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Abstract

We examined the response of surface ozone to future climate change over the eastern
United States by performing simulations corresponding to present (1990s) and future
(2050s) climates using an integrated model of global climate, tropospheric gas-phase
chemistry, and aerosols. A future climate has been imposed using ocean boundary5

conditions corresponding to the IPCC SRES A2 scenario for the 2050 s decade, re-
sulting in an increase in the global annual-average surface air temperature by 1.7◦C,
with a 1.4◦C increase over the surface layer of the eastern United States. Present-day
anthropogenic emissions and CO2/CH4 mixing ratios have been used in both simu-
lations while climate-sensitive natural emissions were allowed to vary with the simu-10

lated climate. There is practically zero change in the spatiotemporally averaged ozone
mixing ratios predicted over the eastern United States. However, the severity and
frequency of ozone episodes over the eastern United States increased due to future
climate change, primarily as a result of increased ozone chemical production due to in-
creased natural isoprene emissions. The 95th percentile ozone mixing ratio increased15

by 5 ppbv and the largest frequency increase occured in the 80–90 ppbv range. The
most substantial and statistically significant (p-value <0.05) increases in episode fre-
quency occurred over the southeast and midatlantic United States, largely as a result
of 20% higher annual-average natural isoprene emissions. Increased chemical pro-
duction and shorter average lifetime are consistent features of the predicted seasonal20

surface ozone response, with the former’s magnitude for a location largely a function of
increased natural isoprene emissions, and the latter largely due to faster dry deposition
removal rates. Future climate change is also predicted to lengthen the ozone season
over the eastern United States to include late spring and early fall. Significant inter-
annual variability is observed in the frequency of ozone episodes and we find that it is25

necessary to utilize 5 years or more of simulation data in order to separate the effects
of interannual variability and climate change on ozone episodes.
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1 Introduction

The reduction of surface ozone, which is harmful to human, animal, and plant health, is
an important objective of air quality policy for many governments. Surface ozone is pro-
duced through a complex set of photochemical reactions involving NOx (= NO+NO2)
and volatile organic compounds (VOCs). NOx and VOCs are emitted from anthro-5

pogenic sources such as fossil fuel power plants, industrial activities and transportation,
as well as natural sources such as lightning and soil (NOx), and vegetation (biogenic
VOCs such as isoprene). The resulting ozone concentrations depend sensitively upon
meterological parameters such as temperature, cloudiness, sunlight, wind speeds and
the mixed layer depth. Therefore, changes in these meteorological parameters due10

to climate change will necessarily impact surface ozone concentrations. However, the
direction of change itself is often unclear because of multiple competing effects.

A major conclusion of many previous global modeling studies (Brasseur et al., 1998;
Stevenson et al., 2000; Zeng and Pyle, 2003; Liao et al., 2006; Racherla and Adams,
2006), which have assessed the effect of future climate change on global tropospheric15

ozone is that the global average burden of ozone decreases because of the increased
destruction of ozone due to increased water vapor concentrations. In these studies,
although ozone chemical production increases it is dominated by the increased de-
struction of ozone on a global scale in the absence of changes in emissions. On the
other hand, Collins et al. (2003); Zeng and Pyle (2003) suggest that the stratosphere-20

troposphere exchange of ozone is likely to increase due to climate change, which in-
creases tropospheric ozone. Hauglustaine et al. (2005) predict an increase in the
upper tropospheric ozone concentrations due to climate change, which is primarily due
to increased lightning NOx caused by more intense convective activity.

While a number of previous modeling studies (Sillman and Samson, 1995; Aw and25

Kleeman, 2003; Baertsch-Ritter et al., 2004; Dawson et al., 2007) have focused on
the effect of individual meteorological parameters on surface ozone, only a few studies
have assessed holistically the effect of future climate change. One major conclusion
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of the former kind of modeling studies is that ozone increases with temperature in both
urban and polluted rural environments, with the increase driven largely by a decrease
in the formation of peroxyacetyl nitrate (PAN), thereby increasing NOx concentrations.
Hogrefe et al. (2004) used a regional air quality model centered over the eastern United
States to evaluate climate change impacts on air quality and found that increases of up5

