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[1] Natural emissions of nonmethane volatile organic compounds (NMVOCs) play a
crucial role in the oxidation capacity of the lower atmosphere and changes in
concentrations of major greenhouse gases (GHGs), particularly methane and tropospheric
ozone. In this study, we integrate a global biogenic model within a terrestrial ecosystem
model to investigate the vegetation and soil emissions of key indirect GHGs, e.g.,
isoprene, monoterpene, other NMVOCs (OVOC), CO, and NOx. The combination of
a high-resolution terrestrial ecosystem model with satellite data allows investigation of the
potential changes in net primary productivity (NPP) and resultant biogenic emissions of
indirect GHGs due to atmospheric CO2 increases and changes in climate and land use
practices. Estimated global total annual vegetation emissions for isoprene, monoterpene,
OVOC, and CO are 601, 103, 102, and 73 Tg C, respectively. Estimated NOx emissions
from soils are 7.51 Tg N. The land cover changes for croplands generally lead to a
decline of vegetation emissions for isoprene OVOC, whereas temperature and atmospheric
CO2 increases lead to higher vegetation emissions. The modeled global mean isoprene
emissions show relatively large seasonal variations over the previous
20 years from 1981 to 2000 (as much as 31% from year to year). Savanna and boreal
forests show large seasonal variations, whereas tropical forests with high plant
productivity throughout the year show small seasonal variations. Results of biogenic
emissions from 1981 to 2000 indicate that the CO2 fertilization effect, along with changes
in climate and land use, causes the overall up-trend in isoprene and OVOC emissions over
the past 2 decades. This relationship suggests that future emission scenario estimations for
NMVOCs should account for effects of CO2 and climate in order to more accurately
estimate local, regional, and global chemical composition of the atmosphere, the global
carbon budget, and radiation balance of the Earth-atmosphere system.
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1. Introduction

[2] It is well documented that indirect greenhouse gases
(GHGs), e.g., nonmethane volatile organic compounds
(NMVOCs), carbon monoxide (CO), and nitric oxides
(NOx), can impact the climate system by altering concen-
trations of methane (CH4) and tropospheric ozone (O3), two
important GHGs [Fuglestvedt et al., 1996; Daniel and
Solomon, 1998; Kheshgi et al., 1999; Kheshgi and Jain,
1999; Hayhoe et al., 2000]. The NMVOCs also play an
important role in the global carbon budget [Guenther, 2002]
and radiation balance of the Earth-atmosphere system [Otter
et al., 2003]. Terrestrial vegetation remains a major source
of indirect GHGs, particularly for NMVOCs, on a global
scale [Intergovernmental Panel on Climate Change (IPCC),
2001]. Moreover, emissions of indirect GHGs are highly

dependent on environmental conditions, such as tempera-
ture, solar radiation, atmospheric CO2 concentration, and
the resultant foliar density [e.g., Guenther et al., 1995], and
nonenvironmental factors, such as changes in land cover
[Purves et al., 2004].
[3] Foliage (leaves and needles) is the primary source of

isoprene, monoterpene, and other NMVOC (OVOC) emis-
sions, though the emission mechanism for each species is
different [Fall, 1999; Kesselmeier and Staudt, 1999;
Guenther et al., 2000; Guenther, 2002]. Isoprene, with the
largest biogenic emission rate, is not stored in plant tissues
but rather is produced in plant chloroplasts through photo-
synthesis [Silver and Fall, 1995]. Its emissions peak during
the daytime when the photosynthetically active radiation
(PAR) reaches maximum, and then reduce to zero during the
nighttime. Isoprene emissions are primarily controlled by
leaf temperature, PAR, and leaf age. Monoterpene, on the
other hand, is stored in plant reservoirs and emitted from
specialized plant tissues throughout the day and night [Fall,
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1999]. Although leaf temperature is mainly responsible for
the magnitude of monoterpene emissions, studies suggest
that monoterpene emissions from some plant species are
light-dependent [Bertin et al., 1997; Kesselmeier and
Staudt, 1999; Owen et al., 2002]. More monoterpene is
generally emitted at higher temperatures. The mechanism of
OVOC emissions varies with different OVOC species and is
summarized by Guenther [2002].
[4] In the case of CO, laboratory studies suggest that it is

emitted from live leaves as the result of a direct photo-
chemical transformation of leaf matter on or in the plant
matrix [Tarr et al., 1995]. The dead plant matter also emits
CO as a result of photo-oxidation of plant cellular materials
from ultraviolet (UV) solar radiation. On the basis of
laboratory and field measurements, Schade et al. [1999]
found that not only did solar radiation contribute to plant
CO production, but also temperature played an important
role. The NOx (in the form of NO) is emitted from biogenic
sources as the result of biological nitrification and denitri-
fication [e.g., Potter et al., 1996]. Many factors, like soil
nitrogen availability, soil temperature, and soil water con-
tent, regulate soil NO emissions [e.g., Galbally and Roy,
1978; Yienger and Levy, 1995].
[5] There are a number of studies of total NMVOC

emissions on a regional and global scale [e.g., Geron et
al., 1994; Guenther et al., 1995, 1999, 2000; Simpson et al.,
1995; Wang and Shallcross, 2000; Adams et al., 2001;
Potter et al., 2001; Levis et al., 2003; Otter et al., 2003;
Stewart et al., 2003; Tao et al., 2003; Naik et al., 2004].
Most of these studies have applied Guenther et al.’s [1995]
algorithm to calculate NMVOC emissions. The differences
are generally in the details of input data for the globe or
specific regions. For example, Guenther et al. [1995]
estimated the global natural VOC emissions using a high-
resolution emission model. They applied the emission rates
(mg C g�1 dry foliar mass h�1) of isoprene, monoterpene,
and OVOC to individual ecosystem type, and modified the
emissions using environmental correction factors that
accounted for leaf temperature and PAR. Guenther et al.
[1999, 2000] further revised the isoprene emission algo-
rithm by adding a so-called ‘‘leaf age’’ factor. More
recently, Stewart et al. [2003] applied Guenther’s algo-
rithm to calculate the biogenic isoprene and monoterpene
emissions across Great Britain with very detailed plant-
specific land use and meteorology.
[6] Unlike vegetation NMVOC emissions, there are very

