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Abstract Isoprene dominates global biogenic volatile organic compounds and has significant impacts
on atmospheric chemistry. Global simulations of isoprene emissions show large uncertainties in both the
trend and interannual variability. Here, we explored the uncertainties of simulated isoprene emissions
during 1982-2015 using the Yale Interactive terrestrial Biosphere model, which is implemented with two
emission schemes (PS_BVOC and Model of Emissions of Gases and Aerosols from Nature [MEGAN])
and driven by two long-term reanalysis meteorology (WFDEI and Modern-Era Retrospective Analysis
for Research and Applications [MERRA]). Model evaluations show that both PS_BVOC and MEGAN
schemes capture reasonable spatial patterns of the global isoprene emissions. The averaged fluxes from
simulations using two meteorological forcings show isoprene trends of 0.69 Tg C m? a~! with PS_BVOC
scheme but —0.22 Tg C m? a~! with MEGAN scheme. Such opposite trend is mainly because PS_BVOC
considers both CO, fertilization and inhibition effects to isoprene while the MEGAN scheme implements
CO, inhibition effect alone. Meanwhile, the averaged fluxes from simulations using two schemes yield
interannual variability of 1.59% with WFDEI and 2.06% with MERRA reanalyses. Such discrepancies are
mainly attributed to the larger variability in MERRA data. On the global scale, differences in schemes
are the main driver of uncertainties in isoprene trends. In contrast, differences in meteorological
forcings dominate the uncertainties in the interannual variability of isoprene emissions. Our sensitivity
experiments reveal the key sources of modeling uncertainties, which are vital for the improvement of
parameterizations and future projections of isoprene emissions.

1. Introduction

Volatile organic compounds (VOC) from natural vegetation comprise about 90% of global terrestrial
non-methane VOC emissions annually (Fuentes et al., 2000). Biogenic VOCs (BVOCs) play an important
role in the formation of secondary organic aerosols (Claeys, Graham, et al., 2004; Claeys, Wang, et al., 2004)
and tropospheric ozone at high light intensities and temperatures in the presence of NO, (Fu & Liao, 2012;
Wolfe et al., 2011). BVOCs also cause a decrease in atmospheric hydroxyl radical (OH) concentrations and
thus result in an increase of the lifetime of methane (CH,) in the troposphere (Poisson et al., 2000; Roelofs
& Lelieveld, 2000), which can further lead to important feedbacks to both emissions and climate (Kulmala
et al., 2004; Penuelas & Llusia, 2003).

Isoprene (2-methyl-1,3-butadiene, C.H,) is a short-lived (minutes to hours) volatile product emitted from
a large number of plants, comprising about half of the global total BVOC (Guenther et al., 2012). Iso-
prene emissions are highly dependent on vegetation characteristics and weather conditions. Forest emis-
sions are usually much larger than farmland (Hantson et al., 2017; Harper & Unger, 2018; Unger, 2014).
Higher temperature and more light promote isoprene emissions (Hantson et al., 2017; Penuelas & Llu-
sia, 2003; Zhang et al., 2008). Carbon dioxide promotes photosynthesis but suppress isoprene emissions
(Arneth et al., 2007; Hantson et al., 2017; Possell & Hewitt, 2011; Unger et al., 2013; Young et al., 2009).
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Furthermore, environmental stresses such as drought and surface ozone also affect isoprene emissions (Cal-
fapietra et al., 2013; Llusia et al., 2002; Wolfe et al., 2011).

Several isoprene emission schemes have been developed based on the observed relationships between BVOC
emissions and environmental factors. For example, Guenther et al. (2006) proposed the Model of Emissions
of Gases and Aerosols from Nature (MEGAN) taking into account the positive effects of warming and light
on emissions. Other models are also developed by considering the effects of energy and photosynthetic
processes (Arneth et al., 2007; Grote & Niinemets, 2008; Niinemets et al., 1999; Unger et al., 2013). How-
ever, predicted emissions vary significantly from study to study, due to the differences in spatiotemporal
scales, physical parameterizations, and meteorological driving fields. Such uncertainties may further cause
discrepancies in the predicted air pollutants (Guenther et al., 2006, 2012; Jiang et al., 2013; Wu et al., 2008).

There have been several studies exploring the uncertainties in the estimate of isoprene emissions. Lamb
et al. (1987) found that emission schemes are the dominant contributor (200%) of uncertainties to their
complied US BVOC emission inventory, much higher than the rates of 30%-55% by measurements, 25%
by biomass densities, and 15% by land use distributions. Arneth et al. (2011) compared three models with
different inputs and found that the sensitivities to combined vegetation fields and climate inputs are larger
than that to individual variables, especially for the simulated seasonality of emission patterns. Guenther
et al. (2012) pointed that the uncertainties from the emission factors are the largest contributor to the over-
all BVOC emission uncertainty, followed by the comparable magnitude of uncertainties from land cover
and meteorological driving variables. However, other studies identified meteorological forcings, including
soil moisture (Jiang et al., 2018; Monson et al., 2012), air temperature and radiation (Huang et al., 2017)
are the major sources of emission uncertainties. These studies are performed using different meteorologi-
cal forcings and/or emission schemes at varied spatiotemporal scales, making it difficult to compare their
conclusions.

