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Abstract. This study examines the complexity of various  Oscillations in ground-level ozone mixing ratios were ob-
processes influencing summertime ozone levels in the southserved on several nights and at several ground monitoring
ern Great Lakes region of North America. Results from thesites, with amplitudes of up to 40 ppbv and time periods of
Border Air Quality and Meteorology (BAQS-Met) field cam- 15-40min. Several possible mechanisms for these oscilla-
paign in the summer of 2007 are examined with respect tdions are discussed, but a complete understanding of their
land-lake differences and local meteorology using a large arcauses is not possible given current data and knowledge.
ray of ground-based measurements, aircraft data, and sim-
ulation results from a high resolution (2.5 km) regional air-
quality model, AURAMS.

Analyses of average ozone mixing ratio from the entire
BAQS-Met intensive campaign period support previous find-
ings that ozone levels are higher over the southern Grea% - . .
Lakes than over the adjacent land. However, there is grea eterm!nlng many aspects of coastal enywonments, gnd ar
heterogeneity in the spatial distribution of surface ozone ove|quallty in particular. Air pollutants levels in coastal regions,

the lakes, particularly over Lake Erie during the day, with tha_t h?'d a large part ththe world's p(:erJ]Ianon etl)l_on% W'ftfh
higher levels located over the southwestern end of the lakeSMISsion sources, are the outcome of the combined effect
f several factors, such as long-range transport, short-range

Model results suggest that some of these increased ozone ley o , o
eﬁansport, local emissions, photochemical activity, and sur-

els are due to local emission sources in large nearby urbal e Banta et al.. 2005). While th in drivi
centers. While an ozone reservoir layer is predicted by th ace properties (Banta et al., )- lie the main driving

AURAMS model over Lake Erie at night, the land-lake dif- force of the breeze winds is the time-varying temperature dif-
ferences in ozone mixing ratios are most pronounced durin erence hetween land and seallake, other factors have heen

the night in a shallow inversion layer of about 200 m above hown to interact with these winds, such as large-scale syn-

the surface. After sunrise, these differences have a IimiteoOptic flow (e.g., Oh et al., 2006), the urban heat island (e.g.,

effect on the total mass of ozone over the lakes and land durQhaShi and Kida, 2002), vicinity to a mountain ridge (e.g.,

ing the day, though they do cause elevated ozone levels in thb'“I and Tur_co, 1994), curvature of the shoreline (e.g., Alpert

lake-breeze air in some locations. fand Getenio, 1988; Levy et a_l., 2008b), and other topograph-
The model also predicts a mean vertical circulation duringIcal features such as vegetation, Ia|_1d use ant_j land COVer.

the day with an updraft over Detroit-Windsor and downdraft The efiect of sea/lake breeze winds an air pollution has

over Lake St. Clair, which transports ozone up to 1500 mP€en shown in many locations around the world, such as
above ground and results in high ozone over the lake. Athens (e.g., Kallos et al., 1993; Kambezidis et al., 1998),
the Iberian peninsula (Millan et al., 2000); southern France

(e.g., Lasry et al., 2005); Israel (e.g., Alper-Siman Tov et al.,

Correspondence tal. Brook 1997; Levy et al., 2008a); Taiwan (e.g., Cheng, 2002; Liu
BY

(ieff.brook@ec.gc.ca) et al., 2002); Korea (Oh et al., 2006), southwestern British

1 Introduction

and and sea/lake breeze winds play an important role in
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Columbia (Brook et al., 2004), and Los Angeles (Lu and over and near the lake in particular. The study region is sit-
Turco, 1994, 1995). The large populations living in these uated between two of the Great Lakes, Lake Erie and Lake
coastal cities are often exposed to high pollution levels dueHuron, and a third, smaller lake, Lake St. Clair (see Fig. 1).
to higher emissions and may experience greater health imThis paper describes some of the results from this study that
pacts due to higher chronic exposures accentuated or eveare related to ozone levels over Lake Erie and Lake St. Clair.
induced by the complex local meteorology. Thus, this mete-First, average ozone mixing ratios from ground-level mea-
orology can lead to more complex yet potentially repeatablesurements and from the AURAMS regional air-quality model
exposure patterns. are examined in time and space. Then, a case study is pre-
The impact of the North American Great Lakes on pollu- sented to illustrate the influence of local meteorological cir-
tion levels has been studied since the 1960’s (e.g., Mukameulations driven by the southern Great Lakes on air qual-
mal, 1965; Lyons and Cole, 1973, 1976; Anlauf et al., 1975;ity. Included in the analysis are measurements from a meso-
Keeler et al., 1990; Sillman et al., 1993; Dye et al., 1995; network, a chemistry supersite, an instrumented aircraft, an
Hanna and Chang, 1995; Hastie et al, 1999; Cooper et alinstrumented ferry, an instrumented buoy, and a tethersonde.
2001, Fast and Heilman, 2003, 2005). These multi-year ob- The goal of this paper is to elucidate the complexity of
servations combined with model output suggest that ozone isarious processes influencing summertime ozone levels in
systematically higher over the lakes. Dye et al. (1995) anathe southern Great Lakes region of North America. More
lyzed observations from the Lake Michigan Ozone Study inspecifically, it examines the spatio-temporal variability in
1991, and found the highest ozone concentrations occur ithe levels of surface ozone and related air pollutants, with
a shallow and cool conduction layer over the lake. Ozonerespect to precursors emission sources, regional- (synop-
precursors emitted during the night and early morning weretic) and local- (land-lake breeze) scale meteorology, differ-
trapped in this shallow layer of cool and stable air over theing processes over land and water, and the vertical structure
water to react and produce high concentrations of ozone duref ozone. The analyses, which are unique in the extent to
ing the day. Hastie et al. (1999) reported increases of 30 ppbwhich detailed measurements and model applications have
in ozone levels measured in air masses arriving with the Lakéreen combined and interpreted, provide insight regarding the
Ontario lake-breeze front, measured at two ground stationgehaviour and significance of the elevated ozone levels over
north of the lake and from an aircraft. The authors postu-the complex coastal environment.
late that the origin of these polluted air masses is emissions
from source areas that are entrained over the lake by the
land breeze at night. Fast and Heilman (2005) used the PE2 Datasets
GASUS air-quality model to evaluate ozone levels over the
Great Lakes region for two summers (May—September 1999 he BAQS-Met field campaign was conducted during the
and 2001). Ozone exceedances above 60 and 80 ppbv weseimmer of 2007 to study the effect of mesoscale meteorol-
found to be higher on average over the southern Great Lakeggy on air pollution in the southwestern Ontario. Figure 1
than over land. Similar findings were published by Cappsprovides an overview of the study area and measurement sta-
et al. (2010) for a 14-day period in August 2002 using thetion locations used in this paper. In addition to routine air-
CMAQ air-quality model. quality monitoring stations operated by the Province of On-
The magnitude of the land-lake differences in ozone aretario (Thermo Scientific instrumentation with ozone logged
not well characterized due to a lack of routinely available at 1 min resolution) and the State of Michigan (1 h resolution
pollutant data of fine spatiotemporal resolution. For exam-for ozone), spatial detail was enhanced by deploying a meso-
ple, Hastie et al. (1999) reported that ozone levels rangedietwork of ozone and meteorological instruments. This was
from 60 ppbv to 100 ppbv over Lake Ontario during mea- in operation before, during and after the intensive observing
surements with an instrumented aircraft on 26 August 1993eriod of the study (20 June to 10 July) to obtain 1-5min
around noon, while NQranged from 1.5 ppbv to 6 ppbv. In time-resolved measurements for the late spring to late sum-
a subsequent flight about one hour later, ozone levels werener period. Ozone mixing ratios at the meso-network sites
within the same range, but the location of the maximumwere measured using low-power monitors from 2B Tech-
ozone had changed, suggesting that both spatial and tempoologies (Model #202). Ozone instruments were also in-
ral changes, perhaps related to advection patterns, play astalled on a buoy in Lake Erie and on a ferry operating in
important part. Lake Erie between Leamington and Pelee Island (Thermo
During the Border Air Quality and Meteorology (BAQS- Scientific instrumentation with ozone logged at 1 min reso-
Met) study, which took place in summer 2007 in southwest-lution).
ern Ontario, Canada, a comprehensive suite of air-quality and Additional detailed chemical measurements were made
meteorological measurements were made from both fixedvith research-grade instruments at three chemistry super-
and mobile platforms in order to study air pollutant trans- sites (Harrow, Bear Creek, and Ridgetown) which operated
port and transformation in relation to lake and land breezedor the intensive period (e.g., Stroud et al., 2010). These
and to gain more insight into the nature of the high ozonesites used instruments from Thermo Scientific to measure
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Fig. 1. Map of study region, indicating (left) model analysis sub-domain and the locations of chemistry supersites (BEC — Bear Creek, XRG
— Ridgetown, HAR — Harrow), monitoring stations, buoy (ECO), ferry route, and main urban areas (gray shaded regions), and (right) the
2.5-km AURAMS model domain and larger setting. LSC marks Lake St. Clair; LH marks Lake Huron, and LO marks Lake Ontario.

