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ABSTRACT

Observations from the 2015 Environment and Climate Change Canada Pan/Parapan American Science
Showcase (ECPASS) and real-case, cloud-resolving numerical simulations with the Weather Research and
Forecasting (WRF) Model are used to investigate two cases of moist convection forced by lake-breeze
convergence over southern Ontario (18 July and 15 August 2015). The two cases shared several character-
istics, including high pressure conditions, similar morning soundings, and isolated afternoon convection
along a line of lake-breeze convergence between Lakes Erie and Ontario. However, the convection was
significantly stronger in the August case, with robustly deeper clouds and larger radar reflectivities than in the
July case. Synoptic and mesoscale analyses of these events reveal that the key difference between them was
their large-scale forcing. The July event exhibited a combination of strong warm advection and large-scale
descent at midlevels (850-650 hPa), which created an inversion layer that capped cloud tops at 4-6 km. The
August case exhibited similar features (large-scale descent and warm advection), but these were focused at
higher levels (700400 hPa) and weaker. As a consequence, the convection in the August case was less
suppressed at midlevels and ascended deeper (reaching over 8 km). Although the subcloud updraft along the
lake-breeze convergence zone was also found to be stronger in the August case, this difference was found to
be an effect, rather than a cause, of stronger moist convection within the cloud layer.

1. Introduction are meteorologically important for several reasons,
including their impacts on air pollution transport (e.g.,
Lyons and Cole 1973; Keen and Lyons 1978; Wentworth
et al. 2015) and their initiation of moist convection and
severe weather (e.g., Shenfeld and Thompson 1962;
Leduc et al. 1993; King 1996; King et al. 2003), the latter
of which is the focus of this study.

Southern Ontario, which borders three of the five
Great Lakes (Ontario, Huron, and Erie) and contains
many smaller lakes, is regularly affected by lake
breezes (Comer and McKendry 1993; Sills 1998; Sills
et al. 2011). It thus serves as a natural laboratory
for studying the physics and meteorology of these
breezes. Observational and numerical studies dating
back several decades suggest that the onshore flows of
southern Ontario lake breezes typically reach depths
of 100-1000m, with inland penetration from tens to

The Great Lakes profoundly influence the weather
and climate of nearby regions. Although they are ar-
guably best known for lake-effect snow during winter
(Peace and Sykes 1966; Niziol 1987; Reinking et al.
1993; Kristovich et al. 2017), they also generate nu-
merous other phenomena including summertime lake
breezes (e.g., Shenfeld and Thompson 1962; Moroz
1967; Lyons 1972; Estoque and Lai 1976). The latter
are similar to sea breezes, in which a land-water tem-
perature contrast drives a current of onshore flow during
the daytime. At the leading edge of this onshore flow
is the lake-breeze front (LBF), where vigorous up-
drafts result from frontogenesis and the undercutting
of warmer land air by cooler lake air. These breezes

@ Current affiliation: Department of Civil and Environmental
Engineering, University of Western Ontario, London, Ontario, Canada.

Corresponding author: Chun-Chih Wang, chun-chih.wang@
mail.mcgill.ca

DOI: 10.1175/MWR-D-19-0123.1

hundreds of kilometers (e.g., Estoque and Lai 1976;
Estoque and Gross 1981; Comer and McKendry 1993;
Sills et al. 2011).

More recent insights into these breezes have been
gained through field campaigns such as Southern Ontario
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Oxidant Study-Meteorological Measurements (SOMOS;
Sills and Salmon 1994; Sills 1998), Effects of Lake
Breezes on Weather (ELBOW,; Sills 1998; King et al.
1999; Sills et al. 2002; Alexander 2012; Alexander et al.
2018), and Border Air Quality and Meteorology Study
(BAQS-Met; Levy et al. 2010; Makar et al. 2010; Hayden
et al. 2011; Sills et al. 2011; Brook et al. 2013), which have
used surface mesonets and aircraft to track the propaga-
tion of lake-breeze fronts and examine the resulting me-
teorological effects. One robust finding from these studies
is that collisions between different lake-breeze fronts, or
between lake-breeze fronts and other mesoscale bound-
aries, often favor the development of summertime deep
convection. This result is consistent with studies of other
similar mesoscale boundaries, in that storms tend to form
or intensify when two such boundaries collide (e.g.,
Purdom 1976; Wilson and Schreiber 1986; Carbone
et al. 1990, 2000). Using numerical simulations, Crook
(1997) found that the collision of sea-breeze fronts over
the narrow (50 km wide) Tiwi Islands frequently initi-
ates or strengthens deep convection. This effect can be
explained by the enhanced low-level convergence along
the collision zone and/or the more balanced low-level
horizontal vorticity across the collision boundary, which
leads to more intense and erect updrafts (e.g., Mahoney
1988; Rotunno et al. 1988).

Given the importance of lake-breeze-forced convec-
tion in southern Ontario, a thorough understanding of
the underlying processes is merited. Of particular rele-
vance are the parameters regulating LBF frontogenesis
and propagation, which ultimately control the occur-
rence of LBF collision and the strength of resulting
subcloud updrafts, along with the multiscale factors
governing the timing, duration, and intensity of the
resulting convection. Because LBFs and their associ-
ated convection occupy very small scales (hundreds
to thousands of meters), they may not be well repre-
sented in modern numerical weather prediction (NWP)
models with O(1) km grid spacings. Thus, an improved
understanding of these processes may serve to benefit
operational forecasting of such events.

In summer 2015, Environment and Climate Change
Canada (ECCC) conducted a field experiment called
the Environment Canada Pan/Parapan Am Science
Showcase (ECPASS) over the ‘‘Greater Golden
Horseshoe” (GGH) area of southern Ontario (Joe
et al. 2018). This area includes the densely popu-
lated and economically developed regions from
Lake Simcoe southward to the western tip of Lake
Ontario, and from there eastward covering the entire
Niagara Peninsula (Fig. 1). The primary mission of
ECPASS was to enhance the weather monitoring and
forecasting during the 2015 Toronto Pan and Parapan
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American Games (10-26 July and 7-15 August, re-
spectively), which held events at several regional
sporting venues.