few studies available in the literature on biogenic emissions
of CO and NO. Schade and Crutzen [1999] developed a
model to calculate the global vegetation CO emissions.
They estimated global vegetation emissions from photo-
chemical degradation of plant matter and thermal CO
production. More recently, Guenther et al. [2000] calculated
the vegetation CO emissions from North America using an
emission factor method. In the case of NO, Williams et al.
[1992] developed an algorithm that combined biome type
and soil temperature to calculate soil NO emissions for the
US, which was later applied to calculate NO emissions for
Europe [Stohl et al., 1996], and for the globe [Lee et al.,
1997]. Yienger and Levy [1995] also developed an algo-
rithm to estimate the global soil NO emissions, which
accounted for details such as ‘‘pulsing,’’ nitrogen fertilizer
stimulation, biomass burning stimulation, and canopy

reduction. Potter et al. [1996] employed a process-based
ecosystem model in combination with nitrogen minerali-
zation rates and soil inundation to calculate global soil
emissions of NO.
[7] The purpose of this study is to build on and extend the

approaches of previous studies. While we use the same or
similar algorithms to calculate biogenic emissions for indi-
rect GHGs, we implement these algorithms in the newly
developed terrestrial ecosystem model component [Jain and
Yang, 2005] of the Integrated Science Assessment Model
(ISAM) to estimate the emissions of indirect GHGs from
biogenic sources. The advantage of implementing the bio-
genic emission relationship into the ISAM terrestrial eco-
system model is to provide the capability of investigating
potential time-dependent changes in biogenic emissions due
to changes in ecological and physiological processes, and
their interactions with atmospheric CO2, climate, and land
cover change practices. We would like to mention here that
two recent global modeling studies have investigated the
effects of climate variations and increasing atmospheric
CO2 on global NMVOC emissions [Levis et al., 2003; Naik
et al., 2004]. Levis et al. [2003] calculated the terrestrial
biogenic volatile organic compound emissions using
CCSM’s (Community Climate System Model’s) dynamic
vegetation model [Bonan et al., 2002], whereas Naik et al.
[2004] estimated emissions using the Integrated Biospheric
Simulators (IBIS2.5) [Foley et al., 1996]. Both modeling
frameworks incorporated the Guenther et al. [1995] vege-
tation emissions algorithms to account for the influence of
temperature and radiation on emissions. However, to our
knowledge, no published work has been done to study the
effect of human land cover changes on the indirect GHGs.
Therefore, as an extension of previous studies, the objec-
tives of the current study are two fold. First, we estimate
spatial and temporal biogenic emissions of the indirect
GHGs (isoprene, monoterpene, OVOC, CO, and NOx) over
the globe for the current atmospheric composition using
ISAM. Secondly, we estimate the historical seasonal varia-
tions in biogenic emissions of the indirect GHGs over the
past 20 years from 1981 to 2000 due to changes in
atmospheric CO2, climate, and changes in land use. These
emissions could be used to study the past climate variability.

2. Method

[8] The algorithm of biogenic emissions is linked to the
terrestrial ecosystem component of the ISAM [Jain and
Yang, 2005]. The terrestrial model is used to calculate net
primary productivity (NPP) that drives the estimate of foliar
density. Biogenic emissions are calculated by multiplying a
prescribed emission factor by foliar density, an environmen-
tal adjustment factor that accounts for the influence of
photosynthetic photon flux density (PPFD), temperature,
and leaf age, and an escape efficiency that represents the
fraction that is released into the above-canopy atmosphere.
The ground-based gridded monthly temperature and precip-
itation data (0.5� � 0.5� resolution) are from T. D. Mitchell
et al. (A comprehensive set of high-resolution grids of
monthly climate for Europe and the globe: The observed
record (1901–2000) and 16 scenarios (2001–2100), sub-
mitted to Journal of Climate, 2003, hereinafter referred to as
Mitchell et al., submitted manuscript, 2003). The gridded
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surface shortwave solar radiation data are from the Earth
Radiation Budget Experiment (ERBE) database (2.5� �
2.5� resolution) [Li and Leighton, 1993; Li et al., 1993].
The gridded monthly leaf area index (LAI) data are from
the NASA MODIS Land Discipline data set [Myneni
et al., 1997; http://cliveg.bu.edu/modismisr/products/avhrr/
avhrrlaifpar.html].

2.1. Terrestrial Ecosystem Component of ISAM

[9] In this study the global and annual NPP is calculated
using the terrestrial component of our ISAM, which simu-
lates carbon fluxes to and from different compartments of
the terrestrial biosphere with 0.5� � 0.5� spatial resolution
[Jain and Yang, 2005]. Each grid cell is completely occu-
pied by at least one of the 13 land coverage classifications
(Table 1). The global distributions for different land cover
classifications are primarily based on Loveland and Belward
[1997] and Haxeltine and Prentice [1996] vegetation data
sets. Each grid is also assigned one of the 105 soil types on
the basis of the FAO-UNESCO Soil Map of the World
[Zobler, 1986, 1999]. Within each grid cell, the carbon
dynamics of each land coverage classification are described
by an ecosystem model, which consists of three vegetation
carbon reservoirs (ground vegetation (GV), nonwoody tree
part (NWT), and woody tree part (WT)); two litter reser-
voirs (DPM and RPM) representing above and below
ground litter biomass; and three soil reservoirs (microbial
biomass (BIO), humified organic matter (HUM), and inert
organic matter (IOM)). We calculate actual soil water (mm)
and soil water pressure (kPa) for each grid cell with the
monthly climatic water budget model of Thornthwaite and
Mather [1957] as implemented by Pastor and Post [1985].
The soil hydraulic characteristics for the soil moisture
function and the water balance calculations are derived
from soil depth and texture information for each FAO soil
type [Zobler, 1986, 1999], rooting depth estimates [Webb et
al., 1991], and relationships between soil texture and water
content at the critical pressure [Rawls et al., 1982]. Within
each grid cell, the model simulates the processes of evapo-
transpiration, plant photosynthesis and respiration, carbon

