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A B S T R A C T

A ground-based tropospheric O3 lidar with unique vertical near-range capabilities was deployed in support of the
larger OWLETS 2017 campaign on the Chesapeake Bay Bridge Tunnel, at the mouth of the Chesapeake Bay. It
was sited in close proximity to a shipping channel with an ensemble of additional instrumentation including
Pandora spectrometer systems, ozonesonde launches, and in-situ trace gas monitors – one flying on a drone. This
unique combination enabled successful observation of a near-surface maritime ship plume emission event on
August 01, 2017. The observations demonstrate an NO2 enhancement coincident with O3 depletion in the low
altitude range of lidar data, allowing for quantification of ship plume height behavior as well as the evolution of
trace-gas concentrations. The technological improvements enabling the observation are presented and discussed,
demonstrating that a single observation platform would not have been able to fully capture and contextualize the
emission event. This synergistic ground-based sampling approach shows great promise for future verification
and validation of satellite air quality and atmospheric composition measurements.

1. Introduction

The world's estuaries are the confluence of human and natural ac-
tivities with large human populations living in very close proximity to
the goods and services provided by those estuaries. In the United States,
approximately 40% of the population lives within 100 miles of the coast
(https://oceanservice.noaa.gov/facts/population.html). The popula-
tion living within the watershed of the largest and most productive
estuary of the United States, the Chesapeake Bay (CB), is now greater
than 18 million, an increase of more than 110% since 1960 (https://
www.chesapeakebay.net/indicators/indicator/Chesapeake_bay_
watershed_population). These populations and their associated an-
thropogenic activities impact not only the biogeochemistry of the wa-
tershed but also its associated air shed. Monitoring of air quality (AQ)

and atmospheric composition (AC) over and around complex coastal
regions such as the CB represents a significant challenge for in-situ
monitoring, satellite observations and associated modeling activities.
Prior studies describe the need for observations not only in the hor-
izontal but also vertical distributions in O3 over the Chesapeake Bay to
better understand its formation and redistribution within regional re-
circulation patterns (Martins et al., 2012; Goldberg et al., 2014;
Loughner et al., 2011, 2014; Stauffer et al., 2015).

In an effort to characterize CB AQ variations, the Ozone Water Land
Environmental Transition Study (OWLETS) campaign took place in
July–August 2017 in the Tidewater region of Southeastern Virginia
(Sullivan et al., 2019). The objective of the study was to obtain si-
multaneous measurements over water and land to characterize the AQ
differences across the coastal boundary. To obtain over-water
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measurements, the NASA Langley Mobile Ozone Lidar (LMOL)
(DeYoung et al., 2017) and a suite of supplemental measurements (e.g.
Pandora Spectrometer Systems (Herman et al., 2009), Vaisala ceil-
ometer (Eresmaa et al., 2006), Cimel sunphotometer (Holben et al.,
1998) in addition to in-situ Ozone and NO2 sensors) were deployed at a
location along the Chesapeake Bay Bridge Tunnel (CBBT) ≈10 km off-
shore (Latitude 37.0365°, Longitude −76.0767° Fig. 1). The location
was chosen as it was deemed to be an appropriate distance off-shore
and downwind of the major urban center of greater Hampton, Va.
Additionally, it was ideally situated, predominantly downwind on the
south side of the Chesapeake Navigational Channel of the CBBT in close
proximity to frequent maritime traffic. These observations were com-
plimented by the NASA Goddard's Tropospheric Ozone Differential
Absorption Lidar (TROPOZ) (Sullivan et al., 2014) along with ground-
based measurements over-land at the NASA Langley Research Center
(LaRC) in Hampton, Va. On observation days, time-synchronized data
were collected that included launches of ozonesondes from both the
CBBT and LaRC sites. Small Unmanned Aerial Systems (sUAS or UAV)
outfitted with O3 monitors were also deployed to complement the
larger sampling suite by providing a greater sense of the spatial and
temporal variability beyond fixed, ground-based samplers.

This combined deployment of synergistic platforms was a unique
attempt to pilot ground-based AQ sampling packages in support of the
verification and validation of satellites such as NASA's “Tropospheric
Emissions: Monitoring Pollution” (TEMPO) mission (Zoogman et al.,
2017) and/or ESA's Sentinel 5-Precursor with its TROPOspheric Mon-
itoring Instrument (TROPOMI) (Veefkind et al., 2012). This paper uses
the case study of an observed plume emitted from a maritime freighter
that passed from west to east through the Chesapeake Navigation
Channel. This case study is used to assess the efficacy and synergistic
power of instrument platforms deployed at the CBBT as part of OW-
LETS. Particular attention is paid to the advancements in the tech-
nology and engineering of the LMOL and the promise that this platform
has to support ground-based, in-situ and satellite based AQ monitoring
and research activities.

