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A B S T R A C T   

This observational study investigates New York City (NYC) impacts on summer sea breeze fronts 
(SBFs) during a 2018 LISTOS Campaign day with a regional heat wave and O3 episode. A morning 
urban heat island peaked at 8.3 ◦C and then induced convergences into the City, trapping its NO2 
emissions. SBFs came ashore at 0700 EST from the Atlantic along southern Long Island (LI), and 
from the LI Sound along northern LI and southern Connecticut; 2-h later another formed over 
New Jersey. The Ocean front was retarded over NYC at noon, while all fronts merged by 1400 EST 
and continued inland for four more hours. High O3 first appeared at 0900 EST downwind of NYC. 
By 1100 EST, a new surface peak formed north of the City in the Hudson River Valley (HRV). The 
maxima merged, peaking at 143 ppb at 1300 EST behind the SBF and near the maximum tem-
peratures of 39 ◦C. Trajectories ending at the northern LI site with a PBL O3 peak first passed NYC, 
arrived before the episode, and then recirculated back in its SB flow. Trajectories ending in the 
HRV showed pollutant transport over NYC twice, before advection northward into the narrow 
Valley by the ocean SBF.   

1. Introduction 

More than half the global population lives in urban areas, increasingly in high-density coastal cities (Ritchie and Roser, 2018; UN, 
2018). Urbanization creates new local climates via changes to regional surface and atmospheric properties, often associated with 
increased energy demand, air pollutants, and heat emissions (Bornstein, 1968; Ongoma et al., 2013; Melecio-Vázquez et al., 2018). 
These processes lead to altered microclimates, including urban heat islands (UHIs), defined as the excess warmth of a city over its 
surrounding rural areas (Grimmond, 2007; Stewart and Oke, 2012). Strong UHIs produce convergent winds into their centers, while 
with weak UHIs, regional speeds are reduced over these centers (Bornstein and Johnson, 1977). Cities are thus vulnerable to heat wave 
conditions (Tan et al., 2010; Li and Bou-Zeid, 2013; Ortiz et al., 2019) and the leading cause of US weather-related fatalities is heat 
stress (NWS, 2015). Most megacities (70%) are in less-developed global regions, and 78% are coastal (Pullen et al., 2007). Coastal 
cities experience sea breezes, which provide cooling (Yamamoto and Ishikawa, 2020) and affect air quality (Seaman and Michelson, 
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2000). Such breezes arise from the contrasting thermal responses of land and water surfaces, i.e., a near-surface onshore atmospheric 
pressure gradient forms, from the cool sea to the hot land (Simpson, 1994). 

A variety of sea breezes types can arise (Tijm and van Delden, 1999). In otherwise calm circumstances, a closed circulation cell 
develops at the coast (Holton, 1992), which grows horizontally and vertically. With a weak opposing offshore regional flow, an inland 
moving sea breeze front (SBF) develops in the near calm convergence zone between the two flows (Hsu, 1988). A convective internal 
boundary layer with a capping inversion thus forms within the landward moving marine air mass (Zhong and Takle, 1992). Surface 
frictional retardation creates an upper-level frontal “nose,” which passes earlier than the surface front. The SB head may be as deep as 
700 m, but the elevated inversion transition-layer is only several tens of meters thick. SBFs are thus also associated with complex 
vertical motions, with the primary updraft in the convergence just ahead of the SBF as the denser marine air undercuts the lighter 
continental air (Simpson, 1997). Cumulus cloud lines associated with these upward motions have been observed in satellite images 
(Ferdiansyah et al., 2020). With an onshore-directed regional flow, however, SBFs are only higher speed pulses onto the existing 
onshore flow (Rao and Fuelberg, 2000). With reduced late afternoon inland heating, all SBFs retreat to the coast as a land breeze 
(Simpson et al., 1977). 

Urban areas retard SBF inland movement due to surface-roughness/building-barrier effects (Boucouvala and Bornstein, 2003), 
while UHI convergence enhances SBF convergence zones (Ferdiansyah et al., 2020). The diurnal cycles of surface pollutant concen-
tration are complicated by SBFs, as their convergent surface winds (Loughner et al., 2011) and capping inversions (Darby et al., 2007) 
produce accumulation. Other impacts include early morning offshore precursor transport (Ding et al., 2004) and reduced dry depo-
sition in their stable marine air (Lenschow et al., 1981). Recirculated polluted air onshore by a next-day SBF (Wentworth et al., 2015) 
and downward fumigation of elevated-layers (Lyons et al., 1981) can, however, produce local late morning pollutant maxima. 

New York City (NYC) metro area SBFs have been previously investigated because of the complex flow patterns from the Atlantic 
Ocean and Long Island Sound (LIS, all acronyms defined in appendix) and right-angled coastline at the intersection of NYC and New 
Jersey (NJ, Fig. 1). Frizzola and Fisher (1963) were the first to investigate the SBF over the south shore of suburban Long Island (LI) and 

Fig. 1. Meteorological observational sites in (a) outer and (b) inner [also red box in (a)] domains, as well as O3 ( ) and NO2 ( ) sites in (c) and 
(d). In (b) The outlines of urban (red solid) and rural (red dashed) areas for UHI calculations are shown in (b), while (c) shows Fig. 5 sites (black 
circles) and OKX radiosonde site (△). Throughout: county boundaries (thin black lines) and key topographic heights (m, green lines), with peak 
terrain points ( ). US States include NYS, Conn., and NJ, while NYC boroughs are Manhattan, Brooklyn, Queens, Staten Island, and The Bronx; see 
Appendix for definition of geographic abbreviations. (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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the north-south New Jersey (NJ) coast south of NYC. Their data sources included only 11 surface stations, a National Weather Service 
(NWS) radiosonde, and three pibal balloon sites. On a day with an onshore synoptic flow, the SBF came onshore onto LI at 0900 EST (=
GMT- 5 h). It reached its northern shore 4-h later, while in two additional hours its western edge reached Manhattan in NYC. The same 
synoptic flow on the NJ coast, however, opposed the SB flow, and hence the front only came onshore at 1200 EST. The 1900 EST NWS 
sounding showed a weak SBF inversion. The remaining two days in the study had strong opposing synoptic flows and thus slowed 
frontal penetrations. The events showed that as opposing speeds increased, SB flows were shallower, had lower speeds, and reduced 
inland penetrations. 

While the above study could not focus on NYC urban impacts on SBFs due to limited surface sites, Bornstein and Anderson (1980) 
and Bornstein and Thompson (1981) used a more extensive data network of 97 sites from the NYU/NYC Urban Air Pollution Dynamics 
Project. Given an opposing synoptic flow in their case study, fronts first came onshore at 1200 EST at the southern LI and NJ coasts. The 
NYC urban building morphology, however, severally retarded it over Manhattan, distorting its shape; it finally passed the City at 1900 
EST. Similar effects on weak cold fronts moving over NYC had been found by Loose and Bornstein (1977). 

A climatological study of NYC area SBFs by Gedzelman et al. (2003) showed daytime UHIs both delayed in formation and reduced 
in frequency during SBF periods. During a regional heat wave, strong westerly winds suppressed the SBF, and thus the City recorded its 
all-time high March temperature. Novak and Colle (2006) used surface data from 220 surface stations to study the evolution of SBFs 
across the NYC area on a single day. Three fronts formed by 0900 EST on the: southern and northern LI coasts and southern Connecticut 
coast. Two hours later, the Connecticut front had not moved, the weak northern LI front was no longer discernable, and the third had 
moved northward to central LI. Four hours later, the remaining two fronts merged and passed NYC. 

The Frizzola and Fisher (1963) study (discussed above) also calculated SBF vertical slopes by use of surface and PBL observations. 
Slopes outside of NYC were generally about 1:100, but at their leading SBF edge, they steepened to 1:20. Bornstein (1987a, 1987b) 
evaluated SBF slopes via the NYU/NYC surface winds (discussed above), along with 3-D tetroon positions and helicopter soundings. 
Slopes steepened over NYC due to building-induced surface retardation of its surface movement, in combination with the lack of 
retardation aloft, producing slopes up 1:2 over the City. Large and deep vertical velocities during the daytime convective conditions 
were also observed. Similar frontal steeping was also seen during weak cold front passages over NYC by Gaffen and Bornstein (1988). 

