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ABSTRACT

Future projections of near-surface ozone concentrations depend on the climate/emissions scenario used
to drive future simulations, the direct effects of the changing climate on the atmosphere, and the indirect
effects of changing temperatures and CO2 levels on biogenic ozone precursor emissions. The authors
investigate the influence of these factors on potential future changes in summertime daily 8-h maximum
ozone over the United States and China by comparing Model for Ozone and Related Chemical Tracers,
version 2.4, (MOZART-2.4) simulations for the period 1996–2000 with 2095–99, using climate projections
from NCAR–Department of Energy Parallel Climate Model simulations driven by the Intergovernmental
Panel on Climate Change Special Report on Emissions Scenarios A1fi (higher) and B1 (lower) emission
scenarios, with corresponding changes in biogenic emissions. The effect of projected climate changes alone
on surface ozone is generally less than 3 ppb over most regions. Regional ozone increases and decreases are
driven mainly by local warming and marine air dilution enhancement, respectively. Changes are approxi-
mately the same magnitude under both scenarios, although spatial patterns of responses differ. Projected
increases in isoprene emissions (32%–94% over both countries), however, result in significantly greater
changes in surface ozone. Increases of 1–15 ppb are found under A1fi and of 0–7 ppb are found under B1.
These increases not only raise the frequency of “high ozone days,” but are also projected to occur nearly
uniformly across the distribution of daily ozone maxima. Thus, projected future ozone changes appear to be
more sensitive to changes in biogenic emissions than to direct climate changes, and the spatial patterns and
magnitude of future ozone changes depend strongly on the future emissions scenarios used.

1. Introduction

Regional ozone concentrations are likely to be af-
fected by changes in future climate and biogenic emis-
sions in the coming decades (Denman et al. 2007), as
illustrated by numerical simulations with both global

(Racherla and Adams 2006; Murazaki and Hess 2006,
hereinafter MH06) and regional (Tao et al. 2003, 2007;
Hogrefe et al. 2004; Kunkel et al. 2008) models. Using
the Community Multiscale Air Quality (CMAQ) mod-
eling system, for example, under the Intergovernmental
Panel on Climate Change (IPCC) Special Report on
Emission Scenarios (SRES) A2 mid–high emissions
scenario, Hogrefe et al. (2004) found that U.S. ozone
would increase 1.5–7.5 ppb by the 2080s over the North-
east and Midwest because of climate change together
with the resulting changes in biogenic emissions. Using
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a global model driven by the midrange A1b scenario,
MH06 found that summertime surface daily 8-h maxi-
mum (D8hM) ozone concentrations would increase up
to 4 ppb by the 2090s over much of the inland eastern
United States in response to future climate change
(without considering changes in biogenic emissions).
Tao et al. (2007) conducted a suite of 1-yr simulations
with the Air Quality Model (AQM) to investigate the
relative contributions of projected climate changes and
precursor emissions changes to the changes in summer-
time D8hM ozone over the United States from 1998 to
2050. They found that projected U.S. ozone changes are
primarily determined by anthropogenic precursor emis-
sions changes under the higher A1fi scenario, but by
changes in climate and biogenic precursor emissions
under the lower B1 scenario. Also, through AQM simu-
lations for 1996–2000 and 2095–99, Kunkel et al. (2008)
estimated future changes in summertime D8hM ozone
concentrations over the Northeast and found that, de-
pending on the cumulus scheme used, the D8hM ozone
could increase by 10%–30% because of changes in both
climate and biogenic emissions under the A1fi scenario
but decrease by 1%–13% under the B1 scenario.

One of the primary barriers to simulating future sur-
face ozone is the uncertainty in projections of changes
in response to future climate and biogenic emissions.
Increases in global average surface air temperature and
associated climatic changes depend on the assumptions
made regarding future population growth, technologi-
cal development, energy sources, and other factors
driving human emissions over the coming century. At
the higher end of the range, a continued reliance on
fossil fuels is estimated to produce atmospheric carbon
dioxide (CO2) concentrations greater than 950 ppm by
the end of the century under the higher A1fi scenario.
At the lower end, an emphasis on sustainability and
conservation results in atmospheric CO2 concentrations
reaching only �550 ppm by the end of the century un-
der the lower B1 scenario (Prentice et al. 2001). The
best estimate for global temperature change from 1980–
99 to 2090–99 under the A1fi scenario is 4.0 K, with a
range of 2.4–6.4 K, depending on the sensitivity of the
climate system to increased emissions of greenhouse
gases (Meehl et al. 2007). Under B1, by comparison,
global temperatures are projected to increase by 1.1 to
2.9 K, with a best estimate of 1.8 K, from 1980–99 to
2090–99.

Estimation of present-day biogenic ozone precursor
emissions is already uncertain. Factoring in their tem-
perature dependence and the actual change that would
be induced by this range of future temperature change
adds an additional layer of uncertainty that causes cli-
mate-induced changes in biogenic emissions to vary

substantially over the range of future scenarios. As a
result, the projected effects of climate and biogenic
emissions on surface ozone over the coming century,
including the individual roles played by climate changes
and biogenic emissions changes, may vary substantially,
depending on the scenario assumed. However, with the
exception of Tao et al. (2007) and Kunkel et al. (2008),
previous studies generally examined changes under one
future scenario only. Thus, they were not able to inves-
tigate the potential range of future ozone response to
climate and biogenic emissions changes (e.g., Hogrefe
et al. 2004; Racherla and Adams 2006; MH06). More-
over, MH06 did not include the changes in biogenic
emissions. The motivation for this study is therefore to
simultaneously examine projected changes in surface
ozone due to the combined and individual effects of
future climate and biogenic emissions in order to iden-
tify the range in potential changes that would be pro-
jected to occur under higher as compared to lower fu-
ture climate–emission scenarios.

Since all the scenarios used by previous studies, such
as the SRES mid–high A2 (Hogrefe et al. 2004;
Racherla and Adams 2006) and midrange A1b
(MH06), lie within the range bounded by A1fi and B1,
the uncertainty in projections of climate-related ozone
change in future years can be roughly inferred by the
differences in ozone changes between A1fi and B1. Al-
though future climate change could end up being either
greater than A1fi or smaller than B1, depending on the
policy choices being made currently and over the next
few decades, the range of climate change bounded by
A1fi and B1 encompasses the current uncertainty in
“business as usual” futures, at least in terms of green-
house gas emissions and the resulting climate change.

It is important to note, however, that each scenario
also contains different assumptions regarding ozone
precursor emissions from anthropogenic sources, which
are not necessarily bounded by A1fi and B1; hence, the
resulting ozone projections from the combined effects
of climate change and anthropogenic ozone precursor
emissions changes may also be dependent on the spe-
cific scenario rather than bounded by A1fi and B1. The
effects of anthropogenic precursor emissions projec-
tions on ozone concentrations are not considered in the
present study. Furthermore, the climate simulations
used here are from the National Center for Atmo-
spheric Research (NCAR)–U.S. Department of Energy
(DOE) Parallel Climate Model (PCM), which has a
climate sensitivity value (climate sensitivity being a
measure of the magnitude of the response of global
surface temperature to increases in greenhouse gas con-
centrations) at the lowest end of the currently accepted
range. The projections of climate change used here
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therefore represent the lower end of what would be
expected under a given scenario, as the climate changes
simulated by other general circulation models for the
same emissions scenarios are proportionally greater.

Regional model simulations by Tao et al. (2007) and
Kunkel et al. (2008) have used both the A1fi and the B1
scenarios to examine surface ozone responses to cli-
mate and biogenic emissions projections. While both
studies provided an insightful investigation of future
ozone projections due to climate and biogenic emis-
sions changes, they were limited by their simplified
treatment of lateral boundary conditions (LBCs) for
chemical concentrations. In both studies, the same
time-invariant vertical profiles of ozone and other gas-
eous species were used as the chemical LBCs for both
current and future periods; thus, the effects of changes
in long-range transport could not be accounted for.
Hogrefe et al. (2004) and Steiner et al. (2006) found
that projected changes in chemical LBCs were one ma-
jor factor of future pollutant changes over the eastern
United States and California, respectively, in their re-
gional model simulations. In particular, in the analysis
of Hogrefe et al. (2004), the largest contributor of pro-
jected changes in summer average D8hM ozone con-
centrations from the 1990s to the 2050s was identified
as a simple alteration of chemical LBCs according to
projected changes in global tropospheric column con-
centrations (for ozone) and surface emissions for the
Organization for Economic Cooperation and Develop-
ment as of 1990 (OECD90) region [for nitrogen oxides
(NOx) and volatile organic compounds (VOCs)], fol-
lowed by changes in regional climate and anthropo-
genic emissions. In addition, Tao et al. (2007) only con-
ducted single-year simulations and thus were not able
to project a climatological change in U.S. ozone, while
Kunkel et al. (2008) did not separate the effects of cli-
mate change from the effects of biogenic emissions
changes. Therefore, in this study, we use the global
chemical transport model (CTM), Model for Ozone
and Related Chemical Tracers, version 2.4, (MOZART-
2.4) to project climatological changes in surface ozone
over the coming century in response to the combined
and separate effects of climate changes and biogenic
emissions changes. These results are designed to be
used in further regional modeling studies, as these time-
dependent global CTM results can then be used as the
chemical LBCs for regional models such as those used
in Tao et al. (2007) and Kunkel et al. (2008).

