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ABSTRACT: The air quality of many large coastal areas in the United
States is affected by the confluence of polluted urban and relatively clean
marine airmasses, each with distinct atmospheric chemistry. In this context,
the role of iodide-mediated ozone (O3) deposition over seawater and
marine halogen chemistry accounted for in both the lateral boundary
conditions and coastal waters surrounding the continental U.S. is examined
using the Community Multiscale Air Quality (CMAQ) model. Several
nested simulations are conducted in which these halogen processes are
implemented separately in the continental U.S. and hemispheric CMAQ
domains, the latter providing lateral boundary conditions for the former.
Overall, it is the combination of these processes within both the continental
U.S. domain and from lateral boundary conditions that lead to the largest
reductions in modeled surface O3 concentrations. Predicted reductions in
surface O3 concentrations occur mainly along the coast where CMAQ
typically has large overpredictions. These results suggest that a realistic representation of halogen processes in marine regions can
improve model prediction of O3 concentrations near the coast.

■ INTRODUCTION

A large portion of the U.S. population lives in coastal areas
where surface ozone (O3) concentrations can vary in part due
to the relative mixture of urban and marine airmasses. Ozone
can be formed locally in urban plumes1 and can be transported
to coastal areas from regional, national and international
sources.2−6 Additionally, onshore/offshore flow patterns can
result in local or regional O3 precursors being advected into
marine environments before reacting to form O3 and
recirculating back into populated areas.1,7−11 Models and
observations show that O3 can build up over water bodies
near large urban areas due, in part, to lower deposition
velocities over water than land, shallower boundary layers, and
ship emissions.9,12−15 It is in this context that we examine the
role of iodide-mediated O3 deposition over seawater and
marine halogen chemistry in both the coastal waters
surrounding the continental U.S. and lateral boundary
conditions using the Community Multiscale Air Quality
(CMAQ) model.
Previous studies in urban environments have shown that gas-

phase chlorine emissions (Cl2 and HOCl)16−18 and chloride
from sea-salt19,20 can lead to increases in O3 concentrations as a

result of NO2 release via photolysis of ClNO2 and through the
rapid oxidation of methane and other hydrocarbons by chlorine
radicals. Conversely, halogens can deplete O3 in remote and
marine environments.21 This has been shown to occur from
reactions of O3 with bromine and iodine22−25 originating from
the ocean surface25−30 and through iodide-mediated enhanced
deposition onto the ocean surface.31

Despite the demonstrated impact of marine halogen
chemistry and iodide-mediated O3 deposition over the ocean
on surface concentrations, these processes are currently not
accounted for in most chemical transport models. A multi-
model comparison of global and hemispheric chemical
transport models found systematic overpredictions of surface
O3 at regionally representative coastal sites in the Pacific
Northwest and Florida/Gulf Coast.32 Overprediction of surface
O3 concentrations in marine air masses by multimodel
ensembles is also reported for Japanese islands in the East
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China Sea.33 In recent years, several modeling studies have
attempted to implement marine halogen emission sources and
chemistry to better represent marine boundary layer chem-
istry.34−37

In this study, we apply the recently described implementa-
tion of iodide-mediated O3 deposition over seawater and
marine halogen chemistry in the hemispheric version of the
CMAQ model38 to the continental U.S. (CONUS) domain.
Compared to the coarse resolution of the hemispheric domain,
the finer spatial resolution CONUS domain is expected to
better to simulate the complex ocean-land-atmosphere
interactions in the coastal zone while providing an opportunity
to quantify the impact of these processes on the boundary
conditions. Sarwar et al.38 demonstrated that the inclusion of
iodide-mediated O3 deposition and marine halogen chemistry
in the hemispheric version of CMAQ reduces the large model
overpredictions of surface O3 in remote marine and coastal
regions throughout the Northern Hemisphere. However,
extensive evaluation of CMAQ O3 predictions using the
national monitoring networks is more appropriate with finer
horizontal resolution than the coarse model grids of the
hemispheric domain. Additionally, the CONUS model domain
can more closely capture the mesoscale meteorology that
impacts the formation and transport of O3 in coastal areas.
Employing a widely used CMAQ model domain covering the
continental U.S., we used the same iodide-mediated O3
deposition and marine halogen chemistry implemented by
Sarwar et al.38 to isolate their impacts over coastal waters where
the boundaries of typical regional model applications are
specified. Additionally, we examined impacts of a parametrized
version of the marine halogen chemistry on surface O3
predictions within the continental U.S. domain.

