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Abstract Measurement-model comparisons for various atmospheric species have been widely used
for evaluating the reliability of model simulations, yet such comparisons are quite limited for atmospheric
isoprene due to the lack of systematic observations over a large scale. Here, we collected ambient air
samples concurrently at 20 sites in China during 2012-2014 and compared the observed isoprene mixing
ratios with those simulated by coupling MEGAN v2.1 with the 3-D Regional chEmical trAnsport Model.
The observed average isoprene concentration for all 1,731 samples is 0.35 + 0.03 ppbv, 13% higher

than the model simulated average of 0.31 + 0.02 ppbv; while during the growing season, the simulated
average (0.53 + 0.05 ppbv) is almost the same as the observed average (0.52 + 0.04 ppbv). The observed
isoprene average level in the north (0.35 ppbv) is similar to that in the south (0.37 ppbv). However, the
model simulated average in the south (0.53 ppbv) is ~4 times that in the north (0.14 ppbv). The model
overestimated the observations at most southern sites but underestimated at most northern sites in the
growing season, which might be resulted from inadequate characterization of isoprene-emitting land
vegetation with fast afforestation in the north and rapid urbanization in the south. Compared to the model
simulation, the observations revealed abnormally high isoprene levels in winter at some northern sites,
largely due to nonbiogenic emissions, as evidenced by the enhancements of measured combustion tracers
concurrent with the abnormally elevated isoprene levels.

Plain Language Summary Isoprene alone accounts for approximately one-third of global
emission of volatile organic compounds from both nature and human activities, yet in many parts of the
world biogenic isoprene emission estimates have large uncertainties (reported isoprene emission estimates
span 4-29 TgC y~! in China), and narrowing these uncertainties is a challenging task. Here we collected
ambient air samples concurrently at 20 sites over China during 2012-2014, and made measurement-
model comparison to check the emission estimates for isoprene, and found that although overall observed
and predicted average isoprene levels matched well particularly during growing seasons, there exists a
south-north discrepancy that model simulated averages in the south were much higher than the north
while their observed averages were quite near each other. Modeled values overestimated at most southern
sites but underestimated at most northern sites, probably the fast afforestation in the north and rapid
urbanization in the southeast were inadequately characterized in the model. Abnormally higher isoprene
levels were observed in winter at some northern sites probably due to contribution from nonbiogenic
sources. Our results highlight that high-resolution PFT/LAI, field campaigns with higher spatial and
temporal resolutions, as well as biomass burning activity data, are necessary for better observation-model
comparison.
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1. Introduction

Isoprene (2-methyl-1,3-butadiene, CsHy), the biogenic volatile organic compounds (BVOCs) with the high-
est global emission, represents approximately one third of the global total VOCs emissions and ~50% of
the total BVOCs emissions (Guenther et al., 2006, 2012). Since isoprene is a highly reactive species with an
atmospheric lifetime typically less than 1 h (Atkinson & Arey, 1998; Seinfeld & Pandis, 1998), its huge global
emission from biogenic sources represents an essential part of land-atmospheric exchange processes, and
has profound impacts on atmospheric chemistry and the nature of the atmosphere, such as forming ozone
in the presence of nitrogen oxides (NOx) under sunlight (Paulot et al., 2012; Pierce et al., 1998; von Kuhl-
mann et al., 2004), producing secondary organic aerosols (SOA) (Claeys et al., 2004; Ng et al., 2008; Paulot
et al., 2009; Surratt et al., 2010; Ying et al., 2015), and modulating atmospheric oxidation capacity (Butler
et al., 2008; Lelieveld et al., 2008; Y. H. Wang et al., 1998). With its great impacts on and complex feedbacks
from changes in air quality and climate, isoprene emissions with spatiotemporal resolutions have long been
a fundamentally important task for studying regional and global atmospheric processes.

Isoprene emissions algorithms are formulated based on the understanding of leaf- or branch-scale isoprene
emissions from various plant types under the influence of environmental factors, such as leaf temperature,
photosynthetically active radiation (PAR), humidity, and carbon dioxide (CO,) concentration (Fehsenfeld
et al., 1992; Guenther et al., 1991, 1993). The Model of Emissions of Gases and Aerosols from Nature (MEG-
AN) is a modeling system for estimating BVOCs emissions from terrestrial ecosystems into the atmosphere
(A. Guenther et al., 1995, 2012). The MEGAN model has been widely used to estimate fluxes of BVOCs in
terrestrial ecosystems (Kota et al., 2015; P. Wang et al., 2017a), and has also been coupled with land surface
and atmospheric chemistry models (Fu & Liao, 2012, 2014; Situ et al., 2014; Tai et al., 2013). Nevertheless,
similar to emission inventories for other species, regional or global isoprene emission inventories may be
uncertain. Narrowing the uncertainty of emission estimates of BVOCs is highly challenging, and validating
the BVOCs emission estimates is a prerequisite for their application and upgrading.