To examine the potential effects of higher versus
lower emissions on surface ozone changes over the
coming century, we focus on two very different nations:
the United States and China (particularly the eastern
half, east of 105°E, because of its concentrated popu-

lation). Although halfway across the world from each
other, the two countries are located at similar latitudes
and share some common aspects influencing their
ozone air quality. For example, solar radiation and sur-
face air temperature both peak during the summer
(June–August) period in both countries. Also, rela-
tively large population centers and anthropogenic pre-
cursor emissions are located over coastal areas. How-
ever, the seasonal characteristics of ozone pollution do
differ significantly between the two countries because
of the differences in the large-scale atmospheric circu-
lation patterns. In the United States, surface ozone con-
centrations are typically at their maximum in summer
because of strong solar radiation, high air temperature,
and strong anthropogenic and biogenic precursor emis-
sions, which result in effective ozone production. In
eastern China, in contrast, ozone concentrations in
summer are usually lower than in spring and autumn
because of strong dilution effects of marine air masses
brought in by the prevailing Asian summer monsoon
(Mauzerall et al. 2000; Wang et al. 2006 and references
therein; Pochanart et al. 2002). In addition, biogenic
emissions differ greatly between the two countries be-
cause of their distinctive vegetation coverage (Tie et al.
2006). Over the United States, there is significant
amount of vegetation over most of the eastern half of
the country with maximum vegetation-related emis-
sions in the Southeast, especially in summer. In con-
trast, there is little vegetation coverage over much of
the northern part of eastern China (from 30° to 40°N)
because of its high population density. Because of both
the similarities and the differences in the factors con-
trolling summer surface ozone over the United States
and China, it is therefore interesting to compare pro-
jected changes in climate and biogenic emissions and
their effects on ozone levels between the two countries.
It is particularly important to examine the potential
changes in marine air influence on ozone over the
coastal areas of both countries.

To identify the relative effects of emission scenarios,
climate change, and biogenic emissions, we examine
projected future summer (June–August) surface ozone
changes over the United States and China from the
present day (1996–2000) to the late twenty-first century
(2095–99). Changes are projected to occur in response
to projected changes in climate and changes in biogenic
precursor emissions, together and separately, under the
A1fi and B1 scenarios. In this study, anthropogenic pre-
cursor emissions are kept unchanged at present-day
levels. All simulations are conducted continuously for
each five-year period, but our analyses are focused on
the June–August summer period, when the difference
in surface ozone concentrations over the United States
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and China is at its maximum as a result of their differ-
ences in the large-scale circulation. Moreover, the ef-
fects of changes in climate (e.g., air temperature, ma-
rine air influence) and biogenic emissions on surface
ozone levels over the two countries are most significant
in the summer months.

2. Model and methods

MOZART-2.4 [described and evaluated in detail by
Horowitz et al. (2003)] is a state-of-the-art global CTM
commonly used to study tropospheric distributions and
changes of ozone and related tracers (e.g., Wuebbles et
al. 2001; Wei et al. 2002; Horowitz et al. 2003; Lamar-
que et al. 2005; MH06; Lin et al. 2008). The model
simulates 63 species, 135 gaseous reactions, and 26 het-
erogeneous processes. The advection, surface emis-
sion–deposition, vertical diffusion, convection, cloud–
precipitation, and chemistry are integrated in order at
every time step. Following MH06 and Lin et al. (2008),
here we incorporate the same prescribed lower atmo-
spheric boundary mixing ratio concentrations of green-
house gases, including methane, for both current and
future periods.

In this study, MOZART-2.4 is driven by the meteo-
rological data from the NCAR–DOE PCM (Washing-
ton et al. 2000) output at 3-h intervals at T42LR hori-
zontal resolution (�2.8°) and 18 sigma-pressure hybrid
levels. Similar or coarser spatial resolutions have been
used in recent global modeling studies to project future
changes of ozone and/or other pollutants over the
United States (e.g., Mickley et al. 2004; MH06; Rach-
erla and Adams 2006; Lin et al. 2008). However, be-
cause of the coarse resolution of a global model, these
analyses focus on ozone change at the regional scale
(i.e., on the order of several hundred kilometers), pre-
cluding the resolution of urban or smaller spatial scales.

Present-day precursor emissions for NOx, carbon
monoxide (CO), and nonmethane VOCs are based on
the inventories described by Horowitz et al. (2003). The
only exceptions are the biofuel and biomass burning
emissions of CO, which have been scaled up by a factor
of roughly 1.5 to produce a global budget of about 1550
Tg yr�1 from all sources, compatible with the estimate
of Ehhalt et al. (2001). In particular, the global annual
budgets for anthropogenic (including fossil fuel and
biofuel) and biomass burning emissions of CO are 677
and 674 TgC, respectively, here; and 650 and 700 TgC,
respectively, in Ehhalt et al. (2001). The impact of this
scaling on simulated surface ozone concentrations is
generally less than 0.5 ppb over both the United States
and China.

Biogenic emissions affected by climate change in-

clude isoprene emissions from vegetation, which are
sensitive to both atmospheric CO2 concentrations and
air temperature, as well as incident solar radiation; ter-
penes and other VOC emissions (acetone, ethene,
ethane, propene, propane, and methanol) from vegeta-
tion, which also depend on temperature; and finally,
soil emissions of CO which can be modeled as a func-
tion of net primary productivity, which is in turn de-
pendent on temperature. The scaling factor of isoprene
emissions due to temperature change �T was calculated
using the equation (after Guenther 1997)

�T �

exp�CT1�T � TS�

RTST �
0.961 � exp�CT 2�T � TM�

RTST � .

The scaling factor of isoprene emissions in response to
atmospheric CO2 concentrations [significant at atmo-
spheric concentrations greater than 600 ppm, reached
by the A1fi scenario during 2095–99] �ISO was calcu-
lated using the relationship (after Potosnak 2002)

�ISO � �0.00041	CO2
 � 1.28, if 	CO2
 � 600 ppm

�ISO � 1.0, if 	CO2
 � 600 ppm.

In addition to air temperature and CO2 concentrations,
isoprene also responds to changes in solar radiation on
the surface, which could be altered in the future by
climate-driven changes in stratospheric ozone layer,
cloud liquid water content, or density, as well as cloud
cover and height. However, large uncertainties exist in
modeling the effects of regional-scale changes in these
quantities on surface solar radiation. In addition,
changes in solar radiation have been found to much
smaller impacts on isoprene emissions than do changes
in air temperature (e.g., Tao et al. 2008). Therefore, for
the purpose of estimating future changes in isoprene
emissions from vegetation here, we hold incident sur-
face solar radiation fixed at present-day levels.

The scaling factor of terpenes emissions due to tem-
perature change �T was calculated using the equation
(after Guenther 1997)

�T � exp	��T � TS�
.

The scaling factor of terpenes emissions was also used
for biogenic emissions of other VOCs.

Finally, since CO emissions from soil have been
found to depend strongly on the net primary produc-
tion (NPP), the following relationship [based on the
relationship between global NPP and temperature first
derived by Leith (1975)],

�NPP � f�TFUTURE��f�TCURRENT�, where

f�T � � �0.056T3 � 1.607T2 � 70.114T � 728.91,
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was used as the scaling factor for the NPP changes �NPP

from 1996–2000 to 2095–99, based on temperature only.
NPP is also a modeled as a function of precipitation and
many other climate-related variables (Adams et al.
2004), but for the purposes of this analysis only the
direct temperature-related effects are included. As
noted by Adams et al. (2004), the empirical model of
Leith (1975) gives reasonable estimates of current glob-
al NPP rates, based on plant types implicit in the em-
pirically derived relationship. Future predictions of
NPP changes, however, must be qualified, as they do
not account for changes in vegetation density and im-
plicitly assume immediate changes in regional vegeta-
tion types following a temperature change. Projected
changes in NPP were then used to scale soil emissions
of CO, which presently contribute to 20% of the total
emissions in the United States over the summer months
and 17% in China.

