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Abstract
Biogenic volatile organic carbon (VOC) emissions from vegetation in East Asia are estimated for two contrasting
land-cover scenarios: near present-day conditions derived from satellite data and pre-disturbed land-cover based on
climatological parameters and plant functional type. Hourly ﬂuxes of isoprene and monoterpenes are calculated on a
grid of 60 km  60 km cells covering much of East Asia using meteorological conditions derived from a 12-month
simulation of the region using regional climate model, monthly leaf area indexes, and the Guenther et al. (J. Geophys.
Res. 101 (1995) 1345) ecosystem-dependent emission factors. Total present-day isoprene emissions are estimated at
approximately 12 Tg C yr1 and monoterpene emissions at 6 Tg C yr1. These emissions are approximately 5.4 and
4 Tg C yr1 lower than the estimated pre-disturbed emissions of isoprene and monoterpenes, respectively, largely due to
the conversion of forested land to cropland. ORVOC emission estimates for the present-day scenario, obtained by
assuming a constant ORVOC emission factor for all ecosystems, are slightly higher in magnitude than isoprene
emissions. Present-day totals of combined biogenic and anthropogenic VOC emissions are generally larger than
biogenic VOC emissions in the pre-disturbed scenario, indicating that human activities have led to a net increase in the
atmospheric source of VOC in East Asia.
r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Ground-level ozone and particulate matter typically
associated with photochemical smog are formed by the
photoxidation of volatile organic compounds (VOC) in
the presence of nitrogen oxides (NOx) (Haagen-Smit and
Fox, 1956; NRC, 1991). The possibility that biogenic
VOC could have an impact on local and regional air
quality was ﬁrst noted by Went (1960), who documented
the emission of biogenic VOC from trees and proposed
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that their oxidation could give rise to the so-called ‘‘blue
hazes’’ often seen in forested areas. Subsequent studies
further deﬁned the speciation, magnitude, and mechanisms of biogenic VOC emissions from speciﬁc vegetation
sources (Guenther et al., 1995, 2000; Harley et al., 1999;
Helmig et al., 1998, 1999; Lamb et al., 1985; Rasmussen,
1972; Simpson et al., 1995, 1999; Fall and Wildermuth,
1998; Zimmerman, 1979). These detailed studies allowed
other investigators to assess the relative importance of
biogenic and anthropogenic VOC emissions and their
respective roles in the formation of local and regionalscale photochemical smog (Chameides et al., 1988;
Fehsenfeld et al., 1992; Geron et al., 1994; Lamb et al.,
1987; NRC, 1991; Pierce et al., 1991, 1998; Roselle et al.,
1991; Trainer et al., 1987). It has been found that,
depending upon climatic conditions and land-cover
characteristics, biogenic VOC emissions can be as large
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as or even larger than anthropogenic sources and, if
sufﬁcient NOx is present, can amplify the production
rates of photochemical smog.
Because biogenic VOC is emitted into the atmosphere
as a by-product of natural processes, their emissions are
strongly affected by ecosystem-dependent factors. Human activities such as urbanization or agriculture can
change land cover, impacting the magnitude, species,
and spatial distribution of vegetation. These vegetation
changes translate directly into changes in biogenic VOC
emissions. For example, since biogenic VOC emissions
from croplands are generally less than that from forested
areas (Guenther et al., 1995), growing populations and
economic development within a region would be
expected to lead to a decrease in biogenic VOC
emissions. On the other hand, these human activities
tend to increase anthropogenic VOC emissions. Thus,
depending upon the relative magnitude of the biogenic
and anthropogenic emissions, the total VOC emissions
in a region could conceivably increase or decrease as
human population and economic activity increase.
In this work, we assess the effect of human-induced
land-cover changes in East Asia on the emissions of
biogenic isoprene and monoterpenes. We focus on East
Asia because it is one of the most populous and rapidly
developing regions of the globe and is already subject to
regional-scale, non-urban photochemical smog episodes
(Chameides et al., 1999; Luo et al., 2000). Recently,
other investigators have developed detailed inventories
for the anthropogenic VOC emissions in East Asia
(Klimont et al., 2002). Here we place these anthropogenic emission inventories into a larger context by
developing emission inventories for biogenic VOC for
present-day and pre-disturbed scenarios. Following the
methodology of Guenther et al. (1995), biogenic VOC
emissions from East Asia are estimated using two landcover scenarios: (i) a pre-disturbed scenario designed to
mimic land cover in the region prior to large-scale
agricultural or industrial development; and (ii) a
present-day scenario using near-current land-cover
statistics for the region.