O3 (Model 49C), SQ (Model 43C), CO (Model 48 TLE) mosphere during BAQS-Met that is not possible with mea-
and NO/NQ (Model 42C). A standard chemiluminescence- surements. Recognizing the model is imperfect, an attempt
based NO/NQ instrument (Thermo Scientific Model 42C) is made in this paper to use the model predictions in conjunc-
was modified in-house to conduct continuous measurementson with available measurements so as to provide broader in-
of NO, NO; and NG, with 1 min time resolution. Gas phase sight in a manner that accentuates the model strengths (e.qg.,
volatile organic compounds were measured at Harrow withlong term average fields as opposed to specific measurement
5 min resolution by an lonicon Proton Transfer Mass Spec-periods) and provides complementary information that helps
trometer (PTR-MS) (Gouw and Warneke, 2007). An instru- to interpret the measurements. Our focus here has not been
mented Twin Otter aircraft was also deployed for approxi- to evaluate the model (cf. Makar et al., 2010a, b) but to use
mately 30 h of flight time measuring gas and particle phasdt to help understand the conditions in the region, in light of
pollutants as well as meteorology at a 1 s time resolution.available measurements. Nonetheless, the reader needs to be
These measurements are described in detail in Hayden etware that what is displayed in several cases is model output
al. (2010). At the Ridgetown supersite, a Vaisala Tether-and we have tried to make this distinction clear in the text.
sonde system consisting of three ECC ozonesondes from ScModel output was analyzed with the open-source statistical
ence Pump (model 6A) and tethered meteorological sondelanguage R (RDCT, 2009) and visualized with the Unidata
(model # TTS111/RSS911) made measurements from théntegrated Data Viewer (IDV) (Murray et al., 2003).

surface up to about 1000 m above ground level (a.g.l.) on  pjymal averages of measured ozone were calculated at 11
multiple days during the period. rural sites and 6 urban sites, as well as for the Buoy and Pelee
To better understand the BAQS-Met observations, outpuisland sites in Lake Erie (shown in Fig. 1, listed in Table 1).
from the GEM/AURAMS regional air-quality modeling sys- For consistency between different sites, averages were calcu-
tem (Cho et al., 2009; @@ et al., 1998; Makar et al., 2009), |ated for the Buoy operational period only (26 June—10 July
which was run with three nested grids with 42, 15 and 2.5km2007). Diurnal averages were created by calculating 2-h run-
horizontal grid spacing (Fig. 1), are also analyzed in this pa-ning averages of ozone on a 1-min basis (1-h for Michigan
per. A more detailed description of the model set up andsites) for each site during the entire period, then averaging
a comprehensive evaluation of the model's performance folby time of day for each site. The 2-h period was selected

BAQS-Met is given by Makar et al. (2010a, b). for consistency with Michigan sites. Composite diurnal av-
The main purpose of the model applications presented hererages were then obtained by averaging over sites grouped
was to obtain a more detailed interpretation of the pollutantby type, i.e., rural and urban, as described in Table 1. Di-
behavior in the study region and to assess the prevalencernal change rates in ozone concentration were calculated
and/or validity of the commonly observed and modeled highby hour as the difference between the averages of two con-
ozone levels over the lakes. Although the model has lim-secutive hours. Also, the AURAMS predicted ozone levels
itations, it also has unique value in providing a complete,for the near-surface layer during the buoy operational period
physically-consistent, four-dimensional description of the at-were extracted over a relevant analysis sub-domain around
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Table 1. List of sites used for ozone analysis.

Name Abbreviation  Type Latitude Longitude  Network
Palmyra PAL Rural 4226.523N 81°44.370W MESONet
Croton CRO Rural 4236.571IN 82°04.812W MESONet
Sombra SOM Rural #21.780N 82°25.781W MESONet
Paquette Corners PAQ Rural “42.717N 82°57.922W MESONet
Leamington LEA Rural 4204.12IN 82°36.826W MESONet
Wheatley WHE Rural 4207.978N 82°23.731W MESONet
Lighthouse Cove LIG Rural #47.499N 82°31.343W MESONet
Essex ESS Rural 4P9.600N 82°50.000W OME!
Ridgetown (Supersite) XRG Rural 427.200N 81°53.268W OME
Harrow (Supersite) HAR Rural 4P1.978N 82°53.603W EC?, OME
Bear Creek (Supersite) BEC Rural °@2.153N 82°23.352W OME
Pelee Island PEI Lake  246.767N 82°40.220W OME
Lake Erie Buoy ECO Lake  #D2.003N 82°59.006 W IADN3
Windsor Downtown WND Urban 428.983N 83°02.664W OME
Windsor West WNW Urban 427.567N 83°04.400W OME
Allen Park ALP Urban 4213.700N 83°12.000W MI4
Detroit DET Urban 4218.250N 83°06.000W Ml

Oak Park OAK Urban 427.784N 83°10.998W Ml

Warren WAR Urban 4230.800N  83°00.000W  MI

1 OME - Ontario Ministry of the Environment;

2 EC — Environment Canada;

3 JADN - Integrated Atmospheric Deposition Network;
4 MI — Michigan State

southwestern Ontario, Lake St. Clair, Detroit, and the north-were combined for comparison with and to further support
western quadrant of Lake Erie (Fig. 1), and model grid cellsthe buoy and Pelee Island measurements. Although differ-
were grouped by different surface type (i.e., rural, lake, andences in ozone concentrations between land and lake were
urban). suggested in previous studies, this is the first time a detailed
Throughout the paper, Eastern Daylight Time (EDT) is diurnal pattern and change rate are available at high temporal
used to present the data, which is one hour ahead of Eastesolution and compared between lake, rural and urban sites.
ern Standard Time (EST) and four hours behind Coordinated Figure 2 shows the averaged ozone diurnal pattern (2a) and
Universal Time (UTC). change rates (2b) measured at the different site types, as well
as the average ozone diurnal pattern (2c) and change rates
(2d) predicted for various surface types for the same period
by the AURAMS model. The nighttime (00:00-06:00 EDT)
ozone mixing ratio over the lake (buoy) i85 ppbv higher
than the Pelee Island site;15 ppbv higher than the rural-
site average, and close to 25 ppbv higher than the urban-site
To examine the diurnal behavior of ground-level ozone overaverage. At 10:00 EDT, average ozone levels at the rural and
the lakes as compared to land, 2-h averages of ozone angrban sites match those of the buoy. Higher ozone concentra-
their hourly change rates were calculated for the Buoy (repretions over the lake at night are due to a lack of fresh NO emis-
senting the lake), Pelee Island (representing lake influencedions, particularly in comparison to urban areas, and lower
conditions), and the groups of 11 rural and six urban sitesdeposition rates to water surface than land surfaces (e.g., Dye
(Fig. 2). Ozone measurements over Lake Erie were alset al., 1995; Sillman et al., 1993). Examination of the morn-
made by a monitor installed for BAQS-Met on the Leam- ing (09:00 EDT) rate of increase in ozone at the buoy, shown
ington — Pelee Island ferry, but due to its routine move-in Fig. 2b, indicates that it is slower over water than over
ment it was not possible to compute relevant diurnal averdand (e.g., 1.5 vs. 3.4, 5.8, and 7.5 ppbvhfor the buoy,
ages. The ferry measurements were therefore averaged Belee Island, rural, and urban sites, respectively). These dif-
trip times (approximately 90 min for each trip), for four sail- ferences are due to greater vertical mixing over land which
ings that were scheduled for the same departure times on atjuickly replenishes the ozone at the surface in the morning,
weekdays (Fig. 2a). Thus only its over-lake measurementparticularly over the urban areas where ozone experiences

3 Results and discussion

3.1 Diurnal pattern of surface ozone
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Fig. 2. (a)2-h running averages of surface ozone for the Buoy, Pelee Island, rural-site composite, urban-site composite, and the average of
ferry measurements for trips scheduled on all weekdg@)s;unning change rate between two consecutive hours of the measurecilata;
AURAMS diurnal averages at surface level over the 2.5-km grid sub-domain in Fig. 1 grouped by lakes, land and urbét) anea#g

change rates between two consecutive hours of the model data.

