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Abstract. The effects of future land use and land cover in global isoprene emissions due to replacement of higher-
change on the chemical composition of the atmosphere andmitting forests by lower-emitting cropland. The global at-
air quality are largely unknown. To investigate the potential mospheric burden of secondary organic aerosols changes lit-
effects associated with future changes in vegetation driven byle by 2100 when we account for future land use change, but
atmospheric CQconcentrations, climate, and anthropogenic both secondary organic aerosols and ozone show large re-
land use over the 21st century, we performed a series ofjional changes at the surface.

model experiments combining a general circulation model
with a dynamic global vegetation model and an atmospheric

chemical-transport model. Our results indicate that climate-;  |ntroduction

and CQ-induced changes in vegetation composition and

density between 2100 and 2000 could lead to decreases i@hanges in land cover may have significant consequences for
summer afternoon surface ozone of up to 10 ppb over largextmospheric composition and air quality. For example, bio-
areas of the northern mid-latitudes. This is largely driven bygenic volatile organic compounds (VOCs; e.g., isoprene and
the substantial increases in ozone dry deposition associata@ionoterpenes) and nitric oxide (NO) emitted from certain
with increases in vegetation density in a warmer climate withvegetation species are both important precursors for tropo-
higher atmospheric Cfabundance. Climate-driven vegeta- spheric ozone (Houweling et al., 1998; Wang et al., 1998),
tion changes over the period 2000-2100 lead to general inwhich is both a potent greenhouse gas and an important air
creases in isoprene emissions, globally by 15 % in 2050 angollutant. Biogenic VOCs are also important precursors of
36 % in 2100. These increases in isoprene emissions resudecondary organic aerosols (SOA) (Henze et al., 2008; Liao
in decreases in surface ozone concentrations where the NCet al., 2007; Racherla and Adams, 2006), which contribute to
levels are low, such as in remote tropical rainforests. How-particulate matter (PM) air quality. Changes in VOC and NO
ever, over polluted regions, such as the northeastern Unitedmissions can also affect the abundance of hydroxyl radical
States, ozone concentrations are calculated to increase WitfDH), which, as the main oxidizing agent in the atmosphere,
higher isoprene emissions in the future. Increases in bioregulates the lifetimes of both air pollutants and greenhouse
genic emissions also lead to higher concentrations of secgases. Beyond affecting the emissions of chemically active
ondary organic aerosols, which increase globally by 10 % inspecies, changing land cover also influences the deposition
2050 and 20 % in 2100. Summertime surface concentrationgf some air pollutants (such as ozone and PM) and their pre-
of secondary organic aerosols are calculated to increase byursors. For example, denser forests provide more surface

up to 1pgnT3 and double for large areas in Eurasia over area for dry deposition of chemical compounds.
the period of 2000-2100. When we use a scenario of fu-

ture anthropogenic land use change, we find less increase
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In the coming decades, increasing atmospheric greenhousz Methods: approach and model descriptions
gas concentrations and the resulting climate change may
have large impacts on global land cover (Bachelet et al.,To quantify the effects of potential changes in land use and
2001, 2003; Cox et al, 2000, 2004; Cramer et al., 2001 ]and cover on atmospheric chemistry and air quality over the
2004). For example, increasing atmospheric,@®ncen-  21st century, we performed a series of offline coupled model
trations may enhance vegetation growth through @til- experiments by combining a general circulation model (GISS
ization (Cramer et al., 2001; DeLucia et al., 2005; Nowak etGCM 3), a dynamic global vegetation model (LPJ DGVM)
al., 2004), and warmer climates may lead to enhanced growand an atmospheric chemical transport model (GEOS-Chem
ing conditions especially in high-latitude ecosystems. On theCTM). Archived meteorology from the GISS GCM 3 (Rind
other hand, previous studies suggested that decreased pretal., 2007; Wu et al., 2007, 2008a,b) was used to drive the
cipitation, especially in the low latitudes, could lead to sig- LPJ DGVM to simulate changes in land cover over the pe-
nificant dieback of tropical forests (e.g., Cox et al., 2004; riod 2000-2100 associated with climate change. We used the
Cramer et al., 2001, 2004; Levy et al., 2004). In addition IPCC A1B scenario (IPCC, 2001) for trends in both long-
to the effects of climate change and €fertilization, direct  lived greenhouse gases and changes in anthropogenic land
human intervention, through, e.g. deforestation and othetise (IMAGE-Team, 2001; MNP, 2006).
land use changes (Houghton et al., 2000; Turner et al., 1994, We used the “gflux” version of the GISS GCM, with a
1995) will significantly alter global land cover. How and to horizontal resolution of % latitude by 5 longitude and 23
what extent changing land cover and land use will affect at-vertical layers in a sigma-pressure coordinate system extend-
mospheric chemistry and air quality are not well known. ing from the surface to 0.002 hPa (Hansen et al., 1984, 1988;

