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Abstract 32	  

Accurate estimates for North American background (NAB) ozone (O3) in surface air over 33	  

the United States are needed for setting and implementing an attainable national O3 standard.  34	  

These estimates rely on simulations with atmospheric chemistry-transport models that set North 35	  

American anthropogenic emissions to zero, and to date have relied heavily on one global model.  36	  

We examine NAB estimates for spring and summer 2006 with two independent global models 37	  

(GEOS-Chem and GFDL AM3). We evaluate the base simulations, which include North 38	  

American anthropogenic emissions, with mid-tropospheric O3 retrieved from space and ground-39	  

level O3 measurements.  The models often bracket the observed values, implying value in 40	  

developing a multi-model approach to estimate NAB O3.  Consistent with earlier studies, the 41	  

models robustly simulate the largest nation-wide NAB levels at high-altitude western U.S. sites 42	  

(seasonal average maximum daily 8-hour values of ~40-50 ppb in spring and ~25-40 ppb in 43	  

summer) where it correlates with observed O3.  At these sites, a 27-year GFDL AM3 simulation 44	  

simulates observed O3 events above 60 ppb and indicates that year-to-year variations in NAB O3 45	  

influence their annual frequency (with NAB contributing 50-60 ppb or more during individual 46	  

events).  During summer over the eastern United States (EUS), when photochemical production 47	  

from regional anthropogenic emissions peaks, NAB is largely uncorrelated with observed values 48	  

and it is lower than at high-altitude sites (average values of  ~20-30 ppb). Four processes 49	  

contribute substantially to model differences in specific regions and seasons: lightning NOx, 50	  

biogenic isoprene emissions and chemistry, wildfires, and stratosphere-to-troposphere transport.  51	  

Differences in the representations of these processes within the GFDL AM3 and GEOS-Chem 52	  

models contribute more to uncertainty in NAB estimates, particularly in spring when NAB is 53	  

highest, than the choice of horizontal resolution within a single model (GEOS-Chem).  We 54	  

propose that future efforts seek to constrain these processes with targeted analysis of multi-55	  

model simulations evaluated with observations of O3 and related species from multiple platforms, 56	  

and thereby reduce the error on NAB estimates needed for air quality planning. 57	  

 58	  

1. Introduction 59	  

The United States Environmental Protection Agency (U.S. EPA) sets National Ambient 60	  

Air Quality Standards (NAAQS) to protect human health and welfare.  Under the Clean Air Act, 61	  

ground-level ozone (O3) is regulated as a criteria air pollutant, reviewed every five years to 62	  
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assess and incorporate the best available scientific evidence. Following these reviews, the level 63	  

for the O3 NAAQS has been lowered over the past decade, from 0.08 ppm in 1997 to the current 64	  

level of 0.075 ppm (75 ppb) in 2008, with proposals calling for even lower levels, within a range 65	  

of 60-70 ppb on the basis of the latest health evidence (Federal Register, 2010).   A location is 66	  

considered to be in violation of the O3 NAAQS when the three-year-average of the fourth highest 67	  

daily maximum 8-h average O3 (MDA8) exceeds the current 75 ppb level.  In order to better 68	  

understand how the O3 NAAQS can be attained most effectively, a fundamental, quantitative 69	  

understanding of the background O3 – both its magnitude and variability- over the United States 70	  

is needed.  71	  

The first draft of the current U.S. EPA Policy Assessment (EPA, 2013) and McDonald-72	  

Bueller et al. (2011) describe the relevance of background O3 in the U.S. national O3 standard-73	  

setting process.  Here we review recent model estimates for background O3 (Table 1) and 74	  

compare simulations from two independent models (GEOS-Chem and GFDL AM3) in the 75	  

context of observational constraints with a focus on spatial, seasonal, and daily variability. 76	  

Differences between the models provide a first estimate of the error in our quantitative 77	  

understanding.  A process-oriented multi-model approach, tied closely to in situ and space-based 78	  

observations, can harness the strengths of individual models to provide information requested by 79	  

air quality managers during both the standard-setting and implementation processes. 80	  

The term “background” is ambiguous, with several definitions used in practice to 81	  

estimate it from observations and models (e.g., see discussion in Fiore et al., 2003).  In the 82	  

context of a review of the NAAQS, it is useful to define background O3 concentrations in a way 83	  

that distinguishes the O3 produced from precursor emissions that are relatively less controllable 84	  

versus from precursor emissions that are relatively more controllable through U.S. policies.  The 85	  

U.S. EPA thus defines a North American Background (NAB) as the O3 levels that would exist in 86	  

the absence of continental North American (i.e., Canadian, U.S., and Mexican) anthropogenic 87	  

emissions (EPA, 2006).  NAB includes contributions from natural sources (stratospheric 88	  

intrusions), emissions of precursors from natural sources (e.g., wildfires, lightning, biogenic) 89	  

throughout the globe, anthropogenic methane (CH4), and emissions of anthropogenic pollutants 90	  

from countries outside North America that contribute to global O3 abundances.  This definition 91	  

restricts NAB to a model construct, estimated in simulations in which North American 92	  

anthropogenic emissions are set to zero.  The desire to quantify the impact of Canadian and 93	  
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Mexican emissions on NAB O3 has led to the term “U.S. background”, a parallel model construct 94	  

but estimated by setting only U.S. anthropogenic emissions to zero.  95	  

The development of effective State Implementation Plans (SIPs), by which states 96	  

demonstrate how non-attainment regions will reach compliance with the NAAQS, requires an 97	  

accurate assessment of the role of local, regional, and background sources in contributing to 98	  

individual high-O3 events.  The Clean Air Act includes a provision for ‘exceptional events’, 99	  

whereby high-O3 events due to natural causes (such as wildfires or stratospheric intrusions) or 100	  

foreign influence (e.g., Asian pollution) can be exempted from counting towards non-attainment 101	  

status (Federal Register, 2007).  Modeling the individual components of NAB can provide 102	  

information to aid in attributing such events to specific sources. 103	  

In the previous review cycle (EPA, 2006) of the O3 NAAQS, the Air Quality Criteria 104	  

Document considered NAB estimates from the GEOS-Chem model for a single year (Fiore et al., 105	  

2003), the only estimates documented in the published literature at that time.  Recent work has 106	  

updated those estimates (Wang et al., 2009; Zhang et al., 2011), compared them with NAB in 107	  

regional models using GEOS-Chem boundary conditions (Emery et al., 2012; Mueller and 108	  

Mallard, 2011) and considered additional years.  The first NAB estimates with an independent 109	  

global model, (GFDL AM3; hereafter AM3; Table 2) were found to episodically reach 60-75 110	  

ppb over the Western United States in spring (Lin et al., 2012a).  By contrast, GEOS-Chem 111	  

estimated a maximum NAB of 65 ppb (Zhang et al., 2011) and the AM3 NAB was typically ~10 112	  

ppb higher than GEOS-Chem NAB on days when observations exceeded 70 ppb (Lin et al., 113	  

2012a).  Lin et al. (2012a) and Lin et al. (2012b) are discussed in the Integrated Science 114	  

Assessment (ISA) for the current O3 NAAQS review cycle (EPA, 2013) but they focused on a 115	  

different simulation year (2010) from the other studies.  The ISA supplemental material does 116	  

include a comparison of GEOS-Chem and GFDL AM3 for the same year (2006) at a 117	  

measurement site in Gothic, CO, U.S.A.  Here we extend that initial analysis by examining, in a 118	  

consistent and process-oriented manner, the AM3 and GEOS-Chem NAB estimates during 119	  

March through August of 2006.  We additionally draw on a multi-decadal AM3 simulation to 120	  

provide context for the single year inter-comparison.  We include an evaluation of total surface 121	  

O3 in the base simulations with ground-based and space-based observations during 2006 to 122	  

identify conclusions that are robust to the specific modeling system, as well as situations where 123	  

observation-based constraints can be most effective in reducing uncertainty.   124	  
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 125	  

2. Review of prior model estimates for NAB and its components 126	  

 127	  

We focus here on model estimates for NAB using the U.S. EPA definition, which relies 128	  

on simulations with North American anthropogenic emissions set to zero.  Earlier reviews 129	  

synthesize observations relevant for evaluating base model simulations at remote sites 130	  

(McDonald-Buller et al., 2011; Reid et al., 2008; Vingarzan, 2004).  Even with the same 131	  

approach, model estimates will differ due to different representations of natural emissions and 132	  

the choice of different years since meteorological variability alters the balance between 133	  

transported versus regionally produced O3.  In Table 1, we summarize published model estimates 134	  

of various statistics for NAB, along with estimates from individual NAB sources (wildfires, 135	  

lightning, the stratosphere, global anthropogenic CH4 plus international anthropogenic emissions, 136	  

and the sum of all natural sources).   137	  

Despite quantitative differences, a basic consensus emerges that the highest NAB levels 138	  

generally occur during springtime and over western U.S. (WUS) high-altitude regions, with 139	  

lowest NAB levels over EUS low-altitude regions in summer.  The summertime minimum 140	  

reflects the peak in regional photochemistry, which leads to accumulation of O3 generated from 141	  

regional precursors at the same time as it shortens the lifetime of O3 mixing downward into the 142	  

photochemically active boundary layer (see e.g., Fiore et al., 2002).  At high-altitude WUS sites, 143	  

models consistently indicate a day-to-day correlation between NAB levels and total O3 during 144	  

spring (Emery et al., 2012; Fiore et al., 2003; Lin et al., 2012a; Lin et al., 2012b; Zhang et al., 145	  

2011), implying that enhanced NAB levels play a role in raising total O3, including above the 146	  

level of the NAAQS.  While these results are qualitatively consistent across several modeling 147	  

platforms, the models vary in their quantitative attributions for NAB and its specific sources. 148	  

A few studies report the annual fourth highest MDA8 NAB value, the metric used to 149	  

assess compliance with the O3 NAAQS.  Consideration of different metrics and different years 150	  

complicates using the ranges across different modeling systems in Table 1 as error estimates.  151	  