The ECPASS observations, which included a sur-
face mesonet, scanning Doppler lidars, and special
radiosondes, provide another opportunity to advance
the understanding of southern Ontario lake breezes.
Mariani et al. (2018) used these observations to char-
acterize the three-dimensional structures of lake breezes
in two ECPASS cases, and Dehghan et al. (2018) used
them to evaluate the performance of a high-resolution
NWP model in predicting lake-breeze characteristics
under differing background winds. Importantly, Dehghan
etal. (2018) found a general improvement in the model
representation of lake breezes when the model hori-
zontal grid spacing was decreased from 2.5 to 0.25km,
consistent with the findings of Leroyer et al. (2014).
These findings, which are to be expected given the
narrowness of the LBFs themselves (~1 km; Chiba 1993;
Wood et al. 1999; Samiro 2015), suggest that subkilometer
grid spacings may be required to properly simulate lake
breezes.

As mentioned above, previous lake-breeze studies
over southwestern Ontario (about 100-200 km west of
the ECPASS study region) have identified several ca-
ses of convective precipitation forced by colliding
LBFs. To the authors’ knowledge, there has not been
any detailed analysis of this mechanism over the GGH.
However, given the short distances between the quasi-
parallel coastlines of Lakes Ontario and Erie over the
Niagara Peninsula (Fig. 1), this area may be a potential
hotspot for the collision of LBFs and attendant moist
convection. Therefore, this article investigates the dynamics
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and sensitivities of lake-breeze-forced moist convec-
tion over the GGH, using the ECPASS observations in
conjunction with high-resolution, cloud-resolving nu-
merical simulations. The ECPASS observational da-
tasets are summarized in section 2. Section 3 describes
the observed evolution of the lake breezes and asso-
ciated moist convection during two selected cases, cho-
sen for their similar large-scale conditions but different
cumulus development. The numerical setup is described
in section 4 and the simulated lake breezes and associ-
ated moist convection are summarized and compared
to the ECPASS observations in section 5. Section 6
compares the large-scale and lake-breeze forcing of
moist convection during the two cases. The conclusions
are presented in section 7.

2. ECPASS datasets
a. The mesonet

During ECPASS, a ground-based, mesoscale obser-
vational network (mesonet) comprising 40 compact
surface weather stations (25 Vaisala WXT520 and 15
Lufft WS600/60), 10 Automated Transportable Me-
teorological Observing Stations (ATMOS), and three
standard ECCC automated weather stations (Auto8)
was deployed in the Greater Golden Horseshoe Region
(Fig. 1). All stations reported temperature 7, dewpoint
T,, winds, and pressure p every minute, with basic
quality control to remove outlying values. Most stations
were installed in transects perpendicular to the shores of
Lakes Ontario and Erie, permitting close monitoring of
daytime lake-breeze evolution. In total, 20 of the 53 total
surface stations were positioned on rooftops less than
two stories high, mostly in urban areas where ground-
level sites were unavailable. The winds at these stations
may have experienced some urban canyon effects in-
duced by the surrounding structures. Nevertheless, to
maximize the amount of data available, we have cho-
sen to retain the rooftop measurements in our analysis.
Other weather monitoring platforms such as research
buoys, Doppler lidars, ultraviolet (UV) stations, air
quality stations, and lightning detection networks were
also utilized during the field campaign (not shown).
For a detailed description of this mesonet, see Joe
et al. (2018).

b. Operational buoys

In addition to the ECPASS research buoys (not shown),
ECCC also operates two buoys in the vicinity of the
Niagara Peninsula (Fig. 1). One of these buoys is lo-
cated over Lake Ontario (C45139) and the other over
Lake Erie (C45142). These buoys report wave conditions,
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winds, air temperature, and lake surface temperature
every hour.

c¢. Radar

ECCC operates a dual-polarized, 5625 MHz, 5-cm
C-band weather radar at King City, Ontario, Canada
(Fig. 1), that volumetrically scans over 20 elevation
angles. The radar has a maximum range of 250 km and
scans in 10-min cycles (Hudak et al. 2006; Boodoo et al.
2010). Along with precipitation, mesoscale bound-
aries like lake-breeze fronts and outflow boundaries
can sometimes be detected as reflectivity “‘fine lines.”
Such signals are thought to arise from wind conver-
gence along these boundaries concentrating small air-
borne objects (e.g., dust, birds, and insects), which return
weak echoes in clear air (Wilson and Schreiber 1986;
Wilson et al. 1994).

For the radar analysis contained herein, several steps
were taken to filter out nonmeteorological signals, in-
cluding (i) data points with copolar correlation co-
efficient p., < 0.80 were masked, since hydrometeors
tend to have p., values closer to 1 (Fabry 2015), (ii)
points with differential reflectivity Zg, < —0.25 or
Z4: > 6 were removed, since they indicate noise and/or
insect echoes, and (iii) the difference between echo top
and echo bottom, which are defined by the lowest and
highest altitudes where the radar reflectivity exceeds
0dBZ, must exceed 500m. Beyond these measures,
manual masking is performed to remove any residual
(obvious) noise.

d. Soundings

To monitor upper-air conditions, a special balloon
sounding was launched at King City up to four times
aday (Fig. 1). Also, the U.S. National Weather Service
launched twice-daily operational balloon soundings
from Buffalo, New York (Fig. 1).

e. Observational LBF tracking

Using the Aurora workstation (Greaves et al. 2001),
the ECPASS Research Support Desks (RSDs) over-
laid the radar, visible satellite, and mesonet observa-
tions and visually detected LBFs and other mesoscale
boundaries according to the criteria listed in Table 1
of Sills et al. (2011). Such criteria include the presence
of cumulus cloud lines or sharp clearing of clouds be-
hind the LBF (Segal et al. 1997), radar reflectivity fine
lines, and rapid wind shifts to the onshore direction
over a short horizontal distance behind the front. Er-
rors in the analyzed boundary positions are as large as
+10km if only low-density surface observations are
used for identification but decrease to as little as £1 km
when high-density surface observations (e.g., mesonet)
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FIG. 2. Observed radar reflectivity (color shading), surface mesonet wind observations (arrows), and analyzed
positions of LBFs (purple lines) based on the ECPASS observations on 18 Jul 2015 at (a) 1100, (b) 1300, (c) 1510,
and (d) 1630 EDT. The terrain profile is plotted in gray shading. The red box indicates the Niagara Peninsula where
the maximum radar reflectivity and echo-top height are computed.

and other datasets such as satellite and radar observa-
tions are incorporated (Sills et al. 2011).

Real-time boundary analyses were performed dur-
ing the Games at the RSDs, though not every day and
not for every hour. In addition, all data were not always
available in real time. After the Games, a complete
boundary analysis dataset was created using the RSD
tools covering every hour of every day during the
ECPASS period after incorporating any missing ob-
servations. The preliminary, real-time LBF positions
were used as a ““first guess’’ when available and revised
as necessary based on the updated observations.

