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Abstract Changing emissions can alter the surface O3 seasonal cycle, as detected fromnortheastern U.S. (NE)
observations during recent decades. Under continued regional precursor emission controls (>80% decreases in NE
NOxby 2100), the NE surface O3 seasonal cycle reverses (to awintermaximum) in 21st century transient chemistry-
climate simulations. Over polluted regions, regional NOx largely controls the shape of surface O3 seasonal cycles.
In the absence of regional NOx controls, climate warming contributes to a higher surface O3 summertime peak
over the NE. A doubling of the global CH4 abundance by 2100 partially offsets summertime surface O3

decreases attained via NOx reductions and contributes to raising surface O3 during December–March when
the O3 lifetime is longer. The similarity between surface O3 seasonal cycles over the NE and the Intermountain
West by 2100 indicates a NE transition to a region representative of baseline surface O3 conditions.

1. Introduction

The observed surface ozone (O3) seasonal cycle at any particular location reflects contributions from both
free tropospheric O3 mixed down to the surface and chemically produced O3 from local precursor emissions
(both natural and anthropogenic). The seasonal cycle is expected to evolve in response to changing local and
global emissions and possibly to a changing climate. We investigate changes in surface O3 seasonal cycles
over polluted versus relatively remote U.S. regions in response to changing O3 precursor emissions and
climate under 21st century (21st C) global change scenarios with the Geophysical Fluid Dynamics Laboratory
(GFDL) Coupled Model version 3 (CM3), a chemistry-climate model (CCM) that includes online fully coupled
stratospheric and tropospheric chemistry within an atmosphere-ocean general circulation model. CM3 has
approximately 2° by 2° horizontal resolution, and previous studies show that global chemistry models are
able to reproduce synoptic-scale surface O3 patterns [e.g., Fiore et al., 2002, 2003a].

We contrast two regions of the United States (U.S.): the relatively remote Intermountain West (IMW) that
mainly reflects baseline conditions and the polluted northeast (NE). The high-elevation, deep boundary layer,
and long O3 lifetime characteristic of the IMW lead to higher levels of mean background O3 than over the
eastern U.S. (EUS) [Fiore et al., 2002; Jaffe, 2011; Zhang et al., 2011]. Over the western U.S. (WUS), background
O3 typically peaks during the spring due to the long O3 lifetime and the seasonal peak in stratospheric
influence and O3 transport at northern midlatitudes [e.g., Wang et al., 1998; Fiore et al., 2003b]. Over the
densely populated NE, the highest surface O3 occurs during the summer associated with weak high-pressure
systems and the accompanying high temperatures, low cloud cover, and stagnation that are amenable to
photochemical production and accumulation of O3 [Logan, 1989].

After the U.S. Environmental Protection Agency (EPA) lowered the National Ambient Air Quality Standard
for O3 in 1997 to 0.08 ppm, decreases in regional NOx emissions were regulated through NOx State
Implementation Plans (hereafter referred to as the NOx SIP Call). Bloomer et al. [2010] attribute observed
surface O3 decreases during the summer and increases during winter and early spring over the EUS to the NOx

SIP Call. Over the NE, Cooper et al. [2012] find summertime decreases of surface O3 in the 50th and 95th
percentiles from 1990 to 2010 but wintertime increases in the 5th and 50th percentiles. Regional modeling
also indicates summertime decreases (particularly for the highest O3 events) but wintertime increases
over much of the EUS in response to regional O3 precursor emission controls [U.S. Environmental
Protection Agency (EPA), 2014].
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Recently developed global change scenarios, the Representative Concentration Pathways (RCPs) [Moss
et al., 2010; van Vuuren et al., 2011], project continued reductions in U.S. O3 precursor emissions (e.g.,
�84–92% NE NOx by 2100 under RCP4.5 and RCP8.5; Table 1). Our study provides context for interpretation
of multimodel studies, such as Young et al. [2013], that consider only the combined response of annual
mean tropospheric O3 to changing precursor emissions and climate in time-slice experiments under
the RCPs. Changes in global CH4 abundance under the four RCPs range from decreases of 40% (RCP2.6;
not used here) to increases of 114% (RCP8.5). Recent work has emphasized the potential for increasing
global CH4 to raise tropospheric O3 and zonal mean surface O3 under RCP8.5 [Kawase et al., 2011;
Lamarque et al., 2011].