to 5 ppbv are likely in the summertime average daily maximum 8-h ozone concentra-
tions by the 2080s. Murazaki and Hess (2006) used a global chemical transport model
model (CTM) driven by future meteorology and present-day emissions (IPCC SRES
A1 scenario 2090 s) and found that the increased NOx concentrations, resulting from
reduced PAN in a warmer climate, predominantly affected surface ozone production in10

polluted regions. This is because increased water vapor concentrations, as a result
of climate change, are expected to increase net ozone production in regions with high
NOx through the reaction NO+HO2→NO2+OH, but to decrease net ozone produc-
tion in regions with low NOx through the competing ozone sink O3+HO2→2O2+OH.
Hauglustaine et al. (2005) and Liao et al. (2006) emphasize the potentially important15

effect of increased biogenic VOC emissions due to future climate change (IPCC SRES
A2 scenario 2090s) on surface ozone levels; based on their sensitivity studies, per-
formed with a global model, they report that increased natural isoprene emissions ac-
count for 30–50% of the predicted increases in future surface ozone levels over polluted
regions such as the eastern United States, western Europe, and northern China.20

Only a few modeling studies (Mickley et al., 2004; Hogrefe et al., 2004; Murazaki and
Hess, 2006) have examined the effect of future climate change on regional air pollution.
A feature of climate change that emerges from these studies is a decrease in the
frequency and intensity of synoptic frontal passages ventilating the boundary layer over
the United States. The effect of these changes on future surface ozone levels is not25

very well understood, however, as it is complicated by simultaneous changes in other
processes such as the precursor chemistry, boundary layer mixing, and convection.
Nevertheless, all of the above mentioned modeling studies find an increase in the
frequency and severity of future air pollution episodes.
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Previous global and regional modeling studies that have examined the response of
surface ozone to future climate change at regional scales, although relevant, suffer
from one or more of the following limitations: (1) neglect climate change impacts out-
side their domain due to their assumption of constant boundary conditions (BCs); (2)
do not consider the climate-sensitivity of ozone precursor emissions such as isoprene;5

and, (3) do not examine the seasonality of the ozone response, as they focus on sum-
mertime ozone.

The objective of this study is to examine the seasonal and regional response of
surface ozone to future climate change, with a focus on the eastern United States.
Anthropogenic emissions are held constant between present and future simulations,10

but the model allows climate-sensitive biogenic emissions to vary with future climate.
So as to be useful to near-term energy and air quality policy, we consider a climate
change scenario (IPCC SRES A2) corresponding to the 2050s. We examine the effects
of climate change on the severity and frequency of ozone episodes, surface layer ozone
budget, and the length of the ozone season. We also examine the effect of interannual15

variability vis-a-vis the predicted impacts due to climate change. Details of the model,
the emissions utilized, and the simulations performed are provided in Sect. 2. The
results are presented and discussed in Sect. 3. Finally, we present our conclusions in
Sect. 4.

2 Methods20

2.1 Model overview

We utilize a “unified” global model (Liao et al., 2003, 2004) of climate, photochemistry,
and aerosols consisting of: (1) the Goddard Institute for Space Studies general cir-
culation model II’ (GISS GCM II’) (Hansen et al., 1983; Rind and Lerner, 1996; Rind
et al., 1999); (2) the Harvard tropospheric O3-NOx-hydrocarbon chemical model (Mick-25

ley et al., 1999); and, (3) an aerosol model including sulfate, nitrate, ammonium, black
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carbon, and organic carbon (Adams et al., 1999; Chung and Seinfeld, 2002; Liao et al.,
2003, 2004).

The version of GISS GCM II’ incorporated in the current study is an atmosphere
only GCM. It has a horizontal resolution of 4◦ latitude by 5◦ longitude, with nine vertical
layers centered at 959, 894, 786, 634, 468, 321, 201, 103, and 26 hPa. The model5

uses specified monthly mean ocean boundary conditions in the form of sea surface
temperatures (SSTs), sea-ice coverage and sea-ice mass. The dynamical time step
of the GCM is 1 hour. Necessary GCM variables are passed to the tropospheric gas-
phase chemistry and aerosol modules every 4 h.

