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Abstract Strong correlation between O3 and CO was observed during the Deriving Information on Surface
Conditions from Column and Vertically Resolved Observations Relevant to Air Quality (DISCOVER-AQ) aircraft
experiment in July 2011 over the Washington-Baltimore area. The observed correlation does not vary
signiﬁcantly with time or altitude in the boundary layer. The observations are simulated well by a regional
chemical transport model. We analyze the model results to understand the factors contributing to the
observed O3-CO regression slope, which has been used in past studies to estimate the anthropogenic O3
production amount. We trace separately four different CO sources: primary anthropogenic emissions,
oxidation of anthropogenic volatile organic compounds, oxidation of biogenic isoprene, and transport from
the lateral and upper model boundaries. Modeling analysis suggests that the contribution from biogenic
isoprene oxidation to the observed O3-CO regression slope is as large as that from primary anthropogenic CO
emissions. As a result of decrease of anthropogenic primary CO emissions during the past decades, biogenic
CO from oxidation of isoprene is increasingly important. Consequently, observed and simulated O3-CO
regression slopes can no longer be used directly with an anthropogenic CO emission inventory to quantify
anthropogenic O3 production over the United States. The consistent enhancement of O3 relative to CO
observed in the boundary layer, as indicated by the O3-CO regression slope, provides a useful constraint on
model photochemistry and emissions.

1. Introduction
Tropospheric ozone (O3) and carbon monoxide (CO) are major pollutants in the troposphere [e.g., Logan
et al., 1981; Wang and Jacob, 1998; Wang et al., 1998; Lelieveld and Dentener, 2000]. A linear relationship
between the two pollutants is often observed and simulated in the lower atmosphere [e.g., Parrish et al.,
1993; Chin et al., 1994; Buhr et al., 1996; Parrish et al., 1998; Cardenas et al., 1998; Li et al., 2002; Cooper
et al., 2002a, 2002b; Honrath et al., 2004; Mao and Talbot, 2004; Huntrieser et al., 2005]. The observed slope
of O3 to CO at ~0.3 has been used to estimate net anthropogenic O3 production [e.g., Parrish et al., 1993;
Chin et al., 1994]. However, these and subsequent studies also noted the uncertainty in using the O3-CO
slope approach. For example, O3 deposition will lead to slopes <0.3 in the region of anthropogenic
emission area [Chin et al., 1994; Parrish et al., 1998; Cardenas et al., 1998; Li et al., 2002; Mao and Talbot,
2004; Real et al., 2008] and stratospheric intrusion will affect the slopes at high-altitude regions [Parrish
et al., 1998].
Another factor that may lead to biases using this approach is the contribution of biogenic emissions to CO
production. Chin et al. [1994] suggested that biogenic isoprene oxidation might be a very important process.
In regions of large biogenic emissions, oxidation of isoprene far exceeds oxidation of anthropogenic volatile
organic compounds (VOCs), leading to production of both O3 and CO [Guenther et al., 1995; Atkinson and Arey,
1998; Pierce et al., 1998; Hudman et al., 2008; Pang et al., 2009; Choi et al., 2010; Geng et al., 2011; Lee et al.,
2014; Zhang and Wang, 2016]. As anthropogenic emissions decrease in the U.S. [e.g., Parrish et al., 2002;
Hassler et al., 2016], the relative importance of biogenic emissions increases. However, the effects of biogenic
emissions on the correlation between O3 and CO and its implications for using the slope approach to
estimate anthropogenic O3 production rate have not been studied in detail.
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Relevant to Air Quality (DISCOVER-AQ), in July 2011 around the Baltimore-Washington area (see the online
data archive: http://www-air.larc.nasa.gov/missions/discover-aq/discover-aq.html for detailed description of
the research ﬂights). In this study, we apply a 3-D chemical transport model to quantitatively study factors
contributing to the observed O3-CO correlation and regression slope and examine the implications for using
the observed correlation. We describe the model, observational data set, and analysis method in section 1.
Simulation results and interpretation of the O3-CO regression slope are described in section 3. Conclusions
and implications are given in section 4.

