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Abstract
Isoprene is one of the largest contributors to the total amount of biogenic volatile organic compounds
(BVOCs) emitted into the atmosphere annually, with 30-40% of the global amount of BVOC emitted per
year (401 Tg) in the form of isoprene. We have addressed a hiatus in research on isoprene emissions by
looking at its relation with hydrology. Isoprene concentrations as well as soil moisture content and other
relevant meteorological and trace gas values have been measured from April till October at a tropical
rainforest site in north-eastern Australia. These measurements have been analysed using MLC-CHEM, a
multi-layer canopy exchange model, to provide insight on how the local hydrology and local micrometeorology influence the seasonal emissions and destruction of isoprene. This detailed comparison of
observed and simulated isoprene has also been used to further improve the model. We found that of the
hydrological factors water stress has the potentially largest impact on isoprene emission. LAI seasonality
has a limited effect on the emission of isoprene compared to other seasonal factors influencing isoprene
emissions and further increases the disagreement between the simulated and measured isoprene
concentrations. Because HCHO measurements, e.g., by remote sensing, is also used as a proxy to infer
isoprene emissions, the effect of the VPD and wet skin fraction on the dry deposition rate HCHO was
analysed. The effect of both the VPD and the wet skin fraction on the dry deposition of HCHO are
limited, however, the wet skin fraction does potentially have a significant effect on the simulated
isoprene concentration. This implies further research is needed into the impact of wet versus dry leaves
on isoprene emission and destruction.
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1 Introduction
Forests have their own micro climate which is not only the result, but also the cause of the exchange of
energy, water and mass between the atmosphere and the forest. The exchange of mass includes, besides
the intensely studied exchange of greenhouse gases, also the exchange of reactive compounds such as
biogenic volatile organic compounds (BVOCs) relevant to climate and global change through their role in
the atmosphere’s oxidation capacity, aerosols and air pollution. In the tropical rainforests of northern
Australia the effects of climate, in particular the micro-climate conditions, on atmosphere-biosphere
exchange of BVOCs have been investigated focussing on a dataset of long-term measurements of
isoprene concentrations. Isoprene is emitted by vegetation with an estimated global annual emission
flux of ~410 Tg (Müller et al., 2008) of which a 70% is actually emitted by tropical forests (Zimmerman et
al., 1988; Guenther et al., 1995). This biogenic source of isoprene contributes 30-40% of the total
amount of BVOC emitted globally per year (Guenther et al., 2012).
Isoprene is emitted by plants and protects the chlorophyll from heat and oxidative damage (Sharkey &
Yeh, 2001; Vickers et al., 2009; Velikova et al., 2011, 2012; Possell & Loreto, 2013). It is of specific
interest because this BVOC affects the oxidization capacity of the troposphere and also significantly
increasing the amount of aerosols in the troposphere (Seinfield and Pandis, 1998).
There has already been a lot of research focussing on in-situ observations of isoprene in temperate
regions (Baldocchi et al., 1995), desert areas (Huang et al., 2015), at larger spatial scales using remote
sensing data (Shim et al., 2005) whereas there have also been studies that focussed on how isoprene
emissions and concentrations are influenced by evolution of vegetation (Harley and Monson, 1992).
Moreover, the effects of isoprene in an urban environment (Doughty et al., 2013) and the future of
isoprene emissions on multiple scales (Sharkey and Monson, 2014) have been studied. One particular
feature of isoprene emissions which is not well understood and quantified is its dependence on
hydrology. Guenther et al. (2006) indicated that there have been measurements that show a reduction in
isoprene emissions occurring during droughts. Zheng et al. (2015) emphasize that soil moisture
dependency of isoprene emissions is a glaring uncertainty in the behaviour of isoprene emissions and
recommends long term monitoring of isoprene emissions in conjunction with measurements of microclimate parameters that inform about the hydrological status.
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Hydrology impacts both isoprene emission
and isoprene destruction. Figure 1 shows
the most prominent factors influencing
isoprene emissions, one of which is drought
which has both a positive and a negative
effect on isoprene emission. Multiple
studies (Tingey et al., 1981; Sharkey &
Loreto, 1993; Fang et al., 1995; Pegoraro et
al., 2004; Funk et al., 2005; Brilli et al., 2007)
found that, when subjecting saplings and
young trees to drought, the isoprene
emission decoupled from the
photosynthesis and remain almost equal
during moderate drought. In a study by
Monson et al. (2007) the isoprene
Figure 1, the most prominent factors influencing isoprene emissions
concentration was measured directly from
(Figure from Monson et al., 2007)
the leaves using a LI-COR measuring system
during drought and according to those measurements the isoprene emission increased even though
photosynthesis decreased. However, the same studies also find that during severe and extreme droughts
the emission of isoprene does decline significantly.
The destruction of isoprene is dominated by oxidation by the hydroxyl radical (OH), which concentration
also depends on the humidity of the air (Yarwood et al., 2005). Isoprene has a relatively short lifetime of
some hours (Trainer et al., 1987; Palmer et al., 2003) due to the efficient oxidation by OH, ozone and the
nitrate radical. The main product of isoprene oxidation is formaldehyde (HCHO), which is another VOC.
HCHO has lifetime of a few hours (Shim et al., 2005) and atmospheric HCHO concentrations cannot only
be measured in-situ but also using remote sensing technology. Because of its short lifetime, relative to
the timescale of large scale transport of 3-30 days (Sturman et al, 1997; Stohl et al, 2002a), isoprene is
mainly concentrated around the location of the primary sources. However, also due to its longer lifetime
HCHO can serve as a proxy of isoprene emissions when you combine the remote sensing observations of
HCHO with atmospheric chemistry models that include the isoprene and HCHO sources and sinks as well
as long-range transport (Palmer et al., 2003; Shim et al., 2005). However, such an inversion of large-scale
emissions of isoprene from remote sensing HCHO observations, combined with atmospheric chemistry
and transport models, also depends on how well these models represent the HCHO sources and sinks,
including wet and dry deposition. As discussed previously, wet and dry deposition in turn depend on the
local hydrology and on the local micro-meteorology, implying that the role of these drivers of HCHO
deposition must be carefully considered in the application of HCHO column concentration
measurements to infer the isoprene emissions on a large scale.
Another link between hydrology and isoprene is associated with the removal of reactive compounds
involved in isoprene oxidation as well as the removal isoprene oxidation products by dry and wet
deposition. For example, scavenging by precipitation removes gases such as O3 and HCHO with O3 being
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one of the other isoprene oxidants besides OH. The OH abundance depends on O3 and water vapour
concentrations but also on the amount of reactive oxidized nitrogen (NOx, consisting of nitric oxide, NO,
and nitrogen dioxide, NO2), which abundance also depends on hydrological features such as soil
moisture that partly controls soil NO emissions. Concentrations of NOx but also of O3 and isoprene
oxidation products such as HCHO also depend on hydrological features such as canopy wetness and
water vapour pressure deficit which affect dry deposition of these compounds through stomatal uptake.
We present an analysis of directly measured isoprene concentrations from an Australian tropical site
covering seven months (April till October) in 2013. The actual observations cover multiple years but for
this study we got access to this limited period of data. We aim to explain the main seasonal variability in
the measured isoprene values in terms of changes in seasonal drivers of isoprene exchange including
some of these hydrological drivers involved in this exchange process. This analysis is supported by the
use of a multi-layer exchange modelling system to interpret the observed isoprene concentration in
terms of isoprene emissions, mixing and isoprene destruction processes in a tropical forest microclimate, and to assess the importance of the various drivers of isoprene exchange. Our main focus has
been to assess the role of hydrological drivers but we have also included other drives of seasonal
variability in isoprene emission and concentrations such as the potential role of phenology. Application
of the multi-layer exchange model is also required to complement the limited selection of observations
which mainly includes, besides long-term isoprene concentration measurements above the forest
canopy, a number of basic micro-meteorological drivers of BVOC exchange. As a consequence we rely
heavily on model simulated concentrations of other relevant reactive compounds that affect isoprene
through their role in isoprene oxidation, including NOx and O3. The main research questions of the
presented study are:
-

