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Abstract. In the 1990s the rates of increase of greenhouse
gas concentrations, most notably of methane, were observed
to change, for reasons that have yet to be fully determined.
This period included the eruption of Mt. Pinatubo and an
El Niño warm event, both of which affect biogeochemical
processes, by changes in temperature, precipitation and ra-
diation. We examine the impact of these changes in cli-
mate on global isoprene emissions and the effect these cli-
mate dependent emissions have on the hydroxy radical, OH,
the dominant sink for methane. We model a reduction of
isoprene emissions in the early 1990s, with a maximum de-
crease of 40 Tg(C)/yr in late 1992 and early 1993, a change
of 9%. This reduction is caused by the cooler, drier condi-
tions following the eruption of Mt. Pinatubo. Isoprene emis-
sions are reduced both directly, by changes in temperature
and a soil moisture dependent suppression factor, and indi-
rectly, through reductions in the total biomass. The reduc-
tion in isoprene emissions causes increases of tropospheric
OH which lead to an increased sink for methane of up to 5
Tg(CH4)/year, comparable to estimated source changes over
the time period studied. There remain many uncertainties in
the emission and oxidation of isoprene which may affect the
exact size of this effect, but its magnitude is large enough that
it should remain important.
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(paul.telford@atm.ch.cam.ac.uk)

1 Introduction

In the early 1990s the rate of increase in the concentrations
of several greenhouse gases, including methane and carbon
dioxide, dropped significantly (Dlugokencky et al., 2003;
Denman et al., 2007). These changes occurred close to the
eruption of Mt. Pinatubo (June 1991) and a strong warm
phase of the El Nĩno Southern Oscillation (ENSO) (1992–
1993). The causes of these changes have yet to be fully as-
certained, with changes of radiation, temperature, and pre-
cipitation being proposed (Bekki et al., 1994; Warwick et al.,
2002; Johnson et al., 2002; Gedney et al., 2004).

The changes were most dramatic in methane, for which
changes in both sources and sinks have been proposed.Wang
et al.(2004) andBousquet et al.(2006) attributed most of the
decrease to a reduction of anthropogenic emissions follow-
ing the break up of the USSR. However, as they noted, there
are other causes of variability, including changing emissions
from wetlands (Gedney et al., 2004), changes in meteorol-
ogy (Warwick et al., 2002) and changes in the concentra-
tion of OH, the dominant sink of methane. Although there
is no evidence for large changes in OH (Krol and Lelieveld,
2003; Bousquet et al., 2005) over this time its short lifetime
make determinations of trends difficult, even when observa-
tions are augmented by modelling studies. There have been
several modelling studies of the 1990s that considered possi-
ble changes in OH caused by changes in emissions of NOx
and CO (Dalsøren and Isaksen, 2006), humidity (Johnson
et al., 2002) and UV radiation, which affects photolysis in
the troposphere (Bekki et al., 1994). A further factor could
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have been changes in emissions of biogenic volatile organic
compounds, of which isoprene is probably the most impor-
tant (Guenther et al., 2006), and their subsequent impact on
tropospheric oxidising capacity. Here we investigate the con-
tribution to methane variability of changes in OH caused by
climate-induced variations in biogenic emissions of isoprene.

Isoprene is a reactive organic compound emitted in large
amounts by many plant species around the globe, mainly in
tropical forests. Recent estimates of emissions are around
500 Tg(C) per year (Guenther et al., 2006), an amount com-
parable to the total emission of methane (Lelieveld et al.,
1998). Once emitted isoprene reacts rapidly with OH and
ozone directly affecting the oxidising capacity of the at-
mosphere. The amount of isoprene emitted is sensitive to
changes in temperature, humidity, insolation and precipita-
tion; see for exampleSharkey et al.(2007).

The eruption of Mt. Pinatubo and a strong positive phase
of the ENSO changed these factors, which would have af-
fected isoprene emissions. Mount Pinatubo erupted in June
1991, injecting sulfate aerosol into the stratosphere reduc-
ing the radiation reaching the surface and producing global
cooling in the troposphere (McCormick et al., 1995). The
sulfate aerosol also depleted stratospheric ozone increasing
the amount of UV radiation reaching the troposphere (Bekki
et al., 1994). In addition, there was a pronounced El Niño
event in 1992 and 1993 (Wolter and Timlin, 1993). This
changed temperature and precipitation patterns, especially in
the tropics.

