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• Multiplatform observations uniquely
track NO2 dynamics across land-water
continuum.

• Aircraft TCNO2 retrievals were in excel-
lent agreement with Pandora measure-
ments.

• TROPOMI underestimated TCNO2 partic-
ularly over the highly dynamic NY coastal
waters.

• Changes in TCNO2 by more than a factor
of three during sea breeze events

• Urban NO2 pollution plumes extended
>30 kmover LIS under low speedwesterly
winds.
A B S T R A C T
A R T I C L E I N F O
Editor: Anastasia Paschalidou

Keywords:
Remote sensing
Shipborne measurements
NO2

Urban air-quality
Sea breezes
Land-water continuum
Satellite retrievals
Aircraft retrievals
Model simulations
Nitrogen dioxide (NO2) pollution remains a serious global problem, particularly near highly populated urbanized
coasts that face increasing challenges with climate change. Yet, the combined impact of urban emissions, pollution
transport, and complex meteorology on the spatiotemporal dynamics of NO2 along heterogeneous urban coastlines re-
mains poorly characterized. Here, we integrated measurements from different platforms – boats, ground-based net-
works, aircraft, and satellites – to characterize total column NO2 (TCNO2) dynamics across the land-water
continuum in the New York metropolitan area, the most populous area in the United States that often experiences
the highest national NO2 levels. Measurements were conducted during the 2018 Long Island Sound Tropospheric
Ozone Study (LISTOS), with a main goal to extend surface measurements beyond the coastline – where ground-
based air-quality monitoring networks abruptly stop – and over the aquatic environment where peaks in air pollution
often occur. Satellite TCNO2 from TROPOMI correlated strongly with Pandora surface measurements (r= 0.87, N=
100) both over land and water. Yet, TROPOMI overall underestimated TCNO2 (MPD = -12%) and missed peaks in
NO2 pollution caused by rush hour emissions or pollution accumulation during sea breezes. Aircraft retrievals were
in excellent agreement with Pandora (r = 0.95, MPD = -0.3%, N = 108). Stronger agreement was found between
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TROPOMI, aircraft, and Pandora over land, while over water satellite, and to a lesser extent aircraft, retrievals
underestimated TCNO2 particularly in the highly dynamic New York Harbor environment. Combinedwithmodel sim-
ulations, our shipborne measurements uniquely captured rapid transitions and fine-scale features in NO2 behavior
across the New York City - Long Island Sound land-water continuum, driven by the complex interplay of human activ-
ity, chemistry, and local scale meteorology. These novel datasets provide critical information for improving satellite
retrievals, enhancing air quality models, and informing management decisions, with important implications for the
health of diverse communities and vulnerable ecosystems along this complex urban coastline.
1. Introduction

A humanfingerprint on global air quality, nitrogen dioxide (NO2) pollu-
tion remains a serious problem in many major cities worldwide (e.g., Rojas
and Venegas, 2009; Gu et al., 2011; Chi et al., 2021;; Tzortziou et al., 2022).
Emitted to the atmosphere primarily during fossil fuel combustion, NO2 is a
criteria air pollutant that is regulated and monitored by the Clean Air Act
because of its direct effects on human and environmental health and its
major role as a precursor of ozone and secondary inorganic aerosols
(Crutzen, 1979; Burnett et al., 2004; Duan et al., 2019). High NO2 levels
have been associated with lung irritation and reduced lung function, in-
creased asthma attacks, cardiovascular disorders, as well as lower birth
weight in newborns and increased risk of premature death (U.S. EPA,
2016). Through wet and dry deposition, the atmosphere is a major source
of excess nitrogen to many terrestrial and aquatic ecosystems worldwide
(Paerl et al., 2002; Pardo et al., 2011). Prior studies have indicated atmo-
spheric deposition accounts for 25% or more of the annual nitrogen load
to systems such as the Chesapeake Bay and Long Island Sound, with impor-
tant implications for soil biogeochemistry, aquatic biology, development of
coastal eutrophication, harmful algal blooms, and hypoxia (e.g., Stacey
et al., 2001; Decina et al., 2017; Decina et al., 2020; Burns et al., 2021).

Strict air quality regulation policies (e.g., Clean Air Interstate Rule,
CAIR, 2009) over the past two decades, addressing regional interstate trans-
port of fine particulate matter and ozone, have resulted in consistent and
significant declines in nitrogen oxide (NOx=NO+NO2) emissions across
theUnited States (VanDer A et al., 2008; Duncan et al., 2016; Krotkov et al.,
2016). Satellite observations from the Ozone Monitoring Instrument (OMI)
captured an approximately 4% yr−1 decrease in column NO2 levels be-
tween 2005 and 2019 over the eastern US (Krotkov et al., 2016; Goldberg
et al., 2021). Yet, many US cities remain hot spots of NO2 pollution
(Goldberg et al., 2021), depicting clear NO2 weekly cycles and interannual
variability strongly linked to human behavior (Beirle et al., 2003; Kaynak
et al., 2009; Tzortziou et al., 2022).

Home to approximately 6% of the United States' population (U.S.
Census Bureau, 2021) the NewYork Citymetropolitan area is themost pop-
ulous urban center in the United States. Despite satellite Aura/OMI obser-
vations showing a ~ 3.8% yr−1 drop in total column NO2 over New York
City (NYC) between 2005 and 2019 (Tzortziou et al., 2022) and a 46% de-
cline in top-down NOX emissions from 2006 to 2017 (Goldberg et al.,
2019a), this coastal metropolis continues to experience among the highest
national NO2 levels (Herman et al., 2018). As a result, this area has the
worst nonattainment records of ozone in eastern North America
(Karambelas, 2020). These high levels of pollution impact the well-being
of over 20 million people living in the New York metropolitan region, af-
fecting the health of diverse, including many low-income disadvantaged,
communities and already vulnerable ecosystems in downwind areas
(Clark et al., 2014).

Air quality exceedances in New York are the result of local and regional
anthropogenic pollutant emissions from various sectors (e.g., transportation,
energy, industrial) as well asmeteorological conditions influenced by a com-
plex land-water interface and heterogeneous terrain (Couillard et al., 2021;
Tzortziou et al., 2022). In this and other coastal urban areas, air pollution
from urban cores often accumulates over adjacent coastal waters due to
low atmospheric deposition rates overwater and a shallowmarine boundary
layer that traps urban and marine emissions (Goldberg et al., 2014;
Loughner et al., 2016). Sea-breeze circulations that often develop across
2

large bodies of water, such as the Mid-Atlantic Bight and Long Island
Sound, further affect advection, recirculation, and accumulation of atmo-
spheric pollutants. Such sea-breeze flows can lead to build up of emissions
and aggravation of air pollution along the shoreline caused by stagnation
that develops as winds change direction (Gaza, 1998; Kanakidou et al.,
2011; Stauffer et al., 2014; Loughner et al., 2016). Although sea breeze
events do not occur every day, their frequency, duration, and severity are ex-
pected to increase with coastal urbanization and climate change (Leung and
Gustafson, 2005; Zhang et al., 2009; Horton et al., 2012). Previous studies
have examined the development of sea and shore breeze circulations along
the coasts of Long Island Sound (LIS) and NY Harbor (Colle and Novak,
2010; Meir et al., 2013; Thompson et al., 2007). Yet, the combined impact
of such meteorological processes and different NOx emission sectors on
the spatiotemporal dynamics of NO2 along this complex urban coastline re-
mains poorly characterized –particularly across the continuum of terrestrial
and aquatic landscapes already stressed by pollution, eutrophication, and ris-
ing temperatures.