What are the seasonal trends in isoprene in the north-Australian rainforest and what explains
these observed trends?
What is the influence of local micro-meteorology on isoprene?
What is the role of the hydrological cycle in isoprene emissions and concentrations at this site?
How are the observed isoprene concentrations further affected by the micro-meteorology and
hydrology cycle through their impact on the exchange of NOx, O3 and HCHO?

2 Methodology
To analyze the observed seasonal trends in isoprene concentrations as a function of key drivers of
isoprene sources and sinks we applied a model that simulated in detail canopy and mixed layer reactive
trace gas exchange and chemical transformation processes called MLC-CHEM (Multi-Layer Canopy
CHemical Exchange Model, e.g., Ganzeveld et al., 2002). This model has been constrained with the
observed micrometeorological parameters that were measured at the Daintree site in North-Eastern
Queensland, Australia (R. Wilson, personal communications). These measurements were conducted to
study not only the role of isoprene itself, but also of other reactive compounds relevant for this analysis
on seasonal trends in isoprene concentrations and especially the hydrological drivers in isoprene
emissions and concentrations.
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2.1 Site & measurements description
Our analysis includes the role of wind speed and direction, solar radiation and LAI, which all strongly
depend on the location of the site and can have a significant influence on the isoprene emissions and
concentrations. The measurements were done at a tropical forest site in the Daintree area in northern
Queensland, Australia (Figure 2a). The Daintree area is a tropical rainforest site with the top of the
canopy at 30 m (Tracey and Webb, 1975). The measurement site is located at Cape Tribulation on the
east-slope of a mountain (as shown in Figure 2b) blocking the sunlight starting at 5 PM resulting in an
early onset of the night. The location of the site relative to the mountain could additionally reduce the
winds from the west. Measurements at the site include measurements of isoprene concentration, air
and surface temperature, incoming solar radiation, precipitation, leaf wetness, and wind speed and
direction. At the Daintree site there are also a number of soil moisture pits with which soil moisture data
being collected by Michael Liddell and Susan Laurence. The dry season spans from June to November
and the wet season from December to May (Wallace and McJannet, 2010) with strong peaks in leaf fall
and wood fall during the months of December-January and January-February, respectively. Vegetation at
the measurement site was showing the impact of the occurrence of a cyclone including a smaller
decrease in LAI of ~3-3.5 m2/m2 compared to the long-term average LAI of 4.2 m2/m2 (R. Wilson,
personal correspondence; McJannet et al., 2007) and subsequent connected processes, such as
photosynthesis, isoprene emissions, and dry deposition.
The soil at the site has been classified as an acidic, dystrophic, brown dermosol with many (=20-50%)
stones and cobbles throughout the profile, meaning the bulk of the material is made up of clay and holds
relatively little charge (Isbell, 1996). Because of the large, irregular amount of cobbles and stones in the
profile the soil field capacity differs largely. The soil moisture was measured at three different depths
(0.1 m, 0.75 m and 1.5 m) and at eight different locations and then averaged per depth to get a
representative value. The soil pits are located within a few hundred metres of the measurement tower.
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All environmental variables, including isoprene concentrations, were measured for multiple years.
However, just the isoprene concentration data measured from the start of April 2013 till the start of
November 2013 was available to us. For analysis of the remaining months in 2013 we rely in this study
on the use of simulated isoprene and HCHO mixing ratios from the chemistry and tracer transport model
GEOS-CHEM. Comparison of the MLC-CHEM system being constrained with some of data from this 3D
model with a spatial resolution of 250 km by 250 km with the local environment field observations for
this coastal site is not optimal but appears to provide at this stage the most optimal alternative source of

Figure 2a (above) and 2b (right), location of the measurement site in the
Daintree area.

information regarding tracer gas concentrations relevant to isoprene exchange.

2.2 Model description
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The model we used, MLC-CHEM, is a 1-D multilayer exchange modelling system developed to give insight
in how concentrations of reactive compounds such as O3, NOx and BVOCs such as isoprene,
monoterpenes and sesquiterpenes behave in a micro-climate environment (Ganzeveld et al., 2002 and
manuscript in preparation). MLC-CHEM is specifically developed to study the role of canopy interactions
between biogenic emissions, chemistry, dry deposition and turbulent exchange in determining the
effective exchange of reactive compounds (and biogenic aerosols). The multiple layers for which the
exchange fluxes and concentrations of (trace) gases are being modelled are the surface/mixed layer and
a canopy crown layer and an understory layer. Potentially the model can also be run with a larger
number of canopy layers, e.g., up to 10 layers, but in the presented study we used the default 2-canopy
layer set-up. An overview of the different atmosphere-biosphere exchange processes and their
interactions, most of them being represented in MLC-CHEM, can be seen in Figure 3. It contains two
modules to calculate isoprene emissions; Guenther ‘95 (G95) (Guenther et al., 1995) and MEGAN2.1
(Guenther et al., 2012). MEGAN2.1 is an updated version of MEGAN (Guenther et al., 2006), which is a
newer version of the G95 module. One of the most notable differences between the G95 and MEGAN2.1
modules is that the G95 module is only taking into account the role of radiation, temperature, LAI, and
structure of the canopy in BVOC emissions whereas the MEGAN2.1 module also considers the past 24
and 240 hours of the temperature and precipitation regime. Moreover, G95 calculates the BVOC
emission flux at leaf-scale, whereas MEGAN2.1 calculates the emission flux at canopy scale. In MLCCHEM however, the implementation of MEGAN2.1 has been modified to calculate the isoprene emission
flux at the leaf-scale. The latter is required to explicitly consider the role of in-canopy interactions on the

