
Summertime Clean-Background Ozone Concentrations Derived
from Ozone Precursor Relationships are Lower than Previous
Estimates in the Southeast United States
Qiyang Yan, Yuhang Wang,* Ye Cheng, and Jianfeng Li

Cite This: Environ. Sci. Technol. 2021, 55, 12852−12861 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Background ozone in this study is defined as the
amount of ozone that is not affected by the emissions of ozone
precursors in the region of study and is transported from the distant
troposphere or the stratosphere. It is one of the factors that must be
considered in regional ozone control strategies. Different methods
have been applied to define the background ozone level. We develop a
new method based on the O3−CO−HCHO relationships, which can
be applied to both observation and modeling data for regions with
high isoprene emission ozone, such as the Southeast United States. We
make use of the extensive aircraft and surface observations in the
Southeast in the summer of 2013. Compared to the diagnostic results
using the relationship of O3−NOz (total reactive nitrogen excluding
nitrogen oxides), zero-emission (model-only), and 5th percentile
methods, the new method is most consistent using observation or
model data and the resulting background ozone concentrations are 4−50% lower than the other methods for field campaigns. Using
this method, we find that the summertime background ozone at the surface is in the range of 10−15 ppbv in the inland areas of the
Southeast, which is lower than that reported in previous studies. This background ozone tends to increase from urban centers to
rural regions and from the surface to higher altitude due to changing ozone lifetime driven by anthropogenic emissions and dry
deposition to the surface. The better quantification of background ozone using the new method highlights the importance of the
contributions by natural emissions to ozone and the necessity to control anthropogenic emissions in ozone nonattainment areas of
the Southeast.
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1. INTRODUCTION

“Surface-level” ozone is regulated by the National Ambient Air
Quality Standards (NAAQS) in the United States.1 Summer is
the season of high ozone concentrations in polluted regions,
although the ozone season can expand beyond summer as a
result of climate change.2 In the past several decades, the Clean
Air Act Amendments and their enforcement have led to large
reductions of anthropogenic emissions of nitrogen oxides
(NOx = NO + NO2) and volatile organic compounds (VOC).
However, summertime ozone concentrations over large regions
of the western United States (excluding California) have
insignificant and even a small increasing trend in contrast to
significant decreases over the eastern United States and
California.3−5 One potential contributor is an increase of
background ozone concentrations in the West.5 However,
some of the uncertainties in defining the regional ozone
background were extensively discussed in the earlier works by
Fiore et al.6,7 and were subsequently analyzed.8−13 The recent
assessments by Jaffe et al.14 again emphasized the significant
contributions and large uncertainties of background ozone.

There are many approaches to reduce the uncertainties of
model-simulated background ozone, including modeling
process-level intercomparison exercises and improving emis-
sions, physical and chemical processes in the model.
Ultimately, however, observation-based background ozone
estimates will be needed as the ground truth. We note that
the analyses of remote and background ozone sites15,16 are for
what Cooper et al.17 termed “baseline” ozone, which includes
ozone produced from North American emissions. The
“baseline” ozone, therefore, is higher than the background
ozone. Other attempts to estimate background ozone have
been made using the relationships between ozone and its
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precursors. Given the important role of NOx in ozone
photochemical production and the previously found depend-
ence of ozone on NOx and NOy to derive ozone production
efficiency values,18,19 it is not surprising that the relationships
of ozone with NOz [defined as total reactive nitrogen (NOy)−
NOx (NO + NO2)] were explored to define background
ozone15,20 by extrapolating the O3−NOz linear regression line
to the zero-value point of NOz, the corresponding ozone value
presumably represents a background value (hereafter referred
to as the O3−NOz method).
Background ozone is not a well-defined term.14 If a location