In this study, we perform global simulations of isoprene emissions using the Yale Interactive terrestrial
Biosphere (YIBs) model (Yue, Unger, & Zheng, 2015), which is implemented with two emission schemes of
isoprene and driven by two long-term reanalysis meteorology. We compare the contributions of emission
schemes and meteorological forcings to the uncertainties in the simulated trend and variability of isoprene
emissions within the same model framework. Both the YIBs model and schemes will be described in the
next section. Simulated isoprene emissions are evaluated and analyzed in Section 3. The uncertainties of
emissions are further explored in Section 4.

2. Method and Data
2.1. Observational and Reanalysis Data Sets

2.1.1. Isoprene Emissions

We collected measurements of isoprene emissions from literature (Table S1) through the Web of Science
(https://apps.webofknowledge.com) using keywords like isoprene/BVOCs and measurement/observation/
flux. More than three hundred literatures were found, among which 56 papers provided site locations, ob-
servational periods, and emission fluxes. For these selected papers, average emissions in the texts or tables
were collected directly, while fluxes in graphs were extracted with GetData software (version 2.22). The
units of all emissions were uniformly converted to mg C m~2 day™! so as to facilitate the comparisons
with simulations. In total, 113 data samples were collected with some repeated locations conducted by
different researchers. We then calculated the average emission fluxes from different observational sources
at the same site. Finally, literature-based measurements were compiled at 50 sites, including 17 evergreen
broadleaf forest (EBF), six evergreen needleleaf forest (ENF), 21 deciduous broadleaf forest (DBF), one
shrubland (shrub), four grassland (grass), and one cropland (crop) (Figure 1a).

2.1.2. Meteorological Input Data Sets

Two meteorological reanalyses are used as input for the vegetation model. The WATCH forcing data (WFD)
methodology applied to ERA-Interim data (WFDEI; Weedon et al., 2014) is an update of the WFD, which
is developed from the European Center for Medium-range Weather Forecasts (ECMWF) ERA-40 reanalysis
(Uppala et al., 2005). Meteorological variables applied include surface air temperature, specific humidity,
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Figure 1. Distribution of observational records and their comparisons with YIBs simulations. Literature-based
measurements are collected from (a) 50 sites, including 17 evergreen broadleaf forest, six evergreen needleleaf forest, 21
deciduous broadleaf forest, one shrubland (shrub), four grassland (grass), and one cropland (crop). These observations
are compared with simulations from (b and d) PS_BVOC and (c and e) Model of Emissions of Gases and Aerosols from
Nature schemes driven with WFDEI (b and c¢) or Modern-Era Retrospective Analysis for Research and Applications (d
and e) reanalysis. Units: mg C m~2 day~'. The correlation coefficients (r) are shown in each plot.

wind speed, surface pressure, downward radiation flux, and soil temperature and wetness. For this study,
we use WFDEI data from 1980 to 2015 at 3-hour interval, which is linearly interpolated to hourly time step.
All the forcing data are interpolated to the 1° X 1° spatial resolution.

The other data set is from Modern-Era Retrospective Analysis for Research and Applications (MERRA),
which is a reanalysis product generated by the National Aeronautics and Space Administration (NASA)
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Global Modeling and Assimilation Office (GMAO) using the Goddard Earth Observing System (GEOS) ver-
sion 5.2.0 (Rienecker et al., 2011; http://gmao.gsfc.nasa.gov/research/MERRA/). Similar to WFDEI, MER-
RA product also provides estimates of land surface fields, including surface meteorological forcing data
(such as precipitation, radiation, air temperature, and humidity) and land surface states and fluxes (such
as soil moisture, snow, and runoff). For this study, we use MERRA data from 1980 to 2015 at hourly time
step and 1° X 1.333° by latitude and longitude. Trends (variability) of major meteorological fields, including
temperature, photosynthetically active radiation (PAR), and soil moisture from both WFDEI and MERRA
are shown in Figure S1 (Figure S2).

2.2. YIBs Vegetation Model

The YIBs model is a process-based vegetation model that can dynamically simulate plant photosynthesis
and isoprene emissions (Yue & Unger, 2015). It considers the biological processes of nine plant functional
types (PFTs) including tundra, C,/C, grass, shrubland, DBF, ENF, EBF and C,/C, cropland. The vegetation
biophysics calculates leaf-level photosynthesis using the well-established Farquhar scheme (Caemmerer
& Farquhar, 1981; Farquhar et al., 1980) and the stomatal conductance model of Ball and Berry (Collatz
et al., 1991). The vegetation biophysics also consider soil water stress following the approach of Porporato
et al. (2001). The two-leaf radiative transfer scheme separates the sunlit and shaded leaves and computes
direct and diffuse PAR for both of them. The unique feature of YIBs is the implementation of two schemes
(PS_BVOC or MEGAN) for isoprene emission (Yue, Unger, & Zheng, 2015). The YIBs is driven with global
meteorological reanalyses (WFDEI or MERRA) and observed CO, concentrations. Simulated carbon fluxes
and leaf area index have been extensively evaluated against both site-level observations (Yue & Unger, 2015)
and satellite retrievals (Yue, Unger, Keenan, et al., 2015).