SBF effects on SO2 concentrations were first investigated by Bornstein and Thompson (1981) during the SBF event discussed above 
by use of data from 33 surface sites. Results showed early morning offshore transport of polluted air by the synoptic flow, followed by 
reduced concentrations at coastal sites at 1200 EST as clean air was advected onshore behind the SBF. Values behind the inland moving 
front, however, increased due to fresh emissions into the marine air. Gaza (1998) evaluated SBF impacts on NYC area O3 concen-
trations. They used surface and upper air data, as well as O3 concentrations at 22 surface sites. By 1400 EST, an SBF along the south 
shore of Connecticut was 30 km north of NYC and was associated with an east to west O3 peak behind the front. The peak was not a 
continuous plume from NYC, but a northward-moving band aligned with the east-west oriented front. Zhang et al. (1998) also used 
data from instrumented aircraft to study that same day. They showed O3 build-up in a nocturnal elevated residual layer, while sub-
sequent fumigation to the ground rapidly (but only temporarily) increased morning NYC concentrations. The timing of an O3 peak 
along the Connecticut River north of NYC suggested transport by the SBF in combination with valley channeling. 

Aircrafts were also used by Lee et al. (2011) to study the transport and transformation of NYC area O3. When synoptic winds 
changed to offshore/westerly around 1130 EST, both aircraft captured strong offshore City plumes at downwind ocean sites. The 
plumes had extended upwards to 2 km near NYC but shrank to 1 km over the stable marine boundary layer (MBL), which was vertically 
decoupled from the ocean surface. Mobile measurements, lidar wind profiles, NO2 column concentrations, and satellites were used by 
Zhang et al. (2020, 2021) to study SBF influences on LI surface O3 and PM2.5 distributions during the 2018 Long Island Sound 
Tropospheric Ozone Study (LISTOS). Results showed that the front developed on its southern shore at 1100 EST, and when it passed the 
northern shore 5-h later it brought high concentrations. Back trajectories from the Hybrid Single-Particle Lagrangian Integrated 
Trajectory (HYSPLIT) model ending at the southern shore showed that NYC emissions were first transported out over the ocean and 
then were contained within the shallow MBL, where photochemical O3 production occurred. The O3 was finally transported back 
inland near the surface by the SBF. 

Whereas previous studies of NYC metropolitan area O3 episodes have focused on some aspects of the many complex interactions 
between the synoptic conditions, coastal shape, PBL processes, and UHI and building-barrier impacts, the current effort more fully 
investigates the interactions between all these factors. The study focuses on a five-day summer period with a synoptic-scale heat wave 
and associated regional O3 episode during a data-rich 2018 LISTOS Intensive Observational Period (IOP) campaign. 

2. Methodology 

The regional O3 episode that impacted the NYC area on 2 July 2018 occurred during a four-day regional heat wave that started on 
30 June and was associated with a complex local sea-land breeze system. Hourly surface O3 concentrations of >140 ppb were twice the 
US Environmental Protection Agency (EPA) National Ambient Air Quality Standard (NAAQS) of 70 ppb, herein “the standard,” but 
ignoring the 8-h running-average aspect. PBL data used in the study are from LISTOS (http://www.nescaum.org/documents/listos), 
whose data are stored at: https://www-air.larc.nasa.gov/missions/listos/index.html. 

Scientific questions addressed herein include how the extensive surface and PBL observations from a LISTOS IOP can provide a 
better understanding of how: (a) NYC UHIs and building barriers impact the movement of the: photochemical precursor emissions, 
multiple SBFs that form along the complex coastlines, and O3 peaks at the surface and within the PBL; (b) regional heat waves 
exacerbate area O3 peaks, and (c) all the above interact to produce concurrent surface O3 maxima within and downwind of NYC. 
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2.1. Data 

Two observational domains were used, i.e., an outer one (Fig. 1a) that encompasses NYC and its surrounding areas and a zoomed-in 
sub-domain over the City (Fig. 1b). The 30-arc-second (1 km) terrain data from the US Geological Survey’s 2010 Global Multi- 
resolution Terrain Elevation dataset (U.S. Geological Survey, 2010; https://www.usgs.gov/centers/eros/science/) resolved key area 
features. The highest peak (424 m) is in the northwest corner of the outer domain (Fig. 1a), with only its surroundings elevations >200 
m, with less significant terrain (>40 m) over the Connecticut and NJ coasts and the north shore of LI. Within the smaller domain 
(Fig. 1d), the most significant terrains (>60 m) are in the: NJ Palisades across the Hudson River from Manhattan, NJ hills at western 
edge of the domain, NYS area north of NYC, and north shore of LI. 

Hourly 2-m temperature and 10-m wind velocities were obtained from 364 stations (Fig. 1a) within 11 networks (Table 1); these 
levels are hereafter referred to as the “surface.” They were downloaded from the City College of New York (CCNY) NOAA-Center for 
Earth System Sciences and Remote Sensing Technologies (CESSRST), part of its NYCMetNet in its Optical Remote Sensing Lab (https:// 
datadb.noaacrest.org/public/ORSL/Archived_MADIS/). Of these, 119 sites (Fig. 1b) from eight networks are mostly within the NYC 
sub-domain (Table 1). Values within 5 min of the hour were assumed at the hour. The temperature (T) and velocity (V) networks are 
reasonably dense in NYC, except in the area north of Jamaica Bay (Fig. 1b). 

Data from NWS sites are provided to the Meteorological Assimilation Data Ingest System (MADIS) as whole-value knots, while 
those from other sources are converted to closest whole-value knots. When downloaded from MADIS in units of m/s, they are 
reconverted back to m/s and thus can only have a finite number of values, each corresponding to a whole knot value converted to m/s, 
e.g., 1 kt = 0.44 m/s and 2 kt = 0.88 m/s (Automated Surface Observing System (ASOS) User’s Guide, National Oceanic, and At-
mospheric Administration, Department of Defense, Federal Aviation Administration, United States Navy, 1998https://www.weather. 
gov/media/asos/aum-toc.pdf). The current effort ignores all MADIS values <0.5 m/s and thus eliminates all original observations of 1 
kt and 1 mph. This cutoff was selected as such low-speed directions are unreliable. MADIS data have passed a three-step QA/QC 
procedure: level-1 for validity; level-2 for internal, temporal, and statistical consistencies; and level-3 for spatial consistency. The 
UrbaNet data needed to be QA/QC-ed in-house with this procedure, documented in NWS Techniques Specification Package 88–21-R2 
(Technique Specification Package, 1994, https://www.wpc.ncep.noaa.gov/archives/). 

Hourly surface O3 and NO2 concentrations were provided by the US EPA Air Quality System (EPA-AQS, https://aqs.epa.gov/ 
aqsweb/airdata/download_files.html) at 25 and 13 sites in the outer domain, respectively (Fig. 1c and Table 1), with 11 and nine 
of these, respectively, in the inner domain (Fig. 1d). These measurements were also fully QA/QC-ed, with EPA procedures described at 
https://www.epa.gov/aqs. Daily O3 Air Quality Index (AQI) maps were downloaded from the EPA AirNow website (https://www. 
airnow.gov) for 1 and 2 July. If a site records an 8-h peak-average O3 value of 70 ppb (the EPA criteria level) anytime during a 24- 
h period, then the site has a daily AQI value of 100. The scale is linear, so peak averages of 140 ppb produce an AQI of 200. These 
values are related to human health impacts in Table 2. Meta-data for all meteorological and air quality sites are at the websites cited 
above. The Natural Neighbor Interpolation (NNI) scheme of Sibson (1981) was used on the surface T, O3, and NO2 data. It uses 2-D 
triangulation to connect all pairs of neighboring data points; details can be found in Okabe et al. (2000). Areas with the fewest 
sites in the O3 network are on the plain southeast of the NJ hills and in the NO2 network are north of NYC (Fig. 1c). So isolines are more 
approximate in those areas. 

Upper-air meteorological data were obtained at 0700 and 1900 EST on 1 and 2 July from the NWS radiosonde station OKX at 
Upton, LI, 100 km east of NYC (Fig. 1c). The balloon ascent rate is about 5 m/s, and T, potential temperature (θ), and relative humidity 
(RH) values within the lowest 2 km (AGL, used hereafter unless otherwise stated) were downloaded from the Wyoming Weather Web 
page (http://weather.uwyo.edu/upperair/sounding.html). Because large variations exist within a RH sounding, values were smoothed 
via a five-point centered running average, with the first point kept as reported and a three-point average used for the second point. No 
averaging was necessary for the T and θ values. 

Table 1 
Number of meteorological, O3, and NO2 sites in each network within the study area (‘Total’), plus of those, the number in the 
(‘Inner’) NYC sub-domain.  