Many of the days analyzed featured widespread deep
moist convection triggered by some combination of
lake breezes and other meteorological boundaries
(e.g., synoptic fronts and storm outflow boundaries).
In the present study, we wish to isolate the influence
of converging lake breezes on convection initiation in
nominally high pressure environments with minimal
preexisting precipitation. From the list of ECPASS
mesoanalysis days, we identified only two cases, 18 July
and 15 August, where isolated convective precipita-
tion was locally triggered by the convergence of Lakes
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Ontario and Erie breezes over the Niagara Peninsula.
Although this convection was not particularly deep
or intense (no lightning or severe weather was re-
ported), the simplicity of these cases facilitates the
understanding of lake-breeze collisions and their im-
pacts on cloud formation, in the absence of other com-
plicating factors. The insights provided herein may be
useful for interpreting more intense convection events
driven by similar boundary layer mechanisms.

3. Case studies

a. Overview

1) 18 JuLy

Both Lakes Ontario and Erie generated lake breezes
in this case, with LBFs forming along the western shores
of Lake Ontario and northern shores of Lake Erie by
1100 eastern daylight time (EDT, Fig. 2a). A lake breeze
also formed to the south of Lake Simcoe. Because the
target region in this study is the Niagara Peninsula, we
focus exclusively on lake breezes and precipitation over
that region in both cases. The air temperature over the
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FIG. 3. Time series of observed air temperature at ECCC buoys C45139 and C45142 and
averaged observed air temperature at mesonet stations AOT and W5Z on (a) 18 Jul and (b) 15

Aug 2015.

interior of the Niagara Peninsula (taken as the mean at
mesonet stations AOT and W5Z) was 4°-5°C warmer
than those over Lakes Ontario and Erie (at Buoys
C45139 and C45142, respectively) at this time (Fig. 3a).
By 1300 EDT, the northern Lake Ontario LBF had
propagated 10-15km inland while the southern part
stayed locked to the shoreline (Fig. 2b). This differ-
ence in propagation is likely owing to the moderate
southwesterly background flow (6ms~ ' at a meteoro-
logical wind direction of 240°, based on the averaged
950-850-hPa flow at 1300 EDT 18 July 2015 King City
special sounding). This flow parallels the northern LBF,
allowing it to propagate onshore, but opposes the
southern LBF. Like the northern Lake Ontario LBF,
the northern Lake Erie LBF also reached 15-20km
inland by this time. Behind this LBF, no obvious wind
direction shift was found due to the onshore compo-
nent of the ambient winds, but a clear increase in wind
speed was apparent.

Two hours later, the northern Lake Erie LBF had
propagated farther inland and collided with the south-
ern Lake Ontario LBF (Fig. 2c). The two LBFs actually
collided at around 1430 EDT, but we show 1510 EDT
instead because it indicates the first precipitation occur-
rence associated with the LBF collision. The majority of
showers associated with this collision were concentrated
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along the resulting ‘“merged”” boundary (consistent with
the definition in Alexander et al. (2018), where two
boundaries combine to form a single boundary/updraft
zone). The maximum radar reflectivity, computed at the
lowest scanning angle of 0.5°, was ~35dBZ and the
maximum echo-top height reached close to 6 km above
mean sea level (MSL; Figs. 4a,b). Scattered showers
also developed between Lake Simcoe and Lake Ontario
as their LBFs propagated inland.

The showers over the Niagara Peninsula only lasted
about an hour. By 1600 EDT, the peninsula was again
precipitation free (Fig. 4a). The merged boundary con-
tinued to propagate northward toward Lake Ontario
under the moderate southwesterly background flow. A
segment of this merged boundary actually moved over
Lake Ontario by this time, which appears as a disconti-
nuity in the merged LBF (Fig. 2d). The northern branch
of the Lake Ontario LBF can also be seen interacting
with the Lake Simcoe LBF to produce additional
showers northeast of Toronto.

2) 15 AuGusT

The LBFs in this case began to form along the western
shores of Lake Ontario and northern shores of Lake
Erie around noon, about an hour later than in the July
case (cf. Figs. 5a and 2a). In this case, the air temperature
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contrasts between the interior of the peninsula and the
lakes did not reach the same magnitude as those during
the lake-breeze formation in the July case (~4°C) until
1300 EDT (Fig. 3b), which could partly explain the later
formation of the lake breezes on this day. Similar to the
July case, the Pan Am study area was precipitation
free at the time of LBF formation. However, some lin-
gering precipitation associated with a departing distur-
bance was apparent before 1030 EDT (Fig. 4a).

By 1400 EDT, both the Lake Ontario and Lake Erie
LBFs had propagated noticeably inland (Fig. 5b), in
contrast to the July case where only the latter did so.
Although no King City special soundings were avail-
able at this time (the only special sounding available
was taken at 0400 EDT), this more symmetric inland
propagation of the two LBFs suggests a weaker back-
ground flow than that in the July case. Over the Niagara
Peninsula, the southern Lake Ontario LBF and the
northern Lake Erie LBF gradually approached each
other. The winds behind these LBFs switched to on-
shore while the winds in between them were light and
variable.

The southern Lake Ontario LBF collided with
the northern Lake Erie LBF at around or just prior to
1600 EDT (Fig. 5c). Some isolated showers formed over
the peninsula prior to the frontal collision (Fig. 4a),
possibly due to the relatively weak convective inhibition
in this case (as will be shown later). After LBF collision,
more widespread and stronger storms developed along
the merged boundary due to enhanced convergence
there. The strongest cell at this time was located near
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the eastern edge of the Niagara Peninsula, with a max-
imum radar reflectivity reaching ~55dBZ and a maxi-
mum echo top around 6 km MSL (Figs. 4a,b).

Unlike the showers triggered along the merged LBF
in the July case, which only lasted briefly, storms de-
veloped continuously along the merged boundary in this
case (Fig. 5d). The quasi-stationary nature of the merged
boundary also contrasted with that in the July case,
where it moved northward steadily under a southwest-
erly background flow. The late-afternoon storms had
radar reflectivities up to ~50 dBZ and their maximum
echo top reached beyond 8 km MSL (Figs. 4a,b).