2. Methodology
2.1. Speciation
Biogenic VOCs are often separated into four classes:
isoprene (C5H8), monoterpenes (C10Hx), other reactive
VOCs (ORVOCs) (CxHyOz), and other VOCs (OVOCs).
ORVOCs and OVOCs are distinguished by their
reactivity within the atmosphere with ORVOCs having
atmospheric lifetimes of less than 1 day and OVOCs
having lifetimes greater than 1 day. Isoprene and the
monoterpenes are also quite reactive and have atmospheric lifetimes of considerably less than a day. Like

most VOC, the daytime oxidation of biogenic VOC is
initiated primarily by reaction with OH, however
reaction with O3, NO3, and Cl can also be important
under some circumstances for some compounds (Atkinson, 1994, 1997; Atkinson and Arey, 1998; Nordmeyer
et al., 1997; Paulson et al., 1992a, b).
In this work, we focus on the three reactive categories
of biogenic VOC: isoprene, monoterpenes, and ORVOCs. The physiological motivation of isoprene emissions from plants is not well understood, but its
production is linked indirectly to photosynthesis.
Typically, isoprene is emitted from chloroplasts as soon
as it is produced and light and temperature govern
short-term emissions (Harley et al., 1999). Monoterpenes, on the other hand, are usually stored in pools in
resin ducts or glands within the plant and usually their
emission is believed to be temperature dependent only
(Lerdau et al., 1997; Monson et al., 1995). In some cases,
monoterpene emissions can also be light dependent and
mimic the light dependence of isoprene emissions
(Kesselmeier et al., 1996). The third class of compounds,
ORVOCs, includes compound categories such as terpenoid alcohols, terpenoid ketones, aromatics, and sesquiterpenes. These compounds are emitted from defense
tissues, during plant growth, from cut and drying
vegetation, and from scented blossoms (Guenther et al.,
2000).
2.2. Spatial domain
Biogenic VOC ﬂuxes are calculated at the center of
5893 60 km  60 km cells distributed in a horizontal grid
of 71 rows and 83 columns covering much of East Asia
(see Fig. 1). The grid is the same as that used in the
China-MAP/RegCM regional climate and chemical
transport modeling system (Chameides et al., 1999;
Luo et al., 2000): i.e., 60 km  60 km cells on a Lambert
conformal conic projection spanning coordinates
48.421N, 84.421E; 48.661N, 154.41E; 14.091N, 99.431E;
and 14.211N, 140.11E. To facilitate a more detailed
analysis of our results for the eastern portion of China,
we have identiﬁed ﬁve speciﬁc subregions within the
overall grid; these are illustrated in Fig. 1 and will be
referred to here as the Yellow River region, the Yangtze
River region, the Pearl River region, the Sichuan Basin,
and southeast Asia.
2.3. Biogenic VOC flux calculations
The biogenic VOC emission rate at a given location is
typically estimated by taking the product of three
parameters: (i) the quantity of leaf biomass per area;
(ii) a vegetation-dependent emissions factor to represent
the rate of emissions at standard conditions per unit
biomass; and (iii) a meteorological factor to adjust the
emissions from standard to ambient conditions. One of
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Fig. 1. The China-MAP model domain adopted here with (a) pre-disturbed land use from the BIOME data set and (b) present-day
land use from 1 km AVHRR land cover in the Olson Global Ecosystems classiﬁcation systems. Regions (Yellow River, Yangtze River,
Pearl River, Sichuan Basin, and southeast Asia) are deﬁned for the analytical purposes of this study.

