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H I G H L I G H T S  

• CMIP6 models predict similar present-day isoprene emissions but varied trends. 
• Isoprene emissions are projected to increase by 21–57% at the end of century. 
• Temperature instead of CO2 dominates the enhancement of isoprene emissions.  
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A B S T R A C T   

Isoprene is a key biogenic volatile organic compound of vital importance for global climate change and air 
quality. Previous studies projecting future changes of isoprene emissions showed a wide range of uncertainties 
due to the discrepancies in emission schemes, climate models, and future scenarios. Here, we use an ensemble of 
models from the Coupled Model Intercomparison Project version 6 (CMIP6) to explore the spatiotemporal var-
iations of global isoprene emissions at present day and their changes by the end of 21st century. At present day, 
most models predict similar emission rates of 400 Tg C yr− 1 but with large differences in the long-term trends. 
For models using the scheme of Model of Emissions of Gases and Aerosols from Nature, isoprene emissions show 
limited changes during historical period but significant enhancements after the year 2000. However, for models 
using another scheme with strong CO2 inhibition effects, isoprene emissions show decreasing trends during 
historical period and moderate increasing trends after the year 2000. By the end of 21st century, the ensemble 
projection shows increases of 21–57% in isoprene emissions with the largest enhancement for the strongest 
warming scenario. Attribution shows that temperature is the dominant driver for the increase of isoprene 
emissions, no matter whether the CO2 inhibition effects are considered or not. The enhanced isoprene emissions 
increase the risks of ozone pollution in a warmer climate.   

1. Introduction 

Biogenic volatile organic compounds (BVOCs) are important for 
global climate change and air quality (Fehsenfeld et al., 1992; Atkinson 
and Arey, 1998; Penuelas and Staudt, 2010; Jiang et al., 2018). Isoprene 
(2-methyl-1,3-butadiene, C5H8) is one of the dominant BVOCs emitted 
from vegetation (Pacifico et al., 2009). Global emissions of biogenic 
isoprene are estimated to be 400–600 Tg C yr− 1 (see Table 1 in Arneth 
et al. (2008)), contributing to approximately half of the total BVOCs 

(about 1000 Tg C yr− 1, (Guenther et al., 2006)). Lifetime of isoprene is 
short from minutes to hours (Guenther et al., 1995) because of its strong 
reactivity in the troposphere. For example, isoprene promotes the for-
mation of tropospheric ozone through photochemical reactions when 
NOx levels are high (Goldstein et al., 2004; Velikova et al., 2005; Fu and 
Liao, 2012; Situ et al., 2013). Reduced isoprene will increase tropo-
spheric OH concentrations, thereby decreasing the atmospheric lifetime 
of methane (Ortega et al., 2007; Arneth et al., 2008; Guenther et al., 
2015). In addition, isoprene oxidation products can enhance the 
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formation of secondary organic aerosols (SOA) by forming condensable 
products which are required for SOA growth (Claeys et al., 2004; Lim 
et al., 2005; Arneth et al., 2008). 

Observations of isoprene emissions are sparce in both space and time 
because of its short lifetime. The limited measurements show the sen-
sitive responses of isoprene emissions to environmental conditions. High 
temperature and radiation increase isoprene emissions (Tingey et al., 
1979; Sharkey et al., 1996; Rinne et al., 2002; Stavrakou et al., 2014; 
Hantson et al., 2017). CO2 promotes plant photosynthesis but suppress 
isoprene emissions (Arneth et al., 2007a; Wilkinson et al., 2009; Young 
et al., 2009; Lathiere et al., 2010; Possell and Hewitt, 2011). Further-
more, environmental conditions like plant water stress, ambient ozone 
and biotic stress also affect isoprene emissions (Sharkey and Loreto, 
1993; Llusia et al., 2002; Penuelas and Staudt, 2010). 

Based on these observed relationships, empirical schemes have been 
developed to estimate the regional and global isoprene emissions since 
the early 1990s (Guenther et al., 1995, 2012; Lamb et al., 1996; Niine-
mets et al., 1999; Arneth et al., 2007b; Grote and Niinemets, 2008; 
Pacifico et al., 2011; Unger et al., 2013; Grote et al., 2014), and have 
been routinely embedded in chemistry and climate models, for example 
WRF-Chem (Grell et al., 2005) and ECHAM6-HAMMOZ (Henrot et al., 
2017). However, simulated isoprene emissions vary from study to study 
(Arneth et al., 2008; Guenther et al., 2012). Such uncertainties are partly 
caused by the differences in schemes and/or meteorological driving 
fields (Levis et al., 2003; Muller et al., 2008; Guenther et al., 2012; Yue 
et al., 2015), and may further cause discrepancies in assessing the 

environmental impacts of isoprene. 
Given the essential roles of isoprene in atmospheric chemistry and 

climate change, many studies have projected the spatiotemporal varia-
tions of isoprene emissions in the future (Table 1). For example, Pacifico 
et al. (2012) simulated global annual isoprene emissions of 579, 460, 
and 456 Tg C yr− 1 respectively at preindustrial, present-day, and by the 
year 2100 under RCP8.5 climate scenarios, with a process-based 
isoprene emission model implemented in the HadGEM2 Earth-system 
model. They reported that increased emissions resulting from climate 
warming could be offset by the CO2 inhibition effect. Hantson et al. 
(2017) performed simulations using the dynamic global vegetation 
model LPJ-GUESS over the period 1901–2100 and found that future 
global isoprene emissions are strongly dependent on the climate and 
land use scenarios. Furthermore, the present-day average emission of 
385 Tg C yr− 1 will increase by 159 Tg C yr− 1 by the year 2100 under the 
RCP4.5 scenario, but instead decrease by 8 Tg C yr− 1 if CO2 inhibition 
effect is considered. 

