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A B S T R A C T   

Long Island Sound (LIS) frequently experiences ozone (O3) exceedance events that surpass national ambient air 
quality standards (NAAQS) due to complex driving factors. The underlying mechanisms governing summertime 
O3 pollution are investigated through collaborative observations from lidar remote sensing and ground samplers 
during the 2018 LIS Tropospheric O3 Study (LISTOS). Regional transport and local chemical reactions are 
identified as the two key driving factors behind the observed O3 episodes in LIS. An enhanced laminar structure is 
observed in the O3 vertical structure in the atmospheric boundary layer (i.e., 0–2 km layer) for the case domi-
nated by regional transport. An O3 formation regime shift is found in ozone-precursor sensitivity (OPS) for the O3 
exceedance event dominated by regional transport with NOx-enriched air mass transport from the New York City 
(NYC) urban area to LIS. Furthermore, the Integrated Process Rate (IPR) analysis demonstrates that transport 
from the NYC urban area contributed 40% and 27.1% of surface O3 enhancement to the cases dominated by 
regional transport and local production, respectively. This study provides scientific evidence to uncovers two key 
processes that govern summertime O3 pollution over LIS and can help to improve emission control strategies to 
meet the attainment standards for ambient O3 levels over LIS and other similar coastal areas.   

1. Introduction 

O3 is a secondary pollutant generated by a series of photochemical 
reactions involving volatile organic compounds (VOCs) and nitrogen 
oxides (NOx) under the favorable meteorological conditions such as 
strong solar radiation. Elevated levels of ambient O3 have adverse effects 
on human health and vegetation growth (Westervelt et al., 2019; Zelm 
et al., 2016), as well as play a critical role in atmospheric chemistry 
(Verstraeten et al., 2015). The processes of constraining surface O3 
concentrations are extremely complex, and the complexity can be even 
higher in coastal megacities like New York. Therefore, quantifying the 
contributions of key processes continues to represent a great interest to 
the air quality research community and policy makers (Benjamin and 
Peter, 2011; Lin et al., 2012; Zheng et al., 2018). 

Photochemical production and regional transport are critical to 
development of O3 episodes (Verstraeten et al., 2015; Zhao et al., 2021a, 
b). Photochemical production heavily relies on the emissions of O3 
precursors. such as VOCs and NOx, as well as their ratios (VOCs/NOx). 
O3 formation regimes can be further described using ozone-precursor 
sensitivity (OPS). Previous studies have shown that inappropriate 
emission control strategy could lead to an unexpected O3 enhancement 
due to O3-precursor nonlinearity (e.g., Ou et al., 2016; Xu et al., 2022). 
Regional transport is another important source accounting for the 
enhancement of surface O3 (Derwent et al., 2004; Zhao et al., 2022). The 
O3 precursors can be transported from highly polluted urban areas to 
downwind locations. Such urban plume can exacerbate the severity of 
air pollution and modify the VOC/NOx ratios, making the air pollution 
chemistry even more complex (Zhao et al., 2022). Both chemical 
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production and transport are strongly influenced by meteorological 
conditions, such as strong solar radiation, high temperature, atmo-
spheric boundary conditions, and winds (Liu et al., 2020; Zhao et al., 
2019; Zhu and Liang, 2013). Extensive studies have demonstrated that 
both O3 and its precursors can be transported horizontally or vertically, 
from upstream areas or the lower free troposphere, resulting in elevated 
O3 level and O3-precursor nonlinearity (Cooper et al., 2010; Luo et al., 
2020; Zhao et al., 2021a,b; Zhao et al., 2022). Therefore, it is important 
to consider these processes when formulating anthropogenic emission 
control strategies to effectively mitigate O3 NAAQS exceedance events. 

New York City (NYC) is a coastal megacity with a population of more 
than 23.8 million people living in an area of nearly 35,000 km2. Due to 
its strong anthropogenic emissions and coastal weather accompanied by 
land-sea breezes, it is more susceptible to O3 pollution than other cities 
or regions (Karambelas, 2020; Ninneman et al., 2020; Zhang et al., 2020; 
Han et al., 2022). During summer months, O3 exceedance events are 
frequently observed in NYC and its downwind coastal regions in Con-
necticut and Long Island. To understand O3 pollution episodes in this 
region, the Long Island Sound Tropospheric O3 Study (LISTOS) provided 
an excellent opportunity to explore the underlying mechanisms behind 
the O3 episodes over LIS (Miller, 2017; Karambelas, 2020). Extensive 
measurements were conducted between June and September 2018 
within the NYC metropolitan area and over Long Island Sound (LIS), 
including research aircrafts, O3 lidars, wind-profiler, ceilometers, and 
surface in-situ observations. The LISTOS study revealed large spatial 
gradient variations of surface O3 near the land–water interface, which 
were influenced by sea breeze during the study period (Zhang et al., 
2020). 

