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ABSTRACT

Based on the MEGAN (Model of Emissions of Gases and Aerosols from Nature) module embedded within the

global chemical transport model (GEOS-Chem), we estimate the changes in emissions of biogenic volatile

organic compounds (BVOCs) and their impacts on surface-layer O3 and secondary organic aerosols (SOA) in

China between the late 1980s and the mid-2000s by using the land cover dataset derived from remote sensing

images and land use survey. The land cover change in China from the late 1980s to the mid-2000s can be

characterised by an expansion of urban areas (the total urban area in the mid-2000s was four times that in the

late 1980s) and a reduction in total vegetation coverage by 4%. Regionally, the fractions of land covered by

forests exhibited increases in southeastern and northeastern China by 10�30 and 5�15%, respectively, those

covered by cropland decreased in most regions except that the farming�pastoral zone in northern China

increased by 5�20%, and the factions of grassland in northern China showed a large reduction of 5�30%. With

changes in both land cover and meteorological fields, annual BVOC emission in China is estimated to increase

by 11.4% in the mid-2000s relative to the late 1980s. With anthropogenic emissions of O3 precursors, aerosol

precursors and aerosols fixed at year 2005 levels, the changes in land cover and meteorological parameters

from the late 1980s to the mid-2000s are simulated to change the seasonal mean surface-layer O3 concen-

trations by �4 to �6 ppbv (�10 to �20%) and to change the seasonal mean surface-layer SOA concentrations

by �0.4 to �0.6 mg m�3 (�20 to �30%) over China. We find that the decadal changes in meteorological

parameters had larger collective effects on BVOC emissions and surface-layer concentrations of O3 and

SOA than those in land cover and land use alone. We also perform a sensitivity simulation to compare the

impacts of changes in anthropogenic emissions on concentrations of O3 and SOA with those of the changes in

meteorological parameters and land cover.
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1. Introduction

Volatile organic compounds (VOCs) in the atmosphere are

important for air quality and climate. Biogenic isoprene

(C5H8) is an important precursor of tropospheric O3

(Arneth et al., 2011), and biogenic isoprene and mono-

terpenes (C10H16) are major sources of secondary organic

aerosol (SOA) (Carslaw et al., 2010). Ozone and SOA are

both air pollutants that can influence the Earth’s radiation

budget (IPCC, 2007). Present-day emissions of biogenic

volatile organic compounds (BVOCs) are found to be com-

parable in magnitude to anthropogenic emissions on the

global scale (Guenther et al., 1995, 2006). Quantification of

changes in BVOCs on different time scales is important for

understanding changes in air quality and climate.

Changes in BVOC emissions are influenced by changes

in meteorological conditions (e.g. temperature, radiation

and soil moisture) as well as the changes in land cover and

land use (LCLU). On decadal time scale, changes in LCLU

result from both climate change (e.g. changes in tempera-

ture, precipitation and CO2 concentration) and human

*Corresponding author.

email: hongliao@mail.iap.ac.cn
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activities such as agriculture expansion, deforestation or

afforestation, and urbanisation. The commonly used tools

to account for climate-driven changes in vegetation are

dynamic vegetation models (Sanderson et al., 2003; Wu

et al., 2012). To account for the impacts of both climate

change and human activities, previous studies usually com-

bined changes in natural vegetation calculated by dynamic

vegetation models with those in crops, pastures and urban

land use based on satellite retrieval and historical statistic

data, or with projected future anthropogenic land use changes

compiled by the Intergovernmental Panel on Climate Change

(IPCC) (Ganzeveld et al., 2010; Lathiere et al., 2010; Hurtt

et al., 2011; Wu et al., 2012). Ganzeveld et al. (2010)

estimated 2000�2050 changes in natural vegetation and

anthropogenic land use with the Integrated Model to Assess

the Global Environment (IMAGE) and reported that the

simulated annual global isoprene emission would decrease

by 12% over 2000�2050. Lathiere et al. (2010) combined

the natural vegetation distribution derived from the dyna-

mic vegetation model (SDGVM) with the crop map based

on satellite retrieval and historical statistic data to study

the changes in BVOC emissions over 1901�2002. They

found that anthropogenic land use was very influential on

simulated biogenic emissions; relative to the annual global

isoprene emission simulated with natural vegetation alone,

consideration of both natural vegetation and anthropo-

genic croplands led to a reduction in global isoprene emis-

sion by 8% in 1901 and by 16% in 2002. Wu et al. (2012)

reported that the annual global isoprene emission was simu-

lated to decrease by 5% over 2000�2050 with both climate-

driven vegetation change and the agricultural land use

under the IPCC A1B scenario.

Since the simulated land cover changes exhibited large

differences in different dynamic vegetation models (Cramer

et al., 2001), a growing number of studies on BVOC emis-

sions used LCLU datasets derived from satellite observa-

tion and land survey (Gulden et al., 2008; Smiatek et al.,

2009; Leung et al., 2010; Zemankova and Brechler, 2010;

Zheng et al., 2010; Wang et al., 2011a). Gulden et al. (2008)

compared simulated 1993�1998 biogenic emissions over

Texas, USA, using survey-derived plant functional type

(PFT) with those using satellite-derived PFT, and found

that the statewide mean monthly BVOC emission from the

former approach was three times the value from the latter

one. Smiatek et al. (2009) simulated the BVOC emissions in

an extended European area for 4 yr (1997, 2000, 2001 and

2003) by using a satellite-derived land use map and leaf

area index in a semi-empirical BVOC model (SeBVOC),

and reported that the monthly BVOC emissions in May to

September exhibited interannual variation of about 910%

in forest areas. Zheng et al. (2010) utilised high-resolution

(3 km�3 km) land cover dataset developed on the basis

of the vegetation map of Guangdong and the land use

database provided by the Domestic Land Use Information

Center of Guangdong Province in the Global Biosphere

Emissions and Interactions System model (GloBEIS) to

estimate the spatial distribution and seasonal variation of

BVOCs in the Pearl River Delta region of China for 2006.

Leung et al. (2010) used satellite-based land cover maps

from the Hong Kong Special Administrative Region gov-

ernment report to calculate BVOC emissions in Hong Kong,

and found that annual BVOC emission increased by 7%

over 1995�2006 as a result of the increases in areas covered

by forests. These studies, however, were mostly focused on

BVOC emissions on seasonal to interannual time scales.