We do not include estimates of changes in soil emis-
sions of NO because of the poor understanding of both
current emissions as well as likely future changes. NO
emissions from soil depend on various factors including
surface (soil) temperature, water filled pore space
(WFPS), deep soil temperature, fertilization rate, sand
percentage, pH, wind speed, and so on (e.g., Schindl-
bacher et al. 2004; Delon et al. 2007). Schindlbacher et
al. (2004) initially found that the temperature depen-
dence of NO emissions from soil was greatly affected by
WFPS. Delon et al. (2007) expanded on this to con-
clude that surface soil temperature and WFPS only ex-
plained 45% of the variance of the NO emissions from
soil. Inclusion of surface soil temperature, WFPS, deep
soil temperature, fertilization rate, sand percentage, pH
and wind speed together explained 71% of the vari-
ance. Currently, no soil properties other than tempera-
ture are available for deriving future changes of NO
emissions from soil. Given the lack of information to

use in projecting future changes, we assume that NO
soil emissions remain fixed at present-day levels.

In this study, five 5-yr simulations were conducted to
examine the potential effects of climate and biogenic
emissions changes on surface ozone under the A1fi and
B1 scenarios, as described in Table 1.

3. Model evaluation

To assess MOZART-2.4 capability to simulate
present-day surface ozone concentrations during the
summer months, we compare the modeled summer av-
erage D8hM of surface ozone concentrations over the
contiguous United States during 1996–2000 with the
Environmental Protection Agency (EPA) Air Quality
System (AQS) rural site measurements. Measurements
at urban sites were not used for the comparisons as
model resolution precludes simulation of urban areas.
If multiple rural measurement sites exist within a given
model grid cell, the observations are averaged to create
a gridcell mean value that can be directly compared
with the modeled value for that specific grid cell, fol-
lowing MH06. To enable a direct comparison, the pe-
riodic cubic spline interpolation is applied to the 3-h
model outputs to generate ozone concentrations at 1-h
intervals for calculating the D8hM ozone (same for
other simulations for D8hM ozone). Our preliminary
analyses suggest that the interpolation method has an
insignificant effect on the diurnal cycle of ozone.

Comparing model-simulated versus observed surface
summer ozone, we find that the model is capable of
reproducing observed concentrations over most of the
western United States, with biases generally smaller
than 10 ppb. In contrast, it overpredicts the observa-
tions by 10–45 ppb over the eastern United States (Fig.
1a). We are not able to systematically evaluate model
performance over China because of the lack of ground-

TABLE 1. Description of MOZART-2.4 simulations. Anthropogenic emissions of ozone precursors are kept at the present-day levels
in all simulations. See the fractional changes in biogenic emissions in Table 4.

Simulation Year and climate Biogenic emissions

With original model setup
(1) Control 1996–2000 Present day
(2) Climate only (A1fi) 2095–99 A1fi Present day
(3) Climate only (B1) 2095–99 B1 Present day
(4) Climate � biogenic (A1fi) 2095–99 A1fi Scaled by A1fi temperature and [CO2]
(5) Climate � biogenic (B1) 2095–99 B1 Scaled by B1 temperature and [CO2]

With three model improvements
(6) Present day 1999 Present day
(7) Climate only (A1fi) 2099 A1fi Present day
(8) Climate only (B1) 2099 B1 Present day
(9) Climate � biogenic (A1fi) 2099 A1fi Scaled by A1fi temperature and [CO2]
(10) Climate � biogenic (B1) 2099 B1 Scaled by B1 temperature and [CO2]

1892 J O U R N A L O F A P P L I E D M E T E O R O L O G Y A N D C L I M A T O L O G Y VOLUME 47



level observational data. However, observed summer
mean ozone levels at several measurement sites in east-
ern China, shown in the recent literature, range from 30
to 45 ppb in the late 1990s (e.g., Li et al. 1999; Yan et al.
2003; Wang et al. 2006), about 5–10 ppb lower than the
modeled summer mean ozone concentrations averaged
over the 3-h model outputs used here.

Similar biases over the eastern United States have
been found by MH06 in their MOZART-2.4 simu-
lations for 1990–2000 driven by the Community Cli-
mate System Model (CCSM). In addition to the effects
of coarse model resolution and errors in emission/
meteorological inputs, MOZART-2.4 biases likely re-
sult from several specific inaccuracies in model chem-
istry and physical parameterizations. First, MOZART-
2.4 assumes an 8% yield of isoprene nitrates through
reactions between nitric oxide and isoprene-derived
peroxyl radicals, which then react with hydroxyl radical
to completely recycle nitrogen oxides (NOx � NO �
NO2) rather than converting to nitric acid as a perma-
nent sink of NOx. More recent studies suggested that
the yield of isoprene nitrates as well as the conversion
from isoprene nitrates to nitric acid in MOZART-2.4
may be underestimated, leading to the underprediction
of the depletion of NOx through the isoprene nitrate
chemistry (see Sprengnether et al. 2002; Fiore et al.
2005 and references therein). In contrast, Horowitz et
al. (2007) suggested the best estimate of isoprene ni-

trate yield to be 4%, of which 40% was recycled back to
NOx, based on the comparison between the simulated
and the observed alkyl nitrates within the PBL during
an aircraft measurement campaign. However, the re-
sults of Horowitz et al. (2007) may have been compro-
mised by the significant positive bias, that is, up to
about 70%, in the simulated isoprene concentrations in
the PBL.

Second, summertime dry deposition of ozone in
MOZART-2.4 is calculated with the resistance-in-
series scheme developed by Wesely (1989). Recent ob-
servational analyses (Padro 1996; Zhang et al. 1996)
and intermodel comparisons (Padro 1996; Zhang et al.
1996; Wesely and Hicks 2000 and references therein)
suggest that summertime dry deposition of ozone cal-
culated by the Wesely scheme could be underestimated
by at least 30% over deciduous forests in the eastern
United States.

Third, boundary layer height could be underpre-
dicted, since the model assigns a critical Richardson
number of 0.3. This is smaller than the value of 1.0 that
has subsequently been suggested to be more realistic
(Stull 1988; Cheng et al. 2002 and references therein).

Therefore, in addition to the five 5-yr simulations, we
also conducted five 1-yr simulations to evaluate the im-
pacts of possible model deficiencies on the calculated
ozone concentrations and future changes (Table 1).
The first run is based in 1999, and the other four are

FIG. 1. (a) Summer average daily 8-h maximum surface ozone concentrations (ppb) over the contigu-
ous United States for 1996–2000 in the control MOZART-2.4 simulation with original model setup and
(b) the comparisons with the U.S. EPA AQS rural site measurements. (c), (d) The counterparts of (a)
and (b), respectively, but for 1999 with model modifications in isoprene nitrate chemistry, dry deposition,
and critical Richardson number (see section 3 for details). Positive values in (b) and (d) correspond to
overestimations by the model.
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based in 2099 using the climate and biogenic emissions
simulated under the A1fi and B1 scenarios, respec-
tively. In these simulations, three improvements were
made in model simulation of isoprene nitrate chemis-
try, ozone dry deposition, and the critical Richardson
number, respectively. Following Fiore et al. (2005), we
increase the yield of isoprene nitrate from 8% as used
in the original model (i.e., prior to current model im-
provements) to 12%, at which point it is then converted
immediately to nitric acid as the permanent sink of
NOx. A 30% increase of the summertime ozone dry
deposition is also applied over the eastern United
States only (east of 100°W) as a conservative improve-
ment. The critical Richardson number was adopted as
1.0; in response, the summertime average PBL height
was increased by 100–200 m over the United States (not
shown). Note that the improvement in ozone dry de-
position was only for the eastern United States, while
the other two improvements were applied globally.

For the 1999 summertime period, these three im-
provements reduced model biases to less than 20 ppb
over most of the eastern United States (Fig. 1b). The
improved isoprene nitrate chemistry had the largest im-
pacts on the ozone simulations over the Southeast,
while improvements in the treatment of ozone dry de-
position dominates over the Midwest and Northeast,
and the improved critical Richardson number domi-
nates along the Northeast coast (not shown). The sen-
sitivity of the projected future ozone changes to model
improvements is analyzed in section 5.

4. Results

a. Projected future climate changes

Climate change can affect surface ozone through
various ways including changes in air temperature, at-
mospheric water vapor content, cloud liquid water
(CLW) content, lightning frequency, PBL heights,
near-surface wind fields, and frontal passages (e.g.,
Dawson et al. 2007). In this section, we examine these
climatic changes from 1996–2000 to 2095–99 as pro-
jected by the PCM model under both the A1fi and B1
scenarios.