Comparing the two cases, the moist convection initi-
ated by the collision of Lake Ontario and Lake Erie
LBFs in the August case was stronger than that in the
July case. The question that motivates the remainder
of this study is: What led to this difference in the con-
vection intensity? Was the large-scale environment more
favorable in the August case, or did its LBFs provide
stronger subcloud lifting for moist convection initiation?

b. Large-scale conditions

The 6-hourly, 12-km horizontal resolution North
American Mesoscale Forecast System (NAM) ana-
lyses are used to represent the synoptic weather pattern.
This analysis provides a 3D estimate of the meso- to
synoptic-scale flow at 39 pressure levels from 1000 to
50hPa in 25-hPa intervals. For brevity, we focus on
just the 1800 UTC (1400 EDT) analysis, which best
represents the large-scale flow just before the active
convection period.
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In this case, a 500-hPa ridge was building over the Pan
Am study area (Fig. 6a). Weak negative relative vorticity
advection was consequently occurring over southern
Ontario, suggesting large-scale forcing for descent. Two
short-wave troughs, one to the east and another to the
west of the 500-hPa ridge, caused locally positive vorticity
advection. These systems, however, were likely irrelevant
to the flow conditions over the ECPASS study area.

Similar to the 500-hPa level flow pattern, a ridge
prevailed across southern Ontario at 700 hPa (Fig. 6¢).
A tongue of warm air extending across the central
Great Lakes was advected eastward by westerly winds.
This advection partly contributed to the large increase
(~5°C) in T at 700 hPa, as seen from the 0800 EDT
and 2000 EDT Buffalo soundings (Fig. 7a), implying a
gradual increase in the low- to midlevel static stability.
Strong drying over 900-700 hPa and some moistening
over 700-500 hPa were also observed.

The upper-level ridge was associated with surface
high pressure over the southeastern United States.
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Anticyclonic flow around this high brought warm and
moist air into the ECPASS study region (Fig. 6¢). The
surface equivalent potential temperature (6,) in this
area reached a maximum of around 350 K. A light to
moderate (2.5ms ') southwesterly (230°) surface wind
locally prevailed.

2) 15 AUGUST

This case also featured a 500-hPa ridge to the north-
west of the ECPASS study region (Fig. 6b). A lingering
500-hPa short-wave trough was also situated just to
the southeast. This setup led to strong negative vor-
ticity advection aloft across the Pan Am study region.
Consequent large-scale descent is suggested by the
0800 EDT and 2000 EDT Buffalo soundings, where a
moderate (~3°C) increase in 7" and reduction in T oc-
curred over the 750-350-hPa layer in the intervening
12-h period (Fig. 7b). No significant change in the low-
to midlevel (900-700 hPa) T, was observed.

As in the 18 July case, the flow around the 700-hPa
ridge to the northwest of southern Ontario also advected



VOLUME 147

MONTHLY WEATHER REVIEW

3962

Latitude
¢ (107t s7h)

Latitude

1330 &
1320 o

Latitude

w
o

280

34° -
-9 -9%0 -8 -80 -75 -70 -95 -90

Longitude

FIG. 6. Maps of (a) 500-hPa geopotential height (contours), relative vorticity (color shading), and geostrophic
winds, (c) 700-hPa geopotential height (contours), temperature (color shading), and geostrophic winds, and
(e) mean sea level pressure (contours), surface 6, (color shading), and winds at 1800 UTC (1400 EDT) 18 Jul 2015.
(b),(d),(f) Asin (a),(c),(e), but for 1800 UTC (1400 EDT) 15 Aug 2015. The ECPASS study region is indicated by a

purple box near the center of each panel.

-85 -80 -75
Longitude

located over the Southeast region of the United States
(Fig. 6f). The mean surface wind across the ECPASS
study region was weaker than that in the July case (1.5
vs 2.5ms ') and was blowing from 250°. This weaker
wind partly contributed to the more even propagation

relatively warm air into the Pan Am study region
(Figs. 6d and 7b). However, the temperature gradients
and wind speeds aloft were much weaker in this case,
suggesting much weaker horizontal warm advection.
Similar to the July case, a surface high pressure was
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FIG. 7. Observed soundings at 1200 UTC (0800 EDT) and 0000 UTC (2000 EDT) at Buffalo for (a) 18 Jul and (b) 15 Aug 2015. Simulated
soundings at 1200 UTC (0800 EDT) and 0000 UTC (2000 EDT) at Buffalo for (c) 18 Jul and (d) 15 Aug 2015.

of the Lake Ontario LBF in all directions (cf. Figs. 2
and 5). The mean surface 6, in the ECPASS study re-
gion was slightly less than that in the July case (345 K).
This difference in the surface 6, was associated with
lower near-surface relative humidity in this case
(not shown).

Although, as shown above, the values of near-surface
0, differ between the two cases, these values both suf-
ficed to provide substantial moist instability. The
mean-layer (0-500m above ground) convective avail-
able potential energy (CAPE) from the Buffalo sound-
ings reached 1096Jkg™! at 0800 EDT and only
decreased slightly to 1058 Jkg ' at 2000 EDT in the
July case, while it increased from 69 to 1157 Jkg ™" be-
tween 0800 and 2000 EDT in the August case, suggesting
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similar afternoon moist instabilities in the two cases.
However, differences in large-scale forcing over the
course of the day led to differences in convective in-
hibition (CIN). The CIN increased from 12Jkg !
(0800 EDT) to 153Jkg ' (2000 EDT) in the July case,
compared to a decrease from 177 to 25T kg™ ' over the
same period in the August case.

Although both cases exhibited mid- to upper-level
warming during the day, the difference in diurnal CIN
evolution may be attributed to the different layers
over which this warming occurred. In the July case, the
bulk of warming occurred across 850-650 hPa while
the August case exhibited warming farther aloft (750—
350hPa). Thus, the low- to midlevel environmental
lapse rate was more affected by the elevated warming
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in the former case. In their numerical experiments,
McCaul and Weisman (2001) showed that, for all else
equal, the low- to midlevel lapse rate controls con-
vection intensity more strongly than does the upper-
level lapse rate. Thus, despite the similar evening CAPE
values in the two cases and similar degree of elevated
warming, the lower height of the warming in the July
case may have acted as a stronger brake on the lake-
breeze-forced moist convection. Moreover, the prom-
inent low- to midlevel drying in the July case likely
further reduced parcel buoyancy through entrainment
(e.g., Rousseau-Rizzi et al. 2017).

4. Numerical simulations

To provide a more quantitative analysis of the larger-
scale and mesoscale forcing of deep convection in the
two study cases, we conduct cloud-resolving, real-case
numerical simulations using the Weather Research and
Forecasting (WRF) Model, version 3.8.1 (Skamarock
et al. 2008). WRF is a nonhydrostatic, compressible,
time-split Eulerian numerical weather model that solves
the 3D moist atmospheric equations on an Arakawa C
staggered grid. The equations are integrated using the
third-order Runge—Kutta scheme, with fifth-order hor-
izontal and third-order vertical advection and positive
definite scalar transport schemes. The simulations are
initialized using the 6-hourly, 2000 EDT NAM analysis
prior to each case study and are integrated for 24 h.