1.1. Ship plume impact on air quality

The quantity of freight moved by the international maritime has
nearly quadrupled between 1970 and today to more than 10.3 billion
metric tons annually (retrieved from https://www.statista.com/
statistics/234698/loaded-freight-in-international-maritime-trade-since-
1970/). This increase in freight has coincided with an increase not only
in the number but also physical size of ocean-going freighters (such as
the one in Fig. 2). These large ships are known to emit significant
amounts of trace gas pollutants and O3 precursors including nitrogen
oxides (NOx), sulfur oxides (SOx), CO2, CO, hydrocarbons, volatile or-
ganic compounds (VOC) and particulate matter (PM), all of which

impact AQ (Blasco et al., 2014; Moldanová et al., 2009). Agrawal et al.
(2008); Corbett and Koehler (2003); Endresen et al. (2003) have esti-
mated sea-going vessels account for ≈15% and ≈ 9% of all anthro-
pogenic NOx and SOx emissions, respectively. Approximately 70% of
these emissions occur within 400 km of the coast (Endresen et al., 2003;
Eyring et al., 2005). This is a concern for regions surrounding ports and
large shipping lanes due to associated environmental and health im-
pacts (Corbett and Koehler, 2003; Eckhardt et al., 2013; Matthias et al.,
2010; Najjar et al., 2010).

Large-scale transport models (Eckhardt et al., 2013; Huszar et al.,
2010; Granier et al., 2006) are used to study the effects of ship emis-
sions on the environment. However, these models are limited by the
plume chemistry and dynamics assimilation. Cariolle et al. (2009) were
able to better incorporate localized NOx emissions into large scale at-
mospheric models by adjusting the non-linear behavior of NOx reac-
tions in plume chemistry. More recently, Ring et al. (2018) showed the
impact of different plume input parameters on regional-scale O3 den-
sities using the Community Multiscale Air Quality Modeling System
(CMAQ) (Byun and Schere, 2006). Ring et al. (2018) had to empirically
modify the vertical emission profile (using vertical bins of ≈50m) of
large commercial marine vessel in the CMAQ model to better fit the
observations of the HCHO/NO2 ratio calculated from the Ozone Mon-
itoring Instrument (OMI) data. High-resolution vertical observation of
such plumes are therefore critical to better constrain model-satellite
comparisons.

1.2. Ship plume chemistry

Maritime traffic has a complex impact on the local chemistry since
their concentrated emissions can enhance or deplete some pollution
markers on short time scales (Aliabadi et al., 2015; Eckhardt et al.,
2013; Moldanová et al., 2009; Winnes and Fridell, 2010). One of these
processes, the hindrance of O3 production by emitted NOx on short time
scales and under various conditions, is understudied (Aliabadi et al.,
2015). In the absence of precursor emissions, O3 is in equilibrium with
NO and NO2 through the following reactions:

+ + → +O O M O M2 3 (1)

+ → +NO O NO O3 2 2 (2)

+ → +NO hν NO O2 (3)

The volatile organic compounds (VOCs) can alter that equilibrium
by producing NO2 from NO without consuming an O3.

The O3 titration from combustion engines (Sillman, 1999) comes
from the addition of large quantities of NO leading to dominance of the
reaction: O3 + NO → NO2 + O3. This standard atmospheric chemistry
for emissions from combustion engines is sufficient for explaining the
present observations. On the longer time scale, of the order of several

Fig. 1. Left) Enlarged satellite view of the OWLETS study area. The Chesapeake Bay Bridge Tunnel spans the mouth of the Bay and has the Chesapeake Navigation
Channel with general ship paths marked in orange. Right) Schematic showing the Chesapeake Bay Bridge Tunnel measurement site and instrumentation during the
passage of a large container vessel. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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hours, the NO2 created is photo dissociated into NO while the extra
oxygen reacts with O3 to become O3 again. The NO reacts with VOC and
radicals (and not only O3) to become NO2, which leads to the creation
of more O3 than what was present in the first place since typically, the
NO2 destruction pathways are slow (Brown and Stutz, 2012). The
presence of the marine salt renders the problem more complex on the
scale of several hours to days by increasing destruction rates of N2O and
Ox (Dickerson et al., 1999; Glasow et al., 2003; Brown and Stutz, 2012).
Furthermore, it is important to take into account the temperature and
the magnitude of the emission event: the emitted gases are at a higher
temperature compared to the ambient surroundings, and therefore are
buoyant, creating an aloft plume that can reach a few hundred meters
in altitude. Several models of plume dispersion exist (Song et al., 2003;
Chosson et al., 2008) but require validation through observation.

