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A regional modeling system was applied with inputs from global climate and chemistry models to quantify
the effects of global change on future biogenic emissions and their impacts on ozone and biogenic secondary
organic aerosols (BSOA) in the US. Biogenic emissions in the future are inﬂuenced by projected changes in
global and regional climates and by variations in future land use and land cover (LULC). The modeling
system was applied for ﬁve summer months for the present-day case (1990–1999, Case 1) and three future
cases covering 2045–2054. Individual future cases were: present-day LULC (Case 2); projected-future LULC
(Case 3); and future LULC with designated regions of tree planting for carbon sequestration (Case 4). Results
showed changing future meteorology with present-day LULC (Case 2) increased average isoprene and
monoterpene emission rates by 26% and 20% due to higher temperature and solar insolation. However when
LULC was changed together with climate (Case 3), predicted isoprene and monoterpene emissions
decreased by 52% and 31%, respectively, due primarily to projected cropland expansion. The reduction was
less, at 31% and 14% respectively, when future LULC changes were accompanied by regions of tree planting
(Case 4). Despite the large decrease in biogenic emission, future average daily maximum 8-h (DM8H) ozone
was found to increase between þ8 ppbv and þ10 ppbv due to high future anthropogenic emissions
and global chemistry conditions. Among the future cases, changing LULC resulted in spatially varying future
ozone differences of 5 ppbv to þ5 ppbv when compared with present-day case. Future BSOA changed
directly with the estimated monoterpene emissions. BSOA increased by 8% with current LULC (Case 2) but
decreased by 45%–28% due to future LULC changes. Overall, the results demonstrated that on a regional
basis, changes in LULC can offset temperature driven increases in biogenic emissions, and, thus, LULC
projection is an important factor to consider in the study of future regional air quality.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Natural emissions such as those from plants are important
components of the Earth System that can signiﬁcantly affect regional
air quality. Plants emit large quantities of biogenic volatile organic
compounds (BVOC). Annual BVOC emissions in the US signiﬁcantly
exceed the combined total of anthropogenic VOC emissions (Lamb
et al., 1993; Geron et al., 1994). Of all the BVOC emitted from plants,
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isoprene (C5H8) is the predominant compound. Isoprene is emitted
from many broadleaf trees such as poplar, oak, willow and sycamore.
Globally, isoprene represents approximately 44% of the total BVOC
emissions, with an estimated annual emission of 390–580 TgC year1
(Guenther et al., 1995; 2006). Isoprene is highly reactive and is an
important precursor to ozone (O3) in the troposphere and has been
found to play a role in biogenic secondary organic aerosol (BSOA)
production (e.g., Claeys et al., 2004).
Monoterpenes are a group of VOC compounds with two isoprene
units (C10H16). They are emitted by most coniferous trees. The global
emission rate of monoterpenes is approximately 130 TgC year1
(Guenther et al., 1995). Although the global burden of monoterpenes
is less than isoprene, their impact on atmospheric chemistry is highly
important. Monoterpenes can be oxidized by ozone, hydroxyl radical
(OH) and nitrate radical (NO3) to form low vapor pressure products
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in the atmosphere. These products readily partition into the aerosol
phase and contribute to the formation of BSOA, which can lead to
regional haze and reduced visibility (Yu et al., 1999; Kanakidou et al.,