We first examine the changes in surface air tempera-
ture. In general, warmer air temperatures enhance
ozone production, leading to faster thermal decompo-
sition of peroxyacetyl nitrate (PAN) and thus increas-
ing concentrations of NO2 and peroxyacetyl radical
(Sillman and Samson 1995; Dawson et al. 2007).
Greater warming is projected to occur over the coming
century under the higher A1fi scenario as compared to
the lower B1 scenario (Fig. 2). By 2095–99 under A1fi,
PCM-projected summer mean surface air temperature

(calculated as the mean of the 3-h model outputs) in-
creases by more than 6 K over the Rockies, by 3–4 K
over most of the eastern United States, and by 2–5 K
over eastern China relative to present-day levels. In
contrast, PCM-projected temperature increases are less
than 2 K over most of the two countries under the lower
B1 scenario.

Warmer air temperatures also tend to increase
evaporation, which can in turn increase atmospheric
water vapor concentrations, leading to more produc-
tion of hydroxyl radical (OH). More OH can either
decrease or increase net ozone production, depending
on the relative abundances of NOx versus odd hydro-
gen in each region (Sillman and Samson 1995; Racherla
and Adams 2006). By 2095–99, projected summer mean
near-surface water vapor content increases up to 4 g
kg�1 over the United States and 3–4 g kg�1 over eastern
China under the higher A1fi scenario (Fig. 3). In con-
trast, water vapor increases under B1 are typically less
than 1 g kg�1 over both countries and are not statisti-
cally significant over many areas using the Student’s t
test at the 95% confidence level.

Changes in cloud liquid water content can affect the
amount of solar radiation over a region, which can in
turn affect the rate of the photochemical reactions in-
volved in the formation of ozone. In addition, the wet
deposition of nitrogen species is also influenced by the
amount of cloud water. Future changes in cloud water
are largely the result of the competition between the
increasing air temperature, which tends to decrease the
condensation, and the increasing water vapor content,
which tends to increase the condensation. By 2095–99
(Fig. 4), PCM-projected summer mean low-level cloud
liquid water content (i.e., integrated below 750 hPa in
the sigma-pressure hybrid coordinate as these are more
relevant to surface ozone than upper-level clouds) in-
creases by up to 5 g m�2 over the Northeast and Mid-
west, and up to 10 g m�2 over most of eastern China
under A1fi, with decreases as large as 15 g m�2 over the
northern Great Plains of the United States and 30 g
m�2 over central China (Fig. 4). In the observational
analysis of Del Genio and Wolf (2000), low-level cloud
water decreased with increasing air temperature due to
reduced cloud thickness over the Great Plains. Under
B1, cloud liquid water content is reduced by 0–10 g m�2

over most of the United States and central China, with
slight increases of up to 10 g m�2 over southern China.

Potential changes in the frequency of lightning
flashes are primarily a result of projected changes in
convection, and can affect the lightning-based produc-
tion of NOx in the troposphere. In MOZART-2.4, the
lightning production of nitric oxide (LNO) follows the
scheme by Price et al. (1997) and Pickering et al. (1998),
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FIG. 2. Changes in June–August average daily mean surface air temperature (K, approximately 0–150 m above
the ground) from 1996–2000 to 2095–99 in the United States under (a) A1fi and (b) B1 and in China under (c) A1fi
and (d) B1. Solid and dashed contour lines depict higher and lower air temperature in 2095–99 than that in
1996–2000, respectively. The summer average daily means are calculated by averaging the model outputs at 3-h
intervals during June–August. Temperature changes in the shaded areas are not significant under the Student’s t
test at the 95% confidence level.

FIG. 3. As in Fig. 2, but for surface water vapor content (g kg�1).
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and is highly dependent on cloud height, especially for
convective clouds. Globally, summer mean tropo-
spheric LNO increases by 26% under A1fi and 13%
under B1 by 2095–99 relative to the budget of 6.7 TgN
yr�1 during 1996–2000. By comparison, using a coupled
climate–chemistry model, Hauglustaine et al. (2005)
found that the LNO increased by 50% from 5 TgN yr�1

in 2000 to 7.5 TgN yr�1 in 2100 under the A2 scenario.
Therefore it is consistent among different models and
scenarios that, globally, convection is becoming more
active and, together with increasing air temperature
and water vapor content, is likely to increase LNO over
the coming century. Regionally (Fig. 5), summer mean
LNO increases by up to 8 GgN yr�1 over the Southeast
and the central United States and by 4 GgN yr�1 over
most of eastern China by 2095–99 under A1fi. Under
B1, there is an increase as large as 4 GgN yr�1 over the
central and Midwest United States and a slight decrease
over the Southeast. Changes over China under the B1
scenario are generally not statistically significant at the
95% confidence level.

Changes in PBL heights can affect the vertical dilu-
tion of ozone. PBL height is dependent on air tempera-
ture, water vapor, and winds in the PBL as well as
surface sensible and latent heat fluxes. Given the com-
plexity of the PBL mixing processes, there has been no
consensus in previous studies on the direction of future

changes in PBL heights because of the different param-
eterizations of PBL mixing and spatial resolutions in
various global/regional models as well as the different
emission scenarios used to drive the changes (e.g.,
Hogrefe et al. 2004; Mickley et al. 2004; MH06). For
example, Hogrefe et al. (2004) and Mickley et al. (2004)
found significant increases in PBL heights over the
eastern United States, while MH06 found little. In this
study we found that, under A1fi, summer mean PBL
heights are projected to decrease up to 100 m over the
eastern United States and increase up to 200 m over the
Southwest by 2095–99 (Fig. 6), with a decrease of 0–100
m over eastern China. Under B1, by comparison, PBL
heights are projected to increase up to 200 m over the
eastern United States, with an increase of 0–100 m over
most of northern China and a decrease of 0–100 m over
southern China.

Changes in wind speed and direction in the lower
troposphere affect the horizontal dilution of ozone.
Over many coastal areas, especially those with prevail-
ing landward winds, surface ozone concentrations are
effectively diluted by marine air masses, since ozone
concentrations are usually lower over the nearby
oceans. This effect is referred to here as the “marine air
dilution effect.” Given that both the United States and
China have long coastlines, projected changes in land-
ward near-surface winds can have important implica-

FIG. 4. As in Fig. 2, but for cloud liquid water content (g m�2, integrated below 750 hPa in the sigma–pressure
hybrid coordinate). Contour intervals are 5 g m�2 in the United States and 10 g m�2 in China.
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tions for coastal as well as downwind ozone levels. The
A1fi and B1 scenarios project distinct changes in near-
surface winds from 1996–2000 to 2095–99 (Figs. 7d,e,
and 8d,e). Under A1fi (Figs. 7d and 8d), the summer

mean low-level jet from the Gulf of Mexico is strength-
ened and the Asian summer monsoon is intensified
(i.e., with stronger southwesterly flows) by 2095–99.
This is because of the increased land–ocean thermal

FIG. 5. As in Fig. 2, but for surface LNO (GgN yr�1).

FIG. 6. As in Fig. 2, but for the PBL height (km).
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contrast in a warming climate, that is, larger warming
over the continents than over the oceans. A strength-
ened low-level jet from the Gulf of Mexico is also found
by MH06 under the A1b scenario, and the intensified

Asian summer monsoon is also found by Bueh (2003)
for the A2 and B2 scenario and by Bueh et al. (2003) for
the IPCC IS92a scenario. As a result, projected land-
ward near-surface winds are stronger along the coasts

FIG. 7. (a) Summer average daily 8-h maximum surface ozone concentrations (contours, ppb) and daily mean near-surface winds (red
arrows) in the United States for the period 1996–2000. Projected ozone changes are for 2095–99 relative to 1996–2000 in response to
future projections under (b) A1fi and (c) B1 with climate change only and no changes in biogenic emissions and under (d) A1fi and
(e) B1 with changes in climate and biogenic emissions together. Projected changes in near-surface winds are also shown in (d) for A1fi
and (e) for B1. The contour intervals are 1 ppb in (b), (c) and 3 ppb in (d), (e). In (b)–(e), solid and dashed contour lines depict higher
and lower ozone concentrations in 2095–99 than those in 1996–2000, respectively. Ozone differences in the shaded areas are not
significant under the Student’s t test at the 95% confidence level.
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of both countries in future simulations, causing more
marine air to be drawn into the continents, enhancing
the dilution of coastal ozone concentrations. Under B1
(Figs. 7e and 8e), by comparison, changes in wind fields
are less significant than A1fi because of relatively
smaller degree of climate change.