Previous campaigns dedicated to ship emission plume observations
heavily relied upon aircraft measurements and Lagrangian measure-
ment techniques (Chen et al., 2005; Sinha et al., 2003; Williams et al.,
2009). While the measurement methods of those campaigns were able
to provide precise concentrations of ship effluents, they focused on
quantifying concentrations of pollutants and were not able to fully
spatially contextualize the emission event. While the OWLETS cam-
paign was not specifically designed to observe ship plumes, the sited
instrumentation suite provided a unique fine-scale spatial and temporal
resolution view of a ship plume event at the site. The work of Ring et al.
(2018) shows that such observations with high spatial resolution are
critical for improving models.

2. Instrumentation

The right panel of Fig. 1 is an artist view showing the in-
strumentation layout at the CBBT Third Island. A 2B Technologies 202
ground based ozone monitor were co-located at the LMOL trailer that
was stationed next to the tunnel entrance building. Three Pandora
Spectrometer Systems were mounted on the NW corner of the roof of
the Third Island CBBT Building. Two had spectrometers to observe from
270 to 530 nm at .6 nm resolution and the third had a spectrometer to
observe from 400 to 900 nm at 1.2 nm resolution. Balloon borne ozo-
nesondes were launched from the end of the building closer to the
channel and the UASs outfitted with 2B Technologies Personal Ozone
Monitors (POM) were launched from the parking lot by the trailer.
Details of key measurement platforms are given below.

2.1. The Langley Mobile Ozone Lidar (LMOL)

The Langley Mobile Ozone Lidar (LMOL) is a ground-based tropo-
spheric profiling ozone lidar system, housed in a mobile trailer, has
participated in air quality studies since 2014 (DeYoung et al., 2017).

LMOL is part of the NASA-sponsored Tropospheric Ozone Lidar Net-
work (TOLNet http://www-air.larc.nasa.gov/missions/TOLNet/).
TOLNet lidar systems have contributed to a wide range of atmospheric
studies, including DISCOVER-AQ, FRAPPÉ CABOTS, FAST-LVOS, etc.
(Wang et al., 2017; Sullivan et al., 2015; Johnson et al., 2018; Langford
et al., 2018). As part of these efforts, TOLNet lidar teams have collec-
tively developed rigorous instrument procedures and processing algo-
rithms to ensure consistency in O3 data products and associated un-
certainties between instruments (Leblanc et al., 2016a, b). Cross-
comparison studies conducted between TOLNet lidar systems (Leblanc
et al., 2018; Wang et al., 2017; Sullivan et al., 2015) showed that O3

profile concentrations typically agree within ±5%, consistent with
system specific propagated errors.

Like the other TOLNet lidar systems, LMOL relies on ultra-violet
pulsed laser source that produces two wavelengths allowing for calcu-
lation of O3 concentration profiles from atmospheric differential ab-
sorption (Browell et al., 1985). The LMOL laser transmitter consists of a
custom-built Ce:LiCAF tunable UV oscillator (Fromzel et al., 2007) that
is pumped by frequency doubled light from a commercial Q-switched
527 nm Nd:Ylf laser. The transmitted pulsed output had a 1 kHz re-
petition rate, with pulses alternating between 287 and 292 nm that
were propagated from the trailer roof in a zenith direction into the
atmosphere. Backscattered light from the atmosphere was collected by
two different co-aligned telescopes: the first being a 40 cm diameter
Newtonian that was optimized for 1–8 km in altitude, and a second
7.5 cm diameter 90-deg off-axis parabolic mirror receiver that was
optimized for signals in the 0.1–1 km range in altitude. Both receivers
were fiber-coupled with a multi-mode fiber input aligned to the receiver
field stop. The large and small receivers had a field-of-view of 1.5 and
15mrad respectively, as defined by the telescope focal length and 1mm
fiber core-diameter used. The smaller diameter receiver was used for
the first time during OWLETS to provide enhanced measurement cap-
ability in near-surface (0.1–1 km altitude) signal range. This set up has
been validated against ozonedondes and sUAS in-situ data; a more
detailed description of the systems and its performances is found in
Farris et al. (2018). The fiber outputs from the near-field and far-field
telescopes were coupled to collimating optics, UV bandpass filters
(280–295 nm spectral window) that were integrated with Hamamatsu
photo-multiplier tube (PMT) detectors in light-tight enclosures.