■ MATERIALS AND METHODS
Model Description. The CMAQ model39 employed in this

study has been used to simulate ambient pollutant concen-
trations in many research and regulatory applications.20,40−43

Here, we employ CMAQ version 5.0 to simulate air quality
over the continental U.S. using a horizontal grid resolution of
12-km. The vertical extent of the model, spanning from surface
to 100 mb, is discretized with 35 layers of variable thickness
with the first layer having a depth of 20 m. The model uses the
CB05TUCl chemical mechanism20 that integrates chlorine
chemistry with the Carbon Bond mechanism. Anthropogenic
emissions were derived from the 2005 National Emissions
Inventory while biogenic emissions were derived from the
Biogenic Emissions Inventory System version 3.14.44 Emissions
used in this study have been described elsewhere.41

Meteorological fields were developed using the Weather
Research and Forecasting (WRF3.4) model.45 The config-
uration and evaluation of WRF have previously described by
Hogrefe et al.46 Boundary conditions were generated from the
hemispheric CMAQ simulations described in Sarwar et al.38

covering the Northern Hemisphere with a horizontal grid
resolution of 108-km and 44 vertical layers from the surface to
50 mb.
Iodide-Mediated O3 Deposition over Seawater. Ozone

deposition velocities over seawater predicted by CMAQ version
5.0 (median value ∼0.001 cm s−1) are well below the recently
documented observed O3 deposition velocities that range from
0.009 to 0.06 cm s−1 over the open ocean and up to 0.27 cm s−1

in coastal waters.47,48 Following the work of Chang et al.49 and
Oh et al.,31 Sarwar et al.38 revised the deposition of O3 to ocean

surfaces in CMAQ to account for the reaction of dissolved O3
and iodide in seawater. This study uses the procedure described
by Sarwar et al.38 for O3 deposition over seawater, which
calculates the O3 deposition velocity as a function of both wind
speed and dissolved iodide in surface seawater (which itself is a
function of sea surface temperature50). The value of dissolved
iodide in surface seawater used for calculating O3 deposition
velocities is consistent with the values previously used to
calculate marine emissions of inorganic iodine.51 Accounting
for these seawater reactions in CMAQ enhances the deposition
of O3 by increasing the deposition velocity from ≪0.01 cm s−1

to values in the range of 0.01−0.04 cm s−1 which are within the
range of observed open ocean values, as noted above.

Marine Halogen Chemistry. The implementation of
chlorine, bromine, and iodine chemistry in CMAQ has been
previously described in detail20,38 and consists of 25 chlorine
reactions adapted from Tanaka et al.,17 39 bromine reactions
adapted from Yang et al.34 and 53 iodine reactions adapted
from Saiz-Lopez et al.37 Marine emissions of halogen species in
CMAQ fall into three categories: (1) halocarbons, (2)
inorganic bromine, and (3) inorganic iodine. Halocarbon
emissions include five bromocarbons and four iodocarbons,
inorganic bromine is represented with one bromine species,
and inorganic iodine emissions include two iodine species. The
three halogen emission categories have different formation
mechanisms, with halocarbons driven by chlorophyll-a
concentrations, inorganic bromine driven by sea spray aerosol
emissions, and inorganic iodine species driven by a
combination of atmospheric O3, iodide concentration at the
sea surface, and wind speed. Model inputs of chlorophyll-a
concentrations52 are derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) aboard the Aqua satellite
and projected to the Lambert conformal coordinate system
used in the CMAQ domain.