Figure 3, system diagram of the different links which are present in the MLCCHEM model (Ganzeveld, personal correspondence).
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effective canopy exchange of the BVOCs. MEGAN2.1 can also consider the role of soil moisture limitation
on isoprene emissions incorporating a simplified representation of the soil moisture stress effect on the
amount of isoprene emitted during droughts.
For all chemical interactions MLC-CHEM uses the Carbon Bond IV mechanism (Yarwood et al., 2005) to
represent gas-phase chemical production and destruction of compounds such as NOx, O3 and BVOCs. For
the production For more details regarding the simulation of biogenic emissions other than the BVOCs,
removal by dry deposition, turbulent transport and the in-canopy radiation regime we refer to Ganzeveld
et al. (2002).
2.2.1 Model assumptions and boundaries
Three constraints were imposed on the analysis; the first is that isoprene concentration was not
measured throughout the year, but only from the start of April till the end of October 2013; the second
limit imposed on the analysis is caused by the absence of measured NOx and O3 data; the third constraint
on the analysis is our lack of measurement data on photosynthesis and energy fluxes. Without the NOx
and O3 data being measured the analysis heavily depends on the quality of alternative sources of data
such as simulated O3 concentrations provided by the global 3-D CTM GEOS-CHEM. It was not possible
either to analyse the relation between photosynthesis and the emission of isoprene for an assessment of
the impact of different levels of soil moisture stress on the functioning of vegetation, not having access
to energy, water and CO2 flux observations.
Given the fact that the site is close to the ocean, located at a distance of 5-10 km east of the ocean, the
easterly trade or sea-breeze winds contain relatively low concentrations of NO, NO2 and VOCs as the air
has travelled over land for less than an hour (assuming an average wind speed of 3m/s, at higher
velocities the time over land will be shorter). However, concentrations of other long-lived tracers such
as O3 and CO could reflect the footprint of long-range transport. To consider this role of advection,
normally MLC-CHEM applies the observed concentrations to consider implicitly the contribution by
advection. However, in the absence of O3 concentration measurements at the site we used the modelled
data from GEOS-CHEM to constrain the MLC-CHEM simulations of O3. Measurements for NOx were not
available either but since it is also expected that that there is a small contribution by advection of
anthropogenic NOx at this pristine site we rely on the NOx concentrations and fluxes explicitly simulated
by MLC-CHEM as a function of soil-biogenic NO emissions and NOx dry deposition. Moreover, in the
presented study the soil biogenic emission of NO did not depend on soil moisture and was assigned a
fixed emission factor for wet tropical soils according to Yienger & Levy (1995), which emission algorithm
is being implemented in MLC-CHEM.
The upper limit of the model’s vertical domain is placed at the top of the boundary/mixed layer
(standard at 1500 m) while the lower limit is at the soil surface. The mixed layer height (MLH) is in reality
not as rigid; it is a function of the amount of turbulence and other atmospheric properties such as the
atmospheric temperature lapse rate. Higher temperatures result generally in larger sensible heat flux
and instability of the atmosphere reflected in more intense turbulence in the mixed layer and increased
height of the mixed layer. A larger MLH implies a stronger dilution of isoprene. In this study with MLCCHEM we have, however, also not having access (yet) to more detailed surface energy balance
7

measurements, applied a simple representation of the diurnal cycle in mixed layer height. It is at a
minimum of about 65m above the canopy in the night and then starts to increase at sunset reaching a
fixed maximum MLH at 1500 m around noon. We also further constrained the model with the observed
net radiation, wind speed, temperature, precipitation and soil moisture content. Furthermore, as we
could use only one soil depth per simulation we assumed that the vegetation draws water from one
specific depth in the soil profile.
The isoprene regime is different in than above the canopy because the canopy is the source of the
isoprene while above the canopy isoprene is either transported or destroyed. The model calculates for
all layers the isoprene emission flux and isoprene concentration. The height at which the isoprene
concentration was measured in the Daintree area was above the canopy around 40 m high. Therefore,
these measurements at the height of 40 m were default used for comparison with the model simulated
parameters being calculated using a linear interpolation using the model’s crown-layer and surface layer
reference heights of 22.5 and 81 m.

2.3 Model changes
During this thesis study several changes were made regarding some of the features of MLC-CHEM based
on the first analysis of the field observations. These changes are described here.
2.3.1 Field capacity
For analysis of the reactive trace gas exchange and concentrations we needed to evaluate assumptions
about the soil and vegetation of the Daintree site to consider the impact of soil moisture on biogenic
emissions and dry deposition. The soil moisture field capacity, defined as a default input parameter to
the model, was adjusted to 0.34 m3/m3 from the base value of 0.5 m3/m3. This number expresses the
average field capacity of the three measured soil layers of 0.38 m3/m3, 0.34 m3/m3 and 0.30 m3/m3 for
soil depths 0.1 m, 0.75 m and 1.5 m, respectively. The vegetation was assumed to use mainly the soil
moisture present at 1.5m depth (the lowest level at which the soil moisture content was measured).
Note that to consider the role of soil moisture in soil NO emissions the soil moisture content at 0.1 m
should be used. MLC-CHEM does not consider multiple soil depths in the runs and due to time
constraints we did not make further adjustments.
2.3.2 Soil moisture stress impact on BVOC emissions
An important factor we wanted to investigate was the effect of soil moisture stress on isoprene
emissions. The effect of drought on the physiological aspects of the production of isoprene was not
considered in MEGAN2.1, which uses a fixed emission rate from MEGAN’s plant functional type database
(Guenther et al., 2006). The relation between soil moisture stress and isoprene emission is presented by
Guenther et al. (2006) and has been considered in our analysis.
2.3.3 Leaf Area Index (LAI)
To consider the potential role of phenology in explaining some of the observed variability in isoprene
concentrations we have introduced the use of satellite based remote sensing biomass observations in
MLC-CHEM. Based on available GPP data from the MODIS MOD17A2 product (version 0.55, run by
NASA/NTSG) we reconstructed the seasonal trend in GPP and vegetation mass for the year 2013. The
8

annual GPP trend has an amplitude of roughly ⅓ relative to its annual average value. Although we cannot
directly obtain LAI from GPP without NDVI (Normalized Difference Vegetation Index) and LUE (Light Use
Efficiency) data, GPP is closely related to LAI (Monteith, 1972). Therefore, we assumed that the annual
variation in leaf area index is ±1.2 m2/m2 around the base value of 3.5 m2/m2. We made this first order
assumption to conduct an analysis of the potential role of phenology changes in isoprene emissions and
concentrations. The GPP data from the MODIS product shows the annual trend of GPP but is too
fragmented to use directly as input for the MLC-CHEM model, therefore an approximation of the GPP
trend was used which takes the form of a cosine function. Having a variable LAI over the year also means
that the role of leaf age can be considered in simulation of isoprene emissions. MEGAN2.1, unlike
Guenther 95, considers the leaf-age to take into account the different production capacity of young and
old leaves (Guenther et al., 1995; Guenther et al., 2011).

3 Results
In order to assess the potential role of hydrological cycle in isoprene emissions throughout the year, we
started with the available data and the standard MLC-CHEM model and analysed differences between
the model-simulated and observed isoprene concentrations. The most likely causes for any differences
between the measured and simulated isoprene concentrations were: role of turbulence as a function of
wind speed, roughness and stability, soil moisture stress, LAI seasonality, Mixing Layer Height (MLH), gasphase chemistry and plant physiology. We have analysed the role of these various components in detail
and present here the most important features of that analysis.