For example, mean values of NAB are unlikely to be static from year to year due to trends and 152	  

variability in global anthropogenic emissions of O3 precursors, in natural sources of NAB, and in 153	  

the dominant regional transport patterns (Lin et al., 2014).  A multi-model parameterization 154	  

indicates an increase of ~4 ppb between 1960 and 2000 due to rising global CH4 plus 155	  
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international anthropogenic emissions of non-CH4 O3 precursors (Wild et al., 2012).  More 156	  

recent increases in Asian emissions may have additionally raised WUS NAB by up to 3 ppb in 157	  

spring between 2001 and 2006 (Zhang et al., 2008).  The Asian, European, and global 158	  

anthropogenic CH4 components of NAB have received particular attention under the UNECE 159	  

Task Force on Hemispheric Transport of Air Pollution (Fiore et al., 2009; Reidmiller et al., 2009; 160	  

TFHTAP, 2010; Wild et al., 2012).  Recent studies have documented the mechanisms by which 161	  

Asian pollution can reach surface air over the WUS (e.g., Brown-Steiner and Hess, 2011; Lin et 162	  

al., 2012b).   163	  

Wang et al. (2009) additionally estimated summertime U.S. Background (USB),  which 164	  

includes the influence of Canadian and Mexican anthropogenic emissions (but not CH4) for 2001 165	  

conditions.  They found that average USB is 4 ppb higher than NAB over the contiguous United 166	  

States, and up to 33 ppb higher during transport events at U.S. border sites directly downwind of 167	  

these sources.  In the model, Canadian and Mexican sources often contributed more than 10 ppb 168	  

to total surface O3 in excess of the 75 ppb NAAQS level in eastern Michigan, western New York, 169	  

New Jersey, and southern California (Wang et al., 2009).    170	  

The natural portion of NAB has been quantified in a few modeling studies and generally 171	  

follows the same patterns as total NAB, with maximum levels occurring during spring at high-172	  

altitude regions of the WUS (Table 1). Natural sources of NAB can also contribute to high-O3 173	  

events. Observational evidence indicates events mainly of stratospheric origin at high-altitude 174	  

sites in the WUS (e.g., Langford et al., 2009) but these efforts are hampered by a sparse 175	  

observational network.  Models are useful for quantifying the frequency of these events and for 176	  

determining the contribution of these events to seasonal mean O3 levels.  For decades, 177	  

quantifying the stratospheric contribution to the troposphere, and particularly to surface air, has 178	  

been contentious, with controversy rooted in the imprecise methods for quantifying accurately 179	  

this component, as summarized in Lin et al. (2012a) (see their Section 2.3).  Lin et al. (2012a) 180	  

demonstrate that stratospheric intrusions play an important role in driving variability, including 181	  

high-O3 events, at high-altitude WUS sites during spring.  High-altitude greatly increases 182	  

susceptibility to stratospheric influence; for days when observed O3 exceeds 70 ppb at 183	  

monitoring sites in the Intermountain West during April-June of 2010, Lin et al. (2012a) find that 184	  

median values of stratospheric O3 in the AM3 model are 10 ppb lower at the lower elevation 185	  

sites than at high-elevation sites.  Episodic wildfires have also been shown to contribute to high-186	  
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O3 events (e.g., Jaffe and Wigder, 2012; McKeen et al., 2002; Mueller and Mallard, 2011), 187	  

though Singh et al. (2010) found little O3 production in wildfire plumes over California unless 188	  

mixing with an urban plume occurred.   189	  

  190	  

3. North American background estimates from two independent global models  191	  

We compare background estimates for March through August of 2006 from two 192	  

independent global models: the GEOS-Chem global chemistry-transport model (CTM) and the 193	  

GFDL AM3 chemistry-climate model nudged to re-analysis winds. The models include different 194	  

representations of the processes contributing to the abundance and distributions of tropospheric 195	  

O3 (Table 2).  We evaluate the base O3 simulations with hourly measurements from a ground-196	  

based network of monitoring sites and with monthly averaged retrievals from satellite 197	  

instruments that are sensitive to O3 in the mid-troposphere.  We compare the models for March 198	  

through August of 2006, the period analyzed previously by Zhang et al. (2011), drawing on a 27-199	  

year AM3 simulation to place the 2006 NAB estimates in the context of inter-annual variability.  200	  

We note that the inter-annual variability may be underestimated in AM3 over some regions due 201	  

its use of climatological inventories for soil NOx and wildfire emissions.   202	  

 203	  

3.1. Model Simulations, Observations and Analysis Methods 204	  

Table 2 describes the GEOS-Chem and AM3 model configurations for the base 205	  

simulations (meteorological year 2006).  The GEOS-Chem CTM has been applied in various 206	  

configurations over the past decade to estimate NAB and its various components for the summer 207	  

of 1995 (Fiore et al., 2002), the 2001 O3 season (Fiore et al., 2003; Wang et al., 2009), and the 208	  

2006-2008 O3 seasons (Zhang et al., 2011; Zhang et al., 2014) including evaluation with in situ 209	  

and satellite observations.  The AM3 model has previously been applied at ~50 km horizontal 210	  

resolution globally to estimate the impacts of Asian pollution and stratospheric intrusions on 211	  

surface O3 over the WUS from March through June of 2010; evaluation with in situ and space-212	  

based observations for that period shows it represents the subsidence of Asian and stratospheric 213	  

O3 plumes over the WUS (Lin et al., 2012a; Lin et al., 2012b).  The AM3 simulation used here is 214	  

~200 km horizontal resolution and is multi-decadal (1980-2007; first year is discarded as 215	  

initialization), enabling us to place the year 2006 in the context of inter-annual variability (Table 216	  

2 and Section 4).  Both models estimate NAB in U.S. surface air by setting North American 217	  
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anthropogenic emissions of aerosol and O3 precursors to zero.  Anthropogenic sources include 218	  

fossil and biofuel combustion (including aircraft and ship emissions within the domain), 219	  

agricultural waste burning, and fertilizer application.  220	  

For anthropogenic emissions inventories, GEOS-Chem uses the 2005 National Emissions 221	  

Inventory for the U.S., while AM3 uses the historical Atmospheric Chemistry-Climate Model 222	  

Intercomparison Project (ACCMIP) emissions developed in support of the IPCC AR5 223	  

(Lamarque et al., 2011; Lamarque et al., 2010).  Global, North American, and East Asian annual 224	  

emissions for 2006 are provided in Table 2.  Differences in the North American anthropogenic 225	  

emissions inventories (5.58 and 6.67 Tg N a-1 in AM3 and GEOS-Chem, respectively; 4.85 and 226	  

5.32 Tg N a-1 for the United States), while crucial to the standard simulation for comparison with 227	  

observations, should be irrelevant for the NAB simulations.  Shortcomings in model 228	  

representation of anthropogenic emissions or isoprene chemistry do not necessarily imply 229	  

shortcomings in the NAB simulations, which may still be useful for quantifying daily to inter-230	  

annual variability driven by the transported components of NAB, such as O3 associated with 231	  

stratospheric intrusions, production from lightning NOx, wildfires, or CH4.  232	  

 The ground-based U.S. EPA Clean Air Status and Trends Network (CASTNet) sites were 233	  

situated in order to provide regionally representative measurements and to minimize the 234	  

influence of polluted urban air (Baumgardner et al., 2002) and thus are useful for evaluating O3 235	  

simulated by coarse grid models.  Our evaluation focuses on MDA8 O3 concentrations, the 236	  

statistic currently used by the U.S. EPA to assess compliance with the O3 NAAQS, at 77 237	  

CASTNet sites.  Simulated MDA8 is calculated from archived hourly average O3 concentrations 238	  

in the model surface layer.  The models use a terrain-following sigma-coordinate for near-surface 239	  

layers, with the lowest layer centered at approximately 60m and 70m for a column where the 240	  

lowest layer is at sea level in GFDL AM3 and GEOS-Chem, respectively. All statistics are 241	  

calculated by sampling the models at the locations of CASTNet sites with bilinear interpolation 242	  

from the four nearest model grid cells to the latitude and longitude at each station.  243	  

Columns retrieved from satellite instruments are sensitive to free tropospheric O3 and 244	  

enable an evaluation on a continuous spatial scale of the simulated background available to 245	  

subside into surface air.  We use here direct tropospheric O3 retrievals from both the Ozone 246	  

Monitoring Instrument (OMI) (Liu et al., 2010) and the Tropospheric Emission Spectrometer 247	  

(TES) (Beer, 2006).  All data are processed using a single fixed a priori profile as described in 248	  
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Zhang et al. (2010).  Previous validation of these retrievals against in situ and aircraft 249	  

measurements indicate an accuracy to within 5 ppb at 500 hPa (Zhang et al., 2010 and references 250	  

therein).  We remove the average bias of the satellite columns as compared to sondes at northern 251	  

mid-latitudes prior to comparing with the model mid-tropospheric O3 distributions. Annual 252	  

biases averaged over 2005-2007 relative to northern mid-latitude O3 sondes (Zhang et al., 2010) 253	  

have been uniformly subtracted from the retrieved products prior to evaluating the AM3 and 254	  

GEOS-Chem base simulations. As evident from Zhang et al. (2010) (see their Figure 5), the bias 255	  

is not uniform and thus the real model error may deviate at any particular location from the true 256	  

O3 abundance differently than implied by the comparison with the satellite products reported 257	  

here.  We apply the appropriate satellite averaging kernels to the model daily O3 fields for direct 258	  

comparison with the retrieved satellite O3 columns (Zhang et al., 2010).  While the averaging 259	  

kernels for the 500 hPa retrieved product for both the TES and OMI instruments are most 260	  

sensitive to the mid-troposphere, there is a broad vertical sensitivity throughout the troposphere, 261	  

but generally very little information is retrieved from the boundary layer (see example averaging 262	  

kernels in Figure 1 of Zhang et al. (2010)). 263	  

 264	  

3.2 Regional and seasonal NAB estimates 265	  

Seasonal mean MDA8 NAB O3 is consistently higher over the WUS than the EUS in 266	  

both models (Figure 1).  During spring, AM3 simulates higher NAB over the high-altitude WUS 267	  

than GEOS-Chem, which we attribute at least partially to a larger stratospheric influence in AM3 268	  