2.3. Isoprene Emission Schemes
2.3.1. Photosynthesis-Dependent Scheme (PS_BVOC)

The PS_BVOC scheme calculates isoprene emissions as a function of the electron transport-limited photo-
synthesis rate, canopy temperature, and intercellular CO, concentrations (Arneth et al., 2007; Niinemets
et al., 1999; Unger et al., 2013). The leaf-level isoprene emission rate (/,) is calculated as follows (units:
umol m~2 [leaf] s71):

Ip=1J,-Bx, 7€ (1)
where J, is the electron transport limited photosynthesis rate (units: umol m~2 [leaf] s™!), depending on the
incident PAR and the internal leaf CO, concentration (C):

C, -T°

J, = aleaf'PAR'aqe'm (2)

where ay,,; is the leaf-specific light absorbance and ¢, is the intrinsic quantum efficiency for photosynthetic
CO, uptake (Unger et al., 2013). " is the CO, compensation point at which leaf photosynthesis is fully offset
by respiration (Collatz et al., 1991).

The $ term in Equation 1 is a factor converting electron flux to isoprene equivalents:
B C, -1
6(4.670,. +9.33r°) @)

Both the changes of J, and f are dependent on C,, which is regulated by soil moisture. The atmospheric
CO,-inhibition is included via a parameterization (KP)I

C

Kp — l_s(t;]dard ( 4)
where C gngua (50.7 X 370) is the leaf C, at the standard ambient CO, of 370 ppmv for the year 2000
(WilkinS(_)n et al., 2009). Both the short-term and long-term responses of isoprene emissions from intercel-
lular CO, (Equations 2 and 3) to changes in atmospheric CO, concentration (Equation 4) have been con-

sidered respectively (Heald et al., 2009; Wilkinson et al., 2009). For example, the short-term increase of CO,
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can inhibit stomatal conductance, leading to smaller C; and the consequent lower I - On the other hand, the
long-term CO, fertilization promotes C, leading to higher I ,on the long run.

The temperature factor (7) accounts for the difference in the optimal temperature between photosynthesis
and isoprene synthase:

T = exp[O.l(T - Trefﬂ 5)
where T is leaf temperature and 7, is the standard temperature of 30°C.

€ (unitless) is the PFT-specific fraction of electrons available for isoprene synthesis or isoprene emission
potential which is calculated by use of available PFT-specific standard leaf isoprene emission rates from
observations (Unger et al., 2013).

2.3.2. MEGAN Scheme

The MEGAN scheme has been applied widely in the estimates of global isoprene emissions (Guenther
et al., 2006, 2012; Situ et al., 2014). It calculates isoprene emissions based on variations driving the major
processes including a light response based on electron transport (Guenther et al., 1991), a temperature
response due to enzymatic activity (Guenther et al., 1991), and a CO, response caused by changes in me-
tabolism, enzyme and gene expression (Wilkinson et al., 2009). The leaf-level isoprene emission rate (1,,) is
calculated as follows (units: umol Cm~2s~1):

Iy =1Ig-Cpyg-Cr -k, - Cyy, (6)

where [ is the PFT-specific isoprene emission potential (units: umolCm~?s™') similar to € in PS_BVOC.
Cpug is the function of PAR, C; is related to leaf temperature, x,, is determined by atmospheric CO, concen-
tration that accounts for the inhibition effect and C, is an multiplier value between 0 and 1 to account for
soil moisture availability:

aC, ,PAR
Cpag = T .. 5 (7)
1+ a’*(PAR)
Cry (TK - TKS)
R T
Cp = afa (8)
Cra (TK - TM)
l+exp——————+
RTy Ty
s 1.344-(0.7¢,) " ©
K, =1.344 — 9
585414 1 (0.7¢,) "
1 0 > 6,
c 9% 4 <o<o
= < <
sm 9] _OW w 1 (10)
0 0 <0y

Ty is leaf temperature (units: K), T, is the standard leaf temperature of 303 K, C, is environmental CO, con-
centration and R is the ideal gas constant (8.314 J K~! mol™). & (0.0027), C,, (1.066), Cy, (95,000 J mol™),
Cr, (230,000 J mol™) and 7;, (314 K) are empirical coefficients. Parameter C,is calculated based on volu-
metric soil water content § provided by climate models or reanlayses in six soil layers (Equation 10). The
value of C varies from no water stress (=1) to the soil moisture stress onset point (6,) through to the wilting
point (), below which C,; becomes 0 with no isoprene emissions (Porporato et al., 2001). The PS_BVOC
scheme applies the same C parameter to regulate stomatal conductance, and the consequent C, (Unger
et al., 2013; Zheng et al., 2015).
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Table 1
Summary of Simulations Driven With WFDEI and Modern-Era Retrospective Analysis for Research and Applications
(MERRA) Reanalyses

