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ARTICLE INFO ABSTRACT

Keywords: Biogenic isoprene emissions play a very important role in atmospheric chemistry. These emissions are strongly
Drought dependent on various environmental conditions, such as temperature, solar radiation, plant water stress, am-
Biogenic isoprene emissions bient ozone and CO, concentrations, and soil moisture. Current biogenic emission models (i.e., Model of
Modelling

Emissions of Gases and Aerosols from Nature, MEGAN) can simulate emission responses to some of the major
driving variables, such as short-term variations in temperature and solar radiation, but the other factors are
either missing or poorly represented. In this paper, we propose a new modelling approach that considers the
physiological effects of drought stress on plant photosynthesis and isoprene emissions for use in the MEGAN3
biogenic emission model. We test the MEGAN3 approach by integrating the algorithm into the existing
MEGAN2.1 biogenic emission model framework embedded into the global Community Land Model of the
Community Earth System Model (CLM4.5/CESM1.2). Single-point simulations are compared against available
field measurements at the Missouri Ozarks AmeriFlux (MOFLUX) field site. The modelling results show that the
MEGAN3 approach of using of a photosynthesis parameter (V.nyay) and soil wetness factor () to determine the
drought activity factor leads to better simulated isoprene emissions in non-drought and drought periods. The
global simulation with the MEGAN3 approach predicts a 17% reduction in global annual isoprene emissions, in
comparison to the value predicted using the default CLM4.5/MEGAN2.1 without any drought effect. This re-
duction leads to changes in surface ozone and oxidants in the areas where the reduction of isoprene emissions is
observed. Based on the results presented in this study, we conclude that it is important to simulate the drought-
induced response of biogenic isoprene emission accurately in the coupled Earth System model.

1. Introduction

Biogenic volatile organic compounds (BVOCs) emitted from terres-
trial ecosystems play a very important role in atmospheric chemistry
(Wiedinmyer et al., 2006; Goldstein and Galbally, 2007; Pacifico et al.,
2012; Pryor et al., 2014). Thousands of BVOCs have been characterized,
and there is growing evidence that many more remain to be identified
(Park et al., 2013). Biogenic isoprene, one of the key identified BVOCs,
is emitted in large quantities by vegetation. Global estimation of bio-
genic isoprene emission is 440-600 TgC per year, approximately half of
the total BVOC emissions (Guenther et al., 2012). Biogenic isoprene
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emissions are highly reactive and contribute to various atmospheric
processes such as the formation of tropospheric ozone, lifetime of me-
thane, and growth of secondary organic aerosols (SOAs), which could
have important climatic impacts (Claeys et al., 2004; Paulot et al.,
2009). Biogenic isoprene emissions not only affect atmospheric com-
position and climate, but also are also strongly dependent on climatic
conditions (i.e., temperature, solar radiation, plant water stress, am-
bient ozone, and CO, concentrations), landcover, and atmospheric
chemistry conditions (i.e., Pacifico et al., 2012). Thus, understanding
how these emissions respond to changes in climate is crucial for pre-
dicting important feedback in the biosphere-atmosphere-climate system
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(Penuelas and Staudt, 2010).

Because of their important air quality and climatic implications,
biogenic isoprene emissions are now routinely included in coupled
climate/chemistry models—such as regional and global air quality and
earth system models (i.e., WRF-Chem, [Grell et al., 2005]; CESM [Gent
et al., 2011],). However, despite much progress that has been made in
estimating biogenic isoprene emissions using numerical models, there
are still large uncertainties in the magnitude and variability of the
model-estimated isoprene emissions (e.g., Folberth et al., 2006;
Derwent et al., 2007; Arneth et al., 2008; Guenther, 2013). To better
assess past, present, and future air quality and climate (e.g., Derwent
et al., 2007; Folberth et al., 2006; Jiang et al., 2010; Pacifico et al.,
2012; Squire et al., 2014) and better simulate the impacts of environ-
mental conditions on isoprene emissions and the associated feedbacks,
more accurate isoprene emission estimates are needed. Obtaining these
more accurate estimates requires consideration of environmental dri-
vers such as phenology, enzymatic activity, biotic stress, drought and
other abiotic stresses.

The sensitivity of isoprene emissions to several environmental fac-
tors (i.e. temperature, radiation, CO;) has been well documented
(Monson et al., 1994; Sharkey et al., 1999; Petron et al., 2001; Guenther
et al., 2006, 2012; Arneth et al., 2007; Heald et al., 2009). The early
studies of the sensitivity of isoprene emissions to temperature and light
served as the basis of the first BVOC emission models (Monson et al.,
1994; Sharkey et al., 1999; Tingey, 1981; Guenther et al., 1991, 1993;
Lamb et al., 1993). Monson et al. (2012), Pacifico et al. (2012), Unger
et al. (2013), Grote et al. (2014) have tried to include a more me-
chanistic representation of environmental factors affecting isoprene
emissions in BVOC emission models. However, the impacts of climate
extremes on biogenic emissions have received little attention because of
a lack of observations. Climate extremes such as droughts are known to
impact ecosystem function severely, including the amount of BVOCs
emitted by plants (i.e. Pegoraro et al., 2004). Studies have shown that
climate extremes and associated changes in ecosystems are increasing
in frequency and magnitude (IPCC, 2013). Under future climate sce-
narios, more droughts are projected in many parts of the world (Jiang
et al., 2013; Rauscher et al., 2015; McDowell et al., 2015). Accurate
predictions of future changes in biogenic emissions will need to con-
sider drought and other stresses. We therefore urgently need a better
mechanistic understanding to estimate BVOC emissions under different
extreme conditions—such as drought.