(Lin et al., 2012a) than in GEOS-Chem (Zhang et al., 2011).  The diagnostics necessary to 269	  

determine whether AM3 actually simulates more stratosphere-to-troposphere exchange of O3, or 270	  

whether it mixes free tropospheric air (including the stratospheric component) into the planetary 271	  

boundary layer more efficiently, were not archived from these simulations.   However, an 272	  

evaluation of AM3 O3 profiles at sonde launch locations during the 2010 CalNex field campaign 273	  

indicates that the model captures much of the observed vertical structure of O3 throughout the 274	  

troposphere and lower stratosphere, including its day-to-day variability (Lin et al., 2012a; Lin et 275	  

al., 2012b). During summer, the different simulated spatial patterns for NAB over the WUS are 276	  

influenced by differences in the lightning NOx sources (see Section 3.5).  277	  

Figure 2 shows the spatial patterns of the fourth highest NAB value between March 1 and 278	  

August 31.  As the O3 seasonal cycle is typically highest during the summer in polluted regions, 279	  
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we expect the fourth highest during this six-month period to represent reasonably this statistic 280	  

over a full year.   AM3 simulates the highest values over Colorado whereas GEOS-Chem 281	  

indicates that the highest values occur over New Mexico (Figure 2), reflecting excessive NAB 282	  

associated with lightning NOx and subsequent O3 production and transport (Zhang et al., 2014).  283	  

Due to different timing of these processes, AM3 simulates the fourth highest NAB values during 284	  

spring over much of Colorado but GEOS-Chem simulates peak values over much of New 285	  

Mexico during August (Figure 2).  Over Minnesota and Wisconsin, GEOS-Chem generally 286	  

produces the fourth highest values in spring, but AM3 indicates that they occur in summer.  Over 287	  

the northeastern states and west coast, the fourth highest MDA8 concentrations generally occur 288	  

during spring, though they occur later in the year over southeastern states, with occurrences 289	  

generally later in GEOS-Chem than AM3. 290	  

The fourth highest values often occur during months when model biases are largest 291	  

(Section 3.4), indicating that bias-correction techniques may be necessary for quantitatively 292	  

accurate NAB estimates at specific locations and times. In the following sections, we analyze the 293	  

model NAB estimates in the context of evaluating the total surface O3 simulations with both 294	  

space- and ground-based observations, a first step towards developing the process-level 295	  

knowledge needed for accurate bias correction. 296	  

 297	  

3.3 Constraints from space-based observations 298	  

With the exception of O3 produced within the U.S. boundary layer from CH4 or natural 299	  

NMVOC and natural NOx, NAB in surface air mixes downward from the free troposphere.  We 300	  

use 500 hPa products retrieved from both the OMI and TES instruments aboard the NASA Aura 301	  

satellite to evaluate the potential for space-based constraints on simulated mid-tropospheric total 302	  

O3 distributions. Our comparison thus evaluates the reservoir of mid-tropospheric O3, of any 303	  

origin, that can mix into the planetary boundary layer.  For context, the ratio of NAB to total O3 304	  

over North America at 500 hPa in AM3 varies spatially and seasonally, with highest values 305	  

generally in spring and a minimum contribution within any model grid cell of 70% (not shown).     306	  

During spring, AM3 estimates a stronger north-to-south O3 gradient in the mid-307	  

troposphere than GEOS-Chem (compare first and third rows of Figure 3).  The satellite retrievals 308	  

from both instruments suggest a stronger gradient than simulated with GEOS-Chem, which 309	  

generally underestimates O3 in the northern half of the United States compared both to TES (5-310	  
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15 ppb) and OMI (up to 10 ppb).  In contrast, AM3 mid-tropospheric O3 is higher than the 311	  

satellite products in the northern half of the domain, with a closer match to the OMI retrievals 312	  

(generally within 5 ppb over the United States) than TES (positive biases up to 10-20 ppb).  Prior 313	  

direct evaluation of AM3 with O3 sondes indicates biases of up to 10 ppb in AM3 at the high 314	  

northern latitude measurement sites of Alert and Resolute at 500 and 800 hPa with little bias in 315	  

spring at the mid-latitude North American sites of Edmonton, Trinidad Head, Boulder and 316	  

Wallops Island (Naik et al., 2013), roughly consistent with the biases relative to OMI.    317	  

Both satellite instruments indicate a general decrease from spring into summer over the 318	  

western and northern United States, but an increase over several southeastern states, northern 319	  

Mexico, and the Gulf of Mexico (compare Figures 3 and 4).  The summertime spatial pattern of 320	  

U.S. O3 observed from space is broadly consistent with that estimated by interpolating upper 321	  

tropospheric ozonesonde measurements during August of 2006 (Cooper et al., 2007).  While the 322	  

increases from spring to summer in the mid-troposphere over the EUS may include a 323	  

contribution from lofting of regional anthropogenic O3 production, there is likely also a 324	  

contribution from the larger lightning NOx source in the free troposphere during summer. GEOS-325	  

Chem estimates a summertime mid-tropospheric O3 enhancement at mid-latitudes, centered over 326	  

the United States whereas AM3 simulates a gradient with O3 generally increasing along the 327	  

southwest-to-northeast direction (Figure 4).  Over Canada, the AM3 model tends to be higher 328	  

than both retrievals by up to 15-20 ppb during summer, as occurs during spring versus TES (but 329	  

springtime biases are smaller compared to OMI).  330	  

 We expect discrepancies between AM3 and observations during summer over forested 331	  

boreal regions due to the use of a climatological wildfire inventory and the vertical distribution 332	  

used to prescribe those emissions (Dentener et al., 2006), which lofts fire effluents into the mid-333	  

troposphere where they can efficiently produce O3 and PAN (see also Section 3.5).  GEOS-Chem 334	  

includes fire emissions representative of the year 2006 and emits them only the planetary 335	  

boundary layer.  These model differences in wildfire treatment are likely reflected in the mid-336	  

tropospheric O3 distributions shown in Figures 3 and 4.  They may also contribute to the different 337	  

spatial distributions of simulated NAB at the surface, specifically the higher NAB estimated with 338	  

AM3 over the northern United States and Canada relative to the NAB estimated with GEOS-339	  

Chem (Figures 1 and 2).   340	  
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In both Figures 3 and 4, the models are generally more consistent with the OMI retrievals, 341	  

which may reflect differences in the vertical sensitivity of the TES and OMI instruments.  While 342	  

the satellite retrievals provide useful qualitative constraints on the simulated mid-tropospheric 343	  

distributions, the disagreement between OMI and TES over many locations (grey boxes in 344	  

Figures 3 and 4) hinders their quantitative utility.  The higher sampling frequency possible from 345	  

instruments on geostationary satellites such as TEMPO (Hilsenrath and Chance, 2013) should 346	  

improve the potential for space-based constraints on free-tropospheric and near-surface 347	  

distributions.   348	  

We can nevertheless glean additional insights into the model vertical distributions of O3 349	  

by examining differences in the models sampled with the two different averaging kernels 350	  

(Figures 3 and 4). For example, over Canada, GEOS-Chem indicates that OMI would measure 351	  

higher O3 than TES whereas AM3 indicates that TES should retrieve higher O3 than OMI during 352	  

both seasons.  In the spring, the retrieved OMI product is generally higher than TES over this 353	  

region.  GEOS-Chem is generally within 10 ppb of the OMI product with a tendency to 354	  

underestimate springtime mid-tropospheric O3 over Canada, whereas AM3 is generally within 5 355	  

ppb of OMI over much of the United States and Canada, with a tendency towards a positive bias.  356	  

During summer, TES is higher than OMI over Canada. The high O3 bias over the EUS in AM3 is 357	  

confined close to the surface (Figure 5) since AM3 tends to underestimate free tropospheric O3, 358	  

particularly over the convectively active Gulf of Mexico region where lightning NOx is expected 359	  

to be an important source of NAB O3.  We conclude that the estimates from the models could 360	  

bracket the true NAB in many cases, but caution that the ability of the models to bracket the 361	  

satellite measurements does not necessarily imply accuracy in their NAB estimates.   362	  

 363	  

3.4 Constraints from ground-based measurements 364	  

 We use the CASTNet MDA8 O3 observations to further constrain the model NAB 365	  

estimates through an evaluation of the base simulations, which include all anthropogenic 366	  

emissions, to simulate total surface O3.  Since NAB depends strongly on altitude (Figure 1; 367	  

references in Table 1), the remainder of our analysis separates the data by altitude to gain insight 368	  

into the different processes shaping NAB distributions. Specifically, we divide the CASTNet 369	  

sites into two groups: (1) below 1.5 km in elevation (low-altitude sites), primarily sites in the 370	  

EUS, and (2) Intermountain West CASTNet sites with elevation greater than 1.5 km (high-371	  
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altitude sites). This second category includes all high-altitude CASTNet sites except for those in 372	  

California.   373	  

 374	  

3.4.1. Seasonal Variability  375	  

Figure 5 shows the observed and simulated seasonal cycles at the CASTNet sites.  At the 376	  

high-altitude sites, both models are generally within 5 ppb of the regional mean observed values 377	  

and usually fall within one standard deviation of the observed monthly mean values at the sites 378	  

within the region. Consistent with the evaluation in Section 3.3, the models tend to bracket the 379	  

observations, but with notably different seasonal cycles.  AM3 peaks in early spring, 380	  

overestimating observed values in March but then declines to slightly underestimate observed 381	  

values in June and July.  In contrast, GEOS-Chem underestimates observed values from March 382	  

through July but increases to overestimate observed values in August.  The model differences are 383	  

amplified in the NAB estimates: AM3 simulates a large seasonal decline in NAB from 384	  

springtime (near 50 ppb) into summer (below 35 ppb) while GEOS-Chem estimates little 385	  

seasonality in NAB (monthly mean values around 40 ppb).   386	  

At the low-altitude sites, AM3 exhibits a large positive bias in total surface O3 in all 387	  

months, most evident during summer.  The exacerbation of the bias in summer at low-altitude 388	  

sites implies a problem with O3 produced from regional emissions, with isoprene-NOx-O3 389	  

chemistry a likely culprit given its different treatment in the models (Table 2; see Section 3.5).   390	  

Both models show declining NAB levels from spring into summer, though the GEOS-Chem 391	  

amplitude of the NAB seasonal cycle is smaller than that of AM3.  The AM3 discrepancy with 392	  

observations is much larger than the difference between the GEOS-Chem and AM3 NAB 393	  

estimates except for March and April.  If we assume that the model biases during March and 394	  

