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Abstract. Transport and chemical transformation of well-
defined New York City (NYC) urban plumes over the North
Atlantic Ocean were studied using aircraft measurements
collected on 20–21 July 2004 during the ICARTT (Inter-
national Consortium for Atmospheric Research on Trans-
port and Transformation) field campaign and WRF-Chem
(Weather Research and Forecasting-Chemistry) model sim-
ulations. The strong NYC urban plumes were character-
ized by carbon monoxide (CO) mixing ratios of 350–400
parts per billion by volume (ppbv) and ozone (O3) levels
of about 100 ppbv near New York City on 20 July in the
WP-3D in-situ and DC-3 lidar aircraft measurements. On
21 July, the two aircraft captured strong urban plumes with
about 350 ppbv CO and over 150 ppbv O3 (∼160 ppbv max-
imum) about 600 km downwind of NYC over the North At-
lantic Ocean. The measured urban plumes extended verti-
cally up to about 2 km near New York City, but shrank to
1–1.5 km over the stable marine boundary layer (MBL) over
the North Atlantic Ocean. The WRF-Chem model repro-
duced ozone formation processes, chemical characteristics,
and meteorology of the measured urban plumes near New
York City (20 July) and in the far downwind region over the
North Atlantic Ocean (21 July). The quasi-Lagrangian anal-
ysis of transport and chemical transformation of the simu-
lated NYC urban plumes using WRF-Chem results showed
that the pollutants can be efficiently transported in (isen-
tropic) layers in the lower atmosphere (<2–3 km) over the
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North Atlantic Ocean while maintaining a dynamic vertical
decoupling by cessation of turbulence in the stable MBL.
The O3 mixing ratio in the NYC urban plumes remained
at 80–90 ppbv during nocturnal transport over the stable
MBL, then grew to over 100 ppbv by daytime oxidation of
nitrogen oxides (NOx = NO+ NO2) with mixing ratios on
the order of 1 ppbv. Efficient transport of reactive nitrogen
species (NOy), specifically nitric acid (HNO3), was con-
firmed through the comparison of the CO/NOy ratio in pho-
tochemically fresh and aged NYC plumes, implying the pos-
sibility of long-range transport of O3 over the stable MBL
over the North Atlantic Ocean in association with NOx re-
generation mechanism. The impact of chemical initial and
boundary conditions (IC/BCs) on modelled O3 urban plumes
was investigated in terms of the background O3 level and
the vertical structure of the urban plumes. Simulations with
dynamic (“time-variant”) chemical IC/BCs enhanced the O3
level by 2–12 ppbv on average in the atmospheric layer
below 3 km, showing better agreement with the observed
NYC plumes and biomass-burning plumes than the simula-
tion with prescribed static IC/BCs. The simulation including
MOZART-4 chemical IC/BCs and Alaskan/Canadian wild-
fire emissions compared better to the observed O3 profiles
in the upper atmospheric layer (>∼3 km) than models that
only accounted for North American anthropogenic/biogenic
and wildfire contributions to background ozone. The com-
parison between models and observations show that chem-
ical IC/BCs must be properly specified to achieve accurate
model results.
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1 Introduction

Major primary pollutants such as nitrogen oxides (NOx =

NO + NO2), carbon monoxide (CO), sulfur dioxide (SO2),
and particulate matter are emitted at or near the surface in ur-
ban areas. Oxidation of the primary emitted pollutants forms
secondary pollutants, such as ozone (O3), through photo-
chemical reactions. These primary and secondary pollutants
directly affect air quality and human health in urban areas.
In addition, emissions and their products exported from ur-
ban areas can have large-scale impacts on background levels
of pollutants downwind of urban areas through transport on
local (∼10–100 km), regional (∼100–1000 km), and global
scales (>1000 km) (e.g. Daum et al., 1996; Jacob et al.,
1999; Parrish et al., 1998; Li et al., 2002; Angevine et al.,
2004; Owen et al., 2006; Cooper et al., 2010). Long-range
transport from remote pollution sources can significantly im-
pact attainment of local air-quality standards (e.g. Park et al.,
2004; Auvray and Bey, 2005; Wang et al., 2009a). Therefore,
understanding the transport and chemical evolution of urban
plumes in the troposphere is essential for accurate prediction
of air quality at a variety of spatial scales.

Considerable effort to understand the transport processes
and associated chemical transformation have been made
through several large-scale field campaigns and model sim-
ulations, especially over North America and the North At-
lantic Ocean (Table 1 in Fehsenfeld et al., 2006). Li et
al. (2005) calculated that approximately 38 % of the summer-
time North American CO export occurs below 3 km. Owen
et al. (2006) suggested that low-altitude (<∼3 km) transport
of pollutants from North America above the marine bound-
ary layer (MBL) may provide an effective mechanism for this
export. Through the analysis of reactive nitrogen compounds
from aircraft measurements during the ICARTT (Interna-
tional Consortium for Atmospheric Research on Transport
and Transformation) field campaign (Fehsenfeld et al., 2006;
Singh et al., 2006), Neuman et al. (2006) found that the pollu-
tants emitted from the urban corridor of the northeastern US
can be efficiently transported hundreds of km downwind over
the North Atlantic Ocean. Mao et al. (2006) analyzed in-situ
O3 measurements obtained from semi-Lagrangian balloons
in which high O3 mixing ratios over the North Atlantic, com-
pared to the northeastern US, were captured during the trans-
port of urban plumes. Real et al. (2008) used a Lagrangian
analysis of the ICARTT measurements to show that urban
plumes originating from the New York City (NYC)–Boston
region reach Western Europe. Efficient transport of nitric
acid (HNO3), a major product of NOx oxidation in urban
plumes (Trainer et al., 1995), can play an important role in
maintaining O3 levels in the plumes carried across the At-
lantic through NOx regeneration and photochemical produc-
tion (Neuman et al., 2006; Real et al., 2008). In those stud-
ies, efficient low-level long-range transport was attributed
to the existence of an atmospheric inversion layer over the
North Atlantic Ocean, which had been identified by previous

measurements over the region that showed MBL heights less
than∼100 m (e.g. Daum et al., 1996; Angevine et al., 1996,
2004). Angevine et al. (2006) examined meteorological char-
acteristics and associated transport processes over the north-
eastern US using a three-dimensional meteorological model
in which the New York City and Boston emissions were con-
sidered as tracers. They also attributed model-measurement
discrepancies and the difficulty of simulating stable bound-
ary layers to atmospheric boundary layer (ABL) processes.

Here, we characterize fine-resolution horizontal and ver-
tical structures in the NYC urban plumes using aircraft
measurements, and explain the low-level transport mecha-
nism and photochemical transformation processes of the ur-
ban plumes over the North Atlantic Ocean using a coupled
meteorology-chemistry model. We also investigate the im-
pact of chemical initial and boundary conditions (IC/BCs)
on the plume simulations over the northeastern US.

A case of well-defined NYC urban plumes is selected
and investigated in the aircraft measurements from the New
England Air Quality Study (NEAQS) and Intercontinental
Transport and Chemical Transformation (ITCT) study. The
NEAQS-ITCT, conducted by NOAA as one component of
ICARTT, deployed two research aircraft, the NOAA WP-3D
and the DC-3, in combination with the NOAA Research Ves-
selRonald H. Brown. The WP-3D aircraft made in-situ mea-
surements of a number of trace gases and aerosols as well
as meteorology over the northeastern US urban areas (New
York City and Boston) and the North Atlantic Ocean (the
Gulf of Maine). The lidar instrument onboard the DC-3 air-
craft mapped the horizontal and vertical distributions of at-
mospheric ozone and aerosols below 3 km altitude, cover-
ing areas similar to those observed by the WP-3D. The in-
tegrated measurements of meteorology and chemical species
give a unique opportunity to understand the low-level trans-
port of pollutants from New York City over the North At-
lantic Ocean.

In this study we use the WRF-Chem (Weather Research
and Forecasting-Chemistry) model to interpret these obser-
vations and to understand transport and transformation pro-
cesses. The model’s performance in simulating transport and
chemical transformation of the urban plumes over the North-
eastern US region is assessed by comparison to the obser-
vations. In addition, output from a global chemical trans-
port model, emissions from Alaskan/Canadian wildfires, and
North American anthropogenic/biogenic emissions are in-
cluded as chemical IC/BCs using a dynamic downscaling ap-
proach for chemistry (Song et al., 2008).

The manuscript is presented as follows. Section 2 de-
scribes the selected urban plume case and synoptic me-
teorological conditions. Section 3 describes the coupled
meteorology-chemistry model and its physical and chemical
process configurations for the simulations, including chemi-
cal IC/BCs considered. Section 4 presents the characteristics
of urban and biomass-burning (BB) plumes observed from

Atmos. Chem. Phys., 11, 7375–7397, 2011 www.atmos-chem-phys.net/11/7375/2011/



S.-H. Lee et al.: Modeling ozone plumes observed downwind of New York City 7377

Table 1. Physical and chemical processes used for WRF-Chem model domain 1 (27 km), domain 2 (9 km), and domain 0 (60 km).