Sanderson et al. (2003) reported that neglecting potentiaRind et al., 2008). The lowest three layers extend up to 200,
future changes in land cover results in overestimates of 6 %500, and 1000 m altitude for a column based at sea level.
in the projected increase in global isoprene emissions and of he same version of the GISS GCM was used in earlier stud-
5-30 ppb surface ozone levels due to climate change over thies investigating the effects of 2000-2050 global change on
period 1990-2090. Ganzeveld and Lelieveld (2004) foundair quality in the United States (Pye et al., 2009; Wu et al.,
significant effects on atmospheric chemistry from Amazo-2008a,b). Fixed late 20th century land cover was used as
nian deforestation, including strong decreases in ozone drg boundary condition for the GISS GCM (i.e. the potential
deposition and isoprene emissions. Lathiere et al. (2005) caffeedback to climate from vegetation change is not accounted
culated that tropical deforestation could result in as much agor in this study). The LPJ DGVM (Sitch et al., 2003) simu-
29 % decrease in global isoprene emissions. Tsigaridis anthtes vegetation cover, density, productivity and a number of
Kanakidou (2007) estimated that SOA production from bio- other state variables and fluxes driven by climate, soils and
genic VOCs would triple by 2100 and the SOA burden would atmospheric C@concentrations. LPJ represents land cover
more than double. Heald et al. (2008) found that the anthroby simulating the fractional density of nine plant functional
pogenic land use change by 2100 following the IPCC A2 scetypes (PFTs) (Fig. 1) in every gridcell.
nario would reduce the global SOA burden by 14 %. Jiang et Simulated monthly mean meteorological fields of temper-
al. (2008) studied the effects of land use change on surfaceture, precipitation and cloud fraction for 2000-2100 calcu-
ozone in the Houston, TX, area and found that the land usdated with the GISS GCM were used to drive LPJ to simulate
change would increase the number of extreme ozone daythe changes in land cover due to climate change. Soils data
(i.e., those days with daily maximum 8-h ozone exceedingfor LPJ came from the FAO Soil Map of the World (FAO,
84 ppb) by 2—-3 days per summer. Ganzeveld et al. (2010) cal2000) and atmospheric G@&oncentrations were those pre-
culated decreases in global isoprene emissions and increasssribed in the IPCC scenario described above. The same
in boundary layer ozone mixing ratios by up to 9 ppb in re- GISS GCM meteorology was also used to drive the GEOS-
sponse to 2000—2050 changes in land use and land cover. Chem CTM, using the interface described in Wu et al. (2007,

Most of the previous studies discussed above, except foR008ab). Global maps of land cover in the form of PFT
Sanderson et al. (2003) and Ganzeveld et al. (2010), focusecbver fractions simulated by the LPJ model were used as sur-
on the effects of anthropogenic land use change on atmoface conditions in the GEOS-Chem CTM. We separated the
spheric chemistry and ignored potential future climate-driveneffects of climate- and C&induced changes in vegetation
changes in vegetation cover. In this study, we investigatecover from anthropogenic land-use change with a series of
how changes in land use and land cover driven by (a) climatesensitivity experiments.
change, (b) increasing atmospheric £&ncentrations, and We used the LPJ model output of fractional vegetation
(c) anthropogenic land use change all perturb global atmo€over and density (expressed as Leaf Area Index, LAI) at
spheric chemistry and air quality. We focus on the effects of1° x 1° resolution in latitude and longitude. The & 1° out-
land cover and land use change on tropospheric ozone angut from the LPJ model was then regridded to the<4°
SOA, since they have important implications for climate andgrid we used as input to GEOS-Chem. Monthly mean val-
air quality. ues for LAl are used to reflect the seasonal variation. For

biogenic VOC emissions, we used the MEGAN scheme
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Fig. 1. Global (left) and northern mid-latitude (30-6Nl) areal coverage of various vegetation types for 2000s, 2050s, and 2100s simulated
with the LPJ model. Temperate broadleaved summergreen trees Boreal needleleaved evergreen trees Isoprene emissions Ozone dry depositi
velocities.