the greatest depletion at night. This behavior suggests thatuild-up rates of 2.7 and 6 ppbvh over lake and land sur-
the nighttime differences between lake and land are limitedfaces, respectively, at 09:00 EDT. Urban areas (i.e., mainly
to a shallow layer above the surface since within a few hourdetroit) over the modeled region show a higher build-up rate
after sunrise mixing from aloft results in a minimum in spa- of 10.8 ppbv ! in the morning (10:00 EDT) compared to
tial variability in surface ozone from 10:00-11:00 EDT. the maximum rate of 7.5 ppbvth measured at the urban

Previous studies have shown that the break up of the sursites an hour earlier, as well as faster loss rates at night
face inversion and vertical mixing with the ozone residual (—13ppbvh* at 20:30 EDT) compared to measurements
layer aloft has a significant impact on morning build up of (—6ppbvir! at 21:00 EDT). These differences might be
ground-level ozone, whereas photochemical production produe, at least in part, to the six urban sites being located at
cesses augment surface ozone levels later in the day (Zharfyf close to the city center, which are thus more influenced
and Rao, 1999). Zhang and Rao (1999) found comparaby traffic NO, emissions compared to the part of the model
ble summer mean ozone build-up rates at a rural site, witflomain that is assigned to the “urban” group (cf. Fig. 1).
the highest rates«(6.5 ppbv t1) at 10:00 EDT, compared to From 23:00 to 06:00 EDT Fig. 2b shows a general trend
10 ppbvir! at 11:00 EDT at an urban site in New York City. of decreasing measured ozone loss rates. In contrast, the
Kleinman et al. (2002) used a chemical box model to esti-model predicts an almost constant loss rate with a magni-
mate ozone build-up rates at five large cities in the Unitedtude of about 2 ppbvht. The result of these differences in
States. The authors found the highest rates of 11.3 ppbvh nighttime change rates is lower predicted ozone mixing ra-
in Philadelphia, PA and Houston TX, compared to 6, 4.3,tios in the morning (06:00 EDT) compared to measurements.
and 3.5 ppbv hl in Nashville, TN, New York City, NY, and  These lower model values at sunrise are then compensated by
Phoenix, AZ, respectively. In this study over southwest- higher predicted versus measured change rates in the morn-
ern Ontario, measured rates of change of ozone mixing raing, particularly over rural (8 vs. 6 ppbvh, respectively)
tio at the urban sites (Fig. 2b) are between 8 ppbV (at and urban (11 vs. 8 ppbv, respectively) areas. As a re-
09:00 EDT) and-6 ppbv i1 (at 21:00 EDT). sult, the predicted daily maxima in the afternoon are higher

To compare the measured diurnal cycles of ozone to thoséan measured for urban areas (63 vs. 50 ppbv, respectively),
predicted by AURAMS, an analysis sub-domain of the 2.5-but are in good agreement for rural area$8 ppbv).
km model grid was selected over the study region (Fig. 1). Given the limited ability to obtain systematic three-
The AURAMS mean ozone diurnal pattern for the lakes ver-dimensional measurements, particularly over the lakes, and
sus land surfaces in the region (Fig. 2c, d) is similar toafter showing reasonable agreement between measured and
the measurements, with~al5 ppbv difference at night and predicted average ozone levels near the surface in the study
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Fig. 3. Mean AURAMS model output showing time-height cross-sections for the sub-domain shown in Fig. 2, sorted by surfaeg type:
rural; (b) lake; and(c) urban. Differences are shown betwee rural and lake(e) rural and urban, an(f) urban and lake surface types,
with the red frames in the middle panels marking a higher-resolution cross-section for midnight-noon up to 240 m a.g.l. shown(@),panels
(h) and(i), respectively.

region in Fig. 2, the AURAMS output was examined to gain decrease to 4 ppbv at 100 m (Fig. 3g). A detailed case study
more insight into the vertical structure of ozone over the dif- presented in Sect. 3.3 presents observations confirming this
ferent surface types of rural, lakes and urban and to examingertical structure and further detailing its impact on observed
the suggestion that higher ozone levels over the lakes are limsurface ozone. The largest contrast in the time-height cross
ited to a shallow layer above the surface. Time-height crossections is between the urban and lake surface types (Fig. 3f
sections extracted from the AURAMS mean hourly ozoneand i) near the surface at night (21:00-04:00), with the urban
fields for the buoy operational period (26 June—10 July), av-area being 14-20 ppbv lower than the lakes, in good agree-
eraged further over the three surface types in the sub-domaiment with observations shown in Fig. 2a, of about 25 ppbv
are displayed in Fig. 3a—c. While overall relatively small difference between the buoy and urban sites at night. These
differences are predicted throughout much of the vertical do-nighttime differences are the result of two loss mechanisms
main between the rural and lake surface types (Fig. 3a andear the surface that act at different intensities over land and
b, respectively), not surprisingly, the model produces lowerover the water. First, greater N@missions over land (and
ozone levels over the urban areas within about 200 m of thever urban areas in particular) result in stronger ozone titra-
surface at night. In contrast, according to the model there aréion. Second, ozone has higher deposition velocities over
considerably higher levels within the lower 1500 m over the land than over water. Adding to these mechanisms is the in-
urban areas during the day (Fig. 3c). creased vertical stability over land due to radiative cooling of
Quantitative model estimates of the differences in the verthe surface that prevents vertical exchange and ozone replen-
tical structure of ozone between different surface types igshment from aloft.
shown in Fig. 3d—f, together with a closer examination of
the lowest vertical levels (outlined with the red frames in 3.2 Spatial pattern of mean ozone
Fig. 3d—f) shown in Fig. 3g—i. Confirming the interpretation
of Fig. 2 above that the significant land-lake differences areThe scarcity of continuous (in time and space) air pollu-
limited to a shallow layer, Fig. 3d shows small differences tion observations over the Great Lakes generally reduces
(less thant2 ppbv) in ozone levels over land vs. lake at the the examination of their spatial distribution to short term
200-1500m levels in the early morning. Near the surfacefield campaigns where multiple monitors are used around
however, differences are as high as 10-12 ppbv, but rapidlyhe lakes (e.g., Fast and Heilman, 2005), and/or from aircraft
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measurements are taken above the region (e.g., Hastie et abn the Canadian side are allocated along the main shipping
1999). In an attempt to bridge this gap and examine the spalane (see Makar et al., 2010b). At the same time, over Lake
tial distribution of ozone over the study region, ozone mix- St. Clair the predicted high ozone levels of about 70 ppbv
ing ratios from AURAMS for the entire 23-day BAQS-Met extend up to 1500 ma.g.l. following the vertical extent of
intensive observing campaign (20 June—10 July) were calcuthe coupled lake and urban circulation (Fig. 4c4). In the
lated. The spatial distributions of mean surface ozone mix-evening (21:00 EDT) while ground-level ozone is reduced
ing ratios for different times of day are shown in Fig. 4a. over land, itis 10-15 ppbv higher over Lake Erie, up to about
Modeled surface ozone mixing ratios are higher over the2000 ma.g.l. This difference is noticeable through the night
lakes as compared to their surroundings at all times of dayand until early morning in the model output and is due to dif-
(Fig. 4al), but the difference is more pronounced at nightferences in the rate of surface deposition of ozone between
with 10-15 ppbv difference between 21:00 and 06:00 EDT.land and water, the increased impact of NO titration of ozone
This result is consistent with the actual measurements showafter sunset over the land, and the decrease in ozone vertical
in Fig. 2a. However, the output from AURAMS indicates exchange over land at night, as mentioned earlier.
that ozone levels are not homogeneous over Lake Erie. This Predicted high ozone levels are also noticeable near the
difference is most pronounced over the south-central part oburface during the day over the larger metropolitan areas of
Lake Erie (between Cleveland and Wheatley), where duringDetroit and Cleveland (Fig. 4a4), with values going from
the study period daily mean ozone levels reached a high 085 ppbv at the downtown areas (e.g., point E at the cross
about 50 ppbv, compared to 41 ppbv in southwestern Ontariosection in Fig. 4a4) to above 60 ppbv in the cities’ outskirts.
Note that particularly low ozone mixing ratios of 20—30 ppbv Unlike the high ozone predicted close to the surface of Lake
are predicted over the urban regions of Cleveland and DeErie mentioned earlier, the high values over land extend up to
troit, where emission levels are typically higher. It should about 1500 ma.g.l. (Fig. 4b4), corresponding to the vertical
also be noted that mean ozone mixing ratios over Lake Hurorextent of the modeled breeze circulation cell, with rising air
are lower than over Lake Erie. With the southwestern endover land and descending over the lakes (Fig. 4c4). However,
of Lake Erie being ringed by the urban centers of Detroit, the high values over the lake are more widespread compared
Toledo, and Cleveland (Fig. 1), this suggests that proximityto the cities, particularly over the southwestern and central
to pollution emission sources is also an important factor. Fasparts of Lake Erie, though emission sources over the water
and Heilman (2005) presented a similar finding for Lakesare not high.
Erie and Huron in their modeling results. It is interesting to note that during the night, low ozone
Figure 4 also shows a vertical cross section between thenixing ratios predicted over Detroit extend to hundreds of
surface and 3000 ma.g.l. of ozone (4b) and vertical windmeters above the ground (at 00:00 EDT over point B in
(4c) along a transect across Lake St. Clair and Lake ErieFig. 4b2), while over Cleveland the titrated layer is shallower.
marked A-F in Fig. 4. The simulated mean ozone crossThis difference in the vertical extent of ozone titration could
section shows a reservoir layer persisting after 21:00 EDThe explained in part by the vertical motion produced by the
(Fig. 4b5), centered between 600 and 1000 ma.g.l., ovemodel over Detroit and over the adjacent part of Lake St.
Lake Erie and Cleveland. At the start of the overnight pe- Clair at this time (over point B in Fig. 4c2). However, similar
riod (i.e., 00:00 EDT) the model suggests that higher ozoneyertical flow is also predicted over Cleveland (Fig. 4c2 over
levels over Lake Erie are not limited to the lowest layers, butpoint E), without a similar effect on ozone above the surface.
extend to about 1500 ma.g.l. By early morning (06:00 EDT) Additional measurements are needed to be able to determine
the modeled differences over land and over the lakes arghe extent to which these features and city-to-city differences
much reduced and are limited to a shallow layer of less tharbccur and their implications on the local air quality.
200ma.g.l. In contrast, above about 500 m at this time the
horizontal variation in ozone is small, with no apparent lake-3.3 Case study: 6—7 July 2007
related features. The main differences in the early morning
are over the large emission areas (Cleveland and west of Lakéhe analyses in the two previous subsections have exam-
St. Clair) due to ozone titration by NO that is emitted into a ined the average temporal and spatial patterns of ozone in
shallow nocturnal surface layer. the study area for the BAQS-Met intensive observing period.
After noon, when photochemical production is peak- In order to fully understand the complex influence of local
ing, the modeled higher ozone over the lake (60—70 ppbvterrain-driven circulations in this area, however, it is neces-
~10ppbv higher than over land, Fig. 4b4) is limited to a sary to consider a day-specific case study. Based on a re-
shallower layer of about 100 m over Lake Erie. This is mostview of the BAQS-Met air-quality and meteorological mea-
evident over the US side of the lake, while on the Canadiansurement data, the 6—7 July period was identified as being
side, ozone mixing ratios are lower (50-60 ppbv). This pat-an interesting example of the impact of local circulations
tern is likely related to the assumed spatial distribution inassociated with lake and land breezes on the time evolu-
emissions over the lake, where emissions on the US sidéion and spatial distribution of ozone and other pollutants.
are spread over the southern part of the lake while emission$he following paragraphs describe this period focusing on
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Fig. 4. Mean AURAMS model output showin@) mean ground-level ozoné)) mean ozone cross sections (ppbv), &idnean vertical