Category Setup (domains 1 and 2) Setup (domain 0)

Shortwave radiation Simple shortwave scheme (Dudhia, 1989) Simple shortwave scheme
Longwave radiation RRTM (Mlawer et al., 1997) RRTM
Turbulence Mellor-Yamada-Janjic scheme (Janjic, 1990) Mellor-Yamada-Janjic scheme
Land surface process Noah LSM with UCM

(Chen and Dudhia, 2001)
Noah LSM with UCM

Grid-scale clouds WRF single-moment 5-class scheme (Hong et
al., 2004)

WRF single-moment 5-class scheme

Subgrid-scale clouds Grell-Devenyi ensemble scheme
(Grell and Devenyi, 2002) (Domain 1 only)

Grell 3d cumulus ensemble scheme

Advection Positive definite and monotonic scheme (Wang
et al., 2009b)

Positive definite and monotonic scheme

Gas chemistry RACM (Stockwell et al., 1997) RACM
Aerosol MADE (Ackermann et al., 1998)

SORGAM (Schell et al., 2001)
MADE/SORGAM

Photolysis TUV (Madronich, 1987) TUV
Anthropogenic emission NEI05 NEI05
Biogenic emission BEIS 3.13 MEGAN2

the research aircraft in comparison with the model-simulated
plumes, identifies the sources of the urban plumes, and ex-
plains the characteristics of low-level transport and chemi-
cal transformation using the model simulations. Sensitivity
analyses for different chemical IC/BCs are also presented in
Sect. 4, followed by a summary and conclusions in Sect. 5.

2 Selection of a case study

The main research objectives of the NEAQS-ITCT field
study included (1) the verification of emissions from cities
(e.g. New York City and Boston), point sources (e.g. Ohio
River Valley power plants), and biogenic sources in the east-
ern US, (2) the characterization of local and long-range trans-
port and turbulent mixing processes of anthropogenic pollu-
tants exported from the North American continental (convec-
tive) boundary layer, including intercontinental transport to
Europe, (3) the understanding of the chemical transformation
of the primary pollutants forming secondary pollutants such
as ozone, and (4) the performance evaluation of air quality
models. The NOAA WP-3D aircraft and the DC-3 lidar air-
craft deployed extensive instrumentation to characterize at-
mospheric chemical constituents and meteorology over the
eastern US and the North Atlantic Ocean, especially in the
lowest layer of the atmosphere (<3–4 km) (see Figs. A1 and
A2 in Fehsenfeld et al. (2006) for the WP-3D and DC-3 flight
tracks during ICARTT). The WP-3D aircraft conducted a to-
tal of 18 flights between 5 July and 15 August 2004 based out
of Portsmouth, New Hampshire. In this study two flights that
focused on the NYC urban plumes near the source region and
in downwind areas are investigated in detail. The 20 July and
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Fig. 1. Infrared images combined from GOES-WEST, GOES-
EAST, and METEOSAT-7 geostationary satellites over North
America and the North Atlantic Ocean on 20 and 21 July with a
12-h interval. Contours indicate mean sea level pressure in hPa.
A white arrow indicates an export pathway of the North America
pollutants in association with transient mid-latitude cyclones and
a stationary maritime high pressure system in the North Atlantic
Ocean.

21 July flights measured the chemical composition of fresh
NYC urban plumes intercepted over Long Island and in aged
NYC plumes over the Gulf of Maine, respectively. In addi-
tion, distinctive biomass-burning signals were also captured
at about 3 km altitude over Pennsylvania on 20 July and over
Cape Cod on 21 July.

WP-3D measurements of O3, CO, HNO3, NOx, and to-
tal reactive nitrogen species (NOy = NO + NO2 + HNO3
+ peroxyacetyl nitrates (PANs)) are analyzed to characterize
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the urban plume and its photochemical evolution. The WP-
3D data have approximately 100-m horizontal and 5-m verti-
cal resolutions, based on the normal aircraft speed. In the
area where the WP-3D encountered the NYC plumes on
both days, the DC-3 lidar aircraft remotely measured sev-
eral ozone urban plumes near New York City (20 July) and
far downwind of the source areas (21 July) with 600-m hor-
izontal and 90-m vertical resolutions. In addition, measured
meteorological variables such as potential temperature, spe-
cific humidity, and wind fields from the WP-3D and the DC-
3 (drop-sondes) are also analyzed for the model evaluation
and the meteorological characterization of the atmosphere
over the North Atlantic Ocean. The aircraft measurements
with high spatial and temporal resolutions were projected
on the model grid, and then median values of the observa-
tions at each model grid point were selected and compared
to the simulated values. Measurements details including in-
strument payloads in each aircraft can be found in Fehsenfeld
et al. (2006).

Synoptic meteorological conditions for the two selected
days were dominated by the North Atlantic (“Bermuda”)
High sitting in region of 40◦ W–50◦ W and 35◦ N–45◦ N
(Fig. 1). After the passage of a low pressure system, the NYC
metropolitan area had fair weather conditions. Surface warm
and cold fronts associated with the cyclonic flow, which ac-
count for most of the pollutant export from North America
(Cooper et al., 2002; Li et al., 2005; Fang et al., 2009),
swept air pollutants northeastward to Nova Scotia. There-
fore, the selected days are favorable to examine the transport
and chemical transformation processes of urban plumes re-
leased from the NYC metropolitan area.

3 Model description and experimental design

3.1 WRF-Chem model and experimental setup for
control simulation

The WRF-Chem model (Version 3.1) used in this study is an
online extension of the WRF model for chemistry (Grell et
al., 2005). Anthropogenic and biogenic emissions, gas and
aqueous phase chemical transformation, aerosol formation,
and dry/wet deposition are coupled with the WRF meteorol-
ogy model. Therefore, all conservative chemical properties
are consistently transported by modeled meteorology. The
WRF model is a three-dimensional, fully compressible, non-
hydrostatic meteorological model with an Arakawa-C grid
system and a terrain-following pressure coordinate. It also
has one-way or two-way nesting capability for a high reso-
lution simulation in the area of interest. The WRF model
includes various physical processes of radiation, turbulent
mixing, grid-scale microphysics, subgrid-scale convection,
and land-atmosphere interaction (Skamarock et al., 2008).

For the transport and chemical transformation simulations
in this study, the WRF-Chem model is configured with two
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Fig. 2. (a)Configuration of WRF-Chem domains for control simu-
lations. The coarse domain (domain 1) has a horizontal resolution
of 27 km (100× 86 mesh), and the nested domain (domain 2) has a
horizontal resolution of 9 km (121× 121 mesh). The nested domain
2 shows a spatial distribution of dominant land-use type based on
the USGS (United States Geological Survey) land-use data for nat-
ural surfaces and the NLCD (National Land Cover Dataset 2001)
for three urban classes.(b) A larger WRF-Chem domain (domain
0) with a horizontal resolution of 60 km (135× 115 mesh) designed
to provide chemical initial and boundary conditions for the 27 km
domain. A spatial distribution of total CO emissions from wildfires
during the period of 12–19 July 2004 is shown.

domains (Fig. 2a). The coarse domain (domain 1) has a hor-
izontal resolution of 27 km (100× 86 mesh) covering the
eastern US and the North Atlantic Ocean (Fig. 2). The
nested domain (domain 2) has a 9 km horizontal grid spac-
ing (121× 121 mesh) including the major metropolitan ar-
eas of the northeastern US such as New York City, Boston,
Philadelphia, Baltimore, and Washington DC. The vertical
grid is composed of 41 full sigma levels stretching from near
surface (∼12 m at the first half sigma level) to the model top
(50 hPa). A one-way nesting approach is used for all simula-
tions, in which two model grids are integrated concurrently
without feedback between the coarse grid and the nested grid
(Skamarock et al., 2008).

Table 1 lists the physical and chemical processes used for
each domain. The WRF model uses a simple shortwave ra-
diation scheme (Dudhia, 1989) and the RRTM (Rapid Ra-
diative Transfer Model) for longwave radiation (Mlawer et
al., 1997). Vertical turbulent diffusion is calculated using
the Mellor-Yamada-Janjic (MYJ) scheme, a 1.5-order tur-
bulence closure scheme predicting turbulent kinetic energy
(TKE) (Janjic, 1990). Grid-scale clouds are resolved using

Atmos. Chem. Phys., 11, 7375–7397, 2011 www.atmos-chem-phys.net/11/7375/2011/



S.-H. Lee et al.: Modeling ozone plumes observed downwind of New York City 7379

a single-moment bulk microphysics scheme (Hong et al.,
2004), in which five water species (water vapor, cloud, rain,
ice, and snow) are considered. Subgrid-scale convective
clouds in the coarse domain are parameterized by the Grell-
Devenyi ensemble scheme (Grell and Devenyi, 2002). Tur-
bulent exchanges of momentum and energy in the interface
between the surface and the overlying atmosphere are calcu-
lated using the Noah land surface model (LSM) (Chen and
Dudhia, 2001), which provides the physical bottom bound-
ary conditions of the WRF model governing equations. The
urban areas in the model domains are remapped using the
National Land Cover Dataset (NLCD) 2001, by which ur-
ban areas are classified into three sub-classes of commer-
cial/industrial area, high-density residential area, and low-
density residential area (Fig. 2a). Momentum and energy
exchanges in urban patches are calculated using a single-
layer urban canopy model (UCM) in combination with the
updated urban land-use mapping. When this urban parame-
terization was used in WRF-Chem simulations over the NYC
metropolitan area, the observed chemical species (e.g. CO,
O3, NOx) as well as meteorology near New York City were
better reproduced compared to simulations without the urban
parameterization (Lee et al., 2009).