(Guenther et al., 2006), collapsing the 9 LPJ PFTs to thePickering et al. (1998). The soil NGemissions are calcu-
6 PFTs used by MEGAN (broadleaf trees, needleleaf everiated as a function of vegetation type, temperature, precip-
green trees, needleleaf deciduous trees, shrubs, crops, gratation history, and fertilizer usage following Yienger and
and other). For the purpose of examining the future changetevy (1995) with an improved formulation of the canopy
in biogenic emissions associated with land cover change, weeduction factor (Wang et al, 1998). Potential changes in
assume that the vegetation composition (in terms of biogenidertilizer and animal manure application associated with fu-
emission rates) for each PFT will remain unchanged sincdure land use change are not considered in this study. The
both the MEGAN scheme and the LPJ model resolves thestratosphere-troposphere exchange (STE) of ozone is repre-
PFTs but not detailed plant species. sented by the Synoz flux boundary condition (McLinden et
We ran LPJ continuously at monthly timestep for the en-al., 2000) with an imposed global annual mean STE flux of
tire period 2000-2100. Because making a continuous sim500 Tgyr®. The biogenic emissions of NMVOCs in the
ulation with GEOS-Chem for 100 years was computation-model follow the MEGAN scheme developed by Guenther
ally infeasible, we chose three decade-long time slices to exet al. (2006) where the emission fluxes are functions of a
amine the changes in land use and land cover: 1990-200Gumber of variables including temperature, solar radiation,
2040-2050, 2090-2100. Vegetation cover generated by LP@af area index (LAI) and PFT. Changes in atmospherig CO
for each time slice were averaged over the 10-yr period andconcentrations are likely to affect the isoprene emissions (Ar-
applied to GEOS-Chem. neth etal., 2007; Centritto et al., 2004; Constable et al., 1999;
The GEOS-Chem simulation of ozone and aerosols ha$ieald et al., 2009; Possell et al., 2005; Rosenstiel et al.,
been extensively evaluated and documented in the literatur@003), but these effects are not accounted here.
(e.g., Bey et al., 2001; Fiore et al., 2002a,b, 2003; Hudman Dry deposition in GEOS-Chem (Wang et al., 1998; Bey et
et al., 2007; Li et al., 2002, 2004; Park et al., 2004, 2006).al., 2001) is based on a resistance-in-series approach (Wesely
GEOS-Chem has detailed and fully coupled ozongNO and Hicks, 1977; Wesely, 1989) with a number of improve-
VOC-aerosol chemistry with aerosol components includingments including the explicit dependence of canopy stomatal
sulfate, nitrate, ammonium, organic carbon, and black carfesistance on LAl (Gao and Wesely, 1995). The dry depo-
bon (Park et al., 2004), sea salt (Alexander et al., 2005), angition velocities for each grid box are calculated from the
dust (Fairlie et al., 2006). surface layer turbulence and solar radiation. The effect of
Natural emissions of ozone and aerosol precursors — insoil moisture stress on dry deposition (Meszaros et al., 2009;
cluding non-methane VOCs (NMVOCs) from vegetation, Ganzeveld et al., 2010) is not accounted in this study. Olson
and NQ from lightning and soil — are computed locally land cover classes (Olson, 1992) are used to calculate dry
within GEOS-Chem on the basis of driving meteorological deposition in the standard version of GEOS-Chem; in this
variables. Lightning N@ emissions are parameterized as a Study, these ecosystem classes have been reduced to the nine
function of deep convective cloud top (Price and Rind, 1992;LPJ PFTs.
Wang et al., 1998) and are distributed vertically following

www.atmos-chem-phys.net/12/1597/2012/ Atmos. Chem. Phys., 12, 19%089 2012
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Table 1. Changes in biogenic emissions and atmospheric compoéifion

Simulations including climate Simulations including climate

change and C@trend change, C&trend, and land use change
Model year 2000 2050 2100 2050 2100
Ozone burden (Tg) 305 304-0.3%) 303¢0.7%) 306 (+0.3%) 3040.3%)
SOA burden (Tg) 0.51 0.55(+10%) 0.61 (+20%) 0.4800) 0.51 1%)
Annual isoprene emissions (Tg C) 429 469 (+10 %) 532 (+25 %) 4B2%) 465 (+8 %)
Summef isoprene emissions(Tg C) 112 130 (+15 %) 152 (+34 %) 112 (+1 %) 133 (+19 %)
Annual monoterpene emissions (Tg C) 80 83 (+4 %) 88 (+10 %) 86 (+7 %) 90 (+12 %)
Summef monoterpene emissions (Tg C) 27 28 (+3 %) 29 (+8 %) 29 (+8 %) 31 (+13%)
OH (10° molec cnm3) 113 1.11¢2%) 1.08 4%) 1.13 (+1%) 1.1142 %)

2 Values are for annual means, unless specified otherwise.
b valuesin parentheses denote the percentage change from the 2000 values.
¢ For Northern Hemisphere summer June—August.