Networks Inner Total 

*AWS (Automatic Weather Station Tower, Earth Networks) 30 100 
*NJWxNet (New Jersey Weather and Climate Network) 5 19 
*NYSM (NYS Mesonet) 6 8 
*WxFlow (WeatherFlow, Inc.) 5 17 
*UrbaNet (EarthNetworks, Inc) 20 20 
APRSWXNET (Citizen Weather Observers Program) 51 182 
HADS (Hydrometeorological Automated Data System) 0 2 
NONFedAWOS (Non-Federal AWOS) 0 6 
NOS-NWLON (Nat. Ocean Service Water Level Obs. Network) 0 2 
NOS-PORTS (NOS Physical Oceanographic Real-Time System) 1 2 
RAWS (Remote Automated Weather Stations) 1 6 
Total meteorological stations 119 364 
AQS O3 (Air Quality System, EPA) 11 25 
AQS NO2 9 13 

Note. *() are National Mesonet providers. 
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Five LISTOS balloon sondes recorded vertical profiles of O3, T, θ, V, and RH during the study period at the Flax Pond Marine 
Laboratory, on the rural north shore of LI (Fig. 1c). Vaisala radiosondes with an Ensci Electrochemical Cell ozonesonde provided data 
at 1 Hz intervals, with an uncertainty of 5–10% in the troposphere. Only data within the lowest 2 km were used from launches at 0500 
and 1300 EST on 1 July and at 0100, 1200, and 1500 EST on 2 July. First level values in each sounding were not considered as they 
were: (a) listed as the zero second values at a height of 4.4 m, while those after 1-s were listed at 5.5 m (reasonable given the average 
rate of rising of about 5 m/s) and (b) inconsistent with those at levels 2 to 4 in the same launch and with those at nearby surface sites. 
The remaining RH and V (speed and direction) values were smoothed via 5- and 30-point averages, respectively. The new first point 
was kept as calculated and a three-point average was again used for the new second point. 

Table 2 
US EPA daily ozone air quality index (AQI, no units) classes and O3 (ppb) values; descriptions are for 
general populations except where noted.  

Description AQI Values O3 (ppb) 

Good 0–50 0–35 
Moderate 51–100 35–70 
Unhealthy for Sensitive Groups 101–150 70–105 
Unhealthy 151–200 105–140 
Very Unhealthy 201–300 140–210  

Fig. 2. NARR 850 hPa charts (upper) over the eastern US at 0700 EST on (a) 1 July and (b) 2 July 2018, with geopotential heights (solid lines, 
interval of 10 m), wind vectors (1 full barb is 10 kts), and isotherms (◦C, colors), where the red box is the outer domain of Fig. 1. NARR surface 
charts (lower row) at 1300 EST on (c) 1 July and (d) 2 July show sea-level isobars (solid lines, interval of 1 hPa), wind vectors (1 full barb is 1 kt and 
flag is 5 kts), and temperatures (◦C, colors). High (H) and low (L) pressure centers and warm areas (W) are shown, along with subjectively placed 
area-average wind vectors (green arrows) in (d). (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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2.2. Analyses 

Nocturnal 2-m level UHI values were calculated from 19 NYC sites and from 15 fewer urban (hereafter “rural”) sites west of the City 
(Fig. 1b). The area containing the urban sites best illustrated the horizontal extent of the high NYC temperatures, while the area of the 
rural sites forms a ring around the City at locations not influenced by either the hills to their west or the water bodies to their east. UHI 
magnitude was defined as the difference between the warmest of the 19 urban and coolest of the 15 rural sites at each hour. 

As the SBF over NYC on 2 July generally involved only a pulse of marine air with an increased speed on top of a regional onshore 
flow, its inland movement required careful analysis. The following seven factors were thus used to determine its positions: (i) 
directional convergence, as wind directions shift across an SBF, (ii) post-frontal speed increases in the pulse of the SB air, (iii) pre- 
frontal calm speeds, as speeds are low within an SB convergence zone, (iv) temperature differences at inland sites, as the current 
“pulse” type SBF produces only minimal coastal cooling as it passes, (v) coastal shape, including Jamaica Bay and the various inlets of 
the New York Bight, (vi) spatial and/or hourly consistency, and (vii) details gleaned from zoom-ins over NYC. NYC provided additional 

Fig. 3. EPA daily O3 Air Quality Index Values (AQI, no units) for (a) 1 and (b) 2 July, with EPA Alert-Ranges (insert) and inner and outer domains 
(dashed boxes) of Fig. 1. 
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challenges, due to the relative scarcity of sites within a few areas of the City (Fig. 1b) and the somewhat chaotic nature of urban winds. 
Investigation of the NYC wind network metadata, however, has shown that the instruments are generally well-sited and are capable of 
yielding coherent wind flow patterns (Bornstein and Johnson, 1977, as well as other such NYC studies). Placement of SBF positions in 
NYC thus relied on spatial and temporal consistency even more than at sites outside of the City. 

The origins of the observed high O3 layer at Flax Pond and of the surface O3 peak at Hudson River Valley (HRV) site were 
investigated with back trajectories from the HYSPLIT model (https://www.ready.noaa.gov/ HYSPLIT.php), developed by the NOAA 
Air Resources Laboratory (ARL, Draxler and Hess, 1998). Horizontal and vertical velocities from the High-Resolution Rapid Refresh 
NWP model version 1 (HRRRv1) at 3 km and 6-h resolutions were used to drive HYSPLIT. The 24-h trajectories ended at Flax Pond at 
either 0100 or 1200 EST on 2 July, with model endpoints set at 100, 500, and 1200 m. The 12-h trajectories in the HRV area ended at 
1300 EST on 2 July, with the model endpoint set at 10 m. The MATLAB (R2019b) software was used to process the MADIS meteo-
rological, O3, and NO2 data for the NNI interpolation process and to plot the Flax Pond sonde profiles. Python version 3 (Van Rossum 
and Drake, 2009) was used to create the North American Regional Reanalysis (NARR, Mesinger et al., 2006), spatial isopleth, and 
vector-wind plots. Paint 3-D was used to draw SBF locations and to modify NWS synoptic charts. 

3. Results 

3.1. Synoptic and regional factors 

NARR 32-km resolution charts show that the episode-period synoptic conditions at 850 hPa at 0700 EST on 1 July (Fig. 2a), the day 
before the O3 episode, were dominated by a regional weak high-pressure ridge extending northeastward from NYC. On the episode day 
(Fig. 2b), the ridge is still northeast of NYC but has strengthened and moved closer to the City. Given that NYC was some distance from 
the high-pressure center (H) on both days, the associated subsidence inversion (not shown) was relatively weak and at a high elevation 
over the City. The associated flow on 1 July is northwesterly over NYC and adjacent ocean areas, with a northeasterly flow further out 
to sea. By the episode morning, the 850 hPa winds over the City have changed to generally southwesterly, with a narrow band of 
northwesterly flow transitioning to the still northeasterly flow over the more distant ocean areas. Concurrent temperatures on 1 July 

Fig. 4. NWS OKX profiles of RH (%, red), T (K, dashed blue), and θ (K, solid blue) at (a) 0700 and (b) 1900 EST on 1 July and at (c) 0700 and (d) 
1900 EST on 2 July. (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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(Fig. 2a) show regional high values with a peak just west of NYC. By the next day (Fig. 2b) the peak is south of the City, with a slightly 
increased maximum (20.0 vs. 20.5 ◦C). 

NARR sea level pressures on 1 July at 1300 EST (Fig. 2c) show a regional warm-core coastal low (L) northeast of NYC, which thus 
weakens with height becoming a 850 hPa ridge (Fig. 2a). On the O3 episode afternoon (Fig. 2d), the City is dominated by an offshore H 
to its west. The concurrent surface flow over NYC on 1 July is southwesterly (alongshore), but by the episode day, it has shifted to a 
southeasterly (onshore) flow over the City in association with the offshore H. The area northwest of the City, however, is still 
dominated by a southwesterly (along shore) flow. Concurrent surface T-values on 1 July (Fig. 2c) are relatively low over NYC, with 
warmer bands northwest and southwest of the City. On the episode afternoon (Fig. 2d), the pattern is similar, but the peak values over 
the southern NJ hot spot have increased to 36 ◦C, while those over the City have only increased from 31.0 to 31.5 ◦C. The NYC NWS 
Regional Office declares a heat wave with three or more consecutive days with maximum surface temperatures >32.2 ◦C (90 ◦F). This 
threshold is exceeded in these synoptic distributions (Figs. 2c and d) over NJ, but not over NYC. The local scale values discussed below, 
however, will show that it was in fact exceeded over the City. 

The daily surface O3 AQI values on 1 July, the day before the episode, indicate “unhealthy for sensitive groups” levels over the 
eastern half of the current outer domain (Fig. 3a), with a smaller area of “unhealthy for general populations” air over western NYC in 
the current inner domain. On the episode day (Fig. 3b), levels are generally higher, with a greatly expanded “unhealthy” area west of 
the City, and even a small area of its highest level (very unhealthy for general populations) air north of the inner NYC domain. 