Parrish et al. [2013] document observed changes in O3 seasonal cycles at remote sites during past decades,
concluding that the seasonal maximum has shifted to earlier in the year over remote northern midlatitudes.
With a set of 3 year regional downscaling simulations, Gao et al. [2013] find that by the middle of the 21st
C under RCP4.5, surface O3 increases over the EUS during winter and decreases over the U.S. during spring,
summer, and fall. Under RCP8.5, surface O3 increases over the U.S. during winter, increases over the NE and IMW
during fall and spring, and decreases over the U.S. during summer. Gao et al. [2013] attribute the differences
in spatial extent and magnitude of the surface O3 changes between RCP4.5 and RCP8.5 to increased CH4 by
mid-21st C (+56%) under RCP8.5. Under both RCP4.5 and RCP8.5, surface O3 over major U.S. cities increases
year round with the largest increases during winter, spring, and fall, which Gao et al. [2013] attribute to a
decrease in NOx titration.

We build on earlier work through the systematic evaluation of changes in the surface O3 seasonal cycle with a
set of transient (2005–2100) simulations with a global CCM. Our use of multiple ensemble members and
analysis of decadal mean changes (2006–2015 versus 2091–2100) in these transient CCM simulations is an
advance from earlier approaches and is crucial to differentiate a climate change signal from interannual
variability in meteorology (climate noise) [e.g., Deser et al., 2012]. This approach enables us to interpret the
role of changing climate due to well-mixed greenhouse gases (WMGG) independently from the roles of rising
global CH4 and changing regional O3 precursor emissions on the surface O3 seasonal cycle.

2. Twenty-First Century Climate Scenarios and Model Evaluation

We conduct 21st C transient simulations with CM3, which includes online fully coupled tropospheric and
stratospheric chemistry [Austin et al., 2013; Donner et al., 2011; Golaz et al., 2011; Naik et al., 2013]. Earlier work
has analyzed some of the simulations used here [e.g., John et al., 2012; Levy et al., 2013], and we conduct
new sensitivity simulations relative to RCP8.5 to investigate the scenarios further. Table 1 summarizes the
changes in global CO2 and CH4 that are prescribed in CM3 to historical or RCP values [Meinshausen et al., 2011]
and in global and regional NOx in our simulations.

Table 1. Percentage Changes in Global Abundances of CO2 and CH4
a (Treated Separately for Model Chemistry Versus Radiation) From 1991–1996 to 2004–2009 in

the Historical + RCP8.5 and From 2005 to 2100 in the 21st Century Projections and Percentage Changes in Anthropogenic NOx Emissions (NE U.S., IMW U.S., and
Global) From 1990 to 2005 in the Historical + RCP8.5 and From 2005 to 2100 in the 21st Century Projections

Scenario or Sensitivity Simulation
(# Ensemble Members) CO2

a CH4
a Chemistry CH4

a Radiation NE U.S. NOx
b IMW U.S. NOx

b Global NOx
b

Recent changes: Historical + RCP8.5 (3) +0.067% +0.024% +0.024% �32% [1.2 Tg N a�1]c �15% [0.3 Tg N a�1]c �3%
Future changes
RCP8.5 (3) +147% +114% +114% �92% �36% �52%
RCP8.5_WMGG (3) +147% 0% +114% 0% 0% 0%
RCP8.5_2005CH4 (1) +147% 0% 0% �92% �36% �52%
RCP8.5_2005CH4_chem (1) +147% 0% +114% �92% �36% �52%
RCP8.5_2005CH4_rad (1) +147% +114% 0% �92% �36% �52%
RCP4.5 (3) +42% �10% �10% �84% �80% �70%
RCP4.5_WMGG (3) +42% 0% �10% 0% 0% 0%

aMeinshausen et al. [2011]. For CO2 and CH4 recent changes, we use midyear concentrations from Historical for 1991–2004 and from RCP8.5 for 2005–2009
[Meinshausen et al., 2011].

bFor 2005 NO emissions, we linearly interpolate from 2000 (Historical) to 2010 (RCP4.5) because the Historical inventory only includes emissions upx
to 2000.

cWe include the anthropogenic emissions of NO (Tg N a�1) in 1990 in brackets for context.
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Sensitivity simulations RCP4.5_WMGG and RCP8.5_WMGG (three ensemble members each) isolate the
effect of WMGGs on climate change by allowing only WMGGs to evolve throughout the 21st C while O3

precursors and aerosols remain at 2005 levels. To quantify the impact of a doubling of global CH4 abundance
by 2100 on monthly mean surface O3, we hold CH4 at 2005 levels (RCP8.5_2005CH4). Under RCP8.5, the
effective radiative forcing increase from 2000 to 2100 is 0.61W/m2 due to CH4 and 4.98W/m2 due to CO2