The changes in BVOC emissions on different time scales

have been shown to influence tropospheric O3 and SOA

concentrations in China. By using the Weather Research

and Forecasting coupled with Chemistry (WRF-Chem)/

Model of Emissions of Gases and Aerosols from Nature

(MEGAN) model, Situ et al. (2013) estimated the impacts

of seasonal variations in BVOCs on surface-layer O3 over

the Pearl River Delta region for year 2010 and reported

that the impact of BVOC emissions on the surface ozone

peak was about 10 ppbv (3 ppbv) on average with a maxi-

mum value of 34 ppbv (24.8 ppbv) in summer (autumn), as

the concentrations simulated with BVOC emissions were

compared with those simulated without BVOC emissions.

By using the GEOS-Chem/MEGAN model, Fu and Liao

(2012) reported that the interannual variations in BVOCs

over 2001�2006 led to differences in simulated summertime

surface-layer O3 and SOA concentrations in China by

2�5%. Wu et al. (2012) predicted that the changes in natural

vegetation and anthropogenic land use over 2000�2050
would change summertime afternoon-averaged surface-

layer O3 concentrations by 95 ppbv over China and would

increase the summertime surface-layer SOA concentra-

tions by about 0.5 mgm�3 in Eurasia. Tai et al. (2013)

also showed that the projected changes in cropland over

2000�2050 following the IPCC A1B scenario would lead to

changes in summertime surface-layer O3 concentration by

94 ppbv over East Asia.

The purpose of our study is to quantify the changes

in BVOC emissions in China between the late 1980s and

the mid-2000s and the impacts of such changes in BVOCs

on concentrations of surface-layer O3 and SOA, using the

global chemical transport model GEOS-Chem/MEGAN

together with the investigated and satellite-derived land

cover datasets. We also compare the impacts of changes

in anthropogenic emissions on concentrations of O3 and

SOA with those of the changes in meteorological para-

meters and land cover over the studied time period. This

study is an extension of our previous work (Fu and Liao,

2012), in which we investigated the interannual variations

in BVOC emissions in China as a result of the interannual
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variations in meteorological parameters and land cover

over 2001�2006.
Section 2 describes the model and simulations, including

the LCLU datasets used in simulations. In Section 3, we

present changes in LCLU in China from the late 1980s to the

mid-2000s. Section 4 shows the simulated changes in

biogenic emissions in China during the studied time period

and discusses the roles of decadal changes in meteorology

and/or land cover in simulated changes in biogenic emis-

sions. The simulated decadal changes in surface-layer concen-

trations of O3 and SOA are examined in Section 5. Section 6

compares, over the studied time period, the simulated

impacts on concentrations O3 and SOA as a result of the

changes in anthropogenic emissions alone with those caused

by changes in meteorological parameters and land cover.

2. Methods

2.1. Model description

We simulate BVOC emissions using the global three-

dimensional chemical transport model GEOS-Chem (v8-03-

02, http://acmg.seas.harvard.edu/geos/) driven by the GEOS-4

assimilated meteorological fields from the Goddard Earth

Observing System (GEOS) of the NASA Global Modeling

and Assimilation Office (GMAO). The version of the model

we use has a horizontal resolution of 28 latitude by 2.58
longitude and 30 vertical layers up to 0.01 hPa. The GEOS-

Chem model has fully coupled simulation of ozone�NOx�
hydrocarbon chemistry (Bey et al., 2001) and aerosols

(Park et al., 2003, 2004; Alexander et al., 2005; Fairlie et al.,

2007) including sulphate (SO2�
4 ), nitrate (NO�3 ), ammonium

(NHþ4 ), organic carbon (OC), black carbon (BC), sea salt

and mineral dust. SOA formation considers the oxidation

of isoprene (Henze and Seinfeld, 2006), monoterpenes and

other reactive VOCs (ORVOCs) (Liao et al., 2007), and

aromatics (Henze et al., 2008). Wet deposition scheme in

GEOS-Chem follows that in Liu et al. (2001). The dry deposi-

tion velocities are calculated locally dependent on species

properties, surface type and meteorological conditions. To

see the impacts of biogenic emissions on simulated O3 and

SOA, the Olson land cover classes (Olson, 1992) are used to

calculate dry deposition and are assumed not to change in

this study.

Biogenic VOC emissions in GEOS-Chem are calculated

using the MEGAN module (Guenther et al., 2006), which

was implemented into the GEOS-Chem by Barkley et al.

(2011). Biogenic emissions of 12 chemical species are simu-

lated, including isoprene, monoterpenes, a-pinene, b-pinene,
limonene, myrcene, sabinene, 3-carene, ocimene, methylbu-

tenol (MBO), acetone and the lumped]C3 alkenes.

2.2. Land cover datasets

The National Land Cover Dataset (NLCD) used in this

study was produced by Chinese Academy of Science and

was obtained from the Data Sharing Infrastructure of

Earth System Science (http://www.geodata.cn/Portal/index.

jsp). The NLCD was derived from the Landsat Thematic

Mapper (TM) and Enhanced Thematic Mapper (ETM)

images, mainly through visual interpretation based on the

experiences of experts from disciplines of agriculture, forestry

and geography. The information used for interpretation in-

cluded spectral reflectance, texture, terrain and digital eleva-

tion model (DEM) (Liu, 1996; Liu and Buhe, 2000; Liu

et al., 2001, 2002, 2003, 2005a, 2005b). The dataset is

available for four time periods of the late 1980s, mid-1990s,

late 1990s and mid-2000s, which has been validated by

extensive field surveys (Liu, 1996; Liu et al., 2005a, 2005b,

2006, 2010; Wu et al., 2008). We chose to use datasets of

the late 1980s and mid-2000s to examine decadal changes

in land cover and BVOCs. The overall accuracy of datasets

for the late 1980s was reported to be 92.9% for land cover

classification and 97.6% for land cover change detection;

for forest, grassland, cropland and built-up areas, the accu-

racies were 90.1, 88.1, 94.9 and 96.3%, respectively (Liu

et al., 2005a, 2005b). The overall interpretation accuracy of

NLCD datasets in mid-2000s was reported to be over 95%,

in which the accuracy was 99% for cropland and 98% for

grassland, forest and built-up area (Liu et al., 2010).