This study uses the RACM gas-phase chemistry mech-
anism (Stockwell et al., 1997) with the MADE/SORGAM
aerosol module (Ackermann et al., 1998; Schell et al., 2001).
The RACM mechanism includes 73 chemical species and
237 chemical reactions. The Kinetic PreProcessor (KPP)
method (Damian et al., 2002) is used to generate the code
of the RACM mechanism compatible with the WRF-Chem
model. Photolysis rates for chemical species are calculated
using the TUV (Tropospheric Ultraviolet-Visible) scheme
(Madronich, 1987) which takes simulated ozone, hydromete-
ors, and aerosols into account in solving the radiative transfer
equations. The US Environmental Protection Agency (EPA)
National Emission Inventory 2005 (NEI05) was used for an-
thropogenic area emissions (including mobile sources). This
version of the NEI05 consists of gridded hourly emissions
for seven primary pollutant sources (CO, NOx, SO2, NH3,
PM2.5, PM10, and VOC) covering the US, southern Canada,
and northern Mexico. Hourly emissions of NOx and SO2 for
many large US point sources were obtained from 2006 Con-
tinuous Emissions Monitoring System (CEMS) data. Bio-
genic emissions are calculated using the Biogenic Emis-
sions Inventory System (BEIS) Version 3.13 which updates
the emissions during the model integration according to the
model simulated temperature and radiation at each vegeta-
tion type.

The advection of all conservative scalars (e.g. hydrome-
teors, chemical species, TKE) is calculated using the third-
order Runge-Kutta time-integration scheme in combination
with space discretization of advective fluxes with fifth-order
accuracy in the horizontal direction and third-order accu-
racy in the vertical direction (Skamarock et al., 2008). The
monotonic flux limiter based on flux renormalization is ap-

plied for the conservative scalars in order to satisfy positive-
definiteness (i.e. not allowing negative values) and mono-
tonicity (i.e. not allowing spurious local minima and max-
ima) (Wang et al., 2009b).

The NCEP (National Centers for Environmental Predic-
tion) final analysis (FNL) data (horizontal resolution 1◦

× 1◦)

with 6-h intervals are used as meteorological initial and
boundary conditions. The meteorological fields (winds, tem-
perature, and specific humidity) from the FNL data are
nudged in the levels above the ABL height during the model
integration using a Newtonian nudging approach. Initial
mixing ratios of chemical species are assigned following
McKeen et al. (2002) and Liu et al. (1996) which consist
of spatio-temporally invariant vertical profiles of gaseous
and aerosol components representing Northern Hemispheric,
mid-latitude, clean environmental conditions. O3 mixing ra-
tios are set to 30 ppbv from the surface to about 500 m, in-
creasing gradually to 60 ppbv at 12 km, then increasing ex-
ponentially to about 170 ppbv at 15 km which remains con-
stant to the model top (∼20 km). CO conditions are set to
80 ppbv homogeneously up to 14 km, then decreasing ex-
ponentially to 70 ppbv at the model top. Based on the pre-
scribed time-invariant (“static”) vertical profiles, the model
lateral boundary mixing ratios of chemical species are deter-
mined by constant inflow and zero-gradient outflow condi-
tions (Skamarock et al., 2008).

The control simulation with the above model configura-
tion is conducted for four days from 00:00 UTC 18 July
2004 to 00:00 UTC 22 July 2004, during the ICARTT field
campaign. The model is run continuously for the simula-
tion period with a two-day spin-up on 18–19 July. Sea sur-
face temperatures are taken from the NCEP FNL data, being
held constant as initial conditions during the simulation pe-
riod. The analyses of simulated meteorology and chemical
plumes, shown in Sects. 4.1–4.3, are based on the nested do-
main (9 km resolution) of the control simulation.

3.2 Experimental setup for dynamic (“time-variant”)
chemical IC/BCs

In order to investigate the impact of chemical IC/BCs on the
simulation of the NYC ozone plumes, a separate WRF-Chem
domain with a horizontal resolution of 60 km (135× 115
mesh), which is designed to provide initial mixing ratios
and time-variant lateral boundary conditions of gaseous and
aerosol components for the 27 km domain, is configured cov-
ering the whole US, Canada, and Mexico (Fig. 2b). This
domain is large enough to represent Alaskan/Canadian for-
est fires that occurred during the ICARTT field campaign
period. The vertical grid of the 60 km domain consists of
41 sigma levels with the same vertical spacing of the 27 km
domain. The RACM gas-phase chemistry in combination
with the MADE/SORGAM aerosol mechanism is used for
the 60 km model domain, consistent with the 27 km domain.
Most meteorological and chemical processes used for the
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60 km domain are also identical to those of the 27 km do-
main (Table 1). Therefore, the calculated chemical species
from the 60 km domain are identical with those in the 27 km
domain, and they are provided to the 27 km domain as chemi-
cal IC/BCs without any of the chemical mapping that is com-
monly required using a global chemical transport model out-
put (e.g. Song et al., 2008; Tang et al., 2009). This design
of an intermediate (“buffer”) domain may be of benefit in re-
ducing potential errors caused by inconsistencies in chemical
mechanism as well as in model horizontal/vertical grid reso-
lutions between different two models when chemical IC/BCs
from a coarse global chemical transport model are used.

Three simulations with the 60 km domain configu-
ration are conducted: (1) simulation with chemical
IC/BCs using the MOZART-4 (Model for Ozone and Re-
lated Chemical Tracers Version 4) model and wildfire
emissions (“MOZARTBB”); (2) simulation with chemi-
cal IC/BCs using prescribed profiles and wildfire emis-
sions (“WRF60kBB”); and (3) simulation with chemical
IC/BCs using prescribed profiles without wildfire emissions
(“WRF60k”). The WRF-Chem model in the 60 km simu-
lations is integrated for 12 days from 00:00 UTC 11 July
to 00:00 UTC 23 July using meteorological IC/BCs of the
NCEP FNL, which are nudged during the simulation period.
The integration time span of the 60 km domain was deter-
mined by backward trajectory analysis of a biomass-burning
plume captured on 20 July by the NOAA WP-3D aircraft,
which showed that the BB plume originated in Alaska around
13 July.

The MOZART-4 model is a global chemical transport
model for the troposphere that includes 85 gas-phase species,
12 bulk aerosol compounds, 39 photolysis reactions, and 157
gas-phase reactions (Emmons et al., 2010). This study uses
outputs obtained from the MOZART-4 model with a hori-
zontal resolution of approximately 2.8◦

× 2.8◦ and 28 verti-
cal levels from near surface to approximately 2 hPa. A soft-
ware package developed by the National Center for Atmo-
spheric Research (NCAR) was used to generate chemical ini-
tial fields and time-varying boundary conditions compatible
with the WRF-Chem chemistry from the MOZART-4 model
outputs (http://www.acd.ucar.edu/wrf-chem/).

Wildfire emissions were calculated first on a daily basis
using the Brazilian biomass burning emission model (Fre-
itas et al., 2005; Longo et al., 2010), in which wildfire-
emitted tracer mass for a certain species is estimated from
the multiplicative product of combustion efficiency, biomass-
fuel loading, the emission factor for a certain species, and the
burned area. The emission factors (fraction of emitted mass
per biomass fuel mass burned) and combustion factors were
calculated based on Andreae and Merlet (2001) and Ward et
al. (1992). The fire locations and burned area were obtained
from a combination of three satellite data sets: the Geosta-
tionary Operational Environmental Satellite-Wildfire Auto-
mated Biomass Burning Algorithm (GOES WFABBA) fire
product (Prins et al., 1998), the Moderate Resolution Imag-
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Fig. 3. (a)Vertical and temporal distribution of the model-estimated
wildfire CO emissions in Alaska from 12 July to 15 July.(b) Tem-
poral distribution of the wildfire CO emissions averaged over the
Alaska area from 12 July to 19 July.(c) Mean vertical fraction of
the injected wildfire CO emissions averaged over Alaska during the
same time period.

ing Spectroradiometer (MODIS) fire product (Giglio et al.,
2003), and the Advanced Very High Resolution Radiome-
ter (AVHRR) fire product from NOAA polar-orbiting satel-
lites (Pu et al., 2007). The calculated wildfire emissions
were adjusted by matching to the CO emission amount es-
timated from a bottom-up fire emission inventory (Turquety
et al., 2007). Injection heights of wildfire emissions are de-
termined during the simulation by solving an embedded 1-
dimensional plume-rise model (Freitas et al., 2005) using a
super-parameterization concept (Grabowski, 2001). Plume-
rise calculation was updated every 30 min during the simula-
tion.