is downwind from a polluted urban region, transported high
ozone concentrations can be considered as a background or
“baseline” ozone level for the site.6,21 Using the type of
operational definition, background ozone concentrations
would vary depending on the applications and are therefore
difficult to compare among different studies. For example, if we
extend from one site to a region, the influence from the upwind
city emissions would vary with time and location in the region.
In this case, defining a clean background not affected by the
emissions from the upwind city is more objective and more
easily intercomparable than trying to incorporate the effect of
the city emissions in the background ozone calculation. In this
work, we define a clean-background ozone as the portion of
ozone that does not have chemical signatures, showing ozone
production from anthropogenic or natural emissions of ozone
precursors. This definition is akin to deriving the ozone
background using the O3−NOz regression method,15 but it is
more refined. Hereafter, we refer to this clean-background
ozone level as the ozone background in this work.
Another well-known linear relationship is between ozone

and its precursor, CO.22−31 Cheng et al.32 examined the
measurements from the DISCOVER-AQ campaign in July
2011 over the Baltimore−Washington area and found that the
O3−CO correlation does not vary significantly with time or
altitude in the boundary layer and the observations are
simulated well by our Regional chEmistry and trAnsport
Model (REAM). Their analysis suggests that due to the
decrease of anthropogenic primary CO emissions during the
past decades, the contribution from biogenic isoprene
oxidation to the observed O3−CO regression slope is as
large as primary anthropogenic CO emissions in contrast to
the finding that anthropogenic emissions are the main
contributors to the observed O3−CO relationship in the
1980s and early 1990s.22

Cheng et al.33 went a step further and examined the utility of
the robust linear regression relationships of observed O3−
HCHO, O3−CO, and CO−HCHO, which do not vary
significantly with time (11 A.M. to 4 P.M.) or altitude in the
boundary layer during the DISCOVER-AQ 2011 experiment.
They found that these relationships can be used to provide a
fast-response estimator of surface ozone when the concen-
trations of CO and HCHO are known in the Southeast. What
we will explore in this study is how the relationships of ozone
with CO and HCHO can be applied to compute a clean
background ozone (hereafter referred to as the O3−CO−
HCHO method) such that the background ozone is separated
into two components: (1) a zero-chemical-signature using the
O3−CO−HCHO method and (2) a regional background
ozone that still has chemical signatures associated with ozone-
precursor relationships.
In this study, we applied the methods of O3−CO−

HCHO,33 O3−NOz,
15,20 and 5th percentile ozone34 to surface

and aircraft observations during the Southern Oxidant and
Aerosol Study (SOAS) and Southeast Nexus (SENEX)
campaigns in the summer of 2013 in the Southeast and the
corresponding 3-D model simulation results. A model-only
zero-emission method7,13 was also used. The background
ozone concentrations derived from the observations and model
results using various methods are compared to investigate the
potential biases of the methods. We will show the distribution
of summertime background ozone based on model simulations
and discuss the implications for air quality management.

2. METHODS AND DATA SETS
2.1. Observation Data Sets. We made use of the

extensive observations during the Southeast Atmosphere
Study (SAS) from 1 June 2013 to 15 July 2013.35 The SAS
includes two field campaigns: SOAS and SENEX.36 SOAS
provides detailed ground measurements of O3, NOx, NOy, CO,
and HCHO at the SouthEastern Aerosol Research and
Characterization Network (SEARCH) siteCentreville, Ala-
bama from 1 June to 15 July. It is a typical rural site in the
Southeast surrounded by mixed forest where biogenic
emissions are dominant.37 Along with SOAS, the National
Oceanic and Atmospheric Administration (NOAA) WP-3D
aircraft was deployed during the SENEX campaign to
extensively measure O3, NOx, NOy, CO, and HCHO
concentrations around Smyrna, Tennessee.38 During the
SENEX campaign, a total of 12 daytime flights were conducted
to make atmospheric measurements in the lower troposphere.
In this study, we selected the SENEX measurements in the
Southeast (domain shows in Figure 3) at 0−1 km to derive the
background ozone concentrations in the boundary layer in
order to ensure the robustness of our O3−CO−HCHO
analysis results in the region where biogenic emissions
dominate VOC reactivity and compared them to the ozone
background derived from the SOAS surface data. For
consistency, NOy measurements using the chemiluminescence
instruments were used to compute observed NOz concen-
trations for both campaigns. Table S1 summarizes the
instruments and uncertainties for O3, NOx, NOy, CO, and
HCHO measurements.39−43