The NLCD used a hierarchical classification system,

consisting of six land cover classes at Level I and 25 land

cover classes at Level II. We aggregate the 25 land cover

classes of Level II datasets into nine land cover types includ-

ing forest, crop, shrub, grass, wetland, urban, barren land

and desert, snow and ice, and water. Then we classify the

forest as evergreen broadleaf trees, deciduous broadleaf

trees, evergreen needleleaf trees, deciduous needleleaf trees

and mixed forest according to the 1:1000000 vegetation

map of China (Hou, 2001; Zhang, 2007). The classifica-

tion of forest also considers the four typical climatic zones

(tropical, temperate, cold-temperate, plateau climatic zones)

in China, which are obtained based on the observed temp-

erature and precipitation datasets at 752 weather stations

in China over 1971�2000 (http://cdc.cma.gov.cn/), follow-

ing the standards of regionalisation in China-climatic zones

and climatic regions (CNIS, 1998) [See Fu and Liao (2012)

for more details]. As a result, a new land cover map with

26 land cover types is developed, which includes 18 types of

forest, shrub, grass, crop, wetland, as well as four non-

vegetated land types (barren land and desert, snow and ice,

urban, and water). The distributions of 26 land cover types

in China in the late 1980s and mid-2000s based on the

NLCD dataset are shown in Fig. 1.
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The datasets of leaf area index LAI (m2 m�2) in China

are obtained from the Moderate Resolution Imaging

Spectroradiometer (MODIS) products (MOD15A2 version 5,

https://lpdaac.usgs.gov/products/modis_products_table/)

of monthly mean LAI with resolutions of 8-d and 1 km.

The MODIS LAI datasets are available from 2001 to

present. The monthly mean LAI is then averaged over the

fraction of land area covered by vegetation within each grid
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Fig. 1. Distributions of land cover and land use types in China in (a) the late 1980s and (b) the mid-2000s. The regions of China

examined in this study are also shown, including northeastern (NE, 35.008�53.008N, 108.758�136.258E), southeastern (SE, 17.008�35.008N,

108.758�123.758E), northwestern (NW, 35.008�49.008N, 73.758�108.758E), southwestern (SW, 21.008�35.008N, 96.258�108.758E), and
plateau (PT, 27.008�35.008N, 76.258�96.258E) regions.
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cell (referred to as LAIv) following the approach of

Guenther et al. (2006) and Müller et al. (2008).

2.3. Calculation of biogenic emissions

The biogenic emissions (E) are calculated as

E ¼ E0 � cCE � cage � cSM � q (1)

where E0 (mg C m�2 h�1) is the emission factor represent-

ing the emission of a compound into the canopy at stan-

dard conditions (air temperature�303K, photosynthetic

active radiation (PAR)�1500 mmol m�2 s�1, LAI�
5m2m�2), which is multiplied by emission activity factors to

represent changes in the emission rate attributing to changes

in canopy environment gCE, leaf age gage, and soil moisture

gSM. We do not consider the effect of soil moisture and

the extra production or loss of BVOCs in the vegeta-

tion canopy in this work by setting gSM�1 and r�1.

gCE is a function of temperature, PAR, and LAI, which

is parameterised differently for different biogenic species

(Guenther et al., 2006).

The emission factor E0 of a biogenic compound (for

example, isoprene or monoterpenes) in each gird cell is

calculated as

E0 ¼
Xn

i¼1

Efi � si � xi (2)

where Efi (mg C gdm�1 h�1) is the specific emission factor

prescribed for the ith PFT in the grid cell under standard

conditions, si (gdm m�2, dm represents dry matter) is the

specific leaf weight of the ith PFT, and vi is the fraction

of the grid area covered by the ith PFT. The values of Efi

and si for isoprene and monoterpenes used in our study are

compiled from previous studies (Guenther et al., 1995;

Levis et al., 2003; Bai et al., 2006; Lathiere et al., 2006) and

are listed in Table 1. For other species of BVOCs, we use

the emission factors given by Guenther et al. (2006). Note

that we assume that the vegetation composition (in terms of

Table 1. Isoprene and monoterpene emission factors and specific leaf weight (SLW) used in this study

Emission factors

(Efi, mg C gdm�1 h�1)
SLW

a
(s)

Climatic zones Land cover types isoprene monoterpenes (gdm m�2) Referencesb

Cold-temperate zone Cold-temperate Evergreen Needleleaf trees (CoTeEN) 8 2.4 150 1,2

Cold-temperate Deciduous Needleleaf trees (CoTeDN) 8 2.4 150 1,2

Cold-temperate Deciduous Broadleaf trees (CoTeDB) 8 2.4 150 1,2

Cold-temperate Mixed forest (CoTeMixed) 8 1.2 125 1,2

Temperate zone Temperate Evergreen Needleleaf trees (TeEN) 16 2.4 150 1,2

Temperate Deciduous Needleleaf trees (TeDN) 16 2.4 150 1,2

Temperate Deciduous Broadleaf trees (TeDB) 45 1.2 100 1,2

Temperate Mixed forest (TeMixed) 24 0.8 100 1,2

Tropical zone Tropical Evergreen Needleleaf trees (TrEN) 24 0.8 125 1,2

Tropical Deciduous Needleleaf trees (TrDN) 24 0.8 125 1,2

Tropical Deciduous Broadleaf trees (TrDB) 24 0.8 125 3

Tropical Evergreen Broadleaf trees (TrEB) 24 0.8 125 3

Tropical Mixed forest (TrMixed) 24 0.8 125 1,2

Plateau zone Plateau Evergreen Needleleaf trees (PlEN) 16 2.4 150 1,2

Plateau Evergreen Broadleaf trees (PlEB) 16 0.8 125 1,2

Plateau Deciduous Broadleaf trees (PlDB) 45 0.8 100 1,2

Plateau Deciduous Needleleaf trees (PlDN) 16 2.4 150 1,2

Plateau Mixed forest (PlMixed) 24 0.8 100 1,2

Shrubland 20 0.8 125 1,2

Grassland 5 0.8 125 2,4

Cropland 5 0.2 125 1,2

Permanent wetland 8 0.4 150 1

Snow and ice 0 0 0

Urban and built-up 0 0 0

Barren and desert 0 0 0

Water 0 0 0

aSLW: leaf dry weight per unit leaf area (gdm m�2), which is the inverse of specific leaf area (SLA, m�2 gdm).
b1. Guenther et al. (1995); 2. Lathiere et al. (2006); 3. Levis et al. (2003); 4. Bai et al. (2006).
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biogenic emission rates) for each PFT remained unchanged

from the late 1980s to the mid-2000s since the MEGAN

scheme resolves the PFTs but not detailed plant species.

The model’s performance in simulating the biogenic VOC

emissions in China has been evaluated in Fu and Liao

(2012) by comparisons with other studies.