2005). A model study by Tsigaridis and Kanakidou (2003) estimated
that global BSOA formation from biogenic monoterpene emissions
was in the range of 2.5–44.5 Tg year1. This is more than anthropogenic SOA, which was estimated in the range of 0.05–2.62 Tg year1.
A more recent study suggested the estimates of global atmospheric
SOA to be an order of magnitude too low due to insufﬁcient understanding and accounting of atmospheric VOC emissions (Goldstein
and Galbally, 2007).
Future global changes including climate change, as well as alterations in land use and land cover (LULC) are factors that can inﬂuence
future environmental conditions. In order to understand and quantify
the impacts of regional air quality from global changes, it is imperative
that we account for variations in the magnitude and spatial distribution of the natural emissions. Several studies have examined the global
burden of isoprene emissions with respect to global change, and others
have investigated the resulting impact on future tropospheric ozone
(Wiedinmyer et al., 2006; Hauglustaine et al., 2005; Lathiere et al.,
2005; Sanderson et al., 2003). Sanderson et al. (2003) estimated global
isoprene emission to increase by 27% in 2090 from the present-day
rate of 549 Tg year1 as a result of climate change and the associated
natural vegetation distribution. The consequence for air pollution was
a 10–20 ppbv increase in global surface ozone. In an alternate scenario
where future land cover was unchanged, the study found 34% higher
isoprene emissions from the present-day case and even higher ozone
levels. Similarly, Wiedinmyer et al. (2006) estimated global isoprene to
increase in the future by 70% to 873 TgC year1 with combined climate
and LULC changes. This increase in biogenic emissions resulted in
higher global surface ozone concentrations with average regional
mixing ratios up to 55 ppbv.
The effects of anthropogenic-induced LULC changes such as
deforestation and expanding agriculture and urban areas have been
shown to impact future global climate and global atmospheric
chemistry (Feddema et al., 2005; Foley et al., 2005; Heald et al.,
2008). The global effects of LULC changes on biogenic emissions
and BSOA was recently examined by Heald et al. (2008). They
projected that the global SOA burden to decrease by 14% in 2100
compared to present-day conditions.
In this work, we applied a regional modeling system driven by
global models to study the LULC effects on future biogenic isoprene
and monoterpene emissions for the continental US. Under the IPCC
SRES A2 emissions and climate scenario (IPCC, 2001; Nakićenović
and Swart, 2000), we further estimated the impacts on regional
ground level ozone and BSOA when combined with projected
anthropogenic emission changes in the 2050s. This work follows
a decadal simulation study described in Chen et al. (2009) and an
attribution study described in Avise et al. (2009).
2. Modeling approach and scenario descriptions
A matrix of four model simulations was constructed to quantify the
biogenic emissions and their impacts on ozone and BVOC levels from
regional LULC changes. Table 1 outlines the scenarios considered in
the study. We recognize that there are other possible scenarios and
present these cases as examples to test the sensitivity of regional air
quality to potential changes in LULC. The base case (Case 1) represented present-day vegetation distributions and regional environment conditions. Meteorology for this case was from regional climate
simulations for the period 1990–1999. Case 2 examined the future
biogenic emissions and air quality changes due to global climate
changes, without regional LULC adjustments. Case 3 and Case 4 were
targeted at the effects of future LULC on biogenic emissions and air
quality. Case 3 assumed agriculture as the dominant LULC, and Case 4