3.1 Default model simulation
The original simulation formed the basis for the adjustments made to MLC-CHEM. Figure 4 shows a
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Figure 4, isoprene concentrations modelled using MLC-CHEM and MEGAN2.1 (blue), using Guenther-95 (green), the
measured values for isoprene (orange), and the GEOS-CHEM modelled concentrations (red). Isoprene concentrations for
December were not available to us nor were they modelled.
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comparison of the daily maximum measured isoprene concentrations and isoprene concentrations
simulated above the canopy using both the MEGAN2.1 and G95 BVOC emission algorithms. A clear
difference between the simulated and the measured isoprene concentrations is that the measurements
appear to show smaller temporal variability. The trend in minima and maxima of the simulated isoprene
concentrations is similar to the trend visible in the temporal variability of the GEOS-CHEM data. On the
other hand, the maxima and minima of the measured isoprene concentrations only have a range of 1
ppbv and are much smaller deviations around the measured average isoprene concentration. The
isoprene concentrations measured during the dry season (June-November) are simulated relatively well
by the MEGAN2.1 and G95 algorithms. The only month in the wet season for which we can compare
measured and simulated isoprene concentrations is April, where the original and the adjusted MLCCHEM overestimates the isoprene concentration roughly by a factor 3 using MEGAN2.1. The month of
October stands out because of the clear increase in simulated isoprene concentration, while the wet
season does not start until December. During the months of January till March and November the
simulated isoprene concentrations are much higher than the measured and GEOS-CHEM isoprene
concentrations. A possible explanation for the large overestimation for the wet season isoprene
concentrations could be that the model might not correctly calculate the influence of temperature
and/or radiation on the emission of isoprene. Other possible explanations for this overestimations are
changes in the plant phenology and moisture conditions but also boundary layer mixing and atmospheric
oxidation capacity. Again, the problem with those months is that the isoprene data was not measured
directly. In order to further analyse the role of meteorological drivers of isoprene concentrations over
this tropical rainforest we first focus on a detailed analysis of the seasonal cycle in micro-meteorological
drivers of isoprene emissions and concentrations.

3.2 Meteorology
We first show an analysis of the seasonal cycles in radiation, temperature, precipitation and soil moisture
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Figure 5, net. surface radiation at the Daintree site in 2013 in W/m .
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to provide a first insight in the distinction between the wet and dry season. Figure 5 shows the observed
annual variability in net radiation at the surface whereas Figure 6 shows the observed annual variability
in temperature and precipitation.
The observed seasonality in temperature and precipitation shown in Figure 6 also clearly shows the
difference between the dry season (June till November) and the wet season (December till April) with a
strong decrease in precipitation during the dry season. The temperatures at the Daintree site are quite
constant; even though there is a clear dip during the winter months the temperature rarely exceeds 30
°C or drops below 20 °C. At the Daintree site the dry months coincide with the colder winter months in
70
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Figure 6, precipitation (red) and daily average temperature (blue) plotted against time.

which there is less incoming radiation and lower temperatures. The combined effect of having lower
temperature, radiation, and precipitation also appears to result in quite a strong decrease in isoprene
emissions and concentrations as previously shown in Figure 6.
There are two striking features that can be inferred from the observed temporal variability in these
micrometeorological drivers of atmosphere-biosphere exchange. First of all, there are quite large
differences in the more short-term (days-weeks) drivers of isoprene emissions such as radiation. This
also large explains the previously shown large differences in the daily maximum isoprene concentrations
on such timescale. Secondly, focussing on the seasonal variability, it can be inferred from Figures 5 and 6
that the radiation, temperature and precipitation show lower values during the dry months (JuneNovember) and higher values during the wet season (December-May). This temporal variability in
temperature is opposite to what one would expect for a tropical site where dry season conditions
associated with reduced cloud cover would normally result in higher incoming radiation and higher
temperatures. It seems the Daintree site is far enough away from the equator that the reduced cloud
cover (reflected indirectly by the reduced precipitation, June-November) does not result in an enhanced
11

surface radiation and temperature in the dry season. The Australian winter net surface radiation is
roughly 2/3 of the net surface radiation in the summer.
During the dry months there is potentially a decrease in surface moisture availability because of the
reduced precipitation. Figure 7 shows the observed soil moisture at 0.1 m, 0.75 m and 1.5 m depth. In
the months of June until September there is much less soil moisture present in the soil at all levels
compared to the soil moisture during the period December till May. Another interesting aspect of the
observed seasonality in soil moisture is that the effect of a single rain event is much smaller during the
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Figure 7, measured soil moisture content throughout the year at three different depths: 0.1 m, 0.75 m and 1.5 m.

dry season. During the wet season there are many peaks in soil moisture content, especially in the top
layer of the soil, while during the dry season the impact of rain on the lower soil levels is limited. We also
see that in November there is an increase in soil moisture again, mostly in the upper part of the soil, due
to an increase in precipitation starting at the end of September. Because the newly available moisture
from the precipitation has to go through the upper layers to reach 1.5 m, we see first an increase in soil
moisture at 0.1 m followed by increase in soil moisture at 0.75 m, which in turn rises before there is a
significant increase in soil moisture at 1.5 m indicating.
The strongly reduced amount of soil moisture in the dry season could potentially increase the soil
moisture stress on the vegetation, resulting in lower photosynthesis rates and, consequently, a reduced
evapotranspiration and latent heat flux. The latent heat flux and sensible heat flux both make up a large
part of the energy loss at the surface. Thus a decrease in latent heat flux would result in an increase in
sensible heat flux. Although we do not have the sensible heat flux data, we assume this holds for the
Daintree site. With this assumption one would expect to see higher temperatures, an increase in
turbulence and thus a deeper ML. This would enhance the dilution of the emitted isoprene. However,
not having access (yet) to more detailed surface energy balance measurements, we have applied a
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simple representation of the diurnal cycle in mixed layer height. It is at a minimum of about 65 m in the
night and then starts to increase at sunset reaching a fixed maximum MLH at 1500 m around noon.
Because the Daintree site is located near the coast one would expect to see lower isoprene
concentrations when the winds are coming from the east. In Figures 8a and 8b we show an analysis of
how the observed isoprene concentrations depend on wind direction. From Figure 8a it can be inferred
that the predominant wind direction is indeed from the south-east and that the wind speed does not
change much as a function of wind direction. The wind speed divided by the isoprene concentration
should give a clear indication of the influence of the wind direction and speed because we expect the
isoprene concentration to decrease with higher wind speeds from the south-eastern directions.
Therefore, analysis of the wind speed divided by the concentration (abbreviated as w/c) could
potentially indicate this dependence of the isoprene footprint as a function of wind direction. The width
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Figure 8a and b. In Figure 8a we see the cumulative amount of measurements per wind direction per
wind speed category. Figure 8b shows the wind speed divided by the associated isoprene concentration
converted to percentages.
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of the category in Figure 8b shows the percentage of the time the value of w/c is in that category for that
wind direction. Based on our hypothesis we would expect that a much higher percentage of substantially
enhanced w/c values associated with wind directions coming from the south-east. However, from Figure
8b it can be inferred that the distribution of percentages of w/c values is very similar for all wind
directions. This suggests that the wind direction does not seem to have a significant impact on the
measured isoprene concentration at this site 5km from the coast. For a wind speed of 1.5 m/s the air
5,000 𝑚𝑚

masses have spent 1.5 𝑚𝑚/𝑠𝑠 = 3,333 𝑠𝑠 = 55.6 𝑚𝑚𝑚𝑚𝑚𝑚. above land before reaching the site. This implies that the

increase in isoprene mixing ratio from ~0 to about 3 ppbv occurs in less than an hour. The production
(emission) and loss (chemical oxidation and dilution by turbulence) terms of isoprene are large compared
to the equilibrium concentration of isoprene. The daily average timescale for isoprene chemical
destruction, calculated from the model’s isoprene chemical tendency divided by the isoprene mixing
ratio, is 2-3 h (note that this also takes night time conditions into account). In contrast, the emission and
turbulent transport timescales, calculated from the emission and turbulent transport tendencies and
isoprene concentrations are much shorter, 15-30 minutes, expressing that this fast build-up of isoprene
mainly expresses the fast response to the emissions compensated for by an efficient dilution by mixing
throughout the ML.