allocation among plant organs, litter production, and soil
organic carbon decomposition. The model also includes
effects of biomass regrowth in response to feedback pro-
cesses such as CO2 fertilization and temperature effects on
photosynthesis and respiration. Plant and soil carbon stocks
for land coverage classifications are also influenced by
agriculture, forest, and nonforest change cover activities
[Jain and Yang, 2005].
[10] Because of the long turnover times of some model

reservoirs, the carbon is accumulated over many years to
generate the biomass in different terrestrial ecosystem
reservoirs. Therefore we first initialized the vegetation
model with a 1765 atmospheric CO2 concentration of
278 ppmv to calculate the equilibrium NPP in addition to
vegetation and soil carbon for different model pools. Next,
we ran the model up to the year 2000 using prescribed
observed temperature and precipitation changes (Mitchell et
al., submitted manuscript, 2003) and CO2 concentrations
[Neftel et al., 1985; Friedli et al., 1986; Keeling and Whorf,
2000]. We also utilized surveys of past land cover changes
due to three types of land cover change activities: clearing
of natural ecosystems for croplands and pasturelands, re-
covery of abundant croplands/pasturelands to preconversion
natural vegetation, and production and harvest in conver-
sion areas [Jain and Yang, 2005]. For the land cover
changes we employed the Ramankutty and Foley [1998,
1999] data set, which was available for the period 1765–
1992. Between 1992 and 2000, we linearly extrapolated
each grid cell data using the trend for the 1980s. The
Ramankutty and Foley [1998, 1999] data set was derived
from spatially explicit maps of historical land use changes
using a satellite based 1992 cropland data [Haxeltine and
Prentice, 1996; Loveland and Belward, 1997] and historical
inventory data compiled from various sources [Ramankutty
and Foley, 1998, 1999]. The estimates represent the extent
to which different natural vegetation types have been
changed, and which have been abandoned over the histor-
ical time period. We do not explicitly account for land cover
changes due to succession and species composition over
time. These changes are implicitly accounted for the inven-

Table 1. Emission Factors for Indirect GHGs and Empirical Parameters for Each Biome Type Used in This Studya

Biome Type

Emission Factors, ug C g�1 dry foliar mass h�1

A,d ug N m�2 h�1, NOx Dr
e CRFfIsopreneb Monoterpeneb OVOCb COc

Tropical evergreen 0.7–18.1 0.13–0.70 0.13–0.41 0.3 9.13 0.55 0.78
Tropical deciduous 0.8–10.9 0.20–0.91 0.20–0.56 0.3 3.60 0.55 0.55
Temperate evergreen 0.1–45.0 0.09–1.42 0.21–0.68 0.3 0.252 0.45 0.55
Temperate deciduous 1.5–147.5 0.28–22.5 0.47–12.9 0.3 0.252 0.35 0.48
Boreal 0.2–80.0 0.15–7.43 0.15–4.39 0.3 0.252 1.30 0.50
Savanna 0.4–75.0 0.08–1.23 0.08–0.63 0.3 3.24 0.50 0.30
Grassland �0. �0.10 0.32–3.06 0.3 3.24 0.50 0.28
Shrubland 0.2–90.0 0.05–4.25 0.06–2.24 0.3 1.746 0.45 0.30
Tundra 1.5–10.0 0.09–1.25 0.11–0.62 0.3 �0. 0.50 0.21
Desert 0.7–20.0 0.18–1.60 0.21–0.85 0.3 0.252 0.30 0.20
Polar desert/rock/ice �0. �0. �0. 0.3 �0. 0.30 0.20
Cropland �0. 0.06–0.10 0.09–4.99 0.3 see text 0.75 0.32
Pasture �0. 0.08–0.10 0.10–4.02 0.3 3.24 0.50 0.30

aEmission factors for isoprene, monoterpene, and OVOC are gridded based and the range of values for each biome type is provided.
bGuenther et al. (manuscript in preparation, 2005).
cGuenther et al. [2000] and Levis et al. [2003].
dWilliams et al. [1992].
eGuenther et al. [1995].
fAverage of Yienger and Levy [1995] and Lee et al. [1997].
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tory data. The changes in carbon stock due to land cover
change activities are calculated using a land use change
model [Jain and Yang, 2005]. In this model, changes in
carbon stocks following the land cover changes are affected
by the changes in NPP and soil respiration, and the effects
of changing environmental conditions on these fluxes. This
modeling approach allows us to study the concurrent effects
of time-dependent variations in CO2, climate, and land
cover change activities on biogenic emissions of indirect
GHGs.
[11] Figure 1 shows the ISAM estimated annual mean

global distribution of NPP for the year 2000. Modeled
global NPP for 2000 is about 63 Gt C (109 tons of carbon),
a magnitude similar to other global estimates [Prentice et
al., 2001, and references therein]. Tropical evergreen forests
account for about 22% of the total NPP, followed by
savanna (�15%), cropland (�13%), and boreal forests
(�10%). The remaining 40% of NPP is distributed among
the other 9 biomes. As noted by Jain and Yang [2005], the
model estimated NPPs are consistent with other estimates
[Cramer et al., 1999; Prentice et al., 2001].