Table 1
Summary of model scenario setup.
Anthropogenic
emission

Meteorology
condition

LULC

Remark

Case 1
Case 2

Current
Future

Current
Future

Current
Current

Case 3
Case 4

Future
Future

Future
Future

Future
Future

Present-day base case
IPCC A2 with present-day
LULC
IPCC A2 agriculture LULC
IPCC A2 with regional
reforestation

assumed regions of tree planting for carbon-sequestration. For
consistency, all future simulations (Case 2, 3, 4) were performed with
the same future meteorology, future global chemical conditions, and
future regional anthropogenic emissions for the period 2045–2054.
Additional global changes that can impact future biogenic emissions,
such as elevated CO2, were not examined in this work.
The modeling system implemented is similar to that described
in Chen et al. (2009). Global climate and chemistry models were
coupled to regional meteorology and chemistry models such that
results from the global models were used to drive regional simulations. The global models were the NCAR Parallel Climate Model
(PCM; Washington et al., 2000), and Model for Ozone and Related
Chemical Tracers version 2, (MOZART-2; Horowitz et al., 2003)
model. Regionally, the NCAR MM5 meteorological model (Grell
et al., 1994) and EPA Community Multi-scale Air Quality model
(CMAQ; Byun and Schere, 2006) were used to dynamically downscale the global model outputs to a higher resolution domain
(36-km grid) centered over the continental US.
To account for year-to-year weather variability, the modeling
system was applied for ﬁve different July months in the 1990s, and
ﬁve July months in the 2050s. Each of the month-long simulations
was from continuous meteorological simulations for the 1990–1999
and 2045–2054 periods. Two months were chosen based on modeled
maximum and minimum July temperatures, while three additional
months were chosen with intermediate July temperatures. The
simulations thus covered the range of simulated temperatures,
representative of average July conditions of the period, while minimizing the computer resources required for the matrix of runs.
Meteorology for the current decade was modeled without
observation assimilations, thus results correspond to present-day
conditions with no association to speciﬁc events. Climatology and
chemical conditions for the future cases were based on the SRES A2
scenario (IPCC, 2001). The A2 storyline represents ‘‘business-asusual’’ environments. It is one of the worst scenarios with high
atmospheric loading of greenhouse gases and ozone precursor
emissions (Nakićenović and Swart, 2000).
Regional biogenic emissions for present and future scenarios
were generated with the NCAR Model of Emissions of Gases and
Aerosols from Nature (MEGAN; Guenther et al., 2006). The model
estimates hourly isoprene and other compounds including monoterpenes. The model has detailed characterizations of vegetation
distribution, foliar density, leaf energy balance and light attenuation algorithms within a forest canopy. MEGAN vegetation distributions for the present-day cases (Case 1 and Case 2) were based
upon satellite observations at 1-km resolution. Vegetation distributions for the future cases (Case 3 and Case 4) were determined
from LULC projections as described below. Hourly meteorological
ﬁelds used in MEGAN were from the MM5 model.
Regional anthropogenic emissions for the US in the base case
simulation were from the US EPA 1999 National Emissions Inventory (NEI-1999). For the future scenarios, anthropogenic emissions
were projected to 2050s based on emission factors from the US EPA.
Future emission changes accounted for projected population and
economic growth, but did not include emission reduction policies
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or major technological advances affecting future emissions. Spatial
distributions of future anthropogenic emissions were updated with
population density from the Spatially Explicit Regional Growth
Model (SERGOM; Theobald, 2005) to reﬂect expanding urban areas.
On average, anthropogenic VOC, NOx and CO emissions increased
by 50%, 8% and 10%, respectively. Details of the emission changes
are available in Chen et al. (2009).
The LULC dataset determines the distribution of vegetation
across the US for the prediction of BVOC emissions (Guenther et al.,
2006). The future LULC dataset was developed from several sources. Urban areas were deﬁned using SERGOM. Future vegetation
and agriculture LULC distributions were based on mappings of
plant functional types for the Community Land Model (CLM; Bonan
et al., 2002), following the IPCC A2 emissions scenario and the
resulting climate conditions. The maps were developed from an
interpolation of the Integrated Model to Assess the Global Environment (IMAGE v2.2; Strengers et al., 2004; RIVM, 2002). Natural
vegetation in the future was held constant relative to the presentday LULC, while agricultural and grazing land use types were
modeled following the IPCC A2 storyline. This scenario for the US is
particularly relevant if the updated renewable fuel standard is fully
implemented in the Energy Independence and Security Act of 2007.
Fig. 1 compares the current and future vegetation coverage for
broadleaf trees, needleleaf trees, and croplands. Large decreases in
forested areas were estimated in the future. Most notably was the
conversion of broadleaf and needleleaf forests to agricultural lands.
Signiﬁcant reductions in forests also occur in the east and coastal
Paciﬁc Northwest.
For comparison with the agriculturally dominant future LULC,
a second scenario affecting biogenic emissions was examined. The
future vegetation distribution was based on the same IPCC A2 storyline, except for regions of managed tree planting in the northern
Midwest and southeast. This was aimed at potential greenhouse gas
emissions trading by biogenic carbon-sequestration on a large scale, as
proposed in offset provisions of cap-and-trade bills before the US