Previous projections show a wide range of uncertainties in future 
changes of isoprene emissions ranging from − 259 to 1344 Tg C yr− 1 

(Table 1), because of the discrepancies in emission schemes, climate 
models, future scenarios, CO2 effects, and land cover changes consid-
ered. Multi-model ensemble is an effective approach to explore the un-
certainties in climate projections, and has been widely used by the 
Intergovernmental Panel on Climate Change (IPCC) assessment reports 
based on output from the Coupled Model Intercomparison Project 
(CMIP) (IPCC et al., 2007, 2014). The latest phase of CMIP, the version 

Table 1 
Summary of studies projecting future changes in isoprene emissions.  

References Time Isoprene Schemea Climate Model CO2 effect LCC Scenariosb Changes (Tg C yr− 1) 

Sanderson et al. (2003) 2090s G1995 HadCM3 NO NO SRES A2 165 
NO YES 130.6 

Lathiere et al. (2005) 2100 G1995 LMDz NO YES / 136 
Liao et al. (2006) 2100 G1995 GISS GCM II′ NO NO SRES A2 242.5 
Wiedinmyer et al. (2006) 2070–2099 G1995 HADCM2SUL NO YES / 323.8 
Heald et al. (2008) 2100 G2006 CCSM3 NO NO SRES A1B 111 
Heald et al. (2009) 2100 G2006; 

W2009 
CCSM3 YES YES SRES A1B 719 

YES NO − 44 
NO YES 1344 
NO NO 188 

Young et al. (2009) 2090s N1999 HadCM3 YES NO SRES A2 − 55 
NO NO 363 

Ganzeveld et al. (2010) 2050 G1995 ECHAM5 NO YES SRES A2 − 49 
Pacifico et al. (2012) 2100–2109 P2011 HadGEM2 YES YES RCP8.5 − 4 

NO YES 399 
YES YES RCP2.6 1 

Wu et al. (2012) 2050 G2006 GISS GCM3 NO YES SRES A1B − 19 
2100 36 
2050 NO NO 31 
2100 103 

Tai et al. (2013) 2050 G2012 GISS GCM3 YES YES SRES A1B − 15 
YES NO 19 
NO YES 137 
NO NO 183 

Squire et al. (2014) 2095 G2006； 
P2005 

HadGEM3 YES YES SRES B2 − 259 
NO NO 78 

Lin et al. (2016) 2100 G2012 CESM v 1.2.2 YES NO RCP8.5 94 
YES YES 42 

Hantson et al. (2017) 2071–2100 N1999 MPI YES YES RCP4.5 − 8 
NO YES 159 

Szogs et al. (2017) 2091–2100 N1999 IPSL-CM5A-LR YES YES RCP2.6 − 19.2 
Rabin et al. (2020) 2091–2100 G2012 IPSL-CM5A-MR YES YES SSP145 − 44 

SSP360 − 125 
SSP460 − 99 
SSP585 − 118 

Wang et al. (2020) 2050 G2012 CESM v1.2 NO YES RCP4.5 22.6 
RCP8.5 − 32.5  

a Isoprene schemes includes G1995 Guenther et al. (1995), G2006 Guenther et al. (2006), W2009 Wilkinson et al. (2009), N1999 Niinemets et al. (1999), P2011 
Pacifico et al. (2011), G2012 Guenther et al. (2012), and P2005 Possell et al. (2005). 

b Scenarios include SRES from IPCC Assessment Report 4 (AR4), RCP from IPCC AR5, and SSP from IPCC AR6. The higher the numbers, the warmer the scenarios. For 
example, RCP8.5 is warmer than RCP4.5. 
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6, for the first time provides simulations of isoprene emissions from 
multiple chemistry-climate coupled models, facilitating the intercom-
parison of future projections within the same experimental settings. 

In this paper, we explore the spatiotemporal variations of global 
isoprene emissions at present day and project their changes by the end of 
21st century using the ensemble simulations from CMIP6 models. The 
major objectives are to: (1) identify the dominant drivers of the changes 
in future isoprene emissions and (2) quantify the uncertainties of 
emission changes associated with different climate scenarios and emis-
sion schemes. We first evaluate the performance of climate models in 
simulating present-day climatology of isoprene emissions. We then 
compare the future changes of isoprene emissions at 4 Shared Socio-
economic Pathways (SSPs) to assess the uncertainties caused by climate 
scenarios. Finally, we identify the dominant drivers for isoprene changes 
from CO2 effects and varied meteorological factors to explore the un-
certainties induced by isoprene emission schemes. 

