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� First O3 lidar profiles during a
nocturnal low-level jet in Mid-
Atlantic U.S.

� Observations confirm residual layer
pollutants mixing down during onset
of jet.

� Nocturnal turbulent mixing impacted
surface O3 and its precursors.

� Model simulations indicate regional
transport and boundary layer
entrainment of O3.

� Surface monitors confirm jet trans-
port can impact the “next-day”
chemical budget.
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Remotely sensed profiles of ozone (O3) and wind are presented continuously for the first time during a
nocturnal low-level jet (NLLJ) event occurring after a severe O3 episode in the Baltimore-Washington D.C.
(BW) urban corridor throughout 11e12 June 2015. High-resolution O3 lidar observations indicate a well-
mixed and polluted daytime O3 reservoir, which decayed into a contaminated nocturnal residual layer
(RL) with concentrations between 70 and 100 ppbv near 1 km above the surface. Observations indicate
the onset of the NLLJ was responsible for transporting polluted O3 away from the region, while simul-
taneously affecting the height and location of the nocturnal residual layer. High-resolution modeling
analyses and next-day (12 June) lidar, surface, and balloon-borne observations indicate the trajectory of
the NLLJ and polluted residual layer corresponds with “next-day” high O3 at sites throughout the
southern New England region (New York, Connecticut, Massachusetts). The novel O3 lidar observations
are evidence of both nocturnal advection (via high NLLJ wind fields) and entrainment of the polluted
residual layer in the presence of the “next-day” convectively growing boundary layer. In the greater
context, the novel observational suite described in this work has shown that the chemical budget in areas
downwind of major urban centers can be altered significantly overnight during transport events such as
the NLLJ.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction day” surface O3, as a result of more efficient removal via chemical
Vertical mixing associated with buoyant eddies generally
weakens near sunset, which allows stratification within the lowest
layers of the atmosphere and the formation of the nocturnal
boundary layer (NBL). The NBL usually consists of a stable surface
layer (SL), which develops near the surface through radiational
cooling resulting in an inversion layer, and a residual layer (RL),
which extends from the top of the SL inversion upwards to the
daytime mixing height [Stull, 1988; Klein et al., 2014]. During
nighttime stratification of the atmosphere, pollutants (such as
ozone (O3)) that were well mixed during the daytime begin to
heterogeneously separate into the SL and RL between the in-
version(s) [Zhang and Rao (1999); Tong et al., 2011]. Throughout
the nighttime SL, O3 is depleted due to dry deposition, suppressed
vertical mixing and titration from nitric oxide (NO) to form nitro-
gen dioxide (NO2) [Trainer et al., 1993; Jacob, 2000]. Nighttime
increases in surface O3 in the Baltimore-Washington D.C. (BW)
region are known to occur; onemechanism that has been identified
as a source is the nocturnal low-level jet (NLLJ) mixing RL pollut-
ants towards the surface [Corsmeier et al., 1997; Ryan, 2004; Hu
et al., 2012; Delgado et al., 2014; Rabenhorst et al., 2014]. Howev-
er, continuous profiles of O3 are necessary to understand the hor-
izontal extent and “next-day” implications of the RL and nocturnal
surface increases.

Typical NLLJs in theMid-Atlantic (MA) United States occur in the
presence of light synoptic winds, where orographic induced tem-
perature gradients drive a layer of fast moving air that is frictionally
decoupled from the surface due to a sudden decrease in buoyant
eddy viscosity [Beyrich 1994; Ryan et al., 1998; Ryan 2004; Delgado
et al., 2014; Rabenhorst et al., 2014]. The sloping MA topography,
with the AppalachianMountains to thewest and the Atlantic Ocean
to the east, typically produces a NLLJ with southwesterly flow
[Zhang et al., 2006] that can be enhanced ahead of approaching
cold fronts [Rabenhorst et al., 2014].

It is hypothesized from surface and balloon-borne observations
that increases in O3 associated with the NLLJ originates from a
combination of regional advection and turbulent vertical mixing
[Corsmeier et al., 1997; Ryan 2004; Seaman and Michelson, 2000,
Hu et al., 2012, 2013]. Moreover, the high wind speeds at the NLLJ
core are responsible for 1) transporting air pollutants over hun-
dreds of kilometers (andmultiple state lines) during night time and
2) turbulently mixing pollutants (via vertical wind shear) above
and below the higher wind speeds within the jet core [Corsmeier
et al., 1997; Seaman and Michelson, 2000; Poulos et al., 2002;
Taubman et al., 2004; Banta et al., 2007; Delgado et al., 2014;
Rabenhorst et al., 2014].