The 2018 Long Island Sound Tropospheric Ozone Study (LISTOS) was a
large multi-agency collaborative effort led by the Northeast States for Coor-
dinated Air Use Management (NESCAUM) to better understand the com-
plex chemistry and pollution transport in this region (Karambelas, 2020).
A main goal of LISTOS was to characterize the sources and dynamics of
the ozone precursors nitrogen oxides (NOx) and volatile organic com-
pounds (VOCs) and improve understanding of pollution transport from
NYC and upwind regions to downwind areas and over Long Island Sound
(http://www.nescaum.org/documents/listos). Several academic and re-
search institutions, local state agencies, and federal agencies participated,
contributing measurements from surface networks, mobile laboratories,
research aircraft, and satellite sensors in summer 2018 (e.g., Judd et al.,
2020; Zhang et al., 2021; Rogers et al., 2020; Wu et al., 2021; Couillard
et al., 2021).

The overarching objective of our study was to extend the LISTOS sur-
face measurements of NO2 beyond the coastline – where ground-based
air-quality monitoring networks abruptly stop – and over the aquatic
environment where peaks in air pollution often occur. Shipboard Pandora
spectrometer instruments, specifically designed for accurate and high-
frequency retrievals of atmospheric trace gas column amounts from a
moving platform, were, thus, deployed on two research vessels conducting
regular year-round water-quality monitoring surveys in New York Harbor
and across Long Island Sound. These novel datasets provide unique infor-
mation for validating satellite and aircraft column NO2 retrievals over
highly heterogeneous coastal waters. They are also critical for evaluating
atmospheric correction approaches for satellite ocean color observations
(Tzortziou et al., 2018; Turner et al., 2022). Combined with model simula-
tions and measurements from airborne, satellite, and land-based instru-
ments, the shipboard Pandora retrievals allowed to characterize rapid
transitions and fine-scale features in NO2 behavior across the NYC-LIS
urban land-water continuum, driven by the complex interplay of human ac-
tivity, chemistry, and local scale meteorology.

2. Data and methods

2.1. Ground-based and shipboard Pandora measurements

To characterize the spatiotemporal dynamics in total column NO2

(TCNO2) across the NYC-LIS urban-land-water continuum we used high-
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frequency measurements from both shipboard and ground-based Pandora
spectrometer instruments (PSIs) deployed on mobile research vessels and
atfixed coastal land sites (Fig. 1; Table 1). In this study, we discussmeasure-
ments collected in July through September 2018, which was during the
peak activity of the LISTOS field campaign. The Pandora sensors are part
of the Pandonia Global Network (PGN, https://www.pandonia-global-
network.org/), jointly sponsored by the National Aeronautics and Space
Administration (NASA) and the European Space Agency (ESA). The PGN
provides real-time, standardized, calibrated, and verified air quality data
from a network of passive remote sensing instruments capable of perform-
ing sun, moon, and sky observations. PGN measurements have been used
extensively in support of air quality monitoring and satellite validation
(e.g., Celarier et al., 2008; Reed et al., 2015; Tzortziou et al., 2018; Spinei
et al., 2018; Herman et al., 2019; Di Bernardino et al., 2021; Verhoelst
et al., 2021). Recent studies have combined model simulations with
long-term data records from ground-based Pandora instruments to assess
impacts of the COVID-19 pandemic on air quality in the New York metro-
politan area (Tzortziou et al., 2022), as well as to validate NASA airborne
measurements and TROPOMI NO2 retrievals over land during LISTOS
(Judd et al., 2020) and other major field campaigns (Choi et al., 2020).

Pandora is a sun/sky/lunar passive UV/Visible spectrometer system,
driven by a highly accurate sun tracker that points an optical head at the
sun and transmits the received light to an Avantes low stray light CCD spec-
trometer (spectral range: 280–525 nm; spectral resolution: 0.6 nm with 5
times oversampling) through a fiber optic cable (Herman et al., 2019;
Tzortziou et al., 2014). The spectrometer is temperature stabilized at
20 °C inside a weather resistant container. Trace gas abundances along
the light path are determined using differential optical absorption spectros-
copy (DOAS). The system can operate in both direct-sun and sky-scanmode
for retrievals of O3, NO2, SO2 and CH2O total columns, tropospheric col-
umns, and information on vertical profiles (Tzortziou et al., 2018;
Herman et al., 2018; Spinei et al., 2018), and is an enhancedmonitoring in-
strument for characterizing upper air pollutants under the U.S. EPA PAMS
program (Szykman et al., 2019). For the shipboard instruments, the Blick
Software suite operating the PSI uses feedback from an internal digital cam-
era to a sun-tracker to adjust the motors andmaintain a centered direct-sun
view (Tzortziou et al., 2018). The estimated TCNO2 error in Pandora re-
trievals is <0.05 DU (1 DU = 2.69 × 1016 molecules cm−2) (Herman
et al., 2019). Pandora data were filtered here for solar zenith angle (SZA)
less than 70o, normalized root-mean square (nRMS) of weighted spectral
fitting residuals <0.05, and uncertainty in NO2 retrievals <0.1 DU.

PGN sites in the New York City and Long Island Sound region during
LISTOS included Manhattan, NY (PSI#135), Queens, NY (PSI#140), West-
port, CT (PSI#53), and NewHaven, CT (PSI#20) (Table 1, Fig. 1). PSI#135
Fig. 1.Map of study area, indicating location of ground-based and shipborne Pandora s
Sound, as well as aircraft flight tracks (grey dash line), overlaid with mean August 2018
included (red symbols), specifically the PSEG Bergen Generating Station in Ridgefield (B
Linden (major emission sources inNJ), and theAstoria (AG) and RavenswoodGenerating
of NY in 2018 and 2019; Tzortziou et al., 2022).
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is located inUpperWestManhattan, NY, on the Advanced Science Research
Center (ASRC) Rooftop Observatory at the City College of New York cam-
pus, an intensive urban air-quality monitoring site. The Pandora sensor in
Queens, NY, is located at the CUNY Queens College, a New York Depart-
ment of Environmental Conservation (NYDEC) Air Toxics and NCore mon-
itoring site within a dense residential neighborhood and near several major
roadways. The Pandora inNewHaven, CT, is located at the Connecticut De-
partment of Energy and Environmental Protection (CT-DEEP) Photochemi-
cal Assessment Monitoring Station (PAMS) in Criscuolo Park, at the
confluence of the Mill and Quinnipiac Rivers surrounded by a residential
neighborhood near the elevated intersection of three major highways and
industrial activities across the rivers. The Pandora in Westport, CT, is lo-
cated at theWestport Sherwood Island State Park site in southwestern Con-
necticut. This is a rural coastal site that is approximately 0.5 km to the south
of I-95 on the Long Island Sound shoreline.