2. Methods and data 

2.1. Measurement data 

Measurements of isoprene emissions from literature (Table S1) were 
collected through the Web of Science (https://apps.webofknowledge. 
com) using keywords like isoprene/BVOCs and measurement/observa-
tion/flux to evaluate the performance of CMIP6 models. More than three 
hundred literatures were found, among which 55 papers provided site 
locations, observational periods, and emission fluxes. The units of both 
measurements and simulations are converted to mg C m− 2 day − 1 to 
facilitate the comparisons. We choose the latest observations if one site 
has multiple measurement samples and finally all the measurements 
collected were compiled at 49 sites, including 17 evergreen broadleaf 
forest (EBF), 6 evergreen needleleaf forest (ENF), 20 deciduous broad-
leaf forest (DBF), 1 shrubland (shrub), 4 grassland (grass), and 1 crop-
land (crop). Simulated isoprene emissions are interpolated to the 
specific locations where the measurement samples are collected and 
averaged over the same observing periods for comparisons. 

2.2. Climate models from CMIP6 archive 

We collected data from all the available CMIP6 models providing 
isoprene emissions for both present day and at least one future climate 
scenario. In total, 7 climate models with different isoprene emission 
schemes are selected (Table 2). CESM2-WACCM is a fully coupled Earth 
System Model using the Community Earth System Model version 2 
(Emmons et al., 2020). Biogenic emissions are calculated by the Model 
of Emissions of Gases and Aerosols from Nature (MEGAN) version 2.1 
(Guenther et al., 2012). GFDL-ESM4 is a coupled 
chemistry-carbon-climate Earth System Model developed by 

geophysical fluid dynamics laboratory (Dunne et al., 2020). Emissions of 
BVOCs are calculated online in AM4.1, an atmospheric model, using an 
earlier version of MEGAN (Guenther et al., 2006). GISS-E2-1-G is a 
climate model composed of the ModelE atmospheric model and the 
NASA Goddard Institute for Space Studies (GISS) ocean model 
(NASA/GISS., 2018). Isoprene emissions are calculated online and 
respond to temperature and radiation (Wang et al., 1998; Shindell et al., 
2006). The Meteorological Research Institute Earth System Model 
version 2.0 (MRI-ESM2-0) is developed by the Japan Meteorological 
Agency (Yukimoto et al., 2019). It contains a chemistry module called 
MRI-CCM2, which calculates biogenic emissions using the scheme from 
Guenther et al. (1995).The Norwegian Earth System Model version 2 
(NorESM2) is developed by the Norwegian Climate Center. NorESM2 
has two versions: NorESM2-LM and NorESM2-MM, which are different 
in horizontal resolution and land components. LM has lower resolution 
of 1.9◦ × 2.5◦ than that of 0.9◦ × 1.25◦ in MM (Horowitz et al., 2003). 
Both versions of models calculate BVOCs emissions with MEGAN2.1. 
UKESM1-0-LL is UK’s Earth System Model (Sellar et al., 2019). Emis-
sions of BVOCS are calculates using the interactive biogenic VOC 
(iBVOC) emission model (Pacifico et al., 2011). 

2.3. Future climate scenarios 

Scenario Model Intercomparison Project (ScenarioMIP) is one of the 
primary activities within CMIP6 deriving future climate and chemistry 
projections based on the Shared Socioeconomic Pathways (SSPs). The 
ScenarioMIP contains 4 main sets of future experiments including 
SSP126, SSP245, SSP370 and SSP585, which are differentiated by the 
magnitude of radiative forcing: SSP126 is the lowest warming scenario 
with radiative forcing of 2.6 W m− 2 by the year 2100. SSP245 is a me-
dium warming scenario with radiative forcing of 4.5 W m− 2 by the year 
2100. SSP370 is also a medium warming scenario but with higher 
radiative forcing of 7.0 W m− 2 at the end of century. SSP585 is the 
highest warming scenario with radiative forcing of 8.5 W m− 2 at 2100. 
These future scenarios are in general consistent with the Representative 
Concentration Pathways (RCP) applied by the CMIP5 but with some 
changes in the emission pathways of greenhouse gases. 

All 7 models provide simulated isoprene emissions at present day and 
the future scenario of SSP370 (Table 2). Among them, 5 models perform 
future projections under additional scenarios including SSP126, SSP245, 
and SSP585. To identify the drivers of isoprene changes, we use auxil-
iary data including surface air temperature and surface downward ra-
diation. Only three climate models (CESM2-WACCM, GFDL-ESM4 and 
MRI-ESM2-0) provide reasonable CO2 concentrations that are consis-
tent with the benchmark from IIASA (https://tntcat.iiasa.ac.at/SspDb). 
All simulation data are archived separately for historical period 
(1850–2014) and future scenarios (2015–2100) on the server of the 
Earth System Grid Federation (ESGF, https://esgf-index1.ceda.ac.uk 
/search/cmip6-ceda/). We interpolate spatial resolutions of different 
models into the same 1◦ × 1◦ to facilitate the aggregations and 
comparisons. 