Many studies have investigated the impacts of drought on plants
(Tingey, 1981; Sharkey and Loreto, 1993; Pegorato et al., 2004; Brilli
et al., 2007; Saveyn et al., 2007; De Swaef and Steppe, 2010; Zhou
et al., 2014) and have found that photosynthetic rate, stomatal con-
ductance, and transpiration rates decline when soil water content de-
creases. However, the effects of drought stress on BVOC emissions are
more complex. Drought stress can alter the composition of BVOCs de-
pending on the level of stress (Niinemets, 2010). Various studies
(Tingey, 1981; Pegoraro et al., 2004; Grote et al., 2009) have shown
that the BVOC emissions can initially be increased or decreased but this
is ultimately followed by a decrease. Tingey (1981) and Pegoraro et al.
(2004) found that during short-term drought, isoprene emission rates
stay constant or even increase slightly at the initial stages of drought.
They also found a large reduction in isoprene emissions after 12 days of
severe drought for some oak trees. The shutdown of the physiological
processes of a plant in response to drought can lead to an initial in-
crease in emissions, followed by a decrease and then termination of
isoprene emission (Pegoraro et al., 2004; Beckett et al., 2012). In the
initial phase of a drought (mild drought), plants respond by reducing
water loss through transpiration by reducing stomatal conductance.
This reduction is accompanied by a decrease in evaporative cooling and
an increase in leaf temperature. If the plant has sufficient reduced
carbon resources from stored reserves, this reduction can lead to an
increase in isoprene emissions. However, these reserves will be depleted
if the drought condition persists, and isoprene emissions will then
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decrease.

The observations of Pegoraro et al. (2004) serve as the basis for the
drought effect on isoprene emissions that is currently embedded in
Model of Emissions of Gases and Aerosols from Nature version 2.1
(MEGANZ2.1, Guenther et al., 2006, 2012). Several studies (Seco et al.,
2015; Huang et al., 2015) have shown more recently that the current
drought algorithm (and resulting isoprene emission estimates) in
MEGAN 2.1 is highly dependent on the selection of wilting point values.
When different wilting point values are used to drive MEGAN, the re-
sulting drought impacts on isoprene emissions are substantially dif-
ferent. To better understand how drought impacts biogenic isoprene
emissions, more field measurements of BVOCs are needed. However,
measurements of BVOC emissions under drought conditions are cur-
rently very limited, which makes it challenging to develop and test a
more mechanistic representation of drought impacts on BVOCs for
numerical biogenic emission models. Soil moisture was also identified
as a key source of uncertainty in predicting the response of isoprene
emission to water stress (Monson et al., 2012; Tawfik et al., 2012;
Huang et al., 2015). However, when drought stress occurs, it changes
plant physiology as well in complex ways. Simpraga et al. (2011) and
Grote et al. (2014) have attempted to include the linkage between
photosynthesis and BVOC emissions in emission models, but the effect
of drought on emissions is complex and not easily represented.

Drought responses of photosynthesis are already incorporated into
the vegetation component of most Earth System Models (i.e., Oleson
et al,, 2013), providing a potential pathway for improving BVOC
emission estimates. The aim of this study is to develop a simple me-
chanistic representation of the drought response of isoprene emission
and demonstrate the global impacts using an Earth System model - the
Community Earth System Model (CESM) (Gent et al., 2011). The
Community Land Model (CLM4.5) of CESM (Oleson et al., 2013) is
equipped with the MEGAN2.1 biogenic emission model. Section 2 de-
scribes the MEGAN2.1 and MEGAN3 modelling approaches used to
represent the drought impacts on isoprene emissions. Modelling results
are given in Section 3 including single point model simulations with
various drought algorithms that are evaluated against the available
field measurements. In addition, global simulations with the
MEGAN2.1 and MEGANS3 algorithms are carried out to understand the
potential impacts of the new drought algorithm on global estimation of
isoprene emissions. Finally, the drought impacts on ozone chemistry
through changing biogenic isoprene emissions are analyzed by con-
ducting coupled atmosphere—chemistry simulations without and with
the MEGAN3 drought algorithm.

2. Methods

In this section, we present a new modelling approach — MEGAN3
drought algorithm — to simulate the impact of drought on biogenic
isoprene emissions. The field measurements described below are used
to derive a new approach for calculating the isoprene emission response
to drought. We then examine the impact of drought stress on isoprene
emissions from a site representing an important North American Oak
ecosystem. The effects of the algorithm are then assessed at the global
scale by including the MEGAN3 drought algorithm in the CLM4.5/
MEGAN2.1 framework.