Parameterized Marine Halogen Chemistry. Because the
inclusion of detailed marine halogen chemistry increases
computational time by >25%, Sarwar et al.38 derived a first-
order rate constant parametrizing the impacts of detailed
marine halogen chemistry on predicted O3 concentrations. This
O3 loss rate constant was developed using a nonlinear least-
squares regression of the vertically resolved difference between
the O3 production and loss rates for all marine regions in the
Northern Hemisphere in simulations with and without detailed
marine halogen chemistry (see the Supporting Information
from Sarwar et al.38 for more information). In CMAQ, the rate
constant is applied to all oceanic grid cells as a function of
atmospheric pressure as follows:

= ×

+ ×

− × ×

− × ×

−

−
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4

5
(1)

where kO3 is the halogen mediated first order O3 loss rate (s
−1)

and P is the pressure (Pa).
Simulation Details. Six different simulations were com-

pleted for assessing the impacts of iodide-mediated deposition,
halogen chemistry, and boundary conditions on O3 concen-
trations (see Table 1). The first simulation (Case A) was
completed using CB05TUCl with chlorine chemistry but
without marine halogen chemistry or iodide-mediated O3
deposition over seawater. Time-varying boundary conditions
for Case A were generated from the hemispheric CMAQ results
without any iodide-mediated O3 deposition and halogen
chemistry.38 The second simulation (Case B) was completed
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using CB05TUCl chemistry and iodide-mediated O3 deposi-
tion. The third simulation (Case C) was completed using
CB05TUCl and detailed marine halogen chemistry.38 The
boundary conditions for Cases B and C were identical to those
of Case A. The fourth simulation (Case D) was completed
using CB05TUCl but the boundary conditions for the model
were generated from the hemispheric CMAQ results with
iodide-mediated deposition and detailed halogen chemistry.38

The fifth simulation (Case E) was completed using the
CB05TUCl, iodide-mediated O3 deposition, detailed halogen
chemistry, and boundary conditions with iodide-mediated
deposition and detailed halogen chemistry used in Case D.
Finally, the sixth simulation (Case F) was completed using the
CB05TUCl, iodide-mediated O3 deposition, parametrized
halogen chemistry, and boundary conditions with iodide-
mediated deposition and detailed halogen chemistry used in
Case D. Each simulation was completed for August 2006 with a
10-day spin-up period ending July 31st The spin-up period for
the hemispheric CMAQ simulations used for boundary
conditions was three-month. Hereafter, Case A will be referred
to as the “Baseline” simulation and Case F the “Revised”
simulation.
Differences between the Baseline and Case B simulations are

attributed to iodide-mediated O3 deposition and differences
between the Baseline and Case C are attributed to the impact
of detailed marine halogen chemistry active within the
continental model domain alone. Differences between the
Baseline and Case D simulations isolate the impact of iodide-
mediated O3 deposition and detailed marine halogen chemistry
in the lateral boundary conditions. Differences between the
Baseline and Case E represent the combined effects of iodide-
mediated O3 deposition, detailed marine halogen chemistry,
and lateral boundary conditions. Similar to the Baseline/Case E
comparison, the Baseline/Revised simulation differences show
the combined effects of these processes but with parametrized
halogen chemistry. We determine model errors introduced by
parametrizing marine halogen chemistry by comparing the
differences between the Case E and Revised simulations.