2.4. Isoprene emission schemes 

Almost all emission schemes of isoprene can be summarized as fol-
lows: 

Ei = fT ⋅fR⋅κCO2 ⋅fothers (1) 

Here, Ei is the isoprene emission rate affected by many environ-
mental factors including temperature (fT), solar radiation (fR), CO2 (κCO2 ) 
and others (fothers). Although the format of these components varies 
among different schemes (Table 3), the positive effects of temperature 
and radiation on emissions remain the same. Four models (CESM2- 
WACCM, NorESM2-LM, NorESM2-MM and UKESM1-0-LL) consider the 
impacts of CO2 on isoprene emissions, while the rest three models 
(GFDL-ESM4, GISS-E2-1-G and MRI-ESM2-0) do not. For CO2 effects, 

Table 2 
Summary of CMIP6 models used in this study.  

Models Country Resolutiona Scheme Scenarios 

CESM2- 
WACCM 

USA 0.9◦ × 1.25◦ G2012b Historical,SSP370 

GFDL-ESM4 USA 1◦ × 1.25◦ G2006c Historical,SSP126,SSP245, 
SSP370,SSP585 

GISS-E2-1-G USA 2◦ × 2.5◦ G1995d Historical,SSP126,SSP245, 
SSP370,SSP585 

MRI-ESM2-0 Japan 2.8◦ × 2.8◦ G1995 Historical,SSP126,SSP245, 
SSP370,SSP585 

NorESM2- 
LM 

Norway 1.9◦ × 2.5◦ G2012 Historical,SSP126,SSP245, 
SSP370,SSP585 

NorESM2- 
MM 

Norway 0.9◦ × 1.25◦ G2012 Historical,SSP126,SSP245, 
SSP370,SSP585 

UKESM1-0- 
LL 

UK 1.25◦ ×

1.88◦

P2011e Historical,SSP370  

a Latitude by Longitude. 
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CESM2-WACCM, NorESM2-LM, and NorESM2-MM apply the inhibition 
parameterization proposed by Heald et al. (2009), while UKESM1-0-LL 
applies the parameterization of Niinemets et al. (1999). 

2.5. Analyses 

To estimate the changes in future isoprene emissions, we calculate 
the differences of projected emissions between the end of century 
(2080–2100) under four SSP scenarios and present day (1990–2010) 
using data from 5 climate models (GFDL-ESM4, GISS-E2-1-G, MRI- 
ESM2-0, NorESM2-LM, NorESM2-MM). To identify the main drivers of 
the projected changes in isoprene emissions, we select the data from all 7 
models for both historical and SSP370 scenario. We apply the multiple 
linear regressions between isoprene emissions (Ei) and temperature (T), 
solar radiation (R), and CO2 concentrations ([CO2]) during 1980–2100 
for the four models including CO2 effects: 

Ei = κCO2⋅(a ⋅ T + b ⋅ R+ c) (2) 

Here, kCO2 is the CO2 scheme applied for different models (Table 3). 
We isolate CO2 effect using kCO2 instead of a predictor in linear regres-
sion, because CO2 can increase temperature and as a result has large 
collinearity with predictor T. For other three models without CO2 ef-
fects, we derive the regressions based on T and R as follows: 

Ei = a⋅T + b⋅R + c (3) 

We derive regression functions grid by grid and as a result the co-
efficients a, b, c are spatial matrixes. Similar methods have been used to 
identify the contributions of meteorological variables to perturbations in 

air pollution (Tai et al., 2012; Li et al., 2020), carbon fluxes (Piao et al., 
2013), and ecosystem productivity (Cheng et al., 2015; Hemes et al., 
2020). We then perform sensitivity experiments by allowing each time a 
single factor (T, R, or [CO2]) to interannually vary and other factors are 
fixed at the year 1980. By comparing the projected future changes in 
predictand by 2080–2100, we derive the contributions of individual 
factors to the changes of global isoprene emissions. We apply the same 
procedure for each climate model independently so that the regression 
coefficient matrixes are different. We compare and synthesize the 
derived ΔEi from different climate models. 

3. Results 

3.1. Present-day isoprene emissions 

We first evaluate the performance of CMIP6 models in simulating 
present-day isoprene emissions. The spatial correlation coefficients (R) 
between models and observations range from 0.18 to 0.45 for different 
models (Fig. 1a). Such low R indicates that current state-of-the-art 
models have difficulties in depicting the global distribution of 
isoprene emissions. Three models, CESM2-WACCM, NorESM2-LM, and 
NorESM2-MM, which calculate isoprene with MRGAN2.1, show similar 
R of 0.22–0.23 and high normalized standard deviations (standard de-
viation of the model divided by that of the observations) of 1.20–1.24 
against observations. In contrast, the other models show relatively low 
normalized standard deviations (0.51–0.71), indicating smaller spatial 
variability than observations. The multi-model ensemble yields a low R 
of 0.32 with observations (Fig. 1b), suggesting that the ensemble 

Table 3 
The format of different components in isoprene emission schemesa.  