the most sophisticated applications of this approach is
that adopted in the Biogenic Emissions Inventory
System version 2 (BEIS2) algorithm for the eastern
United States (Pierce et al., 1991; Geron et al., 1994). In
BEIS2, emissions are ﬁrst estimated at the vegetation
genus- or species-level and then summed to obtain the
total emissions from all genera or species present at a
given location. A somewhat less complicated approach,
adopted by Guenther et al. (1995), calculates emissions
at the ecosystem level using generalized ecosystemdependent emissions factors. Although the BEIS2
method provides a more detailed estimate of the VOC
ﬂuxes, it also requires much more detailed information;
i.e., the distribution of biomass at the genus or species
level, or emission factors for speciﬁc vegetation. Since
these types of land-cover data are not readily available
for East Asia and few studies have examined the

emissions from different vegetation species in this region
(Shao et al., 2000), we adopt here the methodology of
Guenther et al. (1995). The uncertainties for this method
range from a factor of three on an annual global
emissions scale (Guenther et al., 1995) to a factor of
ﬁve when used in a regional modeling study (Simpson
et al., 1995). Additionally, uncertainties associated with
emission factors can range up to a factor of ﬁve within
an individual ecosystem category (Guenther et al., 1995)
due to the wide variability of emissions from various
vegetation types.
In Guenther et al. (1995), the biogenic ﬂux (F), in
units of mg C m2 h1, is represented as
F ¼ Ef DcL cT :

ð1Þ

In our study, we utilize the emission factors (Ef ;
mg C g1 h1), foliar density (D; g dry matter m2), and
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light and temperature correction factors (cL and cT ;
respectively) following Guenther (1997) and Guenther
et al. (1995). Light and temperature correction factors
are included for isoprene, while monoterpene emissions
are dependent on temperature (cT ) only (i.e. cL ¼ 1).
Light-dependent monoterpene emissions are not considered in this study. Emission factors and foliar density
parameters for isoprene and monoterpenes are speciﬁed
for each of 72 speciﬁc land-cover types using the Olson
Global Ecosystems land-cover classiﬁcation scheme
following Guenther et al. (1995). Emission factors and
temperature correction factors for ORVOC emission at
the ecosystem level remain poorly constrained. Following Guenther et al. (1995), we adopt a constant ORVOC
emission factor of 1.5 mg C g–1 h1 for all ecosystem
types and ORVOC temperature correction factors equal
to those for monoterpenes. Because we assume a
constant ORVOC emission factor, we are unable to
estimate the effect of land-cover changes on ORVOC
emissions, and for this reason, we present estimates for
ORVOC emissions for the present-day land-cover
scenario only.
We estimate a mean monthly foliar density term, D;
by multiplying the annual peak foliar density (Dp ) by the
fraction of foliar density present during the month
relative to the peak (Df ):
D ¼ Dp Df ;

ð2Þ

Dp is calculated from the net primary productivity
(NPP) for ecosystems and an empirical, ecosystemdependent coefﬁcient to convert NPP to a maximum
annual foliar density (Guenther et al., 1995; Box, 1981).
The fraction of foliar density present (Df ) is the ratio of
the monthly leaf area index (LAI) to the maximum
annual LAI for each model grid cell. LAI values for this
study are obtained from a global LAI data set for 1994
and 1995 (Myneni et al., 1997) at a 0.51 resolution.
Monthly LAI and maximum annual LAI values are
estimated for each model grid cell. Due to the difference
in horizontal resolution of the LAI data and the model
grid cells, the maximum LAI value per model grid cell
was used for the calculations. Because LAI values are
not available for the pre-disturbed scenario, the same
LAI ratio (Df ) as the present-day study is utilized for the
foliar density calculations.