Comparison between simulated and observed ambient concentrations is an approach widely used to vali-
date emission inventories, although this kind of comparison may be biased because model simulated results
represent averages over grids and observed results are concentrations merely at a specific sampling site
within a grid. For isoprene, such comparison is much more difficult due largely to its high reactivity and
the lack of observation data. In the eastern United States (US), where a large amount of isoprene emis-
sion occurs, Warneke et al. (2010) found that, compared with measured values, the Community Multiscale
Air Quality (CMAQ) embedded with MEGAN with different schemes yielded significantly overestimated
isoprene concentrations. Additionally, another study also revealed that MEGAN results tended to overes-
timate the measured ambient isoprene concentrations (Carlton & Baker, 2011). This is consistent with the
over-simulated isoprene concentrations by the MEGAN-CMAQ model in urban areas in southeastern Texas
(Kota et al., 2015). A recent study also showed that in the contiguous US, the improved MEGAN model
combined with CMAQ can effectively simulate the isoprene concentrations at nonurban sites but not at the
urban sites (P. Wang et al., 2017a). Some studies have suggested that anthropogenic sources might contrib-
ute to ambient isoprene and lead to the bias between simulated and observed results (Borbon et al., 2001;
Park et al., 2011; Song et al., 2008). Kota et al. (2015) and Wang et al. (2017a) demonstrated that the gridded
emission factors (EFs), leaf area index (LAI), and PAR values might be the key factors inducing the signif-
icant biases between model results and observations. Climatic extremes, such as heatwaves and droughts,
may also greatly impact isoprene emissions. A very recent campaign in Wytham Woods in southern Eng-
land throughout the summer of 2018, which featured a prolonged heatwave and drought, revealed that
the model underestimated observations by ~40% during the heatwave-drought period, and incorporating
stress-induced emissions based on leaf temperature and soil water content into current emissions algo-
rithms would lead to significant improvements in model output (Otu-Larbi et al., 2019).

Outside the US and Europe, this kind of comparison between simulated and measured isoprene mixing
ratios is very rare, yet the uncertainty in isoprene emission can be even larger in many other regions of
the world. Estimates of isoprene emissions in China, for example, span a wide range of 4-29 TgC yr™" in
previous studies (Chi & Xie, 2011; Fu & Liao, 2012; A. Guenther et al., 1995; Klinger et al., 2002; L. Y. Li &
Xie, 2014; Li et al., 2013, 2020; Tie et al., 2006; Yin et al., 2020). It is under question whether lacking local
EFs is an important reason for this large uncertainty, since field campaigns on emission flux measurements
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Figure 1. Sampling sites in China, including 11 urban sites (red solid circles): Taiyuan (TY), Hefei (HF), Shanghai (SHA), Changsha (CS), Guangzhou (GZ),
Kunming (KM), Chongging (CQ), Chengdu (Chengdu), Xi'an (XAN), Dunhuang (DH) and Urumchi (URM), and nine regional background sites (blue solid
triangles): Hailun (HL), Tongyu (TYU), Shenyang (SHY), Yucheng (YC), Jiaozhou Bay (JZB), Taihu (TH), Dinghu Mountain (DHM), Qinghai Lake (QHL), and

Lhasa (LS).

to develop isoprene EFs have mainly been carried out in the developed countries, as summarized in Lathiere
et al. (2010), and very limited isoprene emission flux measurements have been conducted in China (Bai et
al., 2003, 2006, 2015, 2016, 2017; Geron et al., 2006; X. M. Wang et al., 2011). On the other hand, regional
surface ozone pollution is a challenging air quality issue in both developed and developing countries (Fujita
et al., 2013; Langford et al., 2010; T. Wang et al., 2017b), and isoprene emissions are greatest during the
warmer growing season, during which ozone pollution is most probably occurring (T. Wang et al., 2017b).
Therefore, for isoprene, which is a very active and effective ozone precursor, the accuracy of its emission
estimates is vital in formulating solid ozone control strategies (Chameides et al., 1988; Hewitt et al., 2011;
Pierce et al., 1998; Starn et al., 1998).

Considering the tremendously large ranges in isoprene emission estimates and the lack of large-scale long-
term observation data for isoprene in China, in the present study, we conducted 2-year concurrent air sam-
pling at 20 sites for ambient isoprene measurement. These observed isoprene mixing ratios were compared
with those from model simulation. The study aims to not only provide the spatial and seasonal changes
of isoprene in ambient air at representative sites across China, but also evaluate the consistency between
model results and observation levels for assessing isoprene emission estimates.

2. Experimental Methodology
2.1. Field Sampling

During the Campaign on Atmospheric Aerosol Research Network of China (CARE-China) (Xin et al., 2015),
ambient air samples were collected for the analysis of SOA precursors, including aromatic hydrocarbons
(Zhang et al., 2015, 2016a) and BVOCs, at 20 sampling sites, including 9 regional background sites and 11
urban sites across China (Figure 1 and Table 1). Detailed descriptions of each sampling site are provided
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Table 1