The NWS θ-profile at 0700 EST on 1 July (Fig. 4a) shows a super-adiabatic surface layer (4 ◦C from the surface to 150 m). Fog 
should have existed near the surface at this time, given the 90% RH in that layer. By 1900 EST (Fig. 4b), the T-profile showed a weak 
(1 ◦C to 400 m) surface-based inversion and a weak regional subsidence inversion of 2 ◦C between 1450 and 1600 m. This weakness is 
expected, given the associated Hs of Fig. 2 are not directly over NYC. The corresponding RH profile shows the effect of the elevated 
inversion, i.e., a dramatic decrease of values above its base. The high RH values at 1400 m were probably associated with cloud 
formation. The 0700 EST T-sounding on 2 July (Fig. 4c) showed a deep surface inversion (7 ◦C to 300 m) and now only an ill-defined 

Fig. 5. Observed surface (a) temperatures T and (b) O3 concentrations for 29 June to 3 July at selected sites. The horizontal line in (a) is NYC hourly 
heat wave criteria (32.2 ◦C = 90 ◦F), while those in (b) represent the EPA 8-h O3 criteria (70 ppb), as well as 1.5 and twice that value; also shown are 
corresponding AQI values. All site acronyms are defined in Appendix and located in Fig. 1c. 
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subsidence inversion (1 ◦C from 1200 to 1700 m). Even though the subsidence inversion is now weakened, it again corresponds to the 
base of a low RH layer. By the episode afternoon (Fig. 4d), the θ-profile showed a shallow super-adiabatic surface layer (1 ◦C to 200 m), 
while the T-profile showed an elevated inversion of 2.5 ◦C, but only between 200 and 400 m (discussed below). The sub-inversion RH 
increase of 30% in the layer between 0 and 200 m is due to its T-decrease. 

Surface-T values (Fig. 5a) at four key sites (located in Fig. 1c) with the observed O3 maxima (discussed below) all peaked midday on 
1 July (Fig. 5a), and all showed the three required consecutive days with values above the NYC NWS heat wave criteria of 32.2 ◦C. The 
heat wave ended during the night of 2–3 July when rain entered the area. Nighttime minima at all sites were 4 ◦C higher, starting 
during the night of 30 June-1 July, due to subsidence-induced adiabatic warming from the synoptic H. The lack of nocturnal relief 
exacerbated human health impacts from the heat wave. The corresponding surface O3 time series (Fig. 5b) replaces the LIr site with the 
nearby Flax Pond site (located in Fig. 1c). The CCNY site first exceeded the EPA 8-h standard of 70 ppb on 30 June due to its normally 
high rate/concentration of precursor NO2 emissions. All four sites did so on the episode day of 2 July, with values at HRV reaching 143 
ppb (more than twice the “very unhealthy for general populations” trigger level). All sites generally had near-zero nocturnal con-
centrations due to titration processes. As the O3 episode occurred only several days after the heat wave onset, it was necessary but not 
sufficient to trigger the episode. 

Fig. 6. Hourly surface temperatures (◦C, colors) and wind vectors (1 full barb is 1 m/s, circles indicate calm) in and around NYC on 2 July at (a) 
0400, (b) 0500, (c) 0600, and (d) 0700 EST, while green arrows represent subjectively located area-average flows. Panel (b) shows the urban and 
rural areas of Fig. 1b for UHI calculations (solid and dashed green outlines, respectively). Also shown are key topographic heights (m, red lines) and 
sites with hourly maximum ( ) and minimum ( ) temperatures, as well as those with maximum ( ) and minimum ( ) averages over a 5-h 
period. (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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In summary, synoptic conditions on 1–2 July were dominated by a high-pressure ridge centered northeast of NYC. Concurrent 
surface flows over the City changed from along shore on 1 July to onshore on the episode day, while surface T-values on both days 
showed a regional heat wave event. Such conditions in coastal areas are conducive to SBF formation and to strong regional photo-
chemical activity. 

3.2. Inner domain nocturnal UHI and NO2 values 

Nocturnal surface T-values over NYC on the episode day of 2 July at 0300 EST (not shown) and 0400 EST (Fig. 6a) show the 
warmest areas (for display convenience, arbitrarily defined as ≥26 ◦C) centered over its four northern boroughs (all except Staten 
Island). Not much changed during the next hour (Fig. 6b) as maximum values remained constant. By 0600 EST (Fig. 6c), however, the 
warm area has extended westward into NJ and eastward into LI, while maximum NYC values have increased by 1 ◦C. An hour later, the 
more rapid solar warming of the less urbanized areas surrounding the City almost masked its UHI (Fig. 6d). Such differential morning 
warming is characteristic of adjacent urban and suburban areas (Imamura, 1991; Bornstein et al., 2012; Oke et al., 2017). 

Specific values at 0300 EST showed the warmest urban and coolest rural sites as 29.4 and 22.2 ◦C, respectively, and thus the UHI 
was 7.2 ◦C. By 0400 EST the UHI value was unchanged, as both sites cooled by 0.5 ◦C. During both hours, the same NJ site was the 

Fig. 7. Surface NO2 concentration (ppb, red lines) and wind vectors (1 full barb is 1 m/s, circles indicate calm) in and around NYC on 2 July at (a) 
0100, (b) 0600, (c) 1000, and (d) 1400 EST. Also indicated are local NO2 maxima ( ), NO2 sites ( ), subjectively placed area-averaged flow 
directions (green arrows), and sea breeze frontal positions (black dashed lines). (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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coolest (Fig. 6a), while a Manhattan and a Queens site both had the same maximum. While the extreme values at 0500 EST were 
unchanged, the (now) single warmest urban site was in Manhattan (Fig. 6b), while the coolest rural one was unchanged. By 0600 EST 
the urban site had warmed by 1.1 ◦C while the rural site remained the same, and thus the UHI increased to its maximum of 8.3 ◦C 
(Fig. 6c). The location of the warmest urban site had moved from Manhattan to The Bronx, while the coolest NJ rural site had moved 
slightly eastward. One hour later the rural site had again warmed faster and thus the UHI had again decreased to 6.7 ◦C. The average 
UHI value over the period was 7.3 ◦C. The UHI peaks at 0600 and 0700 EST induced a clearly discernable convergence over NYC into 
its associated thermal L (Figs. 6c and d). 

Surface winds in and around NYC at 0100 EST on 2 July (Fig. 7a) show mostly calm conditions north and west of the City. 
Photochemical precursor NO2 concentrations are maximum (30 ppb) just west of NYC, extending eastward into Brooklyn. The con-
current weak local northward flow in NJ (and the next four hours) could impact the future O3 peak north of NYC (discussed below). By 
0600 EST (Fig. 7b) the UHI convergence (of Fig. 6c) has increased the NO2 to its maximum value (about 50 ppb) due to containment of 
its rush hour emissions. Four hours later (Fig. 7c), the post-rush hour peak has decreased to 40 ppb and its location has been pushed 
northward ahead of the incoming “Ocean” SBF, which came onshore about 0700 EST (panel not shown). The western edge of a second 
SBF, the “Connecticut” front from LI Sound, is also seen at this time; both SBFs will be discussed in detail in the following figure. The 
NO2 peak was then apparently transported around the western edge of the NJ Palisades and then northward into the HRV. Its 
photochemical conversion along this trajectory would thus explain the observed HRV O3 peak at 1300 EST (discussed below). By 1400 
EST (Fig. 7d) the SBFs had passed NYC, and the NO2 maximum has further decreased to 20 ppb as new emissions are advected out of 
NYC by the post-frontal onshore flow. 

In summary, given the limited NO2 observations network, the fate of its pre-SBF emissions is unknowable from just this data. It 
seems, however, that early morning precursor pollutants were drifted into a calm area in NJ by a weak westerly regional flow, before 
the latter emission became trapped in the UHI-induced convergent flow into NYC. Late morning emissions were once again pushed, 
this time by the SBF, into NJ and northward around the Palisades into the HRV. 