In many polluted regions such as the Northeast and
Midwest, surface ozone concentrations are effectively

mitigated by frontal passages, whose changes in future
years will thus have implications for regional pollution
levels (Mickley et al. 2004; MH06). Previous studies
suggest a potential decrease in the frequency of frontal
passages in future years over the Midwest under the
A1b scenario (Mickley et al. 2004; MH06). Here we
investigate the projected changes in summertime fron-
tal passages under the A1fi and B1 scenarios by com-

FIG. 8. As in Fig. 7, but for China.
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paring the summertime standard deviations of surface
air pressure between 1996–2000 and 2095–99 for each
scenario. By 2095–99, changes in the standard devia-
tions are not significant under the Student’s t test at the
95% confidence level over the eastern United States
and China under either scenario (not shown). Follow-
ing MH06, we also examine the day-to-day cumulative
frequency distributions of surface pressure over the
Midwest and Northeast (see boundary specifications in
Fig. 9) and find insignificant future changes in regional
mean, median, maximum, and minimum in general (not
shown). Projected future changes in frontal passages
therefore remain uncertain, and may in fact be highly
model dependent.

In conclusion, we see significant differences between
the A1fi and B1 scenarios for projected future air tem-
peratures, water vapor content, cloud water content,
lightning production of NO, PBL height, and near-
surface winds, but not for frontal passages. It is clear,
therefore, that a number of projected climate-driven
changes in key atmospheric characteristics known to
affect near-surface ozone concentrations are largely de-
pendent on the climate scenarios used to drive future
simulations. For that reason, it is not surprising that our
findings as well as those of Hogrefe et al. (2004) (for the
A2 scenario) and MH06 (for the A1b scenario) differ
from one another.

b. Projected summer average D8hM ozone changes
in response to climate change only

Simulated June–August average D8hM surface
ozone concentrations generally vary from 40–90 ppb
over the United States and 50–80 ppb over eastern
China during the period 1996–2000 (Figs. 7a and 8a).
Along the coasts with landward near-surface winds,
ozone is generally diluted by marine air masses. Over
eastern China, the winds are so strong that the maxi-

mum ozone concentrations are located west (down-
wind) of emission sources along the coasts. Here, we
examine surface ozone responses over the United
States and China to future climate changes by 2095–99
under the A1fi and B1 scenarios without including any
changes in biogenic emissions (simulations 2 and 3 as
described in Table 1, which are compared with simula-
tion 1, the control simulation for the present).

We find that daily mean surface hydroxyl radical
(OH) concentrations increase by 0.005–0.03 ppt under
A1fi and 0–0.01 ppt under B1 over most of the United
States (not shown). Over eastern China, OH concen-
trations increase by about 0–0.02 ppt under A1fi; under
B1, they increase by about 0–0.02 ppt over the northern
region (north of 33°N) but show a statistically insignifi-
cant decrease of about 0–0.01 ppt over the southern
region (not shown).

Under A1fi, the D8hM ozone concentrations in-
crease 1–3 ppb over much of the inland eastern United
States and 1–2 ppb over part of northern China from
1996–2000 to 2095–99 (Figs. 7b and 8b). Day-to-day
correlations between changes in regional mean surface
air temperature and ozone reveal that modeled in-
creases are largely due to warmer air temperatures in
future years. Table 2 shows the day-to-day correlations
between future changes (2095–99 summers minus 1996–
2000 summers) in regional mean surface D8hM ozone
and changes in regional mean daily mean air tempera-
ture over the Midwest. The correlations were calcu-
lated using the following methodology. First, the 460
counts of regional mean D8hM ozone concentrations in
current summers (92 counts for each of the five sum-
mers) are paired with those in future summers (i.e., 1
June 2095 minus 1 June 1996, 2 June 2095 minus 2 June
1996, and so on, after removing the 5-summer averages
for the D8hM ozone during the two periods). A similar
procedure is done for regional mean daily mean air

FIG. 9. Boundary specifications of (a) five U.S. regions (Northeast, NE; Midwest, MW;
Southeast, SE; California, CA; Southwest, SW) and (b) five Chinese regions (northeast, NE;
Beijing area, BJ; central east, CE; southeast, SE; central China, CC). Each region occupies
11–25 model grid cells in the United States and 6–30 grid cells in China; individual grid cells
covering neither U.S. nor China lands are not included in the analyses for Figs. 10 and 11.
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temperature. Then the correlation is calculated be-
tween the paired D8hM ozone and the paired daily
mean air temperature. Over the Midwest, the value of
the correlation can be as large as 0.59, which is greater
than the correlations between ozone and other climate
variables (see Fig. 9 for regional boundary specifica-
tions). Over the Northeast, air temperature also shows
the largest correlation with ozone, of all the variables
shown in Table 2, 0.74. These findings agree with those
of Dawson et al. (2007), who also found that changes in
air temperature were the most effective factor for sum-
mertime ozone changes over the eastern United States.

By comparison, ozone concentrations decrease by
1–7 ppb along the coastal areas of the two countries by
2095–99 under A1fi (Figs. 7b and 8b). The decreases
are largely due to the increased dilution effects of ma-
rine air as a result of the enhanced landward winds as
well as the reduced oceanic ozone concentrations,
which are due to the increased water vapor content at
low NOx levels over the oceans (Sillman and Samson
1995; Johnson et al. 1999). Table 3 presents projected
changes in marine air dilution effects on local ozone
concentrations averaged over the model grid cells along
the oceanic boundaries of the United States and China.
To do so, we first identify the “oceanic boundary” grid
cells in the two countries. A model grid cell is identified
as an oceanic boundary grid cell of the contiguous
United States when 1) it covers land that are part of the
contiguous United States, and 2) any or all of its four
neighbor grid cells (to the south, west, east, north) are
oceanic grid cells (i.e., grid cells that are completely
over the oceans). The same procedure is done for
China. In total, there are 18 oceanic boundary grid cells
in the United States and 8 in China at T42 resolution.
For each of the oceanic boundary grid cells, we then
calculate the advection of ozone in the lowest model
layer (approximately 0–150 m above the ground) from
neighboring oceanic grid cells when and only when the

wind is blowing from neighbor oceanic grid cells to the
specified oceanic boundary grid cell. The average of
such advection over all oceanic boundary grid cells is
then calculated for each country in each period (current
and future) as the marine air dilution effects presented
in Table 3.

It is a relatively intuitive finding that the negative
effects of marine air dilution on coastal ozone concen-
trations will become stronger by 2095–99 if the ocean–
land contrast of ozone concentrations increases and/or
the landward winds strengthen. It is shown in Table 3
that on average the enhanced dilution by 2095–99 re-
duces ozone concentrations by as much as an additional

TABLE 3. June–August mean dilution of coastal ozone concen-
trations, averaged over the grid cells along the oceanic bound-
aries, by marine air mass brought by the inland-ward winds (see
section 4b for detailed procedure). The unit is parts per billion per
day per oceanic boundary grid cell. There are 18 oceanic bound-
ary grid cells along the oceanic boundaries in the United States
and 8 in China. Positive values depict that the coastal ozone con-
centrations are reduced by the marine air dilution. Numbers in the
parentheses are the corresponding 5-yr standard deviations. The
values for 1996–2000 denote the amounts of the present-day ma-
rine air dilution effects and the values for 2095–99 denote changes
in marine air dilution effects from 1996–2000 to 2095–99. The
numbers shown here are for the lowest model layer (approxi-
mately 0–150 m above the ground), while the magnitudes of the
dilution are similar within approximately the lowest 500 m above
the ground.

With climate
change only

With changes in climate
and biogenic emissions

United States
1996–2000 5.5 (0.2)
A1fi 2095–99 2.7 (0.4) 3.3 (0.4)
B1 2095–99 0.8 (0.5) 1.1 (0.5)

China
1996–2000 2.9 (0.4)
A1fi 2095–99 1.3 (0.4) 3.1 (0.5)
B1 2095–99 0.7 (0.5) 1.3 (0.5)

TABLE 2. Cross correlations among June–August day-to-day changes in D8hM ozone and daily mean climate variables from 1996–
2000 to 2095–99 over the Midwest. Future changes in ozone are for the experiments with climate change only, i.e., biogenic emissions
are not altered. For the climate variables, Ps denotes surface air pressure, T denotes air temperature in the lowest model layer
(approximately 0–150 m above the ground), Q denotes water vapor content in the lowest model layer, PBLH denotes planetary
boundary layer height, and CWAT denotes low-level cloud water (integrated below 750 hPa). See section 4b for detailed procedure for
calculating such correlations. The numbers before and after the / sign denote the correlations under the A1fi and B1 scenarios,
respectively.