Although the framework for the meteorological conditions of
NLLJ formation in the MA region have been well documented
[Rabenhorst et al., 2014], the vertical and horizontal effects on O3

transport during NLLJ conditions are less detailed. A common
metric for typifying whether a NLLJ is “transport relevant” is to
determine the duration (e.g. >5 h) of the jet [Ryan 2004]. However
without continuous profiles of O3 it is impossible to assess the
vertical locations and concentrations of ozone aloft or throughout
the RL; this is the necessary information to accurately determine
whether a NLLJ is “transport relevant”.

Balloon-borne O3 and wind profiles under NLLJ conditions are
scarce, but previous work in the MA has shown that downward
transport and entrainment of polluted RL species has contributed to
increased concentrations and more efficient production of O3
throughout the day [Zhang and Rao 1999; Yorks et al., 2009; Hu
et al., 2012; Delgado et al., 2014]. On the contrary, modeling ana-
lyses from Hu et al., 2013 have shown a marked decrease in “next
reactions and dry deposition. However, with isolated and infre-
quent sonde launches, it is difficult to characterize a complete
temporal history of potential NLLJ-induced changes such as the
extent of vertical mixing/entrainment, RL location [Morris et al.,
2010], and transport impacting “next-day” chemical concentra-
tions. Furthermore, it is problematic for model simulations to
accurately reproduce the NBL depth and vertical mixing of O3
within, particularly in the presence of a NLLJ [Zhang and Rao 1999;
Aneja et al., 2000; Zhang et al., 2001; Salmond andMcKendry 2002;
Hu et al., 2012]; although sensitivity analyses have shown to
improve the accuracy of simulations [Hu et al., 2013]. Thus accurate
and continuous vertical profile information regardingwinds and O3
concentration throughout the RL is critical for correctly simulating
transport during the NLLJ and surface impacts. Therefore, to accu-
rately characterize urban pollution events as well as turbulent
nocturnal events it is important to co-locate continuous measure-
ments of the vertical profiles of O3 and wind [McKendry et al., 1997;
Banta et al., 1998; Ancellet and Ravetta, 2005; Drobinski et al.,
2007; Tucker et al., 2010; Kuang et al., 2011]. For this reason, the
National Aeronautics and Space Administration Goddard Space
Flight Center Tropospheric O3 Differential Absorption Lidar (NASA
GSFC TROPOZ DIAL) [Sullivan et al., 2014] was deployed to Belts-
ville, MD during Summer 2015 to augment a radar wind profiler
and a broad suite of other co-located atmospheric monitors
currently operated by the Maryland Department of the Environ-
ment (MDE) [MDE, 2015].

With the suite of co-located instruments, remotely sensed
profiles of O3 andwind are presented for the first time during a NLLJ
event occurring after a severe O3 episode in the BW region on
11e12 June 2015. In section 2, we present surface observations
assessed initially at the policy relevant averaging time of 1 and 8 h
(section 2.1), followed by chemical and meteorological analyses at
1-min resolution (section 2.2). In section 3, we present a nearly 30-
h time-series of O3 lidar and radar wind observations, which indi-
cate the well-mixed and polluted daytime O3 reservoir decaying
into a polluted nocturnal RL, which persisted into the subsequent
morning. To further understand the regional context of these ob-
servations and the evolution of RL air mass, meteorological simu-
lations (section 4.1) and next day surface observations (section 4.2)
are utilized to characterize the NLLJ-transported/entrained air mass
from the BW urban corridor to several states within the southern
New England region (New York, Connecticut, Massachusetts). We
then summarize our findings in section 5 and place the importance
of the results in the context of tightening regulatory standards.

2. Ground level observations in Maryland

2.1. Policy relevant ozone monitoring

During the daytime hours on 11 June 2015, six rural/suburban
sites throughout Maryland observed maximum daily 8-h average
(MDA8) O3 concentrations that violated the 75 ppbv 2008 National
Ambient Air Quality Standards (NAAQS) (Fig. 1). The pre-
established MDE regulatory sites that were in exceedance were
Aldino, Fair Hill, Padonia, Rockville, Beltsville, and Howard Uni-
versity (HU)-Beltsville; four additional sites would have exceeded
the revised 2015 70 ppbv NAAQS [EPA, 2015] (Edgewood, Essex,
Millington, and South Carroll). Observations, and their policy
relevance, supporting the photochemical and meteorological
mechanisms that caused these sites to exceed the O3 NAAQS are
presented in Dreessen et al. (2016), which describes Canadian
wildfire smoke impacting regional air quality. The current work
aims to extend the analyses presented in Dreessen et al. (2016) to