Description of Sampling Sites

Number Sampling sites Abbr. Type Longitude Latitude Category Location

1 Hailun HL Regional background 126.63°E  47.43°N  NECP  Hailun, Heilongjiang
Province

2 Tongyu TYU Regional background 122.87°E  44.42°N NECP  Baicheng city, Jilin
Province

3 Shenyang SHY Regional background 123.40°E  41.5°N NECP  Capital city of
Liaoning Province

4 Yucheng YC Regional background 116.60°E  36.95°N NCP Yucheng, Shandong
Province

5 Jiaozhou Bay JZB Regional background 119.93°E  35.72°N NCP Qingdao, Shandong
Province

6 Taihu TH Regional background 120.22°E  31.40°N EC Wuxi, Jiangsu
Province

7 Lhasa LS Regional background 91.33°E  29.67°N TP Capital city of Tibet
Autonomous
Region

8 Qinghai Lake QHL Regional background 101.32°E  37.62°N NWC  Qinghai Province

9 Dinghu Mountain DHM Regional background 112.53°E  23.17°N SC Zhaoqing, Guangdong
Province

10 Taiyuan TY Urban 112.55°E  37.87°N NCP Capital city of Shanxi
Province

11 Dunhuang DH Urban 94.67°E 40.15°N  NWC  Dunhuang, Gansu
Province

12 Hefei HF Urban 117.27°E  31.86°N EC Capital city of Anhui
Province

13 Changsha CS Urban 113.06°E  28.21°N SC Capital city of Hunan
Province

14 Chongqing CcQ Urban 106.54°E  29.59°N SWC Chongqing,
municipality
directly under the
central government

15 Kunming KM Urban 102.73°E ~ 25.04°N SwC Capital city of Yunnan
Province

16 Urumchi URM Urban 87.68°E  43.77°N NWC  Capital city of the
Xinjiang Uygur
Autonomous
Region

17 Xi'an XAN  Urban 108.95°E  34.27°N NCP Capital city of Shaanxi
Province

18 Guangzhou GZ Urban 113.23°E  23.16°N SC Capital city
Guangdong
Province

19 Shanghai SHA  Urban 121.48°E  31.22°N EC Shanghai, municipality
directly under the
central government

20 Chengdu CD Urban 104.06°E  30.67°N SwWC Capital city of Sichuan
Province

in supporting information section 1.1. The nine regional background sites, including Hailun (HL), Tongyu
(TYU) and Shenyang (SHY) in the Northeast China Plain (NECP); Yucheng (YC) and Jiaozhou Bay (JZB)
in the North China Plain (NCP); Tianhu (TH) in eastern China (EC); Lhasa (LS) in the Tibetan Plateau
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(TP); Qinghai Lake (QHL) in northwest China (NWC); and Dinghu Mountain (DHM) in south China (SC),
are all ecosystem research stations established in the Chinese Ecosystem Research Networks (http://www.
cern.ac.cn/Oindex/index.asp/). These stations are all located in rural/forest/remote areas with few human
activities in their neighboring areas. The 11 urban sites (except Dunhuang) are all located in China's pro-
vincial capital cities/municipalities directly under the Central Government including Guangzhou (GZ) and
Changsha (CS) in SC; Kunming (KM), Chengdu (CD), and Chongging (CQ) in southwest China (SWC);
Shanghai (SHA) and Hefei (HF) in EC; Taiyuan (TY) and Xi'an (XAN) in NCP; Urumchi (URM) and Dun-
huang (DH) in NWC.

Ambient air samples were collected concurrently at the 20 sampling sites at approximately 14:00 Bei-
jing time (6:00 UTC) every Wednesday from March 2012 to April 2014. Ambient air was compressed into
cleaned and evacuated 1 L Silonite-treated stainless canisters (Entech Instruments Inc.,) to ~30 psi over
approximately 60 min using highly purified oil-free pumps. A total of 1731 samples were collected at the 20
sampling sites. The samples were all directly transported back to the laboratory at Guangzhou Institute of
Geochemistry to measure VOCs, including isoprene. A detailed description of the field works can be found
elsewhere (Xin et al., 2015; Z. Zhang et al., 2015, 2016b).

2.2. Laboratory Analysis

The air samples were analyzed with a Model 7100 Preconcentrator (Entech Instruments Inc.,) coupled
with an Agilent 5973N gas chromatography-mass selective detector/flame ionization detector/electron cap-
ture detector (GC-MSD/FID/ECD, Agilent Technologies). The detailed cryogenic concentration steps are
described elsewhere (Y. L. Zhang et al., 2012, 2013). Briefly, 500 mL air samples were drawn through a
liquid-nitrogen cryogenic trap (1/8 inch x 20 cm) with glass beads (60/80 mesh) at —160°C. After trapping,
this primary trap was heated to 10°C, and all target compounds were transferred by pure helium to the
secondary trap (1/8 inch X 20 cm) at —50°C with Tenax-TA (60/80 mesh) as an adsorbent. The redundant
H,0 and CO, were mostly removed through this micro-Purge-and-Trap step. The secondary trap was then
heated, and the VOCs were transferred by helium to a third cryo-focus trap (1/32 inch x 5 cm) at —170°C.
After the focusing step, the trap was rapidly heated, and the VOCs were transferred to the GC-MSD/FID/
ECD system. The mixture was first separated by a DB-1 capillary column (60 m X 0.32 mm X 1.0 um, Agi-
lent Technologies), with helium as the carrier gas at a constant rate of 4.0 ml/min, and then split into three
ways controlled by a splitter to a 0.35 m X 0.10 mm interior diameter (I.D.) stainless steel line output to
the MSD, to a 0.35 m X 0.10 mm I.D. stainless steel line output to the ECD, and to an HP PLOT-Q column
(30 m x 0.32 mm X 20.0 um, Agilent Technologies) output to the FID. The GC oven temperature was pro-
grammed to be initially at 10°C, which was held for 3 min, then increased to 120°C at 5°C/min, and then
to 250°C at 10°C/min with a final hold time of 20 min. The MSD was operated in selected ion monitoring
(SIM) mode, and the ionization method was electron impacting.

2.3. Quality Control and Quality Assurance

Before sampling, all canisters were cleaned at least five times by repeated filling and evacuating of humid-
ified zero air. To check if there was any contamination in the canisters, all vacuumed canisters, after the
cleaning procedure, were re-filled with humidified zero air and stored in the laboratory for at least 24 h,
and then analyzed by the same methods as the field samples, thus, ensuring that none of the target VOC
compounds were present.