Ozone Ps T Q PBLH CWAT

Ozone 1/1 �0.34/�0.24 0.59/0.63 0.51/0.41 �0.42/�0.31 �0.03/�0.04
Ps 1/1 �0.53/�0.43 �0.51/�0.55 0.30/0.37 �0.05/�0.30
T 1/1 0.57/0.47 �0.13/�0.03 �0.30/�0.23
Q 1/1 �0.75/�0.78 0.19/0.39
PBLH 1/1 �0.37/�0.51
CWAT 1/1
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2.7 ppb per day (with a standard deviation of 0.4) be-
yond present-day levels per oceanic boundary grid cell
in the United States and 1.3 ppb per day (also with a
standard deviation of 0.4) per oceanic boundary grid
cell in China under A1fi. We also calculate advection of
ozone for the second lowest model layer (approxi-
mately 150–500 m above the ground) and find similar
results (not shown). Hence, marine air influences and
future changes appear to be consistent in the lower
troposphere.

Under B1, different spatial patterns and, in general,
smaller changes are seen as compared with A1fi. Sur-
face ozone concentrations increase 1–4 ppb over the
western United States and 0–3 ppb over northeastern
China from 1996–2000 to 2095–99 (Figs. 7c and 8c).
Meanwhile, ozone concentrations decrease 1–3 ppb
over the coastal areas surrounding the Gulf of Mexico
and 1–4 ppb over most of southeastern China. The
ozone changes in eastern China are generally statisti-
cally insignificant.

Similar to A1fi, projected future significant ozone
increases and decreases under B1 are highly correlated
with increased air temperature and increased marine
air dilution, respectively. Table 3 shows that, on aver-
age, enhanced dilution by 2095–99 reduces ozone levels
for the model grid cells along the oceanic boundaries by
as much as 0.8 ppb per day per oceanic boundary grid
cell in the United States and 0.7 ppb per day per
oceanic boundary grid cell in China with a standard
deviation of 0.5 ppb for each. As compared to A1fi,
the changes in marine air dilution effects under B1
are much smaller over both countries because of
the smaller ocean–land contrast of ozone concentra-
tions as well as the smaller changes in near-surface
winds.

Projected changes in other climate variables, such as
water vapor, cloud liquid water content, lightning, PBL
heights, and frontal passages contribute to the ozone
changes over the two countries as well. For example,
over the Midwest, increases in water vapor content con-
current with increasing air temperatures also enhance
ozone concentrations in regions with significant NOx

levels, decreasing PBL height have a positive effect on
ozone, while increasing cloud water (under A1fi only)
has a negative effect on ozone (Table 2). Quantifying
individual contributions of each climate variable to the
net ozone change is difficult because of the nonlinear
relationships between ozone and these variables (Table
2). Nevertheless, correlations between day-to-day val-
ues suggest that increases in surface air temperature
and increases in marine air dilution are highly related to
the ozone increases over the inland areas and decreases

over the coastal areas, respectively, if ozone precursor
emissions are held constant.

The spatial pattern of ozone increases over the
United States under A1fi found here is similar to the
findings by MH06. In their study, summertime average
D8hM ozone concentrations increased up to 5 ppb over
the inland eastern United States and decreased up to 5
ppb over Texas in response to the projected climate
change from 1990–2000 to 2090–2100 under the mid-
range A1b scenario. However, there are also some im-
portant differences between the two studies. For ex-
ample, the magnitude of the ozone increase in the Mid-
west found here is smaller than that found by MH06.
This is primarily due to the differences in the climate
scenarios and climate models, that is, A1fi and low-
sensitivity PCM here versus A1b and higher-sensitivity
CCSM in their study. In particular, cloud water was
reduced by up to 15 g m�2 over the inland eastern
United States in their study, but increases by 0–5 g m�2

here. Also, cyclone activities over the eastern United
States are reduced in future years in their study but are
not found to change significantly here. Differences in
projected changes of cloud water and cyclone activities
likely contribute to the larger ozone change found in
their study than here.

c. Projected summer average D8hM ozone changes
incorporating changes in climate and biogenic
emissions

Projected changes in air temperature and atmo-
spheric CO2 levels are also expected to affect future
biogenic emissions (Guenther 1997), with additional
consequences for surface ozone concentrations. Based
on the relationships between biogenic emissions, air
temperature, and atmospheric CO2 concentrations de-
scribed previously in section 2, we project significant
global increases from 1996–2000 to 2095–99 in biogenic
emissions of isoprene, terpenes, other VOCs, and CO
emissions from soil. Projected increases over the conti-
nental United States and China are summarized in
Table 4. Note that, since the reactivity of CO with OH
is much smaller than those of VOCs such as isoprene,
CO is not as important as VOCs for surface ozone pro-
duction over the United States and China; therefore, its
future changes have much smaller impacts on ozone
than do changes in VOCs.

Incorporating changes in climate and biogenic emis-
sions simultaneously, we find daily mean surface OH
concentrations to be reduced by about 0–0.06 ppt under
A1fi and 0–0.04 ppt under B1 over most of the two
countries (not shown). The magnitudes of surface
D8hM ozone changes from 1996–2000 to 2095–99 differ
substantially between the two scenarios. Under A1fi,
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ozone concentrations increase by 1–15 ppb over most of
the United States and eastern China, with slight ozone
decreases along the coast of the Gulf of Mexico (Figs.
7d and 8d). Under B1, by comparison, ozone concen-
trations increase by no more than 7 ppb over the
United States and no more than 5 ppb over eastern
China (Figs. 7e and 8e). To compare our results with
Kunkel et al. (2008), we calculate the percentage
change of D8hM ozone over the northeastern United
States (64°–82°W, 37°–44°N) from 1996–2000 to 2095–
99. We find that the ozone changes here are about
�12% under the A1fi scenario and �4% under B1,
which are within the range of changes they found, that
is, 10%–30% for A1fi and 1%–13% for B1.

The relative effects of projected changes in biogenic
emissions on ozone as compared to climate change are
very different between A1fi and B1. Under A1fi, pro-
jected changes in ozone are primarily determined by
changes in biogenic emissions. Under B1, in contrast,
the relative contributions are not as clear. This is pri-
marily because of the differences between the two sce-
narios in the magnitudes of projected changes in bio-
genic emissions. Using a regional model, Hogrefe et al.
(2004) found that, although projected biogenic emis-
sions increased by 10%–50% over the eastern United
States from the 1990s to the 2050s, the resulting effects
on ozone did not exceed the effects from changes in
climate. In their study, however, the climate change
effects on ozone could have been overestimated, be-
cause the same lateral boundary conditions of chemical
concentrations were used for both current and future
periods. Thus, ozone reductions at the eastern (oce-
anic) and southern (coastal) boundaries, as shown in
our study, as well as their effects, most likely negative,
on the ozone levels within the model domain were ex-
cluded. Determination of the relative contributions of
changes in biogenic emissions to regional ozone con-
centrations as compared with the contributions from
changes in climate alone therefore appears to be highly
dependent on the scenarios and modeling approaches
used, further explaining some differences between this
study and previous ones.

d. Projected changes in the occurrences of high
ozone concentrations

One important aspect of future ozone change is in
the occurrence of “high ozone concentration” days,
that is, the change in the number of days with ozone
concentrations exceeding a certain predetermined
threshold. Here, we investigate changes in the number
of “high” ozone days during June–August from 1996–
2000 to 2095–99. For a given region, we first define the
threshold of high ozone concentrations as the 85th
quantile of the day-to-day cumulative frequency distri-
bution (CFD) of the modeled D8hM ozone during
1996–2000 summers. A day with D8hM ozone exceed-
ing the threshold is identified as a high-ozone day. Note
that the threshold is dependent on the specific region
being studied. Although selecting the 85th quantile of
the CFD as the threshold to define high ozone occur-
rences is arbitrary, setting the threshold at the 80th and
90th quantile yielded similar findings.

We then focus on the projected changes in high-
ozone days over five regions for both the United States
(Northeast, Midwest, Southeast, California, Southwest)
and China (northeast, Beijing area, central east, south-
east, and central China), as defined in Fig. 9. These
regions are highly populated, and are already facing
potential adverse health effects from elevated surface
ozone concentrations. The thresholds of high-ozone
days vary from 69–89 ppb for individual regions over
the United States and 69–81 ppb over China, but the
number of high-ozone days during 1996–2000 summers
is fixed at 69, or 15% of the 460 days in the five sum-
mers, in any of the 10 regions. For future time periods,
however, the threshold remains unchanged for each re-
gion, while the number of high-ozone days is allowed to
vary.