Senate and House of Representatives. The scenario followed the study
by Jackson et al. (2005). The regions of reforestation were modeled
using the Forest and Agriculture Sector Optimization Model-Green
House Gases (FASOMGHG) (Adams et al., 1996). The model converted
72 million hectares of non-irrigated agriculture and pasture lands to
woody forests driven by carbon trading. Signiﬁcant portions of the
Midwest were forested with hardwood oak and poplar, which have
high isoprene emission capacities. Regions in the southeast including
areas in Texas, Arkansas, Louisiana, and Mississippi, were forested
with pine, which have high monoterpene emission capacities.
3. Results and discussion
3.1. Meteorology
Meteorological variables, including temperature and surface solar
insolation, are important factors inﬂuencing biogenic emissions. Fig. 2
shows the modeled differences between present-day and future
periods for average daily maximum temperature and surface solar
insolation. The model estimated higher continental mean temperature by þ2  C and higher solar radiation by þ17 W m2. Larger
temperature increases between þ2  C and þ6  C were predicted for
the northeastern and southwestern US, while smaller increases of
between þ1  C and þ3  C were predicted for the southeastern US.
Regions in the Paciﬁc Northwest and the central states had the
smallest change. Different spatial distributions were estimated for
surface solar radiation. Large increases were estimated in the central
states, along the west coast and in southern Florida. These regions
were predicted to have higher energy inputs of þ60 W m2 and
þ100 W m2 due to decreased cloud cover, while states in the east
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coast were predicted to have lower energy input of 20 W m2 and
60 W m2. Further analyses of these meteorological changes are
discussed in Salathé et al. (2008) and in Avise et al. (2009).
3.2. Biogenic emissions
Fig. 3 shows the isoprene emission rates from the present-day
case (plate a) and the changes for the future scenarios (plate b, c, d).
In 1990s, elevated isoprene emissions were modeled in the
southeast, western California and northern Midwest. A hot spot of
>70 mgC m2 day1 in southern Missouri corresponds to the highdensity oak forests in the Ozarks region. The average continental
isoprene emission rate for the base case was 8 mgC m2 day1 with
a standard deviation of 12 mg m2 day1. This emission estimate
was consistent with recent model and measurement studies for
present-day summer conditions (Palmer et al., 2006).
In Case 2, the higher future temperatures with current LULC
caused average isoprene emissions to increase by 26%. The average
continental emission rate was 10 mgC m2 day1 with a standard
deviation of 15 mgC m2 day1. The emission rate increase was
proportional to the base case emission rates, such that areas of
higher base case isoprene emissions had higher predicted increases.
This change was principally due to the overall warmer future
temperature across the continent.
In contrast, when future LULC was changed, isoprene emissions
were estimated to be lower in both Case 3 and Case 4. Regions of lower
emission rates were modeled for the southeast and western California.
The southeast region had the largest emission decrease with
26 mgC m2 day1 reductions from about 48 mgC m2 day1 in
the base case. Estimated isoprene emissions for Case 4 were similar to
Case 3, except for regions of reforestation. The goal of carbonsequestration through increased poplar and oak plantations increased
isoprene emissions by about 4 mgC m2 day1 in the southeast Texas
and about 9–26 mgC m2 day1 in the Midwest. The regions of largest
increase were Iowa, Illinois and Indiana where reforestation was
modeled to take place. Quantitatively, the continental average
isoprene emissions for Case 3 and 4 were lower than the base case by
52% and 31%, at 3.8 mgC m2 day1 and 5.4 mgC m2 day1, respectively, and the emission variability was also lowered, with standard
deviation of 6.2 mgC m2 day1 and 8.5 mgC m2 day1, respectively.
Estimated monoterpene emissions (Fig. 4) showed changes
similar to those for isoprene, but at a much lower magnitude, and
slightly different spatial distributions. The base case results showed
high monoterpenes emission rates for regions in the east, northern
Midwest and Paciﬁc Northwest. The high monoterpene emissions in
the base case correspond to a high-density of coniferous trees in the
area. The continental average monoterpene emission for Case 1 was
2.6 mgC m2 day1 with standard deviation of 4.2 mgC m2 day1.
Large differences in monoterpene emissions were predicted for
future scenarios. Changing climate without LULC changes in Case 2
resulted in 20% higher monoterpene emissions. The continental
average emission was 3.2 mgC m2 day1 with standard deviations
of 5.1 mgC m2 day1. The increases were larger for the southeast
due to higher base case emissions and higher future temperature.
Changes in future vegetation in Case 3 and Case 4 altered the
monoterpene emission rates and spatial distribution. In Case 3,
decreases in forested areas reduced monoterpene emissions rate by
2–10 mgC m2 day1. In Case 4, monoterpene emissions increased
across the Midwest, as well as in places in the south and southeast. For
the areas of reforestation, there were approximately ﬁve fold increases
in emission rate, to 25 mgC m2 day1. However, the continent
average monoterpene emission rates for Case 3 and Case 4 decreased
by 31% and 14% to 1.8 mgC m2 day1 and 2.3 mgC m2 day1,
respectively; the standard deviation were lower at 2.4 mgC m2 day1
and 2.8 mgC m2 day1, respectively.
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Fig. 1. Estimated percent land cover for current (top) and future (bottom) scenarios for (a) broadleaf trees, (b) needleleaf trees and (c) cropland. This ﬁgure is available in color in the
online issue.

