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Abstract we present an analysis of sea breeze conditions for the Boston region and examine their
impact on the concentration of local air pollutants over the past decade. Sea breezes occur about one-
third of the days during the summer and play an important role in the spatial distribution and temporal
evolution of NO, and O, across the urban area. Mornings preceding a sea breeze are characterized by

low horizontal wind speeds, low background O,, and an accumulation of local primary emissions. Air
pollution is recirculated inland during sea breezes, frequently coinciding with the highest O, measured

at the urban center. We use “Ox” (= NO, + O,) to account for temporary O, suppression by NO and find
large horizontal gradients (differences in Ox greater than 30 ppb across less than 15 km), which are not
observed on otherwise westerly or easterly prevailing days. This implies a challenge in surface monitoring
networks to adequately represent the spatial variability of secondary air pollution in coastal urban

areas. We investigate satellite-based climatologies of tropospheric NO,, and find evidence of selection
biases due to cloud conditions, but show that sea breeze days are well observed due to the fair weather
conditions generally associated with these events. The fine scale of the sea breeze in Boston is not reliably
represented by meteorological reanalyses products commonly used in chemical transport models required
to provide inputs for the satellite-based retrievals. This implies a higher systematic error in the operational
retrievals on sea breeze days compared to other days.

Plain Language Summary Coastal areas experience unique small-scale weather systems
called sea breezes where winds at the surface blow from the land to the ocean in the morning, then
reverse to blow from the ocean toward the land in the afternoon. These systems can affect the distribution
of air pollution in coastal urban environments. In the case of the Boston area, we find that sea breezes
result in the accumulation of local air pollutant emissions in the morning, and cause a rapid buildup of
pollution during the afternoon as the air is recirculated back inland, even though those days tend to start
with lower background pollution conditions. The breeze systems also cause large spatial variability in the
pollution that is not observed on the days when winds are continuously blowing from west or east all day.
We also show that while satellite observations of air quality can generally capture the expected behavior
of pollution distribution at the surface, there are difficulties in the interpretation and accuracy of these
products over the long term due to cloud cover variability and the small spatial scale in the wind patterns
of a sea breeze.

1. Introduction

Despite comprising less than 10% of the land area in the contiguous US, almost 40% of the country's pop-
ulation lives in coastal shoreline counties (NOAA, 2021). In addition to being vulnerable to a host of en-
vironmental risks (e.g., flooding, hurricanes, sea level rise, and erosion), these regions experience unique
meteorological phenomena that are specific to coastlines, and which can strongly influence the distribution
of air pollution within coastal cities. Quantifying the distribution of atmospheric constituents that impact
human health, and understanding the influence of meteorological processes on this distribution, remain
priority research areas in atmospheric chemistry (NAS, 2016).

The “sea breeze” (and its “lake breeze” counterpart) is a prominent example of a meteorological process
unique to coastal regions that can influence the distribution of trace atmospheric species. At its simplest,
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this phenomenon results from the more rapid heating of land surfaces than the ocean surface during the
day, causing thermal contrast that creates a local pressure gradient force characterized by onshore air flow
at the surface. These systems can be characterized by a sea breeze front, demarcating potentially steep
gradients in air temperature, moisture, and winds. A detailed review of our understanding of sea breeze
circulations is provided for example by Miller (2003). The forcing, structure, and life cycle of sea breeze
circulations, and their interactions with larger-scale (synoptic) meteorological systems, are highly variable.

The role of these circulation systems on the distribution of air pollution and atmospheric chemistry in
coastal urban environments continues to be explored in recent case studies, field campaigns, and long-term
observational analyses [e.g., in the mid-Atlantic US (Loughner et al., 2014; Mazzuca et al., 2019; Stauffer &
Thompson, 2015), Los Angeles (Wagner et al., 2012), Houston (Caicedo et al., 2019), Salt Lake City (Blay-
lock et al., 2017), Lake Michigan (Vermeuel et al., 2019), and Lake Ontario (Wentworth et al., 2015), and
elsewhere around the world including around the Mediterranean (Castell et al., 2008; Finardi et al., 2018;
Mavrakou et al., 2012), and in East Asia (Hwang et al., 2007; Lin et al., 2007; H. Wang et al., 2018; L. Zhang
et al., 2017)]. These studies often demonstrate the capacity of sea breezes to worsen air pollution at the
surface. For example, Stauffer and Thompson (2015) demonstrate that bay breezes in the Chesapeake Bay
generally exacerbate air quality problems there and that the fraction of ground-level O, exceedances occur-
ring on bay breeze days has increased over time at certain locations. Likewise, Wentworth et al. (2015) and
Lennartson and Schwartz (2002) show that O, exceedance days in Toronto and eastern Wisconsin, respec-
tively, occur either exclusively or at least disproportionately on lake breeze-influenced days.

The role of mesoscale circulation, including sea breezes, on O, concentrations around New England specif-
ically has also been studied in some previous work. Mao and Talbot (2004) postulated that the sea breeze in
this region may play a minimal role on O, concentrations inland during high O, episodes, due to the domi-
nance of synoptic southwesterly flow, but that it could explain steep gradients in O, concentrations between
inland, coastal, and marine sites. Angevine et al. (2004) and Darby et al. (2007) showed that sea breeze
circulations can modify the transport of polluted air from the Boston region, bringing O,-rich air inland
along the New Hampshire coast. However, none of this previous work focused on the role of sea breezes
on the distribution of pollution within the most populated areas of the region and the city of Boston itself.

Common in several studies is the observation of stagnant conditions on breeze days, resulting in the accu-
mulation of local primary emissions (Caicedo et al., 2019; Loughner et al., 2014; Stauffer & Thompson, 2015;
Wentworth et al., 2015). On the other hand, specific mechanisms for enhanced secondary pollution may
involve a number of processes that vary regionally, for example, lower boundary layer mixing heights, re-
duced deposition over the lake/ocean before air is recirculated over land, more active photochemistry in-
volving the accumulation of precursors, or subsidence of O,-rich air from aloft in the return flow of the
circulation system. Whatever the case may be, O, mixing ratios have been shown to vary by 30 ppb or more
between sites within versus immediately outside of the breeze circulation system (e.g., Blaylock et al., 2017;
Mao & Talbot, 2004; Vermeuel et al., 2019; Wentworth et al., 2015), implying strong gradients in secondary
pollution over relatively short distances in coastal urban environments during these events.