April at both the high and low altitude sites are entirely due to NAB and correct the NAB 395	  

estimates accordingly, the model NAB estimates would become more similar. While we 396	  

conclude that the AM3 NAB at low-altitude sites is too high in March since we expect NAB to 397	  

be lower than the observed value, it is possible that NAB could actually be higher in an 398	  

atmosphere with lower NOx than under current conditions, due to more efficient O3 production 399	  

and slower chemical loss.   400	  

At the high-altitude sites in summer, the GEOS-Chem overestimate of observed O3 has 401	  

been attributed previously to an overestimate of O3 associated with production from lightning 402	  
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NOx plus subsequent transport when prescribing a higher production of NOx from flashes at mid-403	  

latitudes and spatially scaling the source to match LIS-OTD climatological flash counts (Murray 404	  

et al., 2012), which may lead to regional errors for a specific year (Zhang et al., 2014).  The 405	  

larger difference between the NAB estimates from the two models in August than between the 406	  

simulated and observed total O3 implies that the agreement with observations does not 407	  

sufficiently constrain the NAB estimates.   408	  

 409	  

3.4.2. Daily Variability  410	  

Figure 6 shows probability density distributions constructed from observed and simulated 411	  

MDA8 O3 in spring (top) and summer (bottom) sampled at the high-altitude (left) versus low-412	  

altitude (right) CASTNet sites, and statistics are summarized for the AM3 and high-resolution 413	  

GEOS-Chem simulations in Table 3.  We additionally include in Figure 6 estimates from a 414	  

coarse resolution version of the GEOS-Chem model (green) in order to examine the extent to 415	  

which differences in horizontal resolution contribute to the different NAB and total O3 estimates 416	  

in AM3 versus GEOS-Chem. In all cases, the NAB (dotted lines) differ more between the 417	  

GEOS-Chem and AM3 models than between the high- versus low-resolution versions of GEOS-418	  

Chem.  This conclusion also holds for the total O3 distributions in spring.  In summer, however, 419	  

the total O3 distributions in GEOS-Chem are more sensitive to the choice of horizontal resolution, 420	  

presumably reflecting the larger contributions from local-to-regional photochemical production 421	  

during this season and the importance of spatially resolving domestic anthropogenic and natural 422	  

emissions distributions.  Emery et al. (2012) found that the higher resolution CAMx model 423	  

generally simulated higher WUS NAB than a coarse resolution version of GEOS-Chem, and 424	  

better agreement has been noted between CAMx and the higher resolution version of GEOS-425	  

Chem (EPA, 2013). Simulation of higher WUS NAB by higher resolution models (Emery et al., 426	  

2012; Lin et al., 2012a) likely reflects improved resolution of topography and mesoscale 427	  

meteorology at higher resolution and the damping of vertical eddy transport at coarser resolution 428	  

(Wang et al., 2004; Zhang et al., 2011).  429	  

AM3 simulates a wider NAB range than GEOS-Chem (Figure 6 and Table 3). This wider 430	  

range of NAB may contribute to the wider total surface O3 distribution in the AM3 versus 431	  

GEOS-Chem standard simulations, which aligns more closely with the observed variability, 432	  

except for O3 simulated with the high-resolution GEOS-Chem model in summer at high-altitude 433	  
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sites.  The relative skill of AM3 in capturing the variability of NAB despite its generally high 434	  

bias implies that AM3 is useful for process-level analysis and for quantifying day-to-day 435	  

variability.  436	  

In Table 3, we partition statistics for total and NAB O3 in surface air into average versus 437	  

high-O3 days.  We use observed values, rather than simulated values used in Zhang et al. (2011), 438	  

to select for high-O3 days in order to sample the same temporal subset from both models.  Using 439	  

the simulated total O3 values would lead to subsets of different sizes given the individual model 440	  

biases.  During spring, the models robustly estimate NAB to be ~10 ppb higher on average at 441	  

high-altitude than at low-altitude CASTNet sites, but AM3 estimates higher NAB levels than 442	  

GEOS-Chem.  During summer, the models also estimate higher NAB at high-altitude than at 443	  

low-altitude sites, and average NAB levels decrease from spring to summer at low-elevation sites. 444	  

GEOS-Chem suggests little change from spring to summer in average high-altitude NAB 445	  

whereas AM3 simulates a decrease of over 10 ppb. At the high-altitude sites, both models 446	  

suggest that NAB increases as total O3 increases, although the sample size is small for events 447	  

above 75 ppb and the average values for the different data subsets all fall within one standard 448	  

deviation each other.  At the low altitude sites, there is little change in the average NAB when 449	  

selecting for observed values exceeding 60, 70, or 75 ppb.  The variability in NAB, as measured 450	  

by the standard deviation in Table 3, is similar in the two models at the low-elevation sites, but 451	  

AM3 simulates more variability in NAB at the high-altitude sites than GEOS-Chem, particularly 452	  

on high-O3 days. 453	  

We next evaluate the ability of the models to capture observed day-to-day variability by 454	  

correlating observed and simulated MDA8 O3 in surface air at each CASTNet site, separately for 455	  

the spring and summer seasons of 2006 (Figure 7).  During spring, the correlation coefficients 456	  

between observations and total simulated surface O3 over WUS sites are generally higher in 457	  

GEOS-Chem, but the level of correlation in summer is maintained or improved in AM3 whereas 458	  

it decreases in GEOS-Chem (Figure 7).  Over the EUS, the models show similar spatial patterns 459	  

in their ability to reproduce the observed day-to-day variability.  GEOS-Chem is generally better 460	  

than AM3 over northern sites, whereas AM3 captures more of the variability over the 461	  

southeastern sites in summer (Figure 7). 462	  

Figure 8 shows the correlation coefficients of the NAB estimates versus the simulated 463	  

total O3, separately for spring and summer, for each model sampled at the CASTNet sites that 464	  
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were used in Figure 7 to evaluate the simulated daily variability.  Over the Intermountain WUS 465	  

sites, the models robustly indicate that variability in NAB drives a substantial portion of the total 466	  

surface O3 variability in both seasons, but with a stronger influence (higher correlations) during 467	  

spring.  AM3 generally indicates a stronger role for NAB in contributing to variability in total 468	  

surface O3 at the sites in Florida and Texas.  Over the central states and over the inland mid-469	  

Atlantic region, the NAB is more strongly correlated with total surface O3 in GEOS-Chem than 470	  

in AM3; the stronger correlation in GEOS-Chem in these regions may arise from soil NOx 471	  

emissions, which respond to meteorological variability in GEOS-Chem whereas AM3 uses a 472	  

monthly climatology. At the EUS sites in Figure 8, the NAB in both models is poorly correlated, 473	  

and in some cases, anti-correlated with the total simulated surface O3.  The highest total surface 474	  

O3 events over the EUS are thus generally decoupled from the highest NAB events, consistent 475	  

with the current understanding that regional pollution is the dominant influence on total O3 476	  

distributions in this region.   477	  

We select four sites, encircled in black in Figures 7 and 8, to probe more deeply the day-478	  

to-day variability in NAB and total surface O3.  The time series at these sites (Figures 9a and 9b) 479	  

provide evidence at the local scale for our assessment of regional and seasonal biases.  At the 480	  

two western U.S sites (Gothic, CO and Grand Canyon NP, AZ) in Figure 9a, the 6-month 481	  

average NAB is nearly the same in both models, but this reflects little seasonal variation in the 482	  

GC NAB (thin blue line) versus a sharp seasonal decline from spring into summer in AM3 (thin 483	  

red line).  The standard deviation is twice as large in AM3 as in GEOS-Chem, consistent with 484	  

the frequency distributions of NAB in Figure 6 (left side); AM3 also captures the observed 485	  

variability.  Despite the summertime high bias in AM3 at the two EUS sites (M.K. Goddard, PA 486	  

and Georgia Station, GA), AM3 correlates at least as well with the observations as GEOS-Chem 487	  

(Figures 7 and 9).  488	  

 489	  

3.5  Processes contributing to inter-model differences in total and NAB surface O3   490	  

We use the sites in Figure 9a to examine the role of specific processes in contributing to 491	  

differences in the GEOS-Chem and AM3 Base and NAB simulations.  Superimposed in Figures 492	  

9a and 9b are results from a separate simulation (Lin et al., 2014) in which a stratospheric O3 493	  

tracer (O3Se90) was available (orange line), tagged relative to the e90 tropopause (Prather et al., 494	  

2011) as described in Lin et al. (2012a). The high summertime correlation of O3Se90 and NAB 495	  
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at the WUS sites (Figure 9a) does not imply that stratospheric O3 intrusions are the dominant 496	  

factor.  The magnitude of the O3Se90 enhancements in summer do not account for all of the 497	  

episodic NAB enhancements.  Rather, this result implies that other sources enhance NAB free 498	  

tropospheric O3, which then mixes into the surface air alongside the O3Se90 tracer in the model.  499	  

We interpret the high correlations in both seasons at the EUS sites (Figure 9a) in a similar 500	  

manner: the O3Se90 indicates a larger influence of O3 mixing down from the free troposphere.  501	  

 502	  

Deep stratospheric intrusions over the WUS in spring. As described by Lin et al. (2012a), 503	  

stratospheric O3 drives a substantial portion of the daily variability in observed springtime O3 504	  

over the WUS.  Inspection of Figure 9a (top two panels) shows that the episodic enhancements 505	  

in the O3Se90 tracer can explain much of the episodic enhancements in NAB.  A caveat is that 506	  

the magnitude of the stratospheric contribution is an upper limit due to the definition of the 507	  

O3Se90 tracer, which could be tagging O3 in the lower stratosphere that originated in the 508	  

troposphere (see discussions in Lin et al. (2012b) and Zhang et al. (2014)).  Nevertheless, the 509	  

strong correlation of the orange and red lines in Figure 9a implies a key role for mixing of free 510	  

tropospheric air into the planetary boundary layer in driving day-to-day variability in NAB O3 511	  

levels. 512	  

For illustrative purposes, we focus on an event during late May of 2006 at the Gothic and 513	  