During LISTOS 2018, two shipboard Pandora sensors collected mea-
surements of atmospheric trace gases in NY Harbor and across Long Island
Sound (Fig. 1). PSI#24, was deployed on the 55-ftHSV Osprey, operated by
the NYC Department of Environmental Protection (DEP) as part of their
New York Harbor Survey Program (18 July-15 August 2018). NYC DEP
has been conducting long-term (1909-now) water quality measurements
in the Hudson River, East River, Inner Harbor, Lower NY Bay, Jamaica
Bay, and Western LIS weekly from June to September and once a month
during the rest of the year. Shipboard PSI#100, was deployed on the 50-
ft R/V John Dempsey, operated by the CT Department of Energy and Envi-
ronmental Protection (DEEP) (23 August-5 September 2018). Since 1991,
CT-DEEP has conducted an intensive year-round water quality monitoring
program across the Eastern to Western Long Island Sound, funded by the
US EPA Long Island Sound Study, with bi-weekly surveys during summer
months. Both shipboard Pandora instruments were mounted on the bow/
forecastle deck of the research vessels, away from the engine's exhaust, to
avoid any obstructions and contamination.

2.2. TROPOMI satellite retrievals

Jointly developed by the Netherlands and ESA, TROPOMI is an air qual-
ity monitoring sensor onboard the sun-synchronous Copernicus Sentinel-5
Precursor satellite, launched on 13 October 2017 (Veefkind et al., 2012).
On a low-earth (825 km) orbit, Sentinel-5P has a daily equator overpass
time of approximately 13:30 local time and global daily coverage.
TROPOMI has a spatial resolution of 7.2km (5.6km as of 6 August 2019)
along-track by 3.6km across-track at nadir, a significant improvement com-
pared to its predecessors OMI (Ozone Monitoring Instrument) and
SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric
ensors (white symbols) in New York City, NY Harbor, Connecticut, and Long Island
total column NO2 from TROPOMI (in DU). Major pollutant emitters in the area are
G), the Linden Generating Station (LG) and the Phillips 66 Bayway (PB) Refinery in
(RG) Stations in Queens, NY (among the largest greenhouse gas polluters in the state
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Table 1
Pandora sites and instruments used in this study. The mean (and standard deviation, stdev) TCNO2 amount (based on half-hour averages, July–September 2018) at each site
during LISTOS is also shown.

Pandora sites
(Principal Investigator)

PSI # Latitude Longitude TCNO2, during LISTOS
(DU, mean, ±stdev)

Manhattan, NY
(M. Tzortziou)

#135 40.8153° −73.9505° 0.59 (± 0.32)

Queens, NY
(L. Valin)

#140 40.7361° −73.8215° 0.54 (± 0.30)

Westport, CT
(L. Valin)

#53 41.1183° −73.3367° 0.27 (± 0.08)

New Haven, CT
(L. Valin)

#20 41.3014° −72.9029° 0.33 (± 0.09)

Shipboard NYC-DEP
(M. Tzortziou)

#24 40.4842° to 40.9145° −74.2592° to −73.7469° 0.91 (± 0.45)

Shipboard CT-DEEP
(M. Tzortziou)

#100 40.8718° to 41.3126° −73.7363° to −72.0494° 0.28 (± 0.05)
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CartograpHY). Several spectral bands in the ultraviolet to shortwave-
infrared (270–2385 nm) and a spectral resolution between 0.25 and
1 nm, allow observations of cloud, aerosol properties, and key atmospheric
trace gases including O3, NO2, CO, SO2, CH4 and CH2O (Veefkind et al.,
2012). NO2 retrievals from TROPOMI are based on measurements in the
405–465 nm spectral window. Using a DOAS technique, similar to the Pan-
dora instrument, the top-of-atmosphere spectral radiances are converted
into slant column amounts of NO2 between the sensor and the Earth's sur-
face (Boersma et al., 2018). In two additional steps, subtraction of the
stratospheric component and incorporation of an air mass factor, the slant
column quantity is converted into a tropospheric vertical column content
(Beirle et al., 2019; Dix et al., 2020; Goldberg et al., 2019b; Griffin et al.,
2019; Ialongo et al., 2020; Reuter et al., 2019; Zhao et al., 2020; van
Geffen et al., 2022). For this analysis, we used the TROPOMI total vertical
columns (tropospheric and stratospheric column amount, in Dobson
units) using TROPOMI NO2 version 2.3.1 (https://data-portal.s5p-pal.
com/). TROPOMI data were filtered using a quality assurance flag (QA),
in which pixels with QA values >0.75 are utilized; no other filter was
applied.

2.3. Aircraft NO2 retrievals

Over the course of the LISTOS study, NASA flew two ultraviolet-visible
(UV-VIS) airborne spectrometers: the Geostationary Coastal and Air Pollu-
tion Events Airborne Simulator (GCAS) from July–September 2018 and
Geostationary Trace gas and Aerosol Sensor Optimization (GeoTASO) in
June 2018 (Kowalewski and Janz, 2014; Leitch et al., 2014). The data
from these spectrometers were used to retrieve high resolution maps of
NO2 and formaldehyde, the former used in the following analysis with a
spatial resolution of approximately 250 m × 250 m on 13 flight days.
Brief details about the flight strategy, retrieval, and validation are summa-
rized belowwith more detailed descriptions in Judd et al. (2020) and refer-
ences therein. NO2 is retrieved via DOAS in the 425–460 nm window. Air
mass factors (AMFs) for slant to vertical column conversion rely on a priori
input based on surface reflectivity from MODIS BRDF kernels (MCD41A1:
Lucht et al., 2000; Schaaf and Wang, 2015) over land with assumed
Lambertian reflectance of at least 3% (or larger if the MODIS retrieval indi-
cated otherwise) plus a Cox-Munk kernel for sun glint approximation over
water, a priori profiles from a 12 km NAM-CMAQ modeling analysis for
the troposphere (Stajner et al., 2011) plus the PRATMO stratospheric clima-
tology (Prather, 1992; McLinden et al., 2000) bias corrected daily with
TROPOMI 1.3 stratospheric vertical columns. Both airborne instruments
have a field of view nadir of the aircraft of 45°, resulting in an approximate
7 km swath width at a flight altitude of 8.5 km. Maps of NO2 are composed
by executing flight lines in a lawnmower pattern across the region of inter-
est between 2 and 4 times per flight day over the region over a time period
of approximately 1.5–3 h. Previous work and data shown herein demon-
strate that this airborne dataset compares well with Pandora spectrometers
to within ± 25%, which exceeds most independent estimates of
4

uncertainty in relation to AMF applications for slant to vertical column con-
version (Lorente et al., 2017). Data in this work are filtered to only include
cloud-free scenes.

2.4. HYSPLIT model simulations

The NOAA Air Resources Laboratory (ARL) HYbrid Single-Particle La-
grangian Integrated Trajectory (HYSPLIT) modeling system was used to
compute air parcel trajectories and determine the origin of air masses sam-
pled by the shipboard Pandoras during LISTOS. HYSPLIT is a complete sys-
tem capable of computing air parcel trajectories, atmospheric dispersion,
emissions, chemical transformation, and deposition within Earth's atmo-
sphere (Stein et al., 2015). It has been used extensively in the literature in
a wide range of applications to simulate and forecast the atmospheric trans-
port, dispersion, and deposition of pollutants emitted from stationary and
mobile sources, hazardous materials, wildfire smoke, and volcanic ash
(e.g., Stein et al., 2015; Rolph et al., 2017; Nauth et al., 2023). HYSPLIT
was previously used successfully to compute the transport and origin of
air masses sampled by a shipboard Pandora (PSI#24) onboard R/V Onnuri
during the Korea-United States Ocean Color (KORUS-OC) expedition in
South Korean coastal waters (Tzortziou et al., 2018). For this study,
HYSPLIT backward trajectories were initialized at 18:00 UTC for each
day between 1 July to 31August 2018 and driven by theHRRRmeteorolog-
ical model. The trajectories were initialized at 500 m AGL (above ground
level) and run 12 h backward in time with a model top of 10,000 m AGL.
HYSPLIT default options were used for the remaining options, which in-
clude using the vertical velocity from the meteorological inputs, in this
case HRRR calculated vertical velocity, and outputting the location of the
trajectories on an hourly basis. Results were analyzed in combination
withHRRRmodel simulations of wind conditions to assess source contribu-
tions to atmospheric pollution over these coastal waters and impacts of sea
breeze circulations during the LISTOS field campaign.

