also likely to exert a direct effect on
emission rates (Telford et al., 2010). At LAI = 2, a 1.5◦C re-
duction in average daily temperature, similar to that observed
(Telford et al., 2010), combined with changes in the quality
of radiation in a dusty atmosphere, reduced canopy isoprene
emissions by 19 % compared to 1.3 % for radiation-only ef-
fects (Table 1). However, the synergistic effects of cooler
temperatures and altered radiation are far less marked at
higher LAIs (Table 1) that cast more shade. As most isoprene
emitted by the terrestrial biosphere is released from tropi-
cal forests with high LAI, these results suggest that changes
in diffuse and direct radiation might attenuate reductions in
global bVOC emissions due to cooling. This possibility re-
mains to be quantified, however, because of our focus a spe-
cific temperate forest location during midsummer.

Examining the relative change in isoprene emissions be-
tween clear to dusty skies, i.e. [(emissions in dusty sky-
emissions in clear sky)/emissions in clear sky] (Fig. 6) re-
veals emissions for the sunlit fraction are quite similar at low
and high LAIs, but with larger differences for the shaded
fractions. However, changes to the total emissions are
very small,−0.3 mg C m−2 d−1 for LAI = 2, where the in-
crease from the shaded fraction (0.8 mg C m−2 d−1) is al-
most balanced out by the decrease from the sunlit fraction
(−1.1 mg C m−2 d−1). At LAI = 6 emissions increase by
1.1 mg C m−2 d−1 because the increase in shaded emissions
(3.0 mg C m−2 d−1) exceeds the decrease in sunlit emission
(−1.9 mg C m−2 d−1).

We also report isoprene emission rates with respect to the
ratio Idiff/Idir, based on the simulation results for Case 2
(Fig. 7). Note that this ratio is highest in a dusty atmo-
sphere which contains more particles that scatter radiation
to create diffuse light. Maximum sunlit emission rates oc-
cur at the highest value ofIdiff/Idir, which corresponds to
midday, when direct radiation is greatest. Maximum emis-
sion rates for the shaded fraction occur at lower values of
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(a)

Fig. 4. Calculated daily variations in(a) sunlit, (b) shaded, and(c)
total canopy isoprene emissions as the proportion ofIdir decreases
with a corresponding increase inIdiff such that the total PAR re-
mains constant for a particular hour. Results are shown for a range
of leaf area indices (LAIs). All other conditions are as given in
main text.
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Fig. 5. Hourly variation in sunlit and shaded isoprene emission for 1 m2 and changes in those emissions produced by going from a clear
to dusty atmosphere.(a) and (b) for LAI = 2, isoprene emissions in clear atmosphere, and emission changes due to dusty atmosphere,
respectively.(c) and(d) are the corresponding plots for LAI = 6.

Idiff/Idir corresponding to times closer to dawn or dusk, as
a result of the midday minimum inγLAI (Fig. 3). When
the ratioIdiff/Idir is very low, shaded emissions are greater
than sunlit emissions, but as the ratio increases to cross a
threshold, sunlit emissions exceed shaded emissions. The
location of a particularIdiff/Idir emission threshold depends
upon LAI and the quality of the atmosphere. In a clear at-
mosphere and LAI = 6, the threshold is equal to 0.18, and
for LAI = 2 to 0.16. In a dusty atmosphere and LAI = 6, the
threshold is equal to 0.41 and for LAI = 2 to 0.39. We rec-
ognize that these results may be model dependent but they
highlight the possibility that thresholds in the nature of the
light environment may represent important controls on forest
isoprene emissions.

Figure 8 shows the absolute changes in isoprene emis-
sion rate in clear and dusty atmospheres, with respect the
relevant PAR for Case 2. The size of the points in-
dicates the magnitude of the change and their orienta-
tion indicates the sign of the change. For the shaded
canopy, emission rates increase as PAR increases, whereas
for the sunlit canopy they decrease as PAR increases
(Fig. 8 a,b). For example, with LAI = 6, shaded emis-
sion rates increase from 0.06 to 0.23 mg C m−2 h−1 as
PAR (clear) rises from 14 to 46 W m−2, but sunlit emission

rates decrease from−0.02 to−0.12 mg C m−2 h−1 as PAR
(clear) rises from 48 to 216 W m−2. The greatest decrease
of −0.19 mg C m−2 h−1occurs at PAR (clear) = 185 W m−2.
This can be understood by considering the difference be-
tween direct PAR, which most strongly influences sunlit
PAR, in dusty and clear atmosphere (Fig. 1a) up to a solar
angle of ca. 30◦. Therefore, although PAR is clearly greatest
when the solar angle is greatest, this does not correspond to
the greatest difference between clear and dusty atmospheres,
and hence does not correspond to the greatest difference in
emissions for the sunlit canopy. For diffuse PAR (Fig. 1b),
which most strongly affects shaded PAR, the difference be-
tween the clear and dusty atmosphere always increases as
solar angle increases, and therefore the greatest difference in
shaded emission rate occurs when shaded PAR is greatest.