velocity (ms™1) for all 24 h (a1, bl and c1) and selected times (00:00, 06:00, 14:00 and 21:00 EDT, a2-5, b2-5 and c¢2-5, respectively),
calculated for the entire 23 days of the intensive campaign (18 June—10 July 2007). Cross sections are along transect A-F marked in (a), with
contour intervals of 2 ppbv for ozone and 0.01 1 $or vertical velocity.

conditions at the Harrow supersite, which is located 30km The meso-analysis shown in Fig. 5a for 6 July 12:00 EDT
southeast of the Detroit-Windsor urban complex (see Fig. 1)suggests that a portion of the Lake Erie lake-breeze front
The Harrow area is affected by both Lake Erie and Lake St(marked A and Al in Fig. 5a) had just formed on the north-
Clair, as well as Detroit-Windsor. Measurements are alsowestern and western shores and was moving inland and
presented from additional surface sites, the Twin-Otter air-northward south of Harrow. By 20:00 EDT (Fig. 5b) this
craft, and the Ridgetown tethersonde to obtain a more comlake-breeze front had passed over Harrow, reached the south

plete understanding of this case. shore of Lake St. Clair and stretched from Windsor to the
southeast corner of Lake St. Clair. At this time a large part
3.3.1 Meteorology of extreme southwestern Ontario was experiencing southerly

) winds under an air mass that originated over Lake Erie, while
A high-pressure system approached the BAQS-Met study,qiherly winds were prevalent over the reminder of the do-

area from the west on 6 July, and passed south of the study r¢5in  The lake-breeze flow was moderately deformed by
gion from SWto S on the 7th. The ridge passage caused thg,e synoptic winds so that lake-breeze fronts did not form
light to moderate synoptic flow to shift from northwesterly 5. the downwind side (south shores) of the lakes (Sills et

on 6 July to westerly on 7 July in the morning. In addition, al., 2010). At 20:00 EDT on 6 July, the portion of the Lake

as shown in Fig. 5, superimposed on these synoptic featuregyje |ake-breeze front that stretched from Windsor and to the

during this period were lake-induced winds and their associ- ,ih (marked A2 in Fig. 5b), was retreating eastward to-

ated sequence of mesoscale lake-breeze fronts. The positio)s;4s Harrow as the synoptic flow had swung around from
of these fronts, which were determined for every hour of each, o vesterly to westerly. A few hours later at 00:00 EDT on
day during BAQS-Met (Sills et al., 2010), were based upony jy 4 third lake-breeze front had almost reached Harrow
multiple information sources including the meso-network, fqm the northeast, this time generated earlier in the day at
routine meteorological observation stations, and satellite anghe southern end of Lake Huron (marked B in Fig. 5b and c).
radar images. Thus, during this period of less than a day, the detailed
analysis of the meteorological conditions, enabled by de-
ployment of the meso-network, revealed that air was trans-
ported to SW Ontario first from the northwest, then the south,
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) 6 July 2007 12:00 EDT| b) 6 July 2007 20:00 ED

2

4 4 4 4 Lake Breeze Front * AQ Sites T S SR TR ST S T ]

Fig. 5. Breeze-front locations on 6 July &) 12:00 EDT andb) 20:00 EDT, and 7 July gt) 00:00 EDT andd) 14:00 EDT.

then the west, and then the northeast, as can also be seenand NG)) and the toluene-to-benzene ratio (TBR, Fig. 6¢)
the wind measurements at the Harrow site (Fig. 6a). In adfor 6—7 July. Also shown is @at three BAQS-Met sites
dition, this analysis showed that size and location of the landeast of Harrow (Wheatley, Leamington, and the Lake Erie
area impacted by the “Lake Erie influenced air” changed con-buoy, Fig. 6d; see Fig. 1 for locations) for 6—7 July. AsNO
tinuously during the day and both Lakes St. Clair and Huronmeasurements from the supersite were not available for the
played a role in the mesoscale patterns as they evolvednorning of 6 July, measurements taken by the co-located in-
These relatively dramatic meteorological changes provided atrument operated by the Ontario Ministry of Environment
unique opportunity to examine in detail how these large lake§OME) are presented in Fig. 6. Toluene and benzene mea-
influence ozone and other air pollutants. Insights gainedsurements from the PTR-MS were used as one measure of
through such analyses provide additional measures for evakthe photochemical age of the air masses affecting the site
uating the capabilities of the high-resolution GEM and AU- (Roberts et al., 1984). Since both species are emitted from
RAMS models and for better assessing the true nature of thanthropogenic sources (mostly vehicle exhaust), and toluene
higher ozone occurring over and near the lakes. The discuds approximately four times more reactive with OH radicals,
sion below will thus focus on how the chemical character-the lower the toluene/benzene ratio the more aged the air
istics of the air masses changed with the lake-breeze-froninass is. A ratio of about 4 indicates a freshly emitted air

transitions described above and in Sills et al. (2010). mass, while a ratio of about 1 marks an air mass emitted ap-
proximately 1-2 days earlier (Vlasenko et al., 2009). Below
3.3.2 Air pollution is a description of the different air masses identified during

the 40 h period of 6 July 08:00 EDT to 8 July 00:00 EDT of
Figure 6 shows concurrent time series from the Harrow suthe case study. For better clarity, certain time periods are
persite of wind speed and direction (Fig. 6a}, 8%, and marked in Fig. 6 in numbers (1-11) and referenced in the
CO mixing ratios (Fig. 6b), nitrogen oxides (NO, NONO,  following text as different stages.
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Fig. 6. Measurements from 6—7 July includin@) wind speed and direction at Harrog) O3, CO and SQ mixing ratios at Harrow(c)

NO, NO,, NO; and NG, as well as toluene-to-benzene ratio (TBR) at Harrow; @hds at three additional sites (Wheatley, Leamington,

and the Lake Erie buoy). Thick gray vertical lines mark the times of the first two lake-breeze frontal passages at Harrow, marked Al and A2.
Numbering (1-11) refers to the different stages detailed in the text.