Satellite observations of tropospheric NO, abundance have the potential to provide further insight into the
distribution of primary pollutant emissions, with important applications in air quality management (e.g.,
Duncan et al., 2014). Long-term records from the OMI instrument, for example, have helped identify re-
markable trends in NO, around the world (e.g., Duncan et al., 2016; Krotkov et al., 2016). The more recently
launched TROPOMI instrument provides the best spatial resolution that has been achieved for NO,, with
daily overpasses characterized by ~3.5 X 5.5 km footprints (Eskes et al., 2020; Veefkind et al., 2012). This
spatial scale is sufficient to capture individual point sources and estimate emissions from urban areas on
specific days (Goldberg et al., 2019), but to gain insight into air quality near the surface these observations
must be retrieved during clear sky conditions. This selection process could impart selection biases in long-
term averages (Geddes et al., 2012). Moreover, even under the most ideal observing conditions (e.g., clear
skies with minimal aerosol loading), large differences between ground-based and satellite-based observa-
tions have been noted (e.g., Reed et al., 2015). Disagreements are expected due to differences in the spatial
area represented by ground-based and satellite-based instruments (e.g., Kharol et al., 2015), but it has also
been well established that the satellite-derived quantity is affected by the spatial and temporal resolution of
the geophysical and chemical inputs required in the retrieval (Goldberg et al., 2017; Laughner et al., 2016;
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Figure 1. Topographical map of the Boston basin, showing MassDEP air monitoring sites (circles) and auxiliary
meteorological observations (squares). Circles denote the NO, monitoring sites and a “+” symbol denotes sites with
collocated O, observations. Gray markers denote sites that were active until 2013 (South Boston) and 2014 (Harbor
Island); all other locations remain currently active (as of 2019).

Russell et al., 2011; Valin et al., 2011). The potential uncertainties related to these inputs during sea breeze
events specifically have not been investigated in detail.

Here, we present the first climatological analysis of O, and NO, surface concentrations across the greater
Boston area and document the impacts of sea breezes on the distribution of these pollutants. While air qual-
ity in Boston has improved substantially in recent decades, it remains on the cusp of violating the Environ-
mental Protection Agency's air quality standard for O,, and there has never been a systematic investigation
of the role of sea breezes on O, and its precursors in this urban area. We document the frequency of sea
breezes and describe their conditions in detail. We contrast pollutant concentrations and spatial gradients
during sea breeze conditions with those during other meteorological conditions that prevail in the region.
This long-term perspective provides insight into the challenge of designing surface monitoring networks
that adequately capture pollutant variability in coastal urban areas. We also explore satellite remote sensing
of NO, during the sea breeze, and test hypotheses about statistical sampling and meteorological biases in
these satellite retrievals, to highlight the difficulty of applying these products in such locally complex sit-
uations. Our results have implications for characterizing ground-level air quality in coastal urban areas by
both in-situ and satellite remote sensing techniques.

2. Data and Methods
2.1. Surface Monitoring of O, and NO,

Ground-based observations of O, and NO, are collected and reported by the Massachusetts Department
of Environmental Protection (MassDEP). The locations of these monitoring sites are shown in Figure 1.
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Following quality control and quality assurance, these data are reported to the EPA and made publicly avail-
able through the AQS repository at: https://ags.epa.gov/aqsweb/airdata/download_files.html.

Ambient NO, is measured using a technique based on the conversion of NO, to NO by a heated molybde-
num catalyst followed by a reaction with O, which produces a chemiluminescence signal that is proportion-
al to the original NO, concentrations. This technique is not selective and is known to suffer from interfer-
ences by certain other oxides of nitrogen that can contribute to the NO, measurement (Dunlea et al., 2007;
Steinbacher et al., 2007). This issue is expected to be the least problematic at urban sites where the majority
of total oxides of nitrogen will be made up of NO and NO,. We do not expect interference to affect the con-
clusions of this study since the measurements are a reliable proxy for NO, and our results are not dependent
on absolute concentrations. Ambient O, is measured using a technique based on UV photometry, where O,
absorption of UV light is recorded at 254 nm, and the amount of absorption is directly proportional to O,
concentrations. Further details on the MassDEP air quality monitoring network can be found at https://
WWW.mass.gov/air-monitoring-in-massachusetts.

2.2. Surface Meteorological Observations

Surface meteorological observations in the region are publicly available from the NOAA ISD Lite database
(ftp://ftp.ncdc.noaa.gov/pub/data/noaa/isd-lite/). We use air temperature, wind speed, and wind direction
available from three locations in Eastern Massachusetts (Logan Airport, Hanscom Air Force Base, and Blue
Hill). Meteorological observations from a fourth location (the MIT Sailing Pavilion) are reported at https://
sailing. mit.edu/weather/, an archive of which was made available by request to the website administrator.
The locations of these four weather stations are shown in Figure 1.

2.3. Aircraft Meteorological Data Reports

We use Aircraft Meteorological Data Reports (AMDAR) for Logan Airport, archived and publicly available
from the Meteorological Assimilation Data Ingest System at https://madis-data.cprk.ncep.noaa.gov/mad-
isPublicl/data/archive/. We make use of a secondary data product reporting hourly profiles of wind and
potential temperature at 20-m vertical resolution, documented by Zhang et al. (2019) and publicly available
at https://zenodo.org/record/3934378#.YGsWUa9Kg2z. This product merges all raw AMDAR observations
within an hour into a single profile interpolated onto a regular grid. Data below 1,500 m that is more than
15 km away from the airport are removed to reduce the influence of horizontal variations within the bound-
ary layer. For robustness, the product further requires at least 10 measurements within the first 1,500 m to
be included in the hourly product.

2.4. Meteorological Reanalysis and Analysis Data Products

‘We make use of several atmospheric reanalysis and analysis products. The Modern-Era Retrospective anal-
ysis for Research and Applications Version 2 (“MERRA-2”) is an atmospheric reanalysis produced by the
Global Modeling and Assimilation Office (GMAO) at NASA. MERRA-2 is provided at 0.5° X 0.625° horizon-
tal resolution and 72 vertical layers and is documented in detail by Gelaro et al. (2017). The North American
Regional Reanalysis (NARR) is an atmospheric reanalysis produced by the National Centers for Environ-
mental Prediction (NCEP) at NOAA. NARR is provided at 32 km horizontal resolution and 29 vertical levels
and is documented in detail by Mesinger et al. (2006). The MERRA-2 and NARR products are available
publicly from https://disc.gsfc.nasa.gov/ and https://ncdc.noaa.gov/ respectively. We also make use of the
North American Mesoscale (NAM) historical analysis product. The NAM data is produced by NCEP using
the WRF Non-hydrostatic Mesoscale Model (Janjic et al., 2001), is available over the continental US at
12 km horizontal resolution, and is described in more detail at https://www.emc.ncep.noaa.gov/emc/pages/
numerical_forecast_systems/nam.php. The NCEP NAM 12 km Analysis data was obtained from https://
rda.ucar.edu/datasets/ds609.0/. From these products, we use potential temperature and 10-m u and v winds
for the grid box whose center is located closest to Logan Airport.
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2.5. Satellite-Based Remote Sensing of NO, and Cloud Fraction

Satellite-based remote sensing of atmospheric NO, abundance is achieved by optical absorption spectros-
copy based on the Beer-Lambert law. Briefly, NO, column density (the integrated amount of NO, from the
surface to the top of the atmosphere, e.g., in molecules cm™) is retrieved by fitting a reference NO, absorp-
tion spectrum to the measured solar backscatter spectrum (while simultaneously accounting for slowly
varying features in the measured spectrum and the impact of other absorbing species) in the neighborhood
of 405-430 nm. This fit results in a slant (or “line of sight”) NO, column density, which can be converted
to a vertical column density using an air mass factor derived from radiative transfer modeling. The tropo-
spheric column densities are inferred by removing an estimate of the stratospheric NO, contribution. Here,
we make use of the TROPOMI satellite NO, retrieval, whose algorithm is documented in van Geffen et al.
(2019). The TROPOMI instrument (onboard ESA's Sentinel-5 Precursor) was launched in October 2017 and
provides tropospheric NO, at a spatial resolution of 3.5 X 5.5 km at nadir (or 7 X 5.5 km prior to August
2019). We grid the individual observations to a regular 0.01° X 0.01° grid using a physics-based oversam-
pling approach provided by Sun et al. (2018), using pixels having a minimum quality assurance value of
0.75, maximum cloud fraction of 0.2, and maximum solar zenith angle of 60°.