The causes of air pollution episodes in the NYC area have been 
investigated using numerical models and observations from the LISTOS 
field campaign. Studies by Couillard et al., (2021), Judd et al., (2020), 
Wu et al., 2021, Zhang et al., (2020) have identifiedland-water breezes, 
low-level jet, and regional transport as the primary factors contributing 
to O3 enhancements. Han et al. (2022) further showed that sea breezes 
made dramatic impacts on ozone patterns in the NYC area. Torres- 
Vazquez et al. (2022) found that sound breezes and low-level jets play an 
important role in the transporting urban emissions and pollutants to the 
marine boundary layer in LIS and the coastal areas. Coggon et al. (2021) 
highlighed that the large impacts of volatile chemical products (VCPs) 
emissions in NYC on O3 enhancement during heat waves. Additionally, 
Tao et al. (2022) investigated changes in O3 formation chemistry using 
observed tropospheric column NO2 and formaldehyde (HCHO) from 
satellite, airborne, and ground measurements in May-August 2018. 
Their findings suggest a transition toward a more NOx-sensitive photo-
chemical environment during high-ozone days in the NYC area. 

In this study, Weather Research and Forecasting/Chemistry (WRF- 
Chem), version 3.9.1 is utilized to simulate the spatial and temporal 
characteristics of O3 episodes with a fine grid spacing of 1.3 km. Ma et al. 
(2021) demonstrated that high-resolution simulations can improve the 
performance of air quality model in simulating high O3 episodes. A 
variety of observational data from the LISTOS field campaign are used to 
better understand the mechanisms governing the O3 episodes during 
Aug.5–9, 2018 over LIS. Two representative O3 pollution events are 
presented to quantify the relative roles of regional transport and local 
photochemical production in their occurrences. The specific objectives 
of the study are to 1) quantify the contributions of individual processes 
to surface O3 enhancement of two different types of O3 exceedance 
events, 2) conduct a comprehensive assessment on the key driving fac-
tors governing the O3 episodes over LIS, and 3) determine the changes in 
OPS over time and relate the changes to emission reduction strategies. 

2. Methodology 

2.1. Modeling system 

The WRF-Chem version 3.9.1 was applied in this study. Three nested 

domains are employed in the simulations at grid-spacing of 13 km, 4 km, 
and 1.33 km with grid points of 110 × 85, 100 × 73, and 88 × 61 from 
the outermost domain (D1) to the innermost domain (D3), respectively 
(Fig. 1). The study focused on three surface O3 monitoring sites in the 
coastal area of LIS: Westport, Flax Pond, and Eaton Neck. LIS is located 
at the northeast of NYC, the downwind area of NYC as the southwest 
winds prevail in NYC. Forty-six vertical layers from surface to the 50-hPa 
level were used with the lowest vertical layer about 40 m above the 
ground layer. All the physics parametrization schemes and the nudging 
configuration used in this study are the same as those used by Zhao et al. 
(2019). Atmospheric chemistry was simulated by the Regional Acid 
Deposition Model Version 2 (RADM2) (Stockwell et al., 1990). Details of 
the model configurations are provided in the Supplementary Material 
(Table S1). 

The Final Operational Global Analysis data (FNL) with 1◦ horizontal 
resolution and 27 vertical levels from the surface to the 10-hPa level are 
used to generate initial and lateral boundary meteorological conditions 
to drive the WRF-Chem simulations. The Model for Ozone and Related 
Chemical Tracers Version 4 (MOZART-4/GEOS5) (Emmons et al., 2010) 
products are used to provide chemical initial and lateral conditions to 
the model simulations. Anthropogenic emissions from point, on-road 
mobile, non-road mobile, and area sources with a 4-km spatial resolu-
tion are provided by the 2014 National Emissions Inventory (NEI) 
developed by the U.S. Environmental Protection Agency (EPA) (Couil-
lard et al., 2021; Judd et al., 2020; Wu et al., 2021; Zhang et al., 2020). 
Biogenic emissions are calculated using the Model of Emissions of Gases 
and Aerosols from Nature v2.1 (MEGAN) (Guenther et al., 2012). The 
land-use categories and distribution of NOx and VOCs emissions over the 
NYC and LIS are depicted in Fig. 1 and S1. It is clear that the NYC 
metropolitan area was an important source of NOx emissions contrib-
uted by human activities including traffic and industry, indicating a 
VOC-limited regime for emissions in NYC. On the other hand, as a 
suburban area, LIS has much less NOx emissions but more isoprene 
emissions. When the prevailing wind was dominated by southwesterly, 
O3 and its precursors were transported from NYC to LIS, exacerbating O3 
pollution and modifying the VOC-to-NOx ratios and OPS. 

Integrated Process Rates (IPR) is performed to quantify the relative 
contributions of physical processes and chemical reactions to the 
changes in O3 concentrations during the events (Zhao et al., 2022). The 
changes in concentrations by individual processes are calculated at each 
integration time step and grid point throughout the simulations. 