2.1. Field measurements

There is growing interest in measurements of isoprene emission that
can improve the understanding of atmospheric chemistry and climate
(Wiedinmyer et al., 2001; Saxton et al., 2007; Liu et al., 2016; Martin
et al., 2016). However, there have been no long-term canopy-scale
BVOC flux field measurements that have intentionally focused on
drought except for one study at a Northern Ozarks Tower that included
isoprene emission measurements and was conducted in the US in the
summers of 2011 and 2012. The Northern Ozarks Tower study was
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impacted by mild (2011) to severe (2012) droughts (Potosnak et al.,
2014; Seco et al., 2015). Here, we use the biogenic isoprene flux and
other measurements (i.e. water flux, CO, flux, energy fluxes) from a site
of Ameriflux (Baldocchi et al., 2001) to develop a new drought algo-
rithm for isoprene emissions for CLM4.5/MEGAN3. The field site,
Missouri Ozarks AmeriFlux site (MOFLUX), is located in the Baskett
Wildlife Research and Education Area (BWREA), and is operated by the
University of Missouri near the city of Ashland. MOFLUX is within the
Ozark Border region of central Missouri. The site is covered by oak-
hickory forest dominated by white, post and black oaks, shagbark
hickory, sugar maple, and eastern red cedar. The climate of the area is
classified as warm, humid, and continental (Critchfield, 1966). Silt
loam and clay loam are the dominant soil textures at the site. The thin
soils beneath the oak-hickory forests often exacerbate plant water stress
when droughts occur (Bahari et al., 1985). More details about the site
characteristics can be found in Gu et al. (2006, 2007, 2015).

The site experienced a mild drought in mid to late summer of 2011
and an extreme to exceptional drought from mid to late summer of
2012. It was unusually wet in the spring of 2011, but drought started to
appear in June due to lack of rainfall. The temperature also hit the
record high in more than three decades. During the time when the
isoprene flux measurements were taken, Leaf Area Index (LAI) was
3.7m?m ™2 at the site. The drought condition in 2011 was not as severe
as that in 2012. In 2012, the total annual precipitation was the lowest in
the last decade. Soil water content started to decrease at the beginning
of May, and dropped to its minimum (Fig. 1a) at the end of August.
Plant leaf water potential gradually dropped to —3.79 MPa (Seco et al.,
2015) by the end of August. When the leaf water potential drops below
—1.5MPa, most mesic plants are under drought stress (Bonan, 2002).

Isoprene vs. Soil moisture at 10cm, 20cm, and 100cm
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LAI, which was measured at the site started to drop in August (Fig. 1b)
in response to the drought. The drought also led to decreases in eco-
system net CO, and H,O fluxes (Fig. 1c and d). After rain events oc-
curred at the end of August, soil water content, net CO, flux (Net
Ecosystem Exchange, or NEE) and H,O flux recovered slightly, but LAI
continued to decrease, indicating that drought may have caused long-
term damage to this canopy. Isoprene emissions increased in May and
June, prior to the onset of severe drought, and peaked in late June as
the drought conditions worsened (Fig. 1). Leaf-level isoprene emission
rates and leaf temperature responses during the pre-drought period
were similar to the values reported in the literature and used in BVOC
emission models (Geron et al., 2016). During the peak of the drought in
August, isoprene emission rates decreased substantially (Fig. 1). Iso-
prene emissions are highly temperature dependent (Singsaas and
Sharkey, 2000) when there is no drought. In this case, if there was no
drought, isoprene emissions were expected to be very high in summer
time. However, the measured isoprene emissions at MOFLUX decreased
in July and August, even as ambient temperature increased. This in-
dicates other factors are playing a critical role. Multi-regression analysis
combined canopy-scale isoprene emissions collected in the summers of
2011 (mild drought) and 2012 (extreme drought) with CLM4.5
drought-related parameters to derive a new drought algorithm based on
plant physiology. Due to the limited availability of drought-related
isoprene emission measurements, our modelling results were compared
against the same canopy-scale isoprene flux measurements at the MO-
FLUX site.
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2.2. Isoprene emission algorithms

The biogenic emission model, MEGAN2.1 (Guenther et al., 2012),
which has been embedded into CLM4.5 of CESM, is used to estimate
isoprene emissions from plants. MEGAN2.1 uses simple mechanistic
algorithms to account for the major known processes controlling bio-
genic emissions, including light, temperature, CO,, and empirical ap-
proaches to represent the emission response to soil moisture and leaf
age (Guenther et al., 2006, 2012). The emission activity factor y, 1 (for
each compound class) accounts for emission response to light (yp),
temperature (yr), leaf age (ya), soil moisture (ysy), leaf area index
(LAI), and CO, inhibition (y¢):

Yo = Ccg LAI vp Y1 YA Yc (€9)

¥2.1 = Yo Ysm = Cce LAL vp YT YA Y Ysm

where Ccp represents a canopy environment parameter and vy, re-
presents the emission activity factor without the drought effect. For
more details, readers are referred to Guenther et al., 2012.

In the current version of MEGAN2.1, only the effects of drought
through the use of soil moisture and wilting point on isoprene emissions
are considered. The effects of drought on isoprene emissions in
MEGAN2.1 are parameterized using a simple empirical algorithm based
on the observations of Pegoraro et al. (2004) which relates emission
activity, ysa, isoprene> t0 s0il moisture and wilting point (Guenther et al.,
2012).

YSM, isoprene = 1 (e > el)
YsM, isoprene = (e_ew)/Ael (ew <0< 91) 2
0 (6 <6y

YSM, isoprene =

where 0 is soil moisture (volumetric water content, m®> m~2), 0,, is
wilting point (m® m ™). A8; (=0.06 m®m ~3) is an empirical parameter
and 0, is defined as 0,, + A8;. The wilting point is defined as the soil
moisture at which a plant cannot further extract water from soil. It
generally occurs at a suction of —1.50 MPa and varies with soil texture.
The default wilting point values provided with the offline version of
MEGAN2.1 are from Chen and Dudhia (2001) global data set (Fig. 2a).
Potosnak et al. (2014) found that when using the Chen and Dudhia
wilting point value of 0.08 for the MOFLUX site, the MEGAN2.1 soil
moisture algorithm did not have any impact on modelled isoprene
emissions for the years 2011 and 2012 at the MOFLUX site as soil
moisture was always above the threshold needed to trigger the drought
activity factor in MEGAN 2.1. Seco et al. (2015) used a wilting point