The spatial distribution of total estimated CO emissions
from wildfires during the period of 12–19 July is shown in
Fig. 2b. Major CO emissions are found in Alaska (125◦ W–
170◦ W) with a total of about 3.7 Tg CO emitted during the
period. This amount is about 16 % of the total wildfire CO
emissions (23.6 Tg) over the Alaska-Yukon region during
ICARTT estimated in Turquety et al. (2007). Figure 3 shows
detailed spatial and temporal distributions of wildfire CO
emissions averaged over the Alaskan area. The calculated
injection heights of wildfire CO emissions show a distinc-
tive diurnal variation (Fig. 3a). The wildfire CO emissions
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are distributed in an atmospheric layer ranging from 2 km to
6 km during the daytime, while their injection heights are rel-
atively low, ranging from several hundred meters to 2 km, in
the stably stratified atmosphere during the night. This char-
acteristic diurnal variation in the injection height of wildfire
plumes is similar to the results for forest fires obtained from
a 1-dimensional plume-rise model (see Fig. 7 in Freitas et
al., 2007). The largest wildfire CO emissions were estimated
on 12 July with a rate of about 35 Gg h−1 during the simula-
tion period, gradually decreasing to about 5 Gg h−1 in several
days (Fig. 3b). A maximum of about 6 % of the total esti-
mated CO emissions were released in a layer around 4 km
altitude (Fig. 3c).

4 Results

4.1 Evaluation of model meteorology

The model-simulated meteorology on 20 and 21 July is eval-
uated with measurements from the WP-3D aircraft and sur-
face meteorological stations. The WP-3D flights were con-
ducted mostly within the ABL (below 1.5 km), often reach-
ing up to about 3–4 km for vertical profiles, during the day-
time (around 14:00–21:00 UTC). On 21 July, most of the
WP-3D flight took place over the North Atlantic (the Gulf of
Maine), including several horizontal transects below 0.5 km
altitude. Four surface meteorological stations near New
York City were also used for model evaluation. Stations
JFK (John F Kennedy International Airport) and LGA (La
Guardia International Airport) are located in urban areas on
Long Island, and stations 44025 (buoy station) and ALSN6
(Ambrose Light Station) are located off the southern part of
Long Island. These stations, in combination with the WP-3D
are useful to evaluate simulated local meteorological condi-
tions near New York City, where fresh urban plumes orig-
inated, and over the North Atlantic Ocean, where the aged
plumes were detected.

Statistics analyzed include the determinant coefficient
(R2), mean bias error (MBE), and root mean square error
(RMSE) with its systematic component (RMSEs), which are
formally defined in Lee (2011) from Willmott (1981). The
RMSEs is associated with systematic errors that can be cor-
rected by model physics and/or input parameters, and the
RMSE2

s/RMSE2 is a useful measure indicating a systematic
fraction of total error ranging from 0 to 1. Table 2 shows
statistical evaluation results from the WRF-Chem simula-
tion and the WP-3D measurement. The observed and sim-
ulated meteorology are well correlated on both days with
R2

= 0.98–0.99 in temperature andR2
= 0.88–0.92 in spe-

cific humidity. The simulated wind fields compare quite
well to the observed fields, especially wind direction with
R2

= 0.87–0.88. The underestimation of simulated temper-
atures (MBE= −1.7◦C on 20 July and= −1.2◦C on 21
July) is mainly associated with systematic errors, having

RMSE2
s/RMSE2 of about 0.8, while the error in simulated

specific humidity (MBE= −0.4 g kg−1 on both the days) is
relatively non-systematic (random). The systematic error in
the temperature field is partly attributed to meteorological
IC/BCs from the NCEP FNL data.

Table 3 shows statistical evaluation results against the four
surface meteorological stations. The simulated 2-m air tem-
peratures at the two urban stations compare well with the ob-
servations, with MBEs of 0.2◦C (station JFK) and−0.2◦C
(station LGA) and RMSE= 0.7◦C at both stations. The ob-
served 2-m air temperatures at the stations over the ocean
were about 22–25◦C with a diurnal variation of 1–2◦C,
while the simulated 2-m air temperatures are about 22◦C
with a smaller diurnal amplitude than the observation. The
slight underestimation of about 1–2◦C and small diurnal
variation in simulated 2-m air temperature may be partly at-
tributed to the use of static (constant) sea surface tempera-
tures during the simulation period. The observed specific hu-
midity is underestimated by about 1 g kg−1 in all compared
stations. The surface winds on 20 July were southerly or
southwesterly flows, and then changed to northerly winds on
21 July according to large-scale forcing changes. As the sea
breeze develops on 21 July, the wind direction changed from
northerly to westerly around 16:00–17:00 UTC (not shown).
The model captured the observed wind fields with MBEs of
1–2 m s−1 for wind speed and less than 10◦ in wind direction.

The evaluation shows that the model did reasonably well
at simulating local and regional meteorology including at-
mospheric structures of the stable MBL demonstrated in
Sect. 4.2, which drives urban plumes and chemical trans-
formation during transport. The statistics for model perfor-
mance here are comparable to those of previous mesoscale
model simulations (e.g. Holt and Pullen, 2007). As will be
described below, the simulated NYC urban plumes compared
well with the observations obtained in the far downwind re-
gion as well as in the near source area. This also implies that
the WRF model successfully reproduced the meteorological
evolution in time and space, consequently enabling accurate
transport and chemical transformation simulations of the ur-
ban chemical plumes.

4.2 Characterization of New York City urban plumes

4.2.1 Urban plumes in the WP-3D observations and
simulation

Carbon monoxide is used to identify strong urban and
biomass-burning plumes in the WP-3D measurements. Fig-
ures 4 and 5 show the observed and simulated CO mixing
ratios along the WP-3D flight tracks on 20 and 21 July, re-
spectively. The aircraft altitude is plotted with the green solid
line in Figs. 4b and Fig. 5b. The research aircraft observed
distinct CO plumes on both days that originated from dif-
ferent sources: anthropogenic plumes and biomass-burning
plumes. On 20 July (Fig. 4), the research aircraft intercepted
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Table 2. Statistics from the comparison of WRF-Chem simulation with the WP-3D measured meteorology.T , q, WS, WD represent air
temperature, specific humidity, wind speed, and wind direction, respectively. Positive values of MBE in wind direction stand for a clockwise
bias from the observed wind direction.

20 July 21 July

T q WS WD T q WS WD
(◦C) (g kg−1) (m s−1) (deg) (◦C) (g kg−1) (m s−1) (deg)

N 1041 1041 1041 1041 496 496 478 478
R2 0.98 0.88 0.57 0.88 0.99 0.92 0.66 0.87
MBE −1.7 −0.4 −0.2 −3.3 −1.2 −0.4 0.1 0.1
RMSE 1.9 1.3 2.1 18.4 1.5 1.4 1.5 30.3
(RMSE2

s/RMSE2) (0.77) (0.27) (0.43) (0.07) (0.79) (0.31) (0.38) (0.17)

Table 3. Statistics from the comparison of WRF-Chem simulated meteorology with measurements from four surface meteorological stations.
Positive values of MBE in wind direction stand for a clockwise bias from the observed wind direction.

Station ID
T (◦C) q (g kg−1) WS (m s−1) WD (deg)

MBE RMSE MBE RMSE MBE RMSE MBE RMSE

KJFK 0.2 0.7 −1.3 1.6 −2.2 2.5 −3.2 40.2
KLGA −0.2 0.7 −0.8 1.2 −1.3 1.6 −18.9 63.4
44 025 −0.8 1.2 −1.0 1.2 0.8 1.5 −9.9 47.6
ALSN6 −1.6 1.9 −0.9 1.4 −0.8 1.5 −1.1 27.2

strong urban plumes (“New York City” plumes) with CO
mixing ratios of over 350 parts per billion by volume (ppbv)
immediately downwind of New York City at about 1 km air-
craft altitude between 18:00 UTC and 19:00 UTC. After a
cold frontal passage swept aged pollutants away from NYC
(Fig. 1), the measured strong urban plumes from the NYC
metropolitan area are easily distinguished from the back-
ground level. In addition, the aircraft captured strong CO
plumes, reaching 400 ppbv, over Pennsylvania at about 3 km
altitude between 17:00 UTC and 18:00 UTC. The analysis
of WP-3D acetonitrile (CH3CN) measurements, an indica-
tor of biomass-burning emission, and trajectory modeling of
the plume showed that it originated from the Alaskan wild-
fires (de Gouw et al., 2003, 2006). On 20 July, the aircraft
observed several other aged urban plumes with CO mixing
ratios of 250 ppbv over the Gulf of Maine.

The WRF-Chem model reproduces the location of the
NYC plumes and the enhancement of CO mixing ratios in
these plumes (Fig. 4a and b). The simulated CO mixing ra-
tios along the flight track are generally lower than the obser-
vations by about 40 ppbv on average (Fig. 4b). The under-
predictions of simulated CO may be caused by several fac-
tors such as uncertainties in both local and remote emissions,
errors in their transport to the area of interest, other physical
and chemical processes. On the other hand, the WRF-Chem
model fails to reproduce the CO enhancement in the mea-
sured BB plumes (Fig. 4a and b). This result is expected be-

cause the model does not consider biomass-burning sources
of the intercepted plumes, which, according to backward tra-
jectory analyses, might have originated from Alaskan wild-
fires outside of the coarse 27 km domain.