2.2. Biogenic Emission Component of ISAM

2.2.1. Vegetation VOC and CO Emissions
[12] Trace gas emissions from vegetation (E, mg C h�1)

are estimated as [Guenther et al., 1995, 1999, 2000]:

E ¼ e� D� g� r� A ð1Þ

where e is a gridded emission factor (mg C g�1 dry foliar
mass h�1), D is the monthly foliar density (dry foliar mass
m�2), g is the environmental adjustment factor, r is the
escape efficiency that represents the fraction of emissions
entering the above-canopy atmosphere, and A denotes the
ground vegetation area of the grid cell of the respective
biome type (m2).
2.2.1.1. Emission Factors (E)
[13] There have been a number of measurements of e for

a wide range of plant species over the globe [e.g., Janson,
1993; Guenther et al., 1996a, 1996b; Ciccioli et al., 1997;
Geron et al., 1997, 2002; Steinbrecher et al., 1997; Hakola
et al., 1998; Greenberg et al., 1999; Helmig et al., 1999;

Pattey et al., 1999; Harley et al., 2003]. Since our terrestrial
model cannot explicitly represent such a wide variety of
plant species, we do not assign e on a biome basis. Instead,
each model grid cell was assigned weighted average e on
the basis of global measurement data of six plant functional
types (PFTs): broadleaf trees, fine-leaf evergreen trees, fine-
leaf deciduous trees, shrubs, grass, and crops, based on
measurements. The weighted average e are calculated on the
basis of the area fraction of each PFT within each grid cell,
and are available for isoprene, monoterpene and OVOC
from a public access database developed by Alex Guenther
and colleagues (https://cdp.ucar.edu/.) (A. Guenther et al.,
Emissions of gases and aerosols from Nature, manuscript in
preparation, 2005, hereinafter referred to as Guenther et al.,
manuscript in preparation, 2005).
[14] The advantage of using the gridded e is that it

reduces the uncertainty due to large variations in e within
the same biome type classified by the terrestrial model.
Table 1 lists the e ranges of isoprene, monoterpene, and
OVOC for each biome type defined in our terrestrial model,
which are assemblies of area weighted e. As these figures
illustrate, the e for NMVOCs vary widely, mainly because
there are large regional differences in the e for the same
biome type as biomes in different climates respond very
differently. The e for OVOC represent all the NMVOCs
other than isoprene and monoterpene, including recently
documented high vegetation emissions of methanol [Heikes
et al., 2003] and acetone [Potter et al., 2003]. The e for CO
is from Guenther et al. [2000] and Levis et al. [2003], and
can only be regarded as a rough estimate because of the lack
of data.
2.2.1.2. Foliar Density (D)
[15] The monthly foliar density (D) is estimated from

Guenther et al. [1999, 2000]:

D ¼ Df � Dp ð2Þ

where Df is the ratio of the monthly LAI to the peak LAI
[Guenther et al., 2000]. Dp is calculated on the basis of
Guenther et al. [1995]:

Dp ¼ Dr � NPP ð3Þ

where Dr is a biome type–dependent empirical coefficient,
which is obtained from Guenther et al. [1995] and listed in
Table 1. The annual NPP is calculated using the terrestrial
ecosystem component of the ISAM, which has been
discussed in section 2.1.
2.2.1.3. Environmental Adjustment Factor (g)
[16] The environmental adjustment factor is estimated in

a different manner for different gases. Isoprene emissions
are strongly controlled by leaf temperature and solar radi-
ation [Guenther et al., 1993, 1995; Geron et al., 1994], as
well as leaf age [Guenther et al., 1999]. Therefore g for
isoprene is calculated by taking into account these factors:

giso ¼ gT � gL � gA ð4Þ

where gT, gL, and gA are the environmental adjustment
factors due to leaf temperature, solar radiation, and leaf age,
respectively. Estimations of gT and gL are made using the
empirical equations by Guenther et al. [1993]. gA is

Figure 1. ISAM estimated net primary productivity (NPP,
kg C m�2 yr�1) for the year 2000.
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estimated with the method employed by Guenther et al.
[1999].
[17] The empirical equation developed by Guenther et al.

[1993], which is a function of temperature, is used to
calculate g for individual vegetation emissions of monoter-
pene, OVOC, and CO:

gOthers ¼ exp b� T � TSð Þ½ � ð5Þ

where b (=0.09 K�1) is an empirical coefficient, TS denotes
the standard temperature (=303 K); T is the leaf temperature.
Here we use the surface skin temperatures to represent leaf
temperatures as applied and cautioned by Pierce et al.
[1998]. Radiation profiles within the canopy are estimated
using the method employed in USEPA’s SMOKE model
[Houyoux et al., 2000].
2.2.1.4. Escape Efficiency (R)
[18] Escape efficiency is a function of deposition and

canopy ventilation rates and can be estimated using the
model by Jacob and Bakwin [1991]. In this study, we did
not explicitly estimate r, but rather we applied the r values
derived by Guenther et al. [1999, 2000] for our calculation.
2.2.2. NOx Emissions From Soils
[19] Soil type and temperature are key factors in the

determination of NOx emissions from soils. Leaf uptake
and deposition are also significant because they reduce the
amount of NO2 released into the free troposphere. To
calculate soil biogenic NOx emissions, we use soil temper-
ature-dependent semiempirical algorithm based on Williams
et al. [1992] but with additions to explicitly account for the
‘‘pulsing,’’ canopy reduction and linear dependence of
fertilization rates:

E ¼ A� gNO � 1� CRFð Þ � Area� PL ð6Þ

gNO ¼ exp q� Tsoilð Þ ð7Þ

where A (mg N m�2 h�1) is similar to a emission factors (e)
and reflects the physical and chemical properties of soils,
such as soil nutrient and water content. Unlike grid-based e
for NMVOCs, here we use biome-dependent A factor
because of lack of observations for all the specific soil types
considered in this study. Except for the agriculture biome,
the A factors chosen for this study are primarily based on
Williams et al. [1992] (Table 1). The A factor for the
agriculture biome is calculated on the basis of the approach
of Yienger and Levy [1995], which makes A factor for crop
biome linearly dependent on the N fertilizer rate and
constrain it to force a 2.5% loss of N fertilizer annually per
grid [Yienger and Levy, 1995]. q (=0.071 ± 0.007 �C�1) is an
empirical coefficient. The monthly fertilizer rates are
derived from FAO country-specific annual fertilization use
[International Fertilizer Industry Association, 2005], which
we uniformly distribute over the growing period. Tsoil
denotes soil temperature (�C). Here we use the algorithms
by Houyoux et al. [2000] to convert air temperature to soil
temperature for different biome types. CRF is the biome-
dependent canopy reduction factor, representing NO2 loss
before escaping the plant canopy. The NO2 is lost because
of diffusion through plant stomata, direct deposition of NO2