2.5. HRRR model simulations

The High-Resolution Rapid Refresh (HRRR) atmospheric model, de-
veloped by the NOAA Earth System Research Laboratory (ESRL), was
used in this study to drive the HYSPLIT model simulations. The HRRR
model is a real-time 3-km resolution, hourly updated, cloud-resolving,
convection-allowing atmospheric model, initialized by 3 km grids with
3 km radar assimilation and 50 vertical levels (Alexander, 2021). Radar
data is assimilated in the HRRR every 15 min over a 1-h period adding fur-
ther detail to that provided by the hourly data assimilation from the 13 km
radar-enhanced Rapid Refresh. Previous research has shown that meteoro-
logical models with a horizontal resolution coarser than about 4.5 kmmay
not be capable of capturing sea breeze circulations (Loughner et al., 2011).
The HRRR model has a high enough (i.e., 3 km) spatial resolution to cap-
ture these localized circulation patterns. With the influence of onshore
and offshore surface winds over the NYC metropolitan area, HRRR

https://data-portal.s5p-pal.com/
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Fig. 2. (a) Comparison between TROPOMI and Pandora TCNO2 at thefixed ground-
based locations in NY (PSI#135, PSI#140) and CT (PSI#53, PSI#20), and over the
water in NY Harbor (PSI#24) and LIS (PSI#100). (b) Comparison between aircraft
and Pandora TCNO2 at same locations. (Parameters r, MPD and N are reported for
the full dataset, and for each location in the legend. The 1:1 line is indicated with
the dashed line.)

M. Tzortziou et al. Science of the Total Environment 897 (2023) 165144
provides detailed products allowing for the further analysis of wind pat-
terns that affect the movement of polluted air parcels over the area
(Nauth et al., 2023). The HRRR model 10 m wind velocities were used to
identify sea breeze convergence zones. Strong sea breezes, when the sea
breeze penetrated far inland, as well as weak sea breezes, when the conver-
gence zone was identified along the coastline but did not penetrate far in-
land, were counted as sea breeze days (Nauth et al., 2023).

2.6. TCNO2 statistical comparison methods

Linear regression statistics (including the correlation coefficient r) were
used to examine the correlation between coincident satellite, aircraft, and
Pandora retrievals. Mean percent differences (MPD) in total column NO2

amounts were calculated with Pandora retrievals as the reference, using
Eq. (1).

Mean PD MPDð Þ ¼ ∑
N

i¼1

XSatellite or Aircraft
i � XPSI

i½ �
XPSI
i

� �� �
� 100=N (1)

where XSatellite
i XAircraft

i and XPSI
i are the satellite, aircraft, and Pandora TCNO2

retrievals for the ith observation, respectively, and N is the number of coin-
cident observations.

For all comparisons, coincidence criteria were applied. For the compar-
isons between satellite and surface-based retrievals, at each Pandora loca-
tion we used the TROPOMI pixel in which the Pandora spectrometer was
located during the time of the satellite overpass (according to the
TROPOMI pixel corners). The mean Pandora TCNO2 was calculated within
30min of the Sentinel-5P overpass. For Pandora and airborne coincidences,
Pandora TCNO2 measurements were compared to the average airborne
TCNO2within a 750m radius of the Pandora site and the temporally closest
Pandora measurement following Judd et al. (2019). Sensitivity to these re-
sults can be found in Table S1 in Judd et al. (2020) and are based on min-
imizing the impact of large changes in short period of time as well as the
benefit of averaging multiple pixels within the area to increase signal to
noise and increase data volume in the presence of broken clouds. Differ-
ences in temporal criteria for Pandora comparisons to TROPOMI and air-
borne data are to align more with the higher spatial resolution data of the
latter which can be influenced at time scales as quick as minutes (Judd
et al., 2019).

3. Results and discussion

3.1. Pandora and TROPOMI TCNO2 comparisons

Satellite TROPOMI TCNO2 retrievals were compared with Pandora
measurements over both the terrestrial and aquatic landscapes along this
coastal environment (Fig. 2a). Results showed very good correlation at
most sites, both over land and water (r of 0.87, N=100). Good agreement
was found between TROPOMI and Pandora in the NY urban core, where
TCNO2 typically shows the strongest gradients (r of 0.95 and 0.86, and
MPD of −4% and 4%, for the Manhattan and Queens locations, respec-
tively). Strong correlation (r of 0.97) was also found between satellite and
shipboard Pandora retrievals over the highly dynamic NY Harbor waters.
A smaller data range at New Haven, Westport, and Long Island Sound, re-
sulted in lower correlation between TROPOMI and Pandora.

Overall, TROPOMI underestimated TCNO2 relative to the surface mea-
surements, on average by 12% across the entire region. These results are
consistent with previous studies, showing that TROPOMI measurements
are biased low (19–33%) compared to Pandora retrievals (Judd et al.,
2020). The small change in bias is attributed to improvements made be-
tween the TROPOMI v1.3 used in Judd et al. (2020) and v2.3 retrievals
within this work (van Geffen et al., 2022). TROPOMI underestimation of
TCNO2 was particularly pronounced over the water (MPD of −44%
and − 15% in the NY Harbor and LIS, respectively). This could be at least
partly explained by TROPOMI's coarser spatial resolution as well as assump-
tions in the NO2 vertical profile shape and a-priori surface reflectivity (Judd
5

et al., 2020), especially along terrestrial-aquatic interfaces characterized by
highly contrasted (i.e., bright urban compared to dark water) scenes. Over-
all, and as discussed in more detail below, TROPOMI captured the major
plumes and spatiotemporal transitions in TCNO2 associated with NOx emis-
sion sources and meteorology during LISTOS (Fig. S1). Yet, it missed some
of the fine spatial features and transient peaks in air pollution observed by
the Pandora network across this highly dynamic urban coastal environment.