()
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value of 0.23m®m ™3, which is a more representative value for the
MOFLUX site soil types, and found that this wilting point value could
account for much of the observed drought effect on isoprene emissions.
Muller et al. (2008) found that when using the ECMWF (European
Centre for Medium-Range Weather Forecasts) global weather model, it
was necessary to use the ECMWF wilting point dataset. These results
demonstrate that impact of drought on isoprene emissions is highly
dependent on the wilting point values. In CLM4.5/MEGAN2.1, the
wilting point is calculated mathematically using:

Vi = WYsat, i(ei/esat i)(_b) (3)

where i presents individual soil layers, y; is soil matric potential at soil
layer i, ysay, i is matric potential at saturation for layer i, 6; is volumetric
soil moisture (m® m~2%) at soil layer i, O, ; is water content at sa-
turation, and b (unitless) is a soil texture-related parameter from Clapp
and Hornberger (1978). At wilting point, i, ; = —1.50 MPa. Sub-
stituting this for y; in the above formula, one can obtain 8,,, ;, which is
dependent on soil texture.

ew,i = esat,i(‘l’sat, i/‘l’wilt, i)(ib) (4)

Since CLM4.5 uses a nested subgrid hierarchy to represent spatial
heterogeneity of the land surface, there are up to 15 Plant Functional
Types (PFTs) plus bare ground for each model grid in CLM4.5. If one
would like to plot wilting point maps for individual PFTs, there will be
15 maps. Thus, for display purpose only, the final wilting point shown
in this paper is the lumped value for each grid cell, which is calculated
as a weighted average for all PFTs over the root zone.

There are multiple factors contributing to the difference in the
calculated wilting point values between CLM4.5 and Chen & Dudhia. In
Chen and Dudhia, only land cover types are used, that means for each
grid, there is only one type of land cover, while in CLM4.5, there are up
to 15 PFTs. The detailed vegetation and soil information and modelled
processes in CLM4.5 give better vegetation-related soil parameters. The
CLM4.5 calculated wilting point (Fig. 2b) at the MOFLUX site is ap-
proximately 0.2m>m ™3, which is close to the value of 0.23m®*m ™3
used in Seco et al. (2015). Comparing the wilting points from Chen and
Dudhia, used as defaults in the offline MEGAN2.1, and CLM4.5/
MEGAN2.1 models (Fig. 2), we can see that the default values used in
the offline MEGAN2.1 (Fig. 2a) are too low, given what is known about
soil textures, in many places around the world. The calculated wilting
points from CLM4.5/MEGAN2.1 are more comparable to the wilting
point data developed by the Global Soil Data Task (http://webmap.
ornl.gov/wesdown/wesdown.jsp?dg id =1004_35). We recommend
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Fig. 2. Wilting points (m®m %) used in offline MEGAN2.1 (a) and CLM4.5/MEGAN2.1 (b).
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these wilting points to be used in offline MEGAN2.1 simulations, in-
stead of the Chen and Dudhia values previously used for MEGAN2.1
and have made a global dataset available on the MEGAN data portal
(sites.google.com/uci.edu/bai/megan).

The existing drought algorithm for isoprene emission in MEGAN2.1
does not capture the 2011 or 2012 drought effect on isoprene emissions
(Potosnak et al., 2014; Sindelarova et al., 2014; Seco et al., 2015;
Huang et al., 2015) when using the default soil data (i.e. soil types and
wilting points from Chen and Dudhia, 2001) due to the low wilting
point values recommended by Chen and Dudhia (2001). The
MEGAN2.1 framework is embedded in CLM4.5, which has detailed
biogeophysical and hydrological cycles, and biogeochemical compo-
nents, and can estimate carbon, water, and energy fluxes (Oleson et al.,
2013). We use CLM4.5 to investigate potential approaches for devel-
oping a simple mechanistic drought activity factor for isoprene emis-
sion. It should be noted that the main purpose of this paper is not to
simply replace the existing drought activity factor in MEGAN2.1; in-
stead, we attempt to develop a simple mechanistic representation of
drought impacts on isoprene emissions by considering photosynthesis
and water stress simultaneously. This is intended to be the initial step
towards a more sophisticated mechanistic representation of BVOC
emission response to drought and other types of stress that can reduce
the carbon substrates available for producing isoprene and other
BVOCs. CLM4.5 uses PFTs to represent vegetation types, and uses
multiple soil layers to simulate hydrological processes. In CLM4.5, the
physiological response of plants to drought stress is implemented
through imposing stress on photosynthesis by reducing Veyax with i,
where Vi yn.x is the maximum rate of carboxylation by the photo-
synthetic enzyme Rubisco and f; is the soil water stress function. Re-
duction in photosynthesis due to water stress can also limit the demand
for CO, and indirectly influence the conductance process. The effect of
soil water on stomatal conductance in CLM4.5 is applied directly by
multiplying the minimum conductance by [3; and indirectly through net
leaf photosynthesis (V.max and respiration, Ry). In this study, we use the
CLM4.5 photosynthetic parameter, V.nax, and the soil water stress
function, 3, to derive the MEGAN3 algorithm for simulating isoprene
emission response to drought.