Simulations MET Co, T PAR SOILM
WFDEI_CTRL 1980-2015 1980-2015 1980-2015 1980-2015 1980-2015
WFDEI_MET 1980 1980-2015 1980 1980 1980
WFDEI_CO2 1980-2015 1980 1980-2015 1980-2015 1980-2015
WFDEI_COT 1980-2015 1980 1980 1980-2015 1980-2015
WFDEI_CO2P 1980-2015 1980 1980-2015 1980 1980-2015
WFDEI_CO2S 1980-2015 1980 1980-2015 1980-2015 1980
MERRA_CTRL 1980-2015 1980-2015 1980-2015 1980-2015 1980-2015
MERRA_MET 1980 1980-2015 1980 1980 1980
MERRA_CO2 1980-2015 1980 1980-2015 1980-2015 1980-2015
MERRA_CO2T 1980-2015 1980 1980 1980-2015 1980-2015
MERRA_CO2P 1980-2015 1980 1980-2015 1980 1980-2015
MERRA_CO2S 1980-2015 1980 1980-2015 1980-2015 1980

The leaf-scale isoprene emissions (I) in both schemes are upscaled to the canopy scale isoprene emissions
(E) by integrating over each canopy layer as follows:

E=[MIdL an

Here dL is the leaf area index (LAI) of individual canopy layers. The total LAI is calculated in YIBs model
on a daily basis as follows:

LAI = f x LAI, 12)

where f is the phenological factor, and LAI, is the biomass balanced LAI related to tree height. Dynamic
LAI is simulated during 1980-2015, and has been evaluated with available observations in Yue and Ung-
er (2015) and multi-model inter-comparisons in Friedlingstein et al. (2020). At the leaf scale, the PS_BVOC
scheme includes both CO, fertilization and inhibition effects (Equations 2-4), while MEGAN scheme ap-
plies the inhibition effect alone (Equation 9). At the canopy scale, isoprene emissions are indirectly related
to CO, fertilization effects via changes of LAI for both schemes, though such indirect effects are much
smaller in magnitude compared to the direct CO, fertilization effects (Yue, Unger, & Zheng, 2015).

2.4. Simulations

We focus on the trend and interannual variability of global isoprene emissions from 1980 to 2015. The
trend is calculated as the regression of emission fluxes to the temporal range (1980-2015). The interannual
variability is calculated as the ratio (in percentage) between one standard deviation and long-term annual
mean fluxes. We perform 12 sensitivity simulations to identify driving factors for the trend and interannual
variability (Table 1). These simulations can be separated into two groups, one is driven with WFDEI and the
other is driven with MERRA reanalysis. For each group, a control simulation (CTRL) is performed using
interannually varied meteorology and CO, concentrations ([CO,]) for 1980-2015. The “MET” run is the
same as the control simulation but prescribes all meteorological variables at the year 1980, and the “CO2”
run prescribes [CO,] at the year 1980 with other variables interannually varying. To isolate the impact of
individual meteorological variables, three additional runs are performed with fixed [CO,] at the year 1980
and one meteorological field recycling for 1980, such as temperature (CO2T), PAR (CO2P), or soil moisture
(CO2S), but others vary interannually. For each iteration of each simulation, two isoprene schemes are
called, and the derived emissions are output separately.

The differences between CTRL and CO2 (MET) represent the impacts of CO, (meteorological) changes
to the spatiotemporal variations in isoprene emissions. The differences between CO2 and CO2T isolate
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the effects of temperature changes. Similarly, CO2P and CO2S quantify the impacts of radiation and soil
moisture, respectively. By comparing the results from two groups, we assess the uncertainties in simulated
isoprene emissions caused by meteorological forcings (WFDEI vs. MERRA). By comparing the results from
two schemes, we quantify the uncertainties associated with schemes (PS_BVOC vs. MEGAN). Results from
1982 to 2015 are used for analyses with the first two spin-up years. The resolution of the modeling is 1° x 1°
by latitude and longitude using WFDEI and 1° X 1.333° using MERRA.

3. Results
3.1. Model Evaluation

We first evaluate the simulated isoprene emissions from different schemes driven with different meteorological
forcings (Figure S3). Observations are collected from literature with six main PFTs over the world, mainly dis-
tributed in North America, Amazon, and Europe (Figure 1a). Simulated isoprene emissions are interpolated to
the specific locations where the measurement samples are collected and averaged for the same observing peri-
ods. The correlation coefficients are 0.53-0.54 (p < 0.05) between observations and simulations using the MEG-
AN scheme, higher than the values of 0.43-0.44 (p < 0.05) derived for simulations using the PS_BVOC scheme.
In general, the differences of meteorological forcings cause limited impacts on the modeled spatial pattern.

The relatively lower correlations for PS_BVOC than that for MEGAN are caused by the biases in several sites.
For example, one EBF site (Alta Floresta, Mato Grosso in the southern Amazon) shows observed emissions
of 52.8 mg C m~2 day~!, and the simulation yields a close estimate of 52.2-56.5 mg C m~2 day! using the
MEGAN scheme. However, the predicted value is much lower at 13.3-25.7 mg C m~2 day ! using the PS_
BVOC scheme, leading to lower correlations for this PFT. In addition, simulated average emission is lower by
51.02%-75.5% for grass and crop sites using the PS_BVOC scheme. Although the simulations using MEGAN
scheme also underestimate isoprene emissions for these PFTs, such biases are reduced to 33.98%-70.85%.
Except for these two PFTs, the relative mean biases are —11.53% ~ -9.47% for EBF, —13.78% ~ -9.24% for
DBF, and —9.81% ~ -2.62% for ENF using the PS_BVOC scheme, comparable to (or even better than) the
values of —5% ~ —2.42%, —44.14% ~ -38.68%, and —23.83% ~ -21.05% using the MEGAN scheme, suggesting
that both PS_BVOC and MEGAN schemes depict reasonable spatial pattern of the global isoprene emissions.