Scheme fT  fR  κCO2  f others  

G1995 
exp

cT1(Tl − TS)

RTSTl

1 + exp
cT2(Tl − TM)

RTSTl  

α1cLQ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + α12Q2

√
/ /    

G2006 
Eopt ⋅

CT2⋅exp(CT1x)
CT2 − CT1(1 − exp(CT2x))

Cp⋅
α⋅PPFD

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + α2PPFD2

√
/ fA⋅fSM      

P2011 min(eaT(Ta − Tst );2.3) AJ + RD

(AJ)st + RDst  

Cist
Ci  

/ 

G2012 (1 − LDF)γT LIF + LDF⋅γT LDF  (1 − LDF)+ LDF⋅γP LDF  
ISmax −

ISmax⋅(Ci)
h

(C*)h
+ (Ci)

h  

fA⋅fSM        

a The descriptions of symbols and parameters are shown in Appendix A. 

Fig. 1. Evaluations of isoprene simulations from CMIP6 models. Literature-based measurements are compared with (a) seven individual models and (b) multi-model 
ensemble during 1985–2014. Observational records (units: mg C m− 2 day− 1) are shown for different plant functional types, including evergreen broadleaf forest 
(EBF), evergreen needleleaf forest (ENF), deciduous broadleaf forest (DBF), shrubland, grassland, and cropland. The correlation coefficient (r) is shown in the top 
right corner. 
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approach cannot improve the internal biases of single models. In gen-
eral, simulated emissions are overestimated for EBF (by 45%) but 
underestimated for grassland (by 41.19%), ENF (by 43.99%), and DBF 
(by 51.89%). For example, the multi-model ensemble yields a prediction 
of 5.59 mg C m− 2 day− 1 for DBF emissions at Montmeyan in France 
([43.6◦N, 6.1◦E]); such magnitude is only 10% of the observed 57 mg C 
m− 2 day− 1. Such poor result is mainly caused by biases in mechanisms, 
uncertainties in meteorological forcings, and limitations in observations 
for model calibrations. 

In addition to the biases in spatial distribution of isoprene emissions, 
simulated temporal variations also vary among models (Fig. S1a). Pre-
vious studies suggest a range of 400–600 Tg C yr− 1 for present-day 
isoprene emissions (see Table 1 in Arneth et al. (2008)). Although the 
long-term mean values fall within such range (411–473 Tg C yr− 1) for all 
models, their trends vary a lot from 0.0 for MRI-ESM2-0 to 1.8 Tg C yr− 2 

for NorESM2-MM during 1980–2014. Such discrepancies are likely 
caused by the varied responses to temperature, radiation, and CO2 for 
different emission schemes (Table 2). The simulated trends are similar 
for the models using the same schemes. For example, predicted trends 
are around 1.5 Tg C yr− 2 for CESM2-WACCM, NorESM2-LM, 
NorESM2-MM which all use the G2012 scheme (Table 2). 

3.2. Long-term variations of isoprene emissions 

Global isoprene emissions show significant changes during 
1850–2100 (Fig. 2a). For the historical period, the ensemble mean 
emission experiences small fluctuations from 402 to 463 Tg C yr− 1 with 
small inter-model variability of 8–41 Tg C yr− 1 during 1850–1980. After 
the year 1980, global emissions show an increasing trend of 0.49 Tg C 
yr− 1 to the year 2014. The future projection continues to increase under 
four SSPs but with different rates. The largest growth rate is predicted 
under the SSP585 scenario, followed by the SSP370 and SSP245 sce-
narios. The modest rate is predicted for SSP126, which shows decreasing 
trend during 2050–2100. The increasing trends are similar (1.98–2.72 
Tg C yr− 1) for the four SSPs during 2015–2050. 

The changes of isoprene emissions mainly follow that of meteoro-
logical variables. Temperature shows a moderate trend of 0.001 ◦C yr− 1 

(p < 0.01) during 1850–1980 and a larger trend of 0.024 ◦C yr− 1 (p <
0.01) during 1980–2014 (Fig. 2b). After the year 2014, the warming 

intensifies for all SSP scenarios with the largest rate for SSP585 
(0.048 ◦C yr− 1) and the lowest for SSP126 (0.006 ◦C yr− 1), the latter of 
which peaks around the year 2050. Such temperature trends are corre-
spondent to the changes of CO2 concentrations (Fig. 2d). The ensemble 
shortwave radiation shows a decreasing trend of 0.024 W m− 2 yr− 1 (p <
0.01) from 1850 to 2014, because the enhanced anthropogenic aerosol 
loading dampens surface insolation (Wild, 2009; Kambezidis et al., 
2012). Such dimming effect continues to intensify all through the 21st 
century in both SSP370 and SSP585 scenarios, but is largely alleviated in 
SSP126 (Fig. 2c). 