Stomatal closure is recognized as the main driver of the initial
photosynthetic response to water stress (Zhou et al., 2014). When
drought occurs, the drought may decrease photosynthetic enzyme ac-
tivity (Vemax) and ribulose-1, 5-bisphosphate (RuBP) regeneration ca-
pacity (i.e. the maximum rate of photosynthetic electron transport,
Jmax), and triosephosphate isomerase utilization (TPU) (Limousin et al.,
2010; Martin-StPaul et al., 2012; Zhou et al., 2014). The three phy-
siological processes can simultaneously regulate the decrease in pho-
tosynthesis in response to water stress. In this study, we use V pax in the
initial attempt to represent the MEGAN3 response to water stress due to
changes in photosynthetic capacity. In CLM4.5, the Ball-Berry con-
ductance model as described by Collatz et al. (1991) is used to calculate
stomatal conductance and photosynthesis. Photosynthesis processes in
C3 and C4 plants are based on the models of Farquhar et al. (1980) and
Collatz et al. (1992). More detailed implementation of these processes
in CLM4.5 is described in Bonan et al. (2011) and Oleson et al. (2013).
Vemax in CLMA4.5 varies with vegetation temperature and drought con-
dition. The influence of drought stress on isoprene emission through the
reduction in photosynthesis is imposed by multiplying V.nax by Br. The
function 3, depends on soil water potential of each soil layer, root
distribution of PFTs, and a wilting factor, which is based on Clapp and
Hornberger (1978). The value of (3, ranges from one when there is no
plant stress to near zero when plants are fully stressed. Thus, f is able

to capture plant water regulation and limit photosynthesis.
Be=Zwir (5)

where w; is the wilting factor, and r; is the fraction of roots in each soil
layer. For more details, readers are referred to Oleson et al. (2013).
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We define the new isoprene emission activity factor y; for MEGAN3
using yo and the new drought stress activity factor yq, isoprene, Which is
different from the existing drought activity factor, ysm, isoprenes iN
MEGAN2.1 and parameterized using the above two key parameters in
CLM4.5:

Y3 = Yo Yaq, isoprene

Yd, isoprene = 1 (ﬁt > 06)
Yd, isoprene — chax/a (ﬁt < 06; a = 37) (6)
Yd, isoprene = 0 (l?’t < 06)

where a is an empirical parameter derived from field measurements at
the MOFLUX site. We are limited to the drought-related isoprene
emission measurements. Currently, there are no other available
drought-related whole canopy isoprene flux field measurements except
for these data from the MOFLUX site. There are uncertainties associated
with the parameter a, which needs further evaluation when more
measurements become available. With this approach, isoprene emis-
sions respond to water stress and photosynthesis simultaneously under
non-drought and drought conditions. In the sections that follow, de-
tailed description of the development of the MEGAN3 drought activity
factor and evaluation of model results are given.

3. Results
3.1. Single-point simulations

CLMA4.5 is equipped with detailed carbon and nitrogen bio-
geochemistry. The model version we used for this study is CLM-SP
where SP stands for satellite phenology indicating that vegetation
conditions including LAI, Stem Area Index (SAI), and vegetation heights
are prescribed. We performed single-point simulations driven by site-
specific hourly meteorology forcing measured at the MOFLUX site, in-
cluding temperature, precipitation, wind, humidity, pressure, and
downward shortwave solar radiation. In the single-point simulations,
vegetation and soil parameters including PFTs, LAL and soil texture, are
also site specific. When CLM4.5 is driven by prescribed satellite-phe-
nology, the model does not require a very long spin-up period (Oleson
et al., 2013) to reach the steady state. The available meteorology for-
cing data for the years 2011 and 2012 were used repeatedly during the
spin up simulation. A total of 50 years were run to get the initial con-
ditions for CLM4.5. Then, multiple simulations with and without
drought effects on isoprene emissions were carried out for 2011 and
2012 with the initial conditions obtained from the 50-year spin up run.

We evaluated the CLM4.5 performance using the field measure-
ments from the MOFLUX site. Fig. 3a and b shows the comparisons
between modelled and measured sensible heat (SH) and latent heat
(LH) fluxes on the monthly time scale. The model-simulated SH fluxes
match well with the observations during the drought period (Fig. 3a).
They are slightly overestimated before the onset of drought. For the
latent heat fluxes, the model tends to produce more variations than the
observations, but the overall trend is consistent with the observations.
The scatter plots of the two energy fluxes (Fig. 3¢ and d) show a rela-
tively good agreement (see the Fig. 3 caption) between the simulations
and observations. In addition to the analysis of model-simulated energy
fluxes, CLM4.5 simulated net CO,, flux (or NEE), which is calculated as
the difference between photosynthesis and respiration, is compared
against the net CO, flux measurement in Fig. 4. On average, CLM4.5
underestimates Ameriflux NEE measurements by 15% (Montané et al.,
2017). While the performance of CLM4.5 is not optimal, it is acceptable
for the purpose of this study, and improving the NEE performance of
CLM4.5 is beyond the scope of this work.