2.4. Numerical experiments

We perform the following simulations using the GEOS-

Chem/MEGAN, focusing on the changes in BVOC emis-

sions and concentrations of tropospheric O3 and SOA

between the late 1980s and the mid-2000s. The simulations

are designed to quantify the roles of changes in LCLU and/

or meteorological parameters in simulated changes in

BVOC emissions and concentrations of tropospheric O3

and SOA (Table 2):

(1) CTRL_1980s: Control simulation for the late 1980s

driven by the GEOS-4 assimilated meteorological

fields of 1986�1988. Distributions of PFTs are those

in the late 1980s. Anthropogenic emissions of O3

precursors, aerosol precursors, and aerosols are

fixed at the year 2005 levels.

(2) CTRL_2000s: Control simulation for the mid-2000s

driven by the GEOS-4 assimilated meteorological

fields of 2004�2006. Distributions of PFTs are those

in the mid-2000s. Anthropogenic emissions of O3 pre-

cursors, aerosol precursors, and aerosols are fixed at

the year 2005 levels.

(3) SENS_LCLU: Sensitivity simulation to examine the

impacts of decadal land cover change on BVOC emis-

sions and concentrations of O3 and SOA by compar-

ing with simulation CTRL_1980s. Meteorological

fields are the same as those in simulation CTRL_

1980s, but the distributions of PFTs are set to those

in the mid-2000s. Anthropogenic emissions of O3

precursors, aerosol precursors, and aerosols are fixed

at the year 2005 levels.

(4) SENS_MET: Sensitivity simulation to examine the role

of changes in meteorological parameters in simulated

decadal changes inBVOCemissions andconcentrations

of O3 and SOA by comparing with simulation

CTRL_1980s. The distributions of PFTs are the

same as those in simulation CTRL_1980s, but this

simulation is driven by meteorological fields of

2004�2006. Anthropogenic emissions of O3 precur-

sors, aerosol precursors, and aerosols are fixed at the

year 2005 levels.

(5) SENS_ANTH: Sensitivity simulation to examine

the role of changes in anthropogenic emissions in

simulated decadal changes in concentrations of O3

and SOA by comparing with simulation CTRL_

2000s. The distributions of PFTs and meteorological

fields are the same as those in simulation CTRL_

2000s, but the anthropogenic emissions of O3 pre-

cursors, aerosol precursors, and aerosols are set to

year 1985 values.

It should be noted that the LAI datasets from MODIS

product are not available for the late 1980s. The averaged

LAI from MODIS over 2001�2006 are used in all the

simulations listed above. To isolate the effect of changes in

biogenic emissions on simulated O3 and SOA, anthropo-

genic emissions of O3 precursors, aerosol precursors, and

aerosols are fixed at the year 2005 levels in simulations

(1)�(4). Global emissions of ozone precursors, aerosol pre-

cursors, and aerosols in the GEOS-Chem model are taken

from the EDGAR 3.2 global inventory for 2000 (Olivier

and Berdowski, 2001), while anthropogenic emissions of

non-methane VOCs are from the GEIA inventory for 1985

(Piccot et al., 1992). These default inventories are scaled for

years 1985 and 2005 on the basis of economic data (Yang

et al., 2014). The anthropogenic emissions in Asia domain

are taken from David Streets’ emission inventory (Streets

et al., 2003, 2006) and are scaled to years 1985 and 2005.

For presentation of model results, the China domain

is divided into five regions, including northeastern (NE,

35.008�53.008N, 108.758�136.258E), southeastern (SE, 17.008�
35.008N, 108.758�123.758E), northwestern (NW, 35.008�
49.008N, 73.758�108.758E), southwestern (SW, 21.008�35.008N,

96.258�108.758E), and plateau regions (PT, 27.008�35.008N,

76.258�96.258E), which are also shown in Fig. 1.

Table 2. Summary of the simulations in this study

Vegetation parameters

Simulations GEOS4 Meteorology Land cover Leaf area index Anthropogenic emissions

(1) CTRL_1980s 1986�1988 Late 1980s Averaged over 2001�2006 2005

(2) CTRL_2000s 2004�2006 Mid-2000s Averaged over 2001�2006 2005

(3) SENS_LCLU 1986�1988 Mid-2000s Averaged over 2001�2006 2005

(4) SENS_MET 2004�2006 Late 1980s Averaged over 2001�2006 2005

(5) SENS_ANTH 2004�2006 Mid-2000s Averaged over 2001�2006 1985
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3. Changes in land cover and land use from the

late 1980s to the mid-2000s

Changes in LCLU from the 1980s to the mid-2000s re-

flected the rapid urbanisation over the past decades. Based

on the datasets we use, the total urban area in the mid-

2000s was about four times that in the late 1980s, which

was consistent with the change of urban area surveyed by

National Bureau of Statistics of China (Qiu, 2006). Simul-

taneously, the total area covered by vegetation exhibited

a reduction of 4%, and the area of desert and bare land

increased by 11%. Such changes in desert areas between

those two time periods were also reported in Wang et al.

(2008a). Here we analyse the decadal changes in the four

major vegetation types. Figure 2 shows the changes in

fractions of each 18�18 grid cell covered by forests, shrubs,

grass, and crops from the late 1980s to the mid-2000s. The

areas covered by forests increased in the temperate regions

of China; the fractions of forests in NE increased by

5�15% and those over Tsinling and Nanling Mountains

increased by 10�30% (Fig. 2a), corresponding to the land

use polices of Chinese government since year 2000 such as

‘the ecological restoration policy’ in western China and the

‘Grain for Green’ project (Liu et al., 2010). However, the

areas of tropical forests in Yunnan province in SW showed

decreases of 15�35% (Fig. 2a). Some fractions of forests

over the SW region changed to shrub and grassland. Such

decline in forests was mainly caused by the active logging

industry during that period, and the increased grassland,

mainly at the expense of cultivation land, resulted from

the increasing dependence on livestock by the rural com-

munities in SW (Willson, 2006). The fractions of shrubs

exhibited increases of 10�50% in SW and PT regions from

the late 1980s to the mid-2000s (Fig. 2b). Over NE and

NW, fractions of grassland in the mid-2000s decreased by

5�30 and 30�50%, respectively, relative to those in the

late 1980s (Fig. 2c), which can be attributed partly to the

conversion of grassland to cropland (Liu et al., 2005a).

Climatic aridity and overgrazing with increasing livestock

population in 1985�2000 also contributed to the decrease

in grassland in northern China (Chen and Tang, 2005). The

fractions of crops showed decreases of 2�10% in a large

fraction of eastern China and increases of 5�20% in the

farming�pastoral zone of northeastern China (Fig. 2d).