The ratio O3/NOy was proposed by Milford et al. (1994) as an indi-
cator to represent O3 formation potential. Since then, it has been widely 
used in modeling and observational studies to determine O3 formation 
regimes (Liu et al., 2010; Sillman and He, 2002). According to the 
previous studies, areas with a ratio greater than 7 are characterized by 
NOx-limited regime and otherwise defined as VOC-limited (Sillman and 
He, 2002). 

2.2. Observational data 

To improve understanding of O3 formation over LIS, a large coor-
dinated measurement campaign was carried out through joint collabo-
ration among state and federal agencies and university research groups 
in the summer of 2018 LISTOS (https://www.nescaum.org/documen 
ts/listos). As listed in Table 1, a host of measurements were conducted 
to identify the relative roles of photochemical reactions and meteoro-
logical conditions during the O3 exceedance events. 

Hourly surface observations such as air temperature, relative hu-
midity, wind speed, wind direction, and air quality data were collected 
synchronously at five sites across the NYC and surrounding regions. The 
information about the sites and the measured variables can be found 
from Fig. 1 and Table 1. During the campaign, surface O3 was routinely 
measured at the Air Quality Stations (CCNY, Flax Pond, Westport) 
operated by the US Environment Protection Agency (EPA), with a 
measurement uncertainty of approximately ± 4 ppbv, as indicated by 
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zero drift during 12–24 h duration (Duvall et al., 2021). The Model 202/ 
205 Dual Beam Ozone Monitor (2B-Tech) was used to measure O3 at 
Eatons Neck with a precision of 1.0 ppb (https://www.twobtech.com 
/model-205-ozone-monitor.html). It has been approved by the EPA as 
a Federal Equivalent Method (FEM). However, the TAPI Model 500U 
sensor overestimates NO2 by approximately 10% due to the conversion 
of total odd nitrogen to NO by molybdenum oxide catalysts (McClenny 
et al., 2002). 

Various remote sensing instruments were used to characterize ver-
tical distributions of attenuated backscatter, wind speed and direction, 
and O3. These instruments include the Vaisala CL-51 and CL-31 ceil-
ometers, the Leosphere WindCube 200S coherent Doppler wind lidar, 
City College of New York (CCNY) aerosol lidar, and the NASA Langley 
Mobile O3 Lidar (LMOL). 

The ceilometer measured the attenuated backscatter at a laser 
wavelength of 910 nm with 10 m × 770 samples a data collection in-
terval of 15 s, which can be used to determine the planetary boundary 
layer height (PBLH). A wavelet covariance transforms (WCT) method 
was used to calculate the PBLH based on vertical gradient variation of 
aerosol backscatter profiles (Gan et al., 2011). The PBLH was deter-
mined by locating sharp gradient or minimum gradient in the 
ceilometer-measured attenuated backscatter profiles. The uncertainty 
stems from the signal noises, aloft aerosol layer and low-level cloud, thus 
a quality control and quality assurance (QA/QC) process is applied to 
remove those outliers (Münkel, et al., 2011). Besides, a coherent 
Doppler Wind Lidar (WindCube 200s) was installed in Westport (West 
coast of Long Island Sound) to measure wind profiles with a range-gate 
spacing of 25–50 m and a sampling frequency of 10 s. A vertically 
pointing eye-safe laser (wavelength 1.54 μm with a repetition rate of 10 
kHz) was used to measure wind velocity and direction (Brotzge et al., 
2020). The precision of the wind profile is in the range of 0.2 m•s− 1-0.5 
m•s− 1 (Brotzge et al., 2020). The NASA Langley Mobile Ozone Lidar 
(LMOL) was deployed at Westport to measure O3 vertical structure using 

the differential absorption principle at the UV wavelength pair of 287 
and 292 nm (De Young et al., 2017). The O3 profiles were retrieved with 
a 5–10 min average from LMOL (Gronoff et al., 2019). The LMOL shows 
great agreement with the ECC ozonesondes, with an overall mean bias of 
1–4 ppbv for the altitude range 3–10 km (De Young et al., 2017). Hourly- 
averaged O3 profiles were used to evaluate the WRF-Chem predictions of 
O3. Overall, the synergistic use of ceilometer, wind lidar, and O3 lidar 
observation provided a unique opportunity to verify the model perfor-
mance and better understand the underlying mechanisms governing the 
O3 episodes over LIS. 

3. Result and Discussion 

3.1. General characteristics of O3 episode in August 2018 

The time series of hourly averaged O3 concentrations at CCNY, Flax 
Pond, and New York Botanic Garden (NYBG) are presented in Fig. S2. 
The hourly maximum O3 reached 85.0 ppbv on Aug. 6 and 86.8 ppbv on 
Aug. 8. Fig. S3 illustrates a time series comparison of observed 2-m 
temperature, relative humidity, wind speed, and wind direction at the 
site CCNY (see the locations in Fig. 1 and Table. 1) on Aug. 5–9, 2018. 
During this period, the hourly-average maximum temperature was 
above 32.5 ◦C in the NYC areas, which met the heatwave definition 
criteria (Robinson, 2001; https://www.weather.gov/okx/excessiveheat 
). As illustrated in Fig. S3d, the prevailing wind direction was southwest 
with a wind speed range of 2–5 m s− 1 which transported air pollutants 
from NYC areas to the LIS. 