We also make use of the cloud fraction retrieval from both the OMI (Vasilkov et al., 2018) and TROPOMI
(van Geffen et al., 2019) instruments. Cloud fractions effectively represent the fraction of a pixel that must
be covered by a Lambertian reflecting cloud in order to match the measured atmosphere reflectance.

All TROPOMI and OMI data are publicly available and were downloaded from https://earthdata.nasa.gov/
eosdis/daacs/gesdisc.

2.6. Identifying Sea Breezes and Other Predominant Meteorological Conditions

We use the Logan Airport meteorological station to identify sea breeze days and classify other prevailing
meteorological conditions. Our analysis is limited to observations made from June, July, and August, since
this is the “O, season” in the region and since this is when sea breezes tend to occur most frequently in this
region (Barbato, 1975). Our algorithm for identifying sea breezes is simple, focusing only on the reversal of
winds from systematically westerly in the early morning to systematically easterly during the midday. Other
classification schemes may use additional criteria in the identification process and define different types of
sea breezes, but to discuss air pollution effects, we expect the reversal of surface winds to be among the most
relevant features to identify. Thus, we identify “sea breeze days” as having at least 5 h of westerly (offshore)
winds anytime between the hours of 1 a.m. and 12 p.m., followed by at least 5 h of easterly (onshore) winds
anytime between the hours of 9 a.m. and 8 p.m. From this definition, we find the average onset time of the
sea breeze is 10 a.m. LT (see Section 3.2), but the flexibility of our algorithm allows for the timing of the
reversal of wind direction to vary from day-to-day. Judging from the climatological behavior on the popu-
lation of days that are identified by this algorithm (see in Section 3.2), this simple test successfully selects
days with many of the characteristic properties of sea breezes (e.g., clockwise rotation of surface winds,
with the offshore-to-onshore transition occurring in the late morning and a maximum onshore wind speed
in the middle of the afternoon). We also confirm the quality of this classification by evaluating the vertical
profiles of wind and potential temperature, derived from aircraft observations collected at Logan Airport
(also discussed in Section 3.2).

The remaining non-sea breeze days were classified as either “westerly prevailing days” (days when the ma-
jority of surface winds between the hours of 2 a.m. and 8 p.m. were westerly) or “easterly prevailing days”
(days, when the majority of surface winds between the hours of 2 a.m. and 8 p.m., were easterly). Days that
did not fall into one of the three above categories were “unclassified,” and made up less than 10% of all days
during the period of interest.

3. Results
3.1. Long-Term Trends in NO, and O,

We begin with a brief summary of long-term trends in NO, and O, measured in the Boston region to provide
context for the discussion of sea breeze conditions and their importance on local pollutant distribution.
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Between 2000 and 2019, summertime midday NO, ground-level concentrations decreased by 60% across all
monitoring stations in the Boston area (Figure S1). The steepest absolute declines in NO, concentrations
are observed at the most urban and heavily traffic-influenced locations, with a —10.4 ppb/decade trend
reported at the Kenmore Square site. The decline in NO, concentrations is consistent with the evidence of
large reductions in anthropogenic NOx emissions from urban areas all over the country, which have also
been detected by satellite-based observations (e.g., Duncan et al., 2016).

We find that maximum daily ground-level O, concentrations have generally responded to the decline in pre-
cursor concentrations (Figure S1). The steepest improvement is found at the predominantly upwind site of
Blue Hill, with a decreasing trend of —8.0 ppb/decade, but we find nearly as steep declines at the Lynn and
Harbor Island locations. Ozone concentrations at Roxbury, the most urban monitoring location of the four,
are suppressed compared to the three other locations. This is explained by the temporary titration of O, (via
the NO + O, reaction to form NO,) due to high primary NO emissions at this urban location. A decrease in
this local titration effect over time in response to the decline in NOx emissions could also explain why O, at
this site during the last 3 years of this record (2017-2019) were the highest they have been in a decade. There
is no statistically significant trend at this location.

We calculate the number of days where maximum daily 8-h O, concentrations exceeded the current guide-
line concentration established by the EPA of 70 ppb (EPA, 2020). Across the four monitoring sites, the high-
est number of exceedances in a single summer during this period was observed at the Blue Hill monitoring
site in 2003, with a total of 44 days. The Lynn and Harbor Island monitoring sites also experienced their
highest number of exceedances that same year (31 and 23 days, respectively). Since then, the number of
exceedances has declined substantially, with all three active O, monitoring stations recording fewer than six
exceedance days each summer since 2015. While the Boston area is currently in attainment of the National
Ambient Air Quality Standard, we note that the O, design values (the 3-year average of the fourth-highest
daily maximum 8-h O, concentration, which determines compliance with the standard) at two of the mon-
itoring stations during the 2016-2018 averaging period were 69 and 70 ppb.

We conclude from these long-term observations that the urban Boston region has experienced significant
reductions in O, in response to the decline in primary NOx emissions, but that it remains on the cusp of
violation of the NAAQS standard, and interannual variability in O, (which is prominent in Figure S1) could
be important in maintaining its compliance. With this context, we explore how the sea breeze in this urban
area impacts the concentrations of surface O, and its precursors. We choose to focus on observations from
2010 to 2019, to reduce the influence of long-term trends in the data. We further limit our analysis to the
stations that have collocated NO, and O, observations (Blue Hill, Roxbury, Harbor Island, and Lynn) so that
we are able to neglect the rapid partitioning between NO, and O, in our analysis.

3.2. Meteorological Characteristics of Sea Breeze Days and Other Prevailing Conditions

According to our criteria for identifying sea breeze conditions, we find an average of 28.3 sea breeze days
(31%) each year between June and August from 2010 to 2019, with considerable interannual variability
(Table S1). The highest number of identified sea breeze days was 34 (in 2014) and the minimum was 22 (in
2003). Westerly prevailing conditions are the most frequent in the region, but still only occur an average of
37.4 days (41%) between June and August each year. Easterly prevailing conditions are less frequent than
the other two, occurring on average 18.1 days between June and August each year (20%). The remaining
days (about 8%) have mixed and unclassified conditions.