On 21 July (Fig. 5), strong CO plumes from NYC urban
emissions and biomass-burning were also measured by the
research aircraft. The measured NYC urban plumes were
aged, and intercepted over the North Atlantic Ocean about
600 km downwind of New York City between 14:30 UTC
and 15:30 UTC as well as 19:00 UTC and 20:00 UTC at
about 0.3 km altitude (Fig. 5a and b). The measured CO
mixing ratios reached a maximum of about 350 ppbv, which
is comparable to the levels observed in urban plumes near
New York City on 20 July. The WRF-Chem model simu-
lates the CO enhancement in association with the observed
urban plumes, but it underestimates peak CO mixing ratios
by about 100 ppbv. The simulated CO mixing ratio averaged
along the flight track is about 20 ppbv lower than the obser-
vations (Fig. 5b), similar to 20 July. BB plumes were also
intercepted by the aircraft, over Cape Cod at about 3 km al-
titude around 20:00 UTC on 21 July. These measured BB
plumes are not reproduced by the model for the same rea-
sons discussed for 20 July (Fig. 5a and b).

Figure 6 shows vertical distributions of chemical species
(CO, O3, NOy, and HNO3), ratios of chemical species
(CO/NOy, NOx/NOy, and O3/CO), and meteorological fields
(potential temperature, water vapor mixing ratio, and wind
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Fig. 4. (a)Observed and simulated CO mixing ratios along the WP-3D flight track on 20 July. Times of aircraft measurement are depicted.
(b) Comparison of observed (dot) and simulated (red line) CO mixing ratios on 20 July as a function of time. “NYP” and “BB” in the figures
indicate New York City urban plumes and biomass-burning plumes. Green solid line denotes the aircraft altitude. Dashed lines and values in
(b) indicate mean mixing ratios below 1.5 km in observation and simulation, respectively.

direction and speed) in the NYC urban plume intercepted in
the ascending (“spiral”) track of the WP-3D around 18:45
UTC on 20 July (shown in Fig. 4b). The spiral was conducted
along a vertically slanted path starting above the ocean and
Long Island. A strong urban plume layer is well defined
in the vertical profiles, starting from about 0.5 km up to
1.5 km (shaded in Fig. 6) with a mixed layer height of about
1.8 km. The steep gradient seen at about 0.5 km in the pro-
files indicates that the urban plume is decoupled from the
ocean surface (Fig. 6a). Relatively homogeneous profiles in
the measured chemical species ratios above the 0.5 km level
also suggest the air mass originated from the same pollutant
sources in the NYC area (Fig. 6b). Local maxima of CO
(∼350 ppbv), NOy (∼35 ppbv), and HNO3 (∼20 ppbv) are
found at a relatively low level of 0.4–0.5 km, while higher
O3 mixing ratios of about 100 ppbv are found in the level of
0.8–1 km (Fig. 6a). In this urban plume HNO3 is a major ox-
idation product, accounting for 50–60 % of NOy. The ratio
NOx/NOy ranges between 0.3 and 0.4 in the plume layer, in-
dicating relatively recent transport from the NYC metropoli-
tan area (Fig. 6b).

The formation of the vertically decoupled plume structure
described above is associated with meteorological conditions

(Fig. 6c). The atmosphere was stably stratified with a vertical
gradient of potential temperature over 10 K km−1 in the day-
time lower atmosphere below 0.5 km over the ocean. Winds
gradually changed with height from southwesterly flow of
about 8 m s−1 near the surface to westerly flow of 4 m s−1 at
about 1 km. In general, as thermal atmospheric stability in-
creases relative to wind shear, the gradient Richardson num-
ber, defined as the ratio of buoyancy production to the verti-
cal shear production, increases, and consequently turbulence
is suppressed and eventually collapses. This condition re-
sults in a decoupling of the air from the surface in terms of
turbulence exchange, as shown by the observations over the
MBL. NYC urban plumes extended vertically by convective
turbulent mixing were transported over the stable MBL, con-
sequently forming the strong decoupled plume structure in
the coastal areas. The WRF-Chem model captures the verti-
cally decoupled plume structures in chemical species’ mix-
ing ratios and their ratios shown in the observed NYC ur-
ban plume. The reasonable reproduction of the characteristic
vertical structures in observations may be largely attributed
to the fact that the simulated meteorology compares well
to the observed thermal stability and wind shear (Fig. 6c).
The model-simulated mixing ratios are underestimated in the
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Fig. 5. (a)Observed and simulated CO mixing ratios along the WP-3D flight track on 21 July. Times of aircraft measurement are depicted.
(b) Comparison of observed (dot) and simulated (red line) CO mixing ratios on 21 July as a function of time. “NYP” and “BB” indicate New
York City urban plumes and biomass-burning plumes. Green solid line denotes the aircraft altitude. Dashed lines and values in(b) indicate
mean mixing ratios below 1.5 km in observation and simulation, respectively. The WP-3D was located outside of the model domain for the
missing period from 17:00 to 18:30 UTC.

strong plume layer (Fig. 6a). The bias in the simulated NOy
(=NO + NO 2 + NO3 + HNO3 + HONO + HNO4 + N2O5
+ PANs + organic nitrates) is largely attributed to underesti-
mation of the HNO3 mixing ratios (5–10 ppbv) by the model.
The CO and O3 mixing ratios compare better with observa-
tions by increasing their background levels when chemical
IC/BCs in the simulation WRF60k (dashed line in Fig. 6a)
are implemented, while the simulated NOy and HNO3 are
marginally enhanced.

4.2.2 Ozone plumes in the DC-3 lidar measurements
and simulation

The airborne lidar instrument on the NOAA DC-3 aircraft
measured the 3-dimensional ozone distribution near New
York City (20 July) and over the North Atlantic Ocean (21
July), allowing the vertical profiles of ozone plumes to be
characterized in detail under different meteorological condi-
tions. In addition, the comparison of ozone plumes measured
near the New York City source area and in the far downwind
region can demonstrate the evolution of ozone plumes during
transport over the North Atlantic Ocean.

Figure 7 shows horizontal and vertical distributions of
the observed and simulated ozone mixing ratios on 20 July.
The DC-3 aircraft captured several strong ozone plumes just
downwind of New York City between 21:30 UTC and 00:00
UTC (Fig. 7a), clearly showing the vertical distribution of
ozone in the plumes (Fig. 7b). Maximum mixing ratios of
ozone in the plumes ranged from 100 to 130 ppbv. The mea-
sured NYC ozone plumes reached an altitude of 1.5–2 km,
following the development of the daytime convective bound-
ary layer (CBL) over land. The plume heights over land were
higher by 500–1000 m than those of the plumes captured
over the Gulf of Maine between 19:00 UTC and 20:00 UTC
and over the ocean between 00:30 UTC and 01:00 UTC, in-
dicating that the plume heights decrease according to tran-
sition from a CBL regime to a stable MBL regime. The
WRF-Chem model reproduces the region with high ozone
levels near New York City, but it underestimates the observed
ozone levels (Fig. 7a). The vertical structures of the simu-
lated NYC ozone plumes are qualitatively similar to the ob-
servations. However, the simulated ozone mixing ratio in
the strong plume layer is lower by 10–20 ppbv than the ob-
servations. The discrepancy in modeled and observed ozone
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O3, NOy, and HNO3), (b) ratios of chemical species (CO/NOy,
NOx/NOy, and O3/CO), and(c) meteorological fields (potential
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NYC urban plume layer from 0.5 km to 1.5 km is shaded. Dashed
lines in(a) and(b) show results from the simulation with chemical
initial and boundary conditions including North American anthro-
pogenic and biogenic emissions (“WRF60k”).

mixing ratios is greater above the mixed-layer height. The
simulated ozone plumes are wider than the observed ones.
Figure 7c shows the observed and simulated vertical distri-
butions of a selected ozone plume around 23:15 UTC (de-
noted by the double-headed arrow in Fig. 7a and dashed lines
in Fig. 7b). Except for ozone differences mainly caused by
background levels, the observed and simulated ozone plumes
are similar in vertical structure, showing a vertically decou-
pled ozone plume structure. This characteristic feature is
similar to the ozone vertical structure in the NYC urban
plumes captured by the WP-3D on 20 July (Fig. 6a).

Figure 8 shows horizontal and vertical distributions of the
observed and simulated ozone mixing ratios on 21 July af-
ter the NYC ozone plumes had been transported for one day.
The aircraft encountered strong ozone plumes near Boston
and over the North Atlantic Ocean. The location of ozone
plumes (Fig. 8a) over the North Atlantic Ocean was close

to the position (∼68.0◦ W and 41.5◦ N in Fig. 5) of CO
plumes measured by the WP-3D aircraft on that day. The
ozone plumes had a vertically decoupled structure as well as
high ozone levels of 100–130 ppbv in the strong plume layers
(Fig. 8b). The ozone plume heights ranged 1–1.5 km, which
are lower than that of the ozone plumes measured near New
York City on the previous day. This finding implies that the
ozone plumes were efficiently transported in the lower at-
mosphere over the North Atlantic Ocean without significant
influence of O3 loss processes. An efficient transport mech-
anism and photochemical evolution of a strong NYC urban
plume will be explained in detail in Sect. 4.3. The simu-
lated ozone plumes compared well with the observations in
terms of the plume positions and their typical vertical struc-
ture (Fig. 8a and b). The ozone vertical distribution in an
observed plume around 22:30 UTC (denoted by the double-
headed arrow in Fig. 8a and dashed lines in Fig. 8b) shows
clearly enhanced ozone plume layers (over 100 ppbv) above
the ocean surface with the height of maximum O3 at around
0.3–0.5 km (Fig. 8c). The WRF-Chem model reproduces the
vertical decoupled structure of the ozone plume in the layer
below 1.5 km. However, the model systematically underesti-
mates the ozone mixing ratios above 1.5 km by 10–20 ppbv,
as on 20 July.