onto and through the cuticle, and deposition of NO2 onto

surface soils [Yienger and Levy, 1995; Ganzeveld et al.,
2002]. In equation (6), (1 � CRF) term represents the
amount of NOx released above canopy. The CRF values are
taken from Yienger and Levy [1995] (Table 1), which are
calculated from the amount of biomass, expressed by the
leaf area index, and the stomatal area index to represent
the uptake of NO2 by the leaf cuticle and stomata. The
applicability of the CRF is confirmed by the study of
Ganzeveld et al. [2002] that employs a multilayer canopy
model to study the effect of CRF on NOx emissions. PL is
the pulsing term, which accounts for large burst of
emissions of NO after a very dry soil is wetted because of
rainfall. We applied Yienger and Levy [1995] algorithm to
estimate the pulsing effect, which was a function of rainfall
intensity. We used the model estimated soil moisture to
distinguish between dry and wet soil.

2.3. Model Experiments

[20] Studies suggest that a number of environmental
factors, including temperature, radiation, CO2 increase,
water availability, and land use changes could be playing
significant roles in the biogenic emissions [Fuentes et al.,
2001]. It is conceivable that their combined effect could
counterbalance to each other. For example, historical
deforestation rates must have produced a decrease in
emissions rates, whereas abandonment of agriculture and
subsequent forest management must have increased the
emissions. NPP may increase because of climate and CO2

fertilization-enhanced productivity of plants, whereas NPP
may reduce because of climate change–increased auto-
trophic respirations. There may also be strong interactions
between the regrowth component and the other mecha-
nisms. For example, the effect of increasing CO2 in
forests may be strongest during rapid regrowth leading
to faster canopy development and higher photosynthesis.
Thus the overall terrestrial carbon balance may differ
between analyses that do not simultaneously consider
the major factors influencing changes in biogenic emis-
sions of NMVOCs. To assess the concurrent effects of
land cover changes, CO2 concentrations, and climate change
on spatial and monthly mean biogenic emissions of
NMVOCs over the past 2 decades (1981–2000), we per-
formed four experiments using our ISAM terrestrialmodeling
framework. In the first experiment, E1, land cover changes,
atmospheric CO2, and climate were varied over the period
1981–2000. In the second experiment, E2, land cover,
atmospheric CO2, and climate remained constant at the
1980 level. In experiment E3, only atmospheric CO2 and
climate were varied with time. In the final experiment, E4,
only land cover changes and atmospheric CO2 were varied.
The impact of land cover changes was estimated by subtract-
ing E3 from E1, and the effect of climate changes was
obtained by subtracting E4 from E1. The marginal effect of
increasing CO2 was determined by subtracting E2, the land
use and climate change effects from E1. The isoprene emis-
sions were used in this study to illustrate the model results.

3. Results and Discussion

3.1. Base Year Simulation

[21] We select year 2000 as our base simulation year to
which our model results would be compared. The ISAM
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estimated global and annual total vegetation emissions
based on the E1 experiment for the year 2000 are 601 Tg
C of isoprene, 103 Tg C of monoterpene, 102 Tg C of
OVOC, and 73 Tg C of CO (Table 2). The estimated NOx
emissions from soils associated with and without the CRF
effects are approximately 7.5 and 15.4 Tg N (Table 2),
respectively. Although tropical evergreen forests occupy
approximately 11% of the total global land area, they
account for more than 36% of total isoprene emissions.
Shrubland and savanna rank 2nd and 3rd in isoprene
emissions, accounting for 28% and 22%, respectively.
Forests and savanna are also big contributors to vegetation
emissions of monoterpene, OVOC, and CO, accounting for
82%, 64%, and 76% of the total emissions, respectively. On
a global scale, croplands emit about 40% of the total NOx
from soils when the CRF effect is considered, followed by
tropical evergreen forests (19%) and savanna (15%). Shrub-
land, grassland, and pastureland account almost 90% of the
remaining 26% of NOx emissions from soils. It should be
noted that more than 2 Tg N of the 3 Tg N emitted from
croplands are induced by the application of N-containing
fertilizer (Table 3). Pulsing effect accounts for 1.53 Tg N or
20% of total (7.51 Tg N) soil emissions. Approximately
70% of the total pulsing effect comes from tropical regions
(Table 2). Without the CRF, however, emissions from
tropical evergreen forest increase by a factor of 4 and
account for approximately 42% of the total NOx emissions.
In that case, the cropland emissions reduce to 29%, and
become the second highest contributor to NOx emissions
from soils.
[22] Figure 2 displays the latitudinal variations in relative

contributions to the global biogenic emissions of indirect
GHGs. There are two peaks of isoprene emissions, center-
ing on the equator and 24�S, respectively. Heavy biomass,
high temperature, and strong solar radiation are responsible
for intense emissions there. Vegetation emissions of mono-
terpene, OVOC, and CO have similar global latitudinal
patterns driven by variations in biomass and temperature.
In general, vegetation emissions peak along the equator and
decrease poleward. Tropical (30�S to 30�N) emissions are
approximately 89%, 78%, 77%, and 85% of global emis-
sions of isoprene, monoterpene, OVOC, and CO, respec-
tively. Another peak is centered on 60�N for monoterpene
emissions. Boreal forests are the major contributor to this
other peak. The NOx emissions from soils display a zigzag

distribution along latitude, largely because the croplands are
distributed widely in both tropical and temperate regions.
[23] Figure 3 illustrates the global isoprene distributions

during winter (December to February) and summer (June
to August) of the Northern Hemisphere. Since isoprene
emissions increase with temperature, light intensity, and
foliar density, emissions are much higher during summer
and at lower latitudes. It can be seen that isoprene
emissions during winter months are concentrated in South
America, central Africa, Southeast Asia, and northern
Australia. The emission rate is normally more than
1500 mg C m�2 month�1 in those regions, with the highest
emission rate at about 4000 mg C m�2 month�1. Very few
emissions (less than 10 mg C m�2 month�1) occur in the
majority of areas beyond the midlatitude (30�N) of the
Northern Hemisphere. On the other hand, in summer, large
isoprene emissions (more than 2000 mg C m�2 month�1)
are found in the southeastern US, southern California, and
southern China. In the Southern Hemisphere, only tropical
South America and Africa emit large amounts of isoprene
during the summer. The distinct seasonal fluctuations are
found in temperate regions on both hemispheres. Overall,
our model estimated global pattern of biogenic emissions
are consistent with other studies [Guenther et al., 1995;
Levis et al., 2003]. In terms of certain regional maximum
emissions, our model estimates high summer emissions in
eastern and western half of the United States, which are in
agreement with Guenther et al. [2000]. In terms of
absolute values, our model estimates, for example, summer