The model transports 88 species; of these, 24 species are used to describe O3-10

NOx-hydrocarbon chemistry; the remainder are for the simulation of the aerosols. The
model is constrained in the stratosphere by applying flux upper boundary conditions
between the seventh and eighth model layers (approximately 150 hPa) to represent
transport across the tropopause (Wang et al., 1998; Mickley et al., 1999). The flux
upper boundary conditions for ozone is based on the observed latitudinally and sea-15

sonally dependent cross-tropopause air mass fluxes (Appenzeller et al., 1996), along
with ozonesonde measurements at 100 hPa (Logan, 1999). In the current study, a
stratospheric ozone flux of 400 Tg yr−1, which was used in the previous model ver-
sions (Liao et al., 2003), is specified. We use this value in both present and future
climate simulations discussed in Sect. 2.4.20

The dry deposition of all gas-phase species is determined based on the resistance-
in-series scheme of Wesely (1989), wherein the dry deposition velocity is inversely
proportional to the sum of the aerodynamic, quasi-laminar sublayer and surface resis-
tances (Wang et al., 1998). The aerodynamic and quasi-laminar sublayer resistances
are calculated based on the GCM surface fluxes of momentum and heat while the sur-25

face resistance is a function of the surface type and the species. Wet deposition is
coupled with the GCM treatment of clouds and precipitation (Koch et al., 1999; Del Ge-
nio and Yao, 1993; Del Genio et al., 1996).
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2.2 Isoprene chemistry

Pertinent to this study is the model’s isoprene oxidation mechanism, the details of which
are provided in Horowitz et al. (1998) and references therein. The primary oxidation
pathways for isoprene are the reactions with OH, O3, and NO3. The reaction with OH
is the dominant sink, and it produces a variety of peroxy radicals (lumped together as5

RIO2). The principal branch of the NO+RIO2 reaction produces HO2, methacrolein,
methylvinyl ketone, formaldehyde, and other carbonyl compounds. Of particular impor-
tance is the model’s treatment of the secondary branch of NO+RIO2, which produces
isoprene nitrates, with an assumed yield of 12%. The model assumes that the iso-
prene nitrates react rapidly with OH and O3 and return NOx to the atmosphere with10

100% efficiency.
The model’s assumption of 100% recycling of isoprene nitrates to NOx is quite un-

certain as some field studies have suggested that the isoprene nitrates are likely to
deposit quickly, i.e., on a timescale comparable to HNO3 deposition, thereby removing
NOx from the atmosphere (Giacopelli et al., 2005). However, a more recent modeling-15

observational analysis by Horowitz et al. (2007) suggests that atmospheric observa-
tions of total organic nitrates were best supported when an isoprene nitrate yield of 4
to 8% and 40% recycling of isoprene nitrates to NOx was assumed. Nevertheless, that
analysis did not rule out the possibility of 100% NOx recycling.

2.3 Emissions20

The anthropogenic emissions used in the model are summarized in Liao et al. (2003,
2004). These emissions correspond to the present-day; we utilize them in both the
present and future climate simulations discussed in Sect. 2.4. Climate-sensitive ozone
precursor emissions include isoprene, biogenic lumped ≥C3 alkenes, biogenic ace-
tone, lightning NOx, and soil NOx. The model, however, does not consider the climate-25

sensitivity of emissions of reactive hydrocarbons with potential for aerosol formation,
which include monoterpenes and sesquiterpenes. The model assumes a static vegeta-
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tion distribution and corresponding base isoprene emissions from the Global Emission
Inventory Activity (GEIA) (Guenther et al., 1995). The isoprene emitted in a model
grid cell and a time step is a function of the leaf area, and the GCM provided 4-hourly
values of temperature and solar radiation (Guenther et al., 1995; Wang et al., 1998).
Biogenic emissions of lumped ≥C3 alkenes and acetone are estimated by scaling to5

isoprene emissions (Goldstein et al., 1996; Singh et al., 1994). The emission ratios per
atom C isoprene are 0.051 atoms C for lumped ≥C3 alkenes and 0.015 molecules for
acetone. The parameterizations for lightning NOx and soil NOx emissions are provided
in Wang et al. (1998); the meteorological parameters that influence their emissions
are the frequency of convective events, and temperature and precipitation, respec-10

tively. Therefore, the model treats the climate sensitivity of these emissions such that
the emissions rates of these species change between the present and future climate
simulations discussed in Sect. 2.4.