3.3 Seasonality
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Figure 9, the average change in isoprene concentrations in ppbv/hr at 40 m during the day per season.

The concentration and emission of isoprene change throughout the year. In Figure 9 the simulated
seasonal average diurnal cycle in the change in isoprene mixing ratio (isoprene concentration tendency)
at 22.5 m (inside that canopy) are shown for the four different seasons. During the spring and summer
there is a simulated strong decrease in isoprene around and shortly after sunset (19:00 during
spring/autumn and 18:30 and 19:30 during winter and summer resp.), which is much milder during
autumn and winter. In the spring and to a lesser extent in the summer there is a large increase in
isoprene at the start of the day and a slight, constant decrease in isoprene during the afternoon and
evening. Moreover, there is a difference between the timing of the morning peaks in spring and summer
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Figure 10, the seasonal average diurnal cycle in isoprene emissions at 22.5m expressed in ppbv/hr.

and the drop in isoprene at the end of the day. The isoprene concentration during the winter and
autumn increases less compared to the other seasons, due to the relatively low amount of radiation and
resulting isoprene emission. The seasonal average diurnal cycle in isoprene emissions expressed in
ppbv/hr, can be seen in Figure 10 for the four seasons. The peak daily emissions lines up with the
average amount of radiation per day and availability of soil moisture per season; during the summer the
amount of radiation and soil moisture is highest, spring has an equal amount of soil moisture compared
to autumn but has a higher amount of radiation, and in winter both little water availability and low
radiation levels result in reduced emissions. We also see a difference in scale between the daily average
emissions and daily average change in isoprene concentrations; the scale of this emission rate is 25 to
100 times larger than the actual change in isoprene concentration. This implies isoprene loss processes,
mainly being the dilution by turbulent transport, to be equal in magnitude as this isoprene source.
As isoprene is emitted by vegetation through leaves, changes in amount of leaf biomass are expected to
affect the amount of isoprene emitted. In the default set-up of MLC-CHEM model there was no
representation of the seasonal cycle in LAI simply using a fixed value throughout the year. We added a
scaling function based on remote sensing based observations of GPP and analysed the difference
between the run with and without LAI seasonality for both MEGAN2.1 and G95. Figure 11 shows the
difference between the average daily maximum isoprene concentrations with and without considering
LAI seasonality using both G95 and MEGAN2.1 to simulate the isoprene emissions. Also the relative
change in LAI is shown in Figure 11; Using the G95 algorithm including this seasonal change in LAI results
in 12% higher isoprene emissions in the summer and 20% lower emissions during the winter with on
average over the whole year a 4% decrease in isoprene emissions. MEGAN2.1 has similar summer and
winter maxima, but the decrease in isoprene emission is smaller compared to G95 while the increase in
isoprene emission during the end of winter/early spring is larger. Overall the decrease in isoprene
emission during the winter associated with a decrease in LAI is larger compared to the increase in
isoprene emission during the summer (20% decrease and 10% increase resp.). This difference in isoprene
emission between summer and winter is pointing at non-linear impact of changes in the fraction sunlit
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leaves and resulting isoprene emissions as a function of changes in LAI. The sunlit fraction of the leaves
receives more direct radiation and produces more isoprene, but the larger the LAI the less leaves will be
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Figure 11, percentage differences between daily average isoprene emissions with LAI seasonality and without seasonality,
comparing G95 (red) and MEGAN2.1 (blue). The green line represents the percentage change in LAI between the model runs
with and without LAI seasonality.

directly exposed to the sun relative to the total amount of leaves. Consequently, a 30% increase in LAI
relative to the annual mean LAI of 3.5 m2/m2 results only in a 10-15% increase in emissions whereas a
30% decrease in an LAI of 3.5 m2/m2 results in a ~20% decrease in isoprene emissions.
The main difference between the G95 and MEGAN2.1 emission algorithms regarding the influence of
changes in LAI, besides the direct decrease or increase in emissions with a decrease or increase in LAI, is
consideration of leaf age in MEGAN2.1, a factor which is absent in G95. Young leaves and old foliage are
assumed to emit less isoprene than mature leaves (based on observations by Guenther et al., 1991;
Monson et al., 1994; Goldstein et al., 1998; Petron et al., 2001; Karl et al., 2003). This might be an
explanation for the difference between the isoprene emissions decreases and increases as a function of
an increase and decrease in LAI, respectively, in the MEGAN2.1 emission model compared to G95.
However, further investigation of the leaf age parameters and their influence on isoprene emission is
needed to further corroborate proper consideration of this leaf–age feature in the implementation of
MEGAN2.1 and its contribution in explaining the discussed differences in isoprene emissions.
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3.4 Soil moisture stress
In the winter there are two main factors that could possibly contribute to the decrease in isoprene
concentration a reduction in solar radiation compared to the summer months as shown in Figure 5 and a
lower soil moisture content. Here we will focus at the potential impact of soil moisture stress on the
isoprene production during the winter months.
As described in Chapter 3 we have modified the MEGAN2.1 implementation to include the soil moisture
18
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Figure 12, soil moisture measured at 1.5 m (dark blue) and the isoprene concentration with field capacity of 0.35 m3/m3
with (green) and without soil moisture stress (red).