2.2. 3-D REAM Model. We applied the REAM in this
study to compute the regional background ozone in the
Southeast during the SAS. REAM is a 3-D regional model
which has been evaluated in a number of tropospheric
chemistry and transport studies in the United States and
China.2,44−53 The model domain of REAM is shown in Figure
S5, with 30 vertical layers in the troposphere, and the
horizontal resolution is 36 × 36 km2. Simulations used in this
study utilized lateral boundary conditions taken from a 2° ×
2.5° GEOS-Chem model (v11.01) simulation.54 Henderson et
al.55 evaluated the GEOS-Chem model with respect to its
ability to provide lateral boundary conditions of ozone and its
precursors for the contiguous United States (CONUS) domain
to regional models and showed good performance in the
summer. The model is driven by assimilated meteorological
fields from a weather research and forecasting (WRF)
simulation constrained by the Climate Forecast System
Reanalysis products.56 The chemistry mechanism is from the
GEOS-Chem (v11.01) with updated isoprene nitrate uptake
on aerosols.57,58 Anthropogenic emissions are from the 2011
National Emission Inventories (2011 NEI). Biogenic emissions
are calculated with the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) version 2.10.59 Emissions
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from biomass burning are negligible compared to anthro-
pogenic and natural sources in the Southeast in summer60 and
are not included in the model. As shown in Figures S1 and S2
in the Supporting Information, the coincident REAM
simulation results are generally within the standard deviations
of observed surface and boundary-layer O3, NOx, NOy (NOx +
PAN + HNO3 in the model), CO, and HCHO concentrations.
We discuss the potential effects of the model biases on
simulation-derived background ozone concentrations in the
result section.
2.3. Principle of the O3−CO−HCHO Method. As

discussed by Cheng et al.,33 O3 concentrations can be
decomposed into three components: O3 produced from
anthropogenic emissions (O3anthro), O3 produced from
biogenic emissions (O3bio), and background O3 (O3back). In a
region where CO is from both biogenic and anthropogenic
sources but HCHO is dominated by the biogenic source, the
CO−HCHO relationship can be used to compute the
anthropogenic contribution to CO. As such, the three O3

components can be separated based on eq 1, detailed
derivations are discussed by Cheng et al.33
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, “anthro” denotes those from anthropogenic sources, “bio”
denotes those from biogenic sources, and “total” denotes those
from all sources, “back” denotes background values. The
relationship of eq 1 reflects the net changes of the chemical
species due to chemical production, loss, transport, and
deposition. At present, we cannot separate the contribution
from each process to the relationship. We choose the time
window of 11 A.M. to 4 P.M. with active photochemistry over
the southeastern United States where these three species are
temporospatially stable (Figure S1) and the contributions from
biogenic isoprene to the slope of O3 to HCHO are dominant33

to ensure the robustness of our analysis.
We conducted tagged tracer simulations to derive CO and

HCHO from anthropogenic and biogenic sources (including
emissions and chemical production) and background transport
separately, while keeping model simulating other trace gases
and radical concentrations, such as O3, NOx, and HOx (OH
and HO2), the same as in the standard model; details are as
described in the previous studies by Cheng et al.32,33 Using
tagged tracer simulation results, we can compute the values of
k1, k2, and k3 through least-squares regressions of O3 and
anthropogenic CO, biogenic CO and HCHO, O3, and
biogenic HCHO, respectively. We used eq 1 to compute
hourly background ozone

= − − + −

−

k k k kO O (CO CO ) ( )

(HCHO HCHO )
3back 3 1 total back 1 2 3

total back (2)

All variables on the right-hand side of the equation are
known from standard and tagged-tracer model simulations and
the background O3 can be computed using eq 2.
When using the observations, we cannot separate species

from different sources. Therefore, the values of k1, k2, k3, and
background concentrations of CO, HCHO, and O3 must be
determined empirically. We applied a nonlinear regression61 of
eq 1 to the SOAS and SENEX measurement data during the
hours of active photochemistry between 11 A.M. and 4 P.M.
The observation-derived background ozone concentrations will
be compared with model results.