■ RESULTS
Impact of Marine Halogen Chemistry and Iodide-

Mediated O3 Deposition on Surface O3 Concentrations
in the Continental U.S. Domain. Figure 1 shows that the
inclusion of iodide-mediated O3 deposition over seawater and
halogen chemistry in lateral boundary conditions and/or within
the continental U.S. domain have distinct impacts on the spatial

distribution and magnitude of monthly mean surface maximum
daily 8-h average (MDA8) O3 concentrations relative to the
Baseline simulation. Iodide-mediated O3 deposition, when
applied only within the continental U.S. domain, has impacts of
<1−2 ppb on inland and marine surface O3 concentrations with
the exception of areas just along the southern Pacific and
northern Atlantic coasts which have predicted O3 reductions up
to 2 ppb inland and 3 ppb offshore (see Figure 1a). These
hotspots of O3 reduction also have high O3 deposition rates in
the Baseline simulation (due to moderate/high surface O3
concentrations and wind speeds) that are further enhanced by
the inclusion of the O3-iodide reaction in seawater.
Relative to iodide-mediated O3 deposition, detailed marine

halogen chemistry in the continental U.S. domain (see Figure
1b) results in monthly mean MDA8 O3 reductions that are
greater in magnitude and occur further inland. Unlike
deposition changes which only affect the surface layer, marine
halogen chemistry reduces O3 in all model layers and can
therefore impact regional O3 concentrations. Widespread areas
over the Pacific, Atlantic, and Gulf of Mexico have reductions in
surface O3 concentrations around 3 ppb, whereas areas along
the Baja California and Gulf of Mexico coasts have O3
reductions in excess of 4 ppb. The short oceanic fetch near
the boundaries of the regional domain results in little O3 impact
from either iodide-mediated O3 deposition or detailed marine
halogen chemistry.
When iodide-mediated O3 deposition and detailed halogen

chemistry are included solely in the hemispheric CMAQ
simulations used to generate lateral boundary conditions for the
continental U.S. domain (see Figure 1c), reductions of 4−5 ppb
in surface MDA8 O3 concentrations are predicted at the
boundaries with lesser (1−2 ppb) reductions over much of the
continental U.S. In the western U.S., high elevation areas in
vicinity of the Great Basin have relatively greater reductions of
surface O3 than the surrounding lower elevations areas because
they are more likely to be influenced by free tropospheric air
masses that are affected by the larger O3 reductions in the
lateral boundary conditions.53 Along the western edge of the
CONUS domain, the lateral boundary conditions have monthly
mean MDA8 O3 reductions of ∼5 ppb from the surface up to 1
km (and by >2 ppb for all vertical layers up to 50 mb) when
iodide-mediated O3 deposition and detailed halogen chemistry
are included in the hemispheric CMAQ simulations. Support-
ing Information Figure S1 shows that the Revised simulation
had a similar reduction in O3 concentrations above the surface
at coastal and near-coastal sites when compared to the Baseline
simulation. Including iodide-mediated O3 deposition and
marine halogen chemistry in both the lateral boundary
conditions and within the continental U.S. domain results in
widespread surface O3 concentration reductions in excess of 5
ppb over the ocean and 1−4 ppb over land as shown in Figure
1d. The largest inland surface O3 reductions occur near the
coasts, with the western U.S. and Gulf Coast typically having
greater reductions than the northeastern U.S. due to the
differences in the wind directions between these regions. The
magnitude of these reductions is similar to that of the Sarwar et
al.38 hemispheric CMAQ results.

Detailed vs Parametrized Marine Halogen Chemistry.
Although the first order rate constant used in the parametrized
marine halogen chemistry simulations was derived from
simulations with detailed marine halogen chemistry, spatial
differences in the halogen emissions and long atmospheric
lifetimes of several halogen species result in subtle differences in

Table 1. Configuration of CMAQ Model Sensitivity
Simulations in the Continental U.S. Domain and Lateral
Boundary Conditions

continental U.S. configuration hemispheric configuration

cases

iodide-
mediated O3
deposition

halogen
chemistry

iodide-
mediated O3
deposition

halogen
chemistry

Baselinea no no no no
Case B yes no no no
Case C no detailed no no
Case D no no yes detailed
Case E yes detailed yes detailed
Revisedb yes parametrized yes detailed