We further examine the inter-model variability of the simulated 
isoprene emissions (Fig. 3). The model MRI-ESM2-0 shows no trends 
during 1850–2100, though this model exhibits the highest spatial R 
against observations at present day (Fig. 1a). As a result, we exclude this 
model in the following analyses. The model UKESM1-0-LL predicts a 
decreasing trend of 0.92 Tg C yr− 2 (p < 0.01) during 1850–1980 
(Fig. 3a), because of the combined effects of moderate dimming (Fig. 3c) 
and strong CO2 inhibition (Fig. 3d). The same model projects an 
increasing trend of 0.62 Tg C yr− 2 (p < 0.01) from 1980 to 2100, because 
the strong warming (Fig. 3b) overweighs the CO2 inhibition effect. For 
the rest models, similar temporal variations are predicted with almost 
constant emissions during 1850–1980 and a significant enhancement 
thereafter (Fig. 3a). It worth noting that present-day estimates from all 7 
models are quite similar (Fig. S1a), leading to large discrepancies in 
preindustrial and future periods among them. 

3.3. Future changes in isoprene emissions 

The multi-model ensemble predicts a global average emission of 
448.2 Tg C yr− 1 during 1990–2010 (Fig. 4a). Over 66.38% of isoprene 
emissions are located at the tropical regions (15◦S-15◦N), with hot spots 
over tropical rainforest. Such spatial pattern remains identical for more 
than one century, as the differences between preindustrial and present 
day are lower than 9.03% regionally and 4.25% globally (Fig. 4b). By 
end of this century, isoprene emissions increase largely especially in the 
tropical regions for the large emission base (Fig. 4c–f). Isoprene emis-
sions in the tropical region increase by 20.51–61.61%, and the rest re-
gions increase by 22.57–48.39%. The largest global enhancement is 
predicted under the SSP585 (256.2 Tg C yr− 1) scenario, followed by the 

Fig. 2. Multi-model ensemble mean (a) global total isoprene emissions, (b) temperature, (c) shortwave radiation, and (d) CO2 concentrations over the period 
1850–2100. The shading shows one standard deviation of the inter-model variability. Results of (a–c) are derived using data from four models (GFDL-ESM4, GISS-E2- 
1-G, NorESM2-LM and NorESM2-MM). Results of (d) CO2 concentrations are from three models (CESM2-WACCM, GFDL-ESM4 and MRI-ESM2-0). Green asterisks in 
(d) are offline CO2 concentrations for ScenarioMIP SSP370 experiment (https://tntcat.iiasa.ac.at/SspDb). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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SSP370 (183.4 Tg C yr− 1), SSP245 (140.6 Tg C yr− 1) and SSP126 (95.0 
Tg C yr− 1) scenarios. 

Projection of future isoprene change varies among models (Fig. 5). 
Under SSP370 scenario, CESM2-WACCMA predicts the largest incre-
ment of 427.68 Tg C yr− 1, which is more than twice as much as the 
ensemble mean of 203.78 Tg C yr− 1. In contrast, UKESM1-0-LL predicts 
the least increasement (61.27 Tg C yr− 1), only one third of the ensemble 
average. The difference is only 3.78% for the future isoprene changes 
between NorESM2-LM and NorESM2-MM, which employ the same 
physical scheme but with different resolutions. 

3.4. Attribution of isoprene changes 

Changes of isoprene emissions are jointly determined by the per-
turbations in temperature, radiation, and CO2 concentrations. Regres-
sion analyses reproduce the projected changes in isoprene emissions, 
and decompose the contributions from individual factors under the 
SSP370 scenario (Fig. 5). 

Radiation makes limited contributions to the changes of isoprene 
emissions, though global average radiation exhibits significant re-
ductions during 1850–2100 (Fig. 3c). The spatial analyses also reveal 
that radiation-induced isoprene changes are trivial (Fig. S2) because 
radiation change is limited to the populated regions at middle latitudes 
(Fig. S4) while most of isoprene emissions are confined in the tropics 
(Fig. 4a). 

Changes of CO2 reduce isoprene emissions in four models that 
consider CO2 effects. The three models, CESM2-WACCMA, NorESM2- 
LM, and NorESM2-MM, apply the same emission scheme of G2012, and 
as a result show similar negative contributions by CO2. Predicted kCO2 
reduces faster for P2011 than G2012 (Fig. 3d), leading to almost 
doubled CO2 inhibition in UKESM1-0-LL relative to the above three 
models. 

Temperature makes positive and dominant contributions in all 6 
models. The largest contribution (808.50 Tg C yr− 1) by temperature is 
predicted for CESM2-WACCMA, which applies the same emission 
scheme of G2012 as NorESM2-LM, and NorESM2-MM. For 2015–2100, 
the CESM2-WACCMA projects a warming rate of 0.051 ◦C yr− 1, higher 
than that of 0.033 ◦C yr− 1 by NorESM2-LM and 0.037 ◦C yr− 1 by 
NorESM2-MM (Fig. 3b). The warming alone also largely increases 
isoprene emissions by 761.65 Tg C yr− 1 in UKESM1-0-LL. However, such 

increment is weakened 36.23% by the negative effects of CO2, leading to 
the lowest enhancement of isoprene emissions among the 6 models. For 
GFDL-ESM4 and GISS-E2-1-G which do not include CO2 effects, the total 
emission increment is almost 100% attributed to the warming effect 
except for some minor offsets by radiation changes. 