For normal atmospheric science data collection, the output of the
PMTs were connected to a Licel data system that provided simultaneous
analog and photon counting measurements of both the near-field and
far-field PMT signals. The Licel system was synchronously gated with
the alternating wavelength pulses, so that 286 and 292 nm wavelength
profiles are separately captured by the data system memory and sub-
sequently recorded to the computer data acquisition system for pro-
cessing of raw signals into calibrated ozone profiles. The processing of

Fig. 2. Photograph of a large container vessel in the Chesapeake Bay during the OWLETS campaign. Note the brown exhaust plume. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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raw profile signals to obtain calibrated ozone profiles is implemented
following the standard DIAL technique (Browell et al., 1985; DeYoung
et al., 2017). Raws signals both analog and photon counting are back-
ground subtracted and range-squared before applying a single-pass
Savitzky-Golay filter (Leblanc et al., 2016b, and references therein); the
more points used in the filter, the lower the resolution. Analog and
photon-count channels are merged together to provide a single opti-
mized profile for range and signal-to-noise performance (Leblanc et al.,
2016b; Zhang et al., 2014; Newsom et al., 2009). Ozone cross sections
along with pressure and temperature information are used as part of the
filter process to extract ozone mixing ratio as a function of altitude. The
process is repeated for each new profile on a 5min temporal averaged
basis, to provide a continuous curtain display on the evolution of ozone
vertical distribution during the course of a day. From a data analysis
perspective, the more the data are averaged vertically, the lower the
noise, but at the expense of the vertical resolution. To facilitate com-
parisons with the TROPOZ lidar during OWLETS, a common vertical
smoothing scheme has been used on both systems. For the current
study, we performed an adaptive smoothing at 5%, i.e. the number of
vertical smoothing points has been optimized for each altitude/profile
to have the best vertical resolution possible while still being under 5%
noise uncertainty, therefore not affecting the overall uncertainty in a
significant way. This led to the acquisition of data in Fig. 3. The main
drawback of the adaptive smoothing technique is the visible transition
between lidar channels, in the current figure between the Very Near
Field and the Far Field at 500m.

2.2. Ground-based Pandora spectrometer system

Pandora is a ground-based UV–Visible spectrometer system capable
of direct sun/moon and sky-scanning observations (Herman et al.,
2009). Spectra collected by Pandora instruments are analyzed using
Differential Optical Absorption Spectroscopy technique (DOAS)(Platt
and Stutz, 2008). Depending on observation geometry, light detected
by Pandora systems can travel different paths through the atmosphere
allowing for detection of trace gas absorption at different altitudes.
Direct sun/moon observation geometries result in total column ab-
sorption with minimal sensitivity to vertical profiles. Sky-scanning near
horizon is mostly sensitive to absorption at the lower altitudes. Mea-
surements in zenith direction provide information about stratospheric
gas absorption at large solar zenith angles.

A full description of Pandora spectrometer system hardware and
data processing is provided in Cede (2017). Briefly, each standard
system consists of the following components: (1) a head sensor; (2) a
two-axes positioner allowing for a 360°-azimuth and 90°-zenith range of

motion; (3) a fiber optic cable with 400 μm core diameter and numer-
ical aperture of 0.22 to transmit photons to the spectrometer; (4)
Avantes spectrometer (Model ULS2048x64, 280–520 nm) with a 50 μm
slit, focal length of 75mm and approximately a 0.6 nm resolution; (5) a
temperature controller for the spectrometer enclosure and (6) a min-
iature Cincoze PC (Model DC-1100-R10) for instrument control, data
logging and data transferring to the data server.

Pandora systems are calibrated spectrally and radiometrically in the
laboratory. Characterized parameters include instrument dark current,
nonlinearity, pixel response non-uniformity, dispersion, wavelength
dependent slit function, stray light, filter transmission, and instrument
temperature sensitivity. Post laboratory calibration, each Pandora is
transferred to a testing platform at NASA/GSFC for 2-week observation
in sun tracking mode. This is done to evaluate field performance of the
instrument in comparison with reference Pandora systems. After in-
strument evaluation, the Pandora system is then shipped to the final
deployment site. Weak absorbers (e.g. NO2) require very high signal-to-
noise ratio. To ensure this, a reference spectrum measured by Pandora
at the deployment location is used. Determination of the gas abundance
in the reference spectrum is based on the Modified Langley
Extrapolation method and requires at least 2 weeks of relatively cloud
free conditions at the deployment site. Until this “field” calibration is
available a reference spectrum from GSFC is used to process the data. At
the conclusion of its deployment, each instrument is tested again at
GSFC for post-deployment evaluation. This allows for quality assurance
based on instrument behavior before, during and after field deploy-
ment.