2.4 Simulations

Two simulations, each of ten and a half years duration, were performed with the first15

six months ignored to allow for model initialization. The first simulation corresponds to
present climate (1990s) while the second simulation corresponds to a future climate
(IPCC SRES A2 scenario 2050s). Hereafter, we refer to these simulations as present
and future climate simulations, and abbreviate them as PC simulation and FC simu-
lation, respectively. Present-day anthropogenic emissions were used in both the runs20

while natural climate-sensitive emissions were allowed to vary with the simulated cli-
mate (see Sect. 2.3). For the analyses that follow, we use 4-h average surface ozone
mixing ratios, 10 simulation years worth, saved over the eastern United States (105–
65◦ W and 24–48◦ N), corresponding to 38 model cells in total (pure ocean cells are
excluded). For the surface-layer ozone budgets, however, we utilize monthly-average25

values.
A present-day CO2 mixing ratio of 370 ppmv and 1.7 ppmv for CH4 was specified in

both simulations. Future climate is imposed by changing the ocean boundary condi-
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tions that drive the GCM. This alternate approach to simulating climate change is at-
tractive because it avoids the large amounts of computer time that would be required to
simulate the dynamics and transient response of the ocean, if a greenhouse gas forcing
were imposed on the system (Cess et al., 1990). The ocean boundary conditions used
in this study are obtained from separate transient climate simulations performed using5

a fully coupled atmosphere-ocean GCM (the GISS Model III, Russell et al., 1995, per-
sonal communication with R. Healy), with greenhouse gas radiative forcings from the
IPCC SRES A2 scenario. Details of these transient climate simulations are provided
in Robertson et al. (2001). We use the decadally averaged ocean boundary condi-
tions (1990s/2050s) from the above transient climate simulation, with month-to-month10

variability.
The predicted climate change corresponds to an increase in the global annual-

average surface air temperature by 1.7◦C, with a 1.4◦C increase over the surface layer
of the eastern United States (see Table 1). While these changes are useful for un-
derstanding average surface ozone changes, they are limited when it comes to the15

analysis of changes in air pollution episodes, which will require more time-resolved
values of related meteorological parameters.

3 Results

3.1 Severity and frequency of ozone episodes

Figure 1 shows box-and-whisker plots of the predicted surface ozone mixing ratios for20

the PC and FC simulations. These data are not spatially averaged. The model predicts
practically zero change in the spatiotemporally averaged ozone mixing ratios, as can
be seen from the nearly identical surface ozone median values for the PC and FC
simulations. The most noticeable difference between the PC and FC simulation surface
ozone distributions, however, is in the upper extreme, wherein the model predicts a25

5 ppbv increase in the 95th percentile value for the FC simulation. We conclude that
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the severity of high-ozone events increases in the FC simulation.
The difference between the PC and FC simulations surface ozone distributions is

emphasized in Fig. 2, which shows truncated surface ozone probability distribution
functions (PDFs) for the two simulations. The model predicts an increased probability
of high-ozone events in the FC simulation, with the largest increase occurring in the 80–5

90 ppbv range. Hereafter, we refer to high-ozone events as ozone “episodes”, which we
define as any occurrence, in a model grid cell, of a 4-h average surface ozone mixing
ratio greater than 80 ppbv (the United States Environmental Protection Agency’s (US
EPA) 8-h primary standard for surface ozone). These results lead us to the conclusion
that the frequency of ozone episodes increases in the FC simulation.10

Figure 3a shows the spatial distribution of the predicted yearly frequencies (10-year
average) of ozone episodes over the eastern United States in the base case (PC sim-
ulation) while Figure 3b shows the differences (FC simulation minus PC simulation) in
the yearly frequencies of ozone episodes. The model predicts an increased frequency
of ozone episodes over most of the eastern United States, with substantial increases15

of 30-50 episodes per year over some southeast and midatlantic states. We confirmed
that these substantial increases over the southeast and midatlantic United States are
also statistically significant (p-value <0.05) by performing a Student’s t test upon the
10-year distributions of the yearly frequency of ozone episodes in those model grid
cells for the PC and FC simulations. Collectively, these results show that the severity20

and frequency of ozone episodes over the eastern United States increases due to cli-
mate change, with substantial and statistically significant increases occurring over the
southeast and midatlantic states.