4. Conclusions and discussion 

We applied multi-model output from the CMIP6 archive to project 
future changes in global isoprene emissions by the end of 21st century. 
Simulated long-term mean emissions are about 400 Tg C yr− 1 at present 
day for most models, while the trends vary a lot among models (Fig. S1). 
For models using the MEGAN scheme, isoprene emissions show limited 
changes during historical period but significant enhancements after the 
year 2000 (Fig. 3). However, for models using the P2011 scheme, 
isoprene emissions show decreasing trends during historical period with 
moderate increasing trends after the year 2000. A dominant fraction of 
isoprene changes is located at the tropical region, where there is large 
forest coverage (Fig. 4). The projection shows some differences among 
future scenarios, with the largest growth rate under the SSP585 scenario 
and the lowest under the SSP126 scenario, the latter of which exhibits a 
downward trend during 2050–2100. Attribution analyses show that 
temperature is the dominant factor contributing to the changes of 
isoprene emissions, no matter whether the CO2 inhibition effects are 
considered or not (Fig. 5). 

Previous studies show a wide range of changes from − 259 to 1344 
Tg C yr− 1 in the projection of future isoprene emissions (Table 1). Such 
uncertainty can be related to the differences in external forcings such as 
time periods, future scenarios, and climate models. First, the emissions 
in later periods are likely higher. Relative to the year 2050, isoprene 
emissions are projected to be higher by 55–72 Tg C yr− 1 by the year 
2100 (Wu et al., 2012). With CMIP6 data, we projected that isoprene 
emissions are higher by 72–165 Tg C yr− 1 at the end of century than 
2050 for different scenarios (SSP245, SSP370, SSP585). Such enhance-
ment is likely associated with the warmer climate by 2100. Second, the 
projection is dependent on the climate scenarios. For studies using the 
G2012 scheme, isoprene emissions in the high-warming scenario (e.g., 
RCP8.5 or SSP585) are lower by 55–74 Tg C yr− 1 than that in the 
moderate-warming scenario (e.g., RCP4.5 or SSP145) (Rabin et al., 
2020; Wang et al., 2020). However, for CMIP6 projections using the 

Fig. 3. Simulated temporal variations of global (a) total isoprene emissions, (b) mean temperature, (c) mean radiation, and (d) CO2 inhibition factor (κCO2 ) over the 
period 1850–2100 under SSP370 scenario. CO2 inhibition factors are calculated with two different κCO2 (P2011 and G2012 in Table 1) using CO2 concentrations from 
the same scenario. 
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same isoprene schemes, the emissions are higher by 82–148 Tg C yr− 1 in 
SSP585 than that in SSP245 (Fig. 2a). The cause for such discrepancy 
remains unclear but is likely related to the different settings of CO2 ef-
fects and land cover changes among studies. Third, future projections of 
isoprene are dependent on climate models. For example, with the same 
G1995 emission scheme and SRES A2 climate scenario, projected 
isoprene increment is higher by 88 Tg C yr− 1 using GISS GCM (Liao 
et al., 2006) than that using HadCM3 (Sanderson et al., 2003). For 
CMIP6 models, the projected isoprene enhancement under the SSP370 
scenario is almost doubled in CESM2-WACCM compared to 
NorESM2-LM, both of which employ the same G2012 scheme (Fig. 5). 

Compared to the external forcings, differences of internal configu-
rations such as physical parameterizations, CO2 effects, and land cover 
change (LCC) may cause larger uncertainties for the future projections of 
isoprene emissions. For example, within the same modeling framework 
(climate model of GISS GCM3, time period of 2050, future scenario of 
SRES A1B), projections are higher by 150 Tg C yr− 1 using G2012 (Tai 
et al., 2013) than that using G2006 (Wu et al., 2012) if the same CO2 
effects and LUC are applied. Such discrepancy is mainly caused by the 

varied temperature- and radiation-dependence of isoprene emissions. As 
a comparison, inclusion of CO2 inhibition effects can lead to a reduction 
of 152–625 Tg C yr− 1 relative to those without CO2 effects (Heald et al., 
2009; Young et al., 2009; Tai et al., 2013; Hantson et al., 2017). For 
CMIP6, models considering CO2 effects project lower emissions of 
137–276 Tg C yr− 1 than those without CO2 inhibition. Similarly, in-
clusion of future LCC projects lower isoprene emissions by 34–67 Tg C 
yr− 1 than those using prescribed land cover (Sanderson et al., 2003; Wu 
et al., 2012; Tai et al., 2013; Lin et al., 2016). However, Heald et al. 
(2009) predicted higher emissions by 763–1156 Tg C yr− 1 with LCC, 
because the global vegetation model they used projected doubled or 
even tripled forest coverage and leaf area index (LAI) due to CO2 
fertilization effects. Such enhancements in LAI are likely overestimated 
as the CMIP6 models projected 15–65% increases of LAI by 2100 than 
present day under the SSP370 scenario (not shown). As a result, inclu-
sion CO2 effects or not is the largest source of uncertainties for the future 
projection of isoprene emissions. 