O3 episodes are generally associated with the favorable synoptic 
systems (Zhang et al., 2020; Zhao et al., 2021a,b). On Aug. 6, a high- 
pressure system centered in the Atlantic Ocean and a low-pressure sys-
tem located northeast of the high-pressure system(Fig. 2a) resulted in 
southwest winds with relatively high wind speed(i.e., 10 m/s), due to 
the large pressure gradient between these two systems (Fig. S6). In NYC, 

Fig. 1. Settings of three domains in WRF-Chem modeling system and meteorological and air quality sites in the NYC and Long Island areas. Detailed land-use 
categories are as follows: 1: evergreen needleleaf forest; 2: evergreen broadleaf forest; 3: deciduous needleleaf forest; 4: deciduous broadleaf forest; 5: mixed for-
ests; 6: closed shrublands; 7: open shrublands; 8: woody savannas; 9: savannas; 10: grasslands; 11: permanent wetlands; 12: croplands; 13: urban and built-up land; 
14: cropland/natural vegetation mosaic; 15: snow and ice; 16: barren or sparsely vegetated; 17: water; 18: wooded tundra; 19: mixed tundra; and 20: barren tundra. 

Table 1 
A Summary of monitoring sites locations and data used in this study.  

Site Latitude 
(North) 

Longitude 
(West) 

Measured variable Elevation 
(AGL) 

Measurement 

Eatons Neck  40.95⁰  73.4⁰ O3, Attenuated backscatter 5 m Surface O3 observation, ceilometer 
CCNY  40.82⁰  73.95⁰ O3, NO2 Attenuated backscatter 15 m Surface air quality and meteorological observation 
Flax Pond  40.96⁰  73.14⁰ O3, NOx, 4 m Surface air quality observation 
NYBG  40.86⁰  73.88⁰ O3 15 m Surface air quality observation 
Queens College  40.73⁰  73.82⁰ O3, NOx 5 m Surface air quality observation 
Westport  41.12⁰  73.34⁰ O3 and wind profile 3 m Surface air quality observation, O3 Lidar, wind lidar  
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the daily maximum temperatures reached 35.0 ◦C (Fig. S3). At the same 
time, a low pressure system and a high pressure system were observed 
over Atlantic Ocean and over Pennsylvania, respectively. The prevailing 
winds were southwesterly, facilitating horizontal O3 transport from NYC 
to LIS. On Aug. 8, a quasi-stationary front approached LIS from the 
northwest, accompanied by high temperatures, weak wind speed, and 
strong sunlight, which were conducive to local photochemical reaction 
and accumulation. Owing to weak background winds (i.e., 6 m/s), 
regional transport played a minor role in O3 pollution, which was mainly 
controlled by local photochemical production (Fig. S9). On Aug. 9, the 
transverse trough shaped vertically and the center of the low-pressure 
moved northward, resulting in LIS being located behind a cold front 

and experiencing heavy precipitation. 

3.2. Two representative O3 enhancement episodes 

Two significant O3 exceedance events were observed with the 1–5 
min averaged O3 concentrations exceeding 98.2 ppbv on Aug. 6 and 
115.2 ppbv at Westport on Aug. 8, 2018, respectively. The MDA8 O3 
reached 77.5 ppbv on Aug. 6 and 85.0 ppbv on Aug. 8, exceeding the 
NAAQS for O3. As depicted in Fig. 3, a remarkable difference in O3 
diurnal characteristics between these two days was noticed. 

A bimodal structure was observed at all sites, with twin peaks 
appearing at 12:00–14:00 and 16:00–18:00 Aug. 6, 2018. In particular, 

Fig. 2. Surface weather charts at 07 EST on (a) 5, (b) 6, (c) 7, (d) 8, (e) 9, Aug. 2018 (yellow triangle: New York City) (https://www.wpc.ncep.noaa.gov/archives/ 
web_pages/sfc/historic_sfc_archive.php). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. O3 concentration (1–5 min average) at the ground stations in NYC and LIS areas on (a) Aug. 6 (b) Aug. 8, 2018 (1-min Ave at Westport, Flax Pond, and CCNY, 
5-min Ave at Eatons Neck). 
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at the Westport site, three O3 peaks were observed at 13:00, 16:00 and 
18:00 EDT, respectively. A time lag of approximately one hour between 
these four sites were observed for the second peak time, indicating an 
impact of cloud and regional transport. As shown in Fig. S4, a low-level 
cumulus was observed at 1.8 km on Aug. 6, which attenuated solar ra-
diation and changed the diurnal structure of O3, resulting in the low 
value at 13:00–14:00 EDT. The Satellite MODIS (Terra, 14:30 UTC 
overpass time, and Aqua, 18:03 UTC overpass time) RGB images on Aug. 
6, 2018, clearly indicate the broken clouds in the NYC area (Fig. S5). 
The second peak O3 value occurred at 18:00–20:00 EDT, when photo-
chemical reactions tended to be inactive but wind velocity exceeded 8 
m/s (Fig. S6), indicating the impact of regional transport. On the other 
hand, surface O3 exhibited a unimodal pattern with its peak at 
15:00–16:00 EDT on Aug. 8, following the solar radiation variation 
pattern, and a minimum value between 0600 and 0700 LST due to NO 
titration effect, suggesting that the O3 episode was dominated by local 
photochemical reactions. 