Formation of SOA in the GEOS-Chem model follows of climate change and increasing atmospherie ®Qfixing
the algorithm developed by (Chung and Seinfeld, 2002)the spatial pattern of anthropogenic land use at year 2000
for gas-particle equilibrium partitioning between SOA and conditions. We find that by 2100 temperate forests domi-
semivolatile VOC oxidation products. SOA formation from nated by broadleaf trees are replacing conifer forests domi-
terpenes, alcohols, sesquiterpenes, and isoprene are consithted by needleleaf trees (Fig. 2). Globally, we calculated
ered in this study. SOA production from isoprene photooxi-a 40 % increase in spatial coverage of temperate broadleaf
dation follows the work of Henze and Seinfeld (2006), which trees and a 20% decrease in boreal needleleaf evergreen
is based on chamber experiments of reaction of isoprene witlrees. The most significant changes in vegetation cover are
OH at low NQ, condition (Kroll et al., 2006). Further details found over the northern mid-latitudes, where we simulated a
about the SOA formation mechanisms in GEOS-Chem are~60 % increase in temperate broadleaf tree cover accompa-
provided in Liao et al. (2007). nied by a~30 % decrease in boreal needleleaf evergreen tree

Since this study focuses on the effects due to changes igover and a 15 % decrease in boreal summergreen tree cover
land use and land cover, we carried out a suite of sensitivity(Fig. 1). In addition, we find general increases in forest LA,
simulations with GEOS-Chem by changing the land use andexcept in subtropical regions.
land cover but not the anthropogenic emissions or climate; | arge increases in global isoprene emissions are calcu-
.e. we always use the present-day anthropogenic emissiongte in response to these climate-induced vegetation change.
and meteorology to drive GEOS-Chem. This enables us tqye find that the Northern Hemisphere summertime (June—
separate the effects of land use/land cover change from othet,gust) global total isoprene emission increases 15% to
effects due to changes in anthropogenic emissions and cliz4 o5 py 2050 and 2100, respectively (Table 1), with the
mate that have been extensively studied in literature (€.g.sirongest increase over the northern mid-latitudes. The
Johnson et al., 1999; Stevenson et al., 2000, 2006; Hogrefgjohal annual total isoprene emission increases by 10 % and
et al., 2004; Hauglustaine et al., 2005; Brasseur et al., 200635 o5, for 2050 and 2100 respectively. Monoterpene emis-
Racherla and Adams, 2006; Wu et al., 2008ab). Thereforesigns are also calculated to increase with global annual total
the possible changes in natural emissions directly driven byamissions increasing 4 % to 10 % by 2050 and 2100, respec-
climate change (e.g. NCemission from soil is affected by  tjely (Table 1). These changes in biogenic emissions indi-
temperature and precipitation while VOC emission from veg- cate that the effects from climate-induced land cover change
etation is sensitive to temperature and solar radiation) are nojre comparable to those “direct” effects from climate change
accounted for in this study. driven by changes in temperature and solar radiation. For
example, with a similar model set up (GEOS-Chem driven
by GISS GCM meteorology), Wu et al. (2008b) previously
found that the 2000-2050 climate change would lead to an
increase in global isoprene emission by 25 %.

3 Results

3.1 Impacts of climate- and CQ-driven
vegetation change Our calculated increase in isoprene emissions is in con-

trast to Sanderson et al. (2003) who reported a slight decrease
We first considered the impacts on atmospheric compositiorof isoprene emissions resulting from climate-driven changes
from vegetation change over the period 2000-2100 as a resuih vegetation cover. The model simulations of Sanderson et

Atmos. Chem. Phys., 12, 1597609 2012 www.atmos-chem-phys.net/12/1597/2012/
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Temperate broadleaved summergreen trees Boreal needleleaved evergreen trees

020
0.30
Q.10
Q.02
=002
=010
-0.30
—-0.50

Fig. 2. Model calculated 2000-2100 changes in (upper left) areal fractional coverage of temperate broadleaved trees, (upper right) boreal
needleleaved trees, (lower left) isoprene emissions showen as differencesl@ios C crm? s—1), (lower right) dry deposition velocities

of ozone shown as ratio. Isoprene emissions and ozone dry deposition are based on Northern Hemisphere summer (June—August) value
Color scales are saturated at maximum values.