Fig. 1. (Top) Map of relevant Maryland monitoring sites for this case study. (Middle) Time series of O3 concentrations from 11 to 12 June 2015 for sites within MD that violated the
MDA8 standard on 11 June 2015. Piney Run is also shown as a higher altitude (766 m ASL) site. (Bottom) O3 concentrations presented as 8-hr averages (MDA8), 1-hr averages, and
the time of the peak 1-hr concentrations for the daytime and nighttime values on 11e12 June 2015. Nocturnal increases in O3 are denoted with asterisks to indicate the increases
(besides Piney Run) occurred with 1-hr of each other. Intermittent data at the Beltsville monitor on 12 June is the cause of the n/a status. Data provided by the EPA AIRNOW [http://
www.airnowtech.org/data].
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the lesser-characterized night-time transport and vertical mixing/
entrainment of O3 in the context of “next-day” O3 exceedances.

The Piney Run monitor (Fig. 1) at an elevation of approximately
766 m above sea level (ASL) is useful for monitoring aloft concen-
trations of O3 directly within the RL. This monitor sampled an in-
crease in hourly surface O3 concentrations of 12 ppbv (denoted
with asterisk) during nighttime hours between 21:00 and 22:00
LST on 11 June 2015. Additionally, three sites (Padonia, Rockville,
HU-Beltsville) observed non-negligible (2e7 ppbv, denoted with
asterisks) increases in hourly concentrations during nighttime be-
tween 01:00 and 03:00 LST. With the absence of photochemical
production of O3 during the night, these surface increases are
attributed to a combination of nocturnal advection and vertical
mixing between the RL and SL.

Sites (besides Piney Run) in Fig. 1 that received a nocturnal
contribution of O3 (Padonia, Rockville, HU-Beltsville) had an

http://www.airnowtech.org/data
http://www.airnowtech.org/data
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average 1-hr daily max of 6 ppbv (81.5 vs. 75.5 ppbv) higher peak
hourly concentrations on June 12 than sites that did not exhibit a
nocturnal increase. Although only small fractions of the polluted
nocturnal RL reached the SL during the night, these higher “next-
day” peak O3 values imply the sites were poised for more severe
impacts of RL entrainment within the growing planetary boundary
layer (PBL) on the following morning [Zhang and Rao, 1999; Talbot
et al., 2005; Hu et al., 2012, 2013]. With the strengthening of the
current regulatory standards, this early morning “next-day” RL
entrainment process could potentially put a regulatory site above
the updated MDA8 NAAQS limits for the BW region. For example,
the Padonia monitor experienced a nocturnal increase of 7 ppbv
and went on to exceed the updated 2015 MDA8 NAAQS on June 12.

2.2. High-resolution surface observations from MDE at Beltsville,
MD

To further characterize the air mass observed by the ozone lidar
and radar wind profiler at the HU-Beltsville site, Fig. 2 presents
surface measurements of a) O3 and particulate matter less than 2.5
mm (PM 2.5), b) NO, NO2, and other nitrogen reservoir species
(NOy), c) temperature and relative humidity (RH), and d) wind
speed and direction. With the higher resolution surface data, the
nocturnal gradients observed in Fig. 1 are more pronounced and
two active temporal segments have been isolated to denote varia-
tions in the air mass. Segment 1 occurs on 11 June 2015 from 21:30
and 22:30 LST and segment 2 occurs on 12 June 2015 from 00:30 to
03:00 LST. Although these observations are largely used to track
discrete times of NLLJ air mass reaching the surface, they are
important in understanding the chemical composition of the
nocturnal RL and its potential impacts on “next day” O3 production.

The 1-min observations (Fig. 2a) indicate O3 increased by nearly
16 ppbv and an additional 10e12 ppbv increase during segment 2.
Hourly observations of PM 2.5 denote a value of 26 mgm-3 during
segment 1 and values reach 29 mgm-3 by the end of segment 2.
Notably, the hourly PM 2.5 concentrations in segment 2 recorded
the peak 1-hr concentrations at the HU-Beltsville monitor for 12
June 2015 and is described further in Dreessen et al. (2016). During
night, increases in O3 are not attributed to direct photochemical
mechanisms; however observations of the oxides of nitrogen
(Fig. 2b) are used to quantify changes in the chemical budget for O3
photochemistry in the post-NLLJ condition (Hu et al., 2012, 2013).
Throughout the nighttime observations, NO2