Figure 2 shows the climatological mean diurnal evolution of wind conditions observed on days that were
identified within each category. Sea breeze days are characterized by mild southwesterly surface winds at
the beginning of the day (2-2.5 m/s), which follow the expected clockwise rotation as the day progresses.
The surface winds begin to switch from westerly to easterly by mid-morning, with the minimum wind speed
observed around 10 a.m., and we interpret this as the average sea breeze “on-set” time. For the following few
hours, southeasterly winds persist and gather in strength, achieving a maximum mean wind speed of about
4 m/s by around 4 p.m. LT. Finally, winds continue the clockwise rotation, generally returning to westerly
origins by 8:00-9:00 p.m.

GEDDES ET AL.

60of 19



| Y d N |
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2021JD035314

24
20
z 16 §
e S
© 12 @
5 2
o ——_—
I s =
4
0

—270\;)‘<»!<\»<7<\1\\»‘

Sea Breeze

af -

Westerly Easterly

O
O
o

~

490 270 h—————— ++90 270\ ———+——+— d 190

180 180 180

Figure 2. Mean wind conditions observed throughout the day at Logan Airport for each predominant meteorological category (June-July-August, 2010-2019).

In contrast, we find that westerly days are characterized by higher surface wind speeds at the beginning
of the day (3.5-4 m/s) than on days that result in a sea breeze and change only slightly over the day. The
weaker initial wind conditions on sea breeze days may be indicative of high-pressure systems that have been
identified as typical during sea breeze development in the region (Barbato, 1975). Easterly prevailing condi-
tions are characterized by the lowest wind speeds at the beginning of the day (~1 m/s), but rise steadily to a
maximum in the mid-afternoon (~4.5-5 m/s), corresponding to the time of day that would have the highest
temperature contrast between the land and sea.

The diurnal evolution of average surface temperatures is likewise characteristic of expectations for each me-
teorological condition (Figure S2). The coolest days are those with predominantly easterly wind conditions,
confirming that relatively cool marine air is being transported inland throughout the day. Surface tempera-
tures during easterly conditions begin around 5-6°C cooler compared to days when the air is coming from
the continent, and on average the daily temperatures remain below 20°C. In contrast, surface temperatures
on westerly and sea breeze days both begin around 20°C on average. On the westerly days, temperatures
continuously rise until about 3:00 p.m. peaking with an average temperature exceeding 28°C. On sea breeze
days, temperatures also rise at about the same rate as on westerly days for the first few hours. However, daily
maximum temperatures generally occur 2 h earlier on sea breeze days, peaking on average 3-4° cooler than
westerly days (with an average of ~24°C by ~12 p.m.). Indeed, the cooler temperatures during sea breezes
have the potential to mitigate or eliminate urban heat island effects (He, 2018; He et al., 2020), which have
been documented in Boston (Melaas et al., 2016; J. A. Wang et al., 2017).

Figure 3 shows the average vertical profiles of potential temperature derived from aircraft observations at
Logan Airport, which provide a climatological perspective of planetary boundary layer evolution during
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Figure 3. Diurnal evolution of mean vertical potential temperature profiles to 2 km at Logan Airport for each predominant meteorological category (June-July-

August, 2010-2019).
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Blue Hill Sea Breeze Roxbury .

15t Westerly { | E the development of a neutral to unstable convective boundary layer that
Easterly begins forming in the morning and reaches an average depth of around
10f 1F ] 1-1.5 km by the middle of the afternoon. On easterly days, the atmos-
50 1t ] phere remains cooler and remarkably stable (i.e., increasing vertical po-
g W tential temperature profile) throughout all hours of the day. On days that
% 28 develop a sea breeze, the vertical potential temperature profiles are simi-
<ZD Harbor Island Lynn lar to westerly conditions at the beginning of the day, but by the afternoon
15¢ 1F ] we observe a very stable atmosphere near the surface, more consistent
10k 1t ] with marine atmospheric conditions (with neutral to unstable conditions
M immediately aloft). Afternoon vertical profiles of u-wind component on
SERAA Tl ] sea breeze days (Figure S3) confirm the average height of the sea breeze

0 system is on the order of 300 m.

0 5 10 15 20 0 5 10 15 20

Local Time We use surface meteorological observations at three other locations with-
in and outside of the Boston basin to explore how far the sea breeze may
generally penetrate inland (Figure S4). Meteorological observations at
the MIT Sailing Pavilion located 6 km west of Logan Airport confirm that
the sea breeze usually penetrates at least this far inland. Average wind
conditions observed at this location on the days identified as a sea breeze
day based on Logan Airport station data share the same clockwise rotation of wind direction, shifting from
westerly to easterly at around 10 a.m. LT and reach a maximum easterly wind speed around 3 p.m. On the
other hand, the meteorological observations at the Blue Hill station (18.5 km inland to the southwest) and
Hanscom Air Force Base (25 km inland to the northwest) suggest that the sea breeze penetrates this far
inland less frequently and that if it does, it arrives much later in the day with weaker winds. These results
are consistent with Barbato (1978), which demonstrated that most of the Boston basin sea breeze events are
restricted to the first 20 km inland. We note these patterns are highly local and may depend on many climat-
ic and geographic factors such as latitude, sea surface temperature, the shape of the coastline, and regional
topographic features. In other coastal areas, sea breezes can also interact with other mesoscale patterns that
change their behavior and extent. For example, work on mesoscale circulations in the Mediterranean coast
has demonstrated that sea breeze events can be reinforced by anabatic winds caused by the coastal orogra-
phy mountain ranges (Jiménez et al., 2006; Millan et al., 2002).

Figure 4. Diurnal evolution of NO, mixing ratios at the Blue Hill,
Roxbury, Harbor Island, and Lynn monitoring stations (June-July-August,
2010-2019). Vertical bars indicate the standard error of the hourly mean.

Despite being a relatively simple classification system, we find our algorithm results in a convenient and
useful grouping of systematic and self-consistent atmospheric conditions, each of which we will show has
a statistically distinct impact on air pollutant concentrations and distribution. From this analysis of mete-
orological observations, we have identified and characterized the following three general atmospheric con-
ditions that prevail in the greater Boston area during the summer: (a) Cool and stable marine atmospheric
conditions during consistently easterly days (20%); (b) Warm continental air with the development of a deep
convective boundary layer on consistently westerly days (41%); and (c) Sea breeze days that start out with
warm but calm westerly conditions, which by the afternoon are characterized by a cool inland breeze at the
surface and a very stable atmosphere for the first 300 m above ground level (31%).

3.3. Impacts on NO, and O, Concentrations at the Surface

Figure 4 shows the time-of-day evolution of NO, concentrations at the four monitoring locations where
both NO, and O, are available. We first discuss the observations at the Harbor Island site. Given its location
in the harbor (Figure 1), we would expect high levels of primary pollution when the winds are coming from
the west (since the urban center of Boston is just upwind on those days). When winds are coming from the
east, we would expect much lower levels of primary pollution, representative of cleaner marine air. These
patterns are evident in the NO, mixing ratios: we see high morning and afternoon peaks during the westerly
prevailing days, but essentially no such peaks on the easterly prevailing days. The 24-h average NO, concen-
trations at this site are 65% higher on westerly days than on easterly days (7.0 vs. 4.3 ppb).