Previous modeling studies by Mickley et al. (2004) and Murazaki and Hess (2006)
suggest that the severity of future summertime air pollution episodes in the northeast-25

ern and midwestern United States will increase due to reduced cyclone frequency in a
warmer climate. We examined the 4-hour average sea level pressure (SLP) anomaly
distributions over several model grid cells in the eastern United States to investigate
whether circulation changes (e.g. reduced cyclone frequency) play a role in the pre-
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dicted increases in our FC simulation (see Fig. 4). The model predicts up to a 4%
difference in the cumulative probabilities at the low-end (decrease) and the high-end
(increase). Using a Kolmogorov-Smirnov test, we found that these changes are far
from significant, however, as the p-values are much greater than 0.05.

It is possible that the above changes correspond to a reduction in cyclones and an5

increase in stagnation events, respectively, and are enough to have contributed some-
what to the predicted changes. Regardless, our analysis (see Sect. 3.2) shows that
the changes in O3 chemical production play the dominant role in the southeast and mi-
datlantic United States, where the most substantial increases in ozone episodes occur
in the FC simulation. In contrast to the cited earlier work, we do not find unambiguous10

evidence of circulation changes driving the increase in ozone episodes. Some pos-
sible reasons for this apparent discrepancy with previous studies are: a) the different
SSTs that we utilize; and, b) the different methodology that we have employed to detect
circulation changes, i.e., SLP anomaly distributions as opposed to a cyclone tracking
method (Mickley et al., 2004).15

3.2 The seasonal response of surface ozone

Table 2 shows the seasonal surface-layer odd oxygen (Ox) budgets over the southeast
and midatlantic United States for the PC and FC simulations (10 year average). For
the purpose of this budget, Ox is defined as the sum of ozone, O, NO2, 2 x NO3, 3
x N2O5, HNO4, HNO3, and the peroxyacylnitrates. We present the Ox budget for the20

southeast and midatlantic United States in order to illustrate the factors that contribute
to the substantial increases in the severity and frequency of ozone episodes for that
region in the FC simulation. It can be seen from Table 2 that two consistent features
of the seasonal surface ozone response to climate change are the increased ozone
chemical production and shorter average ozone lifetime.25

Table 3 provides a summary of a number of factors controlling ozone chemical pro-
duction over the southeast and midatlantic United States. The increased ozone chem-
ical production is largely due to higher natural isoprene emissions. Increased isoprene
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levels result in higher peroxy radical (RO2 and HO2) concentrations, which, in turn,
result in increased net ozone chemical production through NO+RO2 and NO+HO2.
We estimated the impact of increased natural isoprene emissions on ozone episodes
over the eastern United States (see Fig. 5) by performing a simulation (5 consecutive
summers) with future meteorology, wherein the model evaluated isoprene emissions5

were scaled down uniformly by a factor of 1.2, globally. That factor corresponds to the
10-year average of the ratio of isoprene emissions in the FC to the PC simulations over
the eastern United States. It is evident from Fig. 5 that in the FC simulation 50–60% of
the increase in summertime ozone episodes over the southeast and midatlantic United
States is due to increased natural isoprene emissions. The remainder of the increase in10

ozone episodes in the FC simulation is most likely due to the ozone-temperature rela-
tionship (Jacob et al., 1993). We conclude from these results that in the FC simulation
the increased ozone chemical production, largely due to increased natural isoprene
emissions, is responsible for up to 60% of the increase in ozone episodes over the
southeast and midatlantic United States.15

Although the annual-average PAN mixing ratio over the southeast and midatlantic
United States decreased by 9% in our FC simulation, it does not result in a correspond-
ing increase in the NOx mixing ratio, which, in fact decreased by 1%. That decrease
in the NOx mixing ratio occurs because of the increased peroxy radical concentrations
due to increased isoprene emissions, which results in a reduced NO:NO2 ratio by 10%.20

As a result, more NOx is present as NO2, where it is more likely to undergo oxidation
to NOy. The constant-isoprene sensitivity simulation mentioned earlier adds strength
to that argument because the NOx mixing ratio increased by nearly 6% when future
isoprene emissions were reduced to their present-day levels.

Even in the absence of vegetation changes, future changes in biogenic VOC emis-25

sions could occur due to changes in the meteorological parameters that influence them.
For example, in the FC simulation, over the southeast and midatlantic United States,
warmer temperatures and reduced cloud cover contributed to increased isoprene emis-
sions. By contrast, we found that over the Mediterranean the cloud cover increased,
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resulting in a slight reduction in the isoprene emissions. These predicted changes in
future biogenic VOC emissions (eg. isoprene) over specific geographical regions must
be regarded as somewhat uncertain, however, given the uncertainty in cloud processes
in global climate models (Cess et al., 1990).