Author's personal copy

J. Chen et al. / Atmospheric Environment 43 (2009) 5771–5780

5775

Fig. 2. Modeled future changes for (left) mean daily maximum surface temperature ( C) and (right) mean daily maximum surface solar radiation (W m2). This ﬁgure is available in
color in the online issue.

Changing vegetation distributions also changed the spatiotemporal variability of emissions across the continent. Fig. 5
shows the total isoprene and monoterpene emission ranges
across the continent for the four cases. The variability comes
from changes in daily meteorological conditions across the ﬁve
July simulations.

In the base case (Case 1), total isoprene emission rates varied
from 44 Gg day1 to 92 GgC day1 with average emission of
66 Gg day1. Monoterpene emission rates varied from 15 GgC day1
to 28 GgC day1 with average of 22 GgC day1. For the future cases,
Case 2 had the highest average emissions, and largest emission
variability. Changing future climate without LULC changes increased

Fig. 3. Mean isoprene emission rate for the present-day case (plate a) and difference plots for the future minus present-day case (plate b, c and d). This ﬁgure is available in color in
the online issue.
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Fig. 4. Mean monoterpene emission rate for the present-day case (plate a) and difference plots for the future minus present-day case (plate b, c and d). This ﬁgure is available in
color in the online issue.

the base emissions, and widened the temporal emission variability.
However, when LULC changed towards an agriculture dominant
scenario, both isoprene and monoterpenes emission rates decreased
despite the increases in future temperature.
3.3. Future regional air quality implications
Ground level ozone and ﬁne particulate matter (PM) are atmospheric pollutants detrimental to human health and the environment. Biogenic emissions can inﬂuence regional air quality via
secondary chemical reactions in the atmosphere. Recent studies
show future increases in temperature to cause poorer air quality in
the US as a result of higher biogenic emissions (Racherla and
Adams, 2008; Hogrefe et al., 2004). In this work, ozone and BSOA
for the four cases were modeled with scenario-speciﬁc anthropogenic emissions as outlined in Table 1.
3.3.1. Ground level ozone
CMAQ predicted higher ozone mixing ratios in all three future
cases despite variations in modeled biogenic emissions. The
average daily maximum 8-hr (DM8H) ozone for the future cases
were between þ8 ppbv and þ10 ppbv higher compared to the
present-day base case (Case 1). This was principally due to the
combined effects of future global changes, which include warmer
temperature, higher projected anthropogenic emissions, and

higher global pollutant background concentrations. As demonstrated in a separate sensitivity study, future global pollution
background conditions showed the largest impact on average
DM8H ozone in the US (Avise et al., 2009).
Among the future cases, the average DM8H ozone mixing ratios
were higher in Case 2 with present-day LULC compared to Case 3 or
Case 4. Case 2 with the highest BVOC emissions had more areas
with DM8H ozone increases between þ20 ppbv and þ25 ppbv.
These areas were mostly near urban centers in southern California,
southeast Texas and along the east coast. Similar results have been
demonstrated in other studies where higher biogenic emissions
enhanced the future regional ozone production (Racherla and
Adams, 2008; Hogrefe et al., 2004; Avise et al., 2009). For Case 3 and
4, the magnitudes of ozone increases were slightly less, due to
reductions in BVOC emissions from the LULC changes. Between
Case 3 and Case 4, ozone changes were very similar except for
regions of reforestation.
There were considerable spatial differences in ozone between the
future cases. Fig. 6 shows the average DM8H ozone difference of Case
3 and Case 4 from that in Case 2. Overall, changing LULC in the future
lowered the estimated regional ozone. In Case 3, the average DM8H
ozone decreased between 1 ppbv and 5 ppbv. There were higher
reductions in the eastern US and in California, where LULC changes
were most pronounced. The continent average DM8H ozone
decreased by 2% with the agriculturally dominant LULC scenario
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Fig. 5. Mean continent isoprene (left) and monoterpene (right) emission rates. The top and bottom whiskers are maximum and minimum values, respectively, and the box indicates
80th and 20th percentiles with the overall mean in the middle.