We first compare modeled with observed numbers of
high-ozone days for the present-day period for the five
U.S. regions (Fig. 10a). There is no similar comparison
for China since the observational data are not available.
Given the relatively large model biases, to facilitate the
comparison we reconstruct the observed CFD for each

TABLE 4. Projected fractional changes from 1996–2000 to 2095–99 in biogenic emissions under the SRES A1fi (higher) and B1 (lower)
scenarios. The present-day numbers are for the 1996–2000 summer budgets. The units are teragrams of carbon per summer for isoprene,
terpenes, and other VOCs, and teragrams per summer for CO.

Species

Contiguous United States China

A1fi B1 Present day A1fi B1

Isoprene 15.5 �93% �32% 13.2 �94% �40%
Terpenes and other VOC 10.4 �44% �15% 7.3 �41% �15%
CO from soils 4.8 ��1% ��1% 6.5 ��1% ��1%
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region by adding the difference in the ozone median
concentrations between the simulations and the obser-
vations during 1996–2000, as shown in Fig. 11. The me-
dian of the modeled CFD is about 22 ppb larger than
the observed median over the Northeast, 25 ppb over
the Midwest, 27 ppb over the Southeast, 7 ppb over
California, and 13 ppb over the Southwest.

Observed numbers of high-ozone days are signifi-
cantly lower than the modeled high-ozone days in the
Northeast, but higher in the Southeast. This is because
modeled ozone concentrations undergo stronger day-
to-day variations than the observed in the Northeast
but lower variations in the Southeast (Figs. 11a,c).
There are no statistically significant differences be-
tween the frequency of observed and the modeled high-
ozone days over the Midwest, California, and the
Southwest.

Considering climate change only and no biogenic
emissions perturbations, we see opposing trends of
changes in the numbers of high-ozone days from 1996–
2000 to 2095–99, depending on location. High-ozone
days increase for the Midwest on one side, and decrease
for California and southeast China on the other (Fig.
10). In the Midwest, the number of high-ozone days
increases to 93 days under A1fi and 78 days under B1,
with a standard deviation of 7 and 5, respectively. The
increase is largely due to increases in air temperature,
as shown in section 4b. By comparison, the number of
high-ozone days drops to 12 days (with a standard de-
viation of 3) in California and 22 (with a standard de-
viation of 7) in southeast China under A1fi; and to 66

(9) in California and 50 (10) in southeast China under
B1. The reductions over these coastal regions are pri-
marily due to the enhanced dilution effects of marine
air, as discussed previously in section 4b.

Incorporating changes in climate and biogenic emis-
sions together, the numbers of high-ozone days in-
crease dramatically beyond the present-day level by
2095–99 over most regions except southeast China (Fig.
10). Increases are more significant under the A1fi than
B1 scenario except over California, the Southwest, and
southeast China. Over the Midwest, the increase is so
large under A1fi that about one-half of the summer
days are identified as the high-ozone days in future
years. In southeast China, however, effects of changes
in biogenic emissions on ozone are largely balanced by
effects of increases in marine air dilution; therefore,
changes in high-ozone days are insignificant in future
years.

e. Projected changes in the day-to-day distributions
of D8hM ozone concentrations

We next compare projected changes in regional
mean day-to-day CFDs of the D8hM ozone between
1996–2000 and 2095–99 summers over the four U.S.
regions: Northeast, Midwest, Southeast, and California
(Fig. 11). The other six U.S. or Chinese regions are not
shown since the main findings for them are similar to
those for the four regions presented here.

With climate change only and no changes in biogenic
emissions, projected future ozone changes are generally
less than 5 ppb over the entire CFDs in all four regions,

FIG. 10. The number of summertime high-ozone days (�1 std dev; for daily 8-h maximum ozone) during current (1996–2000) and
future (2095–99) periods for (a) five U.S. regions and (b) five Chinese regions. See text for the definition of high-ozone days and Fig.
9 for regional boundary specifications. In each region, from left to right, the dark gray bar with symbol “O” in the middle [only available
in (a)] depicts the current observed high-ozone days (after reconstructing the observed CFD by adding the difference in the ozone
median concentrations between the simulations and observations during 1996–2000); the dark gray bar with symbol “C” depicts the
current modeled high-ozone days; the light gray bar with symbol “A” depicts the future high-ozone days under A1fi with climate change
only and no changes in biogenic emissions; the dark gray bar with symbol “A” depicts the future high-ozone days under A1fi with
changes in climate and biogenic emissions together; the light gray bar with symbol “B” depicts the future high-ozone days under B1
with climate change only and no changes in biogenic emissions; and the dark gray bar with symbol “B” depicts the future high-ozone
days under B1 with changes in climate and biogenic emissions together.
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and few are statistically significant at the 95% confi-
dence level based on the two-sample quantile test (Fig.
11). Over the Northeast, there is no statistically signif-
icant ozone change under either the higher or lower
emissions scenario. Over the Midwest, ozone concen-
trations increase up to 5 ppb at the 1st quantile of the
CFD under A1fi. Under B1, there is no statistically
significant ozone change except the increase above the
99th percentile. Over the Southeast, there is no statis-
tically significant ozone change under A1fi whereas un-
der B1, only the decrease below the 2nd percentile and
the increase above the 98th percentile are statistically
significant. Over California, ozone concentrations de-
crease around 5 ppb at most of the CFD above the 20th
percentile and increase up to 5 ppb at the lower tail of
the CFD under A1fi. Under B1, there is no statistically
significant ozone change at the upper tail of the CFD
except above the 99th percentile, while the increase at
the lower tail is larger than that under A1fi. Overall we
find that the ozone changes from 1996–2000 to 2095–99

are not limited to the upper tail of the CFDs over the
four regions. We also examine the changes in ozone
CFD for individual model grid cells within each region
and find similar results. Similarly, MH06 constructed
the CFDs of daily mean ozone for regional maximum,
median, and minimum, respectively, over a region in
the central and eastern United States (35°–45°N, 96°–
80°W) as well as the CFDs for individual model grid
cells within the region. They also found that ozone con-
centrations increased throughout the CFD from the
1990s to the 2090s under the midrange A1b scenario. In
contrast, using a global model to study climate change
effects on black carbon and CO (no changes in biogenic
emissions), Mickley et al. (2004) found that changes in
pollutant concentrations from 1995–2002 to 2045–52
under the A1b scenario were significant at and only at
the upper tail of the CFDs over the Northeast and Mid-
west. The differences between our and their findings
can be explained by the differences in climate and
chemistry models as well as climate scenarios. For ex-

FIG. 11. June–August CFDs of regional mean daily 8-h maximum ozone concentrations during 1996–
2000 and 2095–99 over the four U.S. regions: (a) northeast, (b) midwest, (c) southeast, and (d) California.
See Fig. 9 for regional boundary specifications. In each region, the green solid line depicts the observed
CFD during 1996–2000 (after adding the difference in the ozone median concentrations between the
simulations and observations during 1996–2000), the black solid line depicts the modeled CFD during
1996–2000, the red solid line depicts the modeled CFD during 2095–99 under A1fi with climate change
only and no changes in biogenic emissions, the red dashed line depicts the modeled CFD during 2095–99
under A1fi with changes in climate and biogenic emissions together, the blue solid line depicts the
modeled CFD during 2095–99 under B1 with climate change only and no changes in biogenic emissions,
and the blue dashed line depicts the modeled CFD during 2095–99 under B1 with changes in climate and
biogenic emissions together. Note that the scales of y axes are different for the four regions in order to
show the ozone changes more clearly.
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ample, the spatial resolution here (2.9° latitude  2.8°
longitude with 18 vertical layers) is much higher than
that in Mickley et al. (2004) (4° latitude  5° longitude
with nine vertical layers).

When changes in both climate and biogenic emis-
sions are incorporated, surface ozone concentrations
significantly increase from 1996–2000 to 2095–99, more
so under A1fi than B1 primarily because of much larger
increases in biogenic emissions. Under both scenarios,
ozone concentrations increase throughout the CFDs,
although increases tend to be greater toward the upper
tail of the CFDs over most regions. By comparison,
Hogrefe et al. (2004), who also considered climate
change and biogenic emissions perturbations using a
regional modeling framework, found little ozone
change at the lower tail of the CFDs over the Northeast
and Midwest with changes in climate and biogenic
emissions as projected under the mid–high A2 scenario.
Again, in addition to the distinctive climate–emission
scenarios used, the differences between our and their
findings are also due to the different climate and chemi-
cal modeling approaches, as discussed in section 4c.