Urbanisation during 1990�2000 contributed largely to the

reduction in cropland eastern China, and the increases in

cropland in NE and NW China were primarily due to the re-

clamation of grassland and deforestation (Liu et al., 2005b;

(d)(c)

(a) (b)

–50 –35 –30 –20 –15 –10 –5 0 5 10 15 20 30 35 50–40
%

Fig. 2. The changes in fractions of each 18�18 grid cell covered by (a) forests, (b) shrubs, (c) grass, and (d) crops from the late 1980s to

the mid-2000s.
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Liu and Tian, 2010). In summary, the major features in

vegetation changes from the late 1980s to the mid-2000s

were the increases in forest areas in SE and NE, increases

in shrub areas in SW, reductions in grassland in northern

China, and reductions in cropland areas in eastern China.

4. Simulated changes in BVOCs from the late

1980s to the mid-2000s

4.1. Combined effects of meteorology and land cover

on BVOCs

Emissions of BVOCs are dependent on meteorological con-

ditions and vegetation distributions. The total BVOC emis-

sion over China in the late 1980s is estimated to be 15.1Tg

C yr�1 in simulation CTRL_1980s, in which emissions of

isoprene, monoterpenes, and OVOC account for 74.9, 17.6,

and 7.5%, respectively (Table 3). The total BVOC emission

in China in the mid-2000s is simulated to be 16.8 Tg C yr�1

in simulation CTRL_2000s, which is an increase of 11.4%

relative to the late 1980s. The percentage changes in bio-

genic emissions of isoprene, monoterpenes, and OVOCs are

simulated to be �13.1, �4.6, and �10.8%, respectively,

from the late 1980s to the mid-2000s. Our simulated annual

isoprene emission for the mid-2000s is within the range of

4.1�20.7Tg C yr�1 reported for China in previous studies

(Guenther et al., 1995; Klinger et al., 2002; Tie et al., 2006;

Li et al., 2013). Compared with the result of Li et al. (2013),

our simulated annual emissions of isoprene and mono-

terpenes in the mid-2000s were lower by 38 and 43%,

respectively. Li et al. (2013) used different land cover/land

use datasets [obtained from the Vegetation Atlas of China

(1:1000000)], and assigned higher emission factors as well

as leaf biomass density to each type of forest relative

to our study. Using the MEGAN module coupled with the

MOHYCAN (MOdel of HYdrocarbon emissions by the

Table 3. Simulated BVOC emissions in the late 1980s and the absolute and percentage changes in BVOCs from the late 1980s to the mid-

2000s owing to changes in both land use and meteorological conditions (referred to as combined effect), changes in land cover and land use

alone (referred to as LCLU effect), and changes in meteorological parameters alone (referred to as Met effect)

Emissions

Species 1980sa (Tg C yr�1) Combined effectb (change,%) LCLU effectc (change,%) Met effectd (change,%)

Total BVOC China 15.11 �1.72 (�11.4%) �0.50 (�3.3%) �2.29 (�15.2%)

SE 7.21 �0.87 (�12.1%) �0.033 (�0.5%) �0.89 (�12.4%)

SW 3.71 �0.20 (�5.3%) �0.41 (�11.0%) �0.69 (�18.5%)

NE 3.21 �0.63 (�19.6%) �0.0001 (�0.02%) �0.62 (�19.4%)

NW 0.65 �0.015 (�2.4%) �0.060 (�9.2%) �0.050 (�7.7%)

PT 0.35 �0.038 (�11.1%) �0.0006 (�0.2%) �0.039 (�11.2%)

Isoprene China 11.32 �1.48 (�13.1%) �0.39 (�3.5%) �1.93 (�17.0%)

SE 5.67 �0.74 (�13.1%) �0.030 (�0.5%) �0.76 (�13.4%)

SW 2.75 �0.18 (�6.4%) �0.34 (�12.5%) �0.59 (�21.5%)

NE 2.29 �0.53 (�23.0%) �0.015 (�0.6%) �0.51 (�22.1%)

NW 0.42 �0.001 (�0.32%) �0.031 (�7.5%) �0.038 (�9.1%)

PT 0.20 �0.032 (�16.3%) �0.0004 (�0.2%) �0.033 (�16.5%)

Monoterpenes China 2.66 �0.12 (�4.6%) �0.083 (�3.1%) �0.21 (�7.9%)

SE 1.00 �0.074 (�7.4%) �0.0008 (�0.1%) �0.074 (�7.4%)

SW 0.69 �0.004 (�0.5%) �0.043 (�6.2%) �0.049 (�7.1%)

NE 0.68 �0.060 (�8.7%) �0.015 (�2.1%) �0.076 (�11.1%)

NW 0.17 �0.019 (�10.8%) �0.026 (�14.9%) �0.009 (�5.0%)

PT 0.12 �0.003 (�2.8%) �0.0002 (�0.2%) �0.003 (�2.8%)

Other VOCs China 1.13 �0.12 (�10.8%) �0.025 (�2.3%) �0.15 (�13.3%)

SE 0.55 �0.057 (�10.5%) �0.0018 (�0.3%) �0.059 (�10.7%)

SW 0.27 �0.018 (�6.6%) �0.022 (�8.1%) �0.045 (�16.9%)

NE 0.23 �0.042 (�18.1%) �0.0004 (�0.2%) �0.042 (�17.8%)

NW 0.05 �0.002 (�3.2%) �0.0023 (�4.3%) �0.003 (�5.1%)

PT 0.03 �0.002 (�8.3%) �0.00002 (�0.1%) �0.003 (�8.4%)

The absolute changes are in unit of Tg C yr�1. See Fig. 1 for definitions of regions of SE, SW, NE, NW, and PT in China.
aBiogenic emission simulated in CTRL_1980s.
bDifferences between simulations CTRL_2000s and CTRL_1980s (CTRL_2000s minus CTRL_1980s).
cDifferences between simulation SENS_LCLU and CTRL_1980s (SENS_LCLU minus CTRL_1980s).
dDifferences between simulation SENS_MET and CTRL_1980s (SENS_MET minus CTRL_1980s).
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CANopy) canopy model, Stavrakou et al. (2014) reported

that annual mean isoprene emission in China increased by

15.7% from years 1986�1988 to years 2003�2005 when the

replacement of cropland by tree plantations and meteor-

ological changes were considered. Our simulated changes in

annual isoprene emission in China was �11.4% from the

late 1980s (1986�1988) to the mid-2000s (2004�2006) with
the combined effect of changes in meteorological and land

cover, lower than the simulated decadal increases reported

in Stavrakou et al. (2014). Our simulated annual mono-

terpene emission for the mid-2000s is lower than the value

of 3.2 Tg C yr�1 reported by Tie et al. (2006) and the 4.9Tg

C yr�1 reported by Li et al. (2013). The discrepancies in

biogenic emissions in different studies result from the dif-

ferences in calculation algorithms, emission factors, vegeta-

tion distribution, and meteorological fields.