stress effect on the isoprene emissions according to Guenther et al. (2012). This soil moisture stress
effect is based on the commonly applied representation of the soil moisture impact on stomatal
conductance in climate models considering the actual soil moisture, field capacity, a critical soil moisture
level and the permanent wilting point. It is actually expected that soil moisture stress inducing stomatal
closure would not directly impact isoprene emissions but would only impact these emissions through the
role of stomatal conductance in evapotranspiration and resulting temperature changes. This last feature
is considered in our simulations with MLC-CHEM being constrained with the observed temperatures.
However, there could be an additional impact of soil moisture stress on isoprene emissions and which
could directly reduce isoprene production. In this study this is considered by application of the function
which reflects a decrease in isoprene production and emissions for a decrease in soil moisture proposed
by Guenther et al. (2006). We assumed that soil moisture is taken up by the vegetation at roughly 1.5 m
depth, the critical soil moisture threshold is 75% of the field capacity whereas the permanent wilting
point is 35% of the field capacity. Essential in this application of the soil moisture correction function is
the assumption on the field capacity. As the wilting point is 35% percent of the field capacity and critical
value is at 75% of the field capacity, the higher the field capacity is, the sooner the critical value and
wilting points are reached and the lower the isoprene emissions will be. Based on the soil moisture
observations (Figure 7) we determined a range of field capacities for this site and used this range in a
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sensitivity analysis to assess the potential role of soil moisture control on the seasonal cycle. We
considered a range in the field capacity ranging from a minimum of 0.25 m3/m3 (the lower values
reached with some delay after precipitation events) up to a maximum of 0.35 m3/m3 (close to the
observed maximum soil moisture).
In Figure 12 we show the simulated isoprene concentration throughout the year along with the soil
moisture content measured at 1.5 m depth. Note that the wet season conditions, that mainly cover the
first as well the last 4 months of the year are not directly reflected in observed high soil moisture levels
at 1.5 m depth, especially during the second wet season period of the year. The field capacity is the
variable that we changed across the different simulations to determine soil moisture content at which
soil moisture stress would occur. The soil moisture is included in Figure 12 as indication for dry and wet
season and to give a visible reference for the field capacity values. Also shown are the simulated
isoprene surface layer concentrations for two different simulations; one with and one without moisture
stress enabled, both representative for a field capacity of 0.35 m3/m3.
The peaks and quick response time in the soil moisture content during the first half of the year, in
contrast to the lower amount of measured soil moisture and lack of fluctuations observed in the second
half of the year, show the reduction in available soil moisture during the latter half of the year. We
therefore expect to see a difference between the isoprene concentrations as a function of the
assumptions on the role of soil moisture stress during the second half of the year, while the first half of
the year will stay relatively similar in both simulations. During the second half of the year the isoprene
emissions of the simulation with moisture stress indeed results in a substantial decrease in the simulated
isoprene concentration, whereas the simulation without moisture stress reaches isoprene concentration
levels similar to those in the wet season (shown in Figure 12).
It is interesting to note that the simulation without soil moisture stress has a lower isoprene
concentration during the wet season in the last 4 months of 2013 compared to a simulation with soil
moisture stress enabled but with the assumed low field capacity which effectively yields a very small soil
moisture stress signal. Moreover, these differences, analyzing the impact on isoprene emissions, do not
occur simultaneously. This indicates that the field capacity still has a small influence on the isoprene
concentration but not through the direct impact on emissions but through its role in stomatal exchange
that also determines dry deposition of gases such as O3 which in turn impact isoprene through the
chemistry.
These results indicate how consideration of the role of hydrological cycle features could explain some of
the observed relatively low isoprene concentrations in a season with relatively high radiation and
temperature conditions, where one would generally expect higher isoprene emission rates. On the other
hand, Figure 12 shows that the strong reduction in isoprene during the months of May till September is
not the result of moisture stress, as both simulations experience the same decrease in isoprene emission
and concentration. While the start of the later wet season (months of October till November) does seem
to have limited soil moisture availability, the first four months (also part of a wet season period) there
does not seem be to significant role of limited soil moisture. This behaviour should be further
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investigated checking multiple year observations to deal with the relatively slow response of the soil
moisture reservoir.

3.5 Adjusted model
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Figure 13, the isoprene concentrations from the adjusted model with runs using MEGAN2.1 (blue) and Original MEGAN2.1
(green) plotted together with the measured (orange) and the GEOS-CHEM modelled concentrations added to the start and
end of the measured values (red) isoprene concentration data.

In Figure 13 we show a comparison between the isoprene concentrations simulated using the original
MEGAN2.1 algorithm, the adjusted MEGAN2.1 algorithm and the measured isoprene concentration. For
the adjusted MEGAN2.1 model run the MLC-CHEM model was used in which we introduced the changes
from Section 2.3 (from here on referred to as the adjusted MLC-CHEM model). In both Figures (4 and 13)
we see that MLC-CHEM, using both the original MEGAN2.1 and adjusted MEGAN2.1, overestimates the
measured isoprene concentrations during the months of April and October. From May till August the
simulations with both emission algorithms seem to result in very similar isoprene mixing ratios compared
to the measured isoprene concentrations.
The largest difference between the original and adjusted model is visible from September on; the
isoprene concentration of the adjusted model is roughly half of that of the original model during the
second wet season (starting in September) also better resembling the measured isoprene values. The
decrease in the isoprene concentration simulated using the adjusted model in the second wet season is
caused by the decrease in field capacity and subsequent increase in water stress the vegetation
experiences during the second wet season. On the other hand, during the dry season the adjusted model
is less accurate in predicting the measured isoprene concentration while the original model seems to
reproduce the observed isoprene concentrations during the dry season quite well.
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3.6 Dry deposition
When isoprene is destroyed, HCHO is formed (Jenkin et al., 2015). As stated in the introduction; the
HCHO satellite-based column observations can be used as proxy for isoprene concentrations implying
that an improved understanding of isoprene emissions from top-down approaches such as using the
observed HCHO column requires a good understanding of HCHO sources and sinks. HCHO is also
destroyed by OH and O3, limiting OH available for the destruction of isoprene (Jenkin et al., 2015).
Therefore, we are interested in factors influencing the HCHO concentration and especially hydrological
factors influencing HCHO concentrations (and the vertical column density). Dry deposition is a loss term
not only for HCHO, but also for other trace gases linked to isoprene destruction. Therefore, factors that
influence dry deposition velocity would affect the HCHO concentration directly and affect the isoprene
concentration indirectly. Note that HCHO is also removed by wet deposition, also based on its solubility,
but this term is not included in our analysis where MLC-CHEM does not have a representation of the wet
deposition processes included. The most prominent factors affecting dry deposition include LAI,
turbulence, vapour pressure deficit, wetness of the leaves and soil moisture through its impact on
stomatal exchange. We analysed the impact of these main drivers of the dry deposition velocity and the
results of our investigation are presented below.
We first focus on O3 because it is another trace gas which is affected by dry deposition and also
impacting isoprene concentrations through its oxidation by OH and O3. Note that because MLC-CHEM
only provided diagnostic output regarding the HCHO dry deposition velocity for the canopy crown layer,
we use O3 to analyse trends in dry deposition velocity at different heights within the canopy. A higher LAI
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results in an increase in the dry deposition velocity because the surface area on which dry deposition can
take place is a directly related to the LAI. This can be seen in Figure 14 where, when considering
seasonality in LAI, the 24 h average dry deposition velocity of O3 at 22.5 m is reduced during winter and
increased during the summer, following the change in LAI closely. We also see that the difference in dry
deposition velocity at 7.5 m increases where the difference in dry deposition velocity at 22.5 m
decreases. This contrasting response of the crown- and understorey dry deposition velocities is explained
by the combined impact of a decrease in LAI which enhances the efficiency of turbulent exchange as well
as incoming radiation with the latter enhancing stomatal uptake in the understorey and vice versa for
the crown layer.
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Figure 15, the percentage difference in dry deposition velocity of HCHO in the canopy layer with and without LAI seasonality
(blue) on the left y-axis plotted along with the percentage difference in LAI between the with and without LAI seasonality runs
(red) on the right y-axis. Both lines have the same shape and would have overlapped if plotted on the same axis.