In addition to site measurements, Fu et al. (2019) and Wells et al. (2020) have retrieved isoprene abundance
using the satellite-borne Cross-track Infrared Sounder (CrIS). The correlation coefficients are 0.52-0.54
(p < 0.05) between CrIS isoprene and simulations using the MEGAN scheme, higher than the values of
0.51-0.54 (p < 0.05) derived for simulations using the PS_BVOC scheme in April 2013 (Figure S4). The
comparisons show that YIBs can capture the isoprene hotspots and seasonal variability in some regions. For
example, simulated emissions show peaks in April over Central Africa and in July over southeastern United
States, consistent with the Crls retrieval. However, in western Amazon, YIBs predicts the highest isoprene
emissions in October, while CrIs shows maximum values in April. The similar problem has been mentioned
in Wells et al. (2020) when CrIs results were compared with GEOS-Chem. In addition, retrieved isoprene
shows maximum in the northwest of Amazon, while the model prediction shows maximum in the central
region. Such discrepancies may be in part attributed to the differences in isoprene profiles as YIBs simulates
canopy-level isoprene emissions while CrIs retrieves column density.

3.2. Trends of Isoprene Emissions

Simulated trends of isoprene emissions are sensitive to the choice of modeling schemes. Driven with WF-
DEI reanalyses, the PS_BVOC scheme predicts a global increase of 0.56 Tg C a2 during 1982-2015, with the
enhancements of 0.17 Tg C a~2 in southern Africa and 0.08 Tg C a~2 in Amazon (Figure 2a). Soil moisture is
the main driver for the enhancement in southern Africa, while CO, dominates the changes in Amazon (Fig-
ure 2b). In contrast, using MEGAN scheme, the YIBs model simulates a global reduction of 0.06 Tg C a™2
for isoprene emissions (Figure 2c). Strong declines are found in central Africa (—0.02 Tg Ca~2), Amazon
(=0.01 Tg Ca~?) and Indonesia (—0.06 Tg Ca~2). Increasing [CO,| promotes photosynthesis but meanwhile
inhibits BVOC emissions (Unger et al., 2013). These two opposite effects are offsetting each other, leading
to moderate changes of isoprene in tropical rainforest with the PS_BVOC scheme (Figure 2a). However,
the MEGAN scheme does not include the CO, fertilization effects, as a result the CO, enhancement in-
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Figure 2. Trends of (a and c) isoprene emissions and (b and d) their dominant drivers as simulated with (a and b) PS_BVOC and (c and d) Model of
Emissions of Gases and Aerosols from Nature schemes. The simulations are performed with WFDEI reanalyses during 1982-2015. Four factors, including CO,,
temperature, photosynthetically active radiation (PAR), and soil moisture, are considered as the potential drivers of flux trends. The factor contributing the
largest magnitude to the total trend is denoted for a specific grid. Only significant trends (p < 0.05) are presented.

stead reduces isoprene emissions (Equation 9) in central Africa, Amazon and Indonesia (Figure 2d). Except
for these discrepancies, the two schemes predict similar isoprene trends elsewhere, including the negative
changes in western U.S. and eastern China but positive changes in Europe, India, and South Africa.

Driven with MERRA reanalysis, the PS_BVOC scheme predicts a global trend of 0.82 Tg C a~2 for isoprene
emissions (Figure 3a). Large enhancements are found in South America (0.54 Tg C a~2), while strong re-
ductions are predicted in central Africa (—0.32 Tg C a=2). Soil moisture makes the dominant contributions
to the emission decline in central Africa (Figure 3b). In contrast, using MEGAN scheme, the YIBs model
simulates a global reduction of 0.38 Tg C a~2 for isoprene emissions (Figure 3c). Strong decline was found in
South America (—0.83 Tg C a~2), while large enhancement was predicted in central Africa (0.11 Tg C a™2),
opposite to the predictions with the PS_BVOC scheme. Temperature rising contributes most to the emission
enhancement in Europe and Inner Mongolia (Figure 3d).

3.3. Interannual Variability of Isoprene Emissions

Driven with WFDEI reanalyses, PS_BVOC scheme predicts a global interannual variability of 1.4% during
1982-2015 (Figure 4a). High values are found in Australia (18.9%) and South Africa (25.8%), where soil
moisture is the main driver (Figure 4b). As a comparison, using the MEGAN scheme, the YIBs model sim-
ulates a larger global interannual variability of 1.8% for isoprene emissions (Figure 4c). However, the varia-
bilities of 9.8% in Australia and 12.4% in southern Africa are lower compared to that predicted by PS_BVOC.
Meanwhile, larger variability is predicted over vast domains such as Russia (5.8% vs. 2.4%) and Europe (4.8%
vs. 2.8%) in MEGAN than PS_BVOC. For the PS_BVOC scheme, temperature is the main driver at high lat-
itudes (>60°N) while soil moisture makes the dominant contributions at low to middle latitudes (<60°N).
For the MEGAN scheme, temperature is the dominant driver almost globally except for arid and semi-arid
regions in tropics (Figure 4d).
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Figure 3. The same as Figure 2 but for simulations driven with Modern-Era Retrospective Analysis for Research and Applications reanalysis.

