
1. Introduction
Isoprene plays a significant role in tropospheric chemistry due to the large amount of emission and its high chem-
ical reactivity. It is the major species of Biogenic Volatile Organic Compounds (BVOCs) emitted from terrestrial 
vegetation and accounts for half of global BVOC emission (Guenther et  al.,  2012). Isoprene is an important 
precursor of ozone and secondary organic aerosol (SOA) (Claeys et al., 2004; Sillman, 1999), so accurately esti-
mating isoprene emission is required to understand the ozone and SOA relevant chemical and physical processes 
for improving air quality and managing their climatic impact.

The emission of isoprene is affected by multiple environmental factors like light condition and temperature 
(Arneth et al., 2007; Guenther et al., 1993, 2006; Seco et al., 2020). Extreme weather events such as drought and 
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the ratio (fPET) of actual evapotranspiration to potential evapotranspiration to quantify the severity of drought 
instead of using soil moisture. We applied the two algorithms in the CLM-CAM-chem (the Community 
Atmosphere Model with Chemistry) model to simulate the impact of drought on isoprene emission and found 
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(HCHO) vertical column density simulated by CAM-chem to satellite HCHO observations. We found that 
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Plain Language Summary Isoprene from terrestrial vegetation plays an important role in the 
climate system and for air quality, so it is critical to quantitatively understand the controlling processes in order 
to accurately represent isoprene emission in numerical models. Drought is an extreme event that is known to 
be important for regulating isoprene emission but is omitted in most isoprene emission models and is poorly 
represented in the most widely used model, the Model of Emissions of Gases and Aerosols from Nature 
(MEGAN). In this study, we introduced two methods to describe the relationship between drought and MEGAN 
isoprene emission estimates. The new drought algorithms improved the simulation of formaldehyde, a major 
isoprene oxidation product, predicted by a chemistry and transport model during the drought period, but the 
performance of the drought algorithm is limited by the land model capacity to simulate drought.
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heat waves can also play a role in determining isoprene emission (Ferracci et al., 2020; Potosnak et al., 2014; Seco 
et al., 2015). The isoprene biosynthesis and emission present a relatively higher drought tolerance than photosyn-
thesis (Brilli et al., 2007; Brüggemann & Schnitzler, 2002; Fortunati et al., 2008; Sharkey & Loreto, 1993; Tingey 
et al., 1981), and isoprene emission decreases only under a severe drought situation because of the inhibition of 
substrate supply (Brilli et al., 2007; Fang et al., 1996; Pegoraro et al., 2004). Potosnak et al. (2014) hypothesized 
that isoprene emission could also be increased at the mild stage of drought indirectly by the increase of leaf 
temperature induced by reducing stomatal conductance. Supporting evidence of increased isoprene emissions 
under the mild stage of drought or heat stress has come from a number of studies in different environments 
(Kaser et al., 2022; Otu-Larbi et al., 2020; Seco et al., 2015). Some of these studies (Emmerson et al., 2019; 
Jiang et al., 2018; Otu-Larbi et al., 2020; Wang et al., 2021) have proposed algorithms to represent the influ-
ence of drought and heat stress on isoprene emission in earth system models. Niinemets (2010) established a 
conceptual model for describing the impact of drought and heatwave stress based on the severities of drought and 
heatwave. In this study, we adopt the model framework of Potosnak et al. (2014) to conceptualize the integrated 
impact of drought and heatwave. This approach simulates an isoprene emission rate that does not change with 
mild drought but is increased under moderate drought conditions as leaf temperature increases due to changes in 
stomatal conductance (Otu-Larbi et al., 2020; Potosnak et al., 2014), which is considered as an indirect impact 
of drought on isoprene emission through changing leaf temperature. In severe drought events, isoprene emission 
drops because the substrate supply is eventually affected by the drought (Fortunati et al., 2008; Niinemets, 2010; 
Pegoraro et al., 2004; Potosnak et al., 2014), and we define this process as the direct impact of drought.

We introduce two drought stress algorithms in the Model of Emissions of Gases and Aerosols from Nature 
(MEGAN) v3.2 model in this study. We based our algorithm parameter coefficients on canopy scale flux meas-
urements and scaled up the algorithms in regional and global models. The two drought stress algorithms adopted 
different ways to represent the impact of mild and moderate droughts on isoprene by stimulating leaf tempera-
ture. One major improvement of our drought algorithms is that we considered the two mechanisms of drought 
impact mentioned above on isoprene emission. Another major improvement of the offline algorithm is the use 
of a new drought indicator based on the ratio of actual evapotranspiration (ET) to potential evapotranspiration 
(PET) to evaluate the impact of water stress on isoprene emission. For model validation, we used satellite formal-
dehyde (HCHO) vertical column density to determine if the drought algorithms could improve the performance 
of HCHO simulation. In Section 2, we introduce the data sets, including in-situ and satellite-based data sets, that 
were used in this study. In Section 3, we introduce the emission model and the drought algorithms. In Section 4, 
the results of in-situ and global simulations are presented and discussed.

2. Data Sets
2.1. Field Measurements

The isoprene flux measurements (Seco et al., 2015) used to parameterize the drought response algorithm were 
made at the Missouri Ozarks Forest AmeriFlux site (MOFLUX, 38.74°N, −92.2°W) (Gu et al., 2016) in 2012. 
The site is in the Baskett Wildlife Research and Education Center of the University of Missouri. The isoprene 
flux and meteorological variables were measured on a 32-m scaffold tower, which is about 10m above the canopy. 
The site is covered by deciduous broadleaf forest with dominant tree species including white oak and black oak, 
shagbark hickory, sugar maple and eastern red cedar, and the dominant soils at the site are Weller silt loam and 
Clinkenbeard very flaggy clay loam (Gu et al., 2016). The campaign started on May 2 and ended on October 22 
in 2012, during which a severe drought occurred. The campaign covered the whole growing season and the entire 
drought event and the associated variability of isoprene flux under the impact of drought, which enabled the 
development of a canopy scale drought stress algorithm for isoprene emission. More details about the campaign 
and measurements can be found in Seco et al. (2015).