Increases near a maximum near segment 1. There is a pro-
nounced peak of NOy (NO þ NO2 þ all nitrogen reservoir species
such as nitric acid peroxyacetyl nitrate (PAN), and nitrous acid)
during segment 1. For the month of June 2015, nighttime concen-
trations of NO2 and NOy at the HU-Beltsville, MD site were mostly
between 3 and 5 ppbv [www.airnowtech.org/data], indicating
segment 1 and 2 had concentrations 2e3 times higher than
ambient conditions. Analyses presented in Dreessen et al. (2016)
suggest increasing concentrations of PAN, a complex O3 precursor
associated with wildfire transport [Jaffe and Wigder, 2012] being
responsible for the difference in NOx and NOy during this segment.
Segment 2 shows mostly persistent conditions of NO2 and NOy
from 5 to 7 ppbv. By 06:00 LST, locally produced O3 precursors
associated with early morning mobile emissions become the
dominant source of nitrogen oxides [Zhang and Rao 1999; Yorks
et al., 2009; Hu et al., 2013; Delgado et al., 2014].

Observations of temperature and RH (Fig. 2c) demonstrate the
nocturnal increases in O3 during segment 1 and 2 were associated
with warmer air (increases from 25.5 to 27.2 �C and 21.6e24.4 �C,
respectively). Decreases in RH as compared to ambient conditions
during these segments also occur. The Sterling, VA radiosonde
launches on 11 June 2015 at 19:00 LST and 12 June 07:00 LST (Fig. 3,
http://weather.uwyo.edu/upperair/sounding.html) indicate a RL
top height near 1700 m ASL and 2 200 m ASL, respectively as
determined by water vapor mixing ratios (Fig. 3a) and equivalent
potential temperatures (Fig. 3b). These soundings both show a
well-mixed RL and the 19:00 LST launch sampled an environmental
lapse rate between 8.9 and 9.5 �Ckm�1 within the first 1 000 m.
Assuming the polluted air masses were brought down adiabatically
to penetrate the SL, the environmental lapse rate indicates the
surface air mass descended from an origin height within the RL of
180e190 and 295e315 m AGL, respectively.

The wind speeds (Fig. 2d) nearly tripled during segment 1 and 2
and were mainly associated with strong southerly winds near
1.5 ms-1. Both segments were followed by mostly light (<0.5 ms-1)
easterly flow. These abrupt increases in southerly surface wind
speeds are an indication of the onset of a NLLJ [Rabenhorst et al.,
2014]. Thus, the combination of gradients in chemical and meteo-
rological parameters implies the presence of a polluted air mass
that originated in the RL and impacted the SL overnight. Because of
the increase in the aerosol, nitrogen species (including PAN), and O3
content, these measurements confirm the RL significantly affected
the nocturnal chemical reservoir and impacted the following
morning's chemical budget.

3. Ozone lidar and wind profiler observations in Maryland

3.1. Characterizing the high-O3 event, residual layer, and low-level
jet

Although surface sampling is useful, the critical measurement
needed to fully understand NLLJ dynamics and its impacts on
transport of O3 (e.g. the depth and pollution levels of the RL, “next-
day” morning entrainment) are continuous vertical profiles of O3
before, during, and after the NLLJ event. For these reasons, vertical
measurements of tropospheric O3 (Fig. 4a) within the polluted
conditions at the HU-Beltsville site were collected with the GSFC
TROPOZ DIAL [Sullivan et al., 2014]. The TROPOZ system, a charter
NASA instrument in the Tropospheric Ozone Lidar Network (TOL-
Net, http://www-air.larc.nasa.gov/missions/TOLNet/), derives O3
concentrations tomostly within 10e15% as compared to nearby O3-
sonde profiles [Sullivan et al., 2015a] and has been previously uti-
lized to characterize O3 episodes such as stratospheric-
tropospheric exchange [Sullivan et al., 2015b] and terrain driven
recirculation events [Sullivan et al., 2016]. Two O3-sondes, which
were conditioned and prepared with current community standard
practices [Thompson et al., 2007], were launched on 11 June 2015 at
14:50 LST and on 12 June 2015 near 12:25 LST and are overlaid on
the time series (denoted with black triangle) and the profiles
shown in Fig. 5. The 1-min O3 concentrations from the HU-
Beltsville surface monitor (Fig. 2) are shown in the bottom panel
of the TROPOZ time series. The MDE radar (915 MHz) wind profiler
(Fig. 4bed) located at the HU-Beltsville site has measured nearly
continuous profiles of horizontal and vertical wind speeds and di-
rection since June 2005 [https://madis-data.noaa.gov/cap/profiler]
and has been utilized in several previous studies [Compton et al.,
2013; Rabenhorst et al., 2014; Delgado et al., 2014] to assess
boundary layer processes. The normalized solar radiation.