To investigate the two representative O3 episodes further, we 
compared NOx simulations at the first model level (about 40 m above 
ground level) with air quality measurements near surface to evaluate the 
model performance (see Fig. 4). As indicated by the dash blue boxes, the 
NOx level on Aug. 6 was much higher than that on Aug. 8 at 07:00 EDT 
(58.0 ppbv vs. 41.2 ppbv at Queens College and 15 ppbv vs. 10 ppbv at 
Flax Pond). Since the local emission intensity was relatively stable on 
consecutive days, the elevated NOx levels, as an important sources of O3 
precursors, can be transported from urban to the downwind areas. 
Higher amounts of NOx, as a critical O3 precursor, favor the transition of 
OPS from NOx-limited to VOC-limited. 

The model had a good performance in NOx simulation, with corre-
lation coefficient (R) of 0.68 at Queens College and 0.85 at Flax pond. A 
comparison of observed versus simulated O3 concentrations in the three 
sites is also shown in Fig. S2, and a statistical evaluation of O3 simula-
tion is presented in Table S2. Overall, the model exhibited good simu-
lation performance of hourly O3 at these sites during the O3 episode, 
with R of 0.84–0.92, RMSE of 4.6–10.3 ppbv, and MB of − 0.8–5.3 ppbv. 
The uncertainties of O3 precursor emissions could be one of main rea-
sons for the underprediction of the O3 peak. For instance, the lower 
simulated NO concentration weakened the NO titration, which led to the 
over-prediction of O3 during the nighttime. Coggon et al. (2021) also 
reported that volatile chemical products (VCPs) emissions in NYC 
exerted large impacts on O3 simulation. We also make a comparison of 
simulated surface temperature, relative humidity, wind speed, wind 
direction with observations at CCNY during Aug. 5–9, 2018, as shown in 
Fig. S7. The statistical evaluation of simulated surface meteorological 
variables is listed in Table S3. Overall, the model was able to capture 
diurnal variation of surface meteorological variables, but under-
estimated temperature peak levels and overestimated wind speed, which 

may lead to under-predictions of the daytime O3 peaks. 
In summary, the biases in O3 predictions could be attributed to by a 

variety of factors such as inaccuracies in anthropogenic emissions in-
ventories (Zhao et al., 2022), biogenic emissions (Zhao et al., 2019), 
meteorological fields (e.g., PBLH, eddy diffusivity, winds, clouds, tem-
perature), dry deposition (Shen et al., 2011), gas-phase chemical 
mechanisms (Gupta and Mohan (2015), chemical initialization 
constraint (Ma et al., 2021), and model resolution (Torres-Vazquez 
et al., 2022), etc. 

3.3. Mechanisms governing the O3 episodes over Long Island Sound 

As discussed in the previous section, the two representative cases 
were dominated by regional transport and local photochemical re-
actions, respectively. In this section, we further investigate the under-
lying mechanisms that were responsible for these two O3 episodes 
observed over LIS. 

3.3.1. Case A on August 6: Dominated by regional transport 
The NASA LMOL was used to measure O3 with a 10-min temporal 

resolution and a vertical resolution that ranges from 50 m near the 
ground to 1 km at maximum altitude, utilizing an adaptive resolution 
scheme (Gronoff et al., 2021). The vertical height covers a range from 
100 m above ground level (AGL) to middle troposphere. To evaluate the 
model performance, the original lidar data was interpolated to 21 model 
levels in the range of 6.2–7000 m and then averaged on an hourly basis. 

Fig. 5a–b depict the time-height cross-sections of observed and 
simulated O3 at Westport, a coastal site along LIS, respectively. Due to 
the UV light from the Sun, the lidar signal was noisy during noon local 
time, which prevented the retrieval of O3 at altitudes above approxi-
mately 4 km, as shown by the lack of data above these altitudes in 
Fig. 5a. Howver, despite this limitation, the WRF-Chem model was able 
to reproduce the diurnal variations of O3 vertical distributionwell. 