2. Methods
The 3-D Regional chEmical trAnsport Model (REAM) has been applied in a number of tropospheric chemistry and transport studies over North America and East Asia [e.g., Choi et al., 2005, 2008a, 2008b; Jing
et al., 2006; Liu et al., 2010, 2012a, 2012b, 2014; Wang et al., 2006, 2007; Yang et al., 2011; Zeng et al.,
2003, 2006; Zhao and Wang, 2009; Zhao et al., 2009a, 2009b, 2010; Gu et al., 2013, 2014, 2016; Zhang
et al., 2016; Zhang and Wang, 2016; Zhang et al., 2017]. The model has a horizontal resolution of
36 × 36 km2. Transport is driven by the Weather Research and Forecasting (WRF) model-assimilated
meteorological ﬁelds constrained by the Climate Forecast System Reanalysis products (http://cfs.ncep.
noaa.gov/cfsr). The WRF model domain is 10 grid cell larger than that of REAM on each lateral side.
The chemistry mechanism in REAM is adopted from the GEOS-Chem model (v9-02) [Bey et al., 2001] with
updates of kinetics data (http://jpldataeval.jpl.nasa.gov). The anthropogenic emission inventory used in
the model is the 2011 National Emission Inventory (https://www.epa.gov/air-emissions-inventories/2011national-emissions-inventory-nei-data). The biogenic isoprene emissions are computed using the Model
of Emissions of Gases and Aerosols from Nature version 2.1 [Guenther et al., 2012]. Initial and boundary
conditions for chemical tracers are taken from the GEOS-Chem (v9-02) 2° × 2.5° simulation results [Bey
et al., 2001].
The observational data were obtained during the NASA 2011 DISCOVER-AQ airborne campaign, sampling
from Washington’s Beltway northeast to Baltimore and continuing on to the Delaware State line and occasionally over the Chesapeake Bay. The vertical structures of pollutants were measured through 253 daytime
vertical proﬁles from 300 m to 5 km over six selected locations during 14 ﬂights by NASA’s P-3B aircraft
between June 27 and July 31. CO was measured by a diode laser spectrometer [Sachse et al., 1987] with a
2% uncertainty. NO, NO2, and O3 were measured by the National Center for Atmospheric Research fourchannel chemiluminescence instrument [Brent et al., 2015] with 10%, 15%, and 5% uncertainties, respectively.
CH2O was measured by a difference frequency generation absorption spectrometer [Weibring et al., 2010]
with a 4% uncertainty. Isoprene was measured by a proton-transfer-reaction mass spectrometer [Lindinger
et al., 1998] with a 10% uncertainty.
The model domain of REAM and locations of DISCOVER-AQ observations are shown in Figure S1 in the
supporting information. There are 253 aircraft spirals around 6 locations [Zhang et al., 2016]. To evaluate
model simulations with the observations, we ﬁrst identify the model grid cells corresponding to the locations
of aircraft spirals. These model proﬁles are then archived at the time of aircraft sampling. The corresponding
aircraft and model data are used in correlation analysis, and the averaged model vertical proﬁles are also
compared to the observations.
In order to analyze the attributions of the observed O3-CO relationship, we trace separately four different CO
sources: primary anthropogenic emissions (COanthroCO), the oxidation of anthropogenic VOCs (COanthroVOCs),
the oxidation of biogenic isoprene (CObioISOP), and transport from model lateral and upper boundaries
(COBC). We do not account for other biogenic VOCs since isoprene is much more abundant than the other
species providing the source for the vast majority biogenic CO [e.g., Kesselmeier and Staudt, 1999; Lathière
et al., 2006; Guenther et al., 2012; Sindelarova et al., 2014]. In tagged-tracer simulations, relevant species
and radicals, such as O3, NOx, and HOx (OH and HO2), are ﬁxed using results archived from the standard
simulation. The sum of the four individual tracers is within 5% of the simulated total CO concentrations in
the standard simulation for grid cells over the Washington-Baltimore region. Minor scaling adjustments,
assuming that relative CO attributions stay the same, are added in postprocessing to ensure that the
sum of the CO tracers is the same as the total CO for each grid cell in the standard simulation. With
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Figure 1. Observed and simulated vertical proﬁles of (a) CO, (b) O3, (c) NOx, (d) isoprene, and (e) CH2O in July 2011 during
the DISCOVER-AQ experiment. DAQ represents the DISCOVER-AQ data. The red horizontal bars show the observed
standard deviations; the shaded blue areas denote the simulated standard deviations. For comparison purposes, the
observational data are binned vertically according to the vertical grid structure in the model.