Fig. 6. Average daily maximum 8-hr (DM8H) ozone mixing ratio differences between Case 3 and Case 2 (plate a), and Case 4 and Case 2 (plate b). This ﬁgure is available in color in
the online issue.

3.3.2. Biogenic secondary organic aerosol
The CMAQ secondary organic aerosol science algorithm follows
the approach of Schell et al. (2001). The model simulates secondary
organic aerosol as function of VOC oxidation from ozone, OH
and NO3 radicals. In the model’s aerosol module, the BSOA precursor
gas-phase compound is primarily monoterpenes. Although many
studies have demonstrated BSOA production from isoprene and

50
CASE 1
CASE 2
CASE 3
CASE 4

40

Percent Area in US Continent

compared with Case 2. In Case 4, the reforested region with higher
BVOC emissions in Iowa, Illinois and Indiana caused average DM8H
ozone to be distinctly higher. Future average DM8H ozone in these
areas increased between þ1 ppbv and þ5 ppbv. The continent
average DM8H ozone decreased by 1% in Case 4 compared to Case 2.
To further evaluate the ozone differences, Fig. 7 shows the
ozone spatial distribution variability for the four scenarios. The
functions represent percentage areas within the continent where
DM8H ozone mixing ratios were greater than the values on the
x-axis. For the US national ambient air quality standards of
75 ppbv, w9% of the continental areas exceed this level in Case 1.
Among the three future cases, Case 2 had the highest percent area
exceeding the threshold (29%). Changes were more minimal for
Case 3 and Case 4, at 28% and 27%, respectively. Future global
changes together with regional emission changes increased the
estimated future ozone, as well as overall area experiencing
poorer air quality. The poorer air quality conditions in the future
were slightly mitigated by the lower biogenic emissions due to
changes in regional LULC.
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Fig. 7. Percent area cumulative distribution of daily maximum 8-hr (DM8H) ozone
mixing ratio.
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sesquiterpene oxidations (Claeys et al., 2004; Vizuete et al., 2004;
Kroll et al., 2005, 2006), the model used in this study does not include
these mechanisms. The results here, therefore, represent minimum
bounds on BSOA burden from future changes in biogenic emissions.
Fig. 8 shows the 24-hr average BSOA concentrations for the base
case (plate a) and the concentration changes for the future cases
(plate b, c, d). Elevated BSOA were estimated for regions with high
monoterpene emissions in the east, northern Midwest, and Paciﬁc
Northwest. The present-day summer peak continental BSOA
concentrations of approximately 2.5 mg m3 occurred in the southeast near Atlanta, GA and Birmingham, AL. The model also estimated
high BSOA along the Paciﬁc Northwest with average concentrations
ranging from 0.5 mg m3 to 1.5 mg m3. Across the continent, the
average BSOA was 0.5 mg m3.
BSOA concentrations varied directly to the changes in future
biogenic monoterpene emissions. Case 2 with highest continental
monoterpene emissions and predicted future ozone had the highest overall BSOA concentrations. Under present-day LULC, the mean
continental 24-hr BSOA increased by 8%. Large increases happened
in the east and Paciﬁc Northwest. BSOA increases ranged from
þ0.2 mg m3 to þ0.9 mg m3. There were areas in the southeast and
coastal Paciﬁc where BSOA decreased with respect to Case 1. This is
largely due to reductions in atmospheric oxidant OH levels from
increases in future regional emissions, thus resulting in decreased
BSOA production at night.