Target compounds were identified based on their retention times and mass spectra and were quantified by
external calibration methods. The calibration standards were prepared by dynamically diluting the PAMS
standard mixture and TO-14 standard mixture (100 ppbv, Spectra Gases Inc.,) to 0.5, 1, 5, 15, and 30 ppbv,
respectively. The calibration curves were obtained by running the five diluted standards, plus the humidi-
fied zero air, the same manner as the field samples. Each day, before sample analysis, the analytical system
was checked initially with humidified zero air to ensure that it was clean, and then with a one-point (typi-
cally 1 ppbv) calibration. If the response was beyond +10% of the initial calibration curve, recalibration was
performed.
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2.4. Model Simulation of Isoprene Mixing Ratios (MEGAN and 3D-REAM Model)

The isoprene mixing ratios were simulated by coupling MEGAN v2.1 (A. B. Guenther et al., 2012) and
the 3-D REAM (R. X. Zhang et al., 2017), which has been used in previous studies for transport processes,
emission estimates and air quality studies. The MEGAN model uses satellite-retrieved LAI and plant func-
tional type (PFT) data from the Moderate Resolution Imaging Spectroradiometer (MODIS) and the Ad-
vanced Very High Resolution Radiometer, prepared for year 2003 (http://www?2.acom.ucar.edu/wrf-chem/
wrf-chem-tools-community, last accessed at November 25, 2019) and 2000 (A. Guenther et al., 2006), re-
spectively. We use 1 km resolution MODIS data of the study years to compute the base isoprene emissions
(at standard light and temperature conditions) in each model grid cell. The EFs for specific PFTs are from
Guenther et al. (2012) using MEGANZ2.1 algorithms in Community Land Model (CLM4) for year 2000. The
PFT types used for the 20 sampling sites were shown in Table S2. MEGAN-REAM simulated isoprene emis-
sions in China for June-July-August in 2013 are shown in Figure S1 as an example. Anthropogenic emis-
sions from the Multiresolution Emission Inventory for China (MEICv1.2, M. Li et al., 2017) for year 2012
were used in all model simulations. The speciated nonmethane VOC emissions for SAPRC-99 and CB05
mechanisms were developed by Tsinghua University following a profile-assignment approach. Monthly
gridded emissions at a spatial resolution of 0.25 X 0.25° are available and can be accessed from http://
www.meicmodel.org/ (M. Li et al., 2017). MEIC estimates anthropogenic isoprene emissions from industry,
transportation, and residential sources. However, they are of high uncertainty and more importantly, they
are 2-3 orders of magnitude lower than natural emissions estimated by MEGAN. Therefore, the inclusion
of the negligible anthropogenic isoprene sources in MEIC would have little influence on our conclusions,
and we only include natural isoprene emissions in our simulations.

Detailed information about REAM can be found elsewhere (Choi et al., 2008a, 2008b; J. Li et al., 2019; Y.
Zhang et al., 2016a; R. X. Zhang et al., 2017, 2018; Zhao et al., 2010) and the references therein. Briefly,
REAM has a horizontal resolution of 36 x 36 km with 30 vertical layers in the troposphere and five vertical
levels in the stratosphere covering China and its adjacent regions. The model meteorological fields are hour-
ly averages of the 5-min outputs from the Weather Research and Forecasting (WRF) model assimilation
constrained by National Centers for Environmental Prediction Climate Forecast System Reanalysis (NCEP
CFSR; Saha et al., 2010) 6-hourly products, which have a horizontal resolution of T382 (~38 km). The REAM
isoprene-related chemical mechanism expands the GEOS-Chem standard chemical mechanism (V9-02) to
include a detailed description of aromatic chemistry (Bey et al., 2001; Liu et al., 2010, 2012a, 2012b; R. X.
Zhang et al., 2017).

2.5. Model Sensitivity Tests

The REAM model was once applied to simulate aircraft observations over the Washington-Baltimore area
during the field campaign of Deriving Information on Surface Conditions from Column and Vertically Re-
solved Observations Relevant to Air Quality (DISCOVER-AQ). In summer 2011, high concentrations of
isoprene, 2-3 ppbv in the lower boundary layer, were observed in this field campaign. In total, >250 ver-
tical profiles of aircraft measurements were previously simulated by the REAM model, and the simulated
isoprene (as well as ozone and NOx) concentrations were in good agreement with the observations (Cheng
etal., 2017; Y. Zhang et al., 2016a; Figure S2). To provide a rough estimate of the model performance against
the observations, we provide comparisons between model simulations in this research and satellite NO,
observations in China in the supplement (supporting information section 1.2). We do not find observation
evidence or have plausible reasons to suspect that the model simulations have a north-to-south bias.

Furthermore, we performed sensitivity tests of simulated isoprene in response to the changes of NO,
emissions and planetary boundary layer height (PBLH) during June-July-August of 2013. We increased
the PBLH by one vertical layer at the top of the PBL in the model, corresponding to an increase of the
PBLH by 15%-30%. The simulated isoprene concentrations with increasing PBLH were about 5% lower
than the standard simulations (Figure S3). The relatively low sensitivity of simulated isoprene to the PBLH
increase manifested the short lifetime of atmospheric isoprene because of its high reactivity (Y. Zhang &
Wang, 2016). We also decreased NO, emissions by 20% in another sensitivity study and found that the sur-
face isoprene change was generally within +10% (Figure S3). The relative changes of OH concentrations
and isoprene concentrations varied across sites with the uniform 20% decrease of the NO, emissions due

ZHANG ET AL.