3.3. Outer domain heat wave, SBFs, NO2, and O3 

Two SBFs that formed from flows from the LI Sound were first seen at 0700 EST (Fig. 8a), i.e., the Connecticut front (seen 3-h later 
in Fig. 7c) along its southern coast and a short-lived “Northern LI” front. The separate Ocean front (also seen 3-h later in Fig. 7c) along 
the southern LI and NYC coasts here is seen to follow the shape of Jamaica Bay. All three fronts brought speed increases of up to 4–6 m/ 
s when they came onshore. One hour later (Fig. 8b), the Connecticut front had moved further onshore, with speed increases of another 
2–3 m/s. The Ocean and Northern LI fronts, however, showed less movement due to blockage by the local topographic features in 

Fig. 8. Wind vectors (1 full barb is 1 m/s, circles indicate calm) on 2 July at (a) 0700 and (b) 0800 EST, with subjectively placed sea breeze frontal 
positions (blue lines). (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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Fig. 9. Contours of high (≥ 70 ppb) surface O3 concentration (ppb, black lines), their local maxima ( ) and minima ( ), and temperatures (◦C, 
colors) on 2 July at (a) 0900, (c) 1000, (e) 1100, and (g) 1200 EST. Concurrent wind vectors (1 full barb is 1 m/s) and O3 concentrations (ppb, red 
lines) are shown in (b), (d), (f), and (h), respectively, along with subjectively placed: sea breeze frontal positions (blue) and maxima O3 ridge lines 
(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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Fig. 1. 
Surface T-values 1-h later (0900 EST, Fig. 9a) show that the regional warming of 5 ◦C during the two hours since Fig. 6d has 

produced near-uniform values with little evidence of a UHI. The concurrent photochemical O3 maximum of 90 ppb (first one >70 ppb) 
exists just west of NYC (site NJm in Fig. 1c), co-located with the NO2 maximum of Fig. 7c. The O3 peak is higher than the 8-h EPA 
standard of 70 ppb. The Ocean front (Fig. 9b), here1-h earlier than its position in Fig. 7c, has now merged with and absorbed the 
Northern LI front of Fig. 8. Its maximum penetration is downwind of the northern edge of the NY Bight, a western extension of the 
Atlantic. It has also moved northward over LI and the mostly residential Brooklyn and has arrived at southern Manhattan (collocated 
with the O3 peak); a new southern segment has formed along the eastern NJ coast. 

By 1000 EST (Fig. 9c), a local warm spot (>35 ◦C) appears just northeast of the New Jersey maximum (NJm) O3 maximum, which 
has increased to 110 ppb. Local communities were now thus in areas above the NYC heat wave warning of 32.2 ◦C and within the EPA 
AQI range of unhealthy for sensitive groups. A small new peak of 85 ppb has also formed at the HRV site, perhaps due to photochemical 
conversion of the early morning northward advected NO2 emissions of Fig. 7a. A weaker O3 peak has also formed over central LI; all 
maxima are associated with local T-peaks. All SBF segments have concurrently moved slightly inland (Fig. 9d), except for those over 
coastal NJ and Manhattan, which have stalled against the coastal hills and building topography, respectively; post-frontal speeds have 
once again increased by 1–3 m/s. The Ocean front still coincides with the main NJm O3 maximum, whose center has been advected 

Fig. 10. Contours of high (≥ 70 ppb) surface O3 concentration (ppb, thin red lines) in inner domain, their local maxima ( ), O3 sites (red dots), and 
wind barbs (1 full barb is 1 m/s) on 2 July at (a) 0900, (b) 1000, (c) 1100, and (d) 1200 EST. Also shown are subjectively placed sea breeze frontal 
positions (black dashed lines) and O3 ridge lines (thick red lines). (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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further inland by its post-frontal winds; the Connecticut front is still southeast of the HRV O3 peak. 
An hour later (Fig. 9e) at 1100 EST, regional warming has increased T values by another 1 ◦C at the now many local hot spots in NJ, 

NYC, and LI. While the HRV O3 peak is now the largest (at 110 ppb, now unhealthy for all populations), the local NJm O3 peak has 
decreased slightly to 105 ppb; a subjectively placed “ridge line” has been placed to connect the two maxima. The LI peak has also 
increased (to 90 ppb), and a new maximum has appeared at the NJ industrial site (NJi); all peaks are still associated with a local T hot 

Fig. 11. As in Fig. 9, but in (a) and (b) at 1300; (c) and (d) at 1500; (e) and (f) at 1600; and (g) and (h) at 1700 EST.  
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spot. Inland SBF penetration has again concurrently continued (Fig. 9f), with the Ocean and coastal NJ fronts now having joined into a 
single “Combined” front, whose shape follows the outline of the NY Bight. While its segment over LI continues to now move only slowly 
northward, as it approaches the hills in that area (in Fig. 1), that over central Manhattan is even more distorted by its buildings, 
consistent with Bornstein and Thompson (1981) and Novak and Colle (2006). While the Connecticut front is approaching the HRV O3 
peak, the Combined front has moved ahead of the NJm peak and its cooler marine air has slowed the photochemistry, producing 
decreasing concentrations. 

By 1200 EST (Fig. 9g) the NJ T-hot spots have merged into an almost continuous northeast to a southwest band of high values, with 
some pre-frontal locations now >38 ◦C and with post-frontal values over NYC and LI <36 ◦C. The O3 ridge line has moved slightly 
westward and now collocates with the high-T band. Three of the four O3 peaks show increased values, while NJm values continue to 
decrease. The highest (120 ppb) is at HRV, with the other two within 90 to 100 ppb. As the LI peak is clearly separated from the NJ O3 
ridge line, it will be discussed in the following section. While the LI segment of the Combined SBF (Fig. 9h) has continued its slow 
northward movement, its segment over NYC has now rapidly passed Manhattan. While the Connecticut front is now somewhat closer 
to the HRV peak, the O3 ridge line is further behind the Combined front. Such a high O3 concentration band behind a moving SBF was 
first observed by Gaza (1998) for the Connecticut SBF and then by Hy-Eun et al. (2013) on the Korean coast. The current effort seems to 
be the first to show it downwind of a major urban area and impact its movement. It also seems first to identify an O3 maximum in the 
HRV, although Zhang et al. (1998) did report a river valley effect in Connecticut. 

Finer details of NYC impacts on SBF penetration and of its relationship with the NJm high O3 concentrations can again best be seen 
in the inner domain patterns. At 0900 EST (Fig. 10a) the Ocean front is only a bit distorted over the City. An hour later (Fig. 10b), the 
front is more distorted over NYC, as it has moved only slightly northward over Manhattan, while the segment over the NY Bight 
penetrates more rapidly; the 1100 EST locations (Fig. 10c) shows still further distortions. After an additional hour (Fig. 10d), however, 

Fig. 12. Overserved (a) surface peak NO2 (red) and O3 at the LI (orange), NJm (blue), NJi (purple), and HRV (green) sites in Fig. 1c for 2 July. 
Horizontal lines are the EPA eight-hour O3 criteria (and 1.5 and twice that value) and NO2 background concentration. Panel (b) shows the O3 

maximum site at 0900–1200 EST ( ), subsequent peak value ridge lines (black dashed), as well as NO2 (□) and O3 (○) sites. (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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the front has finally passed Manhattan, but the distortion has still grown as the segment over NJ continued its even more rapid 
northward movement. These hourly frontal positions relative to the NJm O3 maximum can also be seen in the panels, i.e., the SBF starts 
close to the maximum, but as it moves further northward, the peak remains localized. The SBF locations in Fig. 9 could not detail these 
distortions. They were also not seen in Bornstein and Thompson (1981) as they lacked the current station density, but they were seen in 
the Novak and Colle (2006) zoom-ins. 

Outer domain maximum T-values an hour later (1300 EST, Fig. 11a) are 1 ◦C higher than in the preceding hour (Fig. 9g) over most 
of NJ, except for its western hilltops. In the post-frontal flow over NYC and LI, values are still <36 ◦C. The local NJi O3 peak has 
increased to 105 ppb, while the local LIr peak has moved eastward towards Flax Pond and started to decrease. The NJm and HRV O3 
peaks have combined, producing an absolute peak near the northern site, while the O3 ridge line has kept moving slowly westward. 
The combined 143-ppb value is the highest of the episode and is just above the lower limit for the direst EPA warning: very unhealthy 
for all populations with a measured AQI value of 204. This health impact is compounded in much of the area by the simultaneous heat 
wave. The concurrent Connecticut front (Fig. 11b) has continued northward and has merged with the NJ section of the Combined 
(Ocean and coastal NJ) front to form a “Regional front,” which coincides with the HRV O3 peak. The now separate LI frontal segment 
has moved to its northern coast and is not seen again subsequently. 

By 1500 EST (2-h later, Fig. 11c) peak T-values (still >39 ◦C) over NJ have maximized both in areal coverage and north-south 
extent but have narrowed somewhat in the east-west direction. While coastal values have fallen to <34 ◦C, they still are above the 
NYC heat wave criteria. The O3 ridge line has continued westward, with its single maximum at HRV now decreased by 25 ppb (to 120 
ppb) due to reduced late afternoon regional photochemical activity; this value is still within the EPA unhealth for all very populations 
range with an AQI value of 171. The separate NJi O3 peak has moved slightly northwesterly and increased by another 15 ppb (to 120 
ppb), while the LIr peak is no longer visible. The (sole remaining) Regional SBF (Fig. 11d) has moved westward along its entire length 
and it now coincides with the band of maximum T-values. While its coastal NJ segment has finally moved rapidly inland, it has not 
reached the NJi site where O3 concentrations have continued to increase. Post-frontal coastal areas contain the cooler T-values, a 
southeasterly flow, and the trailing O3 ridge. 