that chosen for the calculations discussed here, the
RegCM results could be directly adapted to our
calculations without any interpolation in the horizontal.
The same meteorological data set is used for both landcover scenarios (pre-disturbed and present-day) in order
to directly compare the effects of land-cover changes.
Because biogenic VOC emissions depend non-linearly
on temperature and sunlight, these ﬂuxes should be
calculated, in principle, using time-dependent meteorological parameters. However, in this work as in many
other regional modeling studies (cf., Lamb et al., 1987;
Guenther et al., 1995), we calculate hourly biogenic
ﬂuxes using monthly averaged meteorological data for
leaf temperature, pressure, and cloud cover fraction
generated by the RegCM. We have assessed the
probable error introduced into our calculations from
the use of monthly averaged meteorological inputs by
also carrying out simulations for 4 months (January,
April, July and October) using hourly averaged meteorological data. The largest effects were obtained for
isoprene; the use of hourly averaged meteorological
inputs caused isoprene emissions to increase 20% in
July, decrease 40% in January, and decrease approximately 20% in April and October. The effect on
monoterpene and ORVOC emissions was much smaller;
the use of hourly averaged meteorological inputs caused
the emissions to decrease by 6% or less. Given the
uncertainties in emission factors used to estimate
biogenic VOC emissions in the region, the errors
introduced into the calculation by using the meteorological approach are relatively small and acceptable for
this study.
The above-canopy PAR is calculated hourly using an
algorithm developed for mid-latitudes (Iqbal, 1983).
This algorithm requires speciﬁcation of cloud cover
fraction and surface pressure, taken from the RegCM
simulation. Canopy effects tend to attenuate PAR and
are accounted for using the canopy model of Norman
(1980). This model calculates the ﬂux of PAR as a
function of depth into the canopy, which is dependent
on LAI prescribed for each grid cell. Present-day LAI
(derived from Myneni et al., 1997) is used for canopy
calculations, while calculated LAI (from the mean foliar
density and speciﬁc leaf weight, based on Guenther et al.,
1995) is used for the pre-disturbed scenario in order to
match the vegetation present.

2.4. Meteorological data
2.5. Land-cover data
The derivation of the biogenic VOC ﬂuxes requires
speciﬁcation of leaf temperature, pressure, and cloud
cover fraction as a function of both time and location.
These are taken from the monthly averaged values
derived from a China-MAP/RegCM simulation of the
model domain over the period spanning September
1994–August 1995 (Giorgi et al., 1993a, b). Note that
since the model grid used in the simulation is identical to