3.2. Pandora and aircraft TCNO2 comparisons

Airborne total NO2 columns showed remarkably good correlation with
surface Pandora retrievals, both over land and over the water (r = 0.95,
N = 108, MPD < 1%; Fig. 2b). Close agreement was found in the NY
urban core with aircraft slightly overestimating TCNO2 compared to Pan-
dora (r of 0.99 and 0.94, and MPD of 9% and 8%, for the Manhattan and
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Queens locations, respectively). Multiple observations per day, from both
platforms, highlighted the strong temporal dynamics in TCNO2 in this
urban region. As an example, both Pandora and GCAS measured a local
peak of >3.0 DU in TCNO2 over Manhattan in the morning of July 2,
2018, and the transition to approximately 1 DU in the afternoon (Fig. 3).
Lower TCNO2 was measured throughout the day by both instruments at
Queens and New Haven. On July 20 and August 24, GCAS retrievals over
Manhattan and Queens captured the early morning increase in TCNO2, in
close agreement with the Pandoras. While the aircraft did not overfly the
two sites, therefore appear to miss the peaks observed by Pandora, from
15:00–16:00 UTC, these increases were apparent from the mapping
Fig. 3. Diurnal variability in TCNO2 as captured by aircraft instruments (GeoTASO an
Pandoras (PSI#24 and #100) across the NYC-LIS land-water continuum.
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perspective of the aircraft (e.g., Fig. 10). Total NO2 columns were also
highly correlated at the more rural sites of Westport and New Haven, CT
(r of 0.97 and 0.82, and MPD of 3% and − 17%, respectively). TCNO2

showed little temporal variability along the CT shoreline and in most
cases remained<0.5 DUon the days of aircraftflights, except for September
6 when both aircraft and Pandora observed a decline in TCNO2 by a factor
of 3, from 0.75 DU in the morning to 0.25 DU in the afternoon, over West-
port (Fig. 3). Almost 90% of the aircraft-Pandora matchups over this urban
landscape, fell within ±25% difference in TCNO2.

Aircraft and Pandora measurements were also strongly correlated over
the water, exhibiting consistent spatiotemporal gradients in NO2 pollution
d GCAS), ground based Pandoras (PSI#135, #140, #20 and #53) and shipborne



Fig. 4.Temporal variability in TCNO2 as captured by TROPOMI and Pandoras over NYC, NYHarbor, andWestern LIS (upper panel), and over the CT shoreline and LIS (lower
panel). Sundays are indicated by orange markers on x-axis.
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both over the highly heterogeneous and more polluted NY Harbor and
Western LIS (sampled with PSI#24, r= 0.96, N= 8) as well as in Central
and Eastern LIS where air quality conditions are typically considerably im-
proved (sampledwith PSI#100, r=0.77,N=14; Fig. 2b). As in the case of
satellite-based retrievals, aircraft-based retrievals overall underestimated
TCNO2 over the water (Figs. 2, 3), but to a lesser extent than TROPOMI
(MPD of −26% and −9% in the NY Harbor and LIS, respectively), most
likely due to the considerably higher spatial resolution of aircraft measure-
ments (250 m× 250 m) and higher sensitivity to surface NO2 pollution in
comparison to the TROPOMI instrument.We speculate that low biases over
PSI#24 in comparison to the other sites are likely challenges in accurately
portraying surface reflectivity in the heterogeneous environment of the
urban/water interface exacerbated by high pollution levels in NY Harbor.
Temporal dynamics in TCNO2 over the water were consistent between Pan-
dora and aircraft retrievals (Fig. 3). Both GCAS and PSI#24 captured an in-
crease in TCNO2 by approx. 0.5 DU from 13:00 UTC to 14:30 UTC in the
morning of July 20, 2018, over the East River. Although TCNO2 over
Long Island Sound remained <0.5 DU on the days of aircraft flights, consis-
tent withmeasurements along the CT shoreline (NewHaven andWestport),
Pandora and aircraft observations followed each other closely, capturing
Fig. 5. Spatial distribution in TCNO2 as captured by the shipboard Pandoras (left) over
Island Sound (PSI#24, 18 July – 14 August 2018), and (right) over the Long Island So
with TCNO2).
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small-scale meteorology-driven variability in TCNO2 over the water on Au-
gust 28, 2018 (Fig. 3, lower panel) (see Section 3.4).

3.3. Spatiotemporal dynamics in NO2 over the land-water continuum

Satellite imagery from TROPOMI captured significant spatial and
day-to-day variability over the New York metropolitan area during July
to September 2018 (Fig. S1). High TCNO2 values, reaching >0.75 DU,
were typically observed over eastern New Jersey, Manhattan, and Queens,
often extending over the Western and Central Long Island Sound (e.g., July
9, 10, 20, August 7, 8, 24 and 29). This region, covering eastern NJ to the
inner and lower NY Harbor and the Western Long Island Sound, showed
the strongest temporal variability in air quality (Fig. 1). TROPOMI-
retrieved TCNO2 ranged within 0.24–1.14 DU and 0.24–0.99 DU over
the Manhattan and Queens Pandora locations, respectively, during
LISTOS (Fig. 2(a)). Yet, it remained over a much narrower range
(0.17–0.36 DU and 0.16–0.27 DU, respectively) above the coastal
areas of Westport and New Haven in CT. TROPOMI-retrieved TCNO2

showed significant variability over the coastal aquatic domain, ranging
from 0.23 to 0.82 DU over HSV Osprey in the New York Harbor, with
the New York Harbor coastal waters, Hudson River, East River, and Western Long
und waters (PSI#100, 24 August–September 5, 2018) (circle color and size scale



Fig. 6.HRRR winds fields at (a) 12:00 UTC and (b) 18:00 UTC on 7 August 2018. (c) PSI#24 onboardHSV Osprey captured strong dynamics in TCNO2 over the NY Harbor,
with maxima over the East River and in NWStaten Island (across PB Refinery and LG Station). (d) Temporal dynamics in Pandora-retrieved TCNO2 over Queens, Manhattan,
andHSVOsprey (TROPOMITCNO2 overHSVOsprey also shown). Different wind conditions on 24 July 2018 (e-f) resulted in very different TCNO2 distribution both over land
and water (g-h).
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maximumvalues observed over EasternNJ, LowerManhattan, andNYHar-
bor on July 19 and 20, 2018 (Figs. S1 and 4). A similarly strong variability
was captured by TROPOMI in Long Island Sound, with TCNO2 varying by
more than a factor of 6 from 0.15 to 1.07 DU along the R/V Dempsey tran-
sects, with maximum values observed in western LIS on July 9, 13, and
August 6, 8 and 24 (Figs. S1, 4).

Higher resolution measurements from the aircraft sensors and the net-
work of ground based and shipboard Pandoras were overall in good agree-
ment with TROPOMI, but also revealed finer NO2 variability at sub-diurnal
and sub-kilometer scales driven by local emissions andmeteorology (Figs. 4
Fig. 7. (a-d) Change inwind speed and direction from12:00 to 19:00UTC on August 26,
detected in the NYC core by Pandora and TROPOMI on this day, while the network of Pan
14:00 UTC, consistent with entrainment of polluted air mass across the CT shoreline. (f)
the satellite overpass, both over the NYC urban core and over Long Island Sound.
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and 5). Pandora-retrieved TCNO2 in Manhattan, NY, was on average 0.59
(±0.32) DU during the LISTOS deployments in summer 2018, consistent
with long-term, pre-COVID 19 pandemic, summertime measurements at
this location (Tzortziou et al., 2022). Previous studies in NYC showed a
clear seasonal cycle in TCNO2 typical of Northern Hemisphere mid-
latitude locations, with relatively lower values in summer and maxima oc-
curring during the winter (Goldberg et al., 2020; Tzortziou et al., 2022).
This seasonality is due largely to increased fossil fuels for domestic heating
and longer tropospheric NO2 lifetime at colder temperatures due to low
light availability (van der A et al., 2008; Roberts-Semple et al., 2012;
2018, as estimated by the HRRRmodel. (e) Relatively high TCNO2 (0.5–0.6 DU)was
doras atWestport, Milford andNewHaven showed sequential peaks in TCNO2 after
Pandora and TROPOMI TCNO2 retrievals were in excellent agreement at the time of