An hour later (Fig. 11e) peak T-values have finally cooled to 38 ◦C, but still way above the NYC heat wave criteria. A clear coastal O3 
minimum of 60 ppb has formed, and the O3 ridge is no longer evident as it has been replaced by a “band” of high values with a strong 
gradient directed to the northwest. While the HRV peak has continued to decrease to 105 ppb, the NJi value has peaked at 125 ppb. 
These two sites are at the western edge of the O3 network, so concentration lines cannot be drawn into the western hills. The concurrent 
northern segment of the Regional frontal (Fig. 11f) has continued to move into the hills, a region with more meteorological than O3 
sites (Fig. 1). By 1700 EST (Fig. 11g) uniformly cool T-values exist throughout the domain, except its southwest corner. The O3 band 
has grown to encompass the NJi peak, and values there have finally decreased. Two maxima still exist, i.e., >110 and 95 ppb at the 
southern and northern locations, respectively, and the coastal minimum has decreased by another 10 ppb. While the concurrent 
Regional front is still moving westward (Fig. 11h), it has yet to reach the NJi site. A frontal position could not be determined after 1800 
EST (not shown). 

3.4. Episode summary 

A summary time-series plot of episode values on 2 July around NYC (Fig. 12a) shows peak hourly surface NO2 values with a 
nocturnal background residual of about 35 ppb until 0300 EST. The slow increase to about 55 ppb over the next 3-h was due to home 
energy use and automotive rush hour emissions trapped by the UHI-induced convergence of Fig. 7b. The resulting near-constant peak 
lasted until 0900 EST and was followed by a rapid 2-h decrease to the background value due to O3 photochemical conversion processes. 
Values remained low until 1800 EST, when reduced insolation and late afternoon rush hour traffic produced a peak of 45 ppb at 2200 
EST, a value below the early morning peak. A similar plot of high O3 values at four key areas shows the earliest local maximum (120 
ppb, unhealthy for all populations) at 1000 EST near NJm, west of NYC. This peak arose from photochemical conversion of the nearby 
0900 EST NO2 peak, and then decreased by advection as the Ocean front passed. The LI peak occurred 2-h after the first maximum, 

Fig. 13. Hourly 2 July sea breeze front locations during 0700–1800 EST; short-lived Northern LI front not shown.  
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with a lower value (100 ppb) from a recirculated air mass (discussed below) and then decreased as the Ocean front passed. The 
(episode) peak at HRV (145 ppb that occurred yet another hour later at 1300 EST arose from northward transport of pre-frontal NO2 
emissions (discussed in next section). The latest O3 peaks near NJi at 1400 and 1600 EST (127 and 135 ppb, respectively) were due to 
local industrial emissions. 

A spatial summary of the above O3 results (Fig. 12b) focuses on NYC impacts and thus omits the discussion of the LI and NJi peaks. 
The NJm peak first appeared southwest of NYC at 0900 EST and remained localized until 1200 EST. The HRV peak was first seen at 

Fig. 14. Vertical profiles at Flax Pond of RH (%, red), T (K, dashed blue), and Ɵ (K, solid blue) at (a) 0500 and (b) 1300 EST on 1 July and at (c) 
0100, (d) 1200, and (e) 1500 EST on 2 July. (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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1000 EST and remained at this site (only one in area) until 1700 EST. These independent peaks lay along a single ridge of high values at 
1100 EST, and combined as the ridge moved further into NJ during the next 2-h. After 1500 EST, the O3 from NYC area NO2 emissions 
could no longer be differentiated from that in the regional O3 episode to the west. This study is the first to identify an O3 maximum in 
the HRV, which seems to have arisen first from northward-transported early morning precursor emissions, before they were cut off by a 
UHI-induced convergence into NYC, and then from post-SBF precursors emissions transported northward around the NJ Palisades into 
the HRV. Tri-state area (NY, NJ, and Connecticut) air quality networks focus on coastal pollutants and have fewer inland sites. The 
current effort has identified areas with too few sites, i.e., north of NYC for NO2, north of the HRV site, and near the NJ hills for O3. 

Fig. 15. Vertical profiles at Flax Pond of ppb O3 divided by 10 (pphm, red), wind speed (m/s, dashed blue), and wind direction (solid blue) at (a) 
0500 and (b) 1300 EST on 1 July and at (c) 0100, (d) 1200, and (e) 1500 EST on 2 July. (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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A summary of all hourly SBF positions (except for the short-lived North LI front) shows that they came ashore at 0700 EST (Fig. 13), 
were distorted by Jamaica Bay and the NY Bight, retarded over Manhattan, and combined into a single Regional front, which could be 
tracked inland until 1800 EST. This pattern is more realistic than the idealized one shown by Bornstein and Thompson (1981), which 
had the fronts crossing the Bight and Jamaica Bay. The early appearance of the Ocean SBF over the NYC boroughs of Brooklyn and 
Queens was probably aided by the still extant UHI, which strengthened the existing land-sea T-gradient. 

3.5. Flax pond PBL ozone 

The LISTOS 0500 EST ozonesonde T-profile at Flax Pond on 1 July (Fig. 14a) shows a deep nocturnal surface-based radiative 
inversion (8 ◦C over 200 m) and a weak elevated regional subsidence inversion (2 ◦C from 1250 to 1450 m). The corresponding RH 
profile shows that the subsidence inversion has produced a dramatic RH decrease above its base. By 1300 EST (Fig. 14b) both in-
versions have weakened, while its corresponding θ-profile shows a shallow super-adiabatic daytime surface layer (1 ◦C over 50 m). 
Note that NWS OKX radiosonde at 0700 EST (Fig. 4a) does not show the subsidence inversion, although it is seen at 1900 EST (Fig. 4b). 
Both Flax Pond soundings, taken 25 km northwest of OKX, thus provided complementary data at times between the NWS soundings. 

The 0100 EST sounding on 2 July (Fig. 14c) also shows a deep nocturnal surface inversion (8 ◦C to 200 m). While a well-defined 
subsidence inversion is not present, the decreased T-gradient at 1.4 km again corresponds to decreased RH values. By 1200 EST 
(Fig. 14d), the θ-profile shows a stronger shallow super-adiabatic surface layer (about 2 ◦C over 50 m), while the subsidence inversion 
in the T-profile (1 ◦C from 1600 to 1750 m) is stronger than in the previous two soundings. Its near-surface elevated inversion (7 ◦C 
from 50 to 170 m), not seen in the previous daytime T-sounding is discussed below. While 3-h later, the T-profile (Fig. 14e) shows only 
small changes in the subsidence inversion, it no longer shows either the super-adiabatic layer or the near-surface elevated inversion. 

The corresponding Flax Pond wind profiles at 0500 EST (Fig. 15a) on 1 July show a mainly west-northwesterly onshore PBL flow (at 
this LI north-shore site), with a low-level jet of about 10 m/s at the 200 m level and a similar regional peak at 1500 m. Such a jet had 
been seen on the south shore of LI by Colle and Novak (2010). The near-surface O3 minimum of 20 ppb (shown as 2 pphm for con-
venience of plotting) is probably due to NOx titration. By 1300 EST (Fig. 15b) the near-surface onshore flow has veered (i.e., shifted 
clockwise) slightly to a north-northwesterly flow; the strong vertical shear above produces an easterly flow at 700 m. A well-mixed 
daytime O3 layer of about 50 ppb is seen throughout the PBL. 

The 2 July wind profile at 0100 EST (Fig. 15c) showed that the near-surface flow has backed (i.e., shifted counterclockwise) 
producing south-southwesterly flow. PBL winds at 1200 m are now south-southeasterly in association with a strong vertical shear. 
Nighttime near-surface O3 values are again low and are capped by high values at 200 to 1200 m. By 1200 EST (Fig. 15d) near-surface 
winds are south-southeasterly, as the NARR surface synoptic flow was changing to this direction (Fig. 2c vs. d). This allowed the Ocean 

Fig. 16. HYSPLIT back trajectories ending at Flax Pond (*) at (a) 0100 and (b) 1200 EST on 2 July at receptor heights of 100 (red), 500 (blue), and 
1200 (green) m AGL. Lower boxes show elevations along each trajectory, with time increasing from right to left (purple arrow). (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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front to form on the south shore of LI and move northward, while the flow at 1200 m is south-southwesterly, i.e., from NYC. The 1200 
EST elevated inversion at 50–170 m in Fig. 14d is probably due to the northward moving elevated “nose” of the Ocean front. While the 
surface front was still just south of Flax Pond (Fig. 13), the nose should have just passed the site (Simpson, 1994). The near-surface O3 
minimum of about 60 ppb is probably due to daytime dry deposition over this precursor-poor area and is capped by a well-mixed layer 
of about 80 ppb between 200 and 600 m. The upper-level peak of 110 ppb at 1200 m will be discussed below. Three hours later 
(Fig. 15e) the wind profiles have not changed, but PBL O3 values to 1200 m are now generally well mixed and the upper-level peak has 
decreased by 30 ppb. 