During normal operation as well as intensive field deployments,
Pandora spectra are transferred to a server every 10min as discussed in
Cede (2017). They are then immediately processed and available for
download. Data processing is done in four steps: 1) data correction for
known instrumental artifacts; 2) calculation of slant column densities
relative to the reference spectrum (DOAS fitting); 3) calculation of gas
slant column density in the reference spectrum; and 4) conversion of
slant column densities into total vertical column densities. Pandora NO2

total column measurements have a precision of 0.002 DU with an ac-
curacy of 0.1 DU and time resolution of 30–40 s. Previous work has
shown this precision is sufficient enough to track short-term fluctua-
tions in boundary layer NO2 densities (Knepp et al. (2015)). Due to this
sensitivity Pandora is suitable for monitoring of transient pollution
sources, such as large shipping traffic and associated plumes.

For the purposes of the OWLETS campaign, the two NASA Pandora
systems sited at CBBT were run in different sky scanning measurement
modes. Pandora 40 was run in the standard sun/sky scanning mode
with a total of 5 steps, leading to direct sun measurements approxi-
mately every 220 s. Pandora 19 was run in a mode that incorporated
additional steps during its sky scanning, totaling 9 steps between direct
sun measurements. This correlated to a direct sun measurement ap-
proximately once every 400 s.

2.3. The NASA Langley Research Center unmanned autonomous vehicles

OWLETS measurements included the use of a 2B Technologies POM
sensor attached with a custom vibration isolated mount to the top of a
battery operated octocopter sUAS that was operated by NASA LaRC's
Autonomy Incubator team. The POM sensor used was a U.S. FEM ap-
proved and NIST traceable device (size: 0.1×0.07×0.04m, weight
0.45 kg) (2Btech, 2018b). The device calculates ozone concentration
from optical absorption of UV light generated from a low pressure
mercury lamp. The POM inlet consisted of a short length of Teflon
tubing that included a manufacturer supplied filter. Pre-campaign
characterization tests confirmed calibration accuracy better than ±2%
when compared to a laboratory-based ozone generator and also showed
similar accuracies during the campaign when compared to a surface
sensor stationed at the CBBT site. Pre-mission flights were performed to
verify that the sUAS did not compromise O3 data and that the POM did

Fig. 3. Boundary layer O3 lidar curtain obtained by LMOL between 12 and 24
UTC August 01, 2017. Vertical inserts represent two ozonesonde launches.
Surface O3 mixing ratios are shown by the horizontal insert at 0m. Pandora NO2

column values from both instruments at CBBT are plotted on top of the curtain.
Low altitude O3 depletion and coincident NO2 enhancement can be clearly seen
at approximately 18 UTC.
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not interfere with the flight electronics. Top mounting was important to
avoid prop-wash from affecting the POM input, and also to maintain a
clear GPS signal.

During sUAS flights approximately 15min each, the POM sensor
saved 10-s integrated O3 concentrations along with GPS location and
other instrument housekeeping information. Flights from the CBBT site
were limited to 200m in altitude and 1 km horizontal distance due to
FAA airspace and NASA safety regulations. Adjacent to the CBBT was a
shipping channel, and the allowed flight ranges were sufficient to di-
rectly sample the exhaust plumes from ships passing by the site. A
secondary objective was to utilize the sUAS platform for vertical pro-
filing up to 200m over the lidar, to provide inter-comparisons with the
lidar near-range data. As a result, flight patterns consisted of a combi-
nation of vertical and horizontal flights paths, that were selected de-
pending on circumstances at the time. These flights were automated
with waypoint loitering time corresponding to the sampling rate of the
instrumentation.

2.4. Ground O3, NO2, and meteorological station

The OWLETS campaign used additional POM sensors as ground
based instruments. These instruments were used as both stationary and
traveling sensors, allowing the study of O3 gradients along their path
and the inter-calibration with the fixed instruments (Sullivan et al.,
2019). Other ground based ozone monitors included the 2B Technology
202 instrument (2Btech, 2018a), which are based on the same tech-
nology as POM.

In addition to the ground ozone sensor, surface NO2 was recorded
using a Teledyne API model T500U Cavity Attenuated Phase Shift
Spectrometer (CAPS). The T500U was granted Federal Equivalent
Method status (Designation number EQNA-0514-212) in 2014. The
T500U CAPS is a highly selective technique that provides a direct
measurement of NO2, with a limit of detection of 40 ppt and precision
of 0.5%. The CAPS method has been described in detail previously
(Kebabian et al., 2005, 2007; 2008). Briefly, a 450 nm LED (±10 nm) is
square-wave modulated into a cavity of high-reflectivity mirrors, fol-
lowed by detection on a vacuum photodiode. The detected signal is
phase shifted proportional to the amount of NO2 present in the cell,
similar to the cavity ring-down technique. As opposed to standard
chemiluminescene-based methods that are susceptible to NOy, glyoxal,
and HONO interference (Steinbacher et al., 2007; Sadanaga et al., 2010;
Villena et al., 2012), CAPS is nearly interference free (Kebabian et al.,
2008).