2.4. Modified O3−NOz and Other Methods to
Estimate Background Ozone. In the O3−NOz method,
the O3 value at zero NOz of the least-squares regression is
taken as the background ozone in previous studies.15 Figure S3
in the Supporting Information shows the scatter plot of O3 and
NOz during SENEX (0−1 km) at 11 A.M. to 4 P.M. A least-
squares regression gives an intercept value of 29.8 ppbv. The
scatter of the data is fairly large reflecting in part the varying
degree of impact from regional emissions in the observations.
The much higher ozone concentrations of the red than black
data points are likely a reflection of regional ozone enhance-
ments due to the emissions of ozone precursors in the region.
In order to derive the clean-background ozone estimates, we
did a second least-squares regression for the data, of which the
ozone values are less than a + b[NOz] − 0.5σ, where a, b, and
σ are the intercept, slope, standard deviation of the first least-
squares regression. For a Gaussian distribution, the data below
half of the standard deviation are the lower 31 percentile data.
Its mean value is close to the lower 1-σ (1 standard deviation)
value. Figure S3 shows that the second regression line is close
to the lower 1-σ line of the first regression. Because the data
distribution is not ideally Gaussian, the lower 1-σ line of the
first regression is slightly below the second regression line
using the lower 31 percentile data. We refer to this method as
the 1-σ O3−NOz method. Using this method, we obtain an
ozone background value of 21.3 ± 6.9 ppbv for the boundary
layer (0−1 km) during SENEX.
When using the zero-emission method,7 we carried out a

sensitivity simulation in which all anthropogenic emissions are
turned off and the simulated O3 concentrations are taken as the
background. This method cannot be applied to the observation
data. The 5th percentile method,34 on the other hand, can be
applied to both observation and model data, in which the 5th

percentile O3 concentrations are taken as the background. In
order to compare to the results using the O3−CO−HCHO
method, observation and model data from 11 A.M. to 4 P.M.
were analyzed.
In this study, we seek to compute objectively the clean-

background ozone as the portion of ozone that does not have
chemical signatures showing ozone production from anthro-
pogenic or natural emissions of ozone precursors based on the
relationship of O3−CO−HCHO. In the comparison to the
results using other methods, we adapted the O3−NOz method
to the 1-σ O3−NOz method for clean air masses which are not
affected by regional emissions. We applied the 5th percentile
method to the entire analysis data set such that the results are
independent from site or data selection.
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3. RESULTS AND DISCUSSION

3.1. Background Ozone Concentrations Derived from
SOAS and SENEX Observations and Corresponding
Model Simulations Using Different Methods. We applied
different methods, tagged-tracer simulations and nonlinear
regression method, to solve eq 2 and derive the background
ozone using simulated and observed data during SOAS and
SENEX campaign as observation data cannot distinguish tracer
gases from different sources. We first discuss the results using
the O3−CO−HCHO method. Figure 1 shows the derived
background values of O3, CO, and HCHO, and the slopes of
k1, k2, and k3, in eq 2, based on the observation and
corresponding model data. The relationships between O3, CO,
and HCHO during the SOAS and SENEX campaign are
shown in Figure S4. The correlations between O3 and CO are
tighter than those of O3 or CO with HCHO partly because the
lifetime of HCHO is shorter than O3 and CO. The general
positive slops of O3 to CO or HCHO, and CO to HCHO
reflect photochemical productions of O3, CO, and HCHO.
Because the lifetimes of CO and O3 are long enough for
significant regional transport, both transport and chemistry
errors in the model can lead to deviations from the
observations and the transport effect is larger for CO. Detailed
analysis requires another study and is beyond the scope of this
work.
We use the regression uncertainty ranges of six parameters

shown in Figure 1 to indicate the goodness of the nonlinear
regression results using the observation data. The model
uncertainty in Figure 1, on the other hand, is the standard
deviation of calculated hourly background ozone values. In a
nonlinear regression of the observation data, the traditional R2

value, the fraction of the total variance explained by the
regression model, cannot be used to assess the goodness-of-fit
of the nonlinear model because the total variance does not

equal to the sum of explained variance and error variance and
the R2 value is not in the range of 0−100%.62 The parameter
uncertainties reflect the effects of the independent variables
and random data variations on the regression model.63 The
small standard errors of the six parameters shown in the Figure
1 indicate the robustness of the regression results.
Observed and model-derived parameters are generally in