Hysplit 24-h back trajectories ending at Flax Pond (Fig. 16a) help to determine the origin of the air that produced its elevated O3 
peak at 0100 EST on 2 July (Fig. 15c). The 1200 m parcel arriving at 0100 EST originated at Pennsylvania (in an area north of NJ) at 
1000 m (near the PBL top) on 1 July at 0100 EST. It flowed southeastward within the layer between 750 and 1000 m for about 11 h, 
then descended to about 500 m in an area west NYC over from 1100 to 1300 LST. Its descent was probably due to downward motion 
associated with a bifurcating divergent flow around the City, as observed over NYC (Bornstein, 1987a, 1987b) and Beijing (Dou et al., 
2015, 2020). From about 1300–1500 EST the air moved slowly over NYC towards the coast, before sharply turning to the northeast. 
Before the turn, the air quickly rose to 1500 m and then slowly descended to 1200 m. The rise was probably due to upward motion at 
the backwards sloping internal boundary layer at the Ocean front at this level, as observed on this day by Zhang et al. (2020, 2021), 
while the sinking would be due to its passage over the SBF gravity current head. For the next 6 h, it continued a slow movement 
northeastward to Flax Pond, producing its observed O3 peak at 1200 m. The parcel that arrived at 1200 m at 0100 EST on 2 July was 
thus polluted as it slowly passed NYC from 1600 to 1900 EST on 1 July. 

The concurrent 500 m parcel stayed close to its original height of 1000 m after leaving Pennsylvania (in an area west of NJ) at 0100 
EST on 1 July. It then traveled southeastward for 12 h; by 1100 EST it had started a 4-h descent to 200 m over NJ. The descent probably 
started when it encountered the (overland) northwestern edge of the offshore surface H in Fig. 2c. At 1300 EST it made a sharp turn and 
flowed northeasterly, influenced by the northeastward flow from the northern edge of the H, eventually rising to 500 m at 1900 EST. 
For the next 12 h, it moved northeastward to Flax Pond, rapidly passing NYC 6-h after the 1200 m parcel. This rapid passage resulted in 
the relatively low O3 at the 500 m level at Flax Pond. The 100 m air also originated in the same Pennsylvania area, but 400 m below 
that of the 500 m air. It likewise flowed southeastward for about 12 h, while slowly descending to 200 m. The latter part of the descent 
occurred as it encountered the offshore surface H in Fig. 2c, but more towards its northeastern edge. It thus executed a sharp 180◦ turn 
at 1300 EST away from the H and to the north. For the next 12 h, it moved northeastward to Flax Pond while maintaining its 100 m 
elevation. As it never passed NYC, its arrival at Flax Pond produced a near-surface O3 minimum. 

Back trajectories ending 12-h later at Flax Pond (Fig. 16b) show that the air producing its 1200 EST O3 peak on 2 July at 1200 m 
(Fig. 15d) originated 24-h earlier from 12 km east of Flax Pond at a height of 200 m. It first flowed southward for 2-h at its original 
level, but rose quickly at about 1400 EST on 1 July to a height of 1250 m. Its upward motion was again due to that at the leading edge of 
the surface Ocean front. For the next 5-h, it moved seaward over the MBL in the upper-level SBF return flow. From 1900 to 0100 EST on 
July 2 it stagnated over the Ocean before reversing direction, and for the next 10-h moved northward to Flax Pond. It slowly descended 
to about 800 m throughout the 20-h period ending at 1100 EST, probably as the regional offshore H moved southward. It quickly rose 
to 1200 m during its last hour of travel due to the rapid upward motion at the SBF head, then located south of Flax Pond (Fig. 13). Its 
trajectory thus brought back to Flax Pond remnants of its near-surface high O3 concentrations at the start of the trajectory 24-h before, 
and thus producing the observed peak at 1200 m on 2 July. The parcel only passed over land (i.e., LI) during the last hour of its 

Fig. 17. As in Fig. 16, but ending over a Hudson River site (green) and at two nearby sites (red and blue) at 1300 EST on 2 July and at a receptor 
height of 10 m. (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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trajectory. 
The 500 m parcel, however, originated at the surface over the Ocean at a point 130 km south of Flax Pond on 1 July at 1200 EST. It 

first flowed northeastward to Flax Pond for 13 h, still near the surface. During the next 10-h it, however, moved northwestward, 
reaching the southern LI shore at about 1000 EST. In its final hour, it continued northward over the Island but quickly ascended to 500 
m as it was overtaken by the rapidly moving SBF. This low-level trajectory thus again recirculated high O3 air back to Flax Pond, 
producing its observed 500 m peak, but again with an almost exclusively over water path. The 100 m parcel likewise originated over 
the Ocean area near the surface, but 30 km northeast of the 500 m parcel. It likewise flowed northeastward near-surface for about 13-h 
and then moved mainly westward (still near the surface) during most of its final 10-h. It rose to 100 m during its final hour, however, as 
it was broadsided by the northward moving SBF. This lowest trajectory thus also recirculated low O3 air from the previous day back to 
Flax Pond. 

A Hysplit 12-h back trajectory on 2 July that ended over the Hudson River (Fig. 17) at a location 10 km east of the HRV site shows 
that the air that associated with the 1300 EST surface O3 peak at this nearby site (seen Fig. 11a) originated west of NYC at about 500 m. 
It first flowed eastward, passing the City at about 0700 EST at 400 m, when it reversed direction to move northwestward, thus again 
passing NYC. The reversal resulted as it encountered the complex flows at the narrow western edge of LI Sound. The air then moved 
northwestward for 3-h, crossing the River Valley at 1000 EST at much the same elevation. It then moved around the western edge of 
the NJ Palisades (shown in Fig. 1d), turning slightly eastward into the flow over the Valley after 1100 EST, consistent with the flow in 
Fig. 7c. Its descent to 10 m over the River had begun at 1000 EST and continued as it moved northward over the River, with its colder T- 
values and hence shallower PBL. Such channeling effects were also modeled in this Valley by Zhang et al. (1998). 

The corresponding air arriving a location 5 km west of the HRV site originated at the NJ-NYS border at about 100 m. It first flowed 
southeastward for 3-h before making a 90◦ turn to the south and then moving northward for its final 4-h. It had moved to the surface 
during its first 2-h and remained at that level for the rest of the trajectory. The corresponding parcel arriving at a location 25 km east of 
the HRV site originated over the LIS at the surface and it remained at that level throughout its trajectory (the first 8-h of which are west 
of the figure domain). It flowed southwestward along the Connecticut coast for 10-h before making a sharp turn to the north as it 
encountered the Connecticut SB flow. 

In summary, back trajectories ending at Flax Pond 12-h before the formation of its peak PBL O3 showed that the air arriving there 
had slowly passed emission-rich NYC and thus brought early morning high pollution from the previous day. Similar trajectories ending 
12-h later showed that the air in the upper-level O3 peak had originated at the surface, just east of Flax Pond on the previous afternoon, 
and returned to the site with its 2 July SB flow. The 12-h back trajectories ending around the HRV site at 1300 EST on the episode day 
showed that the terrain channeling from the Hudson River Valley is narrow in extent, as sites 15 km on either site of the Valley did not 
show the transport from NYC seen as the HRV site. 

4. Conclusion 

The study analyzed meteorological and O3 measurements collected in the NYC metropolitan area during a five-day period during 
the July 2018 LISTOS IOP field campaign. Data were obtained from an extensive surface network, as well as from PBL profiles at a 
coastal site on the north shore of LI. The period was characterized by a regional heat wave and an O3 episode, both of which peaked on 
2 July. The data were used to determine NYC impacts at the surface and within the PBL on regional temperature, wind, NO2, and O3 
patterns, initially including multiple sea breeze fronts (SBFs) that ultimately combined into a single regional front. 

Results showed that the synoptic forcing was dominated by an upper level, clear-sky high-pressure ridge centered northeast of NYC, 
far enough from the City that its subsidence inversion over NYC was weak and at a high elevation. Synoptic surface pressures on the 
episode day of 2 July showed an offshore high east of NYC, with low-speed onshore surface flows over the City that had changed from 
an along-shore direction on the previous day. Such conditions in urban coastal areas are conducive to the observed UHI, SBF, and 
regional photochemical O3 conditions during the period. Regional surface temperatures showed that an NWS-defined heat wave began 
on 29 June and lasted for five days, until rain entered the area. The three-day EPA-O3 episode peaked on 2 July, but it had started a day 
after the high temperatures began. 