Grand Canyon sites, during which the AM3 model NAB (thin red line in Figures 9a and 9b) 514	  

spikes, with an associated increase in the simulated total O3 (thick red line).  In contrast, GEOS-515	  

Chem NAB (thin blue line) decreases, as does total O3 (thick blue line) during this event.  The 516	  

opposing trends in the models during this event raise questions as to whether both models 517	  

simulate a mixing event but import different NAB levels, or whether the boundary layer in AM3 518	  

mixes more vigorously with the free troposphere than in GEOS-Chem.  The observations (black) 519	  

increase during this period, as in AM3, but the model overestimates the observed values on May 520	  

27 and 28.  The O3Se90 tracer (orange line in Figures 9a and 9b) suggests that the AM3 model is 521	  

simulating surface O3 enhancements associated with a stratospheric intrusion; the spatial pattern 522	  

of these enhancements aligns with observed spatial pattern of enhanced ground-level O3 at the 523	  

CASTNet sites (not shown).  Figure 9a further suggests that these events drive much of the 524	  

variability in NAB at high-altitude western sites in spring, consistent with earlier findings for 525	  

April through June of 2010 (Lin et al., 2012a).  526	  
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 527	  

Wildfires over the EUS in spring and summer. There are several EUS events during spring and 528	  

summer where AM3 simulates a localized spike in NAB that is not simulated by GEOS-Chem, 529	  

which we attribute at least partially to the different treatment of wildfire emissions in the models 530	  

(Table 2).  For example, there is an extreme “NAB event” in the AM3 model on June 28, 2006 at 531	  

the Pennsylvania CASTNet site in Figure 9a.  AM3 estimates NAB values above 60 ppb, 532	  

exceeding the total observed value of about 60 ppb, while GEOS-Chem simulates NAB below 533	  

20 ppb (Figure 9a, yellow highlight). We find that the use of a year-specific fire inventory (as is 534	  

done in the GEOS-Chem simulations) versus a climatology leads to differences of 10 ppb for the 535	  

June 28, 2006 event in AM3 (not shown).  In AM3, the recommendations from Dentener et al. 536	  

(2006) are applied to vertically distribute biomass burning emissions north of 25°N, placing 40% 537	  

of the total emissions between 3 and 6 km (see their Table 4) over boreal North America.  This 538	  

lofting of fire effluents likely contributes to the summertime O3 overestimates at 500 hPa over 539	  

Canada (Figure 4).  Vertical mixing of NAB O3 from the free troposphere into surface air in the 540	  

AM3 model is indicated by associated enhancements of the O3Se90 tracer on days with high 541	  

NAB.  In contrast, biomass burning is emitted only in the boundary layer in GEOS-Chem, likely 542	  

resulting in less efficient O3 production and subsequent long-range transport.  The GEOS-Chem 543	  

approach appears more consistent with the observations. 544	  

 545	  

Lightning NOx over the Southwestern United States in summer. During August at the two 546	  

WUS sites in Figure 9a, the models reverse their relative rankings of simulated NAB relative to 547	  

springtime, with the GEOS-Chem NAB as much as 10-20 ppb higher than AM3 NAB in summer.  548	  

In notable contrast to the spring, GEOS-Chem overestimates the observed O3 values.  We 549	  

attribute the summertime overestimate and poor correlations of GEOS-Chem with the observed 550	  

values over WUS sites in Figures 7 and 9a to the lightning NOx source and subsequent transport.  551	  

GEOS-Chem produces approximately 10 times more lightning NOx than AM3 over the 552	  

southwestern states during summer (0.018 Tg N in AM3 versus 0.159 Tg N in GC within the 553	  

region 26°N-42°N, 124°W-97°W) and the models further differ in their spatial distributions of 554	  

the lightning NOx source (Table 2). This source has been reduced in a newer version of GEOS-555	  

Chem, decreasing simulated NAB O3 over these regions (Zhang et al., 2014). 556	  

 557	  
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Isoprene oxidation chemistry over the EUS in summer. Earlier work (e.g. Fiore et al. 2002, 558	  

2003) demonstrated that NAB is fundamentally different between the EUS and the WUS, with 559	  

the EUS more strongly controlled by regional photochemistry, where the O3 lifetime in the 560	  

planetary boundary layer is as short as 1-2 days and isoprene-NOx-O3 chemistry dominates much 561	  

of the region from May through September (Jacob et al., 1995).  At the two EUS sites in Figure 562	  

9a (M.K. Goddard, PA and Georgia Station, GA), we attribute some of the differences in the 563	  

summertime simulations to the isoprene oxidation mechanism (Table 2) that would tend to 564	  

reduce O3 production in GEOS-Chem relative to AM3 due to isoprene ozonolysis serving as a 565	  

more important loss pathway for NAB in GEOS-Chem (Fiore et al., 2002; Mickley et al., 2001).  566	  

These differences in isoprene oxidation chemistry could at least partially explain the higher NAB 567	  

in AM3 during the isoprene emission season (i.e., a longer O3 lifetime in the AM3 boundary 568	  

layer).  The largest inter-model differences in NAB, however, occur in spring when transported 569	  

sources are more important than regional production involving natural sources.    570	  

The isoprene oxidation chemistry likely also contributes to the large bias in AM3 total 571	  

surface O3.  GEOS-Chem assumes a much higher yield of isoprene nitrates from the reaction of 572	  

isoprene hydroxyperoxy radicals with NO and assumes that they are a permanent sink for NOx 573	  

(Table 2). In contrast, AM3 assumes an 8% isoprene nitrate yield and allows 40% of the products 574	  

to recycle back to NOx on the basis of observational constraints from field campaigns (Horowitz 575	  

et al., 2007; Perring et al., 2009). Earlier work with predecessors of the models used here 576	  

suggests that these differences may explain over 10 ppb of the high bias in AM3 relative to 577	  

GEOS-Chem over the EUS in summer (Fiore et al., 2005). The fact that GEOS-Chem best 578	  

captures the observations implies that the additional O3 production from isoprene oxidation using 579	  

the field-based constraints on isoprene nitrates must be offset by larger O3 losses, such as may 580	  

occur through additional HOx uptake by aerosol (Mao et al., 2013) and halogen-induced O3 581	  

destruction (Parrella et al., 2012).   582	  

 583	  

4. Inter-annual variability in NAB MDA8 O3 estimates in surface air 584	  

The 27-year AM3 NAB simulation (1981-2007) enables us to define spring and summer 585	  

climatologies of seasonal mean NAB O3 in surface air, and to quantify the year-to-year 586	  

variability as the standard deviation of the annual seasonal mean values (Figure 10).  The 587	  

seasonal mean spatial patterns are similar to those in 2006 (Figure 1), with little year-to-year 588	  
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variation over much of the country.  Figure 10 also includes the climatological fourth highest 589	  

MDA8 value between March 1 and August 31 over the multi-decadal simulation.  We emphasize 590	  

that these estimates are subject to the biases diagnosed above in comparison to observations.  In 591	  

particular, NAB estimates over the EUS are probably too high in AM3.  The variability over 592	  

central Texas and central Mexico in the fourth highest values may indicate year-to-year 593	  

variations in events involving NAB production from lightning NOx and convective mixing. 594	  

Large variability in both mean NAB levels and the highest events is simulated over Western 595	  

Colorado in spring, with standard deviations of 2-3 ppb, likely reflecting variability in year-to-596	  

year influence from stratospheric O3 intrusions.  597	  

Jaffe (2011) noted regionally coherent year-to-year variability in the number of high-O3 598	  

events at high-altitude western U.S. measurement sites in both spring and summer and we 599	  

examine here the potential contribution of NAB to this observed variability. Specifically, Jaffe 600	  

(2011; see their Figure 6) found that the number of O3 events above levels of 65, 70, and 75 ppb 601	  

varied together, with the lowest and highest number of springtime events occurring in 1997 and 602	  

1999, respectively; for summer, the lowest and highest years were 1997 and 2002.  We follow 603	  

the approach of Wang et al. (2009; see their Figure 5) to illustrate simultaneously the model skill 604	  

at capturing the observed values, and the simulated NAB contribution to observed levels within 605	  

specific ranges for total surface O3.  Figure 11 shows the AM3 NAB contributions throughout 606	  

the overall observed distributions for 2006 in comparison to a low versus high year for observed 607	  

high-O3 events at the 11 high-altitude WUS sites in Figures 5 and 6.  Note that the highest years 608	  

in Figure 11 differ for spring and summer, but the lowest year is 1997 in both seasons. 609	  

 For observed O3 events above 60 ppb, AM3 tends to overestimate observations during 610	  

spring but does not exhibit any systematic bias during summer.  Furthermore, the model captures 611	  

events up to 80 ppb during spring of 1999, though in other years there is a general tendency to 612	  

underestimate events above 75 ppb. This finding is in contrast to those from higher-resolution 613	  

models including the GEOS-Chem version used here, which underestimates events above 60 ppb 614	  

(Zhang et al., 2011).  During all years and both seasons shown in Figure 11, there is a tendency 615	  

for the median simulated NAB contribution to increase from observed values of 40 ppb to those 616	  

in the 70 ppb range, with 75th percentile values reaching 50-60 ppb for observed values above 60 617	  

ppb during 2006 and 1999, implying that enhanced NAB levels contribute to the higher observed 618	  

values.  This interpretation is consistent with the findings of Lin et al. (2012a) that stratospheric 619	  
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O3 intrusions over the high-altitude WUS drive much of the observed day-to-day variability in 620	  

spring, as well as with Jaffe (2011) who suggests that a large-scale process drives coherent 621	  

variability at the monitoring sites in this region. 622	  

Consistent with earlier work (Fiore et al., 2003), Figure 11 shows that summertime NAB 623	  

levels are typically much lower than in spring, with maximum values nearly always below 60 624	  

ppb and 75th percentile values generally below 50 ppb.  Jaffe (2011) suggested that summertime 625	  

inter-annual variability is strongly influenced by wildfire activity.  The lack of year-to-year 626	  

variations wildfires in this version of the AM3 model may contribute to its underestimate of the 627	  

highest events in 2002 and 2006, which were the first and second highest fire activity years for 628	  

the 1997-2006 period analyzed by Jaffe (2011).  629	  

       630	  

5. Conclusions and Recommendations 631	  

 On the basis of health evidence, the level of the National Ambient Air Quality Standard 632	  