Figure 3a shows the distributions of simulated changes

in seasonal mean isoprene emission from the late 1980s

to the mid-2000s with the changes in both meteorological

parameters and land cover (CTRL_2000s minus CTRL_

1980s). Simulated changes in isoprene emission are small

in December�January�February (DJF). Large increases in

isoprene emissions of about 2�10�106 kg C month�1 (or

60�120% relative to CTRL_1980s) are found in March�
April�May (MAM) over SE, especially in the middle and

lower reaches of the Yangtze River, as a result of the rela-

tively higher temperatures in the mid-2000s. The most sig-

nificant absolute changes in isoprene emissions are found in

June�July�August (JJA); relative to the late 1980s, iso-

prene emissions in the mid-2000s are simulated to increase

largely by 10�25�106kg C month�1 (30�90%) in the middle

and lower reaches of the Yangtze River and by 5�10�
106 kg C month�1 (20�80%) over NE, but to decrease by

1�5�106 kg Cmonth�1 (10�40%) along the southeast coast

of China, in Yunnan province in SW, and in Henan pro-

vince in NE. Isoprene emissions in September�October�
November (SON) are estimated to have large increases of

1�2�106 kg C month�1 (50�120%) in most places of NE
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Fig. 3. Simulated seasonal mean changes from the late 1980s to the mid-2000s as a result of changes in both land cover and

meteorological parameters (CTRL_2000s minus CTRL_1980s): (a) isoprene emissions (unit: 106 kg C month�1), (b) monoterpene

emissions (unit: 106 kg C month�1), (c) surface-layer O3 (unit: ppbv), and (d) SOA concentrations (unit: mg m�3).
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and of 2�5�106 kg C month�1 (20�70%) over SE because

of higher temperatures and the increased coverage of

forests in those regions in the mid-2000s. The distributions

of simulated changes in seasonal mean monoterpene emis-

sions are shown in Fig. 3b. The changes in monoterpene

emissions due to the changes in both land cover and mete-

orology from the late 1980s to the mid-2000s are generally

one order of magnitude smaller than those in isoprene

emissions, but the distribution of changes in monoterpene

emissions is similar to that of isoprene in each of the four

seasons.

Simulated changes in annual BVOC emissions in differ-

ent regions are summarised in Table 3. From the late 1980s

to the mid-2000s, the annual isoprene emissions exhibited

increases in all regions as a result of the changes in mete-

orology and land cover; isoprene emissions in regions of

SE, SW, and NE are simulated to increase by 13.1, 6.4, and

23.0%, respectively, but the absolute changes in isoprene

emissions over the NW and PT regions are found to be very

small. Simulated annual monoterpene emissions exhibited

increases of 7.4% in SE and 8.7% in NE whereas a de-

crease by 10.8% in NW over the time period.

4.2. The impact of changes in land cover and land use

on biogenic emissions

As a result of the changes in LCLU alone (SENS_LCLU

minus CTRL_1980s), annual emissions of isoprene, mono-

terpenes and other VOC in China are simulated to change

by �3.5, �3.1 and �2.3%, respectively (Table 3). The sea-

sonal mean isoprene emissions are simulated to decrease

by 0.5�1.0�106 kg C month�1 (or 5�30%) in many places

of SE, SW and NW China, with maximum decreases of

2�5�106 kg C month�1 (10�40%) in JJA (Fig. 4a). The

decreases in isoprene emissions in SE and SW regions were

caused by the reductions in the coverage of tropical forests

such as Elaeis guineensis, Cyclobalanopsis glauca, Eucalyptus

globulus, Ficus auriculata Lour, Flueggea virosa, which were

replaced by shrubs and grass (Fig. 2) that emitted less

isoprene than those forest species (Kesselmeier and Staudt,

1999; Klinger et al., 2002; Guenther et al., 2006; Li et al.,

2013). The reduction of annual isoprene emission in NW

resulted from the reduced areas of grassland and the de-

sertification process over that region (Fig. 2). Isoprene emis-

sions in NE and in Hunan and Hubei provinces in SE region

are simulated to increase by 2�10�106 kg C month�1

(10�20%) in JJA and by 1�2�106 kg C month�1 (10%)

in other seasons (Fig. 4a), as a result of the increases in the

coverage of temperate forests and crops. Klinger et al. (2002)

reported that plant species such asPopulus,Quercus mongolica,

Quercus liaotungensis, Salix viminalis, Robinia pseudoacacia,

Maackia amurensis distributed in these regions were of high

isoprene emission capacity. With changes in LCLU alone,

emissions of monoterpenes are simulated to decrease by

0.2�0.8�106kg C month�1 (10�30%) in SW and NW China

owing to the reductions in vegetation cover in western China

(e.g. Hevea brasiliensis, Pometia tomentosa, Pinus armandi),

but to increase by up to 0.5�1.2�106 kg C month�1

(10�20%) in JJA in SE and NE China (Fig. 4b) as a result

of the increases in coverage of temperate forests (e.g. Betula

platyphylla, Pinus, Abies, Picea, Cupressus) and shrub (e.g.

Ledum palustre, Alchornea trewioides) (Klinger et al., 2002;

Li et al., 2013).

From the late 1980s to the mid-2000s, the annual

isoprene emissions exhibited decreases in most regions as

a result of the changes in LCLU alone (Table 3). Isoprene

emission in SW showed the largest change of �12.5% and

the absolute decreases in isoprene emissions in other

regions are at least one order of magnitude smaller than

the change in SW. Simulated annual monoterpene emis-

sions exhibited changes of �6.2% in SW, �2.1% in NE,

and �14.9% in NW.