6of 17


http://www2.acom.ucar.edu/wrf-chem/wrf-chem-tools-community
http://www2.acom.ucar.edu/wrf-chem/wrf-chem-tools-community
http://www.meicmodel.org/
http://www.meicmodel.org/

Ay

NI Journal of Geophysical Research: Atmospheres 10.1029/2020JD033523
10 . : 10
1 N\IM (25%-75%) X M (25%-75% }
84 RX]0 (25%~75%)| N (a) L |:|0((25%-75%; i N (b) 8
- 5%~95% ! AN r 5%~95% . S -1
Median line i Median line !
| : 420
> 201 : |
QO | '
o | i
£ ! : 415
g "% T |
S : | 11.0
(@) ! !
£ 1.01 | |
X | 1
= ! ! —40.5
0.5+ | 1
_— : ¥ H0.0
Y | =N |
004 S Sy :
T - T T : T 0.5
M 0 M o
All months Growing season

Figure 2. Comparison of isoprene mixing ratios between model simulation and ambient observation at 20 sites for 2
years: (a) all month averages and (b) growing-season (May-October) averages.

in part to chemical nonlinearity (Z. Liu et al., 2012a). These sensitivity simulations implied that moderate
changes of PBL and NO, emissions could not explain the large north-south discrepancies between simu-
lated and observed isoprene concentrations found in this study. Therefore, the uncertainty in the isoprene
emissions may contribute the most to the uncertainties in the isoprene simulation (L. Li et al., 2020; Yin
et al., 2020).

3. Results and Discussion
3.1. Overview of Observed and Simulated Average Isoprene Mixing Ratios

A comparison of ambient isoprene mixing ratios between our measurements and the measurements made
in other studies in China is presented in SI. Based on our 2-year concurrent observations at 20 stations
across China, the average mixing ratio of isoprene was 0.35 + 0.03 ppbv (average +95% confidence interval,
C.1.) (Figure 2a). The lowest annual average, 0.07 + 0.03 ppbv, was observed at the regional background site
LS in the TP, while the highest annual average, 0.72 + 0.31 ppbv, was observed at the urban site XAN in
the NCP region. The Qinling Mountains-Huaihe River Line is widely used as the geographical south-north
dividing line in China due to differences in climate, plant types, agricultural activities, etc. (Wei et al., 2014).
The 20 sites can be categorized into the north and the south groups: the north group includes the 10 sites
in the NECP, NCP, and NWC regions, and the south group includes 9 sites in the EC, SC, and SWC regions.
LS is included in neither group due to its unique location in the TP. To our surprise, there is no signifi-
cant difference in average mixing ratios between the north group (0.35 + 0.05 ppbv) and the south group
(0.37 + 0.05 ppbv). The average mixing ratio of isoprene simulated by the MEGAN-REAM model during
the same time intervals as field sampling at the 20 sites was 0.31 + 0.02 ppbv (Figure 2a), which is approx-
imately 11% lower than that of 0.35 + 0.03 ppbv from the observations. Unlike the observation results with
the similar north-south average mixing ratios, the simulated average for the south (0.53 + 0.05 ppbv) was
~4 times of that for the north (0.14 + 0.02 ppbv).

As isoprene emissions display distinct seasonal variations (A. B. Guenther et al., 1993; Situ et al., 2013)
with levels that are typically much higher during the growing season (May-October), the mixing ratios of
isoprene based on model simulation and field observations during the growing season were further com-
pared. As shown in Figure 2b, the simulated average mixing ratio of isoprene is 0.51 + 0.04 ppbv during
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Figure 3. Observed versus simulated isoprene mixing ratios for (a) all month and (b) growing season (May-October).

the growing season, which is very similar to the observed average of 0.53 + 0.05 ppbv. The observed and
simulated average mixing ratios of isoprene during the growing season were 1.5 and 1.7 times of these for
all months, respectively. Similar with the annual average, no significant difference was found between the
south group (0.58 + 0.08 ppbv) and the north group (0.53 + 0.08 ppbv) for the observed average isoprene
levels during growing season. In contrast, the average levels of isoprene in south group (0.86 + 0.07 ppbv)
were ~3.4 times of that in north group (0.25 + 0.03 ppbv) from the model simulation results. If the 20 sites
were further categorized into urban and regional background ones (Table 1), the measurement-model com-
parisons revealed fairly good model performances: during the growing seasons, modeled average isoprene
mixing ratio for the urban group (0.62 ppb) was only ~5% less than that observed (0.65 ppb), while modeled
average isoprene mixing ratio for the regional background group (0.42 ppb) was exactly matched that ob-
served (0.42 ppb); even for the whole year, the measurement-model differences in average isoprene mixing
ratios were all within 10% either for the urban group or for the regional background group.

The scatter plots of the observed and simulated isoprene mixing ratios (Figure 3) imply that the simulated
values match the observed values much better during the growing season than during the other months.
Furthermore, Figure 3a demonstrates that for quite a lot of samples, the differences between the observed
and simulated isoprene mixing ratios were more than one order of magnitude; that is, the dots plotted be-
yond the 10:1 or 1:10 lines in the scatter plot. Even in the growing season, ~8% of the samples did not fall
between the 10:1 and 1:10 lines, with simulated/observed differences exceeding one order of magnitude
(Figure 3b).

3.2. Simulated and Observed Isoprene Mixing Ratios During the Growing Season in Different
Regions

As plant types in China vary largely both from north to south and from east to west (J. Y. Fang et al., 2002;
and the references therein), the observed and simulated results in different regions were investigated during
the growing season when biogenic isoprene emissions mostly occur. According to the major PFTs in China
shown in Fu and Liao (2012), the 20 sampling locations can be grouped into 7 regions, namely NECP, NCP,
NWC, EC, SC, SWC, and TP. Figure 4 shows the means and medians of the observed and simulated isoprene
levels in the seven regions during the growing season.