simulated CO attribution results, we can decompose the O3-CO regression slope into four subslopes of the
corresponding CO tracers (equation (1); see the Appendix)

Least  squares regression slope ¼

Cov ðCOanthroCO ; O3 Þ Cov ðCOanthroVOCs ; O3 Þ Cov ðCOBC ; O3 Þ
þ
þ
Var ðCOtotal Þ
Var ðCOtotal Þ
Var ðCOtotal Þ
Cov ðCObioISOP ; O3 Þ
þ
Var ðCOtotal Þ

(1)

where Cov and Var denote the covariance and variance, respectively. Equation (1) shows that the contributions of each CO tracer to the O3-CO regression slope are proportional to its covariance with O3. It is therefore
possible to have both positive and negative slope contributions.

3. Results
We ﬁrst evaluate simulated vertical proﬁles of O3, CO, NOx, isoprene, and CH2O with DISCOVER-AQ observations (Figure 1). CH2O is an intermediate product of anthropogenic and biogenic VOC oxidation; NOx is
mainly from anthropogenic emissions and isoprene is biogenic, both of which contribute to O3 production
[e.g., Zhang et al., 2016]. The model reproduces well the observed vertical proﬁles of these species.
The short-lived NOx, isoprene, and CH2O decrease rapidly from the surface to the free troposphere, reﬂecting
in part the dominant NOx and VOCs sources near the surface and rapid photochemical loss in the atmosphere. The nearly linear decrease of CH2O, in contrast to the exponential decreases of NOx and isoprene,
CHENG ET AL.

BIOGENIC CONTRIBUTION TO O3-CO SLOPE

3

Geophysical Research Letters

10.1002/2017GL074405

reﬂects that its atmospheric secondary (photochemical) source is much
larger than primary emissions.
Ozone has a peak in the middle of
the boundary layer due in part to
dry deposition loss of ozone and in
part to decreasing photochemical
production and loss with altitude. It
increases with altitude in the free troposphere reﬂecting the increase of
chemical lifetime with altitude.
Using results from tagged-tracer
simulation, we can attribute the vertical proﬁle of CO to four different
sources (Figure S2). The boundary
contribution does not vary signiﬁcantly with altitude. The contribution
by primary emissions from the surface decreases with altitude. The conFigure 2. Observed and simulated O3-CO correlation coefﬁcients (R) as a tributions by secondary productions
function of (a) altitude for daytime of 10 A.M. to 4 P.M. and (b) local time
from biogenic or anthropogenic
for altitude of 0.3–2.5 km. The R values are computed using the observation
VOCs do not have as large a decrease
or corresponding model data (for the entire DISCOVER-AQ experiment) at a
as those of primary emissions since
given altitude bin or a given time period.
secondary production takes place
mostly from late morning to the afternoon when the boundary layer is well mixed, while the shallow boundary layer in early morning (as early as 5 A.M.) can lead to a large gradient of surface emitted species such as
CO [e.g., Zhang et al., 2016]. The rapid decrease of secondary CO from the boundary layer to the free troposphere reﬂects slow vertical transport between the two layers. Clearly, secondary CO is a major factor shaping
its observed vertical variation.
The daytime hourly variations of the selected species averaged from 300 m to 2.5 km are shown in Figure S3.
In general, the variation is much less than in the vertical. The temporal change of NOx is insigniﬁcant while O3,
CO, isoprene, and CH2O tend to accumulate in the lower atmosphere from morning to afternoon. The
observed variations are well simulated by the model, providing further evidence for the good model performance during the measurement period.
Correlations between chemical species can be used effectively to diagnose atmospheric processes [e.g.,
Parrish et al., 1993; Chin et al., 1994; Wang and Zeng, 2004; Koo et al., 2012]. We compare simulated O3-CO correlations to the observations as a function of altitude or time of the day in Figure 2. The observations show a
narrow range of R value (~0.75) from 1 km to the top of the boundary layer (~2.5 km). Below 1 km, the observations indicate a trend of decreasing R value with altitude down to 300 m. The model results are similar to
the observed values and also show lower correlations near the surface and in the free troposphere. In the free
troposphere, CO is dominated by the contribution by boundary layer transport (Figure S2), which is not
related to O3 production in the boundary layer. Near the surface, CO is dominated by surface primary emissions, which are not directly related to O3 production either. Furthermore, mixing of fresh emissions with
photochemically aged air in the boundary layer leads to an increase of O3 but a decrease of CO since the large
vertical gradients of O3 and CO near the surface have opposite signs (Figure 1). In the middle and upper
boundary layer, the relative contribution by photochemical CO production increases. Therefore, the concurrent photochemical production of O3 and CO is likely the major factor contributing to the observed positive
correlation between O3 and CO. We quantify this contribution by decomposing the O3-CO regression slope
into the different CO sources.
Figure 2 also shows the observed O3-CO correlation coefﬁcient as a function of time of the day with data from
300 m to 2.5 km. This R value represents the spatial correlation in a given hour. It is somewhat lower than the
temporal correlation discussed previously. The value ranges from 0.5 to 0.6 in the morning and 0.6 to 0.8 in
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most of the afternoon. The model is
in good agreement with the observations except the overestimation
at 5 P.M.