Stage 1 (08:00-10:05 EDT): a NNW flow (Fig. 6a) brings tio between ambient levels of two species and therefore not
relatively fresh pollution to Harrow in the early morning sensitive to changes in mixing height, suggests this air mass
hours, with CO levels of 400 ppbv, NO of 5ppbv and NO had also undergone more photochemical processing.
of 20 ppbv. The high TBR of almost 3 and a wind speed of ~Stage 3 (12:50-13:25EDT): the Lake Erie lake-breeze
about 3-5ms' (11-18km hr) from the NNW supportthe  front passing at Harrow at 12:50 EDT (marked Al in Fig. 6
assumption that these are polluted air masses arriving in apetween Stages 2 and 3) causes an abrupt change in wind di-
almost direct route from the Detroit-Windsor area. rection from northwesterly to southerly and an increase in

Stage 2 (10:05-12:50EDT): a sharp drop of aboutwind speed from 5 to 7nts. The frontal passage coin-
200 ppbv in CO mixing ratios at 10:00 EDT, along with sig- cides with a sharp drop in ozone, a dramatic increase ipn NO
nificant changes in ozone, SONO and NQ mark a differ-  (from 7 to 21 ppbv), NO (from 1 to 3 ppbv), NQ(from 3
ent air mass. This air is more photochemically aged, as seeto 13 ppbv), and the TBR rises, which are all indicative of
by the lower TBR of 2.3-1.5, and with the winds having a a fresher air mass. Indeed Fig. 6b shows that CO also ex-
more easterly component (wind direction of 024big. 6a),  perienced an abrupt jump, from 202 to 491 ppbv, ang SO
suggests an air mass that followed a longer path from Deincreased from 0.2 to 5.6 ppbv. During Stage 3 there is also a
troit to the east (i.e., north of Harrow) in the morning and rapid recovery in the ozone mixing ratio after the drop. This
now arrives at Harrow from the north, allowing more time is either due to a change in its build-up rate from 18 ppidhr
for photochemical activity. Increases in mixing height due to in Stage 2 to 25 ppb htt as a result of the availability of pre-
the surface heating at this time, would also contribute to thecursors and/or spatial heterogeneity in this new air mass with
above mentioned decrease in primary pollutants. However;pools” of higher NO locally destroying ozone, which would
the decrease in TBR at that time (from 2.3 to 1.5), being a ra-have been the cause of the drop at the start of Stage 3.
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Stages 4 (13:25-13:50EDT) and 5 (13:50-15:10 EDT):station at Lighthouse Cove (LIG in Fig. 1) experienced its
during the short time period labeled as Stage 4 the wind conpeak ozone at-20:00 EDT just after the front (A) passed
tinues to blow from the south, ozone increases more slowlyover, thus confirming the existence of higher ozone in this
and there are small decreases in CO, N8O, and NO. air mass, which covered a distinct area of about 2000 &m
These variations, as well as the observations during Stage 20:00 EDT.
tend to indicate that there was considerable spatial hetero- Stage 8 (19:10-20:35EDT): as the retreating Lake Erie
geneity in the air mass behind the lake-breeze front. Thdake-breeze front passes Harrow for the second time from
peak in S@ during Stage 5, which is about 10 ppbv higher west to east (marked A2 on Fig. 5b and on Fig. 6) there
than the peak in Stage 3, and the maximum CO mixing ratiowas a large drop in ozone of 40 ppbv in 35 min (between
near this time further suggest that this fresh air mass con19:50-20:25 EDT, Fig. 6b). This is accompanied by changes
tained a complex, variable mixture of primary pollutants.  in other species, as well as wind speed and direction, and is

The second intrusion of relatively fresh emissions at Har-hypothesized to be the result of complex three-dimensional
row starting Stage 5 is surprising given the apparent originflows in this frontal zone. This complexity is further indi-
of the air over Lake Erie. The wind directions over the re- cated by the dramatic oscillation in ozone, dropping first by
gion during the morning hours, however, suggest that thisabout 10 ppbv, then rising by 25 ppbv, and then halving from
air mass likely originated near Detroit-Windsor. With NNW 80 to 40 ppbv. A detailed description of the meteorological
winds in the early morning these urban/industrial emissionsand pollutant changes across lake-breeze frontal zones in this
could have followed the Detroit River traveling to the area region is given in Hayden et al. (2010), based on BAQS-Met
of Lake Erie south and west of Harrow. Then this “pool” measurements taken at multiple heights on board the Twin
of relatively fresh emissions would have been transportedOtter aircraft.
northward across Harrow (at 12:50 EDT) into extreme south- Stage 9 (20:35-07:40EDT): after the front (A2) passes
western Ontario behind the advancing lake-breeze front. Theast of Harrow, a westerly synoptic flow develops over the
amount of temporal variability in the pollutant levels after SW Ontario region. Wind speeds during this overnight pe-
the frontal passage (Stages 3, 4 and 5), which were all asfiod are light to stagnant, but gradually push the air mass
sociated with southerly wind off the lake, suggests that thewith maximum values in ozone, east and south back towards
pollutants were recently emitted and experienced limited hordLake Erie. A fresher air mass moves over Harrow, as indi-
izontal and vertical mixing. Transport early in the morning cated by the increasing TBR after 20:00 EDT, a decrease in
from Detroit-Windsor and then accumulation in the stable airNO, and an increase in Nkdrom 5 ppbv at 21:00 to 14 ppbv
over the lake could have led to this scenario. It is interestingat 04:00 EDT (Fig. 6¢). The westerly winds in the first few
to note that, with the exception of $(pollutant levels ob-  hours after the frontal passage and the analysis of the local
served in Stages 3 and 5 were similar. This raises the possimeteorology in Sect. 3.3.1 suggest the Detroit-Windsor re-
bility that the air mass in Stage 4 was a short “interruption” gion as the source for the pollution at this time.
to a larger air mass containing ample ozone precursors and The light wind flow pushes the ozone-rich air eastward,
hence experiencing relatively rapid ozone formation. where it is marked by a 40 ppbv drop in ozone mixing ratio

Stage 6 (15:10-17:30 EDT): a sharp increase of 9 ppbv imat Leamington (LEA in Fig. 1) between 21:00-22:00 EDT.
0zone mixing ratios in two minutes (from 78 to 87 between This is shown in Fig. 6d along with ozone levels over the lake
15:04 and 15:06) that is followed by a drop in CO, S&hd measured by the buoy and at the Wheatley meso-network
NOy mixing ratios a few minutes later marks another dra- site located further east (marked ECO and WHE in Fig. 1,
matic change of air mass. Ozone levels during this stageespectively). Throughout the evening there is also contin-
maintain an almost constant and high value (85-90 ppbv)ued southwestward movement of a third lake-breeze front
indicating an air mass that has been fully processed. This igLake Huron front), which eventually affects the region. At
supported by the low NO<1 ppbv), the large ratio of NO  20:00 EDT this front (marked B on Fig. 5b) stretches from
to NGy, and minimum values in the TBR of 0.8. rural areas in Michigan north of Detroit, through Lake St.

Stage 7 (17:30-19:10EDT): a change in wind direction Clair and then towards Lake Erie. Eventually, it pushes
from S to SW (Fig. 6a) and a decrease in ozone from 90 tosouthwestward and passes Leamington at about midnight
70 ppbv at 17:30 that coincides with changes in CO2,SO with ozone levels dropping further and stabilizing at about
NOy, NO; and NG (Fig. 6b and c) mark another change in 10-20 ppbv. According to the ozone in Fig. 6b this front ap-
air mass. This air also maintains a near-constant ozone leveglears to have passed over Harrow at around 04:00 EDT on 7
for almost two hours that together with the low TBR and high July.