aThis simulation is also referred to as the Case A simulation. bThis
simulation is also referred to as the Case F simulation.
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the surface O3 impacts. A comparison of Figure 1e and d shows
that O3 reductions in the simulation with parametrized marine
halogen chemistry are similar to that of detailed marine halogen
chemistry, with inland and marine regions having a 1−4 and ≥5
ppb reduction, respectively. A difference plot of the two
simulations in Figure 1f, however, shows that the simulation
with parametrized marine halogen chemistry has lower O3
concentrations over most of the Pacific Ocean and higher O3
concentrations over much of the Gulf of Mexico, Atlantic
Ocean, and most inland regions due to the impact of sea surface
temperature and halogen lifetime on modeled O3. Unlike the
parametrized marine halogen chemistry simulations, the
detailed chemistry simulation includes sea surface temper-
ature-dependent inorganic iodine emissions and chemical
reactions between halogens and O3 occurring well inland.
Because predicted surface O3 concentrations in the detailed and

parametrized halogen chemistry simulations are typically within
1 ppb over most inland regions of the continental U.S. and the
parametrized marine halogen chemistry requires significantly
less computational time, this Revised simulation was used for
comparison to ambient measurements as described below.

Comparison with TexAQS Ship-Based O3 Measure-
ments. The 2006 Texas Air Quality Study - Gulf of Mexico
Atmospheric Composition and Climate Study (TexAQS/
GoMACCS54) campaign provides a valuable data set for
evaluating CMAQ surface O3 predictions over the Gulf of
Mexico during this time period. Throughout August 2006, the
NOAA research vessel Ronald H. Brown (R/V Brown)
measured surface O3 concentrations (see Figure 2a) in the
north-central Gulf of Mexico near Houston, TX. Figure 2b
shows that the Baseline CMAQ predictions overpredict O3 in
the north-central Gulf of Mexico by 10−12 ppb with the

Figure 1. Average monthly mean changes in predicted surface MDA8 O3 concentrations (in units of ppb) for August 2006 due to (a) iodide-
mediated deposition solely in the CONUS domain (Case B minus Baseline), (b) detailed halogen chemistry solely in the CONUS domain (Case C
minus Baseline), (c) iodide-mediated deposition and detailed halogen chemistry solely in hemispheric domain (i.e., represented in the lateral
boundary conditions for the CONUS domain) (Case D minus Baseline), (d) the combination of iodide-mediated deposition and detailed halogen
chemistry in both the CONUS and hemispheric domains (Case E minus Baseline), (e) combination of iodide-mediated deposition and parametrized
marine halogen chemistry in the CONUS domain and iodide-mediated deposition and detailed halogen chemistry in the lateral boundary conditions
(Revised minus Baseline), and (f) parametrized marine halogen chemistry in the CONUS domain relative to that of detailed marine halogen
chemistry (Revised minus Case E). Note that when the scale labels of this and subsequent figures are situated in the middle of the color block, they
represent the middle of the range indicated by the color.
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exception of isolated underpredictions near Houston-Galveston
and Port Arthur, TX where high NOx levels suggest O3
titration. The largest overpredictions occur near the coast,
but overpredictions of 5−10 ppb extend well offshore into the
Gulf of Mexico. The change in mean bias between the Baseline
and Revised simulations in Figure 2d shows a widespread 3−4
ppb bias reduction in the Revised simulation offshore in the
Gulf of Mexico and slightly higher bias reductions (up to 6
ppb) near the coast. Coastal urban areas like Houston where
the Baseline simulation underpredicts O3 concentrations
experience a slight degradation in the O3 model bias (1−2
ppb larger underprediction) with the implementation of iodide-
mediated O3 deposition and marine halogen chemistry in the
Revised CMAQ simulation. The modeled O3 underprediction
in Houston likely occurs due to several factors including
uncertainties in emissions, grid resolution, or the complex
chemistry of the area.
For all hourly averaged O3 measurements in August 2006

from the R/V Brown matched in space to the hourly model
concentration, the Revised simulation has a reduced normalized
mean bias (49.2 to 34.2%) and normalized mean error (65.9 to
53.2%) and has a slightly improved Pearson’s correlation
efficient (0.66 to 0.69) relative to the Baseline simulation.
Comparison with MDA8 Surface O3 Measurements