(NAAQS) for ground-level O3 has been lowered in recent years, pushing closer to “background” 633	  

levels.  In the past, the U.S. Environmental Protection Agency considered model-based estimates 634	  

of background O3 as part of the process for setting the NAAQS.   These model-based estimates, 635	  

previously called “Policy-Relevant Background”, are now termed “North American Background” 636	  

(NAB), which is defined to be background levels that would exist in the absence of North 637	  

American anthropogenic emissions.  Identifying high-background events is crucial for 638	  

determining whether an observation merits consideration for “exceptional event” status, which 639	  

exempts a particular observation from counting towards non-attainment if it can be shown that 640	  

the event occurred due to processes beyond the control of U.S. air quality management options.  641	  

The model simulations presented here can provide information on the frequency of such events 642	  

and the individual components contributing to NAB, including O3 originating from international 643	  

pollution, wildfires, or the stratosphere.   644	  

As a first step towards assessing our understanding of NAB and its components, we 645	  

briefly reviewed recent model estimates (Table 1).  We then evaluated total surface O3 and NAB 646	  

estimates from two independent models (GEOS-Chem and AM3) for March through August of 647	  

2006, using comparisons between the base simulations and space-based and ground-based 648	  

measurements to place constraints on the model estimates.  A 27-year NAB simulation in the 649	  

AM3 model provides context for our two-model analysis and indicates that 2006 is a typical year 650	  
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in terms of its spatial and seasonal patterns in NAB, though 2006 NAB levels are generally 651	  

higher than the climatological averages (compare Figure 10 with 1 and 2).   The largest 652	  

variability in mean NAB MDA8 estimated with AM3 occurs over Idaho, western Colorado and 653	  

Wyoming, and New Mexico, with standard deviations of over 2 ppb; the largest variability in the 654	  

fourth highest MDA8 NAB occurs over Colorado and Texas (Figure 10).   A comparison of low- 655	  

versus high-O3 years at high-altitude western U.S. (WUS) sites indicates a role for NAB in 656	  

driving year-to-year differences in the frequency of springtime high-O3 events (Figure 11).   657	  

 At high-altitude WUS sites, the GEOS-Chem and AM3 models consistently show higher 658	  

NAB than at low-altitude sites, but the magnitude and day-to-day variability often differs 659	  

(Figures 1,5,6,9a, Table 3).   In some months (e.g., August), the larger differences between the 660	  

NAB estimates from the two models than between the simulated and observed total O3, imply 661	  

that agreement with observations does not sufficiently constrain the NAB estimates.  While AM3 662	  

indicates a seasonal decline of NAB into summer over this region, GEOS-Chem suggests a 663	  

relatively weak seasonal cycle associated with an increase of influence from lightning NOx in 664	  

that model during the late summer (Figures 5 and 9).  Higher stratosphere-troposphere exchange 665	  

in AM3 may explain the springtime NAB enhancement in the free troposphere relative to GEOS-666	  

Chem (Figure 3), which, followed by more vigorous mixing between the free troposphere and 667	  

boundary layer, may explain the higher NAB in surface air during this season in AM3 (Figure 1).  668	  

 At low-altitude sites, such as over the EUS, the models consistently show lower NAB 669	  

levels than at high-altitude sites, as in earlier work (Table 1).  We find that the highest total 670	  

surface O3 events over the EUS are often decoupled from the highest NAB events (Figure 8), 671	  

consistent with the understanding that regional pollution is the dominant influence on total O3 672	  

distributions there.  Over the EUS, uncertainties in isoprene-NOx-O3 chemistry (Table 2) likely 673	  

contribute to differences in simulated total O3, and to a lesser extent, NAB estimates.  674	  

We find little evidence that horizontal resolution is a major contributor to differences in 675	  

mean NAB estimates in the models (Figure 6), consistent with EPA (2013).   Higher resolution 676	  

refines spatially local NAB estimates, including at the tails of the distribution.  It also resolves 677	  

better the impact from local and regional emissions, as evidenced by the larger differences 678	  

associated with resolution in summertime distributions when photochemical production peaks 679	  

over many U.S. regions (Figure 6).  We conclude that simulated NAB distributions reflect large-680	  

scale synoptic transport that is resolved sufficiently at the relatively coarse scale of global 681	  
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models, with the NAB differences mainly stemming from different treatments of NAB sources 682	  

such as stratospheric O3, boreal fires, and lightning NOx.  The regional and seasonal variability in 683	  

these driving processes further manifests as differences in the model timings of the fourth highest 684	  

NAB over many regions (Figure 2). 685	  

Future efforts to determine the processes contributing to model differences, and to the 686	  

biases in individual models versus observations, would benefit from evaluation with daily O3 687	  

vertical profiles as measured by sondes, consistently defined tracers of stratospheric influence 688	  

(e.g., the O3Se90 tracer in AM3), as well as daily three-dimensional archival of other chemical 689	  

species (e.g., CO, PAN, H2O) that can aid in disentangling tropospheric versus stratospheric 690	  

origins and from meteorological variables (e.g., mixing depth, mass fluxes) to diagnose the role 691	  

of mixing processes.  The routine use of synthetic tracers could further aid in distinguishing 692	  

between model differences in transport, dilution, and mixing versus chemical evolution during 693	  

transport.  Improved estimates of NAB in a given region and season will require better 694	  

constraints on, for example: lightning NOx for central and southwestern states in summer; 695	  

transported stratospheric O3 over the high-altitude WUS in spring; isoprene chemistry and its 696	  

impact on chemical processing and NAB lifetime over the EUS in summer; and wildfires, which 697	  

may influence NAB throughout the nation from late spring into summer.  698	  

We propose that future multi-model studies target limited time periods to enable process-699	  

oriented analysis during field campaigns when ground-based and satellite observations are 700	  

supplemented with a broader suite of observations from intensive aircraft flights and balloon 701	  

launches. If combined with a thorough evaluation of O3 precursors, such analysis should hasten 702	  

progress towards understanding the impact of specific sources on NAB O3.  We further 703	  

recommend developing bias-correction techniques, such as those routinely applied in numerical 704	  

weather prediction, to improve the accuracy of local NAB estimates. As a first step, simple 705	  

assumptions assuming the bias is entirely driven by one process (e.g., as applied to the 706	  

stratospheric O3 estimates from the AM3 model by Lin et al. (2012a)) can be applied to 707	  

individual models and then used to generate a multi-model estimate with uncertainties.  The two 708	  

models analyzed here often bracket the observations (Figures 3-6 and 9), thereby indicating 709	  

different sources of error, which leads us to conclude that a multi-model approach can harness 710	  

unique capabilities of different modeling systems and thus provide more accurate NAB estimates 711	  

than a single model.   712	  
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 952	  
FIGURE CAPTIONS 953	  
 954	  
Figure 1. Mean MDA8 values of North American Background (NAB) in the lowest model layer 955	  
for the GFDL AM3 (left; ~2°x2° horizontal resolution) and GEOS-Chem (right; ½°x⅔°) 956	  
simulations for spring (MAM; top row) and summer (JJA; bottom row) of 2006.  NAB is 957	  
estimated with simulations in which North American anthropogenic emissions are set to zero.  958	  
See Table 1 for model configurations. 959	  
 960	  
Figure 2. Fourth highest MDA8 NAB O3 between March 1 and August 31 2006 in the lowest 961	  
model layer (top) and day of occurrence (bottom) for GFDL AM3 (left; ~2°x2° horizontal 962	  
resolution) and GEOS-Chem (right; ½°x⅔°) simulations.   963	  
 964	  
Figure 3. Springtime (March-April-May average) mid-tropospheric O3 as retrieved (second row) 965	  
from the TES (left column) and OMI (right column) satellite instruments and as simulated with 966	  
the GFDL AM3 (top row) and GEOS-Chem (third row) with the appropriate averaging kernels 967	  
applied to daily average O3 fields archived from the base model simulations. Grey boxes denote 968	  
locations where no coincident TES and OMI data points meet the retrieval quality criteria. The 969	  
simulations evaluated here are at coarse horizontal resolution (~2°x2°) in both models.  The 970	  
2005-2007 annual average bias of the satellite products (5.7 ppb for TES; 3.1 ppb for OMI) 971	  
relative to ozone sondes between 20-60°N determined by Zhang et al. (2010) has been removed 972	  
from the satellite products. The third and fourth rows show the difference of the simulated mid-973	  
tropospheric O3 with each satellite product; grey boxes denote places where the OMI and TES 974	  
retrievals disagree by over 10 ppb. 975	  
 976	  
Figure 4.  As in Figure 3 but for summer (June-July-August).   977	  
 978	  
Figure 5. Monthly mean MDA8 O3 in surface air for March through August of 2006 in 979	  
CASTNet observations (black) and the base simulations (thick lines) for the GEOS-Chem (GC 980	  
½°x⅔° horizontal resolution; blue) and GFDL AM3 (~2°x2° horizontal resolution red) 981	  
simulations sampled at the CASTNet sites (using bilinear interpolation of the nearest four grid 982	  
cells and sampling only on days with valid measurements) over the CONtiguous United States 983	  
(CONUS) at altitudes a) above 1.5km excluding California to focus on the InterMountain West 984	  
region and b) below 1.5 km in altitude.   Also shown are NAB estimates (thin lines) with GC 985	  
(blue) and AM3 (red).  The grey band delineates the one standard deviation range about the 986	  
observed regional mean monthly values.   987	  
 988	  
Figure 6. Probability density curves calculated via kernel (Gaussian) density estimation with a 989	  
bandwidth of 2 ppbv from surface MDA8 O3 data over the CONtiguous United States (CONUS) 990	  
during spring (top) and summer (bottom) and at high (left, excluding California sites) and low 991	  
(right) elevation CASTNet sites: observed (black) and GFDL AM3 (red) and GEOS-Chem at 992	  
low (green; 2°x2.5°) and high (blue; ½° x ⅔°) horizontal resolution models sampled at the 993	  
CASTNet sites for total (solid lines) and NAB (dashed lines) O3. 994	  
 995	  
Figure 7.  Correlation coefficients (r) of observed MDA8 O3 in surface air with that simulated 996	  
by the GFDL AM3 (left) and GEOS-Chem (right) models during spring (MAM; top row) and 997	  