The highest observed and simulated mixing ratios of isoprene both occurred in the SC region, with the
average of simulated levels (1.41 + 0.15 ppbv) being ~1.8 times of the measured results (0.77 + 0.16 ppbv).
Similar over-prediction also occurred in the EC region, with simulated levels of 0.57 + 0.08 ppbv, which is
also ~1.8 times the observed value of 0.31 + 0.05 ppbv. The over-prediction of isoprene mixing ratios at SHA
and TH, two sites located in the Yangtze River Delta (YRD), is consistent with a very recent study carried
out in the YRD, which showed that PFT type based on MODIS may overestimate isoprene emission by 66%
(Y. Wang et al., 2020). Furthermore, Wang et al. (2020) also illustrated that PFT had a greater impact on the
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Figure 4. Comparison of isoprene mixing ratios between model simulation and ambient observation in different
regions during growing season (May-October).

amount and spatial distribution of the isoprene emission than emission factor through the tests of three
land cover datasets across the YRD region. In contrast, the simulated levels in the NCP (0.26 + 0.14 ppbv)
and NWC (0.33 + 0.01 ppbv) regions were 64% and 52% lower, respectively, than the observed values. The
simulated results in the NECP and SWC regions, however, seemed to be highly consistent: the isoprene
levels observed in the NECP, SWC, and TP regions were 0.23 + 0.06 ppbv, 0.63 + 0.16 ppbv, and 0.10 + 0.02
ppbv, while their simulated counterparts were 0.20 + 0.05 ppbv, 0.59 + 0.08 ppbv, and 0.13 + 0.02 ppbv,
respectively.

This region-specific model performance can also be seen in the scatter plots between the observed and
simulated values (Figures 5 and S4). Relatively good agreements between simulated and observed isoprene
levels were found in the SWC and TP regions, with 92% and 86% of the results lying between the 1:4 and 4:1
lines, and moderate agreements were found in the NWC regions, with 75% of the results lying between the
1:4 and 4:1 lines. In other regions, only 65%-69% of the results fell between the 1:4 and 4:1 lines. The rooted
mean squared error (RMSE) is a frequently used measure of the differences between predicted and observed
values and gives relatively high weight to large errors. The lowest RMSE (0.12) between the observed and
predicted isoprene values was found in the TP region, while the highest RSME (1.2) was found in the SC
region.

3.3. Site-specific Differences Between Observed and Simulated Levels

Figure 6 shows the spatial variations in the simulated and observed average levels of isoprene at the 20
sites during the growing season (Table 2). The best measurement-model consistency occurred at CQ, with
a difference between the simulated value (0.95 + 0.15 ppbv) and the observed value (0.91 + 0.21 ppbv) of
less than 5%. Fairly good measurement-model consistency also occurred at HF and KM with differences of
less than 30%. The simulated results showed underestimation for most of the sites located in the north but
overestimation for most of the sites in the south.

The largest underestimates occurred at QHL in the NWC region, with simulated values (0.06 + 0.03 ppbv)
88% lower than the observation values (0.51 + 0.25 ppbv), and at YC in the NCP region, with simulated val-
ues (0.12 + 0.02 ppbv) 84% lower than the observations (0.75 + 0.29 ppbv) on average. The mean isoprene
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Figure 5. Observed versus simulated isoprene mixing ratios during growing season in different regions.

mixing ratio in the growing season at DH from the model simulation (0.41 ppbv) was significantly lower
than that from the observations (0.88 ppbv). In fact, many studies demonstrated that human land cover
change has dominated BVOC emission variability over the past years on a global scale (Arneth et al., 2011;
Hantson et al., 2017; Henrot et al., 2017; Lathiere et al., 2010; Unger, 2013, 2014). The localized emission
factors and different PFT distributions are the most important factors influence the isoprene emission on
regional scales (L. Li et al., 2020; X. M. Wang et al., 2011, 2018a, 2020). A recent study showed that the
global leaf area increased by 2.3% per decade from 2000 to 2017, in which China alone accounts for 25% of
the global net increase in leaf area mainly due to forest conservation and tree planting particularly in north
China (C. Chen et al., 2019). The fractions of land covered by forests exhibited increases in northeastern
China by 5%-15% from the late 1980s to the mid-2000s (Fu & Liao, 2014). The 5%-10% increments of iso-
prene emissions were also found in Northeast China and India because of afforestation efforts by the study
of Chen et al. (2018). In the Loess Plateau in northwest China, the area of forest increased 48,786 km? from
2001 to 2016, with the percentage of forested areas changing from 8.19% to 15.82% (Y. Wang et al., 2018b). A
recent study revealed increased emissions of isoprene from 2008 to 2018 in most north regions of China but
reduced emissions in most south regions of China (L. Li et al., 2020), largely due to the changes of broadleaf
trees with higher isoprene emission potentials. Thus, a growth of afforestation or a rapid increase in vege-
tated areas in the north regions might be a reason for the underestimation.
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Figure 6. Spatial variations of average mixing ratios of isoprene at the 20 sites during growing season (May-October).