al. (2003) showed a dieback of large parts of the tropical200 % by 2100) found for boreal forests. The increases in
forests of the Amazon basin between the 1990s and 2090kAl reflect increasing vegetation density in a warmer and
and ascribed this to be the major driver of the decreasingvetter climate with higher atmospheric @@bundance. The
isoprene emission. We did not see this significant retreaincrease in LAl is a major factor enhancing the ozone dry
of the Amazon forest in our simulations. This discrepancy deposition (Gao and Wesely, 1995; Ganzeveld et al., 2010;
is attributed to differences in model treatments of tropical Wang et al., 1998). In addition to affecting the ozone dry de-
vegetation as well as the simulated meteorology. First, oumposition, the shifts from needle leaf trees to broad leaf trees
version of the LPJ model considers the deeply rooted vegetaand the increases in LAl also enhance the biogenic emis-
tion in the tropics, allowing a maximum soil column of 2m sions of NMVOCs. Increases in isoprene emissions in re-
(Kleidon and Heimann, 1999). Second, our GISS GCM sim-mote areas also contribute to the ozone decrease. Many re-
ulations for 2050 and 2100 do not show substantial decreasasiote parts of Eurasia have relatively low N@bundance,

in tropical terrestrial precipitation relative to the present-day.hence increasing isoprene emissions lead to a decrease in sur-

Figure 3 shows the model calculated summertime surfacd2¢€ 0zone levels (Weidinmyer et al., 2006; Wu et al, 2007,
ozone for present-day and the anomaly due to climate and008). This is in contrast to the Northeastern US where sur-
CO,-driven land cover change over the period 2000-2100 face ozone increases with stronger isoprene emissions due to
With the vegetation changes we simulated, we found sig-h€ relatively high ambient Nolevels. The dependence of
nificant decreases in surface 0zone over large areas of tHR¢0N€’s sensitivity to isoprene emissions onNevels will
northern mid-latitudes, particularly in Eurasia where ozonePe further discussed in the final section. The increase in sur-
decreases locally by u’p to 5ppb at 2050 and 10 ppb at 210dace ozone over the southern Sahara is driven by increases in
This appears to be largely driven by the increase in ozone dr)?,"I NO>h< em|ssk|]ons as.;oua?ed with increases in velgetatlop.h
deposition on denser and more broadleaf vegetation (Fig. 2)>"ce the southern Sahara is dominated by desert lands wit
For areas with decreasing surface ozone, the ozone dry depd€"Y 10w soil NO, emissions (Yienger and Levy, 1995), in-
sition velocities are generally calculated to increase by 10-C'€asing vegetation coverage there leads to increases in soil
50 % by 2100, with the strongest increases found over northNOx emissions by more than 20 % over the period of 2000

ern mid-latitudes. General increases in LAl are calculateg?100- On the other hand, the global soil Némission is cal-
for most areas globally, with the largest increases (by up toculated to decrease by 3 % due to vegetation change between

www.atmos-chem-phys.net/12/1597/2012/ Atmos. Chem. Phys., 12, 19%089 2012
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2000 veg ppby 2050 veg — 2000 veg ppby

Fig. 3. Model simulated (upper left) surface ozone for present—day and the changes in surface ozone due to vegetation change driven by
climate change and increasing atmospheric@Bundance between (upper right) 2050 and2000, (lower left) 2100 and 2050, and (lower
right) 2100 and 2000. Ozone values based on summertime (JJA) afternoon (13-17 local time) averages. Color scales are saturated ¢
maximum and minimum values.