We use climate-dependent isoprene emissions in an inte-
gration with the UKCA chemistry-climate model (O’Connor
et al., 2009) from 1990 to 1995 which we constrain to mete-
orological analyses to obtain the observed climatic changes.
We then compare this with a run where isoprene emissions
are kept at levels modelled before the eruption to assess the
effect of the climate dependent emissions. In addition, to as-
sess the impact of meteorology, we compare the Base run to
one where the meteorology is nudged to 1990.

Our model is not a fully coupled Earth system model.
Nevertheless we believe that it allows an important prelim-
inary investigation of potentially significant coupling pro-
cesses in the Earth system. Some processes are ignored, such
as changes in methane emissions, but this simplified mod-
elling framework allows the effect of other processes, like
climate related biogenic emissions, to be considered. We be-
lieve that this is an important step in developing process un-
derstanding and towards developing more sophisticated mod-
els.

2 Model description

We use a nudged version (Telford et al., 2008) of the UKCA
model (Morgenstern et al., 2009; O’Connor et al., 2009). It
is based upon an atmosphere only version of the Met Office’s
Unified Model (UM), with the following configuration:

– a horizontal resolution of 3.75◦×2.5◦ in longitude and
latitude.

– 60 hybrid height levels in the vertical, from the surface
up to a height of 84 km.

– a dynamical time-step of 30 min.

A time series of sea surface temperatures and sea ice cov-
erage are prescribed from the HadISST dataset (Rayner et al.,
2003). The technique of nudging is used to reproduce the
atmospheric conditions over the period studied. This con-
strains the model horizontal winds and temperatures to ERA-
40 re-analysis data (Uppala et al., 2005). The nudging is
applied from 3 to 45 km with a relaxation time scale of
6 hrs (Telford et al., 2008).

We use the tropospheric version of the UKCA chemistry
model (O’Connor et al., 2010), with a chemistry scheme
based on that used inLaw et al. (1998) and Young et al.
(2009). The scheme, as described byPike et al.(2009), is
medium sized and simulates the Ox, HOx and NOx chemical
cycles and the oxidation of CO, ethane, propane, and iso-
prene. The Mainz isoprene mechanism (MIM) (Pöschl et al.,
2000) is used to parameterise isoprene oxidation. The model
has 132 chemical reactions and 60 chemical tracers. To pro-
vide a realistic upper boundary condition for the tracers con-
centrations of ozone and NOy are overwritten above 30 hPa
from zonal mean values from the Cambridge 2D model (Law
and Pyle, 1993a,b). We overwrite methane to be 1.76 ppmv
throughout the atmosphere, to reduce the time required to
equilibrate the model.

Photolysis rates are calculated using the off-line scheme
of Law et al.(1998)1. Dry deposition is parameterised based
on the scheme ofGiannakopoulos et al.(1999). Wet deposi-
tion is described as a first order loss process from the rainfall
rates generated by the model (Giannakopoulos et al., 1999).
Eight chemical species are emitted in the model in the man-
ner of Zeng and Pyle(2003). The species emitted are NO,
CO, HCHO, ethane, propane, acetaldehyde, acetone, and iso-
prene. Climatological industrial and biomass burning emis-
sions are taken fromStevenson et al.(2006) with the addition
of aircraft emissions (Eyers et al., 2004), 5 Tg of nitrogen per
year from lightning (Price and Rind, 1994) and 30 Tg carbon
per year from biogenic acetone emissions.

The isoprene emissions are determined separately using
a two stage process. First the SDGVM, a dynamic vegeta-
tion model (Beerling et al., 1997; Beerling and Woodward,
2001), is used to create time varying global maps of vege-
tation types using monthly mean meteorological output (sur-
face temperature, sw radiation flux, humidity and precipita-
tion) from a nudged UKCA integration of this period (Telford

1The effect of changes in UV penetration due to the eruption are
not included in the photolysis rate calculation in this study. But they
do influence the photosynthetically active radiation in the emissions
calculation.
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Fig. 1. Anomalies in global isoprene emissions (black line). A six
month running mean is applied to show the long term trends. The
ENSO index ofWolter and Timlin(1993) is included for reference
(blue line). The reduction in emissions after the eruption of Mt
Pinatubo (marked by a red triangle) is clear.