The primary aim of this paper is to investigate the effects
that varying amounts of direct and diffuse radiation may have
on canopy isoprene emission for which few canopy measure-
ments exist. However, for a clear atmosphere, the model can
be evaluated by comparing predictions with measurements
reported by Goldstein et al. (1998) from the same Harvard
forest site as measurements of radiation (Gu et al., 2003).
Calculated isoprene emission rates were undertaken with the
model run as in Case 2, but with an LAI for the Harvard for-
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Fig. 6. Relative change in isoprene emission for 1 m2 over the
course of a day for(a) sunlit and(b) shaded fractions of the canopy,
calculated for an LAI = 2 and 6. Relative change is given as [(emis-
sions in dusty sky – emissions in clear sky)/emissions in clear sky].

est site of 4.5 (Wythers et al., 2003) and an emission factor
of 12.6 mg isoprene m−2 h−1 (Guenther et al., 2006), taken
as the global average emission factor for broad-leaved tree
species in Harvard forest (Goldstein et al., 1998; Wythers
et al., 2003). As the observations reported by Goldstein et
al. (1998) are the mean for June through to October, the
model was run at the midpoint date of 15 August, with an
average temperature of 289 K and a variation of±3 K (Gold-
stein et al., 1998). Overall, model results are in good agree-
ment with observations (Fig. 9), capturing diurnal canopy
isoprene emissions. We calculate a total daily isoprene emis-
sion of 27.8 mg C m−2 d−1 which compares favourably to
28.2 mg C m−2 d−1 estimated by Goldstein et al. (1998) from
their observations.

Telford et al. (2010) calculated changes in isoprene emis-
sions from the terrestrial biosphere, and modelled their
impact on atmospheric chemistry, following the Mount
Pinatubo eruption in 1991. These authors modelled a 9 % re-
duction in global isoprene emissions during the early 1990s
(40 Tg C year−1), caused by the cooler, drier climate and a
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Idiff / Idir

Fig. 7. Variation in isoprene emission rates with respect the ratio
Idiff /Idir for (a) a clear atmosphere and (b) a dusty atmosphere.

reduction in total PAR following the eruption. Our results
indicate that explicit consideration of summertime changes
in the nature of the PAR following the eruption of Mount
Pinatubo (McCormick et al., 1995) could partially offset this
reduction, thereby reducing the enhanced sink for methane
through increased tropospheric hydroxyl abundance. Ear-
lier estimates of the enhanced sink for methane after 1990
due to reductions in isoprene fluxes from the terrestrial bio-
sphere of up to 5 Tg (CH4) yr−1 (Telford et al., 2010) may
therefore overestimate indirect vegetation effects on the re-
duced growth rate of atmospheric methane (Dlugokencky et
al., 2003).
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Fig. 8. Changes in isoprene emission rate plotted with respect to
the relevant PAR in clear and dusty atmosphere for (a) LAI = 2 and
(b) LAI = 6. For sunlit emissions, we plot sunlit PAR in dusty atmo-
sphere against sunlit PAR in clear atmosphere, and similarly shaded
PAR is used for shaded emissions. The size of the points indicates
the magnitude of the change in emission rate going from clear to
dusty atmosphere and the orientation of the triangles indicates in-
crease (upward pointing) or decrease (downward pointing) in emis-
sion rate. The scale of the emission rate changes are from−0.04 to
−0.14 mg C m−2 h−1 for sunlit and 0.02 to 0.06 mg C m−2 h−1for
shaded in(a). The scale is the same for(b).

4 Conclusions

Following the eruption of Mount Pinatubo and the injection
of diffusing particles into the atmosphereIdir decreased by
30 % at dawn and dusk and 9 % at midday, whereasIdiff in-
creased 70 % at dawn and dusk and over 50 % at midday.
Simulation of these changes in the quality of PAR changed
daily total canopy-scale isoprene emissions from a northern
hardwood deciduous forest in summertime by +2.8 % and
−1.4 % for LAI of 6 and 2, respectively. These results sug-
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Fig. 9. Comparison between modelled isoprene emission rates for
the Harvard forest site in a clear atmosphere with observations
(Goldstein et al., 1998). Bars indicate standard errors of observa-
tions averaged over 2 h time windows.

gest variations inIdiff andIdir following volcanic eruptions
may represent a missing component in modelling the envi-
ronmentally driven emissions of biogenic VOCs and their in-
teraction with the Earth system. At the present time it is not
possible to test our theoretical predictions of how changes
in Idiff/Idir affect isoprene emission rates with observations
from the field. However, the model we have used produces
emissions for a clear atmosphere in good agreement with ob-
servations for a temperate forest. The calculated effects we
report here may be amplified if changes inIdiff alter the basal
emission factors for leaves in shaded or sunlit fractions of the
canopy. We are not aware of any such differences, but our
model calculations provide a basis for investigations through
large-scale laboratory experiments.
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