Figure 3. Same as in Figure 2 but for the observed and simulated vertical
proﬁles and diurnal variations of the CO-O3 regression slope and subslopes.
The components of subslopes, due to varied CO sources, are shown using
areas ﬁlled with different colors. The legends for different CO sources are the
same as in equation (1). The (a) horizontal bars and (b) vertical bars show
the observed or simulated standard deviation of the regression slope. The
slope and subslope values are computed using the observations or model
data at a given altitude bin or for a given time period.

Figure 3 compares the observed and
simulated O3-CO regression slope.
The O3-CO regression slope at a
given altitude is underestimated by
the model at 1–2.5 km by ~20% but
is overestimated below 1 km. At
3 km, the model shows a negative
regression slope value opposite to
the observations. However, the
observed decrease of the regression
slope below 1 km and above 2.5 km
is captured by the model. The
observed O3-CO regression slope at
a given hour is better simulated than
that at a given altitude. The O3-CO
regression slope of 0.1–0.3 during
the DISCOVER-AQ experiment is consistent with the previous reports for
land areas [e.g., Chin et al., 1994]. We
apply the model results to understand the relative contributions of
CO sources to the O3-CO regression
slope (equation (1)).

In the lower atmosphere (below 2.5 km), where the model results are in reasonably good agreement with the
observations, Figure 3 shows that the contribution of CO from biogenic isoprene oxidation is nearly as large
as that of primary anthropogenic CO. In particular, the relative importance of biogenic CO increases toward
the surface. These two contributions account for >90% of the O3-CO regression slope in the lower atmosphere (<2.5 km). The contributions of CO from photochemical oxidation of anthropogenic VOCs and from
the model boundaries are minor in comparison. In the free troposphere (above 2.5 km), Figure 3 shows that
the contributions by anthropogenic CO and VOCs and biogenic isoprene to the O3-CO regression slope are
negative. This is because air near the top boundary layer is enriched in these CO tracers but not in O3 relative
to low free tropospheric air (Figure 1). The positive contribution by CO transported from the (lateral) boundary reﬂects largely a general south-to-north positive gradient in free tropospheric CO and O3 in the model.
Our analysis of the DISCOVER-AQ measurements suggests that the previously used hypothesis, i.e., the
regression slope of O3 to CO was controlled by anthropogenic emissions and the photochemical oxidation
of anthropogenic ozone precursors [e.g., Parrish et al., 1993; Chin et al., 1994], is no longer valid. However,
a caveat is that anthropogenic emissions of CO decreased by ~46% from 1993 to 2011 (https://www.epa.
gov/air-emissions-inventories/air-pollutant-emissions-trends-data). The large decrease of anthropogenic
CO emissions can lead to the invalidity of the hypothesis. We carry out a sensitivity simulation in which the
anthropogenic primary CO emissions are doubled (Figure S4). After doubling anthropogenic primary CO
emissions, anthropogenic CO accounts for a larger fraction in the lower troposphere. More drastic change
is found in the O3-CO regression slope, ~75% of which in the lower troposphere are due to anthropogenic
emissions, making the previous hypothesis a good approximation. As anthropogenic emissions continue
decreasing, we expect that the biogenic contribution to the O3-CO regression slope will increase in the future.