Two different land-cover scenarios are used in this
analysis to estimate biogenic emissions. The ﬁrst utilizes
a pre-disturbed land-cover derived from the BIOME
model (Leemans et al., 1996), which combines climatic
parameters and plant functional type to determine the
land cover at 0.51 resolution. In principle, this landcover classiﬁcation is unaffected by agricultural or other
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human-inﬂuenced activities and thus should be a
reasonable approximation of pre-disturbed conditions.
Each BIOME category is matched to its equivalent
Olson Global Ecosystems category for the biogenic
VOC calculations.
The second land-cover scenario represents an estimate
of near-current land-cover conditions as derived from
1-km AVHRR satellite data from 1992 to 1993 (EDC
DAAC) for the Olson Global Ecosystems land-cover
classiﬁcation scheme. Land-cover data for the model
domain is extracted from the Eurasia ﬁle (optimized for
Asia), converted to a Lambert Conformal Conic
projection and then intersected with the 60 km  60 km
China-MAP grid to calculate the percentage of each
land-cover type within each model grid cell. The
resulting distribution of land cover over the model
domain is illustrated in Fig. 1b.
Because the resolution of the land-cover data (1 km) is
greater than that of the model grid (60 km), several
different Olson ecosystem categories can be found
within a model grid cell. Biogenic emissions are
calculated using a ‘‘tile’’ approach, with up to 20 ‘‘tiles’’
of different ecosystems that may fall within a given
model grid cell. Biogenic emissions for each model grid
cell are then calculated by summing the area-weighted
emissions of each ‘‘tile’’ within that grid cell.
In order to evaluate if the different resolutions of the
input ﬁles (0.51 versus 1 km) yielded different emission
rates, we compared the 1 km resolution present-day
scenario with a coarser version where ecosystemdependent emission factors are assigned to each cell
based on the most prevalent ecosystem category within
that cell. This effectively decreases the land-cover
resolution to 60 km. The coarser resolution had a
negligible effect on the estimated biogenic VOC ﬂuxes,
increasing isoprene emissions for the entire model
domain by about 2–9%, decreasing monoterpene emissions approximately 1–3%, and increasing ORVOC
emissions approximately 2–5%.
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3. Results and discussion
3.1. Land-cover changes
Fig. 1 illustrates the land-cover characteristics of the
model domain for the pre-disturbed scenario (BIOME)
and the present-day scenario (1 km). In order to evaluate
the changes between the two land-cover scenarios, the
original 72 Olson Global Ecosystems categories are
compressed into four broad categories: forest, crop,
shrub/grass, and other. The percentage of general landcover type over the entire model domain and ﬁve
subregions is listed in Table 1 for both land-cover
scenarios.
We estimate that human activities have led to the
conversion of about 30% of the land area from forests
to croplands, accompanied by a 4% loss of grass and
shrubland over the entire model domain. In the Yellow
River, Yangtze River, Pearl River, and Sichuan Basin
subregions of China, where urban-industrial development has been especially intense in recent decades, the
estimated loss of forested land is about 2–3 times as
large as that estimated for the entire region (i.e., 55%,
69%, 58%, and 81%, respectively). Inspection of Fig. 1
reveals that forests covered almost 100% of three of
these subregions—the Yangtze River, Pearl River, and
Sichuan Basin—in the pre-disturbed scenario. In the
Yellow River, the loss of forested areas is accompanied
by a loss of grass and shrubland from about 10% of the
subregion. However, in the Yangtze River and Sichuan
Basin, the forests loss has been accompanied by modest
increases in grass and shrubland (6% and 14%,
respectively).
3.2. Biogenic emissions
Emissions of isoprene and monoterpenes for the
month of July for both land-cover scenarios are
illustrated in Figs. 2 and 3, respectively. In Table 2,

Table 1
Percentage of land-cover category per total region area
Yellow River

Yangtze River

Pearl River

Sichuan Basin

Southeast Asia

Total domain

Pre-disturbed
Forest
Crop
Grass/shrub
Other

61
0
34
5

100
0
0
0

100
0
0
0

98
0
2
0

91
0
9
0

64
0
19
17

Present-day
Forest
Crop
Grass/shrub
Other

6
59
24
11

31
62
6
1

42
56
1
1

17
53
16
14

53
31
7
9

33
27
15
25
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relatively large ORVOC emission rate is likely an
artifact arising from our assumption of a constant
ORVOC emission factor for all ecosystem categories.
This result highlights the need for more detailed data on
the ORVOC emissions from speciﬁc types of vegetation
as well as emission factors on the ecosystem-level.
Within the model domain, the heavily forested and
relatively warm southeast Asia subregion is by far the
most proliﬁc source of biogenic VOC, accounting for
roughly 50%, 30%, and 40% of the model domain’s
total emissions of isoprene, monoterpenes, and OR-

annual emission rates of isoprene and monoterpenes
over the entire domain and ﬁve subregions for both
land-cover scenarios are listed and compared to
estimated annual present-day anthropogenic VOC
emission rates. As noted earlier, ORVOC emissions are
difﬁcult to quantify on the ecosystem level, and thus
estimates of ORVOC emissions are provided only for
the present-day scenario in Table 2.
Present-day biogenic emissions of isoprene, monoterpenes, and ORVOCs within the model domain are
estimated at 12, 6, and 17 Tg C yr1, respectively. The

X
LINAN SITE

(a)

(b)

Fig. 2. July meteorological averages of isoprene ﬂux (mg C m2 h1) for the (a) pre-disturbed land-cover scenario and (b) present-day
land-cover scenario.
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(a)

(b)

Fig. 3. July meteorological averages of monoterpene ﬂux (mg C m2 h1) for the (a) pre-disturbed land-cover scenario and (b) presentday land-cover scenario.