good agreement; the one standard deviation error ranges of the
parameters mostly overlap. The exception is that the model
derived k2 values are 10−30% lower than the observations. It
may imply that either the CO yield is low or the net HCHO
yield is high in the simulated isoprene chemical mechanism
although regional transport of CO may also have an impact on
the model bias. While additional measurements and modeling
are necessary to infer the biases of CO and HCHO yields in
the model isoprene oxidation mechanism, the analysis here
provides an additional method to make use of the observation
data to test the model chemical mechanism. The reasons for
the observed and simulated 20−30% lower k2 values at
Centreville than the SENEX data are unclear. The large vertical
gradients of NOx, CO, and HCHO in the boundary layer
(Figure S2), the nonlinear isoprene chemistry, and the
sampling differences in time and location are among the
factors complicating a quantitative analysis. Because CO has a
long lifetime, the slope value of k1 can be thought of as a
measure of the O3 production efficiency by anthropogenic
NOx during isoprene oxidation. The fairly good agreement
between the model and observation results provides support
for using the model to simulate the change of O3 due to
anthropogenic emissions. The slope value of k3 indicates the
change of O3 relative to HCHO during isoprene oxidation.
The value is much larger than 1 largely because of a much
longer lifetime of O3 than HCHO.
The observation and model-derived background levels of

CO (50−65 ppbv) and HCHO (0.5−0.7 ppbv) are largely due

Figure 1. Estimates of the six parameters (O3back, COback, HCHOback, k1, k2, and k3) in eqs 1 and 2 calculated using the observations during the
2013 SOAS Centreville campaign (green), 0−1 km measurements during the 2013 SENEX aircraft campaign (red), and the corresponding model
results (blue for SOAS and brown for SENEX 0−1 km). Standard deviations of the estimates are shown by vertical bars. Daytime data from 11
A.M. to 4 P.M. are used.
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to the oxidation of CH4 and comparable to results of Cheng et
al.33 The derived CO and HCHO background values using
observations have lower uncertainties than the model results
due largely to the difference of the calculation method. The
purpose of a regression model is to minimize the uncertainties
of regression function and parameters. Therefore, the range of
the uncertainty reflects not just how well the regression model
fits the data but also the optimization in the parameter space.
The model background CO and HCHO mean and standard
deviation values are computed directly using tagged tracer
simulations. The standard deviations reflect the spatiotemporal
variations of the model data. There is no optimization process
to minimize the uncertainties in the model estimates. In other
words, all terms on the right-hand side of eq 2 are known from
the model results, but they are unknown in the observation
data. The higher degree of freedom in the nonlinear regression
optimization of the observation data results in lower
uncertainty estimates in the parameter space.
Using the O3−CO−HCHO method, we estimate back-

ground ozone concentrations of 14.7 ± 3.3 and 20.5 ± 2.6
ppbv for SOAS and SENEX observations, respectively. The
corresponding values for the model results are 13.9 ± 5.7 and
20.8 ± 4.8 ppbv, ∼1 ppbv difference compared to the
observation-based values but well within the standard
deviations of the estimates. On average, the SENEX back-
ground ozone at 0−1 km is ∼6 ppbv higher than that of SOAS
near the surface in both observations and models, reflecting in
part the effect of dry deposition loss of ozone at the surface.
The excellent agreement between model and observation
values reflects in part the robustness of this method.
3.2. Comparisons of Background Ozone Estimates

Using the O3−CO−HCHO Method to the Previous
Methods. The comparison results are summarized in Figure
2. Among the previously used methods, the modified 1-σ O3−