The largest over-prediction occurred at SHA, TH, and CS, where the simulated values of 1.00 + 0.25,
0.60 + 0.11, and 1.09 + 0.16 ppbv were all over two times higher than the observed values of 0.38 + 0.64,
0.23 + 0.06, and 0.43 + 0.09 ppbv, respectively. These sites are located in some of China's megacities, and
part of the over-predictions at these sites might also be related to rapid urbanization rates in the regions. In
recent decades, the scale of urbanization in China has been unprecedented in human history. The degree of
urbanization in China grew from 46.99% in 2008 to 59.58% in 2018, with an average annual increase rate of
more than 1% (Zhou et al., 2020). The total urban area in the mid-2000s was four times that in the late 1980s
(Fu & Liao, 2014). Moreover, China's urbanization rates are much faster in the southeast than in the north-
west. As an example, In Guangdong Province in south China, the urbanized area was 17.4% in 1980, but it
increased to 68.7% in 2015, this urbanization rate is much faster than most of the regions in north China
(Yan et al., 2020). Wang et al. (2011) showed large difference of isoprene emissions estimation between the
application of local-surveyed PFTs and MODIS PFTs in 2006. Therefore, if the land-use change is not duly
updated in the regions with rapid urbanization rates, land cover by vegetation would be overestimated, the
emissions and mixing ratios of BVOCs might therefore also be overestimated.

From the detailed measurement-model comparisons during the growing season at each site (Figure S4), the
better consistency occurred at the CQ, KM, and HF sites, with over 90% of the results lying between the 1:4
and 4:1 lines and having relatively low RMSE values (<0.62). Good model performance was also found at
the CD, LS, DH, URM, and XAN sites, with more than 80% of the results lying between the 1:4 and 4:1 lines
and having RMSE values with a range of 0.12-1.67. Relatively worse performance was found at QHL in the
NWTC region, with only 40% of the results lying between the 1:4 and 4:1 lines.

3.4. Differences in Monthly Variations Between Observed and Simulated Levels

As mentioned before, this kind of measurement-model comparison may be biased because the model
simulated results represent averages in grids, while the observed results represent the concentrations at a
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Table 2

Isoprene Mixing Ratios (ppbv) During the 2-years Campaign and in Growing Season at the 20 Sampling Sites

Two years Growing season
Observation Prediction Observation Prediction

Sampling 95%

sites Mean CI. Mean 95% C.I. Mean 95% C.I. Mean 95% C.I.
HL 0.11 0.03 0.04 0.01 0.14 0.05 0.07 0.02
TYU 0.25 0.07 0.04 0.01 0.26 0.11 0.07 0.02
SHY 0.23 0.07 0.24 0.06 0.27 0.11 0.43 0.10
YC 0.51 0.20 0.07 0.01 0.75 0.29 0.12 0.02
JZB 0.15 0.04 0.06 0.02 0.23 0.06 0.11 0.03
TH 0.15 0.04 0.35 0.07 0.23 0.07 0.60 0.11
LS 0.07 0.02 0.07 0.02 0.10 0.02 0.13 0.02
QHL 0.36 0.15 0.05 0.02 0.51 0.25 0.06 0.03
DHM 0.64 0.20 1.17 0.18 1.12 0.34 1.80 0.25
TY 0.62 0.21 0.27 0.07 1.10 0.33 0.51 0.10
DH 0.52 0.16 0.23 0.06 0.88 0.23 0.41 0.09
HF 0.22 0.04 0.16 0.04 0.36 0.07 0.30 0.06
CS 0.28 0.06 0.69 0.12 0.43 0.09 1.09 0.16
CcQ 0.53 0.13 0.57 0.11 0.91 0.21 0.95 0.15
KM 0.22 0.04 0.27 0.04 0.27 0.05 0.35 0.04
URM 0.20 0.05 0.16 0.06 0.27 0.08 0.37 0.10
XAN 0.72 0.31 0.19 0.06 1.05 0.50 0.39 0.10
GZ 0.58 0.21 0.62 0.17 0.79 0.27 1.17 0.22
SHA 0.29 0.11 0.51 0.17 0.38 0.17 1.00 0.25
CD 0.52 0.35 0.22 0.06 0.81 0.64 0.35 0.09

Abbreviations: CD, Chengdu; CS, Changsha; CQ, Chongqing; DHM, Dinghu Mountain; DH, Dunhuang; GZ, Guangzhou; HL, Hailun; HF, Hefei; JZB, Jiaozhou
Bay; KM, Kunming; LS, Lhasa; QHL, Qinghai Lake; SHA, Shanghai; SHY, Shenyang; TH, Taihu; TYU, Tongyu; URM, Urumchi; XAN, Xi'an; YC, Yucheng.

specific sampling site within a grid. Furthermore, the deviation of simulated results might also come from
inaccurate local isoprene emissions and/or simulated meteorology. The WRF simulation at 36 km resolu-
tion might be insufficient to capture air mass transport. However, the major factors influencing isoprene
emissions, such as sunlight and temperature, can be reasonably considered as the same within a grid cell,
and they regulate isoprene emissions from different plant types in a similar manner. Therefore, even if the
model results may fail to match the observed results due to the choice of sampling site within a grid cell,
the model should still reproduce the change in biogenic isoprene concentrations as a function of vegetation
growth, light, and temperature.