2.2. Satellite Observations

Satellite HCHO observations were used to assess the drought algorithm for isoprene emission. Isoprene is the 
major source of HCHO in most rural regions (Palmer et al., 2003; Wolfe et al., 2016), and the satellite-derived 
HCHO vertical column density has been widely used to investigate the variability of isoprene emission (Duncan 
et  al.,  2009; Stavrakou et  al.,  2018; Zheng et  al.,  2017; Zhu et  al.,  2017) and to constrain isoprene emission 
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(Kaiser et al., 2018; Palmer et al., 2003; Stavrakou et al., 2009, 2015). We used the monthly HCHO vertical 
column density derived from the Ozone Monitoring Instrument (OMI) sensor (De Smedt et al., 2015) to investi-
gate the impact of drought on isoprene emission and determine if updating the drought algorithm could improve 
the simulation of HCHO concentration distributions. The monthly Level-3 HCHO vertical column density with 
0.25° spatial resolution used in this study is from the website of the Royal Belgian Institute for Space Aeronomy 
(BIRA-IASB, https://h2co.aeronomie.be) (De Smedt et al., 2012, 2015).

The satellite-derived soil moisture (SM) from the ESA-CCI data set (Dorigo et al., 2017; Gruber et al., 2019) 
was also used in this study. The ESA-CCI SM data set v5.2 used here is a combined product that merged the SM 
derived from the passive and active microwave-based sensors (Gruber et al., 2019). The ESA-CCI SM data set 
v5.2 has a 0.25° spatial resolution with daily temporal frequency, and it was interpolated to the Community Land 
Model (CLM) model grids and compared to the surface SM simulated by CLM to evaluate the performance of 
the model.

In addition, a satellite-based drought index, the evaporative stress index (ESI) (Anderson et al., 2011, 2013), 
was also used to upscale the offline drought algorithm. ESI is based on the ratio of actual ET to PET. ESI 
is derived from the remote sensing Atmosphere-Land Exchange Inverse (ALEXI) model and satellite imagery 
of the thermal infrared band collected by the Geostationary Environmental Satellites. We downloaded the ESI 
index over 4-week and 12-week periods from the website of SERVIR GLOBAL (http://catalogue.servirglobal.
net/Product?product_id=198).

3. Description of the Models
The MEGAN (Guenther et al., 2006, 2012) is a widely used flexible model framework for estimating BVOC 
emissions from individual sites (e.g., Seco et al., 2015, 2017) to the global scale (e.g., Chen et al., 2018; Müller 
et al., 2008; Opacka et al., 2021). MEGAN v3.2 calculates canopy scale flux of isoprene is estimated as:

𝐹𝐹 = 𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀P𝜀𝜀T𝜀𝜀A𝜀𝜀SM𝜀𝜀C (1)

where F (mg m −2 h −1), ε (mg m −2 h −1), and LAI (m 2 m −2) represent the isoprene flux amount, the standardized 
emission factor, and the leaf area index, respectively. γP, γT, γA, γSM, and γC represent the activity factors for light, 
temperature, leaf age, drought, and CO2 inhibition, respectively.

The applications of MEGAN to estimate BVOC emission for chemistry transport models and earth system models 
use two approaches: an online version that couples MEGAN into a land ecosystem model (e.g., CLM) that can 
simulate the stomatal and leaf temperature change implicitly and an offline version that uses an independent 
MEGAN code. Therefore, we provide two different schemes for models with different complexity: an online 
isoprene response to drought scheme was directly implemented into a land ecosystem model using CLM as an 
example with an explicit temperature stimulation algorithm, and an empirical algorithm with a parameterized 
temperature stimulation algorithm was designed for the independent MEGAN code (Table 1).

The explicit drought stress (EDS) algorithm The parameterized drought stress (PDS) algorithm

Drought Indicator The water stress function (βt) in CLM 5 The ratio (fPET) of evapotranspiration (ET) to 
potential evapotranspiration (PET)

Mild or moderate drought impact induced by the leaf 
temperature change

The leaf temperature change induced by drought can 
be simulated directly by CLM. The change of leaf 
temperature could increase the isoprene emission 
following the temperature response curve in 
MEGAN (Guenther et al., 2012)

The impact of the leaf temperature change induced 
by drought is parameterized based on the canopy 
level flux measurements. The isoprene emission 
is increased during the drought following 
Equation 11

Severe drought impact induced by the biochemical 
substrate supply

When droughts get severe (βt < 0.6), the drought 
impact would be modeled by using the maximum 
rate of carboxylation by the photosynthesis 
enzyme Rubisco (Vcmax) in CLM 5 following 
Equation 8 in this study

The limitation of the biochemical substrate supply 
induced by severe drought is parameterized based 
on the canopy level flux measurements, and it 
could decrease the isoprene emission when the 
drought gets severe following Equation 12

Table 1 
Descriptions of the Online Explicit Drought Stress (EDS) Algorithm and the Offline Parameterized Drought Stress (PDS) Algorithm

https://h2co.aeronomie.be
http://catalogue.servirglobal.net/Product?product_id=198
http://catalogue.servirglobal.net/Product?product_id=198
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In this study, we simulated the isoprene flux at the MOFLUX site using both the online and the offline single-point 
models. The online single-point MEGAN was integrated into the single point version of CLM 5, SP-CLM 5. The 
offline single-point MEGAN is designed for site-scale simulation and is written in Python. The single-point 
simulations are driven by the meteorological measurements at the MOFLUX site. The SP-CLM 5 adopted the 
framework of MEGAN v2.1 (Guenther et al., 2012) and used the canopy scale emission factor of 10 mg m −2 h −1 
that represents the averaged emission potential of the whole canopy. The offline version MEGAN v3.2 used the 
leaf scale emission factor of 2.45 mg m −2 h −1, which represents the emission capacity of the unit leaf area.

We also conducted global scale simulations using the Community Atmosphere Model with Chemistry (CAM-chem) 
model and used the results to evaluate the impact of drought on isoprene emission regionally and globally. The 
simulations were conducted on the NCAR Cheyenne HPE/SGI ICE XA System (CISL, 2019). The impact of the 
drought induced isoprene change on atmospheric chemistry was simulated by CAM-chem. The gas-chemistry and 
aerosol processes in CAM-chem have been updated recently to better capture biogenic terpenoid (BVOC) relevant 
reactions and SOA formation (Emmons et al., 2020; Schwantes et al., 2020; Tilmes et al., 2019). In addition, since 
isoprene is the main contributor to formaldehyde in regions dominated by biogenic emissions (Palmer et al., 2003; 
Wolfe et al., 2016), we compared the model outputs of the HCHO vertical column density with the satellite prod-
uct from OMI to study whether the model can capture the change of HCHO during the drought year.