On the days that develop a sea breeze, we find the average morning peak in NO, concentrations at the Har-
bor Island site is 33% higher than on westerly prevailing days (13.4 vs. 10.0 ppb), despite the fact that both
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are characterized by air being transported from the same direction at this

S0} Blue Hil Roxbury time of day. This implies that sea breeze days are generally characterized
40f ] 3 by an accumulation of primary emissions at the beginning of the day.
30 3 3 We attribute this to the calmer morning horizontal winds, resulting in
o0k Se?/v Ber;ZfS it ] less ventilation of local morning NOx emissions compared to the westerly
) 10 Easterly days with stronger horizontal winds. Since westerly and sea breeze days
e tend to have similarly stable atmospheric conditions at this time of day
O 50} Harbor Island 7t Lynn 3 (Figure 3), we do not attribute these concentration differences to vertical
40E L E mixing. We find that on days that develop a sea breeze, the morning NO,
a0l i f maxima are enhanced by 6%-16% compared to westerly prevailing days
at the other three monitoring locations as well, consistent with calmer

20¢ 1 1 morning winds conditions across the region.
10 0 5 16 1.5 2'0 0 5 1'0 {5 2.0 In the afternoons (between 12:00 and 3:00 p.m.), NO, concentrations at

Local Time

Figure 5. Diurnal evolution of O, mixing ratios at the Blue Hill, Roxbury,
Harbor Island, and Lynn monitoring stations (June-July-August, 2010-
2019). Vertical bars indicate the standard error of the hourly mean.

the Harbor Island location remain higher on sea breeze days than on
westerly days, despite the winds now coming from the east where there
would be negligible primary sources (as demonstrated by the NO, con-
centrations at this time of day during systematically easterly conditions).
This confirms that the enhanced local primary pollution from the morn-
ing is not only returning inland but tends to remain enhanced relative to
westerly days. The stable atmosphere at this time of day during sea breeze (Figure 3) would also contribute
to the enhanced surface concentrations. At the Roxbury and Lynn monitoring stations (which are both
located within the topographical basin), NO, concentrations on sea breeze days likewise remain higher
compared to westerly days for the rest of the day. At Blue Hill, which represents a background location that
lies outside of the Boston basin and is not upwind of many NOx sources, there is very little difference in NO,
concentrations between any of the three meteorological conditions.

Figure 5 shows the time-of-day evolution of surface O, concentrations at the same four locations. At all four
monitoring stations, morning concentrations of O, are lower on days that ultimately develop a sea breeze
compared to the westerly prevailing days. This can partly be explained by increased titration of O, (from the
NO + 0O, reaction) due to the higher accumulation of local NOx emissions during these mornings discussed
above. To account for this local titration effect, we define "Ox" as the sum of O, + NO, concentrations. Ig-
noring minor direct emission of NO,, Ox accounts for this temporary partitioning so that Ox concentrations
will only increase with the chemical production of new O,. In this way, Ox provides a more representative
depiction of regional net O, formation or loss, and also acts as a proxy of secondary pollution from photo-
chemistry. We, therefore, focus on Ox concentrations for the remainder of this analysis.

Figure 6 shows the temporal evolution of Ox at each of the monitoring

60 Blue Hil Roxbury locations. We find Ox concentrations still tend to be lower on the morn-
50k El E ing of sea breeze days than on westerly days (by 2-6 ppb, depending on
location), suggesting that in addition to any enhanced local NO titration
40¢ 1t E effect, sea breeze days are generally characterized by lower background
30k NJ%_ b E 0, levels. In fact, morning Ox concentrations on sea breeze days are sim-
g 20 Easterly ilar to the clean easterly days, when the air is consistent of marine origin.
% 60 This is further evidence that the mornings of sea breeze days are repre-
o Harbor Island Lynn sentative of local conditions, with relatively low background secondary
50¢ 1t 3 pollution compared to westerly days (which, in contrast, would bring

i it \/\ background Ox from upwind source regions).
30¢ 1t \/__—\\ Throughout the late morning (~6-~11 a.m.), the slope of Ox production
20k, . . . . ‘ . . ‘ . across the region is about equal on westerly and sea breeze days (3.2-3.9
0 5 10 15 20 0 5 10 15 20 ppb/h depending on location), implying that chemical O, formation dur-

Local Time

Figure 6. Diurnal evolution of Ox mixing ratios at the Blue Hill, Roxbury,
Harbor Island, and Lynn monitoring stations (June-July-August, 2010-
2019). Vertical bars indicate the standard error of the hourly mean.

ing the course of a sea breeze day remains consistent with the production
rate of a polluted continental air mass. We find that Ox concentrations
during the afternoon sea breeze generally reach the same concentration
as on westerly days, to within 2-3 ppb which can largely be accounted for
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by the lower background Ox conditions at the beginning of those days. In other words, while background
Ox concentrations are lower on sea breeze days, the secondary production of O, is as efficient as during
westerly days. This result also implies there is little evidence that the cooler average temperatures on sea
breeze days mitigate the production of secondary pollution in this urban area. By the afternoon, when the
air is returning inland, Ox concentrations are on average 12 ppb higher during sea breezes days than days
with systematically easterly winds, further confirming recirculation of continental pollution at the surface.
In fact, at the Roxbury monitoring site, located within the basin and the most urban O, monitoring location,
annual maximum Ox concentrations on sea breeze days were higher than on westerly days for half of the
years analyzed (2010, 2012, 2016, 2018, and 2019).

We find that westerly conditions generally contribute disproportionately to the total number of high Ox
days in the basin. Of the 50 highest Ox days over the past decade at Roxbury, westerly conditions accounted
for almost 70% of them (despite only occurring 40% of the time). Still, sea breeze conditions contribute to all
the remaining 30% of the 50 highest Ox days.

In summary, we find that days that develop a sea breeze have relatively low background O,, but experience
enhanced local primary pollution due to the calm morning conditions. This accumulation of local primary
emissions initially contributes to suppressing O, concentrations in the morning, but the rate of chemical O,
production on those days proceeds as it would on days influenced entirely by continental air. Despite the air
being transported over the bay and cooling substantially before returning landward, maximum O, concen-
trations during a sea breeze are similar to days when the air is continuously influenced by continental O,
production and contribute to a substantial fraction of the highest Ox days in the urban area.