Fig. 8. Temporal and spatial dynamics in TCNO2, as measured by the network of Pandoras, TROPOMI and GCAS over the NYC coastal waters andWestern Sound, on 19 July
2018 (a, b) and 20 July 2018 (d, e) when sea-breeze circulations developed, 21 July 2018 (g, h) when air-quality markedly improved, and on 6 August 2018 (j, k) when
another sea breeze event occurred. HYSPLIT backward trajectories, initialized at the location of HSV Osprey (in NY Harbor), are shown for each day (lower panel).
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Tzortziou et al., 2022). Still, several cases of high NO2 pollution were ob-
served during the LISTOS summer. Particularly high values (often exceed-
ing 2.0 DU) were captured by GCAS and Pandora over Manhattan on July
2, July 20, and under low wind-speed conditions (<2 ms−1) on August
24, 2018 (Figs. 3, 4). Similar temporal patterns and TCNO2 levels were
measured by Pandora and GCAS across the East River, in Queens, NY (aver-
age Pandora TCNO2 of 0.54 (±0.3) DU). NO2 total columns along the CT
shoreline, in Westport and New Haven, were overall considerably (approx.
50%) lower than measurements in New York City (0.27 DU and 0.33 DU,
on average, respectively). This agrees with the spatial gradients in
TROPOMI imagery (Figs. 1, S1) and previous summertime measurements
along this coastal region (Tzortziou et al., 2022; Judd et al., 2020). A
clear weekly cycle was captured by all Pandora instruments, with minima
in TCNO2 consistently measured on Sundays (Fig. 4).

In the New York Harbor, TCNO2 often exceeded 2 DU, with the ship-
board Pandora (PSI#24) in many cases measuring higher TCNO2 than in-
land Pandora sites (Table 1, Fig. 4). Particularly high TCNO2 levels
(reaching 2 DU) were measured under relatively low wind-speed condi-
tions (<3.5 ms−1) on 30 July, as the boat transited along the Hudson
River and across the PSEG Bergen Generating Station in Ridgefield, NJ
(Figs. 4, 5). High TCNO2 was also measured on 20 July and 6 August
when HSV Osprey was in the East River and Western Long Island Sound,
near theAstoria (AG) andRavenswoodGenerating (RG) Stations inQueens,
NY (Fig. 1). As discussed below, both cases were characterized by develop-
ment of strong sea breeze circulations.

Another peak in TCNO2 over the NYHarbor waterways, associatedwith
local NOx emissions, was captured by PSI#24 on August 7, 2018, as HSV
Osprey transited from the NYC-DEP Newtown Creek dock to the Bayonne
Bridge and around Staten Island (Fig. 6a-d). Early in the morning (12:00
UTC) and under the influence of southwest winds (Fig. 6a), the shipboard
Pandora measured TCNO2 levels of approx. 1 DU over the East River and
lower Manhattan with a secondary peak in TCNO2 at around 15:30 UTC
when HSV Osprey was located west of the Bayonne Bridge and across the
9

twomajor NOx emission sources in Linden, NJ (i.e., Linden Generating Sta-
tion (LG) and the Phillips 66 Bayway (PB)Refinery; Fig. 6c, d). As thewinds
changed direction under marine influence between 16:00 and 18:00 UTC
(Fig. 6b), TCNO2 over the water decreased to approx. 0.5 DU and remained
low in the Raritan and Lower Bay areas. Although TROPOMI was in excel-
lent agreement with the shipboard Pandora (Fig. 6d), it completely missed
the spatial gradients in TCNO2 in lower Manhattan and West Staten Island
due to cloudy conditions over that region at the time of the satellite over-
pass (Fig. S1). Very different conditions were measured over the waters ad-
jacent to the two major NJ power plants on July 24, 2018, when persistent
southeast winds of marine origin kept TCNO2 consistently low (< 0.5 DU)
throughout the entire area (Fig. 6e-h), underlining the impact of meteorol-
ogy on coastal air quality.

Transient peaks in NO2 pollution were measured by the shipboard Pan-
dora across Long Island Sound, with TCNO2 changing by more than an
order of magnitude from >2 DU in Western Narrows (6 August 2018) to
<0.2 DU in Eastern Sound (29 August 2018, Figs. 4, 5). On average, NO2

columns over thewater were relatively low (0.25 DU), consistent withmea-
surements at the two coastal CT locations (Table 1). Pandorameasurements
were in good agreement with satellite and aircraft retrievals, all sensors
capturing very similar gradients in TCNO2 over the Sound (Figs. 2-5). Be-
yond this spatial variability, the network of ground based and shipboard
Pandoras uniquely allowed to detect rapid shifts in NO2 pollution plumes
along this coastal environment. On August 26, 2018, both TROPOMI and
Pandora sensors showed relatively high TCNO2 (0.5–0.7 DU) over the
NYC urban core and considerably lower NO2 levels (approx. 0.25 DU)
along the CT shoreline, in excellent agreement at the time of the satellite
overpass (Fig. 7e). However, the three Pandoras at Westport, New Haven,
and R/V Dempsey (located that day at the dock in Milford, CT; Fig. 7f)
also captured a peak in TCNO2 of about 0.4–0.5 DU that was measured se-
quentially first at Westport (approx. 14:30 UTC), then at Milford (approx.
15:15 UTC), and then at New Haven (approx. 16:00 UTC; Fig. 7e). Surface
winds on that morning were predominantly from southern direction,
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bringing relatively clean marine air masses over the Sound (Fig. 7a). Yet, at
around 14:00 UTC, HRRR showed winds changing direction to westerly
over Manhattan and Western Long Island Sound (Fig. 7b). West winds
prevailed across a narrow path parallel to the CT shoreline until 17:00
UTC, indicating entrainment of polluted urban air masses across the CT
shoreline that was sequentially captured by the Pandora sensors. The ap-
proximately 45 min time lag in the peak NO2 measured by the Pandoras
at Westport, Milford, and NewHaven, is consistent with the distance of ap-
proximately 14 km between the three locations and the model estimated
wind speed of approximately 5 ms−1. Dissipation of this westerly plume
later in the afternoon (Fig. 7d), resulted in a decrease in TCNO2 along the
CT coast, as shown by both TROPOMI and the Pandora network.

3.4. Sea breeze development and impact on NO2 dynamics across the terrestrial-
aquatic interface

Sea breeze circulations greatly influenced ozone concentrations near
the LIS coast during LISTOS (Zhang et al., 2020). Our HYSPLIT and
HRRR model simulations showed development of 31 sea breeze events
Fig. 9. Surface winds maps estimated using the HRRR model for July 19, 20, 21 and Augu
DEPdock are shown.Awell-defined sea breeze frontwas over the location of the shipboard
Stronger east-southeast winds persisted on 21 July 2018. Another sea breeze event occur
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during July 18 to September 5, 2018 (days with strongest sea breeze circu-
lations are shown in Fig. S2). The network of shipboard and ground based
Pandoras, combined with satellite and aircraft data, allowed for the first
time to quantify the impact of sea breezes on NO2 dynamics over both the
coastal terrestrial and aquatic domains. Such an event developed on 19
July 2018, whenHSV Ospreywas located at Newtown Creek in Greenpoint,
Brooklyn (Figs. 8a-c, 10, 11). In the morning (16:00 UTC), the shipboard
Pandora showed similar TCNO2 levels with the PSIs at Manhattan and
Queens, in good agreement with GCAS. Yet, conditions changed later that
day (17:00–20:00 UTC), with both Pandoras and GCAS measuring an in-
crease in NO2, and higher total column amounts over the water compared
to inland locations (Fig. 8a). Spatial gradients in Pandora and aircraft re-
trievals over Manhattan, Queens, and NY Harbor were consistent with
TROPOMI at the time of the satellite overpass, showing accumulation of
NO2 over eastern New Jersey, Manhattan, and the Inner Harbor (Fig. 8b).