The simulations use three two-way nested domains
(Fig. 8), the outermost of which covers large portions
of the eastern United States and Canada with a hori-
zontal grid spacing Ax = Ay = 3km. The second domain
covers the eastern Great Lakes and surroundings with
Ax = Ay = 1km. The innermost domain, which focuses
on the ECPASS study area, has Ax = Ay = 200 m. This
latter grid size is required to resolve narrow and turbu-
lent LBFs, which are typically ~1 km wide (Chiba 1993;
Wood et al. 1999; Samiro 2015), as well as boundary
layer thermals and subcloud-scale drafts (Bryan et al.
2003). Unless otherwise stated, all model analysis is
conducted on this finest domain. All domains use 101
hydrostatic pressure levels that are terrain-following
at the surface and gradually relax to horizontal at the
model top at 50 hPa. The nominal vertical grid reso-
lution is ~20m over the lowest 1 km, with the lowest
level at ~10m above ground. The top boundary is rigid
and an implicit gravity wave damping layer is placed
over the uppermost Skm to prevent spurious wave
reflections from the model top.

The simulations parameterize longwave and short-
wave radiation using the Rapid Radiative Transfer
Model for global climate models (RRTMG) scheme.
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F1G. 8. The WRF simulation domain. The outermost domain
(d01) uses Ax = Ay = 3km, the intermediate domain (d02) has
Ax = Ay = 1km, and the innermost domain (d03) uses Ax = Ay =
200 m. The terrain elevation is indicated by the color shading.

The Noah land surface scheme is used along with the Eta
surface layer scheme employing Monin—-Obukhov sim-
ilarity theory and the Mellor—Yamada—Nakanishi—
Niino (MYNN) third-order planetary boundary layer
(PBL) scheme. Ocean and lake surface temperatures
are prescribed using the surface skin temperature data
in the 6-hourly NAM analysis, which is based on the
daily Real-Time Global (RTG) analysis (Thiébaux
et al. 2003) produced by the Marine Modeling and
Analysis Branch of the National Centers for Envi-
ronmental Prediction. Horizontal turbulent mixing is
parameterized using a Smagorinsky-type closure. A
single-layer urban canopy model is used in urban re-
gions, and cloud microphysics are parameterized using
the Thompson scheme with a fixed droplet number

concentration of N. = 300cm .

5. Simulation results
a. LBF tracking

To track the simulated LBFs, the simulated fields in
the innermost domain are first interpolated onto new
3D grids with the same nominal vertical levels as in the
WREF setup. The grid points are equally spaced in lat-
itude and longitude distance, with the number of grid
points in each horizontal dimension adjusted so that the
Cartesian grid spacing is ~500m (slightly coarser than
the native model grid to save computational expense).

Three such interpolation grids are defined over the
Niagara Peninsula, each with its long axis roughly
paralleling the local lake shoreline. The first grid is
placed over the southwestern section of Lake Ontario
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with its western and eastern limits extending roughly
from Hamilton to mesonet station L6B (yellow box in
Fig.1). Another grid is specified farther east over central
Lake Ontario (orange box in Fig. 1). The third grid
covers the entire length of the Niagara Peninsula, par-
allel to Lake Erie’s northern shore (red box in Fig. 1).

Since LBFs are usually associated with enhanced
near-surface, shore-normal 7, T, and/or wind gradi-
ents, we used the lowest-model-level fields (denoted ¢,
where ¢ represents a generic variable) to compute
shore-normal derivatives (¢,,). For the wind gradient,
the shore-normal wind component (here denoted i)
is used. Then, for each alongshore transect on each in-
terpolation grid, local extrema of ¢, are identified as
potential LBF locations. For this analysis we applied
nine-point smoothing to ¢ and ¢,, to limit the influence
of boundary layer thermals.

We first attempted to track the LBFs by checking the
spatial coincidence in the gradients of different quanti-
ties. However, extensive examination suggested that the
shore-normal wind gradient (i, ) alone best matched the
LBF propagation apparent to the eye. Thus, we manu-
ally select the local iz, minimum along each transect that,
judging by the nearby wind directions, appears most
representative of the LBF. This manual approach was
ultimately deemed necessary given the difficulties in
automatic tracking of LBFs in a highly turbulent flow.

Gaps along the analyzed LBFs sometimes arise in
this analysis, in part due to the abovementioned
smoothing. These missing values are filled using 1D
piecewise Hermite polynomial interpolation. Due to
its labor intensiveness, frontal tracking is only done in
30-min intervals during the daytime period of the sim-
ulations (0600-1800 EDT) for LBFs over the Niagara
Peninsula (LBFs are also simulated to the north of Lake
Ontario in both cases but are not tracked). We estimate
the uncertainty in our frontal tracking analysis to be
+3km, some of which results from the heavy smooth-
ing. However, this smoothing is essential for minimiz-
ing false detections.

b. Overview of the two cases

The simulated LBFs for 18 July case evolve similarly
to those observed (cf. Figs. 9 and 2): the Lake Erie LBF
forms earlier and propagates inland faster than the Lake
Ontario LBF to its north. As shown in the vertical cross
section through the lake breezes at different times in
Figs. 10a, 10c, and 10e, the onshore flow is generally
about three times deeper behind the Lake Erie LBF
than behind the Lake Ontario LBF. Between the two
LBFs lies a west-southwesterly ambient flow of modest
strength (2-4ms ™!, increasing throughout the morn-
ing). The two LBFs begin to collide around 1300 EDT
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toward the eastern end of the peninsula, about 1-2h
before the same collision was observed. As the Lake
Erie LBF continues its northward propagation, the
merged zone extends westward. Showers initiate along
the merged boundary, where local forcing for ascent is
maximized (Figs. 9d and 10c). By 1630 EDT, the merged
boundary has reached the southern shore of Lake
Ontario (Figs. 9¢ and 10e). Isolated showers continue
to initiate along this boundary but they are weaker
than before. Consistent with the observations, scattered
afternoon showers also develop north of Lake Ontario.