Driven with MERRA reanalyses, PS_BVOC scheme predicts a global interannual variability of 2.0% during
1982-2015 (Figure 5a). High values are found in Australia (22.8%) and South Africa (17.4%), where soil
moisture is again the main driver (Figure 5b). Using MEGAN scheme, the YIBs model simulates a global in-
terannual variability of 2.1% for isoprene emissions (Figure 5c). The variability is lower in Australia (16.6%)
and South Africa (5.5%) than that in PS_BVOC. However, variabilities in Russia and Europe are higher with
MEGAN (6.0% and 4.1%) than that with PS_BVOC (3.0% and 3.6%). Similar to the results using WFDEI re-
analyses, the interannual variability of isoprene emissions is more dominated by soil moisture in PS_BVOC
but by temperature in MEGAN schemes.

4. Uncertainty Analyses
4.1. Uncertainties From Emission Schemes

Although both PS_BVOC and MEGAN schemes consider the effects of temperature and radiation, they
apply different formats of physical processes. Regression analyses show that warming in general increases
isoprene emissions with MEGAN scheme (Figure 6d), following the positive dependence of emissions to
temperature as depicted by Equation 8. However, the PS_BVOC scheme shows positive responses at high
latitudes but negative ones at low latitudes (Figure 6a). Such responses are related to the photosynthesis
rate, which has an optimal temperature of 25°C for most of plant species in the model (Collatz et al., 1991).
The warming at tropical regions usually decreases photosynthesis because the ambient temperature is high-
er than 25°C, while the warming at boreal regions promotes photosynthesis due to the low ambient tem-
perature (Piao et al., 2013). The enhanced (reduced) photosynthesis at high (low) latitudes increases (de-
creases) C,, leading to positive (negative) changes in isoprene emissions in response to warming following
Equation 3. On the global scale, isoprene increases by 0.98% for PS_BVOC and 8.95% for MEGAN schemes
in response to 1°C enhancement of surface air temperature.
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Figure 4. Interannual variabilities of (a and c) isoprene emissions and their (b and d) dominant drivers as simulated with (a and b) PS_BVOC and (c and

d) Model of Emissions of Gases and Aerosols from Nature schemes. The simulations are performed with WFDEI reanalysis during 1982-2015. Four factors,
including CO,, temperature, photosynthetically active radiation, and soil moisture, are considered as the potential drivers of interannual variability. The factor
contributing the largest magnitude to the total variability is denoted for each grid. Grids with no color represent no isoprene emissions due to non-veg or non-

land types.

Isoprene emissions show widespread enhancement in response to increased PAR for both PS_BVOC (Fig-
ure 6b) and MEGAN (Figure 6e) schemes. Large increases of 1%-3% are predicted at high latitudes in
Northern Hemisphere (>40°N) for both schemes. The MEGAN scheme predicts low isoprene enhancement
of <1% at low to middle latitudes, where the PS_BVOC yields widespread changes of >1% except for north-
ern Africa and South America. On the global scale, isoprene increases by 0.80% for PS_BVOC and 0.42% for
MEGAN in response to 1 W m~2 enhancement of PAR.

Both schemes consider soil water stress following the approach of Porporato et al. (2001) in the vegetation
biophysics (Equation 10). As a result, the two schemes show similar patterns of isoprene responses (R = 0.9)
to soil moisture (Figures 6¢ and 6f). When soil water is adequate, no water stress is applied for isoprene
emissions. However, if soil water is low, stomatal conductance is reduced and thus inhibits isoprene emis-
sions by limiting C, values for PS_BVOC and Cj,, term for MEGAN schemes. The largest positive changes
over tropical regions (especially in southern Africa, northern India, and Australia) are found, where pho-
tosynthesis is limited by water stress. Soil moisture is increasing in these three areas (Figures S1c and S1f),
leading to increased isoprene emissions over there in the past 3 decades (Figures 2 and 3). Compared to
MEGAN (Figure 6f), predicted soil-moisture-induced isoprene enhancement area is slightly larger for PS_
BVOC scheme (Figure 6¢), likely because soil moisture also promotes local photosynthesis that is, benefit
for isoprene emissions in the latter scheme. On the global scale, isoprene increases by 2.82% for PS_BVOC
and 1.57% for MEGAN in response to 1% increase of soil moisture.