(Source: Lufft WS510 UMB with silicon-pyranometer) mea-
surementmade at the site is also overlaid in each panel of the figure
to illustrate the transitions between daytime and nighttime.
Segment 1 (11 June 2015 from 21:30 to 22:30 LST) and 2 (12 June
2015 from 00:30 to 03:00 LST), based on observations of chemical
andmeteorological surface impacts in section 2 are also overlaid on
the figure.

A thin layer of high O3 is observed near the top of the RL in the
morning hours of June 11. By 14:00 LST, deep convective mixing has

http://www.airnowtech.org/data
http://weather.uwyo.edu/upperair/sounding.html
http://www-air.larc.nasa.gov/missions/TOLNet/
https://madis-data.noaa.gov/cap/profiler


Fig. 2. Time series of a) O3 and PM 2.5, b) NO, NO2 and NOy, c) relative humidity and temperature, and d) wind speed and direction from 11 to 12 June 2015 for the HU-Beltsville site.
The grey boxes indicate the two time segments where changes in chemical and meteorological parameters were observed during nighttime hours. Each parameter is reported at its
highest temporal frequency of 1-min, with the exception of the PM 2.5 monitor at 1-hr. [Source: MDE].
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Fig. 3. Water vapor mixing ratio (a) and equivalent potential temperature (b)
soundings from Sterling, VA at 19:00 LST on 11 June 2015 and the following on 12 June
2015 at 07:00 LST. The environmental lapse rate from the 19:00 LST sounding is
overlaid in panel a [Source: http://weather.uwyo.edu/upperair/sounding.html].
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been established within the PBL, likely entraining remaining RL
pollutants (including O3 and precursors). The peak O3 conditions
within the PBL correspond to weak southerly and southwesterly
winds between 1 and 2 ms�1 (Fig. 4b), indicating the combination
of convective mixing in the early morning in the presence of local
O3 precursor emissions under regionally stagnant conditions fueled
rapid O3 production. In this wind regime, the HU-Beltsville site (and
all others that exceeded the NAAQS in MD) was situated downwind
of the Washington D.C. metro area (including a major interstate
beltway, c.f. Top panel in Fig. 1), implying urban emissions idled
near the site under quiescent conditions to aid in O3 formation.

Until 18:00 LST on 11 June, TROPOZ observes O3 concentrations
between 100 and 130 ppbv throughout the PBL to a mixing height
between 1700 and 2000 m ASL, forming a 20e30 ppbv gradient
between the top of the PBL and the free troposphere. The O3-sonde
launched near 14:50 LST (Fig. 5a), resolves O3 concentrations
mostly between 110 and 120 ppb from the surface to a boundary
layer mixing height of 1700 m ASL as determined by the potential
temperature (Fig. 5c) and relative humidity (Fig. 5d) profiles. Fig. 5a
indicates the lidar and sounding comparewell and confirms the use
of the O3 mixing height as a proxy for the PBL height for further
analyses.

During the reduction in solar radiation from 18:00 LST until
21:00 LST, TROPOZ observations indicate the daytime polluted
convective boundary layer decays into a RL.

With O3 concentrations between 70 and 100 ppbv from above
the surface to 1 500e1700 m ASL. During this diurnal transition,
surface concentrations are 20e40 ppbv less than those sampled
aloft due to deposition and removal of O3 via NOx titration, signi-
fying vertical profiles of O3 are critical in quantifying RL concen-
trations and heights. Although O3 (and water vapor based on the
sounding in Fig. 3a) continues to be mostly well mixed, the onset of
increased wind speeds increases the vertical stratification of the
atmosphere. Within the first 1 000 m of segment 1, wind speeds
peak above 14 m s�1 (Fig. 4b), wind directions shift to mostly
westerly (Fig. 4c), and O3 concentrations dramatically decline with
the onset of a NLLJ [Banta et al., 1998; Ryan 2004].
3.2. Characterizing the nocturnal O3 increases

Although it was not a policy relevant amount of O3 that reached
the surface overnight, it is important to offer a physical explanation
of the processes that occurred as increased concentrations of O3
precursors (Fig. 2) were also brought to the surface. A surface
increase in O3 occurs in segment 1 and coincides a few hours after
the onset of the NLLJ, indicating the O3 was mixed down via me-
chanical turbulence that was strong enough to penetrate the sur-
face inversion layer [Banta et al., 2003]. Vertical eddies and
downward drafts, resulting from advection into the BW region,
quickly forced polluted RL air under the jet core towards the surface
(akin to the “leaky” RL fromwork shown in Talbot et al., 2005). The
onset of a second wind speed maximum occurs near Segment 2.
This is associated with 1) another increase of O3 at the surface and
2) the increase in height of the top of the RL. The increase in O3 is
attributed to the same physical processes occurring in segment 1,
downdrafts force polluted air near the middle of the RL towards the
surface. The increase in the RL top is associated with a “wedging”
affect described in Rabenhorst et al., 2014 in which the advecting
NLLJ displaces an air mass vertically upward. Overall, the wind
speeds indicate the NLLJ was first observed at the HU-Beltsville site
near 20:00 LST and persisted for 10 h (a “transport relevant”
duration) until 06:00 LST the following morning.
3.3. Characterizing the “next-day” O3 profiles