5. Sensitivity of ozone changes to model
improvements

Last we compare the simulated D8hM ozone changes
over the United States and China from 1999 to 2099
with and without the three improvements in model
chemistry–physics discussed previously in section 3.
With climate change only and no biogenic emissions
perturbations, these model improvements have minor
effects (mostly less than 1 ppb) on projected future
surface ozone changes over the United States (not
shown). Incorporating changes in both climate and bio-
genic emissions, however, the projected ozone changes
with model improvements are about 1–7 ppb smaller
under A1fi and about 0–4 ppb smaller under B1 (Fig.
12) than the ozone changes without model improve-
ments. Under A1fi, the improved model produces
ozone decreases over the northern and southern Great
Plains because of the increasing biogenic emissions
alone (not shown). Similarly, over eastern China, the
projected ozone changes due to climate change alone
are affected insignificantly by the model improvements;
while the ozone increases as a result of changes in cli-
mate and biogenic emissions together are about 2–7
ppb smaller under A1fi and about 1–3 ppb smaller un-
der B1 when the model improvements are incorporated
(not shown). This is because when biogenic emissions
are greatly increased, the improved isoprene–nitrate
chemistry results in more reduction of NOx and thus
less ozone production. Therefore the magnitude of pro-

jected ozone change in response to biogenic emissions
changes is sensitive to the treatment of isoprene ni-
trates. Nevertheless, under A1fi, the effects of biogenic
emissions changes on ozone are still much larger than
the effects of climate change over most of the United
States and eastern China.

6. Conclusions and discussion

This study analyzes the results of a series of
MOZART-2.4 CTM simulations to project summer-
time surface ozone changes over the United States and
China for the period 2095–99 relative to 1996–2000 in
response to changes in climate and biogenic emissions
projected by the PCM climate boundary conditions cor-
responding to the IPCC SRES A1fi (higher) and B1
(lower) emission scenarios. When compared with the
EPA AQS rural site measurements during 1996–2000,
MOZART-2.4 simulations are able to reproduce ob-

FIG. 12. Differences between the projected changes in summer
average daily 8-h maximum ozone concentrations over the United
States from 1999 to 2099 due to changes in climate and biogenic
emissions together under (a) A1fi and (b) B1, with and without
the three model improvements (see section 3 for details). Nega-
tive values (dashed lines) denote that the projected ozone changes
are smaller when the three model improvements are incorpo-
rated.
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served surface daily 8-h maximum ozone concentra-
tions over most of the western United States with biases
generally less than 10 ppb, but overestimate ozone lev-
els by 10–45 ppb over the eastern United States. These
biases are at least partially attributable to inaccuracies
in model chemistry and physical parameterizations.

Over both the United States and China, projected
changes in climate, including air temperature, water va-
por content, cloud liquid water content, lightning fre-
quency, boundary layer heights, wind fields, and frontal
passages, as well as corresponding changes in biogenic
emissions, differ significantly between the A1fi and B1
scenarios. It is therefore not surprising that CTM simu-
lations using climate-related changes as projected un-
der the A1fi and B1 scenarios result in very different
projections of regional ozone change. These results
highlight the importance of the future scenario used to
drive projected climate change when assessing likely
changes in future near-surface ozone concentrations.

Considering climate change only and no changes in
biogenic emissions, changes in summer average D8hM
ozone concentrations by 2095–99 relative to present-
day levels are mostly less than 3 ppb over the United
States and China under both scenarios. Over the
United States, ozone concentrations increase in much
of the inland eastern part of the country under A1fi and
in the western half of the country under B1. Coastal
ozone levels are reduced under both scenarios, al-
though more significantly under A1fi. Over eastern
China, ozone concentrations increase in the northern
area and decrease in the southern area under both sce-
narios.

Defining “high-ozone days” as lying above the 85th
quantile of the present-day summer day-to-day D8hM
ozone distribution, we find that the number of high-
ozone days greatly increases over the Midwest from 69
to 93 under A1fi and to 78 under B1. In contrast, the
number of high-ozone days decreases over the coastal
regions of California, from 69 to 12 under A1fi and to
66 under B1, and southeast China, from 69 to 22 under
A1fi and to 50 under B1. While effects of changes in
other climate variables cannot be ruled out, we find that
ozone increases in inland areas are highly correlated
with increases in air temperature, while ozone de-
creases in coastal areas are highly correlated with in-
creased dilution effects by marine air masses.

When changes in climate and biogenic emissions are
incorporated together, the difference between the A1fi
and B1 scenarios is more pronounced. Not only do the
spatial patterns of change vary between the two sce-
narios, but the projected magnitude of ozone change
differs greatly as well. Over both countries, summer-
time average surface D8hM ozone concentrations in-

crease 1–15 ppb under A1fi but only 0–7 ppb under B1.
Also, the number of high-ozone days increases dramati-
cally. This increase is so large over the Midwest that
about one-half of summer days are identified as the
high-ozone days by the end of the twenty-first century
under A1fi.

Further analysis of the cumulative frequency distri-
butions of daily summertime ozone reveals that the
projected ozone changes are not limited to the upper
tail of the cumulative frequency distributions of day-to-
day ozone variations under either scenario, but occur
across most, if not all, of the distribution. Our findings
are similar to those of MH06, but disagree with the
findings by Mickley et al. (2004) and Hogrefe et al.
(2004), who projected ozone changes to mainly occur at
the upper tail of the CFDs. This disagreement is likely
due to the differences in modeling approaches as well
as climate–emission scenarios used.

Corrections to potential inaccuracies in model phys-
ics–chemistry—specifically, improvements in isoprene
nitrate chemistry, ozone dry deposition, and critical
Richardson number—have important implications for
ozone projections. With climate change only, the pro-
jected future ozone change is affected insignificantly by
these corrections. Considering changes in both cli-
mate and biogenic emissions, however, the projected
D8hM ozone change over the United States decreases
by about 1–7 ppb under the A1fi scenario and about
0–4 ppb under B1 when the model improvements are
incorporated, as compared to the projected ozone
changes without model improvements. This is primarily
because the increasing biogenic emissions lead to de-
creasing NOx concentrations when the isoprene nitrate
chemistry is improved. Nevertheless, changes in bio-
genic emissions remain the dominant factor of future
ozone change as compared to the effects of climate
change even under the A1fi scenario.

There are several limitations in this study. Because of
the coarse resolution of the current global climate and
chemical transport models used here, we were not able
to examine detailed projections of future ozone
changes at the urban or smaller scales. To accomplish
these tasks, an integrated modeling system combining
global and regional emission–climate–chemistry models
is required. We are currently implementing the system
(Huang et al. 2007, manuscript submitted to J. Geo-
phys. Res.) with the global CTM simulations presented
here used as time-dependent boundary conditions for
regional air quality model. Also, the effects of changes
in land use types and solar radiation on biogenic emis-
sions were not considered in the present study. In ad-
dition, the effects of changes in OH on methane are not
fully accounted for in this study because of the pre-
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scribed lower atmospheric boundary condition for
methane. This, however, is not expected to significantly
affect the projected ozone changes, given the much
lower reactivity of methane with OH as compared with
other VOCs and CO. Furthermore, as noted previ-
ously, the sensitivity of the PCM model to greenhouse
gas emissions is at the lowest end of the currently ac-
cepted range. Hence, the magnitude of the projected
changes estimated here, particularly those related to air
temperature, may represent a highly conservative esti-
mate of what might actually be expected under a given
emissions scenario.

Despite these limitations, however, the results of this
study allow us to draw several important conclusions
regarding projected future ozone concentrations over
the contiguous United States and eastern China. First,
we find that future changes in climate are likely to sig-
nificantly impact summertime near-surface ozone con-
centrations both over the United States, which cur-
rently experiences a peak in annual ozone concentra-
tions during the summer months, as well as over east
China, which does not because of the marine air dilu-
tion effect associated with the Asian summer monsoon.
Furthermore, in coastal areas, much of the ozone
change can be attributed to increased transport of ma-
rine air masses into the region rather than in situ pro-
duction. Second, the climate warming is not only ex-
pected to increase the frequency of high-ozone days,
but is also projected to occur across the distribution
of daily 8-h maximum ozone. Third, our simulations
indicate that the secondary effects of human-induced
climate change on future near-surface ozone concentra-
tions, as illustrated here by projected changes in bio-
genic emissions, are likely to be even larger than the
direct effects of climate change itself (i.e., due to
changes in air temperature, humidity, atmospheric cir-
culation, etc). And, last and perhaps most important,
our results quantify the large uncertainty in future
ozone changes due to the different climate/emis-
sion scenarios used. In general, significantly (and not
always linearly) greater changes were seen under the
SRES higher (A1fi) scenario as compared with the
lower (B1) scenario, highlighting the importance of in-
put scenarios in determining the outcome of a given
modeling study.
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