The shorter surface ozone lifetime during all seasons in the FC simulation is primarily5

due to increased dry deposition removal rates and to some extent the increased total
chemical loss rates. The increased dry deposition removal rate is due to reduced aero-
dynamic and quasi-laminar sublayer resistance, as a result of increased wind speeds.
The change in the surface resistance itself plays a negligible role because key surface
parameters such as the leaf area index are being held constant between the PC and10

FC simulations. The increased total chemical loss rate is due to increased HOx and
ROx concentrations resulting from the increased isoprene emissions.

Figure 6 shows the probability of an ozone episode occurring over the eastern United
States during any 4-h period for the PC and FC simulations, January through De-
cember. We utilize the changes in ozone episode probability as a surrogate for the15

changes in length of the ozone season. As expected, for both the PC and FC simula-
tions, the summer months (June through August) display the highest probability for the
occurrence of ozone episodes. While the largest absolute increases occur predom-
inantly in the summer months, it is interesting to note the larger relative increases in
episode probability in the FC simulation during the fall (September/October) and spring20

(April/May) seasons, which, generally, have very few ozone episodes under present-
day meteorology and emissions. Collectively, these findings suggest a lengthening of
the ozone season over the eastern United States to include late spring and early fall
months.

3.3 The effect of interannual variability25

Our modeling shows that with only a few years (e.g. 2 years) of simulation data, it is
difficult to separate the effects of interannual variability and climate change on ozone
episodes. This is illustrated in Table 4, wherein we show the ratio of the mean difference
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(FC simulation minus PC simulation) in the annual frequency of ozone episodes to
the standard error for the same, given 1, 5, and 10 years worth simulation results for
5 model grid cells in the southeast and midatlantic United States. That ratio allows
us to examine the statistical significance of the climate change (signal) to interannual
variability (noise) vis-a-vis the predicted changes. It is evident from Table 4 that after5

1 year 30–46% of the difference could be attributed to interannual variability alone and
it drops to 14–20% for 5 years; after 5 years the ratio remains fairly constant. We
conclude from these results that it is necessary to utilize 5 years or more of simulation
data in order to separate the effects of future climate change and interannual variability
on ozone episodes.10

4 Conclusions

We have investigated the response of surface ozone to climate change over the eastern
United States by performing simulations corresponding to present (1990s) and future
(2050s) climates using an integrated model of global climate, tropospheric gas-phase
chemistry, and aerosols. Future climate is imposed using ocean boundary conditions15

corresponding to the IPCC SRES A2 scenario for the 2050s decade. The predicted
climate change corresponds to an increase in the global annual-average surface air
temperature by 1.7◦C, with a 1.4◦C increase over the surface layer of the eastern United
States. Present-day anthropogenic emissions and CO2/CH4 mixing ratios were used
in both simulations while climate-sensitive natural emissions were allowed to vary with20

the simulated climate.
Our results show that the severity and frequency of ozone episodes over the eastern

United States increases due to future climate change, primarily as a result of increased
surface ozone chemical production. The 95th percentile ozone mixing ratio increases
by 5 ppbv and the largest increase in the frequency occurs in the 80–90 ppbv range.25

The most substantial and statistically significant (p-value <0.05) increases in episode
frequency occur over the southeast and midatlantic United States, largely as a result
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of 20% higher annual average natural isoprene emissions. We also examined the
extent to which circulation changes influenced the increased severity and frequency of
ozone episodes by comparing the sea level pressure distributions over several model
grid cells for the present and future climate simulations. That analysis did not provide
conclusive evidence pointing to systematic circulation changes and their role in the5

increased frequency of ozone episodes.
These results suggest a lengthening of the ozone season over the eastern United

States to include late spring and early fall months, with increased chemical production
and shorter average ozone lifetime in the FC simulation being two consistent features
of the predicted seasonal response of surface ozone. Our analysis shows that the mag-10

nitude of the increased ozone chemical production for a region is largely dependent on
the increase in natural isoprene emissions, which is largest over the southeast and
midatlantic United States. The shorter surface ozone lifetime over the eastern United
States is primarily due to increased dry deposition removal rates, and to a lesser extent,
the increased chemical loss rates.15