In Figure 15 we show the relative difference in dry deposition velocity of HCHO between the run with
and without LAI seasonality over the year. The percentage change in dry deposition velocity of HCHO
resembles the difference in LAI, indicating that the dry deposition rate of HCHO appears to directly
depend on LAI.
To further analyse the role of the hydrology in the isoprene exchange regime, we have also analysed the
role of the vapour pressure deficit (VPD). The vapour pressure deficit affects dry deposition via the
stomata; the difference between the relative humidity inside and outside the stomata determines the
rate with which air is exchanged between the stomata and outside air. The higher the VPD, the lower the
stomatal conductance and the lower the dry deposition rate will be. Figure 16 shows the percentage
difference in dry deposition of O3 and HCHO with and without VPD, which appears to be limited to a
maximum decrease in stomatal exchange of <10% during the warmer rain season. The difference in dry
deposition rates of O3 during the day considering the VPD effect are on average throughout the year 7%.
The difference in dry deposition rates of HCHO appears very small being overall reduced by only 0.5%
compared to the dry deposition of HCHO in a simulation with VPD applied. This small sensitivity to VPD is
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an interesting result where generally one would expect to see potentially quite some impact in the
Tropical dry season also being generally the warmer season. However, these results for this site show the
combined effect of having both enhanced (wet season) or reduced (dry season) wetness and
temperature conditions explaining this potential small impact of VPD on atmosphere-biosphere
exchange for this particular site.
Another hydrological feature that affects the dry deposition rate of multiple trace gases, such as O3 and
HCHO is the wet skin fraction (Ganzeveld & Lelieveld, 1995). The wet skin fraction expresses the fraction
of the vegetation that is wetted due to dew formation, caused by high air humidity and a decreasing leaf
temperature, or due to precipitation interception. The smaller the wet skin fraction, the smaller the dry
deposition rate of soluble gases will be compared to their dry deposition rates to dry vegetation
(Ganzeveld & Lelieveld, 1995). We have assessed the effect of the wet skin fraction on dry deposition by
comparing the dry deposition rates of HCHO and O3 of simulations with a wet skin fraction of 0 m2/m2
and of 1 m2/m2.
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Figure 17 shows this comparison of the dry deposition velocity of HCHO for these two extreme cases,
and a third simulation was added in which we applied the actually measured wet skin fraction. First of
all, the seasonal trend in the HCHO dry deposition velocity reflects the seasonal cycle in radiation and LAI
already suggesting that leaf uptake poses a major control on HCHO removal. It can also be inferred from
Figure 17 that the increase in the wet skin fraction to 1 m2/m2 actually decreases the HCHO deposition
rate significantly. The explanation for the differences in dry deposition velocity as a function of the
assumed and observed wet skin fraction can be found in the difference between the stomatal resistance
and the wet skin resistance of the leaf surface. We initially expected the wet skin resistance to be lower
than the stomatal resistance because dry deposition onto a wet surface is expected to be more efficient
than transportation into the stomata. However, further analysis of the simulated minimum daytime
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Figure 17, dry deposition velocity of HCHO when the wet skin fraction is 0 m /m during the entire run (green),
2
2
when the wet skin fraction is 1 m /m during the entire run (red) and under influence of the measured wet skin
fraction (blue).

stomatal resistance indicates that it is much lower than the wet skin resistance (48 s m-1 compared to
240 s m-1, respectively), causing the dry deposition rate to be higher when the leaf surface is dry during
daytime conditions. On the other hand, this wet skin uptake rate is much higher compared to the very
small nocturnal removal rate when stomata are closed and which might strongly enhance the nocturnal
removal of HCHO and other soluble isoprene oxidation products. This has be further investigated
focussing on specific periods of the long-term measurements when substantial nocturnal wet conditions
occurred. Note that this HCHO wet skin resistance of 240 s m -1 is based on the applied reactivity and
Henry’s law coefficients following the commonly applied approach of Wesely (1989).
Note that we have assumed in MLC-CHEM that isoprene emissions are not affected by changes in the
wet skin fraction. The wet skin fraction does, however, influence the dry deposition rate of trace gases
like O3, however, as can be seen in Figure 18. The figure shows that in our model simulations it is
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Figure 18, the dry deposition velocity of O3 with a wet skin fraction of 0 m /m (green), 1 m /m (red), and the measured
wet skin fraction (blue). A higher wet skin fraction results in a higher dry deposition rate and thus a lower aerial O3

assumed that dry deposition velocity of O3 increases with an increase in the wet skin fraction, although
the overall impact on the dry deposition of O3 seems small. The change in dry deposition velocity of O3
results in a change in O3 concentration and thus in isoprene concentration, revealing an indirect relation
between wet skin fraction and isoprene concentration. However, there is an overall other more
significant potential impact of canopy wetness on isoprene.
In Figure 19 we show the simulated seasonal cycle in isoprene concentrations as a function of the wet
skin fraction. One simulation used a wet skin fraction of 0 m2/m2 and another one a wet skin fraction of 1
m2/m2 throughout the model run, whereas we also applied in one simulation the actually measured wet
skin fraction. The impact of the wet skin fraction is large enough to potentially reduce the isoprene
concentration by 50%. Note that these differences in isoprene reflect the result of simulated changes in
isoprene destruction since in these simulations it is assumed that the wet skin fraction does not impact
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Figure 19, a comparison of the isoprene concentration in a model run with the wet skin fraction set to 1 m2/m2 (red) and
a model run with the wet skin fraction set to 0 m2/m2 (blue). The seasonal cycle in the simulated isoprene concentration24
using the measured wet skin fraction (green) is also shown.

isoprene emissions. The simulated isoprene concentration using the measured wet skin fraction seems
to be similar to the isoprene concentration simulated using a wet skin fraction of 0 m2/m2, except during
the wet season at the start of the year. The wet skin fraction affects the isoprene concentration through
chemistry and deposition in MLC-CHEM. Regarding the latter process, the inferred wet skin resistance for
isoprene is 240 s m-1 (Wesely, 1989) which results in a simulated significant deposition of isoprene to a
wet canopy.
In Figure 20 the same data from Figure 19 have been plotted but focusing on a much shorter timescale of
six days end of January. The main reason for the difference in isoprene concentration as a function of the
wet skin fraction seems to be a relative efficient destruction of isoprene especially occurring at the end
of each day and during the nights; the simulation with a wet skin fraction of 1 shows a faster decline in
isoprene concentration than the simulation with a wet skin fraction of 0 also due to that the fact that, for
reduced turbulent mixing conditions, the concentrations are sensitive to small changes in sinks such as
dry deposition. One can also infer from Figure 20 that the wet skin fraction does not impact isoprene
emissions having similar increases in isoprene in the morning for the different assumptions on wet skin
fraction. If this feature of the role of wet skin deposition is realistically represented in MLC-CHEM (and
any other atmospheric chemistry-exchange model using Wesely’s approach to infer uptake resistances)
would require further detailed analysis using the observed nocturnal depletion of isoprene. However, it
is beyond the scope of the here presented study.
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Figure 5, the data from Figure 19 plotted on a shorter timescale, showing the trend in isoprene concentration during
individual days.