Early morning NYC NO2 precursor emissions on 2 July produced localized maximum concentrations up to 60 ppb from 0400 to 
0900 EST. The NYC UHI peaked at 8.3 ◦C at 0500 EST, but then weakened due to subsequent regional diurnal warming. The UHI 
produced a thermal low over the City that produced convergence at 0600 EST. The earliest NYC NO2 emissions first drifted westward 
into NJ, while subsequent emissions became trapped in the UHI convergence for 3-h. Later emissions were pushed by a SBF into NJ and 
then transported northward around the Palisades hills into the Hudson River Valley. SBFs first came ashore at about 0700 EST, i.e., one 
from the Atlantic Ocean along the southern LI coast, with its middle section deformed to follow the northern edge of Jamaica Bay. The 
other two formed from flows from LI Sound: one a short-lived (2-h) weak front along northern LI coast and another on the southern 
Connecticut shore; 2-h later a fourth front formed on the NJ coast. The Ocean front moved inland fasted in the area northwest of the NY 
Bight, a westward extension of the Atlantic Ocean. Building-drag effects slowed and distorted the Ocean front over Manhattan for 2-h, 
but it finally passed the City at 1200 EST. All fronts had merged at 1400 EST and the combined front continued inland until 1800 EST 
when it reached the NJ hills and could not be found thereafter. 

High O3 surface concentrations first appeared at 0900 EST just west of NYC, co-located with the earlier NO2 maximum. The 
subsequent rapid inland movement of the Ocean front beyond the NY Bight transported the peak further downwind into NJ during the 
next 2-h. As the Connecticut front continued northward, it coincided with the formation of a second (weaker) O3 peak at HRV at 1100 
EST, most likely due to photochemical processes in the northward-transported early morning precursor NO2 emissions; a north-south 
ridge line connected the two peaks. Two weaker isolated peaks were also first seen at this time: one east of NYC over LI and another at a 
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NJ industrial area at the southwest domain edge. The two SBFs and O3 ridge continued westward for the next 2-h, while values at HRV 
reached their highest level at any site, 145 ppb at 1300 EST, a value within the EPA’s most extreme health impact concentrations. The 
two remaining fronts combined in central NJ by 1300 EST, while the mid-afternoon O3 concentrations generally showed a normal 
diurnal decrease, except at the NJ industrial site, where they continued to increase for another 2-h. By 1600 EST the O3 ridge had been 
replaced by a post-frontal “band” of high values at the edge of the network. 

In summary, the study showed that its O3 maxima were generally collocated with maximum temperature areas, and the high O3 
band was generally just behind the SBF. Early morning UHI-induced convergence into NYC, as well as later building-drag retardation 
of the SBF over the City, both slowed O3 precursor transport from NYC. This delayed transport impacted the location, time evolution, 
and magnitude of the resulting downwind O3 concentrations over NJ and at the newly identified Hudson River Valley peak. The study 
also showed that the western limit of NYC emissions and flow impacts extended to the NJ hills, at which point the O3 and flow patterns 
probably blended into the regional episode and heat wave values. 

Back trajectories ending at Flax Pond 12-h before the formation of its peak PBL O3 value, showed that the air arriving at that site 
had slowly passed NYC. Similar trajectories ending 11-h later showed that the PBL peak originated at the surface at Flax Pond on the 
afternoon of 1 July. It had first flowed offshore/southward but rose quickly due to upward motion at an SBF gravity head. It continued 
seaward in the upper-level return flow above the gravity current, stagnating over the sea overnight, before reversing direction back to 
Flax Pond with the 2 July sea breeze. These trajectories thus show that the pollution in the observed PBL O3 peak at Flax Pond on the 
episode day was in the air that passed NYC 36-h previously, arrived at Flax Pond before the start of the episode, and then recirculated in 
the sea breeze flow of that day. Additional back trajectories ending around the HRV O3 site north of NYC at 1300 EST on 2 July showed 
channeling impact arising from the Hudson River Valley. The high episode peak O3 air arriving at that site slowly passed twice over 
polluted NYC and then was transported around the Palisades hills west of the City northward towards the Hudson River, where it 
followed its narrow valley to the area of the O3 peak. 

The results of the current study are thus important as they answer the science questions posed above. The results have shown how 
the surface and PBL observations from the July 2018 LISTOS IOP can provide an improved understanding of how NYC impacts the 
movement of NO2 precursor emissions, as it first traps them in an early morning UHI-induced convergence. They also have shown how 
these impacted transport patterns interact with the several SBFs that formed in the area along its complex coast to produce the several 
O3 peaks at the surface and aloft. As the fronts moved inland, the regional heat wave was seen to exacerbate the surface O3 peak that 
formed behind it, as well worsening as its health impacts. 

As summer O3 prediction is a significant challenge in and around large coastal cities, the current results should be useful in planning 
how to improve urban coastal environments and how to mitigate such environments in changing climates. Knowledge of the reduction 
of winds over cities and their retardation of SBFs, which both delay the inland cooling from such fronts, as well as impact their altered 
pollutant transport patterns, should significantly enhance urban planning processes in and around NYC, at other US urban areas, and 
for cities globally. 

Future efforts should continue the analysis of the rich LISTOS observations. Numerical simulations of the event should involve the 
use of the urbanized WRF-Chem model, with a focus on NYC impacts on regional flow patterns and 3-D sea breeze frontal structures, as 
well as interactions with inert and photochemical pollutants. Such studies should also consider urban impacts on PBL convective 
processes along such SBFs (Pielke, 1974). Additional long-term climatological and short-term intensive field studies of NYC impacts on 
SBFs and O3 are also needed, especially for fronts formed in otherwise calm circumstances and during opposing offshore flows. They 
should include surface sites in areas that require additional meteorological measurements. i.e., north of Jamaica Bay, as well as new 
NO2 sites north of NYC and new O3 sites both in the NJ hills and within the Hudson River Valley. Their PBL observations should include 
additional lidars, radars, ceilometers, flux towers, aircraft, and helicopter platforms. 

Declaration of Competing Interest 

The authors declare that they have no conflict of interest. The statements contained within the presentation are not the opinions of 
the funding agencies nor of the US government, but only reflect author opinions. 

Acknowledgments 

The authors would like to acknowledge the helpful technical comments of Jeff Freedman. The lead author was supported by the 
National Natural Science Foundation of China [grant number 41975004]; US National Science Foundation [grant number CBET- 
1832678]; and a China Scholarship Council grant. The work was also supported by NYSERDA [contract number 137482] and NES-
CAUM [project number 2411], and by NOAA Educational Partnership Program/Minority-Serving Institutions [award number 
NA16SEC4810008] to the Center for Earth System Sciences and Remote Sensing Technologies (CESSRST) at CCNY. Contents are solely 
the responsibility of the author(s) and may not represent the official views of the sponsors. We acknowledge the free use of US EPA air 
quality and AQI data, the NOAA HYSPLIT model, NARR synoptic charts. and LISTOS ozonesonde data from the University at Albany, 
with support from the New York State (NYS) Energy and Development Authority Agreement [number 101132]. This work constitutes 
part of the Ph.D. dissertation of the lead author. The authors declare that they have no conflict of interest. The statements contained 
within the presentation are not the opinions of the funding agencies nor the US government but only reflect author opinions. 

Z.S. Han et al.                                                                                                                                                                                                          



Urban Climate 42 (2022) 101109

23

References 

Automated Surface Observing System (ASOS) User’s Guide, National Oceanic, and Atmospheric Administration, Department of Defense, Federal Aviation 
Administration, United States Navy, 1998. https://www.weather.gov/media/asos/aum-toc.pdf. 

Bornstein, R.D., 1968. Observations of the urban heat island effect in New York City. J. Appl. Meteorol. 7, 575–582 doi: 10.1175/1520-0450(1968)007,0575: 
OOTUHI.2.0.CO;2.  

Bornstein, R.D., 1987a. Urban barrier effects on mesoscale and synoptic systems. In: Paper presented at Third AMS Conference on Mesoscale Processes, Vancouver, 
British Columbia. 

Bornstein, R.D., 1987b. Mean diurnal circulation and thermodynamic evolution of urban boundary layers. In: Modeling the Urban Boundary Layer, 53–93. 
Meteorological Society, Boston, MA, American.  

Bornstein, R.D., Anderson, S.A., 1980. Sea breeze frontal slopes and vertical velocities over NYC. In: Paper Presented at 2nd AMS Conference on Coastal Meteor, Los 
Angeles, CA. 

Bornstein, R.D., Johnson, D.S., 1977. Urban-rural wind velocity differences. Atmos. Environ. 11 (7), 597–604. https://doi.org/10.1016/0004-6981(77)90112-3. 
Bornstein, R.D., Thompson, W.T., 1981. Effects of frictionally retarded sea breeze and synoptic frontal passages on sulfur dioxide concentrations in New York City. 

J. Appl. Meteorol. 20 (8), 843–858. https://doi.org/10.1175/1520-0450(1981)020<0843: EOFRSB>2.0.CO;2. 
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