2100 and 2000, reflecting the significant increases in LAlin Giacopelli et al. (2005). Therefore, except for areas with
which enhance the canopy reduction of Nédnissions. Sim-  abundant NQ available such as northeastern United States,
ilar trends are found for other seasons, although the perturthe increases in isoprene emissions tend to reduce ozone lev-
bations have smaller magnitude than that in summer. els because of (1) sequestration of N& isoprene nitrates
The 2000-2100 change in vegetation driven by climate(Wu et al., 2007), and (2) direct ozonolysis of isoprene (Fiore
change has only minor effects on the global burden of tro-et al., 2005).
pospheric ozone (less than 1%; Table 1). Significant per- Figure 4 shows the effects of land cover change on the
turbations to tropospheric OH are calculated, with the globalatmospheric concentrations of SOA. Our model simulations
annual mean tropospheric OH decreases by 2% and 4 % bghow that oxidation products from isoprene and monoterpene
2050 and 2100 respectively (Table 1), which is largely drivenare dominant contributors to SOA production, accounting for
by the increases in isoprene emissions. However, this mapbout 70 % and 20 % of the total atmospheric SOA burden
not be a robust result considering that recent field and mechrespectively. We find that the summertime SOA could in-
anistic studies find no OH depletion from isoprene chemistrycrease by more than 0.5 ug by 2100 over large areas in
(Lelieveld et al., 2008; Stavrakou et al., 2010). Eurasia, reflecting the strong increases in biogenic NMVOC
The perturbations to surface ozone due to changes in lan@missions in that region, particularly from isoprene. The an-
cover calculated in this study are very different from thosenual mean surface SOA concentration doubles by 2100 for
reported in Sanderson et al. (2003). The factors that couldhis region. Some decreases in surface SOA concentrations
contribute to this discrepancy include: (1) Our climate modelare calculated for two relatively small regions in northeast-
simulations do not show the dieback of Amazon forests asern China and west Russia respectively. These decreases are
found in Sanderson et al. (2003), and (2) there are large undue to decreases in monoterpenes emissions associated with
certainties associated with isoprene chemistry and in particthe projected retreat in conifer forests (Fig. 2). We find that
ular the treatment of isoprene nitrates, especially isoprenéhe global burden of SOA increases by 10 % to 20 % by 2050
nitrate, could be different in different models (Giacopelli et and 2100, respectively (Table 1).
al., 2005; Horowitz et al., 2007; Paulot et al., 2009). The re-
sponse of ozone to isoprene emissions is highly sensitive to
whether isoprene nitrates represent a terminal or temporary
sink for NOy (Horowitz et al., 2007; Wu et al., 2007). In our
model, isoprene nitrate represents a terminal sink, as shown

Atmos. Chem. Phys., 12, 1597609 2012 www.atmos-chem-phys.net/12/1597/2012/
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(a) 2000 veq ug ™ 2050 veg = 2000 vag ug m=

Fig. 4a.Same as Fig. 3 but for secondary organic aerosols. Color scales saturate.
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Fig. 4b. Same as Fig. 4a but for zonal mean.
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ppby

2050 veg — 2000 veg 2100 veg — 2050 veg

7

5.0

2.0

=2.0

=50

—12.

Fig. 5. Changes in June—August surface ozone due to vegetation change driven by combined effects (changes in climbtmdaace
and agricultural land use) for the periods of 2000—2050 (left) and 2050-2100 (right). Color scales saturate.

3.2 Combined impacts from agricultural land use consequence, our model simulations over these regions show
change and climate-driven vegetation change increasing isoprene emissions and decreasing surface ozone
for the 2050-2100 period (Fig. 5). Significant increases in
We followed the IPCC A1B scenario for changes in anthro-agricultural land use are projected between 2050 and 2100
pogenic land use (IPCC 2001; MNP, 2006). Over the pe-over the Amazon region where the isoprene would decrease
riod 2000-2050, the agricultural land use is projected to de{eading to increasing surface ozone. Global total annual bio-
crease over some regions including East Asia but increasegenic emissions are calculated to increase in 2100 compared
over some others such as eastern United States, South Asig year 2000, with isoprene emissions up by 8 % and mo-
and Central Africa, which is largely driven by changes in toterpenes up by 12 %.
population, economic developments, energy supply and de-

mand (e.g., energy crops) (MNP, 2006). Isoprene emissions i .
generally decrease with increasing agricultural land use sinc n SOA. We find that when the agricultural land use change

crops are of the lowest isoprene emission rates among alP accounted for, the global SOA burden in 2100 remains al-

the plant function types (Guenther et al., 2006). The de_most the same as 2000 (Table 1), in contrast to the large in-

0 . . )
creases in isoprene emissions associated with anthropogen?%ease 0f 20 % when _only climate change and Increasing C.O
undance are considered (as shown in Sect. 3.1). This im-

land use change over east United States, South Asia and cefit

. ; L lies that the projected expansion in agricultural land use be-
tral Africa more than compensate the increases in |sopren€
emissions associated with climate- and £fiven vegeta- ween 2000 and 2100 lowers the global SOA burden by about

0, I i -
tion change (as shown in Sect. 3.1). As a consequence, th 0%, \_Nh'Ch compen_sates for _the effects of climate _gnd
global isoprene emissions for 2050 decrease by 5% com: Op-driven changes in vegetation cover and composition.