3.1. Drought Indicators

Accurate estimation of drought severity is important for modeling the drought response of isoprene emission. 
Previous versions of MEGAN used SM as the indicator of drought (Bonn et al., 2019; Emmerson et al., 2019; 
Guenther et al., 2012; Otu-Larbi et al., 2020; Potosnak et al., 2014; Seco et al., 2015), and a SM driven algorithm 
that required soil characteristics (wilting point) information as inputs. However, there are significant limitations 
with using SM as the drought indicator. First, it is challenging to assign the thresholds for defining drought sever-
ity for isoprene emission modeling. For instance, the wilting point, the SM at which a plant cannot extract water 
from soil, is used to define the severity of drought in MEGAN v2.1. However, some previous studies (Huang 
et al., 2015; Opacka et al., 2022; Potosnak et al., 2014; Seco et al., 2015) have shown that the wilting point esti-
mates are a major source of uncertainty for isoprene emission estimation during the drought. Second, the SM 
driven drought algorithm is sensitive to the accuracy of the SM inputs, and the systematic errors of the SM data 
sets from land surface models or satellites will directly affect the estimation of isoprene emission (Emmerson 
et al., 2019; Opacka et al., 2022). In addition, different SM data sets will also affect the performance of algorithms. 
For instance, SM estimated by various models or observational systems (e.g., satellite or in-situ measurements) 
could represent different soil depths, so different empirical thresholds are required to simulate the same impact on 
isoprene emission (Opacka et al., 2022). Third, the hydrologic stress of an ecosystem is affected not only by soil 
water availability (SWA) but also the atmospheric vapor pressure deficit (VPD), which represents the atmospheric 
demand for water (Novick et al., 2016; Park Williams et al., 2013; Porporato et al., 2001; Schulze, 1986).

In this study, we introduce direct vegetation water stress indicators for evaluating the impact of drought on 
isoprene emission. In the online version of MEGAN in CLM 5, we adopted the water stress function (βt) to drive 
the isoprene response to water stress. The βt is a water stress indicator, ranging between 0 and 1 in CLM, and is 
calculated as:

𝛽𝛽𝑡𝑡 =

𝑛𝑛
∑

𝑖𝑖=1

𝑤𝑤𝑖𝑖𝑟𝑟𝑖𝑖 (2)

where wi and ri represent the wilting factor and the fraction of root distribution for different plant functional types 
(PFT) in soil layer i with n layers in total. The wilting factor in CLM 4.5/5 is as (Oleson et al., 2013):

𝑤𝑤 =
𝜓𝜓𝑐𝑐 − 𝜓𝜓

𝜓𝜓𝑐𝑐 − 𝜓𝜓𝑜𝑜

⋅

(

𝜃𝜃𝑠𝑠 − 𝜃𝜃ice

𝜃𝜃𝑠𝑠

)

, (3)

where ψ is the soil matric potential (mm), ψc and ψo are the soil water potential (mm) when stomata are fully 
closed and fully open, respectively. ψc and ψo are PFT-dependent parameters, and θice is the volumetric soil ice 
content (m 3 m −3). More details about the calculation of βt can be found in Oleson et al. (2013). The wilting factor 
is different from the wilting point. The wilting point is an absolute value based on the soil texture only (Chen & 
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Dudhia, 2001), while the wilting factor is a relative variable to describe the severity of ecosystem water stress 
based on soil wetness and PFT types. The wilting factor considers the openness of the stomata, which connects 
plant water stress with soil wetness.

For the offline version model, we used the ratio (fPET) of actual ET to PET to indicate drought. Compared to 
previous studies using SM as the proxy of drought severity (Bonn et al., 2019; Otu-Larbi et al., 2020; Wang 
et al., 2021), the ET-based drought indicator is expected to provide a more direct measure of water stress on 
vegetation (Yan et al., 2015).

The half-hour ET (mm day −1) is calculated as: 

ET =
LE

𝜆𝜆
 (4)

where LE is the latent heat flux (MJ m −2 day −1) and λ (MJ kg −1) is the latent heat of vaporization calculated as 
(Stull, 1988):

𝜆𝜆 = 2.501 − 0.00237 ⋅ 𝑇𝑇 (5)

where T is the air temperature (°C). We treated the reference ET as PET, and calculated it using the Penman–
Monteith equation as:

PET =
0.408∆(�� − �) + � 37

�+273.15
�2(�� − ��)

∆ + �(1 + 0.34�2)
 (6)

In Equation 6, Rn is the net radiation (MJ m −2 day −1), G is the soil heat flux density (MJ m −2 day −1), Δ (kPa 
°C −1) is the slope of the saturation water vapor pressure at air temperature T (°C), γ is the psychrometric constant 
(kPa °C −1) and u2 is the wind speed at 2m height (m s −1). es and ea denote the saturation vapor pressure (kPa) at 
air temperature T and the actual vapor pressure (kPa), respectively. To develop the algorithm, we only take the 
values of fPET on relatively sunny days when the incoming shortwave radiation is above 500 W m −2. We filled 
the missing values with the mean of the remaining data points in that day, then we conducted a 7-day smoothing 
to the fPET. We also adopted a fPET based satellite drought index, ESI (Anderson et al., 2011, 2013), to spatially 
upscale the algorithm.

3.2. Online Explicit Drought Stress (EDS) Algorithm

The online drought stress algorithm introduced here is coupled to the CLM model and is referred to here as 
the Explicit Drought Stress (EDS) algorithm. As we mentioned above, there are two main mechanisms driving 
the drought impact on isoprene emission: (a) the indirect impact of drought through changing leaf temperature 
which drives enzymatic activity, and (b) the direct impact of drought by affecting substrate supply. CLM is a 
process-based model with comprehensive considerations of the plant physiology, therefore, it can provide inputs 
for directly simulating the drought impact of leaf temperature and substrate availability. Currently, there are two 
stomatal conductance models available in CLM 5. Our work is based on the Ball-Berry conductance model 
described in Collatz et al. (1991) and Sellers et al. (1996), and the leaf stomatal conductance (gs, μmol s −1 m −2) 
as described by Collatz et al. (1991):

𝑔𝑔𝑠𝑠 = 𝑚𝑚
𝐴𝐴𝑛𝑛

𝐶𝐶𝑠𝑠∕𝑃𝑃𝑎𝑎𝑎𝑎𝑚𝑚

ℎ𝑠𝑠 + 𝑏𝑏𝑏𝑏𝑎𝑎 (7)

where m is a PFT-dependent parameter, An is the leaf net photosynthesis (μmol m −2 s −1), Cs is the partial pressure 
of CO2 at the leaf surface (Pa), Patm is the atmospheric pressure (Pa), and hs is the leaf surface humidity at the leaf 
surface, b is the minimum stomatal conductance (μmol s −1 m −2) and βt is the water stress function described in the 
previous section. βt can decrease gs in response to drought leading to an increase in leaf temperature.