Table 3. Soil NOx Emissions by Region in 2000a

Region
Fertilizer-Induced

Emissions
Total Cropland
Emissions

Total
Emissions

North America 0.311 0.387 0.576
Latin America 0.136 0.165 1.688
Europe 0.302 0.367 0.417
NAMEb 0.102 0.125 0.297
Tropical Africa 0.034 0.234 1.589
Former Soviet Union 0.064 0.162 0.313
China 0.605 0.684 0.836
S and SE Asia 0.464 0.799 1.208
PDRc 0.061 0.084 0.585

aEmissions are in Tg N.
bNAME, North Africa and Middle East.
cPDR, Pacific Developed Regions.

Table 2. Estimated Annual Biogenic Emissions of Indirect GHGs From Each Biome in 2000

Biome Isoprene, Tg C Monoterpene, Tg C OVOC, Tg C CO, Tg C

NOx, Tg N

With CRF No ‘‘Pulsing’’ No CRF

Tropical evergreen 217.2 41.4 33.9 31.7 1.415 0.934 6.432
Tropical deciduous 28.3 5.9 4.7 3.6 0.201 0.153 0.444
Temperate evergreen 11.3 4.5 2.6 1.8 0.007 0.005 0.017
Temperate deciduous 7.0 2.1 1.7 0.5 0.005 0.003 0.011
Boreal 20.6 12.7 7.8 4.8 0.025 0.020 0.049
Savanna 130.9 17.7 14.9 13.0 1.126 0.898 1.607
Grassland 0. 0.5 6.7 1.4 0.599 0.534 0.832
Shrubland 167.0 12.3 12.1 4.0 0.613 0.566 0.878
Tundra 0.8 0.5 0.3 0.1 0. 0. 0.
Desert 17.9 2.3 2.1 1.9 0.024 0.024 0.035
Polar desert/rock/ice 0. 0. 0. 0. 0. 0. 0.
Cropland 0. 3.3 11.8 9.8 3.006 2.448 4.419
Pasture 0. 0.2 3.4 0.6 0.488 0.391 0.697
Total 601.0 103.4 102.0 73.2 7.509 5.976 15.42
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monthly isoprene emission rates for the North America
ranges from 0 to over 2000 mg C m�2 month�1 (Figure
3), consistent with Guenther et al. [2000] estimates.
[24] Since the distributions of all other carbon containing

gases (i.e., monoterpene, OVOC, and CO) are about the
same, we take monoterpene as an example to discuss the
global distributions of biogenic emissions of other gases.
Figure 4 shows the global map of monoterpene emissions
during winter and summer. Similar to isoprene distributions,
monoterpene emissions display large seasonal variation in
temperate and boreal regions, particularly between 50�N
and 70�N, and there are almost no monthly variations along
the equator.
[25] Figure 5 illustrates the winter and summer NOx

emissions from soils with the CRF. NOx emissions display
distinct seasonality in both hemispheres. NOx emissions in
summer are significantly higher than in winter for the
Northern Hemisphere. As expected, the seasonal trend is

opposite in the Southern Hemisphere. Temperature, pulsing
effects, and fertilizer usage contribute to this seasonal
variation in global biogenic NOx emission. In tropical
regions the seasonal distinction largely results from the
pulsing effect because temperature and fertilizer usage are
quite uniform throughout the year. In extratropical regions
high temperature and fertilizer usage lead to maximum
emissions during growing summer season. Croplands are
the largest emitters of NOx, and are heavily impacted by
human usage of nitrogen-containing fertilizers, particularly
in central North America, India, large potions of Europe and
Russia, eastern China, and Southeast Asia (Table 3). The
NOx emission rates from croplands are generally greater
than 20 mg N m�2 month�1 during summer months.
[26] It is important to note that the application of the CRF

has a large impact on estimations of NOx emissions from
soils. Estimated NOx emissions are systematically lower
with the CRF than without the CRF, particularly in the
tropical forest areas (i.e., the Amazon, central Africa, and
Southeast Asia). Our model estimated CRF effect in tropical
forests lies in the approximate range of 50–70% (Table 2)
as compared to Ganzeveld et al. [2002] estimates of 40%–
50% reduction based on their model study. According to
recent LAB-EUSTACH measurements at an Amazonian
rain forest site [Andreae et al., 2002; Gut et al., 2002a,
2002b; Pinto et al., 2002; Rummel et al., 2002], Gut et al.
[2002b] reported about 74% reduction of NOx emissions at
night due to deposition onto forest soils and 34% during
daytime. It should be noted that Gut et al.’s [2002b] figures
did not include the effect of leaf uptake of NO2. Neverthe-
less, significant changes in natural NOx emissions from
different biomes, as we have noticed in our calculations for
with and without the CRF, can have a large impact on global
tropospheric chemistry, particularly on tropospheric O3 and
CH4 chemistry, and thus can impose a significant impact on
climate.

3.2. Model Intercomparison

[27] There are a number of modeling studies of biogenic
emissions on both global and regional scales with which to

Figure 2. Model estimated zonal averaged biogenic
emissions of the indirect GHGs (% of global total per 3�)
for the year 2000.