HRRR model simulations showed weak north winds early on that day,
and development of sea breeze circulations at around 16:00 UTC (Fig. 9).
A well-defined sea breeze front (indicated by the narrow zone of conver-
gent low-speed winds in Fig. 9) was over the location of HSV Osprey at
st 6, 2018. The locations of the Manhattan and Queens Pandoras, as well as the NYC
Pandora (NYCDEPdock) at 18:00UTC on 19 July and at 15:00UTCon20 July 2018.
red on August 6, 2018 (when PSI#24 was transiting in Western Long Island Sound).
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18:00 UTC, consistent with the time of peak TCNO2 measured by PSI#24.
The front advanced inland and over the locations of the Queens Pandora
at 19:00 UTC and the Manhattan Pandora at 20:00 UTC, coinciding with
the maxima in TCNO2 at these locations. After 20:00 UTC, higher-speed
south winds dominated over the HSV Osprey location, resulting in a de-
crease in the TCNO2measured by PSI#24. Backward air-parcel trajectories,
simulated by HYSPLIT at the location of HSV Osprey (Fig. 8c), showed con-
sistent results, with transport of air masses from the north-northeast early in
the morning, a change in the wind direction between 16:00–18:00 UTC,
and transport of marine air masses from the south after 19:00 UTC. The
four consecutivemaps from the airborne data also pick up on this transition
with the recirculation of NO2 visible with the wind shift (Fig. 10). While
NOx is continually lost through chemical reactions to form nitric acid and
alkyl nitrates throughout the transport process on this day, fresh NOx emis-
sions are also emitted into this plume within this urban area.

Stagnant conditions persisted over this area the next morning, 20 July
2018, when high TCNO2 values were measured right after morning rush
hour at all three Pandora locations and particularly over HSV Osprey
(Fig. 8d). A strong temporal gradient, with TCNO2 reaching >1.5 DU, was
captured by the Pandoras and GCAS, but was completely missed by
TROPOMI that measured much lower NO2 consistent with the surface
and aircraft instruments at the time of the satellite overpass (Fig. 8e). The
time lag in maximum TCNO2 measured by PSI#24, #140 and #135 was
due to themovement of another sea breeze front over this area (Fig. 9). Sur-
face wind maps showed development of a narrow convergence zone, with
the sea breeze front moving over Queens at approximately 15:00 UTC
and over Upper West Manhattan at 16:00 UTC, in agreement with the 1-h
time lag inmax TCNO2 between the two locations. HYSPLIT air mass trajec-
tories (Fig. 8f) showed development of stagnant conditions from 12:00 to
15:00 UTC, and influence from the ocean after 17:00 UTC, in agreement
with the temporal variability in TCNO2measured by the shipboard Pandora
(Fig. 8d). The stagnation of NO2 over the city in the morning is clearly vis-
ible from GCAS along with advection indicated by the extension of plumes
Fig. 10.Aircraft GCAS retrievals of total columnTCNO2 during the development of sea br
panel) and August 6 (lower panel) 2018. Maximum TCNO2 was observed over NY
13:54–15:54 UTC on August 6, in excellent agreement with the shipboard Pandora mea
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from point sources inland by latemorning and continued advection of emis-
sions throughout the afternoon (Fig. 10).

Air quality conditionsmarkedly changed on July 21, with a transition to
stronger southeast winds of marine origin that cleared the air and resulted
in considerably lower TCNO2 amounts across the whole area, as shown by
both TROPOMI and Pandoras (Fig. 8g-h). HRRRmodel simulations showed
stronger winds and influence from the ocean throughout the day, in agree-
ment with HYSPLIT simulated backward trajectories (Figs. 8i, 9). The air-
borne instruments did not fly on this day as conditions were too cloudy.

Another sea breeze event occurred on August 6, 2018, when low winds
(< 1 ms−1) in the morning hours and the development of a convergence
zone over Long Island at 16:00 UTC (Fig. 9) resulted in strong stagnation
over the Western Sound. According to previous studies (Zhang et al.,
2020; Rogers et al., 2020), August 6 was characterized by a combined influ-
ence of sea breeze circulation and complicated regional ozone exceedance
conditions that resulted in the state of New York issuing an Air Quality
Health Alert (New York Department of Environmental Conservation,
2018). The shipboard Pandora, transiting in Western Narrows that day,
measured some of the highest TCNO2 levels in the region, reaching 3 DU
at 16:00 UTC (Fig. 8j), compared to<1 DU at the Manhattan urban core lo-
cation. Similarly, GCAS captured elevated tropospheric NO2 columns over
Western Long Island (Fig. 10). An increase in the winds as the sea breeze
front moved inland coincided with lower but still elevated NO2 over the
western LIS, with both PSI#24 and TROPOMI retrieving column amounts
>1 DU. The Pandora-retrieved TCNO2 further decreased as HSV Osprey
transited to the Upper NY Bay and the Hudson River later that day (Fig. 8j).

Despite the lower sun angles, a classic ozone exceedance event devel-
oped over Long Island and coastal Connecticut later in summer, on August
28, 2018 (Ma et al., 2021). The combination of satellite, aircraft, ground-
based and shipboard Pandora measurements captured the different phases
of this event and the distribution of NO2 levels in the NY urban core and LIS
area that likely contributed to ozone formation (Fig. 11). Southwinds in the
morning of August 28 (14:00 UTC) converged with weak (< 2 ms−1)
eeze circulations along the NY-CT shorelines, on July 19 (upper panel), July 20 (mid
Harbor during 18:36–20:24 UTC on July 19, 13:36–15:06 UTC on July 20, and
surements (shown in Fig. 8).



Fig. 11. (a-c) Change in wind speed and direction at 14:00, 17:00 and 18:00 UTC on August 28, 2018, from the HRRRmodel, showing development of stagnant conditions
across Long Island and over the Sound. (d) TROPOMI TCNO2 on the same day. (e) GCAS TCNO2 in the morning and afternoon of August 28, 2018. (f-g) Time series of TCNO2