The drought stress is represented by γSM in the MEGAN model as shown in Equation 1. The impact of the severe 
drought on isoprene emission is presented in Jiang et al. (2018). The drought algorithm in Jiang et al. (2018) is 
calculated as:
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⎧

⎪

⎪

⎨

⎪

⎪

⎩

�SM = 1 (�� ≥ 0.6)

�SM = ��max∕� (0 < �� < 0.6)

�SM = 0(�� = 0)

 (8)

where γSM is the isoprene emission activity factor response to drought, βt is the water stress function, Vcmax is the 
maximum rate of carboxylation by the photosynthesis enzyme Rubisco, and α (=37) is an empirical parameter 
derived from the observations at the MOFLUX site in 2012 (Seco et al., 2015). With this algorithm, the isoprene 
emission will not be affected when drought is in the mild and moderate stage (βt ≥ 0.6). In the severe drought 
condition (βt < 0.6), when photosynthesis and the supply of carbon substrates is limited, the emission of isoprene 
will be decreased. Since the impact of drought on leaf temperature can be simulated by CLM, the MEGAN model 
integrated within CLM uses CLM parameters to drive the two mechanisms that control how drought influences 
isoprene emission. However, since this online version of MEGAN relies on CLM to calculate parameters based on 
detailed biogeochemistry and plant physiology processes, it cannot be directly applied in simpler model frameworks. 
Therefore, we developed a parameterized drought algorithm for offline simulations as described in Section 3.3.

3.3. Offline Parameterized Drought Stress (PDS) Algorithm

In MEGAN v2 (Guenther et al., 2006), the drought (SM) impact on isoprene emission is described by a simple 
empirical algorithm that represents the isoprene emission activity factor response to drought, γSM, as:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�SM = 1 (� > �1)

�SM = (� − ��) ∕∆�1

�SM = 0(� < ��)

(�� < � < �1) (9)

where θ is SM, θw is wilting point. Δθ1 is an empirical parameter and θ1 is 
defined as θw + Δθ1. The initial version, MEGAN v2 (Guenther et al., 2006), 
assigned Δθ1 a value of 0.06 m −3 m −3 based on the potted plant enclosure 
measurements of Pegoraro et al. (2004). The subsequent version, MEGAN 
v2.1 (Guenther et al., 2012), assigned a value of 0.04 m −3 m −3. As mentioned 
in Section  3.1, there are three main limitations of using SM to evaluate 
drought severity: uncertainty of thresholds, inconsistences of wilting point 
and SM values among different data sets and neglecting the impact of atmos-
pheric VPD. In addition, the algorithm in MEGAN v2.1 cannot represent the 
indirect impact of drought on isoprene through increased leaf temperature 
induced by lower stomatal conductance.

Two aspects were considered for the new offline algorithm: (a) a reliable way 
to quantify the severity of drought impacts on inhibiting vegetation biochem-
ical substrates and (b) consideration of the indirect impact of the drought 
on enhancing isoprene emission through elevated leaf temperature. We refer 
to this new offline drought algorithm as the Parameterized Drought Stress 
(PDS) algorithm with empirical coefficients derived from canopy scale 
observations of isoprene flux during 2012 at the MOFLUX site. The PDS 
approach calculates isoprene drought response as:

𝛾𝛾sm = 𝛾𝛾sm max ⋅ 𝛾𝛾sub ⋅ 𝛾𝛾lt (10)

𝛾𝛾sub =
1

1 + 𝑏𝑏1 ⋅ 𝑒𝑒
𝑎𝑎1⋅(𝑓𝑓pet−0.2)

 (11)

𝛾𝛾lt =
1

𝛾𝛾sm max

+

(

1 −
1

𝛾𝛾sm max

)

1 + 𝑏𝑏2 ⋅ 𝑒𝑒
𝑎𝑎2⋅(1.3−𝑓𝑓pet )

 (12)

Figure 1. The parameterized drought stress (PDS) algorithm for offline 
MEGAN simulations. γsm represents the response of isoprene emission to 
drought. The index, 7 days running averaged fPET, represents the severity of 
drought. The observed values were grouped into 0.05 index intervals, and 
the upper (lower) cap of error bars represents the upper (lower) quartile. The 
blue, red and purple solid lines represent the fitting model of γsm, γlt, and γsub, 
respectively, and the blue shadow represents 95% confident intervals of the 
fitting model of γsm.
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In this algorithm, γsm_max (=1.4) represents the maximum value of γsm. γsub, and γlt account for the impacts of the 
substrate supply (sub) and the leaf temperature (lt) stimulation, respectively. The parameters a1 (=−7.45), a2 
(=−28.76), b1 (=3.26), and b2 (=2.35 × 10 6) control the shape of the curve. We propose fPET as a suitable drought 
indicator because the transpiration of plants would decrease with stomata closure when plants feel the water stress 
(Hanson, 1991). We normalized the 7-day running averaged fPET for the 2012 MOFLUX study to span the range 
of 0–1 by using the minimum value of 0 and the maximum value of 0.82 (95% percentile of the 7-day running 
averaged fPET between 2006 and 2017). Other vegetation water stress indexes or indicators (e.g., ESI drought 
index in this study) can alternatively be used as inputs after being normalized the maximum to 1 and the mini-
mum to 0, and this feature is important for using the PDS algorithm in other model framework with other drought 
indexes or inputs. The PDS algorithm responses of γsm, γsub, and γlt to the normalized drought index are shown in 
Figure 1. The estimates of γsm derived from the ratios between the flux observations (Fobs) and the offline model 
outputs (Fmod) are calculated as:

Figure 2. Comparison of drought indicators at the MOFLUX site in 2012. The drought period is indicated with a gray 
background. The first panel represents the 10 cm soil water content (SWC) from the in situ observations at the MOFLUX site 
(green solid line) and the surface soil water content (SWC) from the ESA-CCI satellite product (pink triangles). The second 
panel represents the βt simulated by the Community Land Model (blue solid line), and the third panel represents the drought 
indexes (fPET) based on the ratio of the real evapotranspiration (ET) and the potential evapotranspiration (PET) from the in situ 
observations (purple solid line) and the satellite 12-week ESI drought index (orange triangles). The last panel represents the 
residuals of MEGAN v3.2 without the drought algorithm (green dots).
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𝛾𝛾sm obs =
𝐹𝐹obs

𝐹𝐹mod

 (13)

The normalized drought indexes were divided into bins with an interval of 0.05, and the averaged values of γsm_obs 
in each bin of normalized fPET were used to fit the model. All averaged ratios were divided by the first value of 
the array to set γsm_obs to unity when there is no drought. γlt increases when drought gets into the moderate stage 
(index <0.9) and stays stable, while the γsub decreases when drought is severe enough (index <0.7) to affect the 
supply of substrate for isoprene synthase (Figure 1).