4.3. The impact of changes in meteorological

conditions on biogenic emissions

As a result of the changes inmeteorological conditions alone

(SENS-MET minus CTRL_1980s), annual emissions of

isoprene, monoterpenes, and other VOCs over China are

simulated to change by �17.0, �7.9 and �13.3%, respec-

tively. For the isoprene emissions, the increases of 0.5�
106 kg C month�1 (or 30�120%) occurred in most places

of NE andNW in DJF. Large increases in isoprene emission

were over a large fraction of SE in MAM and SON, with

the maximum increases in the range of 2�10�106 kg C

month�1 (60�100%). Isoprene emissions in NE and the

middle and lower reaches of the Yangtze River in SE showed

largest increases of 10�25�106 kg C month�1 (60�90%) in

JJA (Fig. 5a). As shown in Fig. 5b, changes in monoterpene

emissions were within the range of �0.8 to �2.0�106 kg C

month�1 (�10 to �60%) and exhibited similar spatial

patterns in all seasons as those of changes in isoprene

emissions.

From the late 1980s to the mid-2000s, the changes in

meteorological fields generally had larger impacts on annual

isoprene and monoterpene emissions than the changes in

LCLU alone (Table 3), except that in the SW and NW

regions the percentage changes in isoprene and monoter-

pene emissions resulted from the changes in LCLU were

comparable to those resulted from changes in meteorolo-

gical parameters, indicating that LCLU changes played an

important role in influencing biogenic emissions on decadal

time scale. While the changes in meteorological parameters

from the late 1980s to the mid-2000s led to increases in
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annual BVOC emissions, the LCLU changes over the same

time period induced decreases in annual BVOC emissions.

5. Simulated changes in concentrations of

surface-layer O3 and SOA

The performance of the GEOS-Chem model in simulating

the temporal and spatial distribution of O3 in China has

been evaluated in previous studies for China (Wang et al.,

2008b, 2011b; Jeong and Park, 2013; Lou et al., 2014). They

have demonstrated that the GEOS-Chem model captures

well the magnitude and seasonal variation of surface-layer

O3 concentrations in China. The simulated changes in

seasonal mean surface-layer O3 concentrations from the

late 1980s to the mid-2000s due to the combined effects of

changes in meteorological fields and LCLU are shown in

Fig. 3c (CTRL_2000s minus CTRL_1980s). With anthro-

pogenic emissions fixed at year 2005 levels, increases in O3

concentration of 0.5�2.0 ppbv are simulated in DJF in the

middle and lower reaches of the Yangtze River in SE and in

the Huabei plain in NE. These increases in O3 over SE and

NE in winter were caused by the increases in temperature

and enhanced biogenic emissions in those VOCs-limited

regions (Chou et al., 2009; Tang et al., 2012). In MAM,

with the combined effects of changes in meteorological

parameters and LCLU, O3 concentrations increased by

0.5�4 ppbv in a large fraction of China, and the concentra-

tions in SW decreased by 0.5�3 ppbv. In JJA and SON,

concentrations of O3 in NE, SE and SW China exhibited

increases of about 1�6 ppbv, whereas those in the plateau

region decreased by 1�4 ppbv. Note that, in JJA, simulated

O3 decreased from the late 1980s to the mid-2000s in

central China (centred around 308N, 1058E) where simu-

lated increases in isoprene and monoterpene emissions

are large. These decreases in O3 can be explained by the

VOC/NOx ratio. Because central China is NOx-limited in
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Fig. 4. Simulated seasonal mean changes from the late 1980s to the mid-2000s as a result of the changes in land cover alone

(SENS_LCLU minus CTRL_1980s): (a) isoprene emissions (unit: 106 kg C month�1), (b) monoterpene emissions (unit: 106 kg C
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summer, increases in isoprene emissions reduce O3 con-

centration by sequestering NOx as isoprene nitrates (Fiore

et al., 2005).

Comparisons of Fig. 4c (simulated changes in O3 as a

results of the changes in LCLU alone, SENS_LCLU minus

CTRL_1980s) and Fig. 5c (simulated changes in O3 as a

results of the changes in meteorological parameters alone,

SENS_MET minus CTRL_1980s) indicate that the changes

in surface-layer O3 concentrations were mainly driven by

the changes in meteorological fields and the associated

changes in BVOC emissions from the late 1980s to the mid-

2000s. The changes in O3 concentrations from the late 1980s

to the mid-2000s resulted from the decadal changes in

LCLU alone were within 90.5 ppbv over China (Fig. 5c).

The simulated changes in SOA concentrations from the

late 1980s to the mid-2000s are shown in Fig. 3d. With

anthropogenic emissions fixed at the year 2005 values, the

changes in SOA concentrations from the late 1980s to the

mid-2000s ranged from �0.4 to �0.6mg m�3, as a result of

changes in both meteorological parameters and LCLU.

Simulated SOA concentrations decreased from the late

1980s to the mid-2000s in central China (centred around

308N, 1058E), although simulated isoprene and monoter-

pene emissions increased in this region. These decreases in

SOA can be explained by the changes in meteorological

conditions in summer. While the increases in temperature

enhance biogenic emissions, higher temperatures shift the

gas-particle partitioning of volatile oxidation products toward

the gas-phase (Liao et al., 2006). The decadal changes in

LCLU alone led to prevailing decreases in surface-layer

SOA concentrations over China (Fig. 5c), with the max-

imum reductions in SOA concentrations by 0.1 mg m�3.

6. Comparison with the impact of changes in

anthropogenic emissions

We also perform a sensitivity simulation SENS_ANTH

(described in Section 2.4) to quantify the impact of changes
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(SENS_MET minus CTRL_1980s): (a) isoprene emissions (unit: 106 kg C month�1), (b) monoterpene emissions (unit: 106 kg C month�1),

(c) surface-layer O3 (unit: ppbv), and (d) SOA concentrations (unit: mg m�3).
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in anthropogenic emissions from 1985 to 2005 on concen-

trations of O3 and SOA with the meteorological field and

vegetation parameters fixed at year 2005 values. Relative to

year 1985, anthropogenic emissions of NOx, CO, and non-

methane hydrocarbons over China in year 2005 increased

by 117, 150, and 89%, respectively. As a result, surface-

layer O3 concentrations is enhanced in most places of China

(Fig. 6). Simulated maximum increases in JJA O3 reached

21 ppbv in eastern China. Such changes in JJA surface-

layer O3 concentration owing to the changes in anthro-

pogenic emissions between 1985 and 2005 were larger than

the changes simulated with combined changes in meteor-

ological conditions and LCLU (Fig. 3c). While the changes

in anthropogenic emissions generally increased O3 concen-

trations in China, the changes in meteorological parameters

and LCLU led to reductions in O3 concentrations in some

places (e.g. central China). The effect of changes in meteo-

rological and LCLU offset the increases caused by anthro-

pogenic emissions by about 5�10% in central China.