There are some limitations in this study. First, we used literature- 
based observations to validate CMIP6 models but found low 

Fig. 4. Multi-model ensemble mean isoprene fluxes (g C m− 2 a− 1) at (a) present day (PD, 1990–2010) and their changes at (b) pre-industry (PI, 1850–1870) and (c–f) 
four shared socioeconomic pathways (SSP126, SSP245, SSP370, SSP585, 2080–2100). Results are derived using data from four available models (GFDL-ESM4, GISS- 
E2-1-G, NorESM2-LM and NorESM2-MM). Global total isoprene emissions at present day and their changes at different periods are shown in the upper right corner of 
each plot. 
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correlations for all models. Such poor performance is partly attributed to 
the limited observational samples available for model evaluations. More 
observations are required for better understanding of the spatiotemporal 
representativeness of isoprene schemes. Second, the regression method 
considers linear relationships between isoprene emissions and envi-
ronmental factors, while in reality such relationships are usually 
nonlinear. In a sensitivity test, we included the interactive term between 
temperature and radiation into the regression equations (2) and (3) but 
found limited changes in the driver attributions (Fig. S5). Third, we 
ignored the influences of LCC in the regression as it remains unclear 
whether climate models consider LCC and how it is implemented. 
Finally, the number of available models is still small, which may intro-
duce large uncertainties to the ensemble projections. More models with 
isoprene emissions are expected for the future projections. 

Despite these limitations, our ensemble projection shows 21–57% 
increases of isoprene emissions by the end of 21st century relative to 
present day. The enhancement is larger under the warmer scenarios. 
Since isoprene is an important precursor for surface ozone, which is also 
sensitive to the changes of temperature, the future threat of ozone 
pollution likely increases if the anthropogenic emissions are not regu-
lated. Furthermore, isoprene also contributes to the formation of sec-
ondary organic aerosol, which is an important component of surface 
particulate matters. Our projections suggest that more stringent controls 
of anthropogenic emissions are required to offset the possible increases 

of surface ozone and particulate matters due to enhanced isoprene 
emissions in a warmer climate. 
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Appendix A. Descriptions of parameters used in isoprene algorithms  

Name Description 

Tl  leaf temperature (K) 
cT1  empirical coefficient (95000 J mol− 1) 
cT2  empirical coefficient (230000 J mol− 1) 
TS  leaf temperature at a standard condition (e.g., 303 K) 
TM  empirical coefficient (314 K) 
R  Constant (8.314 J K− 1 mol− 1) 
LAI  leaf area index 
Eopt  empirical coefficients associated with past temperature calculated by Guenther et al. (2006) 
CT1  empirical coefficient (95) 
CT2  empirical coefficient (230) 
x  Function of leaf temperature 
aT  empirical factor (0.1K) 
Ta  air temperature 
LDF  a light dependent fraction 
γT LDF  The light-dependent fraction response is calculated following the isoprene-response described by Guenther et al. (2006) 

(continued on next page) 

Fig. 5. Changes and attribution of global isoprene 
emissions at 2080–2100 under SSP370 scenario 
relative to present day (1990–2010) for six CMIP6 
models. The emission changes from CMIP6 model 
projection (blue), linear regressions (red), and 
contributions by individual factors including CO2 
(yellow), temperature (purple), and radiation 
(green) are compared for each model. The errorbar 
indicates one standard deviation of year-to-year 
variations. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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(continued ) 

Name Description 

γP LDF  The light-dependent activity factor described for isoprene by Guenther et al. (2006) 
γT LIF  The response of the light-independent fraction follows the monoterpene exponential temperature response function of Guenther et al. (2006) 
α1  empirical coefficient (0.0027) 
cL1  empirical coefficient (1.066) 
Q  flux of PAR (μmol m− 2s− 1)  
Cp  empirical coefficients associated with past PPFD 
α  empirical coefficients associated with past PPFD  

leaf level photosynthetic photon flux density (μmol m− 2s− 1)  
AJ  leaf level net photosynthesis when RuBP is limiting 
RD  Leaf level dark respiration 
Ci  Leaf internal CO2 concentration, which is estimated as 70% of the ambient CO2 concentration 
ISmax  empirically coefficient (1.344) 
C*   empirically coefficient (585) 
h  empirically coefficient (1.4614) 
fA  The leaf age emission activity factor 
fSM  The soil moisture emission activity factor 
“st” 

subscript  
Variables measured under standard conditions (i.e temperature of 30◦∁, photosynthetically active radiation of 1000 μmol m− 2s− 1 and atmospheric CO2 concentration 
of 370 ppm)   

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.atmosenv.2021.118766. 
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