4. Results and Discussion
4.1. Comparison of Drought Indicators

We compared the different drought indicators for the 2012 MOFLUX study as shown in Figure  2. We also 
calculated the residuals between the isoprene flux observed at the MOFLUX site and the isoprene flux modeled 
by the independent MEGAN v3.2 without the drought algorithm. The independent MEGANv3.2 was driven 
by the meteorological inputs observed at the site. The residuals (green dots) of the model increase at the begin-
ning of the drought and decrease near the end of the drought (Figure  2). The SM data sets from the in-situ 

Figure 3. The 9-hr running averaged time series of the hourly isoprene flux during the daytime observed and simulated 
by (a) SP-CLM-MEGAN and (b) the offline version MEGAN v3.2 at the MOFLUX site in 2012. The observations, 
model results with and without the drought algorithm in this study are presented by the black, blue and purple solid lines, 
respectively. The offline model results by the original drought algorithm are presented by the orange line in (b).
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 measurements (green solid line) at 10 cm depth and the ESA-CCI SM (Gruber et al., 2019) satellite product (pink 
triangles) show a similar pattern of SM that is not fully consistent with the changes of the model residual. The 
SM decreases before the drought starts to affect the emission of isoprene from 3 May to 2 June. We also presented 
the time-series of other drought indicators for the MOFLUX site in 2012. The variabilities of fPET and βt are more 
consistent with the change of the model residuals (Figure 2). Using SM as a drought indicator is an indirect way 
to reflect the water stress of vegetation. The fPET and βt used in the offline and online drought algorithms in this 
study are a more direct representation of water stress for vegetation. More importantly, using fPET and βt could 
relatively decrease the need to set wilting point threshold values, which are a major contributor to the uncertain-
ties described in Section 3.1. We used the 2012 observations from the MOFLUX site as the benchmark to choose 
the suitable inputs for scaling up the model. We tested different normalized drought indexes using the PDS algo-
rithm in this study, and the results are shown in Figure S1 in Supporting Information S1. The satellite-based ESI 
drought index over a 12-week period shows a good consistency with the fPET behavior (Figure 2) and can therefore 
be used to scale up the PDS offline algorithm for regional to global scale modeling. Compared with the approach 

Figure 4. Scatter plots of measured and modeled hourly isoprene fluxes during the daytime. The results of 
SP-CLM-MEGAN with and without the EDS drought algorithm are presented in (a) and (c). The results of the offline version 
MEGAN v3.2 model with and without the PDS drought algorithm are presented in (b) and (d). MB, ME, and RMSE are 
abbreviations of the mean bias, the mean error and the root mean square error with the unit of mg m −2 h −1, respectively.
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using SM as the drought indicator, the approaches using the direct plant water stress indexes is a more suitable 
way to simulate the impact of drought on isoprene emission by connecting plant physiology with the soil and 
atmosphere wetness. However, these indexes are also limited by the models and parameters used for estimating 
the severity of water stress. For instance, there are still some discrepancies among fPET, βt, and ESI (e.g., start date 
of the water stress) even though their general patterns are the same for the MOFLUX site in 2012.

4.2. Site Scale Simulations

We ran site scale simulations to investigate the impact of the drought on isoprene emission at the MOFLUX 
site. The online model results came from SP-CLM 5 model, and the offline model results from the independent 
version MEGAN v3.2. Both models were driven by the meteorology variables measured at the MOFLUX site 
in 2012. The input of the PDS algorithm for the offline model is the normalized 7-day running average fPET as 
shown in Figure 2. The comparisons between the model results and observations are shown in Figures 3 and 4. 
The online and offline models both overestimated the isoprene flux during the drought period when drought 
was neglected (Figure 3). When the drought algorithm was adopted, both the online and offline versions of the 
model captured the drought impact on isoprene emission (Figure 3). We also presented the results of the offline 
model embedded in the original drought algorithm (Equation 9) with θw of 0.194 (orange line in Figure 3). The 
original algorithm can have a comparable performance with the new one in this study with a suitable wilting 
point, however, the difficulty still exists for determining the wilting point. The difference between the drought 
algorithms developed in this study and the previous algorithms is discussed in Section 4.4.

The performance of the SP-CLM model with embedded MEGAN and that of the offline MEGAN v3.2 model 
differed in the simulation of isoprene flux at MOFLUX in 2012 (Figure 4). This is at least partly because they 

Figure 5. The change of leaf temperature and isoprene emission change simulated by SP-CLM-MEGAN during the drought 
at the MOFLUX site in 2012. The leaf temperature change induced by drought (green solid line) and βt simulated by SP-CLM 
(pink dashed line) are presented in (a), and the indirect impact of drought caused by stimulating temperature (blue solid line) 
and the direct impacts of drought caused by affecting substrate availability on isoprene emission (purple dashed line) are 
presented in (b).
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have different canopy models for simulating the environmental conditions including leaf temperature and light 
conditions. Furthermore, both the online and offline models captured the variabilities of isoprene flux when the 
drought algorithms were adopted ((c) and (d) in Figure 4). For the SP-CLM-MEGAN model, the R 2 increased 
from 0.39 to 0.59, and the mean bias (MB), the mean error (ME) and the root mean square error (RMSE) 
decreased from −3.82, 5.13, and 7.32 mg m −2 h −1 to −0.19, 2.49, and 3.76 mg m −2 h −1, respectively. For the 
offline version MEGAN v3.2, the R 2 increased from 0.53 to 0.78. The MB, the ME and the RMSE decreased 
from −4.6, 5.08, and 5.53 mg m −2 h −1 to −1.61, 2.31, and 2.68 mg m −2 h −1, respectively.

We used the results of SP-CLM-MEGAN model to present (a) the indirect impact of drought through changing 
leaf temperature and (b) the direct impact of drought by affecting substrate supply on isoprene emissions at the 
MOFLUX site in 2012. As shown in Figure 5, the impact of drought on leaf temperature appears with the onset 
of water stress (βt  <  1). By decreasing the stomatal conductance following Equation  7, the leaf temperature 
could increase up to 0.83°C at the MOFLUX site during the 2012 drought ((a) in Figure 5). Correspondingly, the 
change of leaf temperature could lead to an increase of isoprene emission up to 14.5% ((b) in Figure 5). Mean-
while, the direct impact of drought on substrate supply started to affect the simulated isoprene emission when 
βt is lower than 0.6 according to Equation 8. The direct impact of drought is related to the severity of drought in 
CLM, and the change of isoprene emission could be near 100% when the drought is very severe (Figure 5). The 
final impact of drought is the combination of these two mechanisms.