Several meteorological stations are located on the CBBT site for
bridge safety monitoring and as routine measurement for NOAA. In this
study, we used the data from the CHBV2 station of the NOAA buoy
center (US Department of Commerce, 2018), located at 100m from the
lidar to the left of the CBBT island in Fig. 1, so that the CBBT building
does not affect the wind speed and direction measurements in Fig. 4.

2.5. Ozonesondes

Coordinated O3 (En-SCI, model 2Z-V7) and meteorological sonde
(International Met Systems, iMet-1-ABXN) launches were performed at
each sites (22 from LaRC, 20 from CBBT) [Knepp et al. in prep.]. This
study utilized two sonde launches on August 01 at 15:00 and 21:00
UTC. Preflight conditioning for the O3 sondes was performed in ac-
cordance with the Global Atmospheric Watch report (Smit and Panel,
2011) using the 0.5% buffer solution (Deshler et al., 2008). During
flight, the standard NOAA pressure-dependent flow rate correction was
applied (Johnson et al., 2002). The iMet radiosondes were outfitted
with GPS, from which we were able to determine that the sondes were
never further than 40 km from each other and never closer than 10 km.
The atmospheric density and temperature profiles from these flights
were used as input for the lidar retrieval, with the O3 profile serving as
validation of the retrieved product, following Leblanc et al. (2018).

Ozonesondes were compared against ground-based measurements, al-
lowing to triple-check the calibration against yet another standard.

3. Emission plume and coincident ozone depletion event

As stated in Section 1, the CBBT site was adjacent to a shipping
channel, and influenced by combustion emissions from cargo ships
passing within 200–800m of the site. Due to visual verification of a
large cargo ship with a visible emission plume (Fig. 2), wind advection
towards CBBT, and sUAS flight immediately after passage, this parti-
cular case presented itself for further analysis. Without optimizations in
near surface observations by LMOL, this event would not and even
could not, have been captured. Emissions from large ships like the one
observed include NO, that can react with O3 to produce NO2 and
temporarily reduce O3 levels via the reactions described in Section 2.
On August 1, 2017 between 16:30 and 18:30 UTC, an exhaust plume
from a transiting maritime freighter was observed by the CBBT en-
semble of measurement platforms.

Fig. 3 shows a snapshot of LMOL observations from 12:00 to 21:00
UTC on August 01 during a period when the LMOL system ran for more
than 30 h continuously, retrieving atmospheric profiles of ozone with
5min temporal resolution. During this period LMOL captured the
complex evolution in vertical O3 distribution, including boundary layer
collapse (19–21 UTC), and fine structure residual layers from 0 to
1.5 km during the evening. During this time frame 2 ozonesonde were
launched, and the O3 profiles from these sondes are shown as the ver-
tical inserts with surface O3 data also plotted. Spatially co-located
ozonesonde and sUAS O3 results generally agree well (15%) with the
lidar data (Farris et al., 2018), although there was only one set of
ozonesonde data for comparison with LMOL data per 200m height, due
to the sensor time constant and ascent rate of the balloon.

The lowest altitude 0–300m lidar data occasionally show depleted
ozone events near the surface for relative short durations (up to an
hour) that tend to correlate with column NO2 data from the co-located
Pandora instruments. In one of these cases, the sUAS in-situ sensor was
flown horizontally over the channel just after passage of a large cargo
ship (Fig. 2) on August 1 at 17:00 UTC.

Fig. 4. Wind observation from the CBBT NOAA buoy.
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Prior to the titration event NO2 column amounts measured by both
Pandora systems agreed extremely well with one another, to within a
calculated average difference of 0.0004 DU. The local environment was
homogeneous at this time, resulting in very steady NO2 column ob-
servations. Further, this was despite the systems having different sam-
pling routines that minimized temporally coincident direct sun ob-
servation opportunities. This difference in sampling schedule is visibly
heightened with the observation of the dynamic exhaust plume as seen
in Fig. 2. NO2 column amounts increased sharply during the time from
16:30 to 19:00 UTC, with roughly a 0.2 DU enhancement observed
during the passage of the plume at the height of O3 titration. Ad-
ditionally, the agreement between the two Pandora systems was still
exceptional during this time, with a calculated average difference of
0.0028 DU between them. This strong agreement only serves to
strengthen the LMOL/Pandora comparisons made when further in-
vestigating the August 01 event.