NOz method is the most similar to the O3−CO−HCHO
method, both of which rely on tracer correlations in the
estimation of a clean-background ozone. However, the latter
new method makes use of the full observation data sets, while
the former uses the lower 31 percentile data. The estimated
background ozone concentrations are 18.7 ± 6.5 and 21.3 ±
6.9 ppbv, respectively, for SOAS (surface) and SENEX (0−1
km) observations in the 1-σ O3−NOz method. The
corresponding model estimates are 19.9 ± 6.4 and 21.0 ±
7.6 ppbv. The uncertainties of the observation-based estimates
are larger than the O3−CO−HCHO method, in part because
smaller sized data sets are used and in part because the
deviations from the regression lines are larger. The small
increase of background ozone from the surface to 1 km can be
found both in the model and observation data. Overall, the

background concentrations derived using the 1-σ O3−NOz
method are similar to the O3−CO−HCHO results within the
boundary layer, but higher by about 40% than the O3−CO−
HCHO method at the surface. It implies that the 1-σ threshold
we chosen to indicate the clean-background ozone may bias
high at the surface. We can reduce the high biases using the 1-σ
O3−NOz method by increasing the cut-off threshold of 0.5σz
from the regression line. If it is increased to 1σz from the
regression line, we would use about 17% of the data set.
Because there is no physically based criterion for determining
the cut-off threshold, the decision is statistical in nature. A
small fraction of the data population calls into the question of
the data representativeness. For example, if the 1σz cut-off line
is used in Figure S3, only about 20 data points are left for NOz
> 2.5 ppbv, not representative of the original data.
Compared to the 1-σ O3−NOz method, the O3−NOz

method gives 25−40% higher estimates, which are 26.5 ±
8.8 and 29.8 ± 10.8 ppbv for SOAS and SENEX observations,
respectively, and the corresponding values are 27.6 ± 9.2 and
26.8 ± 10.1 ppbv in the model. The results are consistent with
the discussion of Figure S3 in Section 2.4. The data scattering
and higher intercepts of the O3−NOz regression reflect the
variability of ozone production in the sampled air masses. For
the purpose of deriving the clean-background ozone in this
work, the 1-σ O3−NOz method is more appropriate.
The zero-emission method is for model only. Using the

model data corresponding to the observations, we estimate
background ozone concentrations of 20.6 ± 4.7 and 21.8 ± 5.3
ppbv for model data corresponding to the SOAS (surface) and
SENEX (0−1 km) observations, respectively, which are 3−
48% higher than the estimates using the O3−CO−HCHO
method. Fiore et al.6 found a mean afternoon background
ozone of 15−30 ppbv in the eastern United States using the
zero-emission method. Our zero-emission results are similar
and in the middle range of their results. The higher zero-
emission background ozone concentrations than those derived
using the O3−CO−HCHO method or the 1-σ O3−NOz
method reflect two processes. In zero-emission simulations,
all anthropogenic emissions are zeroed out but natural
emissions, such as soil and lightning NOx, are included,
leading to chemical production of ozone by regional sources.
In the O3−CO−HCHO methods, anthropogenic and natural
precursors are treated in the same manner and the derived
background ozone is presumed to be independent of both
anthropogenic and natural sources in the region. Another
reason is that the HO2 radical promotes ozone production and
loss through the reactions of HO2 + NO and HO2 + O3,
respectively. In a photochemically active boundary layer with
anthropogenic and natural emissions, background ozone
transported from remote regions has a shorter lifetime and
lower concentrations due in part to higher HO2 concentrations
compared to a photochemical environment without anthro-
pogenic emissions and low ozone concentrations. For this
chemical-nonlinearity reason, we expect a lower ozone
background in the daytime than nighttime and in summer
than the other seasons.
The 5th percentile method yields higher estimates of

background ozone in general, 20.8 ± 0.9 and 27.3 ± 0.3
ppbv for SOAS (surface) and SENEX (0−1 km) observations,
respectively. The uncertainties, which are estimated using
10,000 times bootstraps, are considerably less than other
methods. The corresponding model results are 27.7 ± 0.5 and
31.6 ± 0.6 ppbv. The lower value based on the SOAS