4.3 Transport and chemical transformation of ozone
plumes

The WP-3D and DC-3 aircraft measurements on 20 and 21
July clearly characterized the NYC urban plumes in the near-
source area and far downwind region horizontally and verti-
cally. The WRF-Chem model reproduced the characteristics
of the NYC urban plumes reasonably well, including plume
location and typical vertical structure. Based on the success-
ful simulations of meteorology and plume transport, ozone
evolution, source identification, and transport and chemical
transformation processes are examined further.

Figure 9 shows horizontal distributions of the simulated
O3 mixing ratios with horizontal wind fields from 15:00 UTC
on 20 July to 00:00 UTC on 22 July at 3-h intervals. The
ozone mixing ratios and horizontal winds are vertically aver-
aged from near the surface to about 1700 m. The ozone level
near New York City is relatively low at 15:00 UTC (10:00
local standard time) on 20 July when photochemical reac-
tions are relatively slow (Fig. 9a). At this time, weak ozone
plumes (∼70 ppbv), exported from the NYC metropolitan
area on the previous day, are located in the Gulf of Maine,
and transported by southwesterly winds. At 18:00 UTC the
ozone begins to increase in the Washington-Boston urban
corridor along the East Coast of the US with enhanced pho-
tochemical ozone production (Fig. 9b). Strong ozone plumes
over 90 ppbv appear near New York City, and move eastward
(Fig. 9c and d). This is the time period (21:00–24:00 UTC)
that the DC-3 aircraft captured several strong ozone plumes
near New York City (Fig. 7). The ozone plumes over the
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Gulf of Maine are enhanced in their mixing ratios by pho-
tochemical production during the transport over the North
Atlantic Ocean in the same period (Fig. 9b–d). During the
nighttime on 21 July (Fig. 9e–h), the detached NYC ozone
plumes move eastward, keeping ozone levels of 70–80 ppbv
in the plumes unaltered, and form an elongated band of en-
hanced ozone from the southwest to northeast. Meanwhile,
the ozone levels over New York City rapidly decrease mainly
due to titration, and the ozone plumes that were over the Gulf
of Maine at 15:00 UTC on 20 July move out to Nova Scotia.

As photochemical reactions begin again on 21 July
(Fig. 9i–l), ozone levels increase in the urban area. In addi-
tion, in the band of ozone plumes formed over the North At-
lantic Ocean the ozone level persists during the daytime. This
time period corresponds to when the WP-3D and DC-3 air-
craft intercepted strong ozone plumes on 21 July (Figs. 5 and
8). The persistent westerly or northwesterly winds from land

and southerly or southwesterly winds over the ocean generate
the convergence zone over the North Atlantic Ocean, leading
to the band of strong ozone plumes.

To identify sources and investigate the photochemical evo-
lution in the observed NYC ozone plumes, we conducted a
simulation with doubled CO emissions for the NYC area.
The contribution of the increased NYC source in the urban
plumes can be represented by the difference of the CO mix-
ing ratios between the simulation with doubled CO emissions
and the control simulation. Here the CO contribution of the
NYC source is specifically named CONYC. The vertically
extended NYC plume in the CBL (Fig. 6) is separated into a
lower atmospheric layer from∼140 m to∼600 m and an up-
per atmospheric layer from∼600 m∼1300 m. The lower at-
mospheric layer corresponds to the strong urban plume layer
observed by the WP-3D and DC-3 aircraft on 21 July (Figs. 5
and 8).
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Fig. 8. (a) Horizontal distributions of observed and simulated O3 mixing ratios measured from the DC-3 aircraft on 21 July. The ozone
mixing ratios are vertically averaged from near surface to about 1.5 km.(b) Vertical distributions of observed (top) and simulated (bottom)
O3 mixing ratios on 21 July as a function of time.(c) Mean profiles and standard deviations of observed and simulated O3 mixing ratios in
an ozone plume denoted by the double-headed arrow in(a) and dashed lines in(b).

Figure 10 shows horizontal distributions of the simulated
CONYC mixing ratios vertically averaged from∼140 m to
∼600 m, starting from 15:00 UTC on 20 July to 00:00 UTC
on 22 July with a 3-h time interval. During the daytime on 20
July, plumes of high CONYC in the lower atmospheric layer
appear near New York City due to strong emissions in the
urban area, and extend toward Cape Cod by southwesterly
winds (Fig. 10a–d). The extended NYC plumes detach from
New York City by northerly and northwesterly winds dur-
ing the nighttime on 21 July (Fig. 10e–h). The NYC source
forms a band of CONYC plumes over the North Atlantic
Ocean. This CONYC band persists through the daytime on 21
July (Fig. 10i–l). The forward trajectory of a CONYC plume
started at 18:00 UTC on 20 July was calculated to identify the
source of measured urban plumes on 21 July by the research
aircraft (Figs. 5 and 8). The column of the lower plume layer
was tracked following the column-averaged wind fields. The
plume location at each time is shown in Fig. 10c–l and the

full trajectory of the CONYC plume from 18:00 UTC on 20
July to 00:00 UTC on 22 July is shown in Fig. 10a. The
NYC source in the lower layer was transported northeast-
ward over land, and then moved over the ocean near Cape
Cod. These results confirm that the urban plumes measured
over the North Atlantic Ocean by the research aircraft on 21
July originated near New York City on 20 July. On the other
hand, it is clearly seen that strong CONYC plumes in the Gulf
of Maine, which originated from New York City on the pre-
vious day, are transported to Nova Scotia without significant
change in mixing ratio (Fig. 10a–f), and were intercepted by
the WP-3D on 21 July (not shown).

Figure 11 shows horizontal distributions of the simu-
lated CONYC mixing ratios vertically averaged from∼600 m
∼1300 m, starting from 15:00 UTC on 20 July to 00:00 UTC
on 22 July with a 3-h time interval. The CONYC plume above
New York City is enhanced as the CBL develops during the
daytime on 20 July (Fig. 11a–d). These CONYC plumes are
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Fig. 9. Horizontal distributions of simulated O3 mixing ratios and horizontal wind fields from 15:00 UTC on 20 July to 00:00 UTC on 22
July with 3-h intervals. The ozone mixing ratios and horizontal wind fields are vertically averaged from near surface to about 1700 m.

detached from Long Island and transported over the ocean
during the nighttime on 21 July (Fig. 11e–h), and elongate in
the confluent flow region (Fig. 11i–l). During the transport
of the plumes, their CONYC mixing ratios are almost unal-
tered. In addition, the upper part of the CONYC plume initi-
ated at 18:00 UTC on 20 July has a much different trajectory
(shown in Fig. 11a) compared to the lower part of the plume

(Fig. 10a), indicating that the pollutants were transported in
layers. These analyses clearly show that the transport pattern
of the NYC plume is subject to meteorology, consequently
altering the downwind region of influence.

The low-level atmospheric transport mechanism over the
North Atlantic Ocean and photochemical evolution in the ur-
ban plumes during the transport are investigated using the
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Fig. 10. Horizontal distributions of simulated CONYC mixing ra-
tios and horizontal wind fields in the lower-level NYC plume layer
from 15:00 UTC on 20 July to 00:00 UTC on 22 July with 3-h
intervals. The plotted CONYC mixing ratios are the difference be-
tween the simulation with doubled CO emissions for the New York
City area and the control simulation, and vertically averaged from
∼140 m to∼600 m. The full forward trajectory of an urban CONYC

plume originated from New York City from 18:00 UTC on 20 July
to 00:00 UTC on 22 July is shown in(a), and the location of the
plume tracked is depicted by asterisk marks in(c–l).

forward trajectories of the lower and upper plumes defined
above. At the initial time 18:00 UTC on 20 July, the NYC
urban plumes are well mixed vertically up to about 1.8 km.
Then, the urban plumes are transported in upper and lower
layers with different trajectories (Figs. 10a and 11a).

Figure 12 shows vertical distributions of O3 and O3/CO,
NOx, NOy and NOx/NOy, and HNO3 and potential temper-
ature along the forward trajectory of the lower-level NYC
plumes denoted in Fig. 10. For the initial several hours,
the NYC plume layer is transported in the transitional area
between land and sea surface. It is seen that the vertical
structures of chemical species adjust in accordance with the
formed thermal internal boundary layer (Fig. 12d), shrink-
ing (extending) the plume height over the ocean (over land)
(∼21:00 UTC on 20 July). As atmospheric stability in-
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Fig. 11.Horizontal distributions of simulated CONYC mixing ratios
and horizontal wind fields in the upper-level NYC plume layer from
15:00 UTC on 20 July to 00:00 UTC on 22 July with 3-h intervals.
The plotted CONYC mixing ratios are the difference between sim-
ulation with doubled CO emissions of the New York City area and
control simulation, and vertically averaged from∼600 m to∼1300
m. The full forward trajectory of an urban CO plume originated
from New York City from 18:00 UTC on 20 July to 00:00 UTC on
22 July is shown in(a), and the location of the plume tracked is
depicted by asterisk marks in(c–l).

creases over land during the nighttime (00:00–05:00 UTC),
the plumes are decoupled from the surface, and transported
over the nocturnal stable boundary layer. During the noc-
turnal transport over land, the lower plume layer maintains
O3 levels of 80–90 ppbv. The increase of NOx/NOy from
0.2 to 0.4 in the plume layer indicates that nocturnal an-
thropogenic emissions from the Cape Cod region partly con-
tribute to the NYC plumes. After 06:00 UTC on 21 July
when the transport of the lower plumes occurs over the North
Atlantic Ocean, the plume layer can be clearly defined re-
gardless of time of day. This is mainly attributed to a stably
stratified atmosphere (Fig. 12d) that significantly limits sur-
face deposition. The vertical gradients of potential tempera-
ture for the layer between 0.1–0.3 km were about 30 K km−1

over the North Atlantic Ocean (point 1: 67.30◦ W, 41.05◦ N,
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Fig. 12. Time-height plots of simulated(a) O3 and O3/CO, (b)
NOx, (c) NOy and NOx/NOy, and(d) HNO3 and potential temper-
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denote nighttime period and transport over land, respectively.