To further illustrate the NLLJ-induced increases of O3 during the
following morning, Fig. 6 shows O3 concentrations (Fig. 6a) and
vertical wind speeds (Fig. 6b) at cascading levels in the atmosphere
near 1275, 500, and 350 m ASL from 11 June 16:00 LST to 12 June
08:00 LST. Segment 1 and 2 are both denoted here as have been
defined previously, but now a dashed line has been added to
identify the peak O3 concentration in each segment. During
segment 1 (and in particular at the dashed line), the 350 and 500 m
levels are well-mixed in O3 concentration (near 70 ppbv, Fig. 6a)
and are associated with strong downward velocities (Fig. 6b). Be-
tween segment 1 and segment 2 the O3 concentrations at the 350,
500, and 1 275 m levels begin to decouple while surface concen-
trations remain unchanged, which is in indication of a return to a
stably stratified regime. However during segment 2, the 350 and
500 m O3 concentrations are very similar, indicating a return to a
well mixed regime and are again associated with strong downward
velocities (Fig. 6b). The 1 275 m layer during the beginning of
segment 2 experiences large downward motion with consistently
high (above 85 ppbv) O3 concentrations and transfers more
polluted air towards the lower levels of the atmosphere.

Evidence of early morning convective mixing exists in the
downward motion observations near 05:00 LST in the 1 275 m
layer. Large downwards drafts indicate entrainment and convective
mixing of the polluted RL in the early morning hours of 12 June.
TROPOZ observations denote a pronounced and polluted RL per-
sisted until 10:00 LST with O3 concentrations between 75 and
85 ppbv in a region from 500 to 1200 m ASL. Below 500 m ASL
TROPOZ observations of 50e60 ppbv correspond well with those
sampled with the surface monitor, further indicating convective
mixing and entrainment of the polluted RL into PBL has occurred.
By 12:00 LST, TROPOZ observes concentrations of O3 between 80
and 110 ppbv from 300 m ASL to a mixing height near 1 200 m ASL.
The O3 sonde launched near 12:25 LST (Fig. 5b) indicates an O3

profile mostly near 85 ppbv and increasing to 100 ppbv up to a PBL
height of 1100 m (based on the potential temperature gradient and
RH, Fig. 5ced). Near 14:00 LST, the winds increase to 8-10 ms-1

(28e36 kmhr-1) in a south/southwesterly flow below 1 500 m ASL
and ventilate O3 from towards sites to the northeast. Notably, the
Padonia and Aldino sites (situated downwind during this flow
pattern in the presence of additional polluted RL precursors)
recorded the two highest MDA8 values (and Padonia violated the
2015 NAAQS) for all of Maryland on 12 June 2015.

http://weather.uwyo.edu/upperair/sounding.html


Fig. 4. (a) O3 profiles from the GSFC TROPOZ DIAL at the Beltsville, MD site with two time segments. Two O3 sondes are overlaid. The 1-min (Fig. 2) surface O3 concentrations are in
the bottom panel of the TROPOZ time series. The MDE Radar wind profiles are shown for b) horizontal wind speed, c) horizontal wind direction, and d) vertical wind speed. The
solar radiation curve is also overlaid from the HU-Beltsville site to illustrate daytime/nighttime hours.
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Fig. 5. Comparisons of the GSFC TROPOZ DIAL and the co-incident soundings for (a) 11
June 2015 at 14:50e14:56 LST and (b) 12 June 2015 at 12:25e12:31 LST. Potential
temperature (c) and Relative humidity (d) soundings are also shown.
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4. Regional simulations and observations