Figure 2. Estimated background ozone concentrations for the
observations and corresponding model results during SOAS (surface)
and SENEX (0−1 km). Standard deviations of the estimates are
shown by vertical bars. Daytime data from 11 A.M. to 4 P.M. are used.
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observations than SENEX measurements could reflect periods
of low surface ozone when the observation site was strongly
affected by transport from the Gulf of Mexico, and lower
modeled background values imply the effect of which was
underestimated by the model. These estimates are 40−100%
higher than the estimates using the O3−CO−HCHO method.
Wilson et al.34 selected 5th percentile as the background ozone
value based on 397 ground sites representing not only
“baseline” sites but also rural, suburban, and urban sites. The
implicit 5th percentile selection as the background ozone level
can be problematic with higher or lower estimation under
different pollution environments. Also, the statistical and
physical reasons of using a specific percentile as the
background level are not apparent.
Among the various estimates, the O3−CO−HCHO method

gives the largest difference between the SOAS surface site and
the SENEX 0−1 km background ozone concentrations. The
5th percentile method also shows significantly lower ozone
concentrations for SOAS surface background ozone reflecting
in part the effect of ozone dry deposition to the surface. The
zero-emission method shows less difference than the O3−CO−
HCHO method. The reason is related to a shorter photo-
chemical lifetime of background ozone with more active
photochemistry driven by anthropogenic emissions, which we
will discuss in more detail in the next section. The regular and
1-σ O3−NOz methods give a somewhat lower SOAS surface
than SENEX (0−1 km) background ozone concentrations, but
the difference is well within the standard deviations. Unlike the
other methods, the O3−NOz methods are also affected by dry
deposition of HNO3 to the surface, the rate of which is much

faster than ozone, thereby masking the effect of ozone dry
deposition to the surface.

3.3. Background Ozone Distribution in the South-
east. We compile previous background ozone estimates for
the United States in Table S2 in the Supporting Informa-
tion.6−8,10−13,15,20,21,64−70 The previous observation and model
studies suggest a background ozone of 15−40 ppbv for the
eastern United States and higher levels for the western United
States. The estimates using the new O3−CO−HCHO method
for SOAS and SENEX (Figure 2) are at the very low end of the
previous estimates similar to the 1-σ O3−NOz results. Zero-
emission results are in the middle range while the 5th percentile
and O3−NOz results are more comparable to the previous
studies.
To further compare to the previous studies, we apply the

O3−CO−HCHO and other methods to derive background
ozone distributions of the Southeast for the summer (June−
August) of 2013 using model results. The O3−CO−HCHO
method can only be applied to the region where HCHO is
dominated by biogenic isoprene emissions.32,33 The other
three methods are applied to the model results over the United
States (Figure S5). The general distributions are similar to
previous studies,8,10,68 showing that background ozone is about
20 ppbv higher in the West than the East.
Figure 3 compares the estimated background ozone

distributions in the Southeast. The O3−CO−HCHO and
zero-emission methods give the most consistent distribution
feature: background ozone concentrations decrease from the
coastlines to inland regions. In comparison, the results from
the 1-σ O3−NOz and 5th percentile methods show larger and

Figure 3. Estimates of background ozone distribution for the SE in the summer of 2013 using the O3−CO−HCHO (a), zero-emission (b), 1-σ
O3−NOz (c), and 5th percentile (d) methods. Also shown are the dependence of background ozone derived from the O3−CO−HCHO method
(red) and the lifetime of ozone due to chemical loss and dry deposition (blue) on the distance from Atlanta (e) and altitude (f). The surface-layer
model results in grid cells to the left and right of Atlanta (at the same latitude) are used in (e). The results for Atlanta grid cells are used in (f). Solid
lines show the averages and shaded areas show standard deviations. Hourly data from 11 A.M. to 4 P.M. are used.
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different spatial variations in land areas. One difference
between the O3−CO−HCHO and zero-emission methods is
apparent for the Atlanta region. The lifetime of ozone is
determined by photochemical loss and dry deposition of
ozone. In the O3−CO−HCHO method, metropolitan areas
yield a lower ozone background because active photochemistry
due to anthropogenic emissions decreases the lifetime of
background ozone (Figure S6) and dry deposition lifetime
have a lesser impact on background ozone (Figure S7); the
chemical lifetime of ozone is about 7 h in Atlanta in
comparison to 18 h at Centreville. In the zero-emission
simulation, on the other hand, dry deposition loss becomes
more important because the chemical lifetime of background
ozone is longer with zero anthropogenic emissions. The
background ozone level of zero-emission is estimated higher in
Atlanta than surrounding regions partly because of lower dry
deposition loss of ozone in urban (∼0.4 cm s−1 in Atlanta)
than surrounding forest regions (0.6−0.7 cm s−1) in the model
(Figure S8).
Figure 3 shows that the background ozone concentration