VOCs, respectively. Within China, the Yangtze and
Pearl River subregions represent the largest sources of
biogenic VOC.
We estimate that total annual isoprene emissions for
the pre-disturbed case were 17 Tg C yr1 and monoterpene emissions were 10 Tg C yr1. This suggests that
present-day isoprene and monoterpene emissions in East
Asia have decreased by about 30% and 40%, respectively, as a result of human-induced land-cover changes.

Overall, these decreases correspond to a 34% decrease in
the ﬂux of organic carbon to the atmosphere.
Comparing the pre-disturbed to the present-day
scenario, we ﬁnd that isoprene emissions decrease
throughout the model domain. The spatial distribution
of the isoprene decrease generally follows the loss of the
high isoprene-emitting deciduous and mixed forestland
cover (see Fig. 1). In the Sichuan Basin where 80% of
the subregion is estimated to have been converted from
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Table 2
Annual biogenic emissions (Tg C yr1) for pre-disturbed and present-day land-cover scenarios, and comparison of these emissions to
present-day anthropogenic VOC emissions
Yellow River Yangtze River Pearl River Sichuan Basin Southeast Asia Rest of domain Total
A. Biogenics
Pre-disturbed
Isoprene
Monoterpenes
Total Biogenics

0.69
0.26
0.95

2.44
0.58
3.02

1.55
1.12
2.67

1.44
0.58
2.02

7.28
4.22
11.50

4.01
3.51
7.52

17.41
10.26
27.67

Present-day
Isoprene
Monoterpenes
ORVOCsa
Total Biogenics

0.47
0.23
0.83
0.70

1.65
0.72
2.17
2.37

1.08
0.69
1.47
1.77

0.84
0.33
0.96
1.17

5.91
2.22
6.82
8.13

2.03
2.02
4.38
4.05

11.98
6.20
16.62
18.18

Present-day—Pre-disturbed
Total Biogenics
0.25
% change
26

0.65
22

0.90
34

0.84
42

5.07

2.34

1.96

B. Anthropogenicb

3.08

3.4
29
0.91

3.5
46
2.53

9.5
34
15.89

a

ORVOCs not included in total biogenics.
Anthropogenic emissions originally estimated as Tg yr1 (Streets and Waldhoff, 1999); here, they are converted to Tg C yr1
assuming a conversion factor of 0.8.
b

forests to croplands and other landscapes, present-day
isoprene emissions are calculated to be about 40% lower
than that of the pre-disturbed case. In the southeast Asia
subregion, only about 40% of the area was converted
from forests and the decrease in isoprene emissions is
more modest (i.e., B20%). In July (see Fig. 2), isoprene
emissions for the pre-disturbed scenario are greater in
the Yangtze region and in northern China because of the
large presence of deciduous forests in the pre-disturbed
land cover. Along the northern border of China, the
previously forested areas with high isoprene emission
factors were converted to mixed forest/cropland in the
present-day scenario, resulting in lower isoprene emissions in the northern portion of the domain. However,
despite the loss of deciduous forested land, strong
isoprene emissions (500–2000 mg C m2 h1) are still seen
throughout central and southern China.
Monoterpene emissions also decrease across the
model domain and most, but not all, subregions.
Decreases in monoterpene emissions are seen in Yellow
River (12%, 0.03 Tg C yr1), the Pearl River (38%,
0.4 Tg C yr1), the Sichuan Basin (43%, 0.25 Tg C yr1),
and southeast Asia (47%, 2 Tg C yr1). A slight increase
of about 19% (0.14 Tg C yr1) is obtained for the
Yangtze River subregion. It is interesting to note the
contrasting trends in isoprene and monoterpene emissions in the various subregions. In the Yellow River and
Yangtze River, the percentage decrease in monoterpene
emissions is smaller than the isoprene decrease (in fact,
in the Yangtze River subregion, monoterpene emissions
actually increase). In addition to the general loss of