[Prather et al., 2013]. We further separate the influence of global CH4 into (1) the chemical impact of CH4

with RCP8.5_2005CH4_rad, in which the global CH4 increase does not affect radiation (climate forcing) but
contributes to raising tropospheric O3 and (2) the climate impact of CH4 on surface O3 with
RCP8.5_2005CH4_chem, in which global CH4 used by the chemical mechanism remains at 2005 levels but
evolves along RCP8.5 in the radiation scheme and thus contributes to climate forcing.

Previous evaluation of GFDL AM3, the atmospheric component of CM3, with surface O3 measured at the
Clean Air and Status Trends Network (CASTNet) shows that AM3 is biased high during all months over the NE
(10–20 ppb) as well as during January–April (2–8 ppb) over the IMW [Naik et al., 2013]. Despite this bias, the
model captures the relationship between surface O3 and temperature over the NE [Rasmussen et al., 2012]
and the relationship between relative O3 variability and location of the midlatitude jet [Barnes and Fiore,
2013]. Here we evaluate whether CM3 captures observed changes in the surface O3 seasonal cycle associated
with changing regional NOx emissions.

Figure 1 shows the CASTNet [U.S. Environmental Protection Agency, 2009] and CM3 24 h mean (M24) surface
O3 seasonal cycles during 1991–1996 and 2004–2009 over the NE and IMW (Figure S1 in the supporting
information shows similar conclusions for maximum daily 8 h average (MDA8) surface O3.). We select the
regionally representative CASTNet sites [Reidmiller et al., 2009] that have 4–6 years of observations during each
period. For the IMW, we average across two sites: Pinedale, WY (there are only 3 years of observations at this
site during June 2004–2009), and Grand Canyon National Park, AZ. For the NE, we average across three sites:
Washington Crossing, NJ, Penn State, PA, and Connecticut Hill, NY. CM3 captures the small surface O3

wintertime increases and summertime decreases over the NE evident in the observations (Figure 1). The
simulated change is overestimated by up to 4ppb during September–March and underestimated by up
to 4ppb during April–August. One possible explanation for this bias is that precursor emission controls were
imposed most strongly during the O3 pollution season (May–September), whereas CM3 does not include
seasonally varying anthropogenic emissions [Naik et al., 2013].

Despite the high model mean bias during both time periods (14–16 ppb), CM3 captures the overall structure
of the changes in the seasonal surface O3 seasonal cycle over the NE and thus the response of surface O3 to
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Figure 1. Monthly mean surface O3 (M24) as observed (dashed) andmodeled (solid) at selected CASTNet sites in the (left) NE
and (right) IMW US during 1991–1996 (black) and 2004–2009 (red). We use the closest CM3 model grid cell to sample
the monthly surface O3 at each observational site and average over two to three sites to create a regional mean. We then
average across the six years and three ensemble members. Vertical bars for monthly mean surface O3 show the 95% confi-
dence interval (CI) (2 standard errors, calculated frommonthly regional mean values from six model years or six observational
years). There are 4–6 years of observational values from each site depending on availability of observations except there are
only 3 years during June 2004–2009 at one of the IMW sites. Each model CI corresponds to one ensemble member. Also
shown are themean bias and correlation coefficient (r) between observations and CM3 for 1991–1996 (black; ensemble mean
of historical simulation) and for 2004–2009 (red; ensemble mean of historical simulation and RCP8.5).

Geophysical Research Letters 10.1002/2014GL061378

CLIFTON ET AL. ©2014. American Geophysical Union. All Rights Reserved. 7345



the NOx SIP Call (see Table 1 for emission changes). Over the IMW, there is no statistically significant change
in the surface O3 seasonal cycle in the observations or CM3. The model overestimates surface O3 over the
IMW by 4–10 ppb during January–March.