When LULC was changed with predicted future climate in Case 3
and Case 4, BSOA concentrations changed by both magnitude and
spatial distribution. In Case 3, the reduction in biogenic monoterpenes
caused BSOA concentrations to decrease in the southeast and Paciﬁc
Northwest. The largest changes occurred in Mississippi, Alabama and
Georgia where BSOA reduced by up to 0.9 mg m3. Averaged across the
continent, the modeled 24-hr BSOA decreased by 45%.
In Case 4, the estimated BSOA increased with reforestation. The
increases in broadleaf plantations in the Midwest and southeastern
Texas increased future BSOA. The increases ranged from þ0.2 mg m3
to þ0.8 mg m3 compared to the present-day simulation. The mean
continental BSOA concentration in Case 4 decreased by 28%
compared to the present-day condition. This is an increase of 31%
from Case 3 as a result of future reforestation.
Spatial distributions of BSOA for the four cases were slightly
different, but follow the changes in estimated monoterpene emissions. Fig. 9 shows the percent area that modeled average 24-hr
BSOA concentrations exceed a threshold level. Compared to ozone,
the modeled BSOA is highly sensitive to the LULC scenarios despite
the changes in meteorology and global chemical conditions. Case 1
and 2 with present-day LULC had more areas with higher BSOA
concentrations compared to Case 3 and 4 with projected LULC
changes. For a BSOA concentration threshold of 1 mg m3, Case 1
had 11% of continental area exceeding the threshold, compared to
12% in Case 2; 4% in Case 3; and 5% in Case 4.

Fig. 8. Average 24-hr BSOA concentrations for the present-day case (plate a) and difference plots for the future minus present-day case (plate b, c and d). This ﬁgure is available in
color in the online issue.
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Fig. 9. Percent area cumulative distribution of 24-h biogenic secondary organic aerosol
(BSOA) concentration.

In terms of future regional air quality, continental-average
DM8H ozone was estimated to increase. Among the three future
scenarios, present-day LULC resulted in the highest regional ozone
due to higher biogenic emissions. However, for the cases with LULC
changes, the continental-average DM8H ozone was slightly mitigated by the reductions in biogenic emissions. Future BSOA
concentrations varied directly with the estimated future biogenic
monoterpene emissions. When LULC was unchanged, high monoterpene emissions caused average BSOA to increase by 8% across
the continent. However, when LULC were allowed to change, the
agriculture dominant scenario lowered BSOA concentration by 45%,
and the reforestation scenario showed 28% reductions. Since the
model did not consider the effects of BSOA from isoprene and
sesquiterpene, the results presented in this study represent lower
sensitivity bounds towards biogenic emission changes.
The results from this work highlight the sensitivity and uncertainty
of model scenarios for future regional biogenic emissions and air
quality conditions. Changes in future global environments are expected to cause variations in weather, which in turn can change ecosystems, plant physiology and behavior, and result in shifts in natural
vegetation. Anthropogenic interactions, including urban expansion,
agriculture intensiﬁcation, and ﬁre management can further alter the
natural landscapes. These accumulated LULC changes can have direct
consequences on future atmospheric chemistry. Additional factors,
including the response of isoprene emission to elevated CO2, can
have additional impacts on biogenic emissions. These changes and
the associated uncertainties are important factors to consider in the
studies of future air quality.

4. Summary and conclusions
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Attribution of projected changes in summertime US ozone and PM2.5 concentrations to global changes. Atmos. Chem. Phys. 9, 1111–1124.
Byun, D.W., Schere, K.L., 2006. Review of the governing equations, computational
algorithms, and other components of the models-3 Community Multiscale Air
Quality (CMAQ) modeling system. Appl. Mech. Rev. 55, 51–77.
Bonan, G.B., Oleson, K.W., Vertenstein, M., Levis, S., Zeng, X.B., Dai, Y.J., Dickinson, R.E.,
Yang, Z.L., 2002. The land surface climatology of the community land model
coupled to the NCAR community climate model. J. Clim. 15 (22), 3123–3149.
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