forested areas in these subregions, a signiﬁcant fraction
of the high-isoprene emitting deciduous forests in the
pre-disturbed scenario was converted to mixed forests
and shrubland in the present-day scenario. The latter
land-cover types emit much less isoprene but still have
signiﬁcant monoterpene emissions, and thus the decrease in monoterpene emissions is smaller than that of
isoprene. In the Sichuan Basin, Pearl River, and
southeast Asia subregions, the decrease in monoterpene
emissions was as large as or greater than the decrease in
isoprene emissions. Inspection of Fig. 1 indicates that
these regions had signiﬁcant amounts of evergreen
forests in the pre-disturbed cases that were converted
to croplands and grass/shrubland. Evergreen forests
emit large amount of monoterpenes, but very little
isoprene and, hence in these cases, the decrease in
monoterpene emissions was more pronounced. During
July, the month of maximum annual emissions, the most
signiﬁcant changes in monoterpene emissions (Fig. 3)
are along the lower coastline of China (speciﬁcally, the
Pearl River region) and the Sichuan Basin region. The
monoterpene emissions in Fig. 3 match the respective
land-cover characteristics in Fig. 1, where the areas of
high monoterpene emissions arise in the locations of
evergreen forest (e.g., the western portion of the Pearl
River subregion).
Estimates of the present-day annual anthropogenic
VOC emission rates, derived from the emissions
inventory of Streets and Waldhoff (1999), are also listed
in Table 2 for each geographic subregion and the entire
domain. Over the entire domain, biogenic emissions are
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greater than the anthropogenic emissions. In the Yellow
and Yangtze River regions, the anthropogenic VOC
emissions outweigh the biogenic emissions on an annual
basis, while the biogenic emissions in southeast Asia are
much greater than their anthropogenic counterpart.
Comparison of the anthropogenic and biogenic emissions indicates that: (i) present-day biogenic emissions
are similar in magnitude to anthropogenic emissions and
thus should be included in regional air pollution
assessments in East Asia; and (ii) the sum of presentday biogenic and anthropogenic VOC emissions are
greater than the biogenic VOC emissions in the predisturbed scenario, and thus it is estimated that the total
ﬂux of VOC to the region has increased as a result of
human activities.
3.3. Comparison of modeled isoprene fluxes with fluxes
inferred from observations
Ideally, our model results could be evaluated by
directly comparing our calculated ﬂuxes with measurements of biogenic VOC ﬂuxes. Unfortunately, direct
measurements of these ﬂuxes over East Asian ecosystems are not readily available. Therefore, we attempt
to verify the robustness of our modeling results
by comparing them with an independently derived
ﬂux from ground-based observations of ambient isoprene concentrations. These isoprene measurements
were performed at the rural Linan site in eastern
China during the spring and early summer of 2001
(D.R. Blake, pers. comm., 2002). The Linan site is
located approximately 10 km north of the Linan county
township (population B50,000), 50 km northwest
of Hangzhou and 250 km southwest of Shanghai
(Luo et al., 2000; Wang et al., 2001; location labeled
in Fig. 2). Although the site is in proximity of
highly populated areas, the sampling site itself is in a
rural location surrounded by agricultural activity,
making it an ideal candidate to examine biogenic VOC
emissions.
To compare these measurements to our modeling
results, we used the average isoprene concentration
(880 pptv) obtained from 14 mid-day samples collected
between the hours of 12 and 5PM (local time) during the
ﬁrst 10 days of June 2001. Our model calculations
yielded an average mid-day isoprene ﬂux of
2000 mg C m2 h1 from the grid cell containing the
Linan site during early June. We then used this
concentration to estimate the isoprene ﬂux (F ;
mg C m2 h1) assuming that OH is the primary oxidation pathway for isoprene:
F ¼ Ciso kOH;iso ½OHH;