Across the Continental U.S. Figure 3 shows that CMAQ
generally overpredicts O3 during periods with the lowest
observed concentrations (likely dominated by marine air-
masses) and underpredicts O3 during the highest concen-
trations (likely dominated by urban airmasses), with the
greatest improvement in model performance occurring during
these low concentrations. This pattern of overpredicting low
concentrations and underpredicting high concentrations is
present in previous versions of CMAQ, and is still an active area
of research.40 When only sites immediately along the coastline
are considered in the analysis, the Revised simulation had an
even greater improvement of the predicted MDA8 O3 mean
bias (see Supporting Information Figure S2).

Similar to previous modeling studies having systematic
overprediction of surface O3 concentrations at nonurban
coastal sites in the continental U.S.,32,55 comparison of
observed MDA8 surface O3 measurements (see Figure 4a,
Supporting Information Figure S3) with the Baseline CMAQ
simulation reveals overpredictions in the monthly mean MDA8
O3 concentrations by 5−10 ppb at several coastal sites in
California, Gulf of Mexico, and southeast U.S. for August 2006
(see Figure 4b, Supporting Information Figure S4). The insets
within Supporting Information Figure S4 reveal divergent
model biases for O3 in the Baseline simulation at urban and
nonurban sites along the coast, with underpredictions at some
urban sites near Los Angeles, CA, Houston, TX, and New
Orleans, LA and overpredictions outside urban regions. The
Baseline simulation shows a previously reported40 systematic

Figure 2. (a) Observed surface O3 concentrations from R/V Ronald H. Brown during the August 2006 period of the TexAQS campaign (b) mean
bias for Baseline simulation (c) mean bias for Revised simulation, and d) changes in mean bias between the Baseline and Revised simulations. The
green colors in (d) represent locations where the Revised simulation had a lower model bias (improved prediction) and purple colors represent
locations where the Revised simulation had a higher model bias (worse prediction). All units are in ppb.

Figure 3. Monthly mean MDA8 bias in August 2006 for the Baseline
and Revised simulations, binned by observed MDA8 O3 concen-
trations retrieved from the EPA Air Quality System (AQS) database.
The lower bar in the box represents 25th percentile, middle bar
represents the median, and upper bar represents 75th percentile
values. The mean values are given by the diamonds, maximum and
minimum values are shown by the error bars, and the numbers in bold
indicate the total number of monitors in each O3 concentration bin.
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overprediction of surface O3 concentrations over the entire
continental U.S. at the lowest observed values and under-
prediction at the highest observed values (see Figure 3).
Comparison of the monthly mean bias in the Baseline

(Figure 4b) and Revised (Figure 4c) simulations shows that the
Revised simulation has lower bias at many sites in the
continental U.S. relative to the Baseline. Generally, the
consistent O3 concentration reduction in the Revised
simulation results in lower bias when the Baseline simulation
is biased high and higher bias when the Baseline simulation is
biased low (see Figure 4c, Supporting Information Figure S5).
The largest reductions in monthly mean bias were along the
California coast, where the bias are reduced by >5 ppb (see
Figure 4d, Supporting Information Figure S6). In high O3
concentration areas near the coast such as the Central Valley of
California and the metropolitan region from Washington DC to
New York City, O3 underpredictions in the Baseline simulation
are exacerbated in the Revised simulation. The higher bias in
some coastal urban and inland areas in California may be due to
emissions uncertainties and complex meteorology which is
poorly predicted in fine scale (4 km) simulations,56 let alone
the 12 km model resolution of the CONUS domain. Along the
Gulf and Atlantic coasts, the Revised simulation has reductions
in the bias of 2−3 ppb for the majority of sites, similar to the
bias reductions in the offshore and near-coastal nonurban
TexAQS predictions. Because the Revised simulation has
consistent reductions in O3 concentrations across the
continental U.S. relative to the Baseline simulation, the pattern
of overpredictions/underpredictions at low/high observed
concentrations is retained in the Revised simulation (see
Figure 3). The preponderance of very low observed O3
concentrations at coastal sites (see Supporting Information
Figure S3) that are affected by iodide-mediated O3 deposition

and marine halogen chemistry results in greater reduction of
the bias at the lowest observed concentrations than increases in
the bias at the highest observed concentrations (see Figure 3).