et al., 2009). We use UKCA output for consistency of climate
between the emissions model and the chemistry model. This
output includes the changes to climate, including tempera-
ture and precipitation, and changes to SW flux from changes
in aerosol, ozone and clouds. The vegetation model provides
information on the fraction of each grid-point occupied by
each vegetation type, and represents the amount of biomass
for each vegetation type through a “leaf area index”. A bio-
genic emissions model (Lathière et al., 2010), following the
empirical parameterisation of the MEGAN model (Guenther
et al., 2006), then combines these maps with the meteorolog-
ical output to produce isoprene emissions.

The emissions are calculated at standard conditions and
then multiplied by the product of three non dimensional ac-
tivity factors to account for deviations from this standard.
These factors are the canopy environment emission activ-
ity factor, the leaf age emission activity factor and the soil
moisture activity factor. The canopy emission activity fac-
tor parameterises variation due to leaf area, light and tem-
perature within the canopy. The leaf age emission activity
factor makes adjustments to account for the effects of leaf
age. The soil moisture activity factor accounts for direct
changes caused by soil moisture. A detailed description of
the parameterisations can be found inGuenther et al.(2006)
andLathière et al.(2010).

3 Changes in isoprene emissions

First we analyse the changes in calculated isoprene emissions
during the early 1990s. Figure1 shows the anomalies in the
global modelled isoprene emissions from 1990–1996, calcu-
lated with respect to the average annual cycle over the period.
6 month smoothing has been applied to highlight the interan-
nual variation. The eruption of Mt. Pinatubo in July 1991 is

-100 -30. -10. -5.0 -2.0 2.0 5.0 10. 30. 100

Changes in C5H8 Emissions (mg/m2/yr)

Fig. 2. Distribution of differences in annual mean isoprene emis-
sions before and after the eruption of Mt. Pinatubo (1992–1990).

marked by a red triangle at the bottom of the plot. In addi-
tion we include the multi-variate ENSO index ofWolter and
Timlin (1993). This combines sea level pressure, zonal and
meridional winds, sea surface temperature, air surface tem-
perature and total cloudiness to indicate the phase of ENSO.
Positive deviations from zero indicate more El Niño like con-
ditions, negative deviations more La Niña like conditions.

Lathière et al.(2006) andMüller et al.(2008) have already
demonstrated that ENSO warm events are linked to increases
in global isoprene emissions when using similar parameter-
isations to model emissions. Examining Fig.1 there seems
to be some link, with the lowest isoprene emissions being
modelled at the time of lower values of the ENSO index.
However even if we use the lag of 6 months as suggested
by Müller et al.(2008) we do not produce a significant cor-
relation over time between the two.Lathière et al.(2006)
note that the relationship is weaker during the 1992 El Niño
warm event, which they attribute to temperature increases
over South America being smaller than normal. This cool-
ing was caused by the eruption of Mt. Pinatubo (McCormick
et al., 1995) and suggests that the eruption disrupted the nor-
mal link between ENSO and isoprene emissions. We next
examine the spatial differences of the changes to see whether
they provide more information, before exploring the individ-
ual drivers of the changes in emissions in Section3.2.

3.1 Distribution of changes in isoprene emissions

We concentrate on the distribution of changes in isoprene
emissions in 1992. This is when we should expect high emis-
sions from the El Nĩno event, but when instead we see the
lowest values of emissions (see Fig.1). Figure2 shows the
annually averaged difference in isoprene emissions between
1992 and 1990. We use 1990 as our control distribution,
rather than a multi-year average, to ensure we have no contri-
bution from the eruption. The isoprene emissions in 1992 are
reduced in most of the isoprene emitting regions. The most
striking exception is the western Amazon where we see large
increases.

www.atmos-chem-phys.net/10/7117/2010/ Atmos. Chem. Phys., 10, 7117–7125, 2010
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As there are no large scale measurements of isoprene emis-
sion fluxes in the early 1990s we cannot validate these results
directly, although the MEGAN parameterisation performs
reasonably well when tested (Guenther et al., 2006). Barkley
et al. (2008) infer isoprene emissions from South America
from HCHO column measurements later in the decade, and
see increases in emissions in 1997 in the western Amazon
related to an ENSO warm phase. This suggests that our in-
creases in the western Amazon seen in Fig.2 could be real-
istic and can be attributed to the ENSO warm phase. Their
measurements do not show an obvious decrease over east-
ern Brazil, though emissions are harder to determine here
because of contamination from HCHO produced by biomass
burning. It could also reflect that the changes in 1992 are dif-
ferent from those in the 1997 because of effects of the erup-
tion, making full validation impossible.