Figure 3. Model estimated global distributions of vegetation isoprene emissions (mg C m�2 month�1)
for year 2000 (a) winter and (b) summer of the Northern Hemisphere.
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evaluate our model results. On a global scale, ISAM
estimated annual isoprene emissions of 601 Tg C are similar
to Guenther et al. [1995], Wang and Shallcross [2000],
Adams et al. [2001], Potter et al. [2001], Levis et al. [2003],
and Naik et al. [2004] (Table 4). The isoprene emissions
from Muller [1992] are about 50% lower than what we
modeled, probably because the two studies use different
algorithms, different input data, and different emission
factors (e) to calculate the isoprene emissions. For example,
we employed the algorithm of Guenther et al. [1995],
whereas Muller [1992] used a parameterization scheme
employing temperature-dependent hydrocarbon emission
algorithms developed by Lamb et al. [1987] and NPP
calculated according to the empirical relationships adopted
in the Miami model [Leith, 1975]. Our isoprene estimation
is also significantly higher than what is given by the IPCC
[2001]. This may be because the IPCC estimates are based

on an inverse method using a global chemical transport
model (CTM). The IPCC, however, cautions that incom-
plete knowledge of vegetation canopy reduction and surface
uptake might lead to the mismatch of the CTM modeled and
observed isoprene concentrations. Although there is some
evidence for microbial consumption of isoprene in temper-
ate forest soils [Cleveland and Yavitt, 1998], the data are
insufficient at present to include in global inventories. The
large discrepancy between this study and that of the IPCC
only indicates that more work needs to be carried out to
reduce the uncertainty in estimates of biogenic isoprene
emissions.
[28] The global monoterpene emissions from our model

(103 Tg C) fall within the range (33–147 Tg C) of the
studies listed in Table 4. The apparent difference chiefly
arises from the selection of e and foliar density. Meteorol-
ogy also plays an important role in accounting for these

Figure 4. Model estimated global distributions of vegetation monoterpene emissions (mg C m�2

month�1) for year 2000 (a) winter and (b) summer of the Northern Hemisphere.

Figure 5. Model estimated global distributions of soil NOx emissions (mg N m�2 month�1) for year
2000 (a) winter and (b) summer of the Northern Hemisphere.
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discrepancies. Our estimation of global and annual soil
emissions of NOx with the CRF effects is 7.51 Tg N,
which compares well with the lower range of values (5.45–
21 Tg N) estimated by other studies (Table 4). Yienger and
Levy [1995] and Lee et al. [1997] also included the CRF
to estimate NOx emissions from soils. Davidson and
Kingerlee [1997], however, questioned whether the CRF
should be applied systematically to all the biomes since
many field measurements were made above the canopies.
With this debate in mind, we also calculated NOx emissions
from soils without using the CRF. The resultant annual NOx

emissions from soils increase to 15.42 Tg N, doubling
the value with the CRF. Therefore our estimated value of
7.51 Tg N should be regarded as a lower bound for annual
global NOx emissions from soils.
[29] On a regional scale, our model estimated biogenic

emissions of the indirect GHGs fall within ±50% of other
available estimates. There are few exceptions where the
differences are more than 100%. The discrepancy may stem
from the different biome classifications, differences in the
regional areas and boundaries, different emission factors
assigned to each grid, and the different meteorological
conditions applied in each study.

3.3. Historical Vegetation Emissions for the Period
1981–2000

[30] Figure 6 shows the global mean monthly variations
in isoprene emissions over the period 1981–2000 for the E1
case. Figure 6 suggests that monthly simulated emissions
vary as much as 31% from year to year because of
combined effects of land cover changes, atmospheric CO2

increases, and climate variations. Our model estimated
monthly variations are about 6–12% higher than the other
recent modeling studies [Levis et al., 2003; Naik et al.,
2004]. The yearly variations (not shown here) are much
smaller than the monthly variations.
[31] The monthly variations in emissions (Figure 6) are

mainly due to the monthly absolute temperature variations.
The monthly temperature effect can be further illustrated by
comparing monthly mean isoprene emissions (Figure 7)
over the period 1981–2000 for three major foliage emitters,
i.e., tropical forests, savanna, and boreal forests. Higher
temperatures in tropical forests and savannas result in the
higher isoprene emissions, whereas the reverse is true in the
case of boreal forests. The emissions from boreal forests and
savanna show a clear seasonal pattern with maximum
emissions during their summer months, whereas emissions
from tropical forests have small seasonal variations because
the plant productivity is high throughout the year in humid
tropical regions. It is also interesting to note that, during the

Table 4. Comparison of Biogenic Emissions of Indirect GHGs to

Other Studiesa

Sources Isoprene Monoterpene NOx

Global
This study 601 103 7.51
Muller [1992] 250 147 6.7
Guenther et al. [1995] 503 127
Yienger and Levy [1995] 5.45
Potter et al. [1996] 9.69
Davidson and Kingerlee [1997] 21
Lee et al. [1997] 7.0
Wang and Shallcross [2000] 530
Adams et al. [2001] 561 117
Food and Agricultural
Organization [2001]

13.4

IPCC [2001] 220 127 5.6
Potter et al. [2001] 559
Ganzeveld et al. [2002] 12
Levis et al. [2003] 507 33
Naik et al. [2004] 454 72

Europe
This study 1.17 1.73 0.417
Simpson et al. [1995]b 1.95 0.436
Stohl et al. [1996]c 0.415

North America
This study 29.4 8.90 0.576
Guenther et al. [2000] 29.3 17.9 0.9

Africa South of the Equator
This study 52.3 10.8 0.687
Guenther et al. [1995] 59 11.8
Otter et al. [2003] 56 7.2

African EXPRESSO Domain
This study 47.8 8.77 0.392
Guenther et al. [1995] 41.1
Guenther et al. [1999] 35.4

Contiguous USA
This study 23.2 4.87 0.491
Williams et al. [1992] 0.314
Yienger and Levy [1995] 0.37
Guenther et al. [1995] 24 8
Guenther et al. [2000] 15.5 7.52 0.441

United Kingdom
This study 0.012 0.0218 0.0270
Simpson et al. [1995]d 0.0227 0.0229
Stohl et al. [1996] 0.0254
Simpson et al. [1999] 0.0577 0.0312
Stewart et al. [2003] 0.008 0.083

aUnit for NOx is Tg N yr�1; unit for other species is Tg C yr�1.
bExclude the European part of former USSR. Take E-94 isoprene

emissions.
cExclude former USSR.
dTake E-94 isoprene emissions.