4. Conclusions and Implications
The extensive measurements in the lower atmosphere during the DISCOVER-AQ experiment over the
Washington-Baltimore area in July 2011 are analyzed in this study to understand the contributions to the
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O3-CO regression slope from different CO sources using REAM model. The observed vertical and temporal
variations of O3, CO, NOx, isoprene, and CH2O, as well as the correlation between O3 and CO, and the O3CO regression slopes are reproduced well in the model. The observations show a robust O3-CO regression
in the boundary layer in daytime. We implement a new regression slope decomposition method with four
simulated CO tracers, including primary anthropogenic emissions, oxidation of anthropogenic VOCs, oxidation of biogenic isoprene, and transport from model boundaries, to quantify their contributions to the O3CO regression slope.
We ﬁnd that the O3-CO regression slope in the boundary layer (300 m–2.5 km) is controlled by primary
anthropogenic CO emissions and CO production by isoprene oxidation. The contribution by the latter is
nearly as large as the former. From 300 m to the surface, the model results indicate that the latter contribution
is dominant. Previous studies discussed complicating factors in using the O3-CO regression slope and the
total anthropogenic CO emissions to estimate the net anthropogenic O3 production amount [e.g., Chin
et al., 1994; Parrish et al., 1998]. Due to the decrease of anthropogenic emissions, our study suggests that biogenic CO needs to be properly accounted for through modeling or measurement means for the eastern
United States in the summer when using the O3-CO regression slope method. The biogenic contribution will
continue increasing as anthropogenic emissions decrease. At some point in the future, it can be expected
that the biogenic contribution may become the most dominant. Despite the change of the relative importance of anthropogenic and biogenic emissions, the consistent enhancement of O3 relative to CO observed
in the boundary layer, as indicated by the O3-CO regression slope, provides a useful constraint on model
photochemistry and emissions.

Appendix A: Derivation of Equation (1)
CO concentration is the sum of that from primary anthropogenic emissions (COanthroCO), the oxidation of
anthropogenic VOCs (COanthroVOCs), the oxidation of biogenic isoprene (CObioISOP), and transport from model
lateral and upper boundaries (COBC):

½COtotal ¼ ½COanthroCO þ ½COanthroVOCs þ ½COBC þ ½CObioISOP:

(A1)

The slope of O3 to CO in a least squares regression is thus

Least  squares regression slope ¼

¼


¼

Cov ðCOtotal ; O3 Þ
Var ðCOtotal Þ

(A2)




½COtotal  ½COtotal ½O3   ½O3 

(A3)

Var ðCOtotal Þ

½COanthroCO þ ½COanthroVOCs þ ½COBC þ ½CObioISOP  ½COanthroCO þ ½COanthroVOCs þ ½COBC þ ½CObioISOP

 

½O3   ½O3 



Var ðCOtotal Þ

(A4)

¼
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½COanthroCO  ½COanthroCO ½O3   ½O3  þ ½COanthroVOCs  ½COanthroVOCs ½O3   ½O3 
 




þ ½COBC  ½COBC ½O3   ½O3  þ ½CObioISOP  ½CObioISOP ½O3   ½O3 
Var ðCOtotal Þ

BIOGENIC CONTRIBUTION TO O3-CO SLOPE

(A5)

6

Geophysical Research Letters

¼

10.1002/2017GL074405

Cov ðCOanthroCO ; O3 Þ Cov ðCOanthroVOCs ; O3 Þ Cov ðCOBC ; O3 Þ Cov ðCObioISOP ; O3 Þ
þ
þ
þ
;
Var ðCOtotal Þ
Var ðCOtotal Þ
Var ðCOtotal Þ
Var ðCOtotal Þ

(A6)

where X donates the average value of X.
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