3. A Reversal of the NE Surface O3 Seasonal Cycle During the 21st C

The month of peak monthly mean surface O3 shifts from July–August to February–March by the end of the
21st C over the densely populated and highly polluted NE U.S. under RCP8.5 (Figure S2). We find that the
month holding the peak monthly mean value is robust across ensemble members and the individual years
within each period considered (not shown). We hypothesize that the shift of the NE surface O3 peak is
due to the projected decreases in NE NOx emissions (Table 1). We further investigate the drivers of this shift
over the NE by evaluating the magnitude of the change in monthly mean surface O3 from 2006–2015 to
2091–2100 and the shapes of the seasonal cycles over the NE and IMWunder the sensitivity simulations in Table 1.

3.1. The Role of Regional NOx Emission Changes

At the beginning of the 21st C, summertime monthly mean surface O3 over the NE differs in magnitude
under the RCPs and the respective WMGG simulations (black triangles versus circles in Figures 2a and 2c and
Figures S3a and S3c show similar conclusions for MDA8). During 2006–2015, NE NOx decreases by 30% under
RCP4.5 and by 36% under RCP8.5, while under the WMGG simulations, all NOx sources except lightning
remain at 2005 levels. The higher regional NOx emissions during 2006–2015 under the WMGG simulations
contribute to higher surface O3 during peak months (July–August).

By 2091–2100, surface O3 during February–March is greater than during June–August under simulations with
regional NOx decreases: over the IMW by 13–16ppb under RCP4.5, by 11–15ppb under RCP8.5_2005CH4, and by
15–17ppb under RCP8.5 and over the NE by 10–13ppb under RCP4.5, by 13–15ppb under RCP8.5_2005CH4, and
by 18–20ppb under RCP8.5 (Figure 2; Figure S3 shows similar conclusions for MDA8). At 2091–2100, the 95%
confidence intervals (CI) of February–March monthly mean surface O3 are well above the CI during June–August
over the NE and IMW, indicating a reversal of the NE surface O3 seasonal cycle by 2100. Similar to the conclusions
of Gao et al. [2013] and U.S. EPA [2014] over the EUS, we find that reduced regional NOx emissions play a role
in raising wintertime surface O3.

This transition to February–March peak monthly mean surface O3 occurs early in the 21st C over the NE: by
2026–2035, monthly mean M24 surface O3 over the NE is consistently higher during February–March than
during June–August under RCP4.5 and RCP8.5 (Figure S4b). By 2026–2035, summertime M24 surface O3 is
3–4 ppb lower under RCP4.5 than under RCP8.5, while the difference in M24 surface O3 between RCP4.5
and RCP8.5 during February–March is 1–2 ppb (Figure S4b). The transition occurs during the late 2030s
for monthly mean MDA8 surface O3, as MDA8 is more affected by summertime regional NOx than M24, and
there is no discernable difference in timing of the MDA8 RCP4.5 and RCP8.5 reversals (Figure S4a).

3.2. Role of Tropospheric Background O3

The sensitivity of the O3 mixing ratio to different 21st C changes in global CH4 abundance (RCP4.5 versus
RCP8.5; Table 1) is evident during all months over the NE and IMW (Figure 2). At the end of the 21st C, RCP8.5
and RCP4.5 surface O3 differ by 7–16 ppb over the NE (Figures 2a and 2c) and by 12–19 ppb over the IMW
(Figures 2b and 2d), with the largest differences over both regions during cooler months (Figure S3 shows
similar conclusions for MDA8.).

Despite regional and global NOx emission reductions (uniform during all months), there are increases in surface
O3 during cooler months under RCP8.5, RCP8.5_2005CH4, and RCP4.5 (NE only) (Figure 2). We investigate the
differences between RCP4.5 and RCP8.5_2005CH4 end of 21st C seasonal cycles (due to the similar net changes
in global CH4 abundance by 2100) in order to probe the role of global versus regional NOx emission changes
onmonthlymean surface O3. In addition to higher global anthropogenic NOx emissions, the global lightning NOx

(LNOx) source is higher under RCP8.5_2005CH4 relative to RCP4.5 because global LNOx roughly scales with
global surface temperature in CM3 [John et al., 2012] (2006–2015 to 2091–2100 ensemble annual global mean
surface temperature changes are 4.4°C under RCP8.5, 3.5°C under RCP8.5_2005CH4, and 2.2°C under RCP4.5).
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Over the NE, surface O3 at 2091–2100 under RCP8.5_2005CH4 is on average 4 ppb (7–8 ppb during
February–March and 2 ppb during July–August) greater than under RCP4.5. We attribute this to the
combined influence of higher global LNOx, global anthropogenic NOx, and global CH4 under RCP8.5_2005CH4
relative to RCP4.5 (Table 1). Similar decreases in NE NOx emissions under RCP4.5 and RCP8.5_2005CH4
contribute to the smaller differences in surface O3 during July–August when regional photochemistry peaks.
Higher background O3 (i.e., free tropospheric O3 mixed down to the surface) under RCP8.5_2005CH4 thus
contributes to higher surface O3 than under RCP4.5.