As discussed above, the observational data reported severe surface 
O3 pollution on Aug. 6, with multi-peak diurnal variations, indicating 
the potential impact of regional transport (Fig. 3a). The time-height 
cross-section in Fig. 5a provides further insightes into the O3 dis-
trubiton, showing a significant O3 enhancement layer with concentra-
tions of 60 ~ 100 ppbvbetween surface and 2 km, gradually increasing 
from 13 EDT to 19 EDT. The blue box in Fig. 5c highlights the strong 
vertical wind velocity detected by Doppler wind lidar, which exceeded 
− 1.5 m/s from 15 EDT to 19 EDT, facilitating the vertical transport of O3 
from the upper level. The strong backscatter signal indicates that the 
aerosol plumes were transported from the free atmosphere (2.5 km AGL) 
downward to the surface layer, aggravating the surface air pollution 
(Fig. 5d). However, a low-level cumulus was observed by the ceilometer 
at 4 km AGL from 15 EDT to 16 EDT on Aug. 6, significantly reducing the 
solar radiation reaching the surface and weakening the local O3 
photochemical reactions. 

The vertical distributions of horizontal wind speed and direction 
measured by Doppler wind lidar during 18 EDT-20 EDT are shown in 
Fig. S6. A low-level jet (LLJ) was observed at the height of about 1.5 km 
AGL after 18 EDT which is responsible for the subsidence area shown in 
Fig. 5c. The high southwest wind speed (greater than 8 m/s) would led 
to the O3-enriched air aloft being entrained from the residual layer down 
to the surface layer. Meanwhile, another strong wind band was noticed 
above the ground. Such a strong jet stream was conducive to O3 
dispersion and sedimentation, leading to the attenuation of surface O3. 
Therefore, the lidar-observed O3 enhancement at Westport was possibly 
associated with regional transport and road transport from the NYC 
urban area. 

Apart from regional transport, photochemical reactions are another 
factor driving O3 formation. At 10 EST, the hourly maximum O3 reached 
55.0 ppbv (Fig. 6a). As solar radiation increased, the O3 enhancement 
area developed as a southwest-northeastern band along the coastal re-
gion, with the O3 maximum center located at LIS at 14 EST (Fig. 6b). A 

Fig. 4. A comparison of observed with simulated hourly NOx concentrations at 
the ground stations in NYC (QC) and LIS (Flax Pond) areas during Aug. 
5–8, 2018. 
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large amount of NOx was transported to LIS and the concentration was 
elevated to 58 ppbv at Queens College and 15 ppbv at Flax Pond (Fig. 4). 

As mentioned earlier, regional transport of NOx may potentially 
impact OPS. This motivates further characterization of OPS variations 

during this event. The spatial distribution of OPS was investigated using 
O3/NOy, a widely-used indicator (Liu et al., 2010; Sillman and He, 
2002). A comparison of simulated vs. observed hourly NOy at Flax Pond 
is presented in Fig. S8, and the statistical parameters are provided in 

Fig. 5. Time-height cross sections of (a) observed, (b) simulated O3 (O3, ppbv), (c) observed vertical wind velocity (“+” upward wind, “-” downward wind) at 
Westport, (d) ceilometer-measured attenuated backscatter (km− 1⋅sr− 1) at Eatons Neck, New York state, on Aug. 6, 2018. 

Fig. 6. WRF-Chem’s predictions (a,b) surface O3 and (c,d) O3/NOy at 10:00 EST and 14:00 EST on 06, Aug, 2018. The studying area is highlighted in red boxes. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Table S4 to evaluate the model performance. Overall, the model had a 
reasonable performance in simulating NOy with correlation coefficient 
(R) of 0.58 and mean bias (MB) of 3.6 ppb. In comparison with simulated 
O3, the ratios of O3/NOy on Aug. 6, which were lower than 5, agreed 
well with the O3 enhancement area, indicating that O3 formation was 
dominated by the VOC-limited regime over the NYC and LIS areas 
(Fig. 6c,d). Compared to LIS, high vegetation coverages were noticed in 
central and eastern LIS, which would emit a large amount of biogenic 
VOCs such as isoprene and monoterpene, important precursors of O3 
formation. With the increase in NOx concentration, the NOx-limited 
regime transitioned to VOC-limited and O3 mixing ratio increased 
sharply in response to NOx enhancement. Our analysis highlighted that 
the regional transport not only increased the O3 level but also 
strengthened the chemical reactions by decreasing the VOC-to-NOx 
ratio, leading to variations in OPS. Thus, it is necessary to consider the 
impact of long-range transport on OPS from neighboring cities for 
refining O3 control strategy. 

3.3.2. Case B on Aug 8: Dominated by local chemical production 
Another severe O3 episode with the highest hourly O3 exceeding 90 

ppbv at both sites was observed on Aug. 8. The typical single peak 
structure of O3 and relatively lower NOx level suggest a dominate role of 
local photochemical reactions in the development of the episode (Fig. 3b 
and 4). 