NO,/NOy indicates this air mass was also photochemically The result of these two later lake-breeze frontal passages
aged. However, its origin and history were clearly differ- (A2 and B) is a reduction in ozone mixing ratios over land
ent than in Stage 6 given that less ozone had been produceth southwestern Ontario. However, high mixing ratios re-
Figure 5b shows that during the period of southerly flow overmain over Lake Erie since the Lake Huron front does not
the region (Stages 3-7) the Lake Erie air mass moves northpenetrate far enough south. The difference between the two
ward to the south shore of Lake St. Clair. The meso-networkair masses is clearly seen by comparing Leamington ozone
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suggest a different and more polluted air mass arriving at

a) | Harrow. These mark the beginning of another stage, with
N 430 a typical morning build-up of ozone from 19 ppbv at 08:00
; 4:40 to 55 ppbv at 13:00 (i.e., 7.2 ppbvh comparable with the
g average 5.8 ppbvtt for 11 rural sites in the morning shown
- 830 = ;,,\,/f‘ m in Fig. 2). This stage continues through the day with a high of
6:40 6‘50«“ wg 60 ppbv in 0zone persisting through the evening. During this
. ) 710 ] J50 period wind speed increases to 6Tﬁsand_ gradually shifts
’/,,/”5”” 59 _gone( - from NW to W, SW, and southerly flow (Fig. 6a). S@eaks
O T W e L of 12 ppbv at 15:45 EDT and 27 ppbv at 17:35 EDT, both as-
X o A o sociated with high N@ and low (<1) TBR, are observed
P 5:30 H
r 5405 44-49 during the afternoon southwesterly flow. These suggest more
=& P . owln freshly emitted pollutants that, with the southwesterly flow,
o B : 107_-1267 point to local to regional transport of polluted air crossing
— > over Lake Erie, potentially related to a large power plant near
b) & the western shore of the lake.
430 Stage 11 (18:50-00:00 EDT, July”y: uncharacteristi-
440 cally high ozone after sunset at Harrow (Fig. 6b) and other
P ﬁ sites in the region (Fig. 6d) is observed at this stage. There
EN 630 f P was also a higher TBR ratio compared to the previous stage,
6:40 P4 L reaching 2, and an increase in CO, N@nd NG, after
5 ;oﬁ 710 B8 o 22:00 EDT. The regional spread of the high ozone, being
*”’“ Pt : measured at multiple sites in the study region (Fig. 6d), and
£ \ewo P NO2 1‘2’_’2}',) the persistent and moderate southwesterly winds (Fig. 6a)
3 f S, ;)/' ol < 10-15 suggest that a large regional airmass with elevated ozone was
p - 530 SIS being transported from southwest of Lake Erie. At the same
L (1321 fgg time, some more local sources were likely adding to this air-
) - 0.26 - 0.50 mass, as evidenced by the higher TBR and primary pollu-
S ——— 0.00-0.25 tant levels. Ozone remained high across the region after sun-

set due to turbulent/mechanical mixing induced by moderate
winds, which continued to bring the higher ozone aloft to the
surface and tended to homogenize the levels throughout the
region.

The detailed description above demonstrates the complex-

) , ' ity of the factors controlling ozone levels in southwestern
to the observations at the buoy (Fig. 6d). At 00:00 EDT (7 ontario observed in a short period of 40 h. Pollution sources

July) the mixing ratio was 70 ppbv at the buoy and 20 ppbv ytecting the region can be from long-range transport (Stage
in Leamington, with the large difference between these twoy 1y or relatively local emissions (e.g., Detroit-Windsor) that
locations persisting until 05:30 EDT. The location of the edge 5, transported in complex pathways by land-lake breeze
of the ozone-rich air mass is evident at Wheatley, Wherewinds (e.g., Stages 6 and 7), while undergoing photochem-
ozone mixing ratios fluctuate duripg the night between thej4 processing, and by larger-scale flows (e.g., Stage 9).
Leamington and Buoy levels. This boundary between thegthermore, the air arriving with the lake breeze is often

air masses was also observed by the Twin Otter aircraft ageterogeneous in its composition and photochemical age, as
it flew WSW over Lake Erie during the early morning hours yemonstrated in Stages 3-7.

of 7 July. The aircraft passed approximately 5 km NE of the

buoy at 150ma.g.l. at 05:20EDT (Fig. 7a) and detected a3 3 3 \ertical structure

sudden steep drop in ozone from 70 ppbv to 20 ppbv and a

simultaneous increase in NQFig. 7b). The vertical differ-  Gjyen the complexity described above in surface ozone for

ences in ozone over land and over Lake Erie at this time argnhe case study, the vertical structure of ozone in the lower

described in the fO”OWing Sect. 3.3.3 and the oscillations introposphere is examined in the fo"owing paragraphs' Mea-

ozone observed at several sites are discussed in Sect. 3.3.4surements Supporting the ||m|ted Vertica' extent Of enhanced
Stage 10 (07:40-18:50 EDT, 7 July): low wind speeds ofozone levels over Lake Erie discussed in Sects. 3.1 and 3.2,

0-4ms! (Fig. 6a) in the morning, an increase in NO from are found in the early morning of 7 July. At this time vertical

2 to 4ppbv (Fig. 6¢), and sharp increases in CO from 300profiles of ozone were obtained by the aircraft (Fig. 8) and by

to 800 ppbv and in S®from almost 0 to 5ppbv (Fig. 6b) tethersonde launches at Ridgetown (Fig. 9). A temperature

Fig. 7. Ozone(a) and NG (b) measured at early morning hours
(04:30-07:20EDT) of 7 July by the Twin Otter aircraft. Notation
P1-P9 refers to vertical profiles shown in Fig. 8.
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Fig. 8. (a) Twin Otter time series for 7 July showinggONO,, and elevation(b—j) selected vertical profiles of ) NO,, and temperature.
Profile locations are indicated on Fig. 7.

profile taken by the aircraft over Lake Erie at 05:40 EDT as- adjacent land (Fig. 8c) the observed mixing ratios are much
cending from Pelee Island (Fig. 8b and marked P1 in Figs. 7dower near the surface (17 ppbv at 47 m) but rapidly increase
and 8a; timing corresponds to Stage 9 described above(34 ppbv at 73 m) with altitude. These vertical changes re-
shows a thermal inversion layer between 200-235m a.g.Isult from the different thermal structure over the two surfaces
The inversion separates a low-ozone layer near the surfacduring the early morning hours. The surface inversion over
(about 25 ppbv) that is also N@ich (10 ppbv) from the re-  land suppresses any vertical mixing and allows much of the
gional ozone levels of 40—45 ppbv observed above the inverozone near the ground to be titrated by nitrogen oxides emis-
sion along with lower N@ levels. Over land, however, the sions or be deposited to the surface.
thermal inversion starts at the surface due to radiative cooling Subsequent tethersonde launches in that morning show
overnight (profiles P2—P7 and P9 in Figs. 7, 8c-h and ). Thisihat ozone levels are rapidly increasing after sunrise at the
results in higher N@ (e.g., 20 ppbv over Windsor in P4 and |oest surface level from 0 to 16 ppbv between 06:00 to
over Detroit in P7, Fig. 8e and h, respectively) and consep7:34 (Fig. 9b to e), while decreasing at the 50 ma.g.l. level
quently much I_ower ozone I.evels near the ground (e_.g., apoufrom 33 to 20 ppbv. These changes correspond to changes
S ppbv near Windsor, P4, Fig. 8e). However, ozone is rapidlyin the temperature profile with a breakup of the surface in-
increasing with height within the surface inversion layer of \grsion occurring between 06:51 and 07:34 EDT (marked P3
about 150 ma.g.l., and aboye th_at layer itis over 40 ppbv, theynq P4 in Fig. 9d and e, respectively). More evidence of
same as over the lake at this altitude. this process is found in the morning change rates in surface
Tethersonde launches at Ridgetown on the same morningzone at the monitoring sites over lake and over land. While
support these findings and show a surface inversion up talifferences of~10 ppbv in surface ozone levels between lake
about 100 ma.g.l. at 06:00 EDT (Fig. 9b), with ozone levels (Buoy) and land (Wheatley) are observed in the early morn-
increasing from zero to 50 ppbv with altitude, and stabiliz- ing hours (07:00 EDT, Fig. 6d), ozone change rates in the
ing at 40 ppbv above 300 m. The air mass sampled by thenorning are faster over land than over the lake, so that by
early morning launches P1-P6 (Fig. 9b—g, respectively) is09:00 EDT both sites reach 35ppbv of ozone. The early
the same as the one described in Stage 9 at Harrow, dommorning change rate in surface ozone over land is thus shown
nated by a westerly large scale flow. Thus, the uniqueness ab be the result of vertical mixing with an ozone-rich layer at
the conditions over the lake (i.e., higher ozone) is limited to aa higher altitude.
shallow surface layer{200 m), while the reservoir of 0zone A interesting feature observed at Ridgetown is a decrease
aloft is similar across this larger region with no evidence of i, ozone mixing ratios in a shallow layer above the surface.
the land-lake difference. This layer starts at 250ma.g.l. (06:09 EDT) and descends
Of special note is the difference in the ozone vertical pro-to 78 ma.g.l. by 07:32EDT (Fig. 9b and e, respectively).
file below the inversion layer between the lake and land be-A similar feature observed over the Chatham-Kent airport
fore sunrise. While ozone mixing ratios are almost constantat 200 ma.g.l. by the Twin Otter at 07:16 EDT (Fig. 8j and
over the lake in this layer (about 25 ppbv, Fig. 8b), over themarked P9 in Fig. 7a), and the NNW wind over the region
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Unraveling the complex local-scale flows
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Fig. 9. (a) Time series for 7 July showing tethersonde elevation (black) and ozone mixing ratio (red) and ground-level ozone measured at the
Ridgetown site (blue)(b—k) tethersonde vertical profiles ofs@red) and temperature (green) at Ridgetown. Profiles are numbered from P1
to P10.