3.2 Drivers of isoprene emissions

To investigate the causes of the changes in emissions we pro-
ceed to examine the drivers of the emissions and vegetation
models. Figure3 shows the annual mean changes between
1992 and 1990 in the drivers of isoprene emissions; precip-
itation, relative humidity, short-wave radiation and temper-
ature. In addition we include changes in diagnostics from
the vegetation and emissions model: leaf area index and soil
moisture activity factor. The spatial distribution of the dif-
ferences in these climate related variables gives evidence of
the warm phase of the ENSO, with warmer drier conditions
in the eastern Pacific, South America and southern Africa,
resembling the changes noted byQian et al.(2008).

The complex nature of the emissions algorithm makes es-
tablishing the exact causes of changes in emissions difficult.
We take a simple approach and correlate the changes in driv-
ing factors and the emissions from which we find that the
temperature was found to have the largest impact, with a spa-
tial correlation in the tropics of 0.21. The relationship is even
stronger in North America with a spatial correlation coeffi-
cient of 0.69. This suggests that the main cause of decreased
isoprene emissions after the eruption of Mt. Pinatubo was the
global cooling observed and that the increased emissions in
the Amazon basin are related to local warming caused by the
ENSO warm phase.

However the relationship is not quite that simple, with
there being regions, such as north-eastern Brazil and south-
ern Africa where there were increases in temperature but
decreases in emissions. Indeed the region with the largest
temperature increases is exactly the region with some of the
largest decreases in emissions. This is consistent with the
results ofSanderson et al.(2003) who note that, whilst in
general isoprene emissions are correlated with temperature,
there are regions where changes in vegetation are more im-
portant than temperature effects.

We use the leaf area index (LAI) from the SDGVM, shown
in the bottom left of Fig.3, to examine changes in vegetation.

The LAI is the leaf area per surface area in the model and as
such represents modelled biomass. In north-eastern Brazil
there are large decreases in LAI between 1990 and 1992, in-
dicating decreases in biomass. This is consistent with the re-
sults ofTian et al.(1998), who simulate decreases in biomass
in ENSO warm phases in this region. We simulate similar de-
creases of leaf area in parts of Africa, likeMilton and Dean
(2000) who see reductions of biomass in Africa at this time.
These reductions in biomass are a result of reduced precipita-
tion and also contribute to reductions in isoprene emissions.
The changes in precipitation are caused by ENSO and the
eruption of Pinatubo affecting the hydrological cycle. It is
not possible to determine the relative importance of these
two factors, thoughTrenberth and Dai(2007) observe that
the eruption produces a global decrease in precipitation over
land unlike El Nĩno events which merely tend to alter its dis-
tribution.

We have also examined the activity factors used in
MEGAN and find that there are changes in the soil moisture
activity factor, shown in the bottom right of Fig.3. Decreases
in the soil moisture activity factor augment the reduction in
isoprene emissions through much of the tropics caused by de-
creases in biomass, most notably in the Amazon and south-
ern and eastern Africa. However the effects of changes in soil
moisture activity are smaller and more uncertain than the ef-
fects of biomass changes, with its parameterisation still not
well constrained.

3.3 Conclusions about isoprene emissions

We see a reduction of 9% in isoprene emissions between
1990 and 1992. In 1992 these decreases are seen through-
out the globe and are linked to cooler and drier conditions
after the eruption of Mt. Pinatubo. These conditions reduce
modelled emissions, directly through the MEGAN parame-
terisation and indirectly through reductions in biomass. The
impact of the El Nĩno event can be seen in the western Ama-
zon where warmer conditions produce increases in isoprene
emissions. Globally the effects of the eruption dominate.
We now proceed to investigate the effect of these emission
changes on tropospheric chemistry.

4 Impact of isoprene emissions of OH and methane

Isoprene is the volatile organic compound with the highest
emissions into the atmosphere (Guenther et al., 2006) and as
such impacts strongly on the tropospheric OH concentration.
We perform runs of the UKCA chemistry climate model to
investigate the effect of changes in isoprene emissions during
the early 1990s.