Our modeling suggests that changes in natural isoprene emissions may have a sig-
nificant effect on surface ozone levels over regions such as the southeast and mi-
datlantic United States, where it increased as a result of warmer temperatures and
reduced cloud cover. Our sensitivity analysis shows that the higher isoprene levels
account for 50–60% of the increased summertime ozone episodes in the future cli-20

mate simulation for that region. The model predicted changes in surface ozone due
to isoprene chemistry must be treated as somewhat uncertain, however, given the un-
certanties in the future changes of the influencing meteorological factors such as cloud
cover, as well as uncertainties due to the base isoprene emissions inventory used and
the fate of isoprene nitrates (Fiore et al., 2005).25

These results show that there is significant interannual variability in the frequency
of ozone episodes. For example, we found that after 1 year 30–46% of the increase
in the yearly frequency of ozone episodes could be attributed to interannual variability
alone, which, after 5 years or more of simulation data, drops to 14–20%. We conclude
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that it is necessary to utilize 5 years or more of simulation data in order to separate the
effects of future climate change and interannual variability on ozone episodes.
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Table 1. The ozone season (May through September) average value (µ) and standard deviation
(σ) for key climate variables over the surface layer (984–934 hPa) of Southeast and Midtlantic
(95–65◦ W and 24–40◦ N) and Northeast (95–65◦ W and 40–48◦ N) United States for the present
climate (PC) and future climate (FC) simulations.

PC Simulation FC Simulation
µ σ µ σ

Southeast and Midtlantic USA
Air temperature (◦C) 21.9 0.14 23.5 0.17
Total cloud cover (%) 59.4 1.39 58.2 1.33
Wind speed (m s−1) 4.5 0.25 4.7 0.27
Absolute humidity (10−4 kg H2O/kg air) 126.0 1.69 137.0 1.82

Northeast USA
Air temperature (◦C) 15.9 0.14 17.6 0.18
Total cloud cover (%) 67.8 1.38 66.1 1.35
Wind speed (m s−1) 4.4 0.32 4.5 0.59
Absolute humidity (10−4 kg H2O/kg air) 94.2 1.44 104.0 2.13
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Table 2. Seasonal surface layer (984–934 hPa) ozone budget over the Southeast and Midat-
lantic United States (95–75◦ W and 28–40◦ N) for the present climate (PC) and future climate
(FC) simulations. The budget presented here is for the odd oxygen (Ox) family defined as the
sum of O3, O, NO2, 2 × NO3, 3 × N2O5, HNO4, HNO3, and the peroxyacylnitrates.

DJF MAM JJA SON

PC FC PC FC PC FC PC FC

Sources (Tg O3/ 3 months)
Chemical production 2.3 2.6 7.8 8.6 12.5 13.6 6.2 7.2

Sinks (Tg O3/ 3 months)
Dry deposition 1.5 1.6 4.6 4.6 5.5 5.6 3.2 3.5
Chemical loss 0.8 0.9 2.1 2.3 3.7 4.2 1.9 2.2
Net transport 0.0 0.1 1.1 1.7 3.3 3.8 1.1 1.5

Burden (Gg) 65.6 65.3 101.9 99.7 106.5 109.3 85.9 89.1
Lifetime (Hours) 61.7 55.2 28.9 25.7 18.8 17.8 30.4 27.0
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Table 3. Seasonal variations of a number of factors controlling ozone chemical production over
the surface layer (984–934 hPa) of the Southeast and Midatlantic United States (95–75◦ W and
28–40◦ N) for the present climate (PC) and future climate (FC) simulations. In this table, RO2
includes peroxy radicals (lumped) formed from the oxidation of all non-methane VOCs with OH.