To assess how different drought algorithms in CLM4.5/MEGAN si-
mulate the response of isoprene emission to drought conditions, we
performed several sensitivity experiments at the MOFLUX site. Since
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Fig. 3. Top panels show modelled and measured daily sensible heat (SH) (a) and latent heat (LH) (b) from May to September in 2012. Bottom panels show scatter
plots of modelled and measured SH (c) and LH (d) from May to September in 2012. For the scatter plots, the calculated correlation coefficients, slopes, and intercepts
with a linear fit are 0.86, 0.83, and 17.99 for SH and 0.92, 1.12, and 8.31 for LH respectively.
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Fig. 4. Scatter plot of measured (OBS) daily net CO; flux (umol m~2s71) and
CLM4.5 simulated daily net CO, flux, which was calculated using photo-
synthesis and respiration in May-September 2012. The correlation coefficient,
slope, and intercept between them is 0.85, 0.51, and —3.58.
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the wilting point value, 0.08 m®m™, from Chen & Dudhia is always
below the soil moisture (Fig. 1) measured at this site, it is expected that
the use of 0.08 m®m™ will have no impacts on modelled isoprene
emissions. Hence, only three sensitivity experiments were performed to
understand the impacts of the new drought activity factor in MEGAN:
EXP1 (No drought effect is included in MEGAN2.1), EXP2 (CLM4.5-
calculated wilting point value is used with the MEGAN2.1 drought
emission activity algorithm), and EXP3 (MEGAN3 drought emission
activity algorithm is used). When the CLM4.5-calculated wilting point is
used in MEGAN2.1 (EXP2), the model produces a significant reduction
in isoprene emissions during the start and peak of the drought period in
2012 (Fig. 5c and d). The model underestimates isoprene emissions
during these two periods compared to the observations, suggesting
some missing factors such as photosynthesis, water stress, and heat
stress that might contribute to isoprene emission change. This study
attempts to include the effects of photosynthesis and water stress on
isoprene emission changes when extreme drought events occur since
the current MEGAN2.1 already does a reasonable job of re-producing
isoprene emissions under non-drought conditions (Seco et al., 2015). In
EXP3, the model captures the behavior of isoprene emission well before
and during the drought periods (Fig. 5e). The simulations were eval-
uated in terms of correlation coefficients using the cross-plots of the
modelling results and the observations. The correlation coefficient from
EXP3 is the best (0.89) compared to the other experiments (Fig. 5f).
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Fig. 5. Hourly (a, ¢, and e) and scatter plots (b, d, and f) of measured and modelled isoprene emissions from May to September in 2012. EXP1 results are shown in (a)
and (b), EXP2 results are shown in (c¢) and (d), and EXP3 results are shown in (e) and (f). EXP1, EXP2, and EXP3 are the CLM4.5/MEGANZ2.1 simulations defined in
Section 3.1. The calculated correlation coefficients, slopes, and intercepts on the scatter plots with a linear fit are 0.81, 1.48, and 0.96 (EXP1); 0.79, 0.55, and 0.51

(EXP2); 0.88, 1.005, and 0.42 (EXP3) respectively.

Other statistics (i.e. slope) of EXP3 also suggest it has a better perfor-
mance in simulating isoprene emissions during the drought period. To
evaluate if the new drought activity algorithm works in less severe
drought years, the model was also run for 2011. The simulated hourly
and daily isoprene emissions in 2011 from EXP3 match well with the
observations (Fig. 6a and b), suggesting that the new algorithm also
works under less severe drought condition. Again, EXP3 reproduces the
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diurnal cycle of isoprene emission in 2012 (Fig. 6d).

Biogenic isoprene emissions have multiple environmental drivers.
MEGAN represents these multiple environmental drivers using an
emission activity factor y that accounts for multiple emission activity
factors. The relationships among biogenic isoprene emissions, Vimax,
and B, for May-September 2012 are illustrated in Fig. 7. The time
period includes both non-drought and drought periods. There is a
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Fig. 6. Top panels show hourly (a) and diurnal (b) isoprene emissions from May to September in 2011 simulated using the new drought activity factor in MEGAN3
(EXP3). Bottom panels show hourly (c¢) and diurnal (d) isoprene emissions in 2012 simulated using the new drought activity factor in MEGAN3 (EXP3).

strong correlation (correlation coefficient > 0.7) between measured
isoprene emissions and yo when (3 is larger than 0.6 (Fig. 7a). When B,
becomes smaller than 0.6, the correlation tends to become weaker. The
threshold value of 0.6 for [3; used in equation (6) was selected based on
a model sensitivity analysis. A range of threshold values was tested in
the model sensitivity analysis, and the value of 0.6 gave the best fit
between the measured and modelled isoprene emissions at the site.
Therefore, it is used as the threshold for the new drought algorithm for
isoprene. When more drought-related isoprene measurements at other
locations become available, this value needs to be evaluated. Similar
relationships were also plotted for the modelled isoprene emissions
(Fig. 7b). Again, when drought effect is not considered in MEGAN2.1,
the relationship between modelled isoprene and y, becomes weaker
when f3; decreases. The correlations between modelled isoprene emis-
sions and v or Yo X Vemay are stronger than the correlations between the
measured isoprene emissions and Yo Or Yo X Vemax (Fig. 7a). This could
be explained by the variations in measured biogenic isoprene emission
that are not accounted for by this simple model, the imperfect re-
presentation of physical mechanisms in CLM4.5, and uncertainties in
the observations including variability due to changes in the measure-
ment footprint caused by shifts in wind speed and direction. The
MEGAN3 drought response activity factor follows the behavior of the
observed isoprene response to drought expected for the reduced
availability of carbon substrates from photosynthesis. This suggests that
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the use of V.nax and (3, in calculating the isoprene emission drought
activity factor could help improve the accuracy of the total emission
activity factor in MEGAN during non-drought and drought periods.
Biogenic isoprene emissions are known to be highly temperature
sensitive. Isoprene emission increases and then declines with increasing
temperature. The temperature maximum for isoprene emission is typi-
cally between 35 °C and 44 °C (Singsaas and Sharkey, 2000) but can be
as high as 50 °C for desert plants growing under hot conditions (Geron
et al., 2006). Fig. 7c and d shows that isoprene emissions increase ex-
ponentially with vegetation canopy temperature when there is no se-
vere drought (3; > 0.6). As the drought intensifies (f; < =0.6), iso-
prene emissions start to decline when the vegetation canopy
temperature is above 37 °C. The strong exponential relationship be-
tween isoprene emission and vegetation temperature also tends to di-
minish. Overall, the modelled (Fig. 7d) relationship among isoprene,
vegetation canopy temperature, and f; (Fig. 7d) is similar to the re-
lationship when measured isoprene emissions are used (Fig. 7c), also
suggesting satisfactory model agreement with fluxes when the new
drought activity algorithm is used for estimating isoprene emissions.