suggest the presence of a fan-shaped; [WDme, possibly  emissions from Detroit, the city’s heat island circulation with
from the Lambton power plant south of Sarnia, ON (Fig. 1). the Lake St. Clair subsidence flow, and possible recirculation
Cases of N@aloft over Ridgetown are discussed by Halla et of pollutants over Lake St. Clair.
al. (2010).

A second Twin Otter flight made later on 7 July from 13:30 3.3.4 Nocturnal ozone oscillations
to 16:20 EDT examined the vertical cross section over Lake
St. Clair up to 2600 m a.g.l. A moderate westerly flow domi- Nighttime oscillations in 0zone mixing ratios were observed
nated the region in the late morning (also observed at Harrowat several monitoring sites during the BAQS-Met campaign.
Fig. 6a), transporting ozone and its precursors from the DeThese were characterized by amplitudes of 20—40 ppbv and
troit region over Lake St. Clair. By noon a stationary Lake time periods of 15-40 min, changing from site to site and
St. Clair lake-breeze front is established over the southerrtontinuing for several hours. The oscillations occurred at
and western shores of the lake and stalls for several hoursultiple sites and different nights (e.g., 24—25 June, 29-30
until evening (Fig. 5d), while the regional flow changes to June and 4-5 July), but had the highest amplitude and longest
WSW (Fig. 6a). A plan view of the flight (Fig. 10a) and a duration on the night of 6-7 July. Figure 12 shows meteo-
time series (Fig. 11a) show an increase in in ozone mixingrological measurements (wind speed and direction, temper-
ratios from about 55 ppbv to 65 ppbv as the aircraft crosseature, dewpoint temperature and relative humidity) as well
the shore at the southern side of the lake, both at 500 m ands ozone at four ground sites in SW Ontario where oscil-
700ma.g.l. at 14:40 and 14:59 EDT, respectively. The stalations were observed on the night of 6—7 July (sites lo-
tionary Lake St. Clair lake-breeze front located on the shorecations are indicated in Fig. 1): Bear Creek (mostly be-
at that time marks the boundary between two air masses. Otween 02:00-03:00 EDT, Fig. 12a); Lighthouse Cove (be-
the northeastern side of the lake, high ozone values extentiveen 21:00—-01:30 EDT, Fig. 12b); Leamington (between
some 20 km from the lake at 300 m, 500 m, and 740 m alti-21:00-01:00 EDT, Fig. 12c); and Wheatley (between 21:00—
tudes a.g.l. (Fig. 10b). At the 1400m level, high ozone is04:00 EDT, Fig. 12d). The oscillations occurred during peri-
more limited in its horizontal extent and does not reach be-ods with calm winds at the surface (0—3msred line in top
yond the lake. The vertical extent of the high ozone valuespanels in Fig. 12) and are associated with oscillations in tem-
reaches 1900 ma.g.l., where a subsidence inversion layer igerature and relative humidity (black and blue lines, respec-
encountered, and ozone mixing ratios decrease at a steadiyely, in bottom panels of Fig. 12), so that peaks in ozone
rate (Fig. 11). These measurements suggest the presence ofarrespond to peaks in temperature and lows in relative hu-
dome-shaped high ozone region over Lake St. Clair at noonmidity. Dewpoint temperature (shown in green in Fig. 12)
that is shifted and stretched at lower levels to the northeastshows a different behavior at different times and at different
with peak values of about 85 ppbv at the lake surface. Othetocations with respect to the oscillations in ozone and tem-
model simulations (Makar et al., 2010b) examine the for-perature. Looking at the Leamington site (Fig. 12c), dew-
mation mechanism of this feature in detail: the coupling of point is correlated with temperature and ozone at some times
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— for meteorological parameters in all sites. In spite of the
a) ) 16:20 strong amplitude of the observed oscillations (e.g., 40 ppbv

harogre drop in 25 min at Wheatley), they would not necessarily ap-
15;0_ 15:20 . pear in hourly averaged ozone data that is typically recorded
1 =t = - by air quality monitoring networks because of the smaller
time periods of 15—-40 min.
C g One possible explanation for the oscillations is intermit-
S tent turbulence causing a vertical mixing of air from the
. ' ozone-rich residual layer aloft with the nocturnal boundary
Ao o A : layer near the surface. As discussed in the previous sec-
hal tion, vertical stratification of ozone occurs after sunset over
: land with low ozone (due to NO titration and deposition) and
\e — cooler air near the surface and higher ozone and warmer air
b) o ; 000 in a residual layer just above it. This vertical structure can
{ be seen in the vertical profiles taken by the aircraft in the
e \ . > early morning over land between Leamington and Wheatley
- ( \ ] (Fig. 8c, location marked as P2 in Fig. 7), showing a sur-
conn : , s B face inversion layer up to 200 ma.g.l. and by the tethersonde
) launch at Ridgetown at 06:00 EDT (Fig. 9b) showing a sur-
face inversion layer up to 100ma.g.l. Such a vertical struc-
ture is probably due to radiative cooling of the surface under
the anti-cyclonic conditions on that night.
——— Given such a vertical stratification, turbulence and injec-
tion of air from aloft could then result in the observed oscil-
lations at the surface. Indeed, ozone measurements of the air-
— craft over the lake at 05:00-05:20 EDT at about 180 ma.g.l.
(Fig. 7a) show high mixing ratios of 60—80 ppbv, match-
Fig. 10. (a)Plan view andb) side view from southeast of the air-  jq the values measured at Wheatley during the oscillations.
craft flight on 7 July 2007 between 13:40 and 16:20 EDT, with col- 6 the westerly synoptic flow during that night described
ors indicating ozone mixing ratios (ppbv). Times are related to the. N
time series shown in Fig. 11. in Stage 9 (see Sect. 3.3.2), it is likely that t'he same ozone-
rich air mass was present over SW Ontario at night, and
was the source of the high ozone measured at the surface.
Salmond and McKendry (2005) describe five possible causes
(e.g., 23:15) and anti-correlated at other times (e.g., 03:00+or tyrbulence in the stable nocturnal boundary layer, includ-
03:15). At the other sites where dewpoint was measured itng shear as a result of friction near the ground; low-level
shows no change corresponding to the change in temperatuigts; mesoscale winds due to, e.g., land/sea breeze; break-
(e.g., Lighthouse Cove between 23:00 and 02:00) or verying gravity waves; and density currents. While shear near
little change but good correlation (e.g., Wheatley betweenhe surface and the land/lake breeze are unlikely given the
01:00-04:00). Note also that Fig. 6 shows ozone traces fofery |ow horizontal surface winds measured on that night, all
this same night at two other sites, Harrow and the Lake Erieyther three causes could explain the observed oscillations.
Buoy, with some evidence of oscillations at Harrow. Stronger winds in the residual layer aloft could cause a
Increases in nighttime ozone levels have been identifiedvind shear between the two layers, resulting in a nocturnal
in other studies at different locations, and explained by nocdow level jets as described by Reitebuch et al. (2000) and
turnal low-level jets (e.g., Corsmeier et al., 1997), intermit- Corsmeier et al. (1997). GEM/AURAMS model results sup-
tent turbulence (Salmond and McKendry, 2002), and stratoport the low-level jet explanation, showing high wind speeds
spheric intrusions (e.g., Mavrakis et al., 2010). However,just above the surface on several occasions during that night.
these studies observed either a secondary nighttime maxiigure 13 shows plan views at the surface (Fig. 13a, b) and
mum or an abrupt increase in ozone mixing ratios, not os-cross sections of wind speeds above SW Ontario (Fig. 13c, d)
cillatory behavior. The difference in observations betweenat two times, 22:00 and 03:20 EDT. The model predicts high
the BAQS-Met study described here and previous studiesvind speeds just above the surface either as extensions of
could be the result of different physical mechanisms produc-stronger winds above 1000 ma.g.l. at 22:00 EDT (Fig. 13c,
ing high nocturnal ozone, or in part simply due to the finer marked i and j) or isolated from the stronger winds aloft such
temporal resolution of the ozone measurements taken duras at 03:20 EDT in Fig. 13d (marked k, | and m). Strong gra-
ing BAQS-Met, of 1 min (e.g. at Bear Creek) and 5 min (at dients in wind speed from the surface to 100 ma.g.l. are pre-
Leamington, Lighthouse Cove and Wheatley) and of 1 mindicted at these locations, with speeds increasing from2im s
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Fig. 11. (a)Twin Otter time series of § NO,, and elevation(b) vertical profiles of @, NO,, and temperature over Lake St. Clair. Profile
period is indicated as shaded area. Top notation refers to periods when the aircraft is located over, to the north, or to the south of Lake St.
Clair (LSC).