3.4. Impact on Spatial Variability of Ox at the Surface

The sea breeze also presents the possibility that the physical and chemical properties of air throughout a
coastal urban region could exhibit sharp gradients over relatively small horizontal distances (i.e., in the
vicinity of the breeze front). From the comparison of meteorological observations at four sites within and
outside of the Boston Basin, we inferred that the sea breeze consistently penetrates most of the Boston Ba-
sin, but often does not penetrate beyond ~15 km inland. We, therefore, hypothesize that we may see steep
contrasts in Ox concentrations across the urban area resulting from air masses with different histories. Such
spatial gradients in chemistry have been noted in other examples of urban areas influenced by a sea- or
lake-breeze (Blaylock et al., 2017; Castell et al., 2008; Vermeuel et al., 2019; Wentworth et al., 2015). To our
knowledge, we are the first to quantify this problem in Boston, and also the first of any sea breeze study to
use Ox concentrations, accounting for intra-urban variability in primary NO sources at each location.

We would expect to find gradually increasing Ox concentrations across an upwind-downwind urban tran-
sect as O, is chemically produced. These gradients within a single urban region would normally be on the
order of a few ppb on average since chemical O, production can take hours and its atmospheric lifetime
near the surface is at least as long (timescales at which air can mix over the entire urban region). Indeed,
we observe an increase in peak daytime Ox concentrations on southwesterly dominated days going in the
direction from the upwind Blue Hill location, to Roxbury, and ultimately the downwind Lynn location; a
similar gradient in the opposite direction is observed on easterly classified days, with peak daytime Ox con-
centrations increasing in the direction from Lynn, to Roxbury, to Blue Hill (Figure 6).

Larger differences in Ox within a single urban area would not be expected unless the urban area experienc-
es meteorological phenomena that could bring two different air masses with contrasting histories in close
proximity, such as would occur at a sea breeze front. Referring to the averaged diurnal profiles in Figure 6,
it initially appears as though Ox concentrations are similar across the region during sea breeze conditions
(we find that daily maximum average Ox at Blue Hill, Roxbury, and Lynn all reach an average of ~49 ppb).
However, this climatological average hides large, but evidently random, variability that is indeed unique
and in contrast to the westerly or easterly prevailing days.

We demonstrate this in Figure 7, which shows the temporal evolution of the absolute gradients in Ox con-
centrations across the Boston basin (Blue Hill - Lynn; and Blue Hill - Roxbury) and within the Boston basin
(Roxbury - Harbor Island), according to each prevailing meteorological condition. On sea breeze days, there
is a distinct and significant rise in the spatial variability of Ox in the afternoon when compared to the other
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Figure 7. Temporal evolution of absolute gradients in Ox concentrations (A Ox) across and within the Boston basin during each predominant meteorological
condition: (top) Blue Hill-Lynn; (middle) Blue Hill-Roxbury; (bottom) Roxbury-Harbor Island. Vertical bars represent the middle 50% of data.

days. While the westerly and easterly prevailing days tend to see Ox gradients on the order of 3-4 ppb,
median differences in Ox concentrations across and within the basin on afternoons during a sea breeze are
noticeably higher (e.g., 8 ppb between Blue Hill and Lynn; 6 ppb between Blue Hill and Roxbury; and 6 ppb
between Roxbury and Harbor Island). The vertical bars in Figure 7 represent the middle 50% of the data,
implying that on 25% of days with a sea breeze, differences in afternoon Ox across the basin exceed 13 ppb.

To illustrate this during specific events in detail, Figures 8 and 9 show examples of how the sea breeze drives
local spatial variability in Ox, and demonstrate how this gradient can be in any direction. The plots show
the hourly timeseries of Ox concentrations (and wind conditions within and outside of the Boston basin)
on an example sea breeze day, directly compared to observations during predominantly westerly or easterly
conditions during either the immediately preceding or following days. In Figure 8, the period begins with a
day of southwesterly flow with consistent Ox concentrations over the whole region as expected (gradients
in Ox are only a few ppb). The second day (June 3) is characterized by a strong sea breeze identified by
the Logan meteorology, with the reversal of winds occurring around 9 a.m. and maximum easterly winds
occurring around 4 p.m. There is likewise a rotation in the winds observed at the Blue Hill site, but these
evolve differently over time. We find a gradient in Ox on the order 40 ppb over a distance of only 15 km,
persisting for several hours during the midday between Blue Hill and the Harbor Island site. The following
day experiences strong easterly conditions which are again characterized by small spatial gradients in Ox.

In Figure 9, this period again begins with a day of strong westerly flow and regionally consistent Ox con-
centrations. The second day and third day (July 3 and July 4) are characterized by sea breezes identified by
the Logan meteorology. From the time the sea breeze is observed at Logan, we find a gradient in Ox on the
order of 35 ppb over less than 15 km on July 3, persisting for several hours during the midday between Blue
Hill and Roxbury sites. The evolution of surface winds within and outside the Boston basin during the time
frame of the sea breeze is demonstrably different, with more southerly (instead of easterly) winds observed
at Blue Hill. In this case, the across-basin gradient in Ox is in the opposite direction of the previous example
observed in Figure 8, and the winds on July 3 evolve very differently between Logan and Blue Hill. On the
other hand, the sea breeze experienced on July 4 is almost experienced identically at Logan and Blue Hill,
leading to smaller gradients in Ox than in the other two examples.

We conclude that the sea breeze in Boston does have the capacity to produce steep and often persistent
gradients in secondary air pollution (Ox concentration differences that can exceed 30 ppb across less than
15 km), which are not observed on otherwise predominantly westerly or easterly prevailing days. However,
these gradients are hidden in the climatological mean since they can be either positive or negative, with
evidently roughly equal distribution. We speculate that the true spatial gradients in Ox on any given day are
not well captured or resolved by the current monitoring network (which consists of only three active mon-
itoring sites that have collocated NO, and O, observations). Over the whole metropolitan area of Boston,
containing a coastal population of over 4.5 million people and covering an area of around 4,800 km?, there
are only four currently active monitoring stations that measure collocated NO, and O, concentrations to
allow for an analysis of secondary Ox.
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Figure 8. Evolution of Ox and surface wind observations across the Boston basin from June 2 to June 5, 2014. The first
day is characterized by southwesterly flow, the second day by a characteristic sea breeze leading to steep local gradients
in Ox, and the third day by the easterly flow. Color in the wind roses corresponds to an hour of day (shown in Figure 2).

We also speculate that these results may have implications for the spatial distribution of other secondary
pollutants that are not regularly monitored. It is widely acknowledged that our ground station monitoring
networks fail to capture large heterogeneity in concentrations of primary pollutants such as NO,. Here, we
add to the literature showing that steep and persistent gradients in secondary pollution can occur in coastal
environments over small spatial scales, which may present an additional monitoring challenge. In the case
of Boston, we find that any gradients in potential ambient exposure would tend to average out over the long
term. But, this result may be locally specific, and other coastal regions would need to investigate whether
more systematic gradients in secondary pollution persist over time during these sea breeze conditions.

3.5. Implications for Long-Term Satellite Remote Sensing of Local Air Quality

The preceding analysis summarizes how NO, and O, concentrations at the surface evolve during the differ-
ent prevailing meteorological conditions that occur in the Boston area during the summertime and high-
lights some implications for representing the spatial distribution of air pollutants in coastal urban envi-
ronments. Satellite remote sensing observations have the potential to complement sparse ground-based
monitoring networks by providing continuous spatial coverage of tropospheric NO, column density.