Over the IMW, surface O3 in 2091–2100 under RCP8.5_2005CH4 is on average 6 ppb (6–7 ppb during all
months except 4 ppb during October and December) greater than under RCP4.5. This reflects the larger
decreases in IMW NOx emissions, as well as the lower global CH4 abundance and LNOx source under
RCP4.5 relative to RCP8.5_2005CH4 (Table 1).

When the global CH4 abundance remains at 2005 levels, we detect a reversal of the NE seasonal cycle similar to
that under RCP8.5 (CI during February–March does not overlapwith CI during June–August at end of the 21st C;
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Figure 2. MonthlymeanM24 surface O3 (land only; in ppb) averaged across 2006–2015 (black) and 2091–2100 (colors) over the
NE (left) and the IMW (right) U.S. under (a, b) RCP4.5 (circle, blue) and RCP4.5_WMGG (upward triangle, light blue); (c, d) RCP8.5
(circle, red) and RCP8.5_WMGG (upward triangle, orange); and (e, f) RCP8.5_2005CH4 (circle, green), RCP8.5_2005CH4_chem
(downward triangle, green dashed), and RCP8.5_2005CH4_rad (upward triangle, purple). Symbols show each ensemblemember;
lines show ensemble mean (if available). Vertical bars for monthly mean values are 95% confidence intervals (2 standard errors)
calculated from the monthly mean values in each year and in each ensemble member (10–30 values).
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Figures 2c and 2e). Over the NE and IMW, monthly mean surface O3 under RCP8.5_2005CH4 during 2091–2100
is 4–13ppb lower than under RCP8.5, with the greatest differences between scenarios during cooler months.
Gao et al. [2013] found that the rise in global CH4 under RCP8.5 increased wintertime surface O3 during the
middle of the 21st C. The differences between RCP8.5_2005CH4 and RCP8.5 in CM3 during the middle of the
21st C support this finding (not shown).

We do not detect any impacts via climate forcing from the doubling of CH4 under RCP8.5 on surface O3 over
our focus regions (compare RCP8.5_2005CH4_chem with RCP8.5_2005CH4 and RCP8.5_2005CH4_rad with
RCP8.5). Thus, the CH4 impact on surface O3 in CM3 occurs mainly through atmospheric chemistry, rather
than through the additional climate forcing from CH4.

3.3. Regional and Scenario Differences in Shapes of Seasonal Cycles

By 2091–2100, monthly mean surface O3 differs over the IMW and NE during spring and summer (Figure 2;
Figure S3 shows similar conclusions for MDA8). There is higher springtime surface O3 over the IMW than the
NE due to a combination of the longer O3 lifetime over the IMW and increased stratosphere-to-troposphere
transport over northern midlatitudes as stratospheric O3 recovers and climate warms [e.g., Hegglin and
Shepherd, 2009; Kawase et al., 2011], which should preferentially affect the WUS during spring [Fiore et al.,
2003b]. NE surface O3 increases from spring to summer, reflecting regional photochemistry, under RCP4.5
and RCP8.5_2005CH4, but not under RCP8.5 (Figures 2a, 2e, and 2c). During 2091–2100, the difference
between RCP8.5 and RCP8.5_2005CH4 surface O3 during May–June is 9–10 ppb and during July–August
is 6–7 ppb. This suggests that the doubling of CH4 under RCP8.5 enhances NE surface O3 more during
May–June than July–August. However, the standard deviation under RCP8.5 during June 2091–2100 is 1–2ppb
greater than during surrounding months, suggesting that larger variability (among model years and ensemble
members) during June contributes to the apparent lack of a spring-to-summer increase under RCP8.5 (not shown).