ð3Þ

where Ciso is the vertically averaged isoprene concentration over a boundary-layer height (H) assumed to be
1 km, kOH;iso is the rate constant for the reaction of OH
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with isoprene, and [OH] is the concentration of OH
(assumed to be constant over the boundary layer). In
our calculations, we estimated Ciso using a simple eddydiffusion parameterization to simulate the competing
effects of vertical transport and a ﬁrst-order chemical
loss with OH (see Chameides et al. (1992) and references
cited therein). We adopted a value of 7.6E+06
molecules cm3 for [OH], based on the average midday OH concentration calculated by the ChinaMAP/
RegCM model in early June 1995 at Linan. The
isoprene-OH reaction rate constant (kOH;iso ) was speciﬁed as 1.01E10 cm3 molecules1 s1, based on a surface
level temperature of 297 K (Atkinson, 1994; Paulson and
Seinfeld, 1992). With these assumptions, we obtained a
vertically averaged isoprene concentration of 380 pptv
and an inferred ﬂux of 2600 mg C m2 h1. This ﬂux is
reasonably consistent with the mid-day average modeled
ﬂux of 2000 mg C m2 h1.

4. Conclusions
We estimate that forested land cover has decreased in
East Asia as a result of human activities by approximately 30% over the entire domain, but up to 70% and
80% in the Yangtze River and Sichuan Basin regions. A
model assessment of the impacts of these land-cover
changes on biogenic VOC emissions in East Asia
indicate that annual isoprene and monoterpene emissions have decreased by about 30% and 40%, respectively. However, these changes are not uniform
throughout the region. For example, large decreases in
both isoprene and monoterpene emissions are predicted
for the Sichuan Basin where more than 80% of the
forested areas have been converted to croplands and
grasslands and a signiﬁcant fraction of the pre-disturbed
forests were composed monoterpene-emitting evergreens. In the Yangtze River region, on the other hand,
more modest decreases in total biogenic emissions (of
B22%) are predicted with a 20% increase in monoterpene emissions. In this case, we estimated that a
signiﬁcant fraction of the high-isoprene emitting deciduous forests in the pre-disturbed scenario was converted
to mixed forests and shrubland in the present-day
scenario. Despite, the overall large decreases in biogenic
emissions, present-day anthropogenic VOC emissions
more than make up for the decrease and we therefore
estimate that the present-day total emissions of
VOC in East Asia have increased as a result of human
activities.
A complete understanding of the effects of these
VOC emission changes on regional air quality in
East Asia will require more comprehensive regional
chemical modeling beyond the scope of this study.
Nevertheless, some general trends can be noted. Luo
et al. (2000) found that regional ground-level ozone
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pollution episodes over East Asia are most intense
during the fall and spring. During these periods, VOClimitation most likely applies on regional scales in
the northern portion of the Yangtze River as well
as the Yellow River region. We predict that the
overall VOC emissions in these regions have increased
considerably as a result of anthropogenic activities,
and thus, this increase (in conjunction with anthropogenic NOx emissions) have likely had a negative
impact on regional air quality. It is also interesting to
note, in this regard, that we predict an increase in
monoterpene emissions in the Yangtze River region,
where ﬁne particle pollution appears to be especially
severe (Chameides et al., 2002). Unlike isoprene,
monoterpene oxidation products can undergo gas-toparticle conversion, forming ﬁne particulate matter.
Thus it is conceivable that changes in land cover over the
Yangtze River region may have indirectly exacerbated
regional ﬁne particle pollution by enhancing monoterpene emissions.
ORVOC emissions represent a major source of
uncertainty in our analysis. At present there is very
limited information on how these emissions vary across
ecosystems, which has precluded our estimation of the
ORVOC response to land-cover changes over East Asia.
Nevertheless, a preliminary estimate of present-day
ORVOC emissions assuming a constant emission factor
for all ecosystems suggests that ORVOC emissions could
be quite signiﬁcant, as large or even larger than that of
isoprene. Further investigation into speciﬁc ORVOC
compounds from speciﬁc ecosystems, as well as further
isoprene and monoterpene emissions testing in East
Asia, could provide better and more reliable estimates of
total biogenic VOC emissions, their response to landcover changes, and their impact on regional atmospheric
chemistry.
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