In the offline model, the two mechanisms are represented by γsub and γlt. As shown in Figure 6, the onset of 
drought causes γlt, which represents the indirect impact of drought, to increase and then stay stable. Meanwhile, 
the direct impact is controlled by the severity of drought with γsub decreasing with normalized drought index. 
Based on observations at the MOFLUX site, we assign a maximum of a 40% increase of isoprene emission 
(γsm_max = 1.4) due to the increase in leaf temperature. After combining with the direct impact of drought (γsub), 
the maximum value of γsm is about 1.27, which results in an up to 27% increase in isoprene emission due to 

Figure 6. The impact of drought simulated by the offline PDS algorithm at the MOFLUX site in 2012. The total impact of 
drought (γsm) on isoprene emission (green solid line) and the normalized 7-day running averaged fPET (pink dashed line) are 
presented in (a). The indirect impact of drought caused by stimulating temperature (γlt, blue solid line) and the direct impact 
of drought caused by affecting substrate availability on isoprene emission (γsub, purple dashed line) are presented in (b).
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drought. Therefore, with the development of drought, the simulated γsm will initially increase and then decrease 
due to severe drought (Figure 6).

4.3. Global Scale Simulations

The drought algorithms were scaled up with global simulations using the FCSD component set (https://www.
cesm.ucar.edu/models/cesm2/config/compsets.html) in the Community Earth System Model Version 2.1.3 
(CESM2) (Danabasoglu et  al.,  2020). This was accomplished by integrating the drought response into the 
MEGAN component of the CLM-CAM-chem model and using this to simulate the impact of drought on isoprene 
emission and atmospheric chemistry in 2012 as an example. The model system was driven by the Modern-
Era Retrospective analysis for Research and Applications Version 2 (MERRA 2) reanalysis data set with about 
1-degree spatial resolution. The BVOC emissions were calculated by MEGAN embedded in the CLM 5 model 
with the prescribed satellite vegetation phenology. Anthropogenic and biomass burning emissions are obtained 
from the standard Coupled Model Intercomparison Project round 6 (CMIP6) (Eyring et al., 2016). Three model 
experiments were performed to test the drought algorithms: (a) without any drought algorithm, (b) with the 
online EDS drought algorithm, and (c) with the offline PDS drought algorithm. When we applied the offline PDS 
algorithm to the CLM, we modified Equation 7 and removed the impact of drought on stomatal conductance by 
deleting βt from Equation 7, which means that the stomatal conductance could not be changed by the water stress 
function βt. The input for the offline model is the water stress function βt, which is also a normalized drought 
indicator in the range of 0–1 and is close to the normalized fPET (Figure S1 in Supporting Information S1) at the 
MOFLUX site. Both the online and offline models show a decrease of isoprene emission (Figure S2 in Support-
ing Information S1), with the EDS and PDS algorithms decreasing the global isoprene emission by 11.0% and 
10.4%, respectively.

Figure 7. The spatial distributions of γsm calculated by the online Explicit Drought Stress (EDS) (first columns), the offline Parameterized Drought Stress (PDS) 
algorithms with βt as inputs (second column) and with the satellite evaporative stress index (ESI) as inputs (third column). The three rows represent different months 
from June to August.

https://www.cesm.ucar.edu/models/cesm2/config/compsets.html
https://www.cesm.ucar.edu/models/cesm2/config/compsets.html
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The offline PDS drought algorithm can also employ other drought indexes besides using βt from the CLM model. 
This feature is useful for developing BVOC emission estimates for regional air quality simulations using readily 
available model inputs. This includes calculating the offline γsm using the ESI drought index. The 12-week ESI 
index was normalized by the values of −3.5 and −0.5 to the range of 0–1. We compared the γsm calculated by 
the different combinations of algorithms and inputs for the CONtiguous United States (CONUS) region during 
the summer of 2012 as shown in Figure 7, and the inputs, βt and the normalized ESI, are shown in Figure S3 in 
Supporting Information S1. The propagation of γsm from the satellite input is shown in Figure S4 in Supporting 
Information S1, and γsm from the satellite input reflects the impact of drought among the regions around Missouri, 
Illinois and Indiana states, but the spatial distribution of γsm derived from the CLM model shows a horizontally 
wider impact of drought. The γsm derived from the CLM model also shows the impact of drought in arid or 
semi-arid regions like Texas and Arizona. One potential reason is that the CLM model overestimates the severity 

Figure 8. Comparison of the monthly surface soil moisture from the CLM model (a) and the ESA-CCI data set (b) during July to August in 2012. The spatial 
distributions of the mean bias (c), the mean error (d) and the root mean square error (e) are also shown expressed in m 3 m −3.
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of drought. As shown in Figure 8, we compared the surface moisture simulated by CLM 5 with the ESA-CCI 
satellite SM data sets, and the CLM model shows an underestimation of the surface SM with a negative MB 
during the summer of 2012 in the regions where the drought occurred. This indicates that the impact of drought 
might be exaggerated by the CLM model. Therefore, the skill of the land model to capture the drought behavior 
directly affects the simulated drought influence on isoprene emission.

We compared the monthly OMI HCHO vertical column densities with the modeled HCHO vertical column 
densities. The horizontal distribution of the HCHO vertical column densities for CONUS from the models and 
the satellite are compared in Figure 9 and show that the drought algorithms decrease the MB of simulated HCHO 
vertical column densities in the regions including the Missouri, Illinois, Arkansas, and Indiana states where the 
drought occurred in 2012 (Figure 9). However, the drought algorithms also increased the simulation errors in 
Oklahoma and Texas because the land model exaggerated the severity of drought in these two regions as shown 
in Figures 7 and 8. We also assessed the grids where tree cover fraction is greater than 30% and βt is less than 
0.85 in CONUS during May to September in 2012. As shown in Figure 10, the drought algorithms had a negative 
impact on the R 2 and decreased the slope. The models assuming no drought affects shows an overestimation of 
HCHO vertical column density in CONUS in the high concentration regime, and the implementation of drought 
algorithms results in a better agreement with the observations as shown in Figure 10. The MB, ME, and RMSE 
in CONUS decreased from 1.28, 2.39, and 2.72 × 10 15 molecules cm −2 to 0.31, 1.92, and 2.41 × 10 15 mole-
cules cm −2, respectively, with the online EDS drought algorithm and to 0.36, 1.92, and 2.41 × 10 15 molecules 
cm −2, respectively, with the offline PDS drought algorithm. The results show that the drought algorithms could 
decrease the model biases in simulating the HCHO in drought regions. However, our assessment could also be 
affected by uncertainties from other sources besides the drought algorithms and the biogenic emission model. 