pared to 2000 (Table 1). Associated with the 2000—2050Heald et .al' (2008) calculatg d a somewhat sm_aHe‘rz(%)
agricultural land use changes over South Asia and Centr erturbatl_on from changes n the ant_hropogenlc land use by
Africa, we find significant increases in surface ozone of up to 100, Wh'Ch. could refiect difference in the mpdels used and'
5 ppb in those regions (Fig. 5), which appears driven by de_als;o scenarlos_assumed fo_r future changes in anthropogenic
creases in ozone deposition and isoprene emissions. In corlf—ind Use. The_ I|tt_|e_z Change n SOA_bur_den frpm 20.00. t02100
trast, over east United States where there is relatively hig espite the significant increases In biogenic EMISSIONS (T".:l'
NOy abundance, surface ozone decreases with decreasi e 1) also reflects the changes in seasonality of biogenic

isoprene emissions. As discussed in Sect. 3.1, the respon ISSIONS. Increaseslln cropland imply that the biogenic
emissions would be shifted more to the growth season (such

of ozone to biogenic isoprene emissions is highly sensitive hen bi ic VOCs h the shortest at
to the chemical mechanism of isoprene oxidation used in th S S“_mmer_) when biogenic S have the shortest atmo-
spheric lifetime.

model.
The projected trends of agricultural land use for South Figure 6 shows the model simulated changes in surface
Asia and Central Africa reverse after 2050; i.e. the total SOA concentrations due to changes in land use and land
amount of land under cultivation decreases between 205@over driven by the combined effects. We can see that the
and 2100, reflecting the projected human population max-SOA increases by up to 1pugth by 2100 over the Eura-
imum around 2050 (Nakicenovic and Swart, 2000). As asia region reflecting the changes in biogenic emissions of

The changes in agricultural land use also have large effects
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2050 veg — 2000 veg 2100 veg — 2000 veg ug m™

Fig. 6. Same as Fig. 5 but for surface secondary organic aerosols. Color scales saturate.

NMVOC:s, in particular isoprene. Decreases in SOA concen-ration of NG, as isoprene nitrates (Fiore et al., 2005; Wei-
trations, by up to 0.5pgn? are calculated over the Ama- dinmyer et al., 2006; Wu et al., 2007). However, there are
zon forest and eastern United States, which is driven by refarge uncertainties associated with our understanding on and
duced biogenic isoprene and monoterpene emissions assocenodel treatment of isoprene nitrate chemistry, which can af-
ated with increasing agricultural land use. fect the sensitivity of 0zone responses to isoprene emissions
(Giacopelli et al., 2005; Horowitz et al., 2007; Jacob and
Winner, 2009; Paulot et al., 2009; Wu et al., 2008a).
4 Discussion and conclusions We note again that the possible gihabitation effect on
isoprene emissions is not accounted here. Heald et al. (2009)
We investigated the potential effects on atmospheric chemestimated that this inhabitation effect could imply a 30 % de-
istry and air quality from 2000-2100 changes in land usecrease in global isoprene emissions by 2100 following the
and land cover driven by climate change, increasing atmoA1B scenario, but the magnitude of the inhibition is uncer-
spheric CQ abundance, and agricultural land use change. Taain (Centritto et al., 2004; Possell et al., 2005). In addition,
accomplish this, we performed an offline coupling of a gen-assigning emission factors to specific PFTs rather than plant
eral circulation model (GISS GCM 3) with a global chemical species, as implemented in the MEGAN scheme, could in-
transport model (GEOS-Chem CTM) and a dynamic globaltroduce uncertainties in the projected isoprene emissions.
vegetation model (LPJ DGVM). Our results also show that changes in vegetation cover over
In the absence of future anthropogenic land use changehe period 2000-2100 would lead to a general increase in
the generally warmer and wetter future climate simulatedSOA concentrations, driven by increases in biogenic VOC
by the GISS GCM leads to changes in the composition ofemissions. The global SOA burden increases by 10% to
forests, chiefly in the northern temperate and boreal latitudes20 % by 2050 and 2100 respectively. The increase in global
which in turn lead to decreases in summer afternoon surSOA burden has important implications for direct radiative
face ozone by up to 10 ppb over large areas over the northerforcing (e.g., Chung and Seinfeld, 2002; Liao et al., 2004).
mid-latitudes. This is largely driven by the enhanced ozonelncreasing SOA concentrations also significantly affect the
dry deposition associated with the transition from needle-particulate matter (PM) air quality with the largest pertur-
leaf forests to those dominated by broadleaf trees and by inbations found over the Eurasia, where locally, summertime
creases in LAl associated with G@ertilization. Climate-  SOA concentrations in surface air are calculated to increase
driven land cover changes also lead to general increases iny as much as 1 pgni by 2100. When we used a scenario
isoprene emissions by forests. Global annual total isoprenef future anthropogenic land use change, we found compen-
emissions are calculated to increase by 10% in 2050 andating effects on isoprene emissions and SOA resulting in
25% in 2100 compared to 2000 conditions. little net change in global SOA burden over the 2000-2100
Increasing isoprene emissions contribute to further de-period.
creases of surface ozone in remote areas but also lead to in- There are many sources of uncertainty in the projected re-
creases in surface ozone over polluted regions such as nortlsponses of future atmospheric composition to the changes
eastern United States. Ozone production is generally-NO in land use and land cover. The future changes in anthro-
limited in remote areas and higher isoprene emissions enpogenic land use is strongly affected by multiple factors
hances both direct ozone-isoprene reactions and the sequgsuch as population and economic growth, development in
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The evolution of atmospheric chemistry and air quality in
the future is affected by many factors in the context of global
change, including the changes in anthropogenic emissions,
climate, as well as land use and land cover. Previous stud-
ies (e.g., Johnson et al., 1999; Stevenson et al., 2000, 200§ eferences
Hauglustaine et al., 2005; Brasseur et al., 2006; Racherla
and Adams, 2006; Wu et al., 2008ab) have shown significanAlexander, B., Park, R .J., Jacob D. J., Li, Q. B., Yantosca, R. M.,
impacts on natural emissions, deposition, and atmospheric Savarino, J., Lee, C. C. W., and Thiemens, M. H.: Sulfate for-
chemistry directly driven by changes in meteorology (such mation in sea-salt aerosols: Cpnstraints from oxygen isotopes, J.
as temperature, humidity, solar radiation) associated with cli- r?e‘iﬁpgys',\ﬁﬁ;hggb Dlpor:’;gﬁgo'sloéi/ If??"’i%???%i?ﬁT
mate change. In order to separate the effects due FO chang Noe: S.,'Prentice, l. C.’, Sera, D.,,Hiclkler, T Wolf, A z;lnd S’mith,
in land use/land cover from those due to changes in anthro-