DJF MAM JJA SON

PC FC PC FC PC FC PC FC

Isoprene emissions (Tg/3 months) 0.25 0.30 1.53 1.81 3.89 4.55 1.33 1.77
NO+HO2 (Tg O3/3 months) 1.32 1.45 4.16 4.50 5.96 6.28 3.20 3.63
NO+CH3O2 (Tg O3/3 months) 0.25 0.28 0.81 0.88 1.24 1.32 0.62 0.71
NO+RO2 (Tg O3/3 months) 0.72 0.83 2.81 3.19 5.29 5.96 2.34 2.87
HO2 (108 molecules cm−3) 0.23 0.28 0.89 1.03 1.69 1.87 0.70 0.92
RO2 (104 molecules cm−3) 0.15 0.20 0.57 0.73 1.52 1.87 0.65 0.94
PAN (Gg) 2.96 2.69 3.30 2.99 2.32 2.18 2.73 2.53
NOx (Gg) 9.85 9.70 5.83 5.81 4.18 4.09 7.50 7.07
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Table 4. The average difference (future climate simulation minus present climate simulation) in
the annual frequency of ozone episodes, and the ratio of the average difference to the standard
error as a function of the number of simulation years for five select locations over the Southeast
and Midatlantic United States.

Average difference Average difference : Standard error
1 years 5 years 10 years

95–90◦ W and 28–32◦ N 50 1.7 4.6 4.6
95–90◦ W and 32–36◦ N 36 1.2 3.9 3.4
85–80◦ W and 32–36◦ N 46 2.1 5.9 5.8
85–80◦ W and 36–40◦ N 25 2.0 4.6 4.3
80–75◦ W and 36–40◦ N 25 2.4 4.9 5.8
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Fig. 1. Box and whisker plots of the 4-h average surface layer (984–934 hPa) ozone mixing
ratios over the eastern United States (105–65◦ W and 24–48◦ N) for the present climate (PC)
and future climate (FC) simulations. These data are not spatially averaged; they correspond
to 4-h average surface ozone mixing ratios, 10 simulation years worth, saved over the eastern
United States, corresponding to 38 model cells in total (pure ocean cells are excluded). The
central box shows the data between the upper and lower quartiles (25th and 75th percentile),
with the median represented by a vertical line; whiskers go out to the 5th and 95th percentiles
of the data. Values beyond the 5th and 95th percentile are shown as individual data points.
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Fig. 2. Probability density function of the 4-h average surface layer (984–934 hPa) ozone mixing
ratios over the eastern United States (105–65◦ W and 24–48◦ N) for the present climate (PC)
and future climate (FC) simulations; only the upper tail (ozone mixing ratio ≥80 ppbv) of the
distribution is shown here. These data are not spatially averaged; they correspond to 4-h
average surface ozone mixing ratios, 10 simulation years worth, saved over the eastern United
States, corresponding to 38 model cells in total (pure ocean cells are excluded).
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Fig. 3a. Average yearly frequency of ozone episodes (defined here as any occurrence in a grid
cell of a 4-h average ozone mixing ratio greater than 80 ppbv) over the eastern United States
corresponding to the present climate simulation.
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Fig. 3b. Differences (future climate simulation minus present climate simulation) in the average
yearly frequency of ozone episodes over the eastern United States. Grid cells marked with an
“X” have a statistically significant (p-value <0.05) difference in the yearly frequency of ozone
episodes, which is determined using a Student’s t test upon the 10-year distributions of the
yearly frequency of ozone episodes in each model grid cell for the present and future climate
simulations.
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Fig. 4. Cumulative distribution functions (CDFs) of summertime (June/July/August) sea level
pressure (SLP) anomaly (instantaneous value minus mean) for 9 different model grid cells
spread over the Northeast (top row), midatlantic (middle row), and southeast (bottom row)
United States for the present climate simulation (blue color line) and the future climate sim-
ulation (red color line). In each case, the y-axis represents the CDF and the x-axis the SLP
anomaly (units of hPa).
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Fig. 5a. Differences (future climate simulation minus present climate simulation) in the sum-
mertime (June/July/August) frequency (5-year average) of ozone episodes (defined here as
any occurrence in a grid cell of a 4-h average ozone mixing ratio greater than 80 ppbv) over the
eastern United States.
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Fig. 5b. As in Fig. 5a but due to changes in isoprene emissions alone; see Sect. 3.2 for further
details.
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Fig. 6. The probability of an ozone episode (per model time step and grid cell) occuring over the
eastern United States (105–65◦ W and 24–48◦ N) for the present climate (PC) and future climate
(FC) simulations. Months J through D refer to months January through December. Monthly
probabilities are calculated by normalizing the domain-wide monthly 4-h average ozone ex-
ceedances of 80 ppbv by the product of the number of grid cells (eastern United States) and
simulation time steps for each month.
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