Both schemes consider CO, effects, which dominate the long-term trends of isoprene emissions (Figure 7
and Table S2). The PS_BVOC scheme includes CO, fertilization and inhibition (Equations 2-4), while MEG-
AN scheme applies the inhibition effect alone (Equation 9). As a result, increased CO, promotes isoprene
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Figure 5. The same as Figure 4 but for simulations driven with Modern-Era Retrospective Analysis for Research and Applications reanalysis.

emissions with the PS_BVOC scheme but decreases isoprene with the MEGAN scheme during 1982-2015.
Such differences in CO, effects dominate the scheme uncertainties in the simulated trends of isoprene
emissions (Figures 7a and 7b). In contrast, meteorology plays much more important roles than CO, effects

(a) Responses to temperature (b) Responses to PAR (c) Responses to soil moisture
60°N
00
60°S
60°N
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120°W 60°W  0°  60°E 120°E 120°W 60°W  0°  60°E 120°E 120°W 60°W  0°  60°E 120°E
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Figure 6. Relationship maps of isoprene to (a and d) temperature (% K=!) (b and e) PAR (% W~!) and (c and f) soil moisture (% 0.017!), simulated with (a-c)
PS_BVOC and (d-f) Model of Emissions of Gases and Aerosols from Nature schemes. The simulations are driven with WFDEI reanalysis during 1982-2015.
Relationship maps derived using Modern-Era Retrospective Analysis for Research and Applications reanalysis are shown in Figure S5.
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Figure 7. Attribution of the driving factors for (a and b) trends and (c and d) interannual variability as simulated with (a and c) WFDEI or (b and d) Modern-
Era Retrospective Analysis for Research and Applications reanalysis. Different colors represent varied drivers, including CO,, meteorology, individual
meteorological factors such as temperature, photosynthetically active radiation, soil moisture. The joint effect shown in dark blue bar is derived from the control
run and is not the additive of individual effects. For each panel, isoprene emissions simulated with PS_BVOC and Model of Emissions of Gases and Aerosols
from Nature schemes are compared. The number of each bar is summarized in Table S2.

in the simulated variability of isoprene emissions (Figures 7c and 7d), though individual variables (such as
temperature) may have different magnitude of contributions for the two schemes.

4.2. Uncertainties From Meteorological Forcings

Meteorological fields from WFDEI and MERRA reanalyses show similar trends at middle to high latitudes
but inconsistent changes at low latitudes (e.g., central Africa and Amazon) during 1982-2015 (Figure S1).
Meanwhile, MERRA reanalyses exhibit larger interannual variability, especially over the tropical regions,
than WFDEI data (Figure S2). Such differences in climate forcings lead to discrepancies in both the trends
and variability of simulated isoprene emissions (Figure 7).

With fixed CO, (MET run), simulated isoprene emissions with PS_BVOC scheme yields a negative trend of
—0.1 Tg C/a using WFDEI reanalyses (Figure 7a). Such trend is jointly contributed by a positive change of
0.09 Tg C/a by temperature and negative changes of —0.09 Tg C/a by PAR and —0.13 Tg C/a by soil moisture,
following positive trends in temperature (Figure S1a) but negative trends in PAR (Figure S1b) and soil mois-
ture (Figure S1c). In contrast, the same PS_BVOC scheme yields a positive trend of 0.12 Tg C/a in isoprene
emissions with MERRA reanalyses when CO, is fixed (Figure 7b), mainly because temperature in MERRA
has a large increase in central Africa (Figure S1d) and results in a larger positive global isoprene emission
trend of 0.27 Tg C/a than that in WFDEL With MEGAN scheme and fixed CO,, simulated isoprene shows
positive trends of 0.69 Tg C/a with WFDEI and 0.29 Tg C/a with MERRA reanalyses (Figures 7a and 7b).
The larger trend with WFDEI is likely because regional cooling over South America in MERRA reanalyses
limits the global increasing trend of isoprene emissions.

Variability of isoprene emissions shows similar features between simulations with the two meteorological
forcings, though the magnitude is larger with MERRA (Figure 7d) than that with WFDEI reanalyses (Fig-
ure 7c). Such discrepancy is because meteorological fields have larger interannual variability in MERRA
(Figures S2d-S2f) than that in WFDEI (Figures S2a-S2c) reanalyses. For PS_BVOC scheme, soil moisture
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Figure 8. Dominant driver (meteorology or scheme) of the uncertainties in (a) trends and (b) interannual variabilities at individual grids. Grid percentage of
the main driver is shown in the upper right corner. Grids with no color represent no isoprene emissions due to non-veg or non-land types.

is the main driver with contributions of 1.0% for WFDEI and 1.4% for MERRA reanalyses, followed by
PAR (0.5%-0.7%) and temperature (0.3%-0.5%). These contributions result from the largest variability of
soil moisture (Figures S2c and S2f), followed by PAR (Figures S2b and S2e) and temperature (Figures S2a
and S2d). For MEGAN scheme, temperature makes the dominant contributions to isoprene variability of
1.5% for WFDEI and 2.5% for MERRA, followed by soil moisture (0.9%-1.5%) and PAR (0.2%-0.3%), mainly
because MEGAN scheme is more sensitive to temperature (Figure 6d).