Figure 9. Comparison of the monthly OMI formaldehyde vertical column densities and the simulated formaldehyde vertical column densities by CAM-chem in 
the CONUS region during May-September 2012. The results by the no drought response experiment, the online Explicit Drought Stress (EDS) and the offline 
Parameterized Drought Stress (PDS) algorithm experiments are presented in the first, second and third columns, respectively. (a–d) show the spatial distribution of the 
averaged formaldehyde vertical column densities by OMI and CAM-chem model with different drought treatment. The spatial distributions of the Mean Bias are also 
presented with the unit of 10 15 molecules cm −2.
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Therefore, more in-situ observations, especially long-term isoprene flux measurements, are required to fully 
validate the isoprene drought response algorithms for future predictions.

4.4. Comparison With Previous Studies

As shown in Table 2, previous drought algorithms for isoprene emission have mostly been based on volumetric 
soil water content (θ or SWC) or other SM-relevant parameters like SWA because of the relatively easy access 
to the data (Bonn et al., 2019). Two threshold values of soil water content, the wilting point (θw) and the critical 
SM (θc), play a key role in these algorithms to define the severity of drought and the calculation of γsm (Bonn 

Figure 10. Comparisons between the monthly OMI formaldehyde vertical column densities and the simulated formaldehyde 
vertical column densities by CAM-chem in the CONtiguous United States (CONUS). The results by the online Explicit 
Drought Stress (EDS) and the offline Parameterized Drought Stress (PDS) algorithms are presented in (b) and (c), 
respectively. The color of the points represents the value of the monthly βt. The mean bias (MB), the mean error (ME) and the 
root mean square error (RMSE) are presented with the unit of 10 15 molecules cm −2.
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et  al.,  2019; Guenther et  al.,  2012; Otu-Larbi et  al.,  2020). The assumption among these algorithms is that 
isoprene emission would not be affected when θ ≥ θc. When the SM is in the range of θw < θ < θc, γsm would 
decrease with the SM and reach 0 when the SM reaches the wilting point. The value of γsm is always in the range 
of 0–1, with lower values accounting for the negative impact of drought on isoprene emission by cutting off the 
supply of the carbon substrate for isoprene synthase. Bonn et al. (2019) uses the SWA index to replace SWC as 
input for the algorithm, but the SWA is also based on SM and the wilting point. SWA can be normalized to SWC 
with the range of 0–1 and is calculated as:

SWA =
𝜃𝜃 − 𝜃𝜃𝑤𝑤

𝜃𝜃max − 𝜃𝜃𝑤𝑤
 (14)

where θmax and θw denote the maximum value of SWC and the wilting point, respectively. We compared the 
SM-based algorithms as shown in Figure 11. The wilting point at the MOFLUX site is about 0.23 m 3 m −3 accord-
ing to Seco et al. (2015), and the maximum measured SWC was 0.47 m 3 m −3 at the MOFLUX site during 2012. 
As shown in Figure 11 and Table 2, the previous SM algorithms follow the assumptions that we mentioned above, 
and the differences are the shape of the curve and the values of Δθ1, which is the difference between θw and θc. 
Therefore, these algorithms are sensitive to the threshold values, as noted in previous studies (Bonn et al., 2019; 
Huang et al., 2015; Müller et al., 2008; Potosnak et al., 2014; Seco et al., 2015). We also presented these algo-
rithms with the normalized inputs of SWA in Figure 11. These algorithms simulate lower isoprene when the SWA 
is below 0.4 because the isoprene emission is affected when the SM is near or below the wilting point. In addition, 
the thresholds of the algorithms differ because of different Δθ1. In this study, we adopted the normalized fPET as 
the model input for the offline algorithms. Because fPET is a relatively more direct reflection of the water stress 
on the ecosystem, the impact of drought on isoprene emission during different stages may be better represented 
by fPET. That is, at the early stage of drought, the isoprene emission will not be affected by drought, and from the 
moderate stage to the severe stage of drought (fPET < 0.9), the drought will initially increase isoprene emission 
due to an increase in leaf temperature and then decrease the isoprene emission due to the limited supply of the 
substrate as photosynthesis rates decline.

We applied each of the SM-based algorithms listed in Table 2 for the MOFLUX site during 2012. The default 
wilting point data set used for MEGANv2 and v2.1 comes from the global database of Chen and Dudhia (2001) 
and has a wilting point of 0.084 m 3 m −3 for the MOFLUX site. The models listed in Table 2 will never have 
any drought impacts with a wilting point of 0.084 m 3 m −3 because the θw and θc are always below the observed 
SM levels. Therefore, we used the value of 0.23 m 3 m −3 recommended by Seco et al. (2015) and based on site 

Equation Parameters Inputs Reference

𝐴𝐴

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝛾𝛾SM = 1 (𝜃𝜃 ≥ 𝜃𝜃𝑐𝑐)

𝛾𝛾SM = (𝜃𝜃 − 𝜃𝜃𝑤𝑤) ∕∆𝜃𝜃1

𝛾𝛾SM = 0 (𝜃𝜃 ≤ 𝜃𝜃𝑤𝑤)

(𝜃𝜃𝑤𝑤 < 𝜃𝜃 < 𝜃𝜃𝑐𝑐) # 

θw: Wilting point θ: Volumetric soil water content Guenther 
et al. (2012)θ1: Threshold (=θw + Δθ1)

Δθ1: 0.04 m 3 m −3 (Guenther 
et al., 2012); 0.06 m 3 m −3 (Guenther 
et al., 2006)

𝐴𝐴

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝛾𝛾SM = 1 (𝛽𝛽𝑡𝑡 ≥ 0.6)

𝛾𝛾SM = 𝑉𝑉𝑐𝑐max∕𝛼𝛼 (0 < 𝛽𝛽𝑡𝑡 < 0.6)

𝛾𝛾SM = 0 (𝛽𝛽𝑡𝑡 = 0)

 

α:37 βτ: Water stress function Jiang et al. (2018)

Vcmax: the maximum rate of 
carboxylation by the photosynthesis 
enzyme Rubisco

𝐴𝐴

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝛾𝛾SM = 1 (𝜃𝜃 ≥ 𝜃𝜃𝑐𝑐)

𝛾𝛾SM =
[

(𝜃𝜃 − 𝜃𝜃𝑤𝑤) ∕ (𝜃𝜃𝑐𝑐 − 𝜃𝜃𝑤𝑤)
]0.4

𝛾𝛾SM = 0 (𝜃𝜃 ≤ 𝜃𝜃𝑤𝑤)