Figure 10 shows TROPOMI-derived average June-July-August tropospheric NO, column density during
sea breeze days compared to the other westerly and easterly prevailing days for the summers of 2018 and
2019. We note that the satellite overpass time is around 1:30 LT, which on sea breeze days lies somewhere
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Figure 9. Evolution of Ox and surface wind observations across the Boston basin from July 2 to July 5, 2019. The first
day is characterized by westerly flow, the second and third day by a characteristic sea breeze leading to steep local
gradients in Ox. Color in the wind roses corresponds to an hour of the day (colorbar shown in Figure 2).

between the time of reversal from westerly to easterly winds (~10 a.m. LT) and peak inland wind speeds (~3
p-m. LT). This figure confirms that, when compared with the westerly and easterly prevailing conditions
(where local emissions are evidently dispersed in the expected directions), sea breeze days tend to accumu-
late local NOx emissions within the confines of the Boston-area basin. In contrast to in-situ sampling at
the surface, remote sensing observations derive the abundance of NO, integrated across the atmospheric

Tropospheric Column Density
(x 10" molec cm)

Figure 10. Satellite-derived tropospheric NO, column densities from TROPOMI for June-July-August 2018-2019, averaged separately for each meteorologically
prevailing condition. Observations have been gridded from their original pixels to a regular 0.1° x 0.1° grid. The cross symbols indicate the locations of the Blue
Hill, Roxbury, Harbor Island, and Lynn monitoring locations.
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column. Therefore, the satellite measurement alone cannot determine

Instrument
mEm oMl the distribution of NO, with altitude (i.e., whether NO, is only enhanced
[ TROPOMI at the surface, or whether there are other enhancements at altitude with

the recirculation). Indeed, the relationship between retrieved tropospher-
ic column from a remote sensing instrument with concentrations near
the surface relevant for air quality is a key unknown, and this will be the
subject of future modeling investigations. Still, we find maximum tropo-
spheric column density of NO, over the urban area is enhanced by ~20%
on sea breeze days compared to westerly and easterly days. While these
satellite-derived maps of NO, tropospheric column density capture the
contrasting distribution and movement of urban NOx emissions based
on meteorological expectations and surface observations in the Boston
basin, their interpretation requires careful consideration.

Here we examine two hypotheses related to some complexities in inter-
preting satellite-based observations of air quality in this coastal urban
environment: (a) we hypothesize that a remote sensing “selection bias”
could cause oversampling of some meteorological conditions relative to

OMI and TROPOMI instruments for easterly, westerly, and sea breeze others due to characteristic cloud conditions and (b) we hypothesize that
conditions over Boston. Dashed horizontal line at a cloud fraction of 0.2 the horizontal winds that drive chemical transport during sea breeze con-
represents a typical threshold above which satellite-derived tropospheric ditions are not reliably represented in meteorological reanalyses, which

column observations are discarded. Boxes encompass the middle 50% of
the data (horizontal lines denote the median) and whiskers extend to the
5th and 95th percentiles.

could impart higher retrieval error on sea breeze days relative to the other
conditions.

To investigate the first hypothesis, Figure 11 shows box plots of the distri-

bution of cloud fractions included with the OMI and TROPOMI satellite
products. Generally, a cloud fraction of 0.2 is an acceptable threshold above which the retrieval is subject to
large errors in the air mass factor used to convert the “observed” slant column density to a vertical column
density (Boersma et al., 2004). The possibility of a “cloud-selection bias” in satellite-derived long-term NO,
averages is therefore possible, and has been previously reported in other locations, with different locally
dependent mechanisms responsible (e.g., Geddes et al., 2012; McLinden et al., 2014).

In the case of Boston, we see that easterly conditions are generally characterized by a cloudier retrieval
than the westerly and sea breeze days. From the OMI product, 61% and 60% of the westerly and sea breeze
days respectively have cloud fractions that are below 0.2, but easterly days only have 37% cloud fractions
that are below 0.2. Relative to the true frequency of their occurrence, sea breeze, and westerly conditions
will therefore get “over represented” in long-term averages of satellite-derived NO, over Boston, while the
easterly conditions are relatively under sampled. Indeed, clear skies are one factor that tends to favor the
development of sea breezes (Barbato, 1975; Miller, 2003). This implies a potential bias in long-term aver-
ages derived from satellite observations (especially relevant for air quality, if column enhancements reflect
surface enhancements). Using the TROPOMI product, the fraction of westerly and sea breeze days that are
below a cloud fraction of 0.2 is about the same compared to OMI (60% and 63%, respectively). However, the
capture of easterly conditions improves dramatically with TROPOMI, such that 56% of easterly days have
a cloud fraction below 0.2. This increase in the number of cloud-free observations with better satellite pixel
resolution has been predicted in theory (Krijger et al., 2007). Thus, a possible cloud selection bias that might
be apparent in OMI becomes less important with TROPOMI observations, despite easterly conditions still
having the cloudiest days overall.

The robust statistical sampling of satellite observed NO, during sea breeze conditions relative to their true
frequency of occurrence is a notable result, since retrievals during sea breeze conditions may present more
difficulties and be prone to additional errors in the retrieval compared to other days. We hypothesize that
air mass factor calculations, which account for errors around 30%-60% in tropospheric NO, retrievals over
polluted areas (Boersma et al., 2004), will likely suffer from a higher error on sea breeze days than during
other more synoptically representative conditions in the region. This is due to the importance of the a-pri-
ori NO, vertical profile shape used in air mass factor calculations for the retrieval. Accurately representing
winds in the a-priori models is important for producing correct NO, profile shapes downwind of emissions
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Figure 12. Comparing 10-m meteorological reanalysis and analysis results (shown in blue “x”s), with surface observations (shown in black “+”s) divided by
prevailing meteorology identified on each day. Top panels show results from MERRA-2 (15:00 LT), middle panels show results from NARR (14:00 LT), bottom
panels show results from NAM (14:00 LT). Data are shown for June, July, and August of 2017.

in the urban core. Laughner et al. (2016) demonstrated that the use of daily vertical profile shapes (instead
of monthly averaged profiles) substantially impacts retrieved vertical column densities for this reason. In
the case of the sea breeze in Boston, we find its spatial extent tends to be smaller than ~20 km, which means
that relatively high resolution inputs must be used to accurately predict the transport of NOx emissions, and
therefore NO, vertical profile shapes, during these conditions.

To examine this hypothesis, we compare the winds from three commonly used meteorological products at
varying resolutions with the winds measured at Logan Airport. Figure 12 compares the 2 or 3 p.m. LT wind
fields obtained from the MERRA-2 (0.5°) and NARR (32 km) meteorological reanalysis products with the
observed wind fields for days that were classified as sea breeze, westerly, or easterly predominant condi-
tions during the summer of 2017. These times were chosen given the temporal resolution of the available
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products because of their proximity to the TROPOMI overpass time while still being in the afternoon when
an inland breeze is most likely to have developed. We note that a coarser MERRA-2 product is used to drive
the GMI chemistry-climate model that produces a-priori inputs for the NASA standard OMI NO, product
(Lamsal et al., 2021), while the operational TROPOMI product used in this analysis uses 1° X 1° TM5 global
model output driven by ERA-Interim reanalysis meteorological fields (van Geffen et al., 2019; Williams
et al., 2017).