4.1 Methodology

We perform two model runs to isolate the impact of the
changes in isoprene emissions. The first, which we denote

Atmos. Chem. Phys., 10, 7117–7125, 2010 www.atmos-chem-phys.net/10/7117/2010/
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Fig. 3. Differences, between 1992 and 1990, of drivers of isoprene emissions and selected diagnostics from the isoprene emissions calcula-
tion.

the Base run, utilises all aspects of the model nudging to
ERA-40 analyses and with time varying isoprene emissions.
The second run, which we denote the Emfix run, is identical
to the first with the exception that emissions are fixed to 1990
levels, which we use because it is free of the influence of the
eruption. The effect of the inter-annually varying, climate-
dependent isoprene emissions is determined from the differ-
ence between the Base and Emfix runs.

In addition we include a third run, the Metfix run, iden-
tical to the Base run, including time varying emissions, ex-

cept that the meteorology is always nudged to 1990 fields.
The impacts of inter-annual variations in meteorology are de-
termined from the difference between the Base run and this
Metfix run.

The different model runs and emissions data sets are not
intended to isolate the separate effects of the Pinatubo erup-
tion and ENSO. Instead we can only look at the combined
effect of all climate signals on isoprene emissions and me-
teorology. Whilst we can infer something about the relative
importance of the eruption and ENSO by examining factors
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Fig. 4. Difference in tropospheric OH burden between Base and
Emfix runs (red line) and Base and Metfix runs (blue line). A six
month running mean is applied to show the long term trends.

such as the spatial distribution of the changes, the set up of
the different runs does not allow us to discriminate between
these factors.

4.2 Global impact on oxidising capacity and methane

Figure4 shows the differences in tropospheric OH burdens
between the Base and Emfix runs and the Base and Metfix
runs. The difference between the Base and Emfix runs rep-
resents the impact on OH of time varying, climate dependent
isoprene emissions. The difference between the Base and
Metfix runs represents the effect of inter-annual variations in
meteorology.

The decreased isoprene emissions after 1990, as shown
in Fig. 1, reduces a sink for OH, increasing its concentra-
tion. The changing meteorology has the opposite effect,
reducing concentrations of OH after 1991. This could re-
late to the drier conditions caused by the eruption of Mt.
Pinatubo (Trenberth and Dai, 2007), causing lower atmo-
spheric humidity and reducing production of OH via the re-
action between O(1D) and H2O, as well as the warmer phase
of ENSO (Johnson et al., 2002), which leads to increases in
the temperature dependent reaction between CH4 and OH.
The impact of changing isoprene emissions on the OH bur-
den is of the same order of magnitude as the changing me-
teorology, indicating that this is an important effect which
must be considered in any overall evaluation of the chang-
ing oxidising capacity. It is interesting that the peak effect of
changing meteorology also coincides roughly with the min-
imum in the isoprene emissions. We also note that our use
of non interactive photolysis excludes another source of vari-
ability in the OH column, as the aerosol cloud increases op-
tical depth, decreasing OH production. This is offset by de-
creases in ozone after the eruption (Telford et al., 2009) de-
creasing optical depth and increasing OH production.

-20. -16. -8.0 -4.0 -2.0 2.0 4.0 8.0 16. 20.

Changes in Tropospheric OH Column (%)

Fig. 5. Differences in tropospheric OH column between the Emfix
and Base runs averaged over 1992. This corresponds to the differ-
ence between using 1992 and 1990 isoprene emissions.

The changes in OH also have an impact on the sink of
methane. Because methane concentrations are fixed we can-
not directly investigate this. Instead we have calculated the
flux through the reaction CH4 + OH → H2O+ CH3OO for
each experiment. The effect of changes in emissions peaks
in early 1993, when OH peaks, with an increase in this sink
of methane of 5 Tg(CH4)/yr. The effect of meteorology is to
decrease the sink of methane by up to 14 Tg(CH4)/yr. These
changes are comparable to those estimated from biomass
burning and wetland emissions (Bousquet et al., 2006). It
is clear from our experiments that changes in emissions of
non-methane VOCs are needed to fully explain changes in
methane concentrations at this time. In contrast, the effect
of changing isoprene emissions on ozone concentrations is
found to be small, less than 0.1% on global air mass weighted
concentrations. Changes to the production of aerosols from
isoprene oxidation (Claeys et al., 2004) might be expected to
be larger, though secondary organic aerosol formation was
omitted from these simulations.