■ DISCUSSION

As health science continues to support the lowering of
standards for ozone and many criteria pollutants, realistic
simulation of the processes affecting background O3 concen-
trations has become increasingly important to the development
of air quality management plans for attaining these lower
standards.57 This work shows the importance of properly
representing marine halogen processes including emissions,
chemistry, and deposition in chemical transport models such as
CMAQ to the prediction of surface O3 concentrations at coastal
(and some inland) sites during low O3 periods. The spatially
variable impact of lateral boundary conditions on model
predictions of O3 in the CONUS domain was also
demonstrated, highlighting the importance of including these
marine halogen processes in global/hemispheric models that
feed the lateral boundary conditions.58−60 Including these
marine halogen processes in the model does not completely
alleviate overpredictions of low surface O3 concentrations along
the coast and over the open ocean, and exacerbates
underpredictions of high surface O3 concentrations in some
near-coast areas like the Central Valley of California and the
metropolitan region from Washington DC to New York City.
Many factors are likely responsible for these persistent over-
and underpredictions, including model representation of
boundary layer mixing or ventilation processes and uncertain
emissions. For a comprehensive evaluation of O3 model
performance at sites across the U.S. using the latest public
release of CMAQ, see Appel et al.61

Figure 4. (a) Observed monthly mean surface O3 concentrations from the EPA Air Quality System (AQS) sites in August 2006, (b) mean bias for
the Baseline simulation at AQS sites (c) mean bias for the Revised simulation at AQS sites and (d) change in mean bias between the Baseline and
Revised simulations at AQS sites. The green colors in (d) represent sites where the Revised simulation had a lower mean bias (improved prediction)
and purple colors represent sites where the Revised simulation had a higher mean bias (worse prediction). All units are in ppb.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b03556
Environ. Sci. Technol. 2017, 51, 1458−1466

1463

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03556/suppl_file/es6b03556_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03556/suppl_file/es6b03556_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03556/suppl_file/es6b03556_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b03556/suppl_file/es6b03556_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b03556


While previous studies have examined the factors affecting
O3 deposition on a local or regional scale,31,49 marine halogen
emissions and their impact on atmospheric chemistry have
been studied mainly using global models.27,29,35,36 These
different domains may have distinct factors affecting marine
halogen emissions due to the preponderance of coastal vs open
ocean waters within the domain. The uncertainty in the marine
halogen emissions used in this study is also particularly high
because of the scarcity of marine halogen observations to
evaluate the model performance.
Not yet included in these simulations is the impact of

seawater dimethyl sulfide, dissolved organic carbon, bromine,
or dissolved salts on the O3 deposition over seawater which has
recently been studied using the hemispheric CMAQ model.62

Further improvement in the predicted O3 concentrations over
marine regions could be achieved through the use of planetary
boundary layer parametrizations based on eddy-diffusivity−
mass-flux concepts63 or the inclusion of photochemical
reactions of higher iodine oxides.37 Additional future work
may also include extending both the hemispheric and CONUS
CMAQ simulations with these marine halogen processes over
an entire year to better understand their impact on the seasonal
variability of surface concentrations and vertical profiles of O3
and other oxidants and to enable long-lived halocarbons to
release their reactive halogen atoms. As both long-range
transport patterns and design value calculations have a seasonal
component, this annual simulation would better quantify the
impact of marine halogen processes to regulatory-based model
predictions of O3.
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