4 Discussion & conclusion
We have presented a study in which we investigated the role of the micro-meteorological and
hydrological cycle in the observed seasonal cycle in isoprene concentrations isoprene at a NorthAustralian tropical rainforest site using local meteorological data and isoprene concentration that were
measured during the year of 2013. These measurements, complemented with other sources of
information such as O3 concentrations provided by the chemistry and tracer transport model GEOS25

CHEM were applied to constrain a detail canopy exchange modelling system. We analysed in detail the
local meteorological seasonal cycles and analysed specifically the impact on isoprene emissions,
destruction and resulting concentrations including features of atmosphere-biosphere exchange such as
the role of the footprint, moisture stress effects, vapour pressure deficit, seasonality in LAI, and removal
by the wet canopy.
Our analysis of the 1-year of field observations at the Daintree site with MLC-CHEM has revealed that
there is a potentially important role of hydrological controls on the observed seasonality in isoprene
concentrations. Of these hydrological controls, soil moisture controls on atmosphere-biosphere
exchange seem to be a large factor in determining the isoprene emission according to MLC-CHEM. Our
results suggest that the impact of soil moisture stress is the most important factor determining isoprene
seasonality. The main complication encountered in the presented study is a lack of field observations on
some of the most essential parameters controlling atmosphere-biosphere exchange including relative
humidity, energy fluxes and photosynthesis. Photosynthesis and latent heat flux measurements can be
used to directly evaluate the effect of hydrological controls on plant functionality especially regarding
stomatal exchange, which is of relevance for isoprene destruction through the demonstrated impact on
dry deposition of isoprene oxidants and oxidation products. In addition, with observed energy fluxes not
only plant functioning but also turbulent mixing conditions can be analysed. Moreover, sensible flux
measurements can indicate the potential role of differences in boundary layer height dynamics. Sonde or
LIDAR measurements (similar to the measurements performed by Pearson et al., 2010) would provide
the most direct source of information on boundary layer depth. Future research on these observations
would require the calculation of the MLH with a boundary layer model using as much as possible
measured data to constrain and evaluate such model analysis.
Contrary to our expectations, other hydrological controls such as the VPD and wet skin fraction seem to
have a relatively small role in atmosphere-biosphere exchange of reactive compounds at this site (the
VPD provoking a change of 8% in the dry deposition of O3 and a change of 0.5% in the dry deposition of
HCHO) due to the combined effect of temperature and moisture conditions. The impact of the wet skin
fraction has the potential to have a substantial impact on atmosphere-biosphere exchange at this site,
but similar to the impact of the vapour pressure deficit, overall the impact on isoprene exchange and
concentrations seems to be small because the actual measured wet skin fraction is close to 0 most of the
time. With changes in the wet skin fraction we expected that with an increase in dry deposition rate of
O3 the destruction of isoprene would decrease and the isoprene concentration would potentially show a
small increase. However, Figures 17, 18, 19 and 20 show that while the wet skin fraction increases and
the dry deposition of O3 increases as well, the isoprene concentration decreases. The shown sensitivity
of isoprene to the representation of wet vegetation conditions is not only reflecting the impact of
assumptions on removal of isoprene by wet vegetation; it also partially reflects the assumptions on
isoprene emissions where we do not distinguish potential differences in emissions wet versus dry
vegetation in MLC-CHEM. Therefore, to verify the effect of wet vegetation versus dry vegetation on both
the emission and destruction of isoprene as present in MLC-CHEM more research on the emission and
on the night-time destruction of isoprene as a function of the wet skin fraction is needed. Moreover, the
effects of the VPD and wet skin fraction change on small time scales and the impact could be larger than
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it appears in our results because of our focus of the analysis on seasonal variability. Analysis of the effect
of the VPD and wet skin fraction on isoprene emissions and destruction on diurnal time scales with
different weather conditions would provide information essential to improve our knowledge about
impact of the hydrological cycle on isoprene emissions and destruction. Moreover, we suggest that for
future research more data on the field capacity, critical soil moisture, and wilting point combined with
the actual resulting water fluxes from vegetation should be gathered to determine the behaviour and
the impact of soil moisture on vegetation functioning with greater accuracy.
A non-hydrological seasonal factor, the LAI seasonality, was included in the presented study to mimic the
seasonality of the GPP measured with MODIS and seems to have a noticeable effect on the isoprene
concentrations, mainly during wintertime, but its impact on the dry deposition of HCHO and O3 appears
to be larger. However, including LAI seasonality in the model simulations further increases the isoprene
concentration during the wet season and reduces the concentration during the dry season and thus
further enhancing the disagreement between the simulated and measured isoprene concentration. In
future research the LAI would need to be either measured or calculated using the correct ratios and
formulas with the GPP data as seen in Gokhale & Weber et al. (2010). We also recommend the usage of
multiple sites for isoprene measurements to further corroborate some of the presented findings. More
information on long-term vegetation functioning and isoprene will lead to a better understanding of the
system in terms of BVOC exchange and its dependence on plant physiology and hydrology. MEGAN2.1
included plant physiology in the isoprene emission algorithm only through consideration of the potential
role of drought stress on isoprene emissions. Adjusting the emission algorithm to consider the influence
of drought and other environmental factors on the formation of isoprene correctly is an important step
to consider in the application MEGAN2.1.
In the end, the ability of MEGAN to simulate isoprene emissions using data from tropical sites is known
to be less accurate compared to when data from other climate regions is used. Palmer et al. (2006)
compared isoprene concentrations simulated using MEGAN with isoprene concentrations calculated
using GOME observations (an instrument which measures HCHO columns) and found that MEGAN
overestimates tropical isoprene emissions similar to the shown difference between the isoprene
concentration of the adjusted MEGAN2.1 algorithm and the measured isoprene concentration for this
Australian tropical forest site. Keenan et al. (2009) found that MEGAN demonstrates weak seasonality
and does not take seasonal differences between species into account, confirming the statement of
Guenther et al. (2006, 2012) that the largest uncertainty in isoprene emission prediction of MEGAN2.1 is
the emission factor assigned to different landscape types and requires a more thorough investigation to
improve the accuracy of the current algorithms.
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7 Appendix
7.1 Abbreviations and chemical formulas
C5H8
CO
HCHO or CH2O
HO2
NO
NO2
NOx
O3
OH
BVOC
G95
GEOS-CHEM
GPP
LAI
LI-COR
LUE
FSL
MEGAN2.1
MLC-CHEM
MLH
MODIS
NDVI
VPD
VOC

Isoprene
Carbon monoxide
Formaldehyde
Hydroperoxyl
Nitric oxide
Nitrogen dioxide
sum of NO and NO2
Ozone
Hydroxide
Biogenic Volatile Organic Compound
precursor of the MEGAN isoprene emission algorithm, Guenther et al. (1995)
Goddard Earth Observing System CHemistry Exchange Model
Gross Primary Productivity
Leaf Area Index
LI-COR Biosciences company
Light Use Efficiency
Fraction Sunlit Leaves
Model of Emissions of Gases and Aerosols from Nature, version 2.1, Guenther et
al. (2012)
Multi-Layer Canopy CHemistry Exchange Model
Mixing Layer Height
Moderate-resolution imaging spectroradiometer
Normalized Difference Vegetation Index
Vapour Pressure Deficit
Volatile Organic Compound
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