. . d cli h full d B.: Process-based estimates of terrestrial ecosystem isoprene
pogenic emissions and climate, we have purposeiully used gmisgions: incorporating the effects of a direct £i€oprene

the present-day anthropogenic emissions and meteorology jnteraction, Atmos. Chem. Phys., 7, 31-5®j:10.5194/acp-7-
for atmospheric chemistry simulations in this study. 31-2007 2007.

Our study does not account for possible changes in vegBachelet, D., Neilson, R. P., Lenihan, J. M., and Drapek, R. J.:
etation caused by changes in the frequency and intensity Climate change effects on the vegetation distribution and carbon
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et al.,, 2004; Stocks et al., 1998; Swetnam, 1993). Ad- Lenihgn, M.. T., Sykes, B., Smith, S.,.Sitch, and Thonicke,
ditionally, changes in tropospheric ozone and SOA in re- K.: S_|mulat|ng_ past and future dyqamlcs of natural ecosys-
sponse to land use and land cover change can further af- LeoTidggt/g%(igtggo??ézs'zgéogbal Biogeochem. Cy., 17, 1045,
fect climate through radiative forcing, but this feedback is ’ ' '

idered | d . di Iso indi ey, l., Jacob, D. J., Yantosca R. M., Logan, J. A,, Field, B. D.,
not considered in our study. Previous studies also indicate Fiore, A. M., Li, Q., Liu, H., Mickley, L. J., and Schultz, M.:

that changes in the chemical composition of the atmosphere  jopal modeling of tropospheric chemistry with assimilated me-
such as increasing ozone concentrations can affect vegetation teorology: Model description and evaluation, J. Geophys. Res.,
and thus the terrestrial carbon cycle (e.g., Felzer et al., 2004) 106, 23073-23096, 2001.

and produce an indirect radiative forcing effect (Sitch et al.,Brasseur, G. P., Schultz, M., Granier, C., Saunois, M., Diehl, T.,
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driven by both climate change and anthropogenic land use |I. J.: Acceleration of global warming due to carbon-cycle feed-
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. . . matol., 78, 137-156, 2004.
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