near the surface to 6 nt$ (Fig. 13c, near i and j) and even lows overturned and collapsed, a number of near-surface hor-
8ms! (Fig. 13d, near k, | and m). Furthermore, the het- izontal “bands” of alternating ozone-rich and ozone-poor air
erogeneity in the horizontal gradients of the wind speed pre-could be created that could cause concentration oscillations
dicted by the model near the surface (e.g., near point D imat a fixed site if they were then advected over the site in suc-
Figs. 13a, b) and just above the surface at the same locatiooession.
(e.g., Fig. 13c, d at 200ma.g.l.) would result in higher po- Apart from intermittent turbulence, two other explanations
tential for the vertical mixing to occur over certain locations. can be suggested for this behavior. First, assuming that
It is also possible that differential radiative cooling of the the oscillations are related to the Lake Huron breeze front

surface would cause parcels of warmer air near the surface tgescribed above in Stage 9, it is possible that this night-
ascend and develop gravity waves, thus causing turbulencéme front has a similar motion to that noted by Drobin-
and forcing air from higher levels to reach the surface, whereski et al. (2007), with oscillatory behavior in its advance,
itis observed as warmer and more ozone-rich air. The caveadnd a buildup of pollutants (NQ resulting in ozone titra-
with this explanation are that the rising warm air is likely to tion at night), just behind the front. However, the observa-
be replaced laterally by cooler air and that the surface layefions at SW Ontario occurred during the night, making it less

would have to be very shallow to allow air from aloft to reach likely for the lake-breeze front to propagate by this mecha-
the ground in such a mechanism. nism. But some apparent oscillations might in fact be step

changes associated with a nighttime frontal passage, such as
{he drops in ozone at Lighthouse Cove (Fig. 12b) and Bear
reek (Fig. 12c) at about 21:15EDT due to the passage of
e Lake Huron breeze front. And second, given the similar-
ity in ozone levels measured over Lake Erie at the buoy and
ozone peaks at the proximate Wheatley site (1.2 km from the

induced by the front's density current could be a possibleIake) it is not unreasonable to assume lateral penetrations of
mechanism that injects air from higher elevations to the sur-2Zone- rich lake air to the adjacent land. However, such pen-
face, as described by Sun et al. (2002). However, as Wlthetratlons would be expected to be accompanied by changing
the first explanation, this mechanism would also result msurface winds, which are very weak during the first part of

short bursts of stronger winds measured at the surface, whlcgle night at Wheatley although there are oscillations in wind

Lastly, given the movements of the retreating Lake Erie
breeze front and the advancing Lake Huron breeze fron
through the region on that night, as described in Sects. 3.3. JK};
and 3.3.2, it is possible that these fronts generate sheal.I
induced instabilities ahead and behind them that might re-
sult in periodic turbulence. Such Kelvin-Helmholtz billows

are not observed in the measurements, but conceivably th ir_ection from a south.erly to .a northerly direction and back
shear-induced vertical mixing could occur upwind of the sta- . 12d, between 22:00-01.00 EDT).

tion and then horizontal advection could transport the ozone-

enriched air over the station. In fact, if a number of bil-
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Fig. 12. Meteorological (wind speed (red) and direction (black), temperature (black), dewpoint temperature (green), and relative humidity
(blue)) and ozone (red) measurements during the night of 6—7 July, 2007 at four ground stati®ea¢ Creekb — Lighthouse Cove; —
Leamington andl — Wheatley).

If correct, the intermittent turbulence explanation also sug-way, further study is needed to find their cause, extent, and
gests heterogeneity in ozone levels in the residual layer, withmpact on surface ozone and on regional ozone budget. Any
45 ppbv at Lighthouse Cove, 40 ppbv at Leamington, andexplanation, however, should explain the fairly frequent oc-
70 ppbv at Wheatley (Fig. 12). However, as none of thecurrence of these oscillations (on at least four nights during
above conceptual models given for the observed oscillation8AQS-Met).
is adequate and explains them in a completely satisfactory
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Fig. 13. Plan view at the surfac@, b) and vertical cross sectiorfs, d) of wind speed from the AURAMS model on the night of 6—7 July
2007 at 22:00 EDT (a, ) and 03:20 EDT (b, d).

4 Conclusions Model simulations over the region show great spatial het-
erogeneity in ozone levels over the lakes, particularly over
Average ozone mixing ratio from the entire BAQS-Met inten- Lake Erie with higher levels over the southwestern end of
sive campaign period (20 June to 10 July 2007), both fromthe lake. Some of this heterogeneity is due to multiple emis-
ground-level observations and from AURAMS model out- sion sources in the region that are concentrated around south-
put, support previous findings that near-surface ozone levelgvestern Lake Erie, such as large urban centers (e.g., Windsor,
are higher over the southern Great Lakes than over the suiDetroit, Toledo, Cleveland). Another important cause of the
rounding land. During the night and early morning, averageheterogeneity in ozone over Lake Erie as well as the land ar-
ozone mixing ratios over the lake arel5 ppbv higher than  eas in the region is the complex meteorology. Land and lake
over rural sites and-25 ppbv higher than over urban sites. breezes from the different lakes, which form on the major-
Vertical profiles taken over land and over the lakes, as wellity of days, interact with the larger-scale synoptic flow, as
as differences in the average diurnal change rates of ozongemonstrated for the 6—7 July 2007 case study. These com-
over lake, rural, and urban surfaces and model simulationglex flows transport ozone and its precursors over the region,
suggest that the higher ozone levels observed over the largéncluding from emission sources to the lakes. The pollutants
lakes are limited to a shallow layer of about 200 m depth.that are stored in the stable atmosphere over the lakes at night
Differences in NQ emissionst/titration and ozone deposition experience limited fresh emissions and little removal by dry
velocities between land and water have a significant impactieposition. Comparison of modeled and measured ozone di-
on ozone concentration contrasts between the two surfacasrnal changes over the lake at night indicates that the model
at night, and result in the higher ozone levels observed ovesimulates these processes reasonably well, with no evidence
water in the early morning. As soon as vertical mixing be- that it is over-predicting nocturnal ozone levels over the lake.
gins in the morning, ozone levels over land increase rapidlyWhen the lake breeze starts blowing towards the land in the
and match the lake levels by 10:00 a.m. local time, so that irmorning, a significant increase in ozone may then be ob-
late morning until just after noon very little difference is ob- served over land. Values as high as 90 ppbv were observed
served. Just after noon, however, ozone levels over the lakduring BAQS-Met over extreme southwestern Ontario.
are higher again by about 5 and 15 ppbv compared to rural
and urban sites, respectively, as seen in both observations
and model results.
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When primary air pollutants that are ozone precursorsther study is needed to establish the mechanism causing this
(e.g., CO, NQ) also accumulate within shallow layers and in behavior and determine the impact of such oscillations on
distinct pockets over the lakes at night (e.g., northwest Lakeground-level ozone and the regional ozone budget, examin-
Erie), enhanced ozone formation occurs on the next day. Thiing their spatial extent and frequency.
process can lead to local emissions having a greater local im-
pact (i.e., within 50 km) on surface ozone mixing ratios. The AcknowledgementsThe authors acknowledge with thanks the
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