Fig. 4 shows the surface wind results obtained from the NOAA
CHBV2 buoy, at 16:00, 17:00, 18:00, and 19:00 UTC illustrating winds
originating from a northeasterly direction with varying speeds between
0 and 1.5 m/s with a mean at 0.65m/s (US Department of Commerce,
2018). The sUAS flight took place from 16:53 to 17:16 UTC, taking off
from the CBBT site, first ascending to 200m in altitude and then hor-
izontally transiting 1 km across the channel and then returning back
towards CBBT at the same altitude. The in-situ O3 data from the sUAS
are shown in the outbound and return directions (grey overlays) in
Fig. 5. It displays the time series of ozone and sUAS altitude during this
flight. The first indication of the ship plume occurs at a distance 580m
from the CBBT site at 17:02 UTC, when the O3 volume mixing ratio
(vmr) quickly drops from 65 ppbv to 20 ppbv, and then returns back to
65 ppbv at 900m distance. On the return path, O3 vmr drops again, but
in this case the first outbound transition edge is present 450m from the
island, indicating a movement of 130m closer to the island in ≈228 s.
This suggests an advection rate of 0.6m/s rate towards the CBBT site,
which is consistent with the wind direction and speed observations
from the nearby buoy. At this rate, the plume is expected to arrive at the
CBBT lidar at ≈17:20 UTC.

An expanded view of O3 lidar data from 17:20 to 19:30 UTC and
0–400m in altitude are shown in Fig. 6a. As seen in the figure, a sig-
nificant low altitude ozone depletion feature appears in this time frame,
with a depletion maximum at 17:30 UTC. This O3 depletion event
correlates well in time with an increase in column NO2 from both co-
located Pandora instruments. The time series of both are shown in
Fig. 6b. To compare the amount of O3 concentration depletion with NO2

generation associated with this feature, lidar O3 data were integrated
over 100–300m in altitude to compute the total O3 loss in time and
converted to Dobson Units (DU, ≈ ×2.687 1020 molecules/m2). This
corresponds to

∫= − ×O t Background O t z Na t z
DU

dz( ) ( , ) ( , )
depleted m

m
3 100

300
3

where O3(t,z) is the value retrieved by the lidar at time t and altitude z
in PPBV; Na is the atmosphere number density in molecules per cubic
meter; and the result is the amount of depleted O3 in DU. The back-
ground values for non depleted O3 and NO2 were computed as the
average between 19:00 and 19:30, as the data just prior to the plume
was variable as resulting from natural causes along with the Pandora
picking a part of the plume in advance due to its viewing angle. The
lidar ozone depletion amount and NO2 enhancement are displayed to-
gether on the same DU scale in Fig. 6c; the O3 results are not sensitive to
the background calculation, with the ozone differing by only a few
percent different if taken before or after the plume, well under the
uncertainty in the retrieval (of the order of 10%). The NO2 background
was typically 0.2 DU during the campaign, which is consistent with the
value computed for this event. This clearly shows the event temporal
correlation in trace gas concentrations. It also shows a good magnitude
agreement in concentration changes since we have an increase of 0.2
DU in NO2 that corresponds to the depletion of 0.2 DU of O3. During the
depletion, the measured variability between the two Pandoras is ap-
proximately 0.05 DU. While there may be some uncertainty attributable
to differences in the Pandora systems themselves, the dynamic and
heterogeneous environment being sampled at slightly different times
gives rise to subtle disparities in the Pandora total column measure-
ments. Utilizing these assumptions, the calculated columnar O3 deple-
tion from LMOL agrees very well with the NO2 enhancement measured
by both Pandora systems.

The approximate balance in agreement between NO2 production
and O3 depletion suggests the observed feature was driven entirely by
the reaction NO + O3 → NO2. From the aspect of the duration of the
plume and its overall shape, the observed plume has an aloft duration of
about an hour and an altitude of 100–200m. The speed and nature of
the ship, the nature of the winds and the boundary layer conditions
affects these aspects (Chosson et al., 2008). The observed plume alti-
tude and duration are within the bounds of the different simulations in
Chosson et al. (2008) and, as a first approximation, our observed plume
best matches the simulation for a convective steady state condition case
(BOMEX case in Chosson et al. (2008)) with an initial mean buoyancy
flux of 120m4s-3.

In our particular case, the emission influence remained aloft just
above the surface, as ground NO2 and O3 in-situ measurements did not
observe this event as seen in Fig. 6d.