	   31	  

summer (JJA; bottom row).  Black circles mark the sites used in Figure 9 and discussed in 998	  
Section 3.5.  The color bar saturates to emphasize regional patterns. 999	  
 1000	  
Figure 8. As in Figure 7 but for simulated NAB versus simulated total O3 in surface air. 1001	  
 1002	  
Figure 9a. MDA8 O3 in surface air observed (black) at four CASTNet sites for March through 1003	  
August 2006 (highlighted by black circles in Figures 7 and 8), and simulated with the GEOS-1004	  
Chem (blue thick lines) and GFDL AM3 (red thick lines) models. Also shown are NAB 1005	  
estimates with GEOS-Chem (blue thin lines) and GFDL AM3 (red thin lines) and an estimate of 1006	  
stratospheric O3 influence in the AM3 model (orange lines) following the method described in 1007	  
Lin et al. (2012b) from a simulation described in Lin et al. (2014).  Statistics in the upper left 1008	  
corner of each panel are for the entire March through August period: the mean and standard 1009	  
deviation (in parentheses) of total surface O3 as observed (black) and simulated with GEOS-1010	  
Chem (blue) and GFDL AM3 (red); coefficients of determination for each model versus the 1011	  
observations (see also correlation coefficients in Figures 7 and 8 for separate correlations during 1012	  
spring and summer); the mean and standard deviation of the MDA8 NAB O3 simulated with each 1013	  
model. The stratospheric O3 tracer (orange), which can be interpreted more broadly as a 1014	  
diagnostic of mixing between the free troposphere and the surface, correlates strongly at all sites 1015	  
(r2 ranges from 0.72 to 0.86) with the NAB (red). Yellow highlighted days at the western U.S. 1016	  
sites and PA site are discussed in Section 3.5.  The Gothic, CO panel is adapted from Figure 3-75 1017	  
of the U.S. EPA Integrated Science Assessment for O3 (EPA, 2013). 1018	  
 1019	  
Figure 9b.  As in Figure 9a but for mid-April through mid-June at the two high-altitude Western 1020	  
U.S. sites in order to focus in on the stratospheric intrusion event discussed in Section 3.5.  1021	  
 1022	  
Figure 10. Climatological (1981-2007) average (left) and standard deviation (right) of spring 1023	  
(top) and summer (middle) seasonal mean MDA8 NAB O3, and of the fourth highest value 1024	  
between March 1 and August 31 (bottom) as estimated with the GFDL AM3 model simulation in 1025	  
which North American anthropogenic emissions are set to zero.    1026	  
 1027	  
Figure 11.  GFDL AM3 simulated daily maximum 8-hour (MDA8) surface O3 versus observed 1028	  
values (black) and AM3 NAB statistics (green) at 11 Intermountain Western U.S. CASTNet sites 1029	  
above 1.5 km altitude for a “low-O3” year (left column) and “high-O3” year (right column) to 1030	  
provide context for the year 2006 (middle column) during spring (top panel) and summer 1031	  
(bottom panel), following the approach of Wang et al. (2009; see their Figure 5).  The 1:1 line 1032	  
(solid black) and a 60 ppb threshold (dashed line) are shown.  Box and whisker plots show the 1033	  
median (triangle), 25th-75th range (box) and minimum and maximum NAB values (vertical lines) 1034	  
for 10 ppb bins of observed O3 values.  The “low” and “high” years are selected from Figure 6 of 1035	  
Jaffe (2011).  1036	  
 1037	  
 1038	  
 1039	  
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Table 1. Model estimates for North American Background (NAB) ozone using the current U.S. EPA definition (North 

American anthropogenic emissions set to zero) and for specific components of NAB (ppb) 

Study 

Model 

Study period; 

Metric 

NAB  

 

Components 

Fiore et al. (2003) 

GC (2°x2.5°) 

Mar-Oct 2001; 

1-5pm mean 

Typically 15-35; up to 40-50 

(highest in spring and WUS) 

Natural: 18-23 (NW), 18-27 (SW), 13-20 (NE), 15-

21 (SE)  

Strat: always < 10  

CH4+intercontinental transport (ICT): 5-12  

Wu et al. (2008) ; 

GC with winds from 

GISS GCM (4°x5°) 

2000 

climatology; 

1-5pm mean 

12-30 (summer); 22-40 

(April); highest in WUS 

Natural: 10-15 (EUS, summer); 15-25 (WUS, 

summer)  

 

Wang et al. (2009) 

GC (1°x1°) 

summer 2001; 

MDA8 

26±8 

USB: 30±8; up to 33 ppb 

during events 

 

Zhang et al. (2011) 

GC (½°x⅔°) 

Mar-Aug 2006-

2008; MDA8 

39-44 (spring); 35-

45(summer); low-alt 27±8; 

high-alt 40±7; 

51-59 (4
th

 highest) 

Natural: 18±6 (low-alt); 27±6 (high-alt); 34-45 (4
th

 

highest). 

CH4+ICT: 13-16 (spring) 11-13 (summer); 13 (high 

alt); 9 (low alt) 

Emery et al. (2012) 

CAMx (12 km
2
), GC 

boundary conditions  

Mar-Aug 

2006; 

MDA8  

25-50 ppb (20-45 in GC); 

35-100 (4
th

 highest; 65 max 

without fires; 55 max in GC)  

Fires: 10-50 ppb (events) 

Lin et al. (2012a) 

GFDL AM3 (~50km
2
) 

Apr-Jun 2010; 

MDA8 

15 WUS high-alt sites: 

50±11 (mean); 55±11 (days 

when obs exceed 60 ppb) 

Strat: 15 WUS high-alt sites: 22±12 (mean); 15-25 

for obs O3 @ 60-70; 17-40 for obs O3 @ 70-85 

Median, bias-corrected: 10-22 (W); 8-13(NE); 3-8 

(SE) Max, bias-corrected: 35-55 (W); 30-45 (EUS)  

McKeen et al. (2002); 

3D regional model (60 

km
2
) 

Jun-Jul 1995;  

1-4pm mean 

 Fires: 10-30 ppb (event, Central and EUS) 

Collins et al. (2003); March 1991-  Strat: 5-15 ppb (highest in WUS) 
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STOCHEM driven by 

UM HadAM4 GCM) 

1994 monthly 

mean 

Kaynak et al. (2008); 

CMAQ (36km
2
) 

Jul-Aug 2004; 

MDA8 

 Lightning: up to 10 ppb; 14 ppb 4th highest; < 2 ppb 

71% of the time 

Mueller and Mallard 

(2011); CMAQ, GC 

boundary conditions 

(36 km
2
) 

2002; 

MDA8 

 Fires: 30-50 (WUS, events) 

Lightning: 10-30 (Southern US, events) 

Zhang et al. (2014); GC 

(½°x⅔°) 

Mar-Aug 2006; 

MDA8 

 Lightning: 6-10 ppbv (summer); Fires: ~20 (local 

events), 1-3 (WUS summer mean); Strat: 8-10 (WUS 

spring mean), up to 15 (events) 
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Table 2. GFDL AM3 and GEOS-Chem model configurations 

Model GFDL AM3 

(Donner et al., 2011) 

(Rasmussen et al., 2012) 

(Naik et al., 2013) 

(Lin et al., 2012b) 

GEOS-Chem 

http://acmg.seas.harvard.edu/geos/ 

(Zhang et al., 2011) 

(Bey et al., 2001) 

(Park et al., 2004) 

Grid Cubed sphere with 48x48 cell faces, 

approximately 2°x2° horizontal resolution.  

Vertical coordinate is a 48-level hybrid 

sigma grid, with the top level at 0.01 hPa; 

lowest 5 layers extend to 60, 130, 220, 330, 

and 470 m for surface pressure of 1013.25 

hPa and scale height of 7.5km. 

Continental North American nested (Wang et al., 

2004) simulation at ½° latitude by ⅔° longitude 

using boundary conditions from boundary 

conditions from a 2°x2.5° global simulation. 

Vertical grid has 47 levels to 0.01 hPa, with lowest 5 

layers centered at 70, 200, 330, 470, 600 m for a 

column at sea level.  

Meteorology Online, nudged to NCEP u and v (Kalnay et 

al., 1996).  The nudging timescale is 

inversely proportional to pressure (Lin et al., 

2012b) 

Assimilated from NASA GEOS-5 

Stratospheric 

ozone 

Stratospheric chemistry and dynamics 

seamlessly coupled to the troposphere (Naik 

et al., 2013) 

Linoz parameterization (McLinden et al., 2000) 

Isoprene nitrate 

yield and fate 

Observationally-constrained 8% yield with 

40% NOx recycling (Horowitz et al., 2007 

and references therein)  

18% yield with no NOx recycling (permanent sink 

for NOx) 

Lightning NOx 

distribution 

Parameterized based on convective cloud top 

height (Price and Rind, 1992), and described 

in Horowitz et al. (2003); global source in 

2006 is 4.9 Tg N a
-1

; range over 1981-2007 is 

Scaled to match a top-down global constraint of 6 

Tg N a
-1 

(Martin et al., 2007) and spatially 

redistributed based on the LIS/OTD flash 

climatology (Murray et al., 2012) and includes a 

http://acmg.seas.harvard.edu/geos/
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4.4-4.9 Tg N a
-1

. yield of 500 mol N flash
-1 

at northern mid-latitudes 

and 125 mol N flash
-1 

elsewhere (Hudman et al., 

2007)  

Anthropogenic 

emissions 

ACCMIP (Lamarque et al., 2010) with 

annual interpolation after 2000 to RCP4.5 

2010 value (Lamarque et al., 2011). NOx 

emissions are 27 (global), 5.6 (North 

America
a
), 5.9 (East Asia

b
) Tg N a

-1
.  CO are 

640 (global), 100 (North America), 160 (East 

Asia) Tg CO a
-1

.  C3H8
c
 are 2.9 (global), 0.3 

(North America), 0.5 (East Asia) Tg C a
-1

. 