Due to the dependence of isoprene emissions on solar radiation and temperature, the maximum emissions
from plants and ambient concentrations of isoprene normally occurred in summer, and the minimum emis-
sions occurred in winter (Fu & Liao, 2012; A. Guenther et al., 1995). The observed and simulated monthly
variations in isoprene at 20 sites are presented in Figure 7 and Figures S5-S9. Based on the model simu-
lation, the highest levels of isoprene reasonably occurred in summer and the lowest in winter for all sites,
with Gaussian distribution-like shapes from January to December. The highest observed mixing ratios of
isoprene also occurred in the growing season at all the sites except KM, but the observed values showed
larger monthly fluctuations than the simulated results. At the KM site, the highest monthly average oc-
curred in April, with the relatively high mixing ratios of isoprene observed in the third (1.10 ppbv) and the
4th week (1.31 ppbv) of April in 2014. The monthly variations in the observed and simulated isoprene levels
showed similar trends at YC, TY, XAN, QHL, DH, and CD sites, but the simulated monthly average mixing
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Figure 7. Comparison of monthly variations of isoprene mixing ratios between model simulation and ambient observation at the 20 sites.

ratios were all lower than the observed values. In contrast, the simulated monthly average mixing ratios of
isoprene during the growing season were much higher than the observed values at SHA, TH, CS, GZ, DHM,
and CQ sites, which caused the simulated 2-year average levels of isoprene at these sites to be larger than
the observed values.

The comparison of observed and simulated results at the 20 sites revealed better agreement in the monthly
variations at sites in the SC, SWC, and EC regions than at the sites in the other regions. At the sites in the
NECP, NCP, and NWC regions in northern China, the simulated results all underestimated the observations
except at SHY. Noticeably, comparatively higher mixing ratios were observed during the nongrowing season
at the NECP, NCP, and NWC regions, especially at the HL, TYU, XAN, and URM sites. This indicates that
there might be isoprene sources other than natural emissions, such as biomass/biofuel burning or coal burn-
ing. At the HL site, for example, a significant enhancement of isoprene was observed during winter (such
as January 2012, December 2013, and January 2014) when elevated mixing ratios of combustion source
markers, including carbon monoxide, benzene, acetylene, and methyl chloride (C. Liu et al., 2017a; Simp-
son et al., 2011; Zhang et al., 2012, 2013), were also observed (Figure S10), suggesting that the enhancement
of isoprene during wintertime might be related to combustion sources. Similar model under-prediction was
also observed at other sites, such as TYU (Figure S11). In fact, isoprene emissions from combustion sources
have been reported previously. Li et al. (2019) and Simpson et al. (2011) revealed that the open burning of
agricultural residues or forest fires could also emit isoprene to the atmosphere. A recent study demonstrat-
ed that open burning of wheat, corn, and rice residues had EFs of up to ~0.1 g kg™' (Z. Fang et al., 2017).
Andreae (2019) recently updated the emission factor of a wide spectrum of chemicals, including isoprene,
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from various types of biomass burning, and isoprene was detected in emissions from all kinds of burned
biomass, including crop residues, coals, biofuels and woods, with EFs ranging 0.07-0.52 g kg™". In northern
China, coal and biomass are widely used for household heating in wintertime (C. Liu et al., 2017b; Yang
et al., 2018); therefore, isoprene from these combustion sources would lead to higher isoprene mixing ratios
than those simulated by the model, because natural isoprene emissions that are only considered by the
model are usually negligible during winter in the north China. Including the longer-lived isoprene oxida-
tion products such as methacrolein and methyl vinyl ketone may improve the model evaluations of isoprene
sources although the uncertainties in the yields of these isoprene oxidation products need to be taken into
account.

4. Conclusions

In this study, we carried out 2-year (2012-2014) concurrent observations of ambient isoprene at 20 sites across
China and compared the measured isoprene mixing ratios with those simulated by coupling MEGAN v2.1
with the 3-D REAM model to reveal the uncertainty of model simulation about isoprene emission estimates.
On the national scale, the average isoprene mixing ratio from the model simulation showed fairly good consist-
ency with that from the observations. However, the region-specific and site-specific comparisons revealed that
during the growing season, the isoprene mixing ratios are significantly overestimated by the model at most
sites in the south but underestimated at most sites in the north. Additionally, the observations revealed similar
levels of isoprene in northern and southern China, whereas the simulated isoprene concentrations were high-
er in the south than in the north than in the north. This north-south discrepancy in the measurement-model
comparisons might be related to the rapid afforestation rate in the north (largely due to tree-planting programs
and policies incentivizing returning farmland to forest) and rapid urbanization rate in the southeast, the sub-
sequent inadequate characterization of isoprene-emitting tree species, and the lack of spatial representation
in current models. Timely updates of high-resolution PFT and LAI data in MEGAN will be necessary. In the
north, natural emissions of isoprene should reach their annual minimums during winter based on the mod-
el simulation. However, abnormally high ambient isoprene levels were measured in conjunction with high
levels of combustion tracers, suggesting that there might be nonbiogenic sources in winter in the north, most
probably coal/biomass combustion sources related to winter heating. Therefore, the nonbiogenic sources are
necessary to be incorporated into the model to improve the simulation results in winter of the north China.

Measurement-model comparison for the highly reactive compound isoprene is challenging. In this study,
we tried to make use of the best available observation data, and the measurement-model comparison results
provided valuable information for the research communities studying biogenic emissions and atmospheric
chemistry. However, the site-based samples in this study are still too sparse, and thus more field campaigns
with higher spatial and temporal resolutions are necessary in future studies to further evaluate the uncer-
tainty of isoprene emission estimates through the current model simulations. It is worth noting that most
sites in this study are not in forested locations, more study on nontree biogenic isoprene emissions might
help determine whether uncertainty in nontree biogenic emissions is also a factor influencing the model
performance.

Data Availability Statement

The observed and simulated data used for this paper are available on request by writing to X. M. Wang
(wangxm@gig.ac.cn) and at https://data.mendeley.com/datasets/3g4ptfktkt/2.
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