In the August case, a LBF is found along the
southern shore of Lake Ontario at 1200 EDT in the
observation but not in the simulation (cf. Figs. 11a and
5a). Although a weak onshore flow is simulated over
the southern shore of Lake Ontario at this time, in-
spection of the simulated surface winds before this
time suggests that this flow is not a lake breeze but the
remnant of a weakening northerly background flow.
The simulated southern Lake Ontario LBF forms at
about 1300 EDT (not shown), implying a 1-2-h delay
in the simulated LBF formation. After the simulated
Lake Ontario and Lake Erie LBFs develop along their
parent shores, they propagate inland nearly symmet-
rically as in the observation (cf. Figs. 11 and 5). As in
the July case, the onshore flow behind the Lake Erie
LBF is about twice as deep as that behind the Lake
Ontario LBF (Fig. 10). The winds between these two
LBFs are generally light and variable. The two LBFs
begin to collide and initiate showers over the central
peninsula by 1600 EDT (Figs. 10d and 11c). As the
merged boundary progressively lengthens zonally and
becomes quasi-stationary, so does the band of showers
along it (Figs. 10f and 11c,d). A cluster of showers also
develops just to the west of the Niagara Peninsula over
1600-1700 EDT, with higher coverage and intensity
than that observed.

¢. Model verification

1) SURFACE MESONET

To verify the simulated surface conditions and tim-
ing of LBF passage, we interpolate the model output
to mesonet stations W5Z and AOT, located along the
mesonet transect over the Niagara Peninsula (Fig. 1).
Although other mesonet stations also exist along the
transect (e.g., L6A and L6B), the chosen inland sta-
tions are better positioned to observe transient LBF
passage than the stations located along the shorelines,
which persistently observe onshore flow (not shown).
Because only the observed and simulated Lake Erie
LBF reach both stations in each case, we focus on the
propagation of this LBF in this analysis.
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FIG. 9. Simulated lowest-model-level radar reflectivity (color shading), 10-m winds (purple arrows), and analyzed
positions of LBFs (purple lines) based on the model data at (a) 0900, (b) 1100, (c) 1300, (d) 1500, and (e) 1630 EDT
18 Jul 2015. The terrain profile is plotted in gray shading. The highlighted segments of the simulated LBFs indicate
where various lake-breeze and LBF properties are computed. The yellow box indicates the areas where the areal
averaging of simulated soundings in section 6a are performed. The green dashed lines show the western and eastern
boundaries of the region where zonal average was computed for the cross sections in Fig. 10.

In the July case, both the observed and simulated T
at these stations begin to rise steadily after sunrise
(Fig. 12a). The simulated T at both stations are about
2°-3°C warmer than that observed before noon but
better match the observations after noon. Both the
observed and simulated 7 at station W5Z show a re-
duced warming rate or even a slight cooling after the
passage of the northern Lake Erie LBF. Atstation A0T, a
reduced warming rate is already seen in the observation
a few hours before the LBF passage. During this time,
the observed solar radiation flux (F;) decreased from
~800 to 500 W m ™2, indicating the presence of prefrontal
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clouds. The simulation does not capture this latter effect,
as the warming rate and F do not show evidence of cloud
cover prior to frontal passage. The simulated Lake Erie
LBF crosses these stations 0.5-1.5 hours earlier than ob-
served, suggesting modest errors in the simulated state
of the atmosphere and LBF propagation.

In contrast, the simulated 7 at stations AOT and W5Z
on 15 August are both about 2°-3°C cooler than those
observed, with the errors again gradually decreasing
over time (Fig. 12b). At station W5Z, the simulated
Lake Erie LBF passage leads to a cessation of diurnal
warming, which is not unexpected but disagrees with
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FI1G. 10. Zonally averaged cross sections of simulated meridional wind (red/blue shading), plane-parallel wind
vectors (arrows), potential temperature in 1-K intervals (thin black lines), vertical motion = 0.2ms ™' (thick black
contour), approximate locations of simulated LBFs (green dashed lines), and liquid water mixing ratio =
0.075 gkg ! (gray shading) at (left) 1300, 1500, and 1630 EDT 18 Jul 2015 and at (right) 1400, 1600, and 1700 EDT
15 Aug 2015. The regions where the cross sections are computed are shown in Figs. 9 and 11.

the observation (where surface warming continued after
LBF passage). Similar to the July case, both the obser-
vation and simulation exhibit a reduced warming rate
at station AOT 1-2 h prior to the frontal passage. During
this period, both the observed and simulated F, decrease
from ~800 to ~300 Wm ™2, again suggesting the pres-
ence of prefrontal clouds. Compared to the 18 July case,
there is less timing error in the simulated LBF crossings
(20min vs 0.5-1.5h), thus indicating a more accurate
model representation of the LBF in this event.

The impact of LBF passage on low-level moisture is
less evident, possibly because of a complex sensitivity
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of low-level humidity to lake-breeze passage. Although
the onshore flow behind the LBF tends to have higher
relative humidity than prefrontal air, the latter may
still possess larger specific humidity due toits higher 7.
On 18 July, the observed water vapor mixing ratio (q,,)
at stations AOT and W5Z increased during the morn-
ing but decreased slightly after Lake Erie LBF passage
(Fig. 12¢). The larger g, in the nominally warmer and
drier prefrontal air may stem from strong evapo-
transpiration, and hence large latent heat fluxes, over
land. Over Lake Erie, cooler temperatures and higher
humidity of lake-cooled air generally limit the latent
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FIG. 11. As in Fig. 9, but for (a) 1200, (b) 1400, (c) 1600, and (d) 1700 EDT 15 Aug 2015.

heat fluxes, leading to smaller g, behind the LBF.
This subtlety is not captured in the simulation, where
g, is nearly constant throughout the day at station
WS5Z and fluctuates at station AOT without showing
a clear signature of LBF passage. On 15 August, the
observed g, increased at both stations after the LBF
passage (Fig. 12d). The simulation reproduces this
pattern despite a slight overall underprediction in g,,.

The observed wind speed (V) on 18 July was already
increasing at stations W5Z and AOT before the Lake
Erie LBF passage, as the background flow strength-
ened in the morning (Fig. 12e). It continued to increase
after the LBF passage as the lake-breeze flow super-
imposed on the strengthening background flow. The
wind direction (£ V), on the other hand, did not show
a clear change after the frontal passage (Fig. 12g). Al-
though northwesterly winds briefly prevailed between
0800 and 1000 EDT, the background flow shifted to
southwesterly well before LBF passage and remained
so thereafter. Overall, the simulation adequately cap-
tures the observed diurnal evolution of the surface winds
despite a 1-2ms ™! overprediction in V before noon,
which may have contributed to the overly fast simu-
lated LBF propagation.