A pool of O3 with a concentration greater than 80.0 ppbv was 
observed through O3 lidar below 1.5 km altitude (Fig. 7a). The simu-
lated O3 showed very good agreement with the lidar observation below 
2 km, but slightly underestimated the peak O3 levels (Fig. 7b). Hourly- 
averaged O3 reached 91.4 ppbv at 1.1 km altitude from 15 to 17 EDT, 
which exceeded the NAAQS for O3. The time-height cross-section shows 
a peak of O3 in the boundary layer at noon, coinciding with the daily 
maximum solar radiation. This is mainly due to local photochemical 
production and transport of O3 from the NYC urban area. After 18 EDT, a 
layer with O3 concentration higher than 80.0 ppbv remained at the 
height of 1 km above ground level, indicating that the local chemical 
production played a significant role in the exceedance of NAAQS for O3. 

Fig. 7c presents a time-height cross-section of vertical wind speed 

measured by the Doppler wind lidar. Ascent motions were observed at 
15 EDT, 16 EDT, and 19 EDT, which contributed to the formation of a 
high-O3 layer at 1 km. In contrast, at 18 EDT, a strong subsidence 
movement was observed, indicated by negative vertical wind speed 
(vertical velocity < -1.5 m/s). The subsidence movement was caused by 
a strong southwest jet (wind velocity greater than 10 m/s) located be-
tween 1.5 and 2 km (Fig. S9), resulting in the O3-enriched air mass 
descending from the 7 km to 1 km with O3 concentrations reaching 60.0 
ppbv at 18 EDT (Fig. 7b). Fig. 7d shows the spatiotemporal variations of 
the attenuated backscatter at Eatons Neck. The low-level clouds at 1.5 
km significantly reduced the solar radiation, leading to a decrease in 
surface O3 after 18 EDT. 

A similar O3 hot-spot pattern along southwest-northeast direction 
was noticed with 10 ppbv higher than that on Aug. 6 (Fig. 8a,b). The 
hourly O3 concentration had increased by 10–20 ppbv during 10–14 
EST. OPS achieved a relatively high O3/NOy ratio (i.e., 15), indicating 
the NOx-limited regime of O3 formation at LIS (Fig. 8c,d). This is 
consistent with the fact that Long Island was well covered vegetation 
and NOx emissions were low, the regional transport may only marginally 
contribute to the O3 enhancement. 

Overall, both O3 and O3 precursors (i.e., VOCs and NOx) can be 
transported from the NYC urban area to LIS. The O3-enriched air 
transported from NYC could exacerbate O3 pollution over LIS. Mean-
while Long Island has a higher vegetation coverage than NYC, which 
leads to higher emissions of isoprene and monoterpene (Geng et al., 
2011). Thus, LIS was dominated by the NOx-limited regime. In com-
parison, NOx emissions were emitted from power plants, transportation, 
and fossil fuel combustion activities over the NYC. As a result, NOx- 
enriched air transported from NYC could decrease the VOC-to-NOx ratio, 
thus shifting the OPS toward the VOC-limited regime. 

As OPS varies with different scenarios, we recommend a dynamic O3 
control strategy for LIS with priority given to controlling either VOC or 
NOx emission sources depending on which factor dominates. When the 
NOx-enriched air is transported to LIS, a VOC-focused strategy is 
recommend to effectively lower the O3 levels. In contrast, NOx emission 
reduction should be prioritized when the local photochemical reactions 
dominate. Overall, the impact of O3 and its precursor transport from the 

Fig. 7. Time-height cross section plot of (a) observed, (b) simulated O3 (O3, ppbv), (c) observed vertical wind velocity at Westport, (d) ceilometer-measured 
attenuated backscatter (km− 1⋅sr− 1) at Eatons Neck on Aug. 8, 2018. 
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NYC area to LIS needs to be considered when emission control strategies 
are implemented to mitigate O3 pollution effectively. 

In summary, the detected subsidence drived by the stronger low- 
level jet and the presence of clouds on Aug. 6 were responsible for the 
difference between these two representative O3 episodes. Moreover, the 
variation in OPS is another important factor accounting for the large 
differences observed. 

3.4. Quantification of different processes in the two representative O3 
episodes 

To better quantify the contribution from individual process to the O3 
exceedance events at LIS, we calculate the hourly relative contributions 
from chemical and physical processes to the total O3 budget through an 

IPR analysis. The IPR analysis results were obtained from the WRF-Chem 
simulations at the nearest point to the Eatons Neck. 

As shown in Fig. 9, chemical processes were found to be important to 
O3 formation in both cases. The produced O3 through chemical reaction 
at Eatons Neck and studying time period was 4.6 ppbv⋅hr-1 on Aug. 6 and 
6.2 ppbv⋅hr-1 on Aug. 8, respectively. However, due to the low-level 
clouds, the contribution of chemical reaction significantly reduced to 
0.4 ppbv⋅hr-1 on Aug. 9 at Eatons Neck. 