However, even in cases on non-surface influence, the presence of
near surface pollutant concentrations are of interest to identify the
impact of near-range variable point sources that may, if strong enough,
be captured by satellite columnar observations and have comparison
implications for models that typically rely on generalized fixed emission
inventory data. In this regard the unique lidar-Pandora measurement

Fig. 5. Timeseries of sUAS flight over the channel on 2017 August 1. Data are colored by the observed O3 mixing ratio from the onboard POM. The outbound and
return periods of the flight are clearly marked, as are the two instances of observed depleted O3 aloft (gray outlines).
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approach provides a means to discern O3 short duration titration events
due to near-by point sources, identification of the corresponding NO2

plume vertical distribution, and changes in concentration levels at the
observation location.

4. Discussion/conclusion

The integrated lidar-Pandora co-located technique described here
introduces a new approach for detection and characterization of near-
range combustion plume events. Although characterization of cargo
ship emissions was not the specific focus of the OWLETS campaign, the
unique marine location adjacent to a shipping channel provided an
opportunity to examine intermittent small scale emission events. This
initial demonstration illustrates the potential of the combined retrieval
approach, providing important insight into the source of O3 variability
occurring at the marine CBBT site occurring from shipping traffic versus
other factors, such as the pollution transported from the nearby city of
Norfolk, and the bay breeze recirculation (Sullivan et al., 2019). This
can inform additional OWLETS analyses as well as future AQ/AC

campaigns. This will be an important consideration when comparing
marine data to model predictions, since variability of short duration
individual ship titration events are not normally represented in the
National Air Quality Forecast Capability (NAQFC), or other CMAQ-
based predictions. The August 1, 2017 case was evaluated because of
the presence of favorable wind direction to bring a fresh plume to the
observation site, with concurrent sUAS in-situ monitoring, and visual
observation that allowed for a more detailed and unambiguous plume
case to corroborate the lidar advancements and coupled Pandora ana-
lysis. As demonstrated by this case, quantitative NO2 and O3 con-
centration changes followed the expected behavior for high/saturated
NO combustion plume conditions. This suggests concentration changes
can be quantified for these events, in addition to identification and
characterization of plume height dynamics. The combined NO2 column,
O3 profile technique is most effective when there are stable signal levels
before or after an event to provide adequate equilibrium state knowl-
edge, sufficient NO generation for the NO2 and O3 influences to be seen
within the noise limits of both instruments, and relatively uniform
across any differing lidar-Pandora viewing geometries. The case study

Fig. 6. Observation of the Titration Event by the Lidar and Pandora. Panel 1: LMOL vertical observations of O3. Panel 2: Pandora observation of column NO2. Panel 3:
Amount of O3 depleted along the increased amount of NO2. Panel 4: Ground measurements of O3 and NO2.
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presented here suggests cargo ship emissions can satisfy these condi-
tions, but future work will be needed to investigate the full potential of
this technique under a variety of conditions. This technique is likely to
have applicability to other combustion point sources that generate fresh
emissions, such as incinerators, power plants, forest fires, etc. As shown
in Senff et al. (1998) large power plants plumes have already been
observed using airborne lidar, or, as in Baidar et al. (2013), using a
combination of an airborne instrument with a ground O3 lidar. The
technique presented here shows that much smaller plumes can be ob-
served using mainly ground based instruments.

A coordinated observation of a pollution plume would optimally be
done using co-located O3 lidar, such as LMOL, and a NO2 lidar such as
the one described in (Volten et al., 2009). For logistical reasons (power
availability, NO2 lidar availability, authorization to transmit high
powered visible laser in an environment with large flight traffic) it was
not possible to perform an OWLET campaign with a NO2 lidar. The
technique presented here allowed to compensate for this lack of a
dedicated NO2 lidar using a more widely and easily available Pandora.
The loss of vertical resolution in the Pandora was compensated here by
the O3 lidar data and the knowledge of chemistry.

In addition to Pandora, this approach may also be applicable when
combining lidar O3 data with other types of passive NO2 column
measurements, such as those from aircraft sensors including GeoTASO
or ACAM either by overpassing a ground-based O3 lidar or by co-lo-
cating with an aircraft O3 lidar to achieve coincidental viewing geo-
metry. The characterization of point source plume behavior is expected
to not only assist in relating observational data to AQ models, but also
benefit the evaluation satellite retrieval methods. Although multi-km
satellite spatial footprint sizes such as those typical of TROPOMI and
TEMPO are not expected to resolve point-source features, under-
standing variability, spatial dynamics, and vertical structure of point
source plumes occurring within satellite spatial resolution limits is ex-
pected provide useful AQ insights. The potential of the combined re-
mote sensing approach described here is integral for providing a more
complete assessment of AC/AQ events (e.g. fresh emission plume
events) and is expected to be further utilized in future studies to benefit
field campaign analyses, leading to improvements in satellite retrievals
and forecast models.
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