The changes in anthropogenic emissions from 1985 to

2005 are simulated to increase JJA surface-layer SOA concen-

trations by as much as 0.2 mg m�3 in southeastern China

(Fig. 6). Compared to the changes in JJA SOA concentra-

tion owing to the combined effect of meteorological and

LCLU changes (Fig. 3d), the magnitude of changes in JJA

SOA concentrations due to the changes in anthropogenic

emissions was smaller in places of SE China (regions around

308N) but in the opposite sign. In the coastal regions of SE

China, the effects of changes in anthropogenic emissions

were comparable with changes in meteorological condi-

tions and LCLU.

7. Conclusions and discussions

We use the biogenic emission module MEGAN embedded

within the global chemical transport model GEOS-Chem

to estimate the changes in BVOC emissions and hence in

surface-layer concentrations of O3 and SOA over China

from the late 1980s to the mid-2000s. LCLU datasets in

China in this time period are based on satellite retrieval

and land use survey. From the late 1980s to the mid-2000s,

total area of vegetation coverage in China decreased by 4%.

The fractions of land covered by forests exhibited in-

creases of 10�30 and 5�15%, respectively, in SE and

NE China and decreases of 15�35% in SW China. The

fractions of cropland decreased in most regions except for

in the farming�pastoral zone in northern China where

Fig. 6. Simulated changes in summer (JJA) and annual mean surface-layer concentrations of O3 and SOA as a result of changes in

anthropogenic emissions over 1985�2005 (CTRL_2000s minus SENS_ANTH). Unit is ppbv for O3 and mg m�3 for SOA.
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cropland increased by 5�20%. The factions of grassland in

northern China showed large reductions of 5�30%.

From the late 1980s to the mid-2000s, the annual bio-

genic emissions of isoprene, monoterpenes, and OVOCs

in China are simulated to increase by �13.1, �4.6, and

�10.8%, respectively, as changes in both meteorological

fields and LCLU are considered. The changes in meteor-

ological parameters are simulated to have a larger effect

on BVOC emissions than the changes in LCLU alone. As a

result of the changes in meteorological fields (LCLU) alone,

the annual total BVOC emission in china is simulated to

change by �15.2% (�3.3%) from the late 1980s to the

mid-2000s. Note that locally, in the SW and NW regions,

the percentage changes in isoprene and monoterpene emis-

sions resulted from the changes in LCLU were compar-

able to those resulting from changes in meteorological

parameters.

With anthropogenic emissions of O3 precursors, aerosol

precursors, and aerosols fixed at year 2005 levels, the

changes in meteorological parameters and in LCLU from

the late 1980s to the mid-2000s are simulated to change the

seasonal mean surface-layer O3 concentrations by �4 to

�6 ppbv and to change the seasonal mean surface-layer

SOA concentrations by �0.4 to �0.6mg m�3 over China.

We also perform a sensitivity simulation SENS_ANTH to

compare the impacts of changes in anthropogenic emis-

sions on concentrations of O3 and SOA with those of the

changes in meteorological parameters and land cover.

Results show that changes in anthropogenic emissions over

1985�2005 alone enhanced JJA surface-layer O3 concen-

trations by 10�21 ppbv and increased JJA surface-layer

SOA concentrations by as much as 0.2mg m�3 in south-

eastern China. Compare with the impact of anthropogenic

emissions, the changes induced by meteorological and

vegetation changes are significant, considering that the

present-day seasonal mean O3 concentrations in China are

in the range of 20�60 ppbv (Lou et al., 2014; Yang et al.,

2014) and that the simulated present-day seasonal mean

SOA concentrations in China have maximum concentra-

tions of about 2.0�2.5 mg m�3 (Fu and Liao, 2012; Fu

et al., 2012). The changes in meteorological fields influence O3

and SOA concentrations in two ways. First, the emissions

of BVOCs vary with meteorological fields. Second, the

changes in meteorological parameters influence chemical

reactions, transport, and deposition of O3 and SOA.

There are some sources of uncertainties in our simula-

tions that need to be improved in future studies. The

emission factor is one of the key sources of uncertainties for

estimating biogenic emissions. We assume that the vegeta-

tion composition (in terms of biogenic emission rates) for

each PFT remain unchanged from the late 1980s to the

mid-2000s since the MEGAN scheme resolves the PFTs but

not detailed plant species. A few previous studies have tried

to use plant species level emission factors from local mea-

surements for estimating biogenic emissions in China (Klinger

et al., 2002; Zhao et al., 2004; Tsui et al., 2009; Wang et al.,

2011a). Wang et al. (2011a) assessed the impacts of PFTs,

surface meteorological variables, and EFs on BVOC emis-

sions in PRD region. They found that the total isoprene

emission obtained using the globally averaged EFs was

2.5 times higher than that estimated using regional EFs,

whereas the total emission of monoterpenes or sesquiter-

pene was lower by about 42% as emission estimated using

the globally averaged EFs was compared with that esti-

mated using the local EFs. Guenther et al. (2012) reported

that the uncertainties associated with the global annual

emission are about a factor of two for isoprene and about

a factor of three or higher for monoterpenes and other com-

pounds. Compared to the EFs in Guenther et al. (2012), the

isoprene EFs in our study are lower for broadleaf trees and

shrubs (the PFTs with large isoprene emissions) whereas

higher for temperate evergreen needleleaf trees and crops.

As a result, the estimated isoprene emissions in our study

are likely lower than those estimated for China in Guenther

et al. (2012). However, the distributions of PFTs in our

study are different from those in Guenther et al. (2012), so

it’s hard for us to quantify the differences in estimated

BVOC emissions between our work and other studies on

the basis of the differences in EFs alone. Another source

of uncertainties arise from our assumption about LAI;

because LAI datasets from the MODIS product are not

available for the late 1980s, the averaged LAI from MODIS

over 2001�2006 are used in our simulations. Hence, more

measurements are needed to reduce uncertainties in esti-

mated biogenic emissions.

Furthermore, the impacts of land cover change on dry

deposition of O3 and SOA and on soil emissions of nitro-

gen oxide (NOx) are not considered here, which have been

shown to be important in Wu et al. (2012) and Tai et al.

(2013). Finally, the GEOS-Chem model underestimates

SOA in China (Fu et al., 2008, 2012), which is undergoing

continuing improvement based on recent laboratory chamber

studies. These issues suggest avenues for improvement in

our future research.
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