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averaged over N. America (land only)"
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Fiore et al., 2012 

RCP8.5 
RCP6.0    
RCP4.5 
RCP2.6 

Average over!
reference period!
1986-2005 for"
CMIP5 CCMs"
Transient 
simulations"
(4 models)!

Average of 1980+2000 for!
ACCMIP CCMs decadal"
time slice simulations"
(2-12 models)!

 Motivation 

•  How do seasonal cycles and summertime high-O3 events respond to 
emission controls and climate warming?"

•  Why does O3 increase in RCP8.5 despite >75% reductions in North American 
NOx emissions?"

•  What processes contribute most to the large differences across models? !

As a first step, we investigate here the role of emission controls and climate 
interactions on surface O3 in one model"

CM3!
Individual CASTNet sites!
Regional mean at CASTNet sites!
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Global Mean Temperature  "
(>500 hPa)"
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 GFDL CM3 model and evaluation Monthly mean surface O3 (ppb) "
Observed (1988-2009 mean) vs. CM3 model (1990-2005 mean)"

 atmosphere cubed sphere grid  
(c48) ~2°x2°; 48 levels (to 86km) 
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Atmospheric Dynamics & Physics 
Radiation, Convection (includes wet 

deposition of tropospheric species), clouds, 
vertical diffusion, and gravity waves 

Chemistry of gaseous species (O3, CO, 
NOx, hydrocarbons) and aerosols 

(sulfate, carbonaceous, mineral dust, 
sea salt, secondary organic) 

Dry 
Deposition  

Aerosol-Cloud 
Interactions  

Chemistry of Ox, HOy, NOy 
Cly, Bry, and polar clouds  

Forcing 
Solar Radiation 

Well-mixed 
Greenhouse Gas 
Concentrations 

Volcanic 
Emissions 

Ozone–
Depleting 

Substances 

Pollutant 
Emissions 

(anthropogenic, 
ships, biomass 

burning, natural, 
& aircraft) 

Land Model v3 
(soil physics, canopy physics, vegetation 

dynamics, disturbance and land use) 

Modular Ocean Model v4 (MOM4) 
and Sea Ice Model 

Donner et al., 2011; Golaz et al., 2011; 
Levy et al., 2013; Naik et al., revised. 

AM3 model driven by observed sea surface temperatures and sea ice for 1981-2000 

Despite base case O3 biases, CM3 represents some processes related to chem-climate interactions: 
• Year-to-year variations in NE USA MDA8 O3 and Tmax(and their seasonal changes) 
• Relative O3 variability and jet location over NE USA  [see E. Barnes talk; Barnes and Fiore, in press] 
• Daily and inter-annual large-scale variability and trends in baseline tropospheric O3 [see M. Lin  
 poster; Lin et al., 2012ab] 
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RCP4.5_WMGG 
 !Enables separation of 
roles of changing 
climate from changing 
air pollutant emissions!
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 21st Century Scenarios 

 Changes in summertime O3 distributions over the Northeast USA 

Each scenario in !
GFDL CM3 includes !

3 ensemble members !

Large regional NOx  
decreases in RCP4.5 fully 
offset any climate-driven 
increases; O3 decreases most 
under polluted conditions"

•  Difference between RCP8.5 and RCP8.5_2005CH4_chem (RCP8.5 
but with CH4 held at 2005 levels) indicates that doubling CH4 in 
RCP8.5 increases surface O3 over NE and WUS by >5-15 ppb 

•  Larger CH4 contribution in winter 
•  Tracer of stratospheric O3 increases in winter-spring; stratospheric 

O3 recovery + climate-driven increase in STE? [e.g.,Hegglin&Shepherd, 
2009; Kawase et al., 2011; Li et al., 2008; Shindell et al. 2006; Zeng et al., 2010] 

RCP4.5 2006-2015!
RCP4.5 2091-2100!
RCP4.5_WMGG 2006-2015!
RCP4.5_WMGG 2091-2100!

RCP4.5 (2091-2100)–(2006-2015)!
RCP4.5_WMGG (2091-2100)–(2006-2015)!

 Future reversal of surface O3 seasonal cycle over NE USA?  

Decadal mean for individual 
CM3 ensemble member !

O3S: Stratospheric O3 tracer!

Monthly mean surface O3 (ppb; land only)"

Change from 2006-2015 to 2091-2100 in monthly mean surface O3 (ppb; land only)"

Mtn. W USA "
(36-46N, 245-255W) "

Mtn. W USA "
(36-46N, 245-255W) "

NE USA "
(36-46N, 280-290W) "

NE USA "
(36-46N, 280-290W) "

•  Changes in emissions dominate changes in seasonal cycle 
•  RCP4.5 demonstrates large impact of NOx controls,  > 10-15 ppb in summer 
•  RCP4.5_WMGG (O3 precursors remain at 2005 levels) suggests that climate 

warming will increase O3 by a few ppb in NE USA in summer and Mtn. W 
USA in early spring and decrease it slightly in Mtn W USA summer, with 
little change in other seasons. Caveat: Regional climate responses not 
necessarily robust across models 

(2091-2100) – (2006-2015) 
RCP4.5_WMGG 3 ens. member mean  

Percentile of JJA MDA8 O3 distribution 

Change in JJA MDA8 O3 (ppb; note different scales) by percentile over the  21st century (2091-2100)-(2006-2015) 

RCP8.5! Time!

u 
u 
u 
u 
u 
u 
u 
u 
u!

2006-2015!
2016-2025!
2026-2035!
2036-2045!
2046-2055!
2056-2065!
2066-2075!
2076-2085!
2086-2095!

RCP4.5! Time!

RCP4.5_WMGG RCP8.5! RCP4.5!

Doubling of CH4 in RCP8.5 
raises baseline surface O3, 
offsetting some of NOx-driven 
decreases in RCP4.5"

Each bar 
represents 1 
ensemble 
member !
(3 per scenario)!

Moderate climate change  increases NE USA 
surface ozone up to 4 ppb (ensemble mean) but 

detailed changes vary across ensemble members"

Distributions are constructed from 10 years 
of summertime (JJA) MDA8 O3 (92 days) in 
surface air over the larger Northeast region 
shown to the right (all colored boxes)!

CASTNet (1988-2009) 
r2=0.3; m-3.7 ppb K-1 

GFDL AM3 (1981-2000) 
r2=0.4; m=3.8 ppb K-1 

Tmax range captured 

+15-20 ppb bias "

JULY 

MDA8 O3 vs. daily Tmax monthly averaged over all NE US sites"

Rasmussen et al., 2012!
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