Because of their synoptic nature, the westerly and easterly conditions are relatively well represented by
both the MERRA-2 and NARR products. While MERRA-2 produces considerably lower wind speeds than
observed at Logan airport on these days, the majority of winds occur in the correct quadrants and might be
expected to represent NO, movement downwind of the urban core reasonably well. However, on days with
a sea breeze, both reanalyses have difficulty capturing these conditions at this location; of all sea breeze
cases, only 12.5% and 29.2% of winds occur in the correct quadrants for the MERRA-2 and NARR reanaly-
ses respectively. In other words, chemical transport models driven at these resolutions by either reanalysis
product would have NO, emissions from the urban Boston basin moving in the wrong direction during
sea breeze conditions specifically, while more accurately predicting the direction of pollution transport on
otherwise systematically westerly or easterly days. Figure 12 also shows the 12 km NAM analysis product
compared with observations. We find that this 12 km mesoscale analysis does reproduce the horizontal
winds measured at Logan during sea breezes reasonably well (62.5% of the winds in these cases occur in
the correct quadrant), suggesting, at least for horizontal transport of near-surface emissions, that a 12 km
meteorological input may suffice.

In addition to horizontal mixing of emissions, the vertical profile shape of NO, will depend on vertical
mixing. We previously showed that vertical mixing conditions within the basin are unique during westerly,
easterly, and sea breeze days. We find similar problems with the reanalyzed potential temperature profiles
in representing these local conditions (Figure S5). During westerly prevailing days, the evolution of the
boundary layer is well represented, producing a well-mixed layer with an average depth of about 1-2 km
that is consistent with the aircraft-derived observations at Logan. On the other hand, the potential temper-
ature profiles that are observed at Logan Airport on both sea breeze and easterly prevailing days are not
well represented by MERRA-2. Based on the observed potential temperature profiles, we expect sea breezes
would be characterized by steep vertical NO, gradients due to the strong stability near the surface within the
first 300 m in altitude during the sea breeze, with important consequences on the derived air mass factors.

The reanalysis products are not necessarily misrepresenting wind fields at the scale they are meant for;
rather, we are highlighting the fact that flow within and across the Boston basin (over which the majority
of NOx emissions occur) is sufficiently local and complex during sea breezes that these conditions are not
correctly represented by reanalyses products commonly used for operational satellite retrievals. Goldberg
et al. (2017) also noted this problem in their development of a high-resolution NO, retrieval for the Balti-
more-Washington metropolitan area. Our results suggest that 12-km resolution inputs for retrievals (e.g.,
those used in the Berkeley High-Resolution NO, retrieval, Laughner et al. [2018]) may at least capture the
horizontal winds at the surface accurately in our case. Judd et al. (2019) speculated that higher resolution is
needed in some instances of NO, retrievals during sea breeze circulations in Los Angeles. Therefore, while
the operational TROPOMI retrieval uses daily model inputs, which should improve the retrieval overall
compared to using monthly averages, we speculate that a selective systematic error may persist during sea
breezes relative to the westerly and easterly prevailing conditions. Future work could examine whether this
systematic difference is detectable in ground-based evaluations of the operational versus other retrieval
products.

Understanding the implications for capturing the intra-urban differences in NO, could benefit from fur-
ther high-resolution modeling. We note that this issue of misrepresentation due to spatial resolution is not
necessarily unique to processes in coastal areas, but the occurrence and important role of the sea breeze in
selectively determining pollutant distribution, in this case, exacerbates the challenge. Our results provide
additional evidence for the importance of locally or regionally produced research-grade satellite retrievals
(Goldberg et al., 2017; Griffin et al., 2019; Laughner et al., 2018), especially for coastal urban environments,
driven by high-resolution model inputs over the operational retrievals that use coarse inputs. This happens
to be particularly true for Boston, where we find strong sea breeze days are characterized by the highest
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accumulation of local emissions, occur around one-third of summer days, and are well-sampled by satellite
instruments due to favorable cloud conditions.

Finally, we note that the TROPOMI overpass time does not quite coincide with the average timing of peak
sea breeze strength (around 3 p.m.). Future geostationary observations from the TEMPO instrument (ex-
pected to launch in 2022) would collect hourly daytime measurements, providing substantially more insight
into the temporal evolution of NO, if accurate a priori inputs can be acquired. The current generation of
satellite-based O, retrievals does not provide sensitivity to surface level concentrations to allow a similar
investigation, but future observations from TEMPO will benefit from instrumental advantages that should
provide insight into boundary layer O, variability (Zoogman et al., 2017).

4. Conclusions

We perform a climatological analysis of O, and NO, observations in the urban Boston area, a region that
remains on the cusp of violating national O, standards. We specifically characterize the importance of sea
breezes in determining the distribution of local atmospheric pollution. We find that sea breeze days, which
occur around one-third of the days during summertime in this region, tend to experience low background
pollution but an accumulation of local primary emissions and efficient chemical O, production so that
secondary pollutant concentrations are about as high as on days with consistently polluted continental
transport. We add to the literature documenting the presence of steep gradients in secondary pollution in
the vicinity of breeze fronts, which pose a challenge to traditional air pollution monitoring networks in
coastal urban environments. In the case of Boston, these spatial gradients during sea breezes are masked in
the climatological averages.

‘We note general consistency in the representation of the spatial distribution of local primary emissions in
the TROPOMI NO, satellite product with meteorological expectations, but confirm hypotheses that may
imply challenges in providing accurate long-term averages from these observations. Specifically, there is
evidence of a cloud selection bias since sea breeze and westerly conditions tend to be characterized by
lower cloud fractions than easterly conditions, although we establish that this bias is improved with an
increasing spatial resolution of the satellite footprint. We also show that while winds during synoptic-scale
westerly and easterly prevailing days are relatively well represented by common meteorological reanalysis
products with spatial resolutions down to ~30 km, the local winds during sea breezes are not. This confirms
the challenge in providing a priori chemical inputs that are used in satellite retrievals, which require accu-
rate knowledge of chemical transport, and implies the possibility of a systematic error during sea breeze
days compared to westerly or easterly days for pixels over the urban area. These meteorological conditions
must be evaluated in the underlying models. This poses a challenge to operational retrieval products given
the large number and importance of coastal urban areas around the world. Future work will quantify the
magnitude of these potential errors and explore high-resolution modeling and retrieval development. Our
observational analysis will be valuable to future high-resolution chemical transport modeling of the region.

Data Availability Statement

All data used in this analysis are publicly available at the repositories noted in the text. In addition, data used
in this analysis is freely available in the Boston University Institutional Repository, OpenBU, at: https://
open.bu.edu/handle/2144/42891, or by request to the contact author.
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