On 15 August, a light southwesterly wind also prevailed
at station W5Z before the LBF passage and only a slight
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(~0.5ms ") increase in V was observed after the frontal
passage (Fig. 12f). The simulation captures the bulk of
the observed wind pattern except for an underestimation
of 0.5-1.5ms ! in wind speed and a more variable £V
before LBF passage (Figs. 12f,h), the former possibly
leading to the slight delay in the LBF passage over this
station. The observed winds at station AOT were gen-
erally light throughout the day until LBF passage at
around 1600 EDT, when they shifted to southwesterly.
The simulation captures the weak winds throughout
the day as well as the rapid wind shifts associated with
LBF passages.

To extend the model verification to the entire do-
main, observations from all mesonet stations are used
to compute the model daytime (0600-1800 EDT)
averaged root-mean-squared error (RMSE) and bias
(or mean error; e.g., Wilks 2011; AL-Lami et al. 2017)
of T, q,V,and £V (Table 1). In both cases, the RMSE
and bias for T and g, are ~2°C and 1.5gkg ! or less,
suggesting a reasonable match between model and
observations. More prominent errors are found in the
RMSE of wind velocity, in that the speed errors are
comparable to V itself and the directional errors are
between 45° and 90°. We speculate that the latter arises
from the turbulent nature of the convective boundary
layer, which gives rise to chaotic and high-frequency
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FIG. 12. Time series of observed (solid) and simulated (dashed) air temperature (7), water vapor mixing ratio (¢,), wind speed (V), and
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the observed (solid) and simulated (dashed) solar radiation flux at mesonet station AOT on 18 Jul and 15 Aug, respectively. The vertical
lines indicate the times of the observed (solid) and simulated (dashed) Lake Erie LBF arrival at each station.

wind fluctuations. The relatively small bias of both
cases suggests that the multi-station-averaged simulated
winds are far more accurate than the instantaneous
winds at a single location.

2) RADIOSONDES

We evaluate the model soundings through compar-
ison against the Buffalo operational soundings (Fig. 1).
Although special soundings were available from King
City (on 18 July only), these were plagued by high-
amplitude noise and not used. In the July case, the
evolution of T and T, above 600hPa is accurately
simulated (Fig. 7c). Although midlevel warming is
simulated during the daytime, its magnitude is under-
estimated by 1°-3°C and the resulting warm layer is
~100hPa too shallow. These errors lead to a weaker
simulated midlevel (850-600hPa) capping inversion
during the late afternoon, and thus a smaller low-level
static stability than that observed.

Although the simulation underestimates the low-
to midlevel static stability, it also shows a ~3°C
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underprediction in the near-surface 7 at 2000 EDT (cf.
Figs. 7a,c), stemming from an earlier onset of surface
radiative cooling. As a result of these offsetting errors,
the simulated 500-m AGL mean-layer CIN is similar to
that observed in the 2000 EDT Buffalo sounding (169
vs 153Tkg ). However, the simulated daytime CAPE
evolution differs notably from the observation, with
the former decreasing from 1468 Jkg ™' at 0800 EDT
to 378 Tkg ! at 2000 EDT and the latter staying rela-
tively constant near 1000Jkg ' throughout the day.

TABLE 1. Daytime averaged simulation RMSE and bias of air
temperature (7)), water vapor mixing ratio (q,), wind speed (V),
and wind direction (£ V) at the mesonet stations for both events.

(0 . (gkg™") V(ms™) LV ()
18 Jul
RMSE 1.6 13 14 63.5
Bias —0.6 0.3 0.5 10.3
15 Aug
RMSE 23 1.6 13 85.0
Bias -1.7 1.0 0.3 12.9
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The model also captures the observed low- to midlevel
drying, but overestimates the base height of this drying
by ~100hPa and underpredicts 7, by 3°-6°C. Finally,
although the simulation broadly captures the wind di-
rection, it underestimates the wind speed above 300 hPa
by about 3ms ™' at both times.

The model also captures the general diurnal evolu-
tion of T at Buffalo in the August case, except for a 1°—
3°C underestimation in the daytime midlevel warming
(Fig. 7d). The simulated T, is much too low in the mid-
to upper levels at 0800 EDT but generally improves at
2000 EDT. The simulated CAPE at 0800 EDT is much
larger than that observed (1189 vs 69Jkg ') because
of the warmer and moister simulated boundary layer
(cf. Figs. 7b,d). Consequently, the simulated CIN at
that time is also much smaller than the observed (37 vs
177Jkg""). By 2000 EDT, the simulated CAPE and
CIN values reached 1390 and 25Jkg ™', respectively,
which compare well with the observations (CAPE =
1157Jkg " and CIN = 25J kg '). The simulation also
captures the wind shift aloft (above 600 hPa) from gen-
erally westerly early in the day to mostly northerly later
in the day.

The tropospheric relative humidity differs in the two
events, with the 15 August case exhibiting smaller
dewpoint depressions (and hence larger relative hu-
midities) over the 900-700-hPa layer. In drier flows,
entrainment of environmental air into the cumuli
leads to increased evaporative cooling, which tends to
weaken the cumuli and limit their growth (e.g., Derbyshire
et al. 2004; Rousseau-Rizzi et al. 2017). Thus, the drier
atmosphere in the 18 July case may lead to stronger
entrainment-induced suppression of ascending cumuli
than in the August case.

3) CONVECTION INTENSITY

We evaluate the simulated convection intensity
through comparison to the observed maximum ra-
dar reflectivity and echo-top height over the Niagara
Peninsula from the King City radar. For consistency
with the former calculation, we linearly interpolate the
simulated reflectivity to the height of King City radar’s
lowest elevation angle. No such interpolation is per-
formed for the echo-top height. The filtering criteria
applied to the observations in section 3 are also applied
to the simulations, except for the differential re-
flectivity and copolar correlation coefficient thresh-
olds (since all simulated reflectivity is free of artifacts).

In the 18 July simulation, the maximum echo top over
the Niagara Peninsula is around 3km MSL, 2-3km
shallower than that observed (Figs. 4b,d). However,
the observed echo tops only exceeded 4 km for a short
time (~30min) immediately after the LBF collision.
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In the simulation, scattered showers with lower echo
tops persist over the peninsula for several hours after
LBF collision at ~1400 EDT (Figs. 4c,d). The maximum
simulated reflectivity agrees well with the observation
(35 dBZ), reaching ~30 dBZ by midafternoon before
weakening to ~20 dBZ later (Figs. 4a,c).

Although the simulation of 15 August does not cap-
ture the observed early morning showers associated
with a departing disturbance, both the simulated maxi-
mum reflectivity and echo-top height associated with
LBF-forced convection agree well with the observations
(Fig. 4). The simulated maximum radar reflectivity
reaches ~45 dBZ during the late afternoon as compared
to 50 dBZ in the observation. The maximum simulated
echo-top height reaches ~7km MSL, close to the ob-
served value of ~8km. The timing of simulated LBF-
forced moist convection overall agrees well with the
observation, in that showers appear about an hour
before Lake Ontario and Lake Erie LBF collision and
intensify shortly thereafter.