from the ground based and shipboard Pandoras, GCAS, and TROPOMI, showing an increase in TCNO2 over the Sound after 17:00 UTC (g).
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surfacewest winds over Long Island resulting in stagnant conditions and ac-
cumulation of urban pollution especially overWestern Long Island. In addi-
tion to local urban emissions, air quality over New York on that day was
also influenced by long-distance transport of smoke from active fires in
the southeastern United States, causing significant increases in regional
concentrations of air pollutants, including particulate matter (i.e., PM2.5),
black carbon (BC), and carbon monoxide (CO) for 3 days (Rogers et al.,
2020). Aircraft measurements showed elevated TCNO2 over the NYC
urban core with NO2 pollution peaking over Queens, consistent with a
strong increase in TCNO2 levels to>1 DU at the ground-based Queens Pan-
dora location after 14:00 UTC that reached >2 DU at 16:00 UTC (Fig. 11f).
TCNO2 levels remained significantly lower at the Pandora locations inMan-
hattan and along the CT shoreline, consistent with aircraft retrievals
(Fig. 11e-f). By 17:00 UTC, the sea breeze front had progressed over the
northern Long Island shoreline, reshaping the distribution of NO2 over
this coastal environment. Total NO2 columns decreased at the Queens Pan-
dora location to 0.6–0.7 DU, in excellent agreement with the TROPOMI
overpass, while GCAS showed the NO2 plume moving east and accumulat-
ing along the northern Long Island shore. These meteorological conditions
impacted NO2 over the Sound, resulting in high total columns (approx. 0.4
DU, compared to an average of 0.28 DU during LISTOS, Table 1) at low
wind-speed conditions in the morning (13:00–14:00 UTC), both at the
Westport coastal location and over R/V Dempsey (Fig. 11g). An increase in
wind speed over the Sound around the time of the satellite overpass
(17:00 UTC) coincided with a decrease in TCNO2 at Westport and over
the water, captured by the Pandoras, GCAS, and TROPOMI. The progres-
sion of the sea breeze convergence zone (and slower winds) over the
Sound after 18:00 UTC coincided with a gradual increase in TCNO2 both
along the CT coastline and particularly – as shown in excellent agreement
by GCAS and PSI#100 – over central Long Island Sound, resulting in higher
NO2 pollution over water than over land.

4. Summary and conclusions

Integration of model simulations, satellite retrievals, aircraft data, and
measurements from a network of fixed and mobile Pandoras provided a
mechanistic understanding of the strong gradients and rapid transitions in
NO2 pollution observed across the NY-LIS land-water continuum during
LISTOS. Spatiotemporal gradients in satellite TCNO2 retrievals were
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found to be highly correlated with aircraft, land-based, and shipboard ob-
servations. Yet, TROPOMI overall underestimated TCNO2 and missed
peaks in NO2 pollution caused by rush hour emissions or pollution accumu-
lation during sea breezes.Withmultiple observations per day, at muchfiner
spatial resolution than TROPOMI, aircraftmeasurements showed very good
agreement with Pandora TCNO2 retrievals (r of 0.95, N = 108), with al-
most 90% of the GCAS-Pandora matchups over this urban landscape falling
within ±25% difference. Stronger agreement was found between
TROPOMI, aircraft, and Pandora over land, while over the aquatic domain
satellite, and to a lesser extent aircraft, retrievals underestimated TCNO2,
both over LIS and particularly in the more optically complex and dynamic
NY Harbor environment. This highlights the need for more measurements
to better constrain algorithm assumptions regarding the vertical profile of
NO2 and surface reflectance, especially over highly contrasted terrestrial
(bright urban) and aquatic (dark and strongly absorbing) interfaces.
Datasets that combine information on NO2 total column amounts, vertical
distribution, and water properties (in-water absorption, attenuation, and
water-leaving radiance) would be particularly useful for improved models
and remote sensing algorithms of critical air pollutants.

In the New York metropolitan area, local NOx emissions from major
power plants and transportation resulted in typically high NO2 conditions
over eastern New Jersey, Manhattan, Queens, and the NY Harbor coastal
waters. These regions were shown as air-pollution hotspots with >0.75
DUTCNO2 even on the coarser satellite TROPOMI imagery.Wind direction,
wind speed, and sea breeze circulations with converging surface winds and
development of stagnant conditions, were the main factors driving spatial
and temporal variability in NO2 in this coastal region. A change in TCNO2

by more than a factor of three (e.g., from <1 DU to >3 DU), over a period
of <3 h was often measured by the coastal Pandoras during the develop-
ment of almost stagnant (<1 ms−1 wind speed) conditions and sea breeze
circulations. The network of shipboard and land-based Pandoras uniquely
captured high-NO2 plumes (> 2 DU) advancing inland over this
terrestrial-aquatic interface, coincident with the slow inland movement of
the sea breeze front. Transition to stronger southeastwinds ofmarine origin
typically cleared the air, in some cases within a few hours, and resulted in
lower TCNO2 amounts across the whole area, shown by shipboard and
ground-based Pandoras, aircraft and satellite imagery.

NO2 pollution plumes from the NJ/NYC urban core often extended
>30 km over the Western and Central Long Island Sound. In one of the
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cases highlighted in this study, westerly winds prevailed across a narrow
path parallel to the CT coastline, enhancing the entrainment of polluted
urban air masses along the northern Long Island Sound that was sequen-
tially captured by the network of Pandora instruments inWestport,Milford,
and New Haven. Sea breeze circulations exacerbated air pollution in NY
Harbor but - maybe more surprising - also impacted NO2 dynamics over
the typically less polluted Sound. One such casewas captured in late August
2018 when coincident aircraft and shipboardmeasurements showed, in ex-
cellent agreement, an increase in TCNO2 as a sea breeze front moved over
the Sound resulting in higher NO2 columns over water than over land.
Driven by such meteorological conditions and urban pollution transport
to downwind areas, column NO2 in Long Island Sound during LISTOS var-
ied by more than an order of magnitude, from 0.2 DU to 2 DU. Maxima in
TCNO2 typically occurred in Western LIS. Such high NO2 levels could
have significant impacts, through dry and wet atmospheric deposition, on
the vulnerable aquatic ecosystem in Western Narrows that is already
experiencing high nutrient loads, seasonal summer hypoxia, and recurrent
harmful algal blooms (Luo et al., 2002). Transport of high NO2 pollution
has also significant implications for the health of diverse communities
that live and work along this urban coastline. Long Island is characterized
by stark disparities at the zip-code level, with a large population facing sig-
nificant problems related to pollution, poverty, and access to health care
(Lambert, 2002). Air quality issues in this area, thus, can have major im-
pacts on the health of such underserved communities and vulnerable
(e.g., elderly) populations.

About 6% (or, 23.3 million people) of the US population lives within a
50-mile radius of Long Island Sound (U.S. Census Bureau, 2021). Capturing
transitions in NO2 pollution and understanding the impacts of both human
activity as well as meteorology on NO2 dynamics along this economically
and ecologically important coastline is critical, especially given its increas-
ing vulnerability to climate change stressors. Sea breezes are commonly ob-
served along the Eastern US coastline. During the LISTOS summer, HRRR
captured 14 sea breezes. The combination of measurements from ship-
board, ground-based, aircraft, and satellite platforms in this study provided
an unprecedented spatiotemporal coverage of the impact of these transient
meteorological conditions on NO2 pollution across this highly dynamic
urban land-water continuum. The frequency and severity of sea breeze cir-
culations are projected to increase with coastal urbanization and climate
change, and such events are expected to be more prevalent in the future
starting earlier in the spring and ending later in the fall (Leung and
Gustafson, 2005; Zhang et al., 2009; Horton et al., 2012). Increases in
NOx emissions, associated with increased demand for air-conditioning on
hot days under warming climate conditions, are also expected to result in
higher concentrations of NO2, exacerbating coastal air pollution (He
et al., 2014). Results from this study have, thus, important implications
for air quality management, both for improving understanding of ozone
chemistry and pollutant transport from urban NOx emission hot spots to
downwind terrestrial and aquatic ecosystems, as well as for assessing expo-
sure to NO2 pollution and impacts on human health in a changing climate.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.165144.
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