derived from the O3−CO−HCHO method around Atlanta
correlates well with ozone lifetime. Near the surface,
background concentrations of ozone and its lifetime are
lower in urban than rural regions. In the vertical direction,
because most of anthropogenic emissions occur near the
surface, the more active photochemistry driven by anthro-
pogenic emissions tends to shorten ozone chemical lifetime
near the surface (Figure S7). Therefore, changing ozone
lifetime due to anthropogenic emissions and dry deposition to
the surface tends to lead to increasing background ozone from
urban to rural regions and from the surface to higher altitude.
The O3−CO−HCHO method gives the lowest estimates of

background ozone near the surface at 10−15 ppbv in the
inland SE region, compared to 15−20, 15−25, and 20−30
ppbv in the zero-emission, 1-σ O3−NOz, and 5th percentile
methods, respectively. Much of the differences are related to
the interpretation of the results. The highest estimates by the
5th percentile method suggest that the effects of anthropogenic
emissions are not entirely filtered out in this method.
Downwind from an urban region, the estimate tends to be
higher because ozone concentrations are higher than
surrounding forest regions. The 1-σ O3−NOz estimates tend
to have larger variations than other methods partly because
HNO3 is removed by dry and wet deposition. The effect of dry
deposition is largest near the surface. The effect of wet
deposition has large variations and is sporadic depending on
convection, precipitation, and cloud, contributing to the
uncertainties of this method. The zero-emission method does
not consider the chemical nonlinearity effect on background
ozone and does not exclude the portion of ozone produced
from natural emissions of ozone precursors.
The O3−CO−HCHO method attempts to exclude the

effects of anthropogenic and natural emissions of ozone
precursors in the region on background ozone estimates. This
method can be applied to both observation and model
simulation data, and the results are robust. The spatial
distribution is what we expect, and it is the only method
that shows lower background ozone concentrations in urban
regions (Figure 3). This method provides the means to
compute the clean-background ozone as the portion of ozone
that does not have chemical signatures showing ozone
production from anthropogenic or natural emissions of
ozone precursors. Compared to operationally defined back-

ground or baseline ozone levels, such as using the ozone
measurements from a remote coastal “background” site which
may still be affected by ozone produced from upwind polluted
regions, the definition we used in this study does not rely on
prior assumptions on factors such as the varying impacts of
upwind polluted regions. It is therefore not surprising that the
clean ozone background is lower than that computed using the
other methods we tried or in comparison to previous studies,
which still has a regional component. We suggest that this
clean ozone background computed using the O3−CO−HCHO
method provides an objective basis for evaluating and
interpreting the higher baseline ozone levels derived using
operational definitions of ozone background.
The estimated clean background ozone tends to increase

from urban to rural regions and from the surface to higher
altitude due to changing ozone lifetime driven by anthro-
pogenic emissions and dry deposition to the surface. A
limitation of this method is that it does not discriminate
anthropogenic from natural emissions. By comparing to the
zero-emission method, the effect of natural emissions can be
estimated, however, at ∼5 ppbv in the Southeast (Figure S9).
Unlike the model-only zero-emission method, the model-based
background ozone estimates using O3−CO−HCHO method
can be evaluated using observations such as SOAS and
SENEX. The lower summertime background ozone estimates
using the newly developed O3−CO−HCHO method than
previous studies highlight the importance of the contributions
by natural emissions to ozone and the necessity to control
anthropogenic emissions in ozone nonattainment areas of the
Southeast.
More generally for future regional ozone studies, we suggest

that background ozone be separated into two components: (1)
a zero-chemical-signature background in line with what we
established in this study using the O3−CO−HCHO method
and (2) a regional background ozone that still has chemical
signatures associated with ozone-precursor relationships. Such
a separation of the ozone background components enables the
quantitative analysis and discussion of the much more variable
regional effects separately from an objectively defined less
variable clean ozone background.
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