Arguably the most prominent errors in the simula-
tions are the too-low echo tops and persistent light
precipitation on 18 July, as well as the failure to cap-
ture the early morning showers on 15 August. Such er-
rors could stem from a multitude of factors, including
(i) biases and/or lack of mesoscale detail in the initial
conditions, (ii) cloud-microphysics schemes generate
precipitation too readily in shallow convection (Wang
and Kirshbaum 2015), and (iii) errors in parameterized
surface fluxes and/or boundary layer transport. Nev-
ertheless, the many areas of agreement between the
observations and simulations, particularly in reproduc-
ing the differences in convection intensity between
the two cases, suggest that the simulations can offer
useful insights into the factors responsible for these
differences.

6. Forcing of moist convection
a. Large-scale forcing

One of the key differences between the 18 July and
15 August cases is that the former exhibited much
stronger midlevel warming during the daytime (Fig. 7),
which helped to suppress convection in the afternoon.
To examine this warming in detail, we analyze simulated
synoptic-scale vertical motion and temperature advec-
tion. For this analysis, we first smooth the simulated
wind and temperature fields from the outermost simu-
lation domain (d01, Ax = 3km) onto a coarser grid
with 100-km resolution. These smoothed fields are
then interpolated vertically onto pressure levels. To
diagnose the large-scale forcing of vertical motion, we
evaluate the quasigeostrophic (QG) w equation over
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FI1G. 13. Time series of simulated QG-w forcing terms averaged over the Niagara Peninsula
for (a) 18 Jul and (b) 15 Aug 2015. The vertical dashed lines indicate the time period of active
lake-breeze-forced convection in the simulations.

the 850-650-hPa layer (where the strongest warming
occurred in the July case):

2
(0% 0 o= oY, ¥, + )

A

R,
=NV, VD), 1)

|
B

where f; is the Coriolis parameter at a reference lati-
tude of 43°N, R is the gas constant of dry air, V, is
geostrophic wind vector, {, is the geostrophic relative
vorticity, o is the atmospheric static stability param-
eter (RT/p)(91n6/dp), where 6 is the potential tem-
perature. Term A on the right-hand side of (1) is
proportional to the vertical differential of absolute
vorticity advection and term B is proportional to the
horizontal Laplacian of temperature advection. The
effects of diabatic heating and friction are neglected.
The left-hand side of (1) is like a Laplacian operator,
s0, given w = 0 boundary conditions, it is roughly pro-
portional to —w (and hence vertical motion). Thus, a
positive right-hand side tends to force ascent and
vice versa.

On 18 July, the sum of terms A and B averaged over
the Niagara Peninsula is positive at 0800 EDT but
gradually decreases to negative values by 1300 EDT
(Fig. 13a). Based on the simulated 850-650-hPa flow
during this period, the study region is positioned
between a midlevel trough and a ridge with positive
differential vorticity advection and locally weak warm
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advection (relative to the surroundings) (Figs. 14a,b,d,e).
As a result, term A is strongly positive and term B is
negative between 0930 and 1300 EDT, with a positive
net forcing for ascent (Fig. 13a). By midafternoon, the
ridge builds into southern Ontario (Figs. 14g-1) and both
forcing terms switch sign (Fig. 13a), leading to a net
forcing for descent.

On 15 August, term A is again positive and term B
is negative before 1400 EDT (Fig. 13b). However,
unlike the July case, these terms approximately cancel
and lead to a nearly zero QG-w forcing over the 850—
650-hPa layer. This cancellation, and its minimal re-
sulting forcing for ascent, continues after 1400 EDT,
as terms A and B both weaken. Although this case ex-
perienced negative vorticity advection and thus net
forcing for descent higher aloft (Fig. 6b), this forcing
has minimal impact on the 850-650-hPa layer of
interest.

Thus, along with horizontal warm advection, sub-
sidence warming associated with large-scale descent
also occurred on the afternoon of 18 July in the mid-
levels. To isolate the effect of each process, we com-
pute the simulated profiles of potential temperature
change due to horizontal and vertical advection from
1200 to 0000 UTC (0800-2000 EDT) interpolated
onto a point in the middle of the Niagara Peninsula
(43.0°N, 79.4°W). On 18 July, horizontal advection
leads to ~2°C warming across the 850-650-hPa layer
while subsidence-induced vertical advection causes
1°-2°C warming over the same layer (Fig. 15a). On
15 August, by contrast, horizontal advection mini-
mally affects 6 across the 850-650-hPa layer and
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FIG. 14. (left) Simulated absolute vorticity advection (red/blue shading) and averaged geopotential height (solid
contours) in the 850-650-hPa layer, (middle) horizontal temperature advection (red/blue shading) and averaged
geopotential height (solid contours) in the same layer, and (right) QG- forcing (the sum of the right-hand side of
(1); red/blue shading) and averaged geopotential height (solid contours) in the same layer. Four times are shown:
(a)—(c) 0800, (d)—(f) 1100, (g)-(i) 1400, and (j)—(1) 1700 EDT 18 Jul 2015.
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FIG. 15. Profiles of simulated potential temperature change between 1200 and 0000 UTC (0800-2000 EDT) due
to horizontal and vertical advection at a point (43.0°N, 79.4°W) in the middle of the Niagara Peninsula for (a) 18 Jul
and (b) 15 Aug 2015.

vertical advection only warms the atmosphere above
750hPa (Fig. 15b).

To better visualize the impacts of the midlevel
warming on the convective environment, we compute
the averaged simulated sounding and parcel ascent
profile over areas where simulated moist convection
initiates (see Figs. 9 and 11 for the averaging locations).
In the July case, adiabatically lifted parcels at the time
of first simulated convection initiation (1400 EDT)
can only generate marginal positive buoyancy over
the 900-700-hPa layer due to the midlevel warming
(Fig. 16a). This warming intensifies over time as a result
of both the strengthening horizontal advection and
subsidence warming, the latter of which also produces
drying. A temperature inversion eventually develops,
which effectively caps convection at 750 hPa (or 2-3 km
MSL. Figures 16b and 16¢). In the August case, because
the warming occurs higher aloft (750-350 hPa), parcels
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can gain more buoyancy and ascend higher prior to
encountering the warmed layer (Figs. 16d-f).

b. Mesoscale