22:55 UTC and point 2: 67.04◦ W, 41.98◦ N, 24:10 UTC)
measured by drop-sondes from the DC-3 aircraft on 21 July
(not shown). The NOx levels of the plume layer, which are
largely maintained by transport of anthropogenic emissions,
remain at about 2 ppbv in the nocturnal transport over the
stable MBL between 06:00 UTC and 12:00 UTC on 21 July,
while the O3 mixing ratios are 80–90 ppbv. Thermal decom-
position of PANs slightly increases the NOx levels around
10:00–12:00 UTC. As photochemical reactions begin again
(after 13:00 UTC on 21 July), NOx oxidation results in a
rapid decrease of the NOx level down to 0.4–0.8 ppbv and an
increase of the O3 level to over 100 ppbv. During the trans-
port over the MBL occurring along isentropic surfaces be-
tween 292◦K and 297◦K, the HNO3 mixing ratios ranging
between 6–10 ppbv in the plume layer are maintained with
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Fig. 13. Time-height plots of simulated(a) O3 and O3/CO, (b)
NOx, (c) NOy and NOx/NOy, and(d) HNO3 and potential temper-
ature along the forward trajectory of the upper-level NYC plumes
(dashed lines) denoted in Fig. 11. Upper thick lines in(a) denote
nighttime period. The upper-level NYC plumes were transported
over the ocean during the full trajectory period.

slight increases when NOx is oxidized around 13:00 UTC on
21 July.

Figure 13 shows vertical distributions of O3 and O3/CO,
NOx, NOy and NOx/NOy, and HNO3 and potential temper-
ature along the forward trajectory of the upper-level NYC
plumes denoted in Fig. 11. The upper part of the plumes
is directly transported over the North Atlantic Ocean mov-
ing southeastward after leaving the NYC metropolitan area
(Fig. 11a). The characteristics of photochemical evolution in
the upper-level NYC plume layer are quite similar to those
in the lower-level NYC plume layer. The marine atmosphere
is stably stratified during the transport period (Fig. 13d) even
though the thermal stability is relatively weak compared to
that in the lower plume layer trajectory. As the plume layer
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moves farther from New York City, the vertically decoupled
structure is clearly seen. During nocturnal transport between
01:00 UTC and 12:00 UTC on 21 July, the O3 mixing ratios
in the plumes layer remain at 80–90 ppbv. The O3 level then
increases to over 100 ppbv as a result of daytime NOx oxida-
tion (after 13:00 UTC on 21 July). Similarly, NOx levels in
the range 0.8–2.0 ppbv in the plume layer are maintained dur-
ing nocturnal transport, and then are rapidly reduced below
0.8 ppbv by daytime NOx oxidation, consequently enhancing
O3 levels in the plume layer. As in the lower plume layer,
the HNO3 in the upper plume layer is efficiently transported
on isentropic surfaces over the North Atlantic Ocean in the
30-h plume trajectory while keeping its vertically decoupled
plume structure.

Efficient low-level transport of the NYC plumes over the
North Atlantic Ocean is achieved by advection of vertically
well-mixed plumes from the continental CBL regime over
the stable MBL where there is only sporadic turbulent mix-
ing. During the transition from the convective to the stable
regime, the plume height is reduced as a consequence of me-
teorological adjustment, namely the thermal internal bound-
ary layer (19:00–01:00 UTC in Figs. 12 and 13). The mixing
ratios of chemical species in the plumes above the shallow
MBL (∼100 m) are maintained due to the lack of significant
surface losses (after 05:00 on 21 July in Fig. 12), whereas
pollutants within the MBL are more likely to be subject to
deposition at the ocean surface, consequently reinforcing the
vertically decoupled plume structure. This vertically decou-
pled plume structure can form over land in the day to night
transition, which is seen at 01:00–03:00 UTC in Fig. 12.

The characteristics of transported reactive nitrogen species
in the NYC urban plumes are further examined using the
WP-3D measurements and WRF-Chem simulation. Here
we define the NYC plumes by regions where CO mixing
ratios are more than 10 ppbv larger than the mean values
for both the observations and simulations. We used data
from 18:00–19:00 UTC on 20 July and 14:30–15:30 UTC
and 18:40–19:40 UTC on 21 July, the periods correspond-
ing to the NYC plume intercepts by the WP-3D (Figs. 4 and
5). The NYC urban plume positions in the observations and
simulations are well matched. Figure 14 shows CO/NOy ra-
tios of the observed and simulated NYC plume intercepts on
20 and 21 July as a function of NOx/NOy. The CO/NOy
ratios in the NYC plumes ranged within 5–35 similarly on
both days (Fig. 14a), suggesting that photochemically fresh
(NOx/NOy > 0.4) plumes started near New York City on
20 July were efficiently transported over the North Atlantic
Ocean. The WRF-Chem reproduces the observed behavior in
CO/NOy as a function of plume age (Fig. 14b) while showing
a high correlation (R = 0.94) between the observed and sim-
ulated NOx/NOy. The good agreement between observation
and model indicates that the model is properly accounting for
the transport and aging processes in the NYC plumes.

4.4 Sensitivity analyses

4.4.1 Impact of chemical IC/BCs on ozone levels

Figure 15 shows observed and simulated O3 mixing ra-
tios from the WP-3D flights on 20 and 21 July. The
NYC urban plumes and biomass-burning plume intercepts
denoted in Figs. 4 and 5 are indicated by the rectangles.
The simulated meteorology is identical among all the sim-
ulations. All simulations with dynamic chemical IC/BCs
increase the O3 level by enhancing the background lev-
els on both the days compared to the control simulation.
In the NYC urban plumes, the simulation with the North
American anthropogenic/biogenic emissions (WRF60k) in-
creases O3 mixing ratios by 10–20 ppbv. When the BB
source is added to the simulation WRF60k (WRF60kBB),
the O3 mixing ratios only increase by a few ppbv. The sim-
ulation with MOZART-4 chemical IC/BCs and BB source
(MOZART BB) shows similar O3 levels as the simulation
WRF60kBB in the NYC plumes. On the other hand, the
two simulations that include the BB source (WRF60kBB
and MOZARTBB) enhance O3 levels by 20–30 ppbv in
the observed BB plumes. These results affirm that the
Alaskan wildfires as well as the North American anthro-
pogenic/biogenic emissions influenced the northeast US,
suggesting that proper chemical IC/BCs have a large impact
on local air-quality simulations (e.g. Song et al., 2008; Tang
et al., 2009).

Figure 16 shows the impacts of different chemical
IC/BCs on the local ozone simulation, separated in terms
of the MOZART-4, BB source, and the North American
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anthropogenic/biogenic emissions. Each chemical IC/BCs
impact was calculated from the O3 mixing ratio difference
between two simulations: “MOZART-4” = MOZARTBB –
WRF60kBB, “BB source” = WRF60kBB – WRF60k, and
“NA emission” = WRF60k – control run. This analysis was
done along the complete WP-3D flight tracks (Fig. 16a–c)
and DC-3 flight tracks (Fig. 16d–f) conducted on 20 and 21
July. On average, the MOZART-4 chemical IC/BCs enhance
O3 levels by 6–8 ppbv in the 1–3 km layer and by 2–3 ppbv
below 1 km (Fig. 16a and d). The impact of the BB source
is similar to that of MOZART-4 in the averaged vertical dis-
tribution. For some portions of the flights around 2 km, the
BB source enhances the simulated O3 level by over 40 ppbv
(Fig. 16b and e). The impact of the North American anthro-
pogenic/biogenic emissions is in the range of 4–12 ppbv O3
on average in the layer below 3 km (Fig. 16c and f), which is
relatively larger than the average impacts of the MOZART-4
and BB source. As expected, the impact of the North Amer-
ican emissions is mainly confined within the CBL.

Figure 17 shows vertical distributions of the observed and
simulated O3 mixing ratios on 20 and 21 July for the time
and location of profiles by ozone-sondes launched from the
NOAA R/V Ronald H. Brown. The simulated BB impact ex-
tends to over 8 km on both days. The BB impact throughout
the profile on 21 July is larger than that on 20 July with a
maximum enhancement of 40–50 ppbv around 2 km, in ac-
cordance with the enhancements shown in Fig. 16b and e.
All simulations significantly underestimate the upper layer
(above∼3 km) O3 levels except for the simulation using the
MOZART BB chemical IC/BCs.