Physical processes including horizontal advection and vertical 
transport posed positive contributions to O3 enhancement on 5, 6, and 8 
Aug. The contributions of regional transport to surface O3 on Aug. 6 was 
much higher than that on Aug. 8 (3.8 ppbv⋅hr-1 vs. 1.2 ppbv⋅hr-1). Our 
results further proved that regional transport and local chemical reac-
tion are the key factors for the development of episodes observed on 

Fig. 8. WRF-Chem’s predictions (a,b) surface O3 and (c,d) O3/NOy at 10:00 EST and 14:00 EST on 08, Aug. 2018. The studying area is highlighted in red boxes. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Contribution of physical and chemical process to O3 changes at Eatons Neck calculated through IPR analysis.  
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Aug. 6 and 8, respectively. 
As introduced in Section 1, air pollutants from NYC were transported 

to the downwind areas, exerting an important impact on air quality over 
LIS. Thus, a sensitive study was conducted without anthropogenic 
emissions to quantify the relative contributions from the NYC area to the 
air quality over LIS. 

In order to quantify the relative contribution of regional transport 
from the NYC area to LIS, a sensitive study was conducted without any 
anthropogenic emission reduction applied to NYC. The results indicated 
that the regional contribution of O3 from the NYC area (urban emissions) 
varied greatly for the two representative O3 enhancement episodes. 
During the daytime (07:00–18:00 EDT), the O3 contribution from the 
NYC area to Eatons Neck ranged from 8.1 to 27.4 ppbv per-hour on Aug. 
6, accounting for 5.9–40.0% of the total O3 levels (Fig. 10). This indi-
cated the significant impact of transport from NYC in elevating O3 
ambient levels. On the other hand, the NYC area only contributed 
0.6–12.6 ppbv per-hour on Aug. 8, which only explained 1.7–27.1% of 
O3 episode. Therefore, our results underscore the necessities in 
expanding the emission reduction area to offset the impact from the NYC 
area if the regional transport dominates. 

It is worth noting that the factors influencing surface O3 budget are 
more complex for LIS, a coastal area, which is affected by local-scale 
circulation such as sea breezes and regional transport from other up-
wind areas. Hence, further sensitive studies are necessary to identify the 
contributions from other source regions to LIS and their impact on OPS 
variations. 

4. Conclusions and implications 

Summertime O3 pollution poses a significant risk to millions of 
people living in NYC and surrounding areas. In the summer of 2012, the 
LISTOS field campaign was carried out with a synergistic combination of 
multi-source observations and model studies to better understand the 
underlying mechanisms responsible for O3 exceedance events over LIS. 

This study aimed at to better understand the mechanisms driving 
summertime O3 pollution by utilizing the WRF-Chem model and a 
collection of 3D observational data from LISTOS 2018 campaign. High- 
resolution simulations were able to capture the spatiotemporal varia-
tions of O3, NOx, NOy, meteorological variables, and vertical structures 
of air pollutants during episode development. The study identified two 
representative O3 enhancement events dominated by regional transport 
and local photochemical reactions, respectively. 

When the regional transport was dominant, the study found that O3 
laminar structure with concentration of 60 ~ 100 ppbv within the at-
mospheric boundary layer was transported down to the surface layer 
through subsidence movement. On the other hand, when local photo-
chemical reactions were the dominant contributions to O3 enhancement, 
a pool of O3 with concentration higher than 80 ppbv was formed below 
the height of 1 km. 

The study found a significant variations in OPS associated with 
regional transport. Higher NOx emissions from power plants, trans-
portation, and fossil fuel combustion activities over the NYC decreased 
the VOC-to-NOx ratio, shifting the OPS toward the VOC-limited regime. 
The study recommends adjusting the O3 control strategy for LIS 
dynamically based on varying OPS. 

IPR analysis indicates that photochemical reactions positively 
contribute to the development of the two representative O3 exceedance 
events while the physical processes show great variations. On Aug. 6, 
physical processes including horizontal advection and vertical transport 
posted a maximum contribution of 3.8 ppbv⋅hr-1 to O3 enhancement. 
Sensitivity studies with emission reduction scenario demonstrated that 
the O3 formation was highly related to regional source contributions 
from NYC with hourly O3 contribution reaching 27.4 ppbv on Aug. 6 and 
12.6 ppbv on Aug. 8, accounting for 40% and 27.1% of the total pro-
duction, respectively. 

This study highlights the importance using a high resolution for 
simulating O3 episodes, especially the O3 vertical structure, over LIS and 
other coastal areas worldwide. Regional transport and local chemical 
reactions are identified as two key factors responsible for O3 enhance-
ment from multi-source observations for LIS. The large contribution 
from the NYC area underscores the importance of strengthening the 
regional synergistic emission reduction strategy to mitigate ambient O3 
pollution over LIS. The results also emphasize the need to adopt a dy-
namic O3 control strategy for LIS based on OPS, particularly in cases 
where local O3 levels are significantly influenced by non-local sources. 
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