4.1. Meteorological simulations of the NLLJ

With the high “next-day” O3 values (and one 70-ppbv NAAQS
exceedance) sampled at downwind monitors in Maryland, it was
imperative to isolate other potential downwind sites within the
region that may have also been impacted by the NLLJ flow and
entrainment of the polluted RL. Although these processes of
Fig. 6. Comparisons of O3 derived from the TROPOZ lidar (a) and vertical wind speeds fr
measurements are also overlaid in the first panel. The vertical dashed line indicates two
descending air.
entrainment and increased O3 are well characterized at the Belts-
ville, MD site, it was necessary to simulate the meteorological fields
in order to accurately assess the contribution of the NLLJ transport
in a regional context. A simulation was performed using the
Weather Research and Forecasting (WRF) model. Initial and
boundary conditions were derived from hourly Rapid Refresh (RAP)
model data. WRF was configured with an outer domain and nest
with ~350 � 350 horizontal grid points each, roughly centered over
Beltsville, MD. The grid spacing was 4.5 km and 1.5 km for the outer
domain and nest, respectively. The simulation was run with 80
vertical levels and the following physics: Mellor-Yamada-Janjic
(MYJ) PBL parameterization [Janjic, 1994], four-layer Noah Land
Surface Model, Morrison double-moment microphysics [Morrison
et al., 2009], shortwave and longwave radiation with Rapid Radia-
tive Transfer Model for GCMs (RRTMG) [Iacono et al., 2008], and
Grell 3D cumulus parameterization [Grell and D�ev�enyi, 2002] for
the coarse domain only. The simulation began 07:00 LST on 11 June
2015 and continued for 36 h until 19:00 LST on 12 June. A com-
parison (Fig. S1) of the simulatedwind speeds and thewind profiler
observations at HU-Beltsville and Piney Run, MD (c.f. Fig. 1) are
presented in the Supplemental.

The WRF wind fields during the onset of the NLLJ (21:00 LST on
11 June 2015) at the Beltsville site is shown in Fig. 7. The jet-like
feature (designated within the dashed oval) has pronounced
wind speeds in a mostly southerly/southwesterly flow. The jet ex-
tends from the western Carolinas, through the Mid-Atlantic region
(and the HU-Beltsville lidar site), and into the southern New En-
gland region. There is a clear wind field gradient to the northward
side of the jet that corresponds to an incoming cold front. The
observations of O3 and wind profiles in Fig. 4a reveal a decrease in
O3 to “cleaner” concentrations during the onset of the NLLJ. The
concentrations below 1 000 m ASL were mainly between 50 and
60 ppbv, which resemble those in the free troposphere or from a
region significantly less polluted. Fig. 6 indicates the jet air mass
brought air from western Virginia/North Carolina area, which
recorded MDA8 O3 values of 55e65 ppbv. This corroborates the
lidar analyses of transported “cleaner” air from this region to the
Beltsville, MD site.

The WRF 4.5 km output was also utilized to calculate 21-h for-
ward trajectories (Fig. 8 and time-height inset) initialized on 3 � 3
grids at three different levels above ground (AGL) near the Belts-
ville, MD site at 22:00 LST 11 June. A more detailed description of
om the radar wind profiler (b) near 300, 500, and 1 200 m ASL. The surface ozone
regions with significant increases in surface ozone that are coupled with strongly



Fig. 7. WRF simulated wind field of the jet extending throughout the Mid-Atlantic region. The Beltsville site is denoted on the map.
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the calculated trajectories is presented in the Supplemental. Tra-
jectories were chosen at 200 m AGL (yellow), 400 m AGL (orange)
and 1 000 m AGL (red) to represent the SL, air mass above the SL,
and near the RL top, respectively as identified from the altitude and
concentration from the O3 lidar. All of the air mass trajectories are
indicative of a generally northeasterly transport direction towards
central New Jersey from the HU-Beltsville site. The yellow (SL)
trajectories appear to mostly remain in New Jersey and are then
transported northerly into the southern New England states or are
transported out over the Atlantic Ocean. These trajectories remain
mostly between 250 and 750m AGL (Fig. 8b), indicating the surface
pollutants were reasonably constrained within the SL during
transport. The orange trajectories (above SL) are similarly advected,
however several of these trajectory end points indicate the air mass
at this level was transported over the Atlantic Ocean. Most of the
red trajectories, representative of the RL mean flow, enter into the
southern New England states, and are focused in the southern
portion of the New England Region (New York (including Long Is-
land), Connecticut, and Massachusetts).

A similar entrainment of the RL observed by the O3 lidar near
09:00 LST is representative of the 1 000 m AGL trajectories. After
15:00 LST, most of the red trajectories quickly descend to altitudes
between 500 and 1 500 m AGL. A sounding at Upton, NY and
Chatham, MA (inset Fig. 8) at 19:00 LST on June 12 indicate a PBL
height near 1800 and 2 500 m ASL, respectively, based on equiva-
lent potential temperature. Thus, a majority of the trajectories that
were initialized in the polluted RL conditions at the HU-Beltsville
site were transported overnight and well within the vertical re-
gion that would have been convectively mixed and entrained
within the PBL on the following day at sites within the New En-
gland region.
4.2. “Next day” surface O3 observations

In order to confirm the NLLJ-induced impacts of the chemical
budget on the following day,1-hr O3 concentrations at 15:00 LST for
11 June and 12 June for the northeastern U.S (Fig. 9aeb) and inset
view of southern New England states (Fig. 5ced) are shown. The
inset panels (Fig. 9ced) were chosen based on the trajectory loca-
tions at 15:00 LST denoted by the WRF simulations (black ‘x’) and
indicate monitoring sites that were located within the transport
region of the RL and NLLJ.