4.4.2 Impact of chemical IC/BCs on surface ozone levels

Ozone data from twenty surface monitoring stations near
New York City (75.0◦ W–73.0◦ W, 40.4◦ N–42.0◦ N) are
compared to the simulated O3 mixing ratio to investigate the
impact of chemical IC/BCs on surface O3 levels. Figure 18
shows diurnal variations of the observed and simulated O3
mixing ratios averaged for the 13 urban stations and 7 non-
urban stations, respectively. The observed average O3 levels
range from 10 ppbv during the nighttime to about 80 ppbv
during the daytime in the urban stations (Fig. 18a) while
ranging from 15–20 ppbv to 75 ppbv during the diurnal cy-
cle in the non-urban stations (Fig. 18b). The control simu-
lation reproduces the diurnal variation of the observed sur-
face ozone reasonably well for both the urban (R = 0.92)
and non-urban (R = 0.91) stations. However, the model un-
derestimates the observed daytime peak O3 mixing ratios by
about 10 ppbv, and overestimates nocturnal O3 levels by up
to 15 ppbv.

The implementation of chemical IC/BCs leads to a rel-
atively significant impact on the surface ozone by increas-
ing the background O3 levels. The simulation with WRF60k
chemical IC/BCs reproduces the observed daytime O3 mix-
ing ratios better than the control run, but the nighttime

biases become worse. When the BB source is included
(WRF60kBB), the simulated O3 levels increase by about
10 ppbv mainly after 06:00 UTC on 21 July. Implementation
of MOZART-4 chemical IC/BCs (MOZARTBB) further en-
hances background O3 levels, but these chemical IC/BCs
have an insignificant impact (a few ppbv) on surface ozone.
These results are in accordance with the analysis in Fig. 16.

5 Summary and conclusions

Transport and chemical transformation of well-defined New
York City urban plumes over the North Atlantic Ocean were
investigated using measurements on 20 and 21 July 2004
during the ICARTT field campaign and WRF-Chem simula-
tions. A cold front passage associated with a mid-latitude cy-
clone swept away the pollutants from the days preceding this
case, leading to favorable meteorological conditions to study
characteristics of the NYC urban plumes and their transport
and photochemical evolution over the North Atlantic Ocean.
The NOAA WP-3D and DC-3 aircraft measurements char-
acterized the 3-dimensional structure and chemical composi-
tion of the NYC urban plumes near the source region on 20
July and in a downwind region over the North Atlantic Ocean
on 21 July.

The WP-3D in-situ measurements showed that CO levels
in these NYC urban plumes were maintained, while O3 lev-
els increased in the downwind portions of the plumes. The
lidar measurements on the DC-3 aircraft demonstrated that
urban plumes extended vertically up to about 2 km near New
York City, but decreased to 1–1.5 km over the MBL over the
North Atlantic Ocean. Negligible change in the CO (and
NOy) levels in the plumes measured between near the source
area and over the North Atlantic Ocean suggests that the
NYC urban plumes were efficiently transported during the
two days with no significant influence of loss processes such
as surface deposition. Meteorological measurements showed
that the efficient transport mechanism is associated with the
stably-stratified atmospheric thermal structure. The lower
marine atmospheric layer (below 0.5 km) over the North At-
lantic Ocean was strongly stratified with a vertical gradi-
ent of potential temperature of over 10 K km−1, significantly
suppressing vertical turbulent mixing over the marine atmo-
sphere. When the NYC urban plumes extended in the CBL
were advected over the stable MBL, the urban plumes verti-
cally decoupled from the ocean surface in association with
the cessation of turbulence. Consequently, the NYC ur-
ban plumes were efficiently transported in (isentropic) layers
over the stable MBL while maintaining their structure.

The WRF-Chem simulated meteorology compared well to
the observations from surface meteorological stations and the
WP-3D aircraft, especially in terms of the vertical thermal
structure of the atmosphere near New York City and over the
North Atlantic Ocean. Because of good meteorological per-
formance of WRF-Chem, the model was able to reproduce
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Fig. 15. (a)Observed and simulated O3 mixing ratios along the WP-3D flight tracks on(a) 20 July and(b) 21 July. “NYP” and “BB” denote
NYC urban plumes and biomass-burning plumes as in Figs. 4 and 5.

chemical characteristics of the NYC urban plume observa-
tions made on the aircraft. The model simulation clearly
demonstrated that daytime photochemistry produced the el-
evated ozone in the plumes transported from New York City
over the North Atlantic Ocean on 20–21 July 2004. The
model simulation showed that the anthropogenic emissions
from the NYC metropolitan area were the main contributor to
these plumes and that the research aircraft were indeed able
to follow these urban plumes on flights occurring on succes-
sive days of plume transport.

The impact of chemical IC/BCs on the plume simulations
over the northeastern US was investigated using output from
a global chemical transport model (MOZART-4), Alaskan
wildfire emissions, and anthropogenic/biogenic emissions
from a larger North American domain that encompassed the
higher-resolution domains used in the control simulation. All
sensitivity simulations with dynamic chemical IC/BCs in-
creased background O3 levels compared to the control simu-
lation using prescribed static IC/BCs. Using the MOZART-
4 output as initial and boundary conditions increased av-
erage O3 mixing ratios by 6–8 ppbv in the 1–3 km layer
and by 2–3 ppbv below 1 km. Including the wildfire emis-
sions enhanced average O3 levels by a similar amount as

the MOZART-4 IC/BCs and by over 40 ppbv in specific lay-
ers associated with BB plumes. The simulation including
anthropogenic/biogenic emissions for most of North Amer-
ica enhanced O3 mixing ratios by 10–20 ppbv in the NYC
urban plumes and by 4–12 ppbv on average in the layer
below 3 km. The simulated O3 profile in the upper atmo-
sphere (>3 km) reproduced the observations well only when
the MOZART-4 chemical IC/BCs were implemented. These
sensitivity studies all point to the critical role that accurate
chemical IC/BCs play in simulating local air quality. They
also demonstrate the importance of long-range transport of
O3 across the North American continent.

Comparison with surface O3 measurements showed that
the control simulation reproduced the diurnal variation of
the surface O3 mixing ratios at urban and non-urban sta-
tions. However, the observed daytime peak O3 levels were
underestimated by about 10 ppbv while the nocturnal O3
mixing ratios were overestimated up to 15 ppbv. The sim-
ulated surface O3 mixing ratios were sensitive to chemical
IC/BCs because of the increased background O3 levels when
considering more accurate chemical IC/BCs. Overall, in-
cluding anthropogenic/biogenic emissions from across North
America reduced daytime O3 model-measurement biases but

www.atmos-chem-phys.net/11/7375/2011/ Atmos. Chem. Phys., 11, 7375–7397, 2011



7394 S.-H. Lee et al.: Modeling ozone plumes observed downwind of New York City

(d) MOZART-4

Ozone difference ( ppbv )
-40 -30 -20 -10 0 10 20 30 40

(e) BB source (f) NA emission

(a) MOZART-4 (b) BB source (c) NA emission

0

1

2

3

4

H
ei

gh
t (

 k
m

 )

0

1

2

3

4

H
ei

gh
t (

 k
m

 )

0

1

2

3

4

H
ei

gh
t (

 k
m

 )

0

1

2

3

4

H
ei

gh
t (

 k
m

 )

0

1

2

3

4

H
ei

gh
t (

 k
m

 )

0

1

2

3

4

H
ei

gh
t (

 k
m

 )

Ozone difference ( ppbv )
-40 -30 -20 -10 0 10 20 30 40

Ozone difference ( ppbv )
-40 -30 -20 -10 0 10 20 30 40

Ozone difference ( ppbv )
-40 -30 -20 -10 0 10 20 30 40

Ozone difference ( ppbv )
-40 -30 -20 -10 0 10 20 30 40

Ozone difference ( ppbv )
-40 -30 -20 -10 0 10 20 30 40

Fig. 16. Vertical distributions of O3 difference between two simulations. “MOZART-4” = MOZARTBB – WRF60kBB, “BB source” =
WRF60kBB – WRF60k, and “NA emission” = WRF60k – control run, indicating the impact of chemical initial/boundary conditions by
the MOZART-4 (a andd), biomass-burning source (b ande), and the North American anthropogenic/biogenic emissions (c andf) for the
WP-3D (a–c)and DC-3(d–f) flight tracks on 20 and 21 July. Binned height-intervals and corresponding mean and standard deviation are
plotted.

(a) 20 July

OBS
Control
MOZART_BB
WRF60k_BB
WRF60k

(b) 21 July

0

2

4

6

8

H
ei

gh
t (

 k
m

 )

Ozone ( ppbv )
0 50 100 150 200

10

Ozone ( ppbv )
0 50 100 150 200

Fig. 17.Vertical distributions of observed and simulated O3 mixing
ratios on(a) 20 July (43.44◦ N, 69.28◦ W, 14:13 UTC) and(b) 21
July (42.52◦ N, 70.67◦ W, 13:48 UTC) for the time and location of
profiles by ozone-sondes launched from the NOAA Research Vessel
(Thompson et al., 2007).

increased nighttime biases, including wildfire emissions im-
proved model-observation agreement on some days but in-
creased the O3 bias in others, and the MOZART-4 bound-
ary conditions did not significantly impact the surface ozone
simulation.
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bars indicate spatial standard deviations of the observation. The
twenty surface monitoring stations are classified into “urban” and
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