4.3 Spatial distribution of changes to OH

We evaluate the spatial distribution of the OH changes by
comparing tropospheric OH columns between the Base run
and the Emfix run. The difference between the two is shown
in Fig.5 for 1992. The Base runs uses isoprene emissions for
1992 and the Emfix run uses isoprene emissions for 1990, so
the change in emissions between the two runs can be seen in
Fig. 2.

The effect on local OH concentrations is considerable,
with changes of up to 20% modelled in Eastern Africa. The
link between the changes in isoprene emissions, shown in
Fig. 2, and OH, shown in Fig.5, is clear, with a spatial corre-
lation coefficient of−0.6. We have also considered the local
changes of ozone, finding them to be locally non negligible,
up to 2% in the Amazon basin, but as ozone is low in these
regions this only has a small effect on global burdens.

Atmos. Chem. Phys., 10, 7117–7125, 2010 www.atmos-chem-phys.net/10/7117/2010/
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4.4 Sensitivity of results to changes in the chemistry

The absolute magnitude of changes in OH depends, of
course, on our chemical scheme. We test our sensitivity to
fixing methane by varying its concentration by±5% and find
that the sensitivity of OH to emission changes is altered by
less than 0.1%.

We also note that there is uncertainty in the detailed treat-
ment of isoprene oxidation (Lelieveld et al., 2008; Paulot
et al., 2009; Archibald et al., 2009). To test our sensitivity
to this uncertainty we modify the chemistry scheme in a sim-
ple way to introduce some parameterised recycling of HOx
into the oxidation of isoprene. To do this we adopt a param-
eterised form of HOx production from the unimolecular de-
composition of the isoprene hydroxy peroxy radicals (Peeters
et al., 2009; da Silva et al., 2010). When we run the model
with these changes over 1992 although we see large changes
in the OH column (up to 100% over the Amazon basin) we
find that the sensitivity to changes in the isoprene emissions
is not much altered from the case where there is no HOx re-
cycling. There is still much uncertainty on the oxidation of
isoprene, and other, more sophisticated recycling schemes
may produce different results again, so there remains a great
deal of uncertainty on the exact value of our results. However
the retention of the large inter-annual changes in the oxidis-
ing capacity suggests that changes in isoprene emissions are
still capable of producing large changes in OH.

5 Conclusions

Changes in climate, caused by amongst other factors the af-
termath of the eruption of Mount Pinatubo and an El Niño
warm event, are shown to have sizeable impacts on modelled
isoprene emissions. The changing emissions have an impact
on OH, increasing tropospheric OH columns by up to 20%
in regions such as eastern Africa. This change in OH, the
most important sink for methane, has an appreciable impact
on the methane budget, being comparable to other drivers of
its variability, such as changes in biomass burning. The re-
duced isoprene emissions after 1990 lead to an increase in
the sink of methane of up to 5 Tg(CH4)/year, contributing to
the reduced growth rate observed at this time.

The cause of the changes in emissions are a result of
changes to both the temperature and the hydrological cycle.
Cooler temperatures throughout the tropics reduce isoprene
emissions, though the ENSO warm phase causes regional
warming. Even in regions which are warmer there are still
areas of reduced emissions caused by decreases in biomass.
These decreases are driven by drier conditions, linked to both
the eruption and the ENSO warm phase.

The effect of climate dependent isoprene emissions is pre-
dicted to have a sizeable impact on atmospheric chemistry,
through changes to the oxidising capacity of the troposphere.
Although a large uncertainty remains as to the exact impact,

due to factors such as our incomplete understanding of iso-
prene oxidation, the magnitude of the effect is large enough
that it cannot be neglected. This demonstrates the impor-
tance of modelling the whole Earth system to understanding
changes in atmospheric chemistry.

Although some coupling processes, such as the impact of
stratospheric ozone reductions on tropospheric UV radiation
were not included, our study has highlighted some important
interactions. As Earth system models increase in sophistica-
tion these sensitivity studies will be replaced by more com-
plete simulations of past and future changes,
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