Figure 6. Model estimated global and monthly mean
vegetation isoprene emissions over the period 1981–2000
based on E1 experiment, in which land cover changes,
atmospheric CO2, and climate change were varied over the
historical time period.
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past 20 years from 1981 to 2000, the highest emissions
occur in the year 1998. It should be noted that 1998 was a
strong El Niño year characterized by warmer and drier
conditions in tropical areas, which, in turn, favors higher
biogenic emissions. The coincidence of higher vegetation
emissions and an El Niño event is evident from this case
study. However, the quantitative relationship needs to be
established through long-term observations in the tropics.
[32] The effect of land cover change, climate change, and

atmospheric CO2 increase over the period 1981–2000 can
be quantified by analyzing the annual variation rate of
isoprene emissions. As Figure 8 shows, over the period
1981–1992, on average around 2%/yr (11 Tg C/yr) less
vegetation emissions of isoprene have occurred because of
land cover change. It is mainly because, over the 20 years,
natural land ecosystems are cleared for croplands; and as
discussed in section 3.1, croplands are negligible isoprene
emitters compared to other natural ecosystems. Prior to
1981, there could have been much larger NMVOC emis-
sions reductions due to land cover change activities, be-
cause historical data of land cover change for croplands
show a generally increasing rate of change of activities until
1960. Thereafter, the data reveal decreasing land cover
change activities until 1992 [Ramankutty and Foley, 1998].
[33] Figure 8 also illustrates that with changing climate,

yearly isoprene emissions over the period 1981–2000 vary
between �8 and 56 Tg C as compared to constant climate
conditions. There are large annual emission variations due
to climate change. Nevertheless emissions show an upward
trend as a result of global mean temperature increase over
the past 2 decades. Averaging 1981–2000, approximately
2%/yr (12 Tg C/yr) more isoprene emissions occur with
changing climate as compared to constant climate.
[34] The emissions also vary in response to changes in

atmospheric CO2 increases. As a result of atmospheric CO2

increases, the model estimated overall NPP increase over
the period 1981–2000 is about 3 Gt C, mainly because of
the CO2 fertilization effect. The increased NPP yields
heavier foliage mass and woody vegetation that generates
more emissions of isoprene and other NMVOCs [Guenther

et al., 1994; Kesselmeier and Staudt, 1999; Fuentes et al.,
2000, 2001; Shallcross and Monks, 2000]. On the basis
of our model results, isoprene emissions on the basis of
a 20 year average are predicted to increase by 9%/yr
(53Tg C/yr) over the period 1981–2000 (Figure 8).
[35] These results suggest that the changes in land cover

and climate, and increasing atmospheric CO2 could have a
significant effect on the biogenic NMVOCs emissions.
Therefore it is important to account for these effects not
only for the historical NMVOCs emissions simulations,
but also for future emission scenarios for the biogenic
emissions.

4. Conclusions and Future Research

[36] As one of the crucial steps to expand the capability
of ISAM, a global biogenic emission model has been
coupled to the terrestrial ecosystem component of the ISAM
to study the biogenic emissions of indirect GHGs. This
coupling provides a unique capability to investigate the
time-dependent changes in biogenic emissions due to
changes in ecological and physiological processes and their
interactions with atmospheric CO2, climate, and human-
induced land cover changes. The modeled vegetation emis-
sions are about 601 Tg C/yr for isoprene, 103 Tg C/yr for
monoterpene, 102 Tg C/yr for OVOC, and 73 Tg C/yr for
CO. Soil emissions of NOx are estimated at 7.51 Tg N/yr.
Compared to other recent modeling studies, our results for
the global case generally are consistent. However, on the
regional scale, there is a substantial difference between our
model results and other available estimates. In some cases
the difference is more than 100%, largely because of
differences in biome classifications, and differences in
assigned emission factors. Vegetation emissions of isoprene
and OVOC respond to changes in land cover, increase in
CO2 concentrations, and climate variations. Large-scale
conversions of natural biomes, e.g., tropical forests into
croplands, lead to the declining trend of emissions. On
average, an approximate 2%/yr decrease in isoprene and

Figure 7. Model estimated monthly mean isoprene
emissions from tropical forests, savanna, and boreal forests
over the period 1981–2000.

Figure 8. Model estimated effect of land cover change,
climate change, and atmospheric CO2 increase on the global
and annual mean vegetation isoprene emissions over the
period 1981–2000.
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OVOC emissions is seen compared to the scenario with no
land cover change since 1765. Increased CO2 concentra-
tions increase foliage mass as a result of CO2 fertilization
feedback in the model. This results in greater emissions of
isoprene and OVOC. Model results show large seasonal
variations in isoprene emissions from savanna and boreal
forests, whereas tropical forests with high productivity
throughout the year show small seasonal variations. More-
over, the model-simulated results suggest that the biogenic
emissions of NMVOCs under the global warming scenario
are expected to increase.
[37] On an annual basis and by average, CO2 increase and

climate change are responsible for 53 Tg C/yr and 12 Tg C/yr
increase in isoprene emissions from 1981 to 2000, respec-
tively, while land use changes cause a 11 Tg C/yr decline of
isoprene emissions. The CO2 increase is also the largest
contributor to monoterpene changes from 1981 to 2000,
followed by climate effect and land cover changes.
[38] The global and regional estimates of biogenic emis-

sions of indirect GHGs presented in this study are designed
to be used as inputs to socioeconomics models to develop
future emission scenarios, and inputs to atmospheric chem-
istry models for tropospheric chemistry studies on GHGs,
particularly on CH4 and tropospheric O3. A fully coupled
ISAM could potentially provide an internally consistent
framework to investigate the impact of climate change on
emissions, chemistry, and ecosystems, as well as feedbacks
of changing emissions and chemistry to future climate. The
biogenic emissions results will be updated with time and
made available on the ISAM web site (http://isam.atmos.
uiuc.edu/).
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