(𝜃𝜃𝑤𝑤 < 𝜃𝜃 < 𝜃𝜃𝑐𝑐) # 

θw: Wilting point θ: Volumetric soil water content Otu-Larbi 
et al. (2020)

θc: Threshold (=θw + Δθ1)

Δθ1: 0.07 m 3 m −3

𝐴𝐴 𝐴𝐴SM = exp(−exp((0.056) × exp(1) × (−2.3 − SWA) + 1)) – SWA: Soil water availability Bonn et al. (2019)

𝐴𝐴 𝐴𝐴SM = 𝐴𝐴sm max

(

1

1+𝑏𝑏1 ⋅𝑒𝑒
𝑎𝑎1 ⋅(𝐾𝐾𝑐𝑐−0.2)

)

(

1

𝐴𝐴sm max

+

(

1−
1

𝐴𝐴sm max

)

1+𝑏𝑏2 ⋅𝑒𝑒
𝑎𝑎2 ⋅(1.3−𝐾𝐾𝑐𝑐 )

)

 
γsm_max: 1.4 fPET: Normalized drought indicator This study

Table 2 
Drought Algorithms Used for Simulating Isoprene Emission in the Previous and This Studies
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 characteristics. However, the previous SM-based algorithms did not capture the variability of isoprene flux (Figure 
S5 in Supporting Information S1). We also tested the case of using the minimum value of SM (0.196 m 3 m −3) as 
the wilting point at the MOFLUX site (Figure 12), and the results showed better agreement with the observations 
than the results with the wilting point of 0.23 m 3 m −3 (Figure S5 in Supporting Information S1). The choice of θw, 
or the thresholds, overwhelmingly determines the performance of these algorithms. The SM input data, which is 
difficult to simulate in global models, will also affect the performance of these algorithms. In our experiments, we 
used the in situ SM measurements at 10 cm depth as the model input. There is a strong vertical gradient in SM so 
the soil depth where measurements are made, or modeled values predicted, could also affect model performance. 
If the input is changed to other SM data sets for different depths, such as the surface SM data sets from satellite or 
root zone SM data sets, the current threshold values would not be appropriate (Opacka et al., 2022).

4.5. Future Direction

Heatwaves and drought often happen simultaneously and both can influence isoprene emission. Ferracci 
et al. (2020) and Potosnak et al. (2014) both observed a higher than expected increase of isoprene concentration 
and flux during mild drought and heatwave events. Recent evidence from the satellite HCHO observation also 
shows an increase of isoprene during the drought and heatwave events (Morfopoulos et al., 2022). It is difficult to 

Figure 11. Comparison of drought algorithms with soil water content (SWC) as inputs (a) and with the normalized soil water 
availability (SWA) as inputs (b). (c) Presents the model proposed in this study with the normalized fPET as inputs.
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distinguish any individual impacts of these two processes directly from the in-situ observations. Besides the γsm, 
Otu-Larbi et al. (2020) introduced another independent correction factor to explain the impact of high temper-
ature. In the framework of MEGAN, the impact of heatwaves on isoprene emission is currently not considered 
independently, and the impact of high temperature is described by the temperature response algorithm. In addi-
tion to the impact of the current temperature, MEGAN also considers the influence of past temperature. This 
includes the average temperature of the past 24 hours and the average temperature of the past 10 days. As shown 
in Figure 4 of Guenther et al. (2006), elevated temperature for the preceding days would also increase isoprene 
emission in the temperature response algorithm. Otu-Larbi et al. (2020) used the original temperature algorithm 
of Guenther et al. (1993) that only accounts for the current temperature that represents the instantaneous isoprene 
synthase enzyme activity. Besides the impact of the past high temperature during a heat wave, another factor that 
could increase the isoprene emission is the drought impact on the leaf temperature, which has been considered 
in this study and was estimated to reach an increase of 27% in the offline PDS drought algorithm and reach a 
maximum increase of 14.5% caused by a ∼0.84°C temperature change in the online EDS algorithm. However, 
this is based on the leaf temperature results simulated by the CLM model, which is subject to model uncertainties, 
including the stomatal conductance algorithm. Field and laboratory experiments have shown that water stress 

Figure 12. Scatter plots of measured diurnal isoprene fluxes and modeled daily isoprene fluxes with different drought 
algorithms and a wilting point of 0.196 m 3 m −3.
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could increase the leaf temperature to a much higher level of about 3°–4°C under high photosynthetically active 
radiation (Gerhards et al., 2016; Reynolds-Henne et al., 2010). Therefore, there is a need for further investigation 
of the connections among drought, stomatal conductance, leaf temperature, ET, and isoprene emission using 
observations and modeling.

In addition, isoprene emission drought response studies are still limited by having canopy scale flux observations 
only from a single site and there is an urgent need for more observations. For example, at the same MOFLUX 
site, Geron et al. (2016) found that the tree species with diverse tolerance of water stress show different reactions 
of isoprene emission to drought. The purpose of this study is to establish new model frameworks for simulating 
the impact of drought, and the further validation and improvements require more observations. This include more 
observations at deciduous broadleaf forests as well as observations of the responses of other ecosystem, and it 
could be important to include isohydric as well as anisohydric plant species. The flux measurements are currently 
rare due to the expense and the measurements that focus on drought and heatwave are difficult to obtain. Relaxed 
eddy accumulation technique (Ciccioli et  al.,  2003; Sarkar et  al.,  2020) combined with a gas chromatograph 
with photoionization detection (Bolas et al., 2020) is an example of a lower-cost alternative for isoprene flux 
measurements and create more data for model validation and improvement. Besides having more in-situ ground 
observations, the existing and future airborne observations and satellite products could also provide an oppor-
tunity to further investigate and understand the impact of environmental stress on BVOC emission. The high 
resolution (30–70 m) ET and ESI index products from the ECOsystem Spaceborne Thermal Radiometer Exper-
iment on Space Station (ECOSTRESS) could be a good tool for monitoring water stress and providing model 
inputs. In addition, the high resolution HCHO observations from the TROPOspheric Monitoring Instrument 
(TROPOMI) instrument (Veefkind et al., 2012) and recent direct observations of isoprene from the Cross-track 
Infrared Sounder (CrIS) instrument (Fu et al., 2019; Wells et al., 2020) may also provide information on atmos-
pheric chemistry processes and improve assessments of the impact of drought.

Data Availability Statement
The Community Land Model and Community Atmospheric Model with Chemistry are available on the website 
of the Community Earth System Model (CESM) v2 (https://www.cesm.ucar.edu/models/cesm2/). The independ-
ent MEGAN v3.2 are available through the link: https://bai.ess.uci.edu/megan.
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