4.3. Comparisons of Uncertainties From Schemes and Meteorology

We compare the contributions of emission schemes and meteorological forcings to the uncertainties of
trends and variability in simulated isoprene emissions. Globally, the average trend of isoprene emissions
between PS_BVOC and MEGAN simulations is 0.25 Tg C m? a~! with WFDEI and 0.22 Tg C m? a™! with
MERRA reanalyses, leading to a meteorology-induced difference of 0.03 Tg C m? a~!. Meanwhile, the av-
erage of WFDEI and MERRA simulations yield isoprene trends of 0.69 Tg C m? a~! for PS_BVOC scheme
and —0.22 Tg C m? a~! for MEGAN scheme, resulting in a scheme-induced difference of 0.91 Tg C m? a™.
As a result, the difference in schemes dominates the uncertainties (0.91 Tg C m?a~! > 0.03 TgC m?a~!)in
the simulations of long-term trend of isoprene emissions. On the other hand, simulations yield interannual
variabilities of 1.59% with WFDEI and 2.06% with MERRA reanalyses in isoprene emissions, leading to
a meteorology-induced difference of 0.43% for variability. As a comparison, simulations using PS_BVOC
scheme and MEGAN scheme show isoprene variability of 1.69% and 1.92%, resulting in a scheme-induced
difference of 0.23%. As a result, the difference in meteorology dominates the uncertainties (0.43% > 0.23%)
in the interannual variability of simulated isoprene emissions.

Regionally, the discrepancies in meteorological forcings dominate the uncertainties in isoprene trend over
51.5% land grids, slightly higher than the ratio of 48.5% caused by schemes (Figure 8a). For interannu-
al variability, the discrepancies in schemes dominate uncertainties in isoprene emissions over 52.3% land
grids, higher than the ratio of 47.7% caused by meteorology (Figure 8b). Such conclusion is different from
the global statistics, which shows that scheme dominates uncertainties in isoprene trend while meteor-
ology dominates uncertainties in isoprene variability (Figure 7). The main cause for such discrepancy is
attributed to the uneven spatial distribution of isoprene emissions. As shown in Figure S3, tropical emis-
sions (20°S-20°N) account for 66.3%-70.0% of the global amount. Although meteorology has a wider spatial
range of influence than schemes on uncertainty in isoprene trend (Figure 8a), the schemes dominate uncer-
tainties of isoprene trends in tropical regions and as a result become the main driver for global total fluxes.
Similarly, meteorological forcings dominate the uncertainties of isoprene variability in tropical hotspots
(Figure 8b), consequently dominate the uncertainties of global isoprene variability.
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5. Conclusions and Discussion

We explored the uncertainties in the trends and interannual variabilities of simulated isoprene emissions
originating from two different schemes (PS_BVOC and MEGAN) versus two different climate forcings
(WFDEI and MERRA). Evaluations show that both PS_BVOC and MEGAN schemes capture reasonable
spatial pattern of the global isoprene emissions. For the long-term trends during 1982-2015, simulations
using PS_BVOC scheme show positive trends while those with MEGAN scheme yield negative trends in
isoprene emissions, mainly because PS_BVOC considers both CO, fertilization and inhibition effects while
the MEGAN scheme implements CO, inhibition effect alone. For the interannual variability, differences in
climate reanalyses are the main driver of uncertainties in isoprene emissions, likely because variability of
meteorological forcing is much larger than that of CO, concentrations.

There are some limitations in our research. First, observations are very limited for validations. Isoprene is
a short-lived (minutes to hours) compound that vary a lot in both space and time (Guenther et al., 2006).
As a result, observations of isoprene from regional to global scales are difficult, limiting the evaluation of
emission parameterizations. In this study, we validated the spatial pattern of simulated isoprene emissions
(Figure 1) but fail to evaluate their temporal variations, which are important for the explorations of long-
term trends and interannual variabilities. Second, the current study compared uncertainties from only two
schemes and two climate reanalyses. There have been several schemes for isoprene emissions applying
different physical dependences to temperature and light (Arneth et al., 2007; Guenther et al., 2012; Unger
et al., 2013). Meanwhile, there are multiple reanalyses data showing varied trends and variabilities (Dee
et al., 2011; Uppala et al., 2005; Weedon et al., 2014). Comparisons among more schemes and meteorologi-
cal forcings can better resolve the uncertainty sources of isoprene emissions. Third, this study does not ex-
clude the impacts of LAI on isoprene emissions. The canopy-level emissions depend on LAI (Equation 11),
which is also affected by climate change. As a result, the uncertainties induced by meteorological forcings
are jointly contributed by uncertainties in leaf-level isoprene emissions and LAI, the latter of which should
be isolated in the future analyses.

Despite these limitations, we identified the main drivers of modeling uncertainties for isoprene emissions.
The effects of CO, dominate the uncertainties in the long-term trend of isoprene. Many experiments have
revealed the strong inhibition effects of CO, on isoprene emissions (Feng et al., 2019; Lantz et al., 2019;
Rosenstiel et al., 2003). However, these studies are usually performed for instant responses at the leaf level
with small spatiotemporal scales. For the long-term and ecosystem-level responses, joint effects of plant
growth and photosynthesis enhancement may promote isoprene emissions (Sun et al., 2013). More obser-
vations lasting seasons to years over different ecosystems are required to reduce modeling uncertainties in
CO, effects on isoprene emissions, which are vital for the future projection of isoprene concentrations and
the consequent air pollution level.

Data Availability Statement

The simulated isoprene emissions from two schemes (MEGAN and PS_BVOC) with two meteorological
forcings (WFDEI and MERRA) can be accessed at https://doi.org/10.5281/zenod0.4781814.
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