3.2. Global simulations

To further understand the potential global scale impacts of drought
on isoprene emissions, two two-degree offline global CLM4.5/MEGAN
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Fig. 9. Time series of monthly isoprene emission (mg m~hr~!) simulated without the drought effect and with the new drought activity factor in MEGAN in

Missouri, US (a), Central Amazon (b), and Australia (c) from 2007 to 2013.

runs (EXP-NO, EXP-NEW) were carried out for the years 2007-2013.
This period covers a few severe drought events that occurred in dif-
ferent parts of the world. Both runs use CLM4.5 with the MEGAN2.1
framework. The EXP-NO run does not include any drought effect, and
the EXP-NEW run considers the drought effect on isoprene using the
MEGAN3 drought algorithm. The meteorology forcing data for the
global runs are CRU-NCEP reanalysis (Piao et al., 2012). The CLM4.5
was run in CLM-SP mode. A similar spin-up approach applied for the
single point simulations was utilized to prepare initial conditions for
CLM4.5 in the global simulations.

Fig. 8 shows multi-year (2007-2013) seasonal-averaged drought
activity factor y4 simulated in EXP-NEW and resulting changes in iso-
prene emissions. The drought activity factor affects isoprene emissions
in the model when f, falls below 0.6. It can be seen that the drought

78

impacts on isoprene emissions occur in several regions where a large
amount of isoprene emission is expected (Guenther et al., 2012). These
areas include the Amazon, the southeast US, Australia, and South Asia.
The corresponding changes in isoprene emissions simulated between
EXP-NO and EXP-NEW show that the predicted drought effect reduction
in isoprene emissions in these places can exceed 15% (Fig. 8b). Glob-
ally, drought results in an average of ~17% reduction in isoprene
emissions.

To explore how drought impacts isoprene emissions over time, the
time-series plots of isoprene emission with and without drought effect
are shown for three regions in the world (Fig. 9). A 42% reduction in
isoprene emission is estimated in 2012 for the Missouri area in the US,
which was observed in the field measurements. In other years when no
droughts were observed, the modelled isoprene emissions in EXP-NEW
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Fig. 10. Coupled CESM model simulated changes in biogenic isoprene emissions (mg m ~2hr ~!) from June to November in 2010 with the new drought activity factor

in MEGAN.

are the same as those in EXP-NO. The figure shows that the drought
algorithm reduces year to year variations in isoprene emission in
comparison to the no drought effect predictions of much higher iso-
prene emissions in hot, sunny and dry years (EXP-NO). This indicates
that the MEGAN2.1 algorithm without drought effect misses the
drought-induced emission reductions in some regions, leading to
overestimates in isoprene emission. In the central Amazon area, the
drought algorithm results in an 11% reduction in isoprene emissions for
all years. The Amazon Basin, which contains the world's largest rain
forest, is thought to be the largest global isoprene source. The recent
drying trend in this area (Lewis et al., 2011) does impact model si-
mulated isoprene emissions with the new drought algorithm. Another
area that has been impacted by droughts is Australia. When the drought
effect is considered in the model, a small reduction in isoprene emis-
sions is simulated throughout the simulation years.
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3.3. Implications for ozone chemistry

Isoprene is highly reactive with ozone, hydroxyl radicals (OH), and
nitrate radicals (NOx). In forested regions, isoprene photooxidation is a
major driver of atmospheric chemistry. Thus changes in isoprene
emissions could have profound impacts on tropospheric OH and ozone.
Although the influence of isoprene emission on OH and ozone is still in
question (Liu et al., 2016), the sensitivity simulations presented in this
study are used to assess the potential impacts of drought on ozone and
OH due to changes in isoprene emissions. Isoprene oxidation occurs
mostly in the atmospheric mixed layer, although entrainment and re-
action in the free troposphere can also be important. Here, only the
impacts on the near surface ozone and OH are examined. We performed
two six-month (June to December 2010) global simulations using CAM-
Chem-CLM4.5-MEGAN2.1 at two-degree spatial resolution
(1.9° x 2.5°). The version 4 of CAM-Chem is used in this study
(Lamarque et al., 2012). The anthropogenic emissions for 2010 are
from the POET (Precursors of Ozone and their Effects in the
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Fig. 11. CAM-Chem simulated changes in surface O (ppbv) due to changes in biogenic isoprene emissions caused by the drought effect from June to November in

2010.