On June 11, there were high O3 levels across the eastern Great
Lakes, Ohio River Valley, MA and southern New England regions
(Fig. 9a). However the 12 June peak observations were mostly
located in the New England region at coastal and inland locations
(Fig. 9b). The monitoring sites that sampled higher O3 concentra-
tions are spatially correlated with the end trajectory path deter-
mined in the WRF trajectory. Similar to the trajectory points at
15:00 LST, centrally located high-O3 regions occur in more inland
locations such as northern New Jersey, central New York and
western Connecticut and Massachusetts. Furthermore, three sites



Fig. 8. Composite WRF forward trajectory was initialized in a 3 � 3 grid near the Beltsville, MD site at 22:00 LST on 11 June (segment 1 from Fig. 3) until 19:00 LST on 12 June using
the 4 kmwind fields at 200 m AGL (yellow), 400 m AGL (orange) and 1 000 m AGL (red). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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on June 12 in Fig. 9d experienced MDA8 O3 averages above the
current 75 ppbv standard (Valley Central, NY, (84 ppbv), Ramapo,
NY (81 ppbv), Danbury, CT (79 ppbv)) and additionally six more in
the region would have exceeded the revised 70 ppbv standard
(http://www.airnowtech.org). These exceedances, coupled with
the lidar and sonde observations at the HU-Beltsville site exhibiting
the direct entrainment of the RL into the PBL, confirm the high O3
observed at sites in panel 9d were clearly impacted by NLLJ-
induced regional transport.

5. Summary and conclusions

There are sparse records of continuous vertical profiles of O3

within the United States and virtually none in nocturnal conditions
except for dedicated campaign deployments. This lack of informa-
tion has made it difficult to accurately evaluate nocturnal transport
and “next day” entrainment of the polluted RL within a regional
context. To better resolve these features, the GSFC TROPOZ DIAL
was deployed to Beltsville, MD to take co-located measurements
with the MDE radar wind profiler. These novel measurements have
accurately identified the extent of O3 concentrations and mixing
heights during a high pollution event in the BW region. Following
this, as the day-to-night transition occurred, the O3 lidar continued
observations and was able to accurately identify the concentrations
and height of a polluted RL during a NLLJ event and into the
following morning. Downward transport of O3 and its precursors
during the jet event were also identified and reached the surface
during two distinct segments at several sites throughout Maryland.
Using meteorological simulations and a network of surface moni-
tors, it was determined that the polluted conditions observed
throughout the BW urban corridor were transported via the RL and
NLLJ to the southern New England region and exacerbated “next-
day” air quality. Specifically, this work has shown that the chemical
budget in areas downwind of major urban centers can be altered
significantly by events that occur overnight such as:

1. The development and depth of polluted residual layers (related
to the onset of the NLLJ) occurring after poor air quality episodes
and

2. Advection of the polluted residual layers over a regional scale;
and on the following morning,

3. Entrainment of the polluted residual layer in the presence of the
convectively growing boundary layer.

The authors recommend the union of a co-located ozone lidar
and radar wind profiler, in conjunction with high-resolution
modeling, as a more effective way to assess regional pollution
transport. More observations are needed and will be critical to the

http://www.airnowtech.org


Fig. 9. The spatial distribution of 1-hr O3 concentrations at 15:00 LST on 11 June and 12 June for the northeastern U.S. (aeb) and a subset of the region (ced).
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modeling community, where NBL pollutants above the surface have
been historically difficult to verify. Ground based networks, such as
the Tropospheric Ozone Lidar Network (TOLNet, http://www-air.
larc.nasa.gov/missions/TOLNet/), are poised to answer these types
of questions with deployable ozone lidars that have the ability to
target complex urban regions with continuous profiling capabil-
ities. However, a vast set of permanent O3 lidar stations, situated
throughout the northeastern U.S, would add to the confidence and
understanding of overnight transport of O3 in many complex urban
settings. Particularly with the strengthening of the EPA regulations,
it will be increasingly important to quantify and validate the
nocturnal and early morning O3 budget (aloft and at the surface)
and assess the contribution of inter-state transport via mechanisms
such as the NLLJ.
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