Under both RCP4.5 and RCP8.5, the amplitude (maximum-minimum) of the 2006–2015 seasonal cycles is
10 ppb greater over the NE than over the IMW (Figures 2a–2d). By 2091–2100, this difference in amplitudes
reduces to 1ppb. The similar amplitudes and shapes of the IMW and NE seasonal cycles during 2091–2100 and
the similarity to the observed shape of the Mace Head, Ireland, marine boundary layer site (25 m elevation)
seasonal cycle during 2006–2010 [Parrish et al., 2013] suggest that the IMW and NE represent baseline O3

[National Research Council, 2009] conditions by 2100. Overall, the reductions in regional O3 precursors lessen
the influence of photochemical O3 production on the surface O3 seasonal cycle and the dominant source of
surface O3 becomes background O3 (i.e., free tropospheric O3 mixed down to the surface).

We find similar results over urban southeastern (SE) China. There, monthlymean surface O3 peaks during summer
2006–2015 but peaks during winter and early spring by 2091–2100 (top row in Figure S5). By 2091–2100, the
seasonal cycle over SE China becomes similar in shape to the seasonal cycles at the beginning and end of the 21st
C over the more remote northwest, but lower in magnitude, with the greatest differences between remote and
urban seasonal cycles during winter and spring. Over both regions in South Asia (middle row in Figure S5), the
seasonal cycle is controlled by themonsoon season at the beginning and end of the 21st C, but there is enhanced
wintertime and springtime surface O3 by the end of the 21st C. Over urban and remote regions in Australia
(bottom row in Figure S5), monthly mean surface O3 increases during all months with the greatest enhancement
during May–October.

4. Impact of a Warming Climate on the Surface O3 Seasonal Cycle

In the absence of precursor emission changes, a warming climate is expected to degrade O3 air quality over
some regions, implying a need for stricter emission controls in order to achieve a given level of air quality
(“climate change penalty” [Wu et al., 2008]). By 2091–2100, NE surface O3 during June–August increases by
1–2 ppb under RCP4.5_WMGG and during June–August by 3 ppb under RCP8.5_WMGG (we note that
these changes are more challenging to detect relative to interannual variability than the emission-driven
changes; Figures 2a and 2c). Consistent with Nolte et al. [2008] and Racherla and Adams [2008], we find
that WMGG-induced climate change enhances the NE summertime surface O3 peak. We attribute these
changes over the NE to a warmer climate: NE surface temperature during June–August increases by 2.5°C
under RCP4.5_WMGG and 5.5°C under RCP8.5_WMGG. It is possible that summertime NE surface O3

increases are attributable to decreased midlatitude cyclone frequency [Leibensperger et al., 2008] associated
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with a summertime northward shift of the midlatitude jet [Barnes and Fiore, 2013], although Turner et al. [2013]
suggest that the relationship between O3 and cyclone frequency is weak in these simulations. We find that the
NE NOx emission reductions (e.g., under RCP4.5 and RCP8.5; Table 1) fully offset the climate change penalty,
leading to overall decreases in surface O3. A caveat is that these simulations do not include feedbacks via soil
NOx, dry deposition, biogenic volatile organic compounds, or wildfires, which might alter this conclusion.

Over the IMW, surface O3 decreases by 1–4 ppb during June–November under RCP4.5_WMGG and
RCP8.5_WMGG, consistent with the finding of Johnson et al. [1999] that increasing water vapor in a
warmer atmosphere leads to lower background O3. We conclude that the climate change penalty
predominantly occurs during the photochemically active season, May–September, over regions with
sufficiently high anthropogenic NOx emissions, such as the NE.

5. Conclusions

We investigated possible 21st C changes in the surface O3 seasonal cycle under climate and air pollutant
emission scenarios with the GFDL CM3 chemistry-climate model. We conclude that while regional NOx

emissions control the shape of the surface O3 seasonal cycle (i.e., by controlling the strength of the regional
summertime photochemical production), the global CH4 abundance contributes to raising surface O3 during
all months, with the largest influence during cooler months when the O3 lifetime is longer. In the absence of
NOx emission controls, WMGG-induced climate change enhances NE summertime surface O3. Under RCP8.5,
doubling CH4 partially offsets the summertime surface O3 decreases due to reductions in NOx emissions. By
2100, under RCP4.5 and RCP8.5, the surface O3 seasonal cycle reverses over the NE, a region with high NOx

emissions at present, to resemble a seasonal cycle representative of baselineO3 conditions (i.e., the IMW). Under
RCP4.5 and RCP8.5, monthly mean surface O3 peaks during February–March after the 2020s. Detecting such a
shift at the EPA Air Quality System monitoring sites requires year-round operation in high-NOx regions.
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authoritative version of record.
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