Troposphere) database for 2000 (Granier et al., 2005) and fire emis-
sions are from FINN (Fire INventory from NCAR) (Wiedinmyer et al.,
2011). The two experiments differ only in the use of a drought activity
factor. Experiment Chem-NO does not include the drought effect on
isoprene emissions, while experiment Chem-NEW uses the new
MEGANS3 drought algorithm. The meteorology forcing for CAM-Chem is
generated with the Goddard Earth Observing System (GEOS) atmo-
spheric model and data assimilation system (Rienecker et al., 2011).
Other forcing data include sea surface temperatures, aerosol, and
greenhouse gas emissions for the year 2010. Initial conditions for
CLM4.5 are from the offline CLM4.5 spin-up run described above. In the
simulations, no feedback between biogenic emissions and atmosphere is
included so that the impacts of changes in isoprene emissions on ozone
and OH chemistry can be assessed.

The overall pattern of modelled global changes in biogenic isoprene
emissions for the year 2010 (Fig. 10) is similar to the pattern of multi-
year averages (Fig. 8). The changes in ozone concentrations due to
changes in biogenic isoprene emissions are shown in Fig. 11. In the
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relatively pristine rainforest environment (NOx limited), where ozone
concentrations are low, the reduction in isoprene emissions is asso-
ciated with an increase in ozone in these regions (i.e. rainforests in the
Amazon and Congo basins). In Europe and North America (VOC-lim-
ited), the reduction in isoprene emissions leads to an approximately
3 ppbv reduction in near surface ozone concentrations. The results show
that a reduction in isoprene emission can have a positive or negative
effect on ozone concentrations. In areas where an increase in ozone
concentrations is predicted, a negative sensitivity of ozone to isoprene
emission is observed owing to NOx-limited and VOC-rich conditions
(i.e., Squire et al., 2015) where isoprene is primarily a sink for ozone.
The resulting changes in OH (Fig. 12) due to the reduction in isoprene
emissions are very similar in the majority of the areas, with slight in-
creases in the near surface concentrations associated with lower iso-
prene emissions resulting in reduced reaction of isoprene with OH al-
lowing an increase in OH. It should be noted that the impacts of
isoprene on the formation of SOA are not included in the current si-
mulations. The sensitivity experiments demonstrate the importance of
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Fig. 12. CAM-Chem simulated changes in surface OH (0.01*pptv) due to changes in biogenic isoprene emissions caused by the drought effect from June to November

in 2010.

considering the drought stress impact on biogenic isoprene emissions
for global atmospheric chemistry simulations.

4. Discussion and conclusions

Previous studies have shown that short-term mild drought stress
affects stomatal conductance and thus the rate of photosynthesis but
does not diminish isoprene emission (Fall and Monson, 1992;
Niinemets, 2010), instead mild drought increases isoprene emissions
due to an increase in leaf temperature and possibly other factors
(Pegoraro et al., 2004; Sharkey and Loreto, 1993). Severe drought or
prolonged moderate drought does result in significant reductions in
isoprene emissions presumably due to decreased leaf carbon avail-
ability following sustained reductions in photosynthetic rate
(Bruggemann and Schnitzler, 2002; Funk et al., 2005; Sharkey and
Loreto, 1993). Clearly, there is a strong connection between photo-
synthesis and isoprene emissions (Niinemets et al., 1999; Grote and
Niinemets, 2008; Monson et al., 2012; Grote et al., 2014). The new

MEGANS3 drought algorithm presented in this study allows the response
of isoprene to changes in photosynthesis and water stress. The use of
Vemax allows isoprene emission to respond to changes in photosynthesis
under drought conditions. The water stress factor, 3, further controls
the onset of isoprene emission drop. In this study, the threshold of 0.6
for B is used. The use of the water stress factor allows isoprene emission
to continue the dependence on other emission activity factors when it is
still above the threshold value. Therefore, there is a lag between iso-
prene emission and photosynthetic rate. When f is below the threshold
value, isoprene emission is tightly coupled with photosynthesis. Zheng
et al. (2015) found that MEGAN with the soil moisture algorithm pro-
duces a tight linkage between isoprene emission variability and pho-
tosynthesis.

The new method proposed in this study to represent the drought
effect on biogenic isoprene emissions improves the simulation of iso-
prene emissions under the severe drought stress, and reproduces the
emissions when the drought is mild at MOFLUX. The change in pre-
dicted isoprene emissions has important implications for reducing the
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uncertainties in model simulations and advancing the understanding of
the interactions between ecosystem functioning and climate change.
Despite the lack of field measurements to constrain the isoprene emis-
sion, we argue that the isoprene emission variation due to drought can
be simulated as a response to water availability and photosynthesis.
Although our understanding of the controlling mechanisms is in-
complete, the emission algorithm proposed here could improve model
predictions. However, there are canopy-scale field data available from
only one temperate forest site for assessing isoprene emission — drought
effects. Long-term monitoring of isoprene emissions in water-limited
ecosystems is needed to improve our understanding of the factors
controlling biogenic isoprene fluxes. Future canopy-scale studies of the
response of isoprene to multiple stresses and additional drought stress
cases are needed to further improve model simulations of isoprene
emission. The MEGAN3 drought algorithm developed in this study has
only been tested for biogenic isoprene emission, but may be useful for
modelling emissions of other BVOCs that are dependent on recently
fixed carbon. However, additional measurements are needed to assess
this algorithm for other biogenic emissions. It should be noted that this
study is intended to be the initial step towards a more mechanistic
representation of drought impacts on BVOCs in MEGAN. We expect that
this will ultimately lead to a better representation of a wide range of
stress response even if there is not a major improvement over the old
algorithm. The global sensitivity simulations presented in this study
provide us with some indication of the potential drought impacts on
atmospheric chemistry and demonstrate the need to pursue this further.
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