EDGAR (Olivier and Berdowski, 2001) with U.S. 

emissions from 2005 National Emissions Inventory 

(NEI-05).  NOx emissions are 27.9 (global), 6.4 

(North America
a
), 7.9 (East Asia

b
) Tg N a

-1
.  CO are 

582 (global), 91 (North America), 192 (East Asia) 

Tg CO a
-1

.  C3H8
c
 are 27 (global), 0.45 (North 

America), 4.1 (East Asia) Tg C a
-1

. 

Biogenic 

emissions 

Model of Emissions of Gases and Aerosols 

from Nature (MEGAN) 2.1 (Guenther et al., 

2006), implemented as described by Emmons 

et al. (2010) and Rasmussen et al. (2012) 

Emissions are 385 (global) and 32 (North 

America) Tg C a
-1

.  

MEGAN 2.0 (Guenther et al., 2006) 

Emissions are 404 (global) and 30 (North America) 

Tg C a
-1

. 

  

Biomass 

burning 

emissions 

As for anthropogenic emissions but 

distributed vertically as recommended by 

Dentener et al. (2006). NOx emissions are 5.3 

(global), 0.18 (North America
a
), 0.14 (East 

Asia
b
) Tg N a

-1
.  CO are 440 (global), 18 

(North America), 14 (East Asia) Tg CO a
-1

.  

C3H8
c
 are 1.5 (global), 0.09 (North America), 

0.09 (East Asia) Tg C a
-1

. 

GFEDv2 year-specific monthly fires (van der Werf 

et al., 2006), emitted at the surface. NOx emissions 

are 5.1 (global), 0.14 (North America
a
), 0.12 (East 

Asia
b
) Tg N a

-1
.  CO are 410 (global), 12 (North 

America), 11 (East Asia) Tg CO a
-1

.  C3H8
c
 are 1.7 

(global), 0.05 (North America), 0.06 (East Asia) Tg 

C a
-1

 

a
North American domain is 15-55 °N and 60-125 °W 

b
East Asian domain is 15-50 °N, 95-160 °E 

c
C3H8 is provided as an example non-CH4 volatile organic compound (NMVOC). 
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Table 3: Summary statistics of seasonal mean MDA8 total and NAB O3 in surface air (ppb) as observed and estimated with the GFDL 

AM3 and GEOS-Chem (GC) models, segregated by altitude, season, and observed values.  California is excluded to focus on the 

Intermountain West.  

 

Season Filter N OBS AM3 

Base 

GC 

Base 

AM3 

NAB 

GC 

NAB 

Above 1.5 km (excluding CA) 

MAM None 993 57±7 60±7 54±6 48±8 42±5 

MAM Obs ≥ 60 300 64±4 63±7 58±6 52±8 45±5 

MAM Obs ≥ 70 33 73±4 66±6 62±4 55±7 47±5 

MAM Obs ≥ 75 7 80±4 65±7 61±2 56±8 50±3 

JJA None 899 58±7 55±6 57±8 35±8 40±7 

JJA Obs ≥ 60 344 65±4 58±5 59±7 38±8 41±6 

JJA Obs ≥ 70 38 73±5 61±4 62±7 43±8 42±6 

JJA Obs ≥ 75 9 80±6 64±4 64±6 47±6 42±3 

Below 1.5 km 

MAM None 5769 49±11 57±8 48±8 39±8 29±7 

MAM Obs ≥ 60 969 65±6 64±8 57±8 37±8 29±7 

MAM Obs ≥ 70 175 75±6 69±8 63±10 36±10 31±8 

MAM Obs ≥ 75 58 82±6 71±10 68±12 36±11 34±9 

JJA None 5583 51±15 69±15 54±14 29±9 24±8 

JJA Obs ≥ 60 1509 69±9 76±13 63±11 30±9 25±9 

JJA Obs ≥ 70 537 78±8 77±13 67±12 30±9 27±10 

JJA Obs ≥ 75 294 83±8 76±14 69±14 31±9 28±10 
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Figure 1. Mean MDA8 values of North American Background (NAB) in the lowest model layer 
for the GFDL AM3 (left; ~2°x2° horizontal resolution) and GEOS-Chem (right; ½°x⅔°) 
simulations for spring (MAM; top row) and summer (JJA; bottom row) of 2006.  NAB is 
estimated with simulations in which North American anthropogenic emissions are set to zero.  
See Table 1 for model configurations. 
	  
	  
	  
	  



	  
	  

Figure 2. Fourth highest MDA8 NAB O3 between March 1 and August 31 2006 in the lowest 
model layer (top) and day of occurrence (bottom) for GFDL AM3 (left; ~2°x2° horizontal 
resolution) and GEOS-Chem (right; ½°x⅔°) simulations.   



	  
	  
Figure 3. Springtime (March-April-May average) mid-tropospheric O3 as retrieved (second row) 
from the TES (left column) and OMI (right column) satellite instruments and as simulated with 
the GFDL AM3 (top row) and GEOS-Chem (third row) with the appropriate averaging kernels 
applied to daily average O3 fields archived from the base model simulations. Grey boxes denote 
locations where no coincident TES and OMI data points meet the retrieval quality criteria. The 
simulations evaluated here are at coarse horizontal resolution (~2°x2°) in both models. The 
2005-2007 annual average bias of the satellite products (5.7 ppb for TES; 3.1 ppb for OMI) 
relative to ozone sondes between 20-60°N determined by Zhang et al. (2010) has been removed 
from the satellite products. The third and fourth rows show the difference of the simulated mid-
tropospheric O3 with each satellite product; grey boxes denote places where the OMI and TES 
retrievals disagree by over 10 ppb.  
	  



	  
	  
	  
Figure 4.  As in Figure 3 but for summer (June-July-August).   



Figure 
5. Monthly mean MDA8 O3 in surface air for March through August of 2006 in CASTNet 
observations (black) and the base simulations (thick lines) for the GEOS-Chem (GC ½°x⅔° 
horizontal resolution; blue) and GFDL AM3 (~2°x2° horizontal resolution red) simulations 
sampled at the CASTNet sites (using bilinear interpolation of the nearest four grid cells and 
sampling only on days with valid measurements) over the CONtiguous United States (CONUS) 
at altitudes a) above 1.5km excluding California to focus on the InterMountain West region and 
b) below 1.5km in altitude.   Also shown are NAB estimates (thin lines) with GC (blue) and 
AM3 (red).  The grey band delineates the one standard deviation range about the observed 
regional mean monthly values.  	  
	  



	  
	  
Figure 6. Probability density curves calculated via kernel (Gaussian) density estimation with a 
bandwidth of 2 ppbv from surface MDA8 O3 data over the CONtiguous United States (CONUS) 
during spring (top) and summer (bottom) and at high (left, excluding California sites) and low 
(right) elevation CASTNet sites: observed (black) and GFDL AM3 (red) and GEOS-Chem at 
low (green; 2°x2.5°) and high (blue; ½° x ⅔°) horizontal resolution models sampled at the 
CASTNet sites for total (solid lines) and NAB (dashed lines) O3. 

 



 
 
Figure 7.  Correlation coefficients (r) of observed MDA8 O3 in surface air with that simulated 
by the GFDL AM3 (left) and GEOS-Chem (right) models during spring (MAM; top row) and 
summer (JJA; bottom row).  Black circles mark the sites used in Figure 9 and discussed in 
Section 3.5.  The color bar saturates to emphasize regional patterns.    
 

 
Figure 8. As in Figure 7 but for simulated NAB versus simulated total O3 in surface air. 



	  
	  
Figure 9a. MDA8 O3 in surface air observed (black) at four CASTNet sites for March through 
August 2006 (highlighted by black circles in Figures 7 and 8), and simulated with the GEOS-
Chem (blue thick lines) and GFDL AM3 (red thick lines) models. Also shown are NAB 
estimates with GEOS-Chem (blue thin lines) and GFDL AM3 (red thin lines) and an estimate of 
stratospheric O3 influence in the AM3 model (orange lines) following the method described in 
Lin et al. (2012b) from a simulation described in Lin et al. (2014).  Statistics in the upper left 
corner of each panel are for the entire March through August period: the mean and standard 
deviation (in parentheses) of total surface O3 as observed (black) and simulated with GEOS-
Chem (blue) and GFDL AM3 (red); coefficients of determination for each model versus the 



observations (see also correlation coefficients in Figures 7 and 8 for separate correlations during 
spring and summer); the mean and standard deviation of the MDA8 NAB O3 simulated with each 
model. The stratospheric O3 tracer (orange), which can be interpreted more broadly as a 
diagnostic of mixing between the free troposphere and the surface, correlates strongly at all sites 
(r2 ranges from 0.72 to 0.86) with the NAB (red). Yellow highlighted days at the western U.S. 
sites and PA site are discussed in Section 3.5.  The Gothic, CO panel is adapted from Figure 3-75 
of the U.S. EPA Integrated Science Assessment for O3 (EPA, 2013). 

 
 

 
 
Figure 9b.  As in Figure 9a but for mid-April through mid-June at the two high-altitude Western 
U.S. sites in order to focus in on the stratospheric intrusion event discussed in Section 3.5.  
	  
	  
	  



	  

	  
	  
Figure 10. Climatological (1981-2007) average (left) and standard deviation (right) of spring 
(top) and summer (middle) seasonal mean MDA8 NAB O3, and of the fourth highest value 
between March 1 and August 31 (bottom) as estimated with the GFDL AM3 model simulation in 
which North American anthropogenic emissions are set to zero.    
 



	  
Figure 11.  GFDL AM3 simulated daily maximum 8-hour (MDA8) surface O3 versus observed 
values (black) and AM3 NAB statistics (green) at 11 Intermountain Western U.S. CASTNet sites 
above 1.5 km altitude for a “low-O3” year (left column) and “high-O3” year (right column) to 
provide context for the year 2006 (middle column) during spring (top panel) and summer 
(bottom panel), following the approach of Wang et al. (2009; see their Figure 5).  The 1:1 line 
(solid black) and a 60 ppb threshold (dashed line) are shown.  Box and whisker plots show the 
median (triangle), 25th-75th range (box) and minimum and maximum NAB values (vertical lines) 
for 10 ppb bins of observed O3 values.  The “low” and “high” years are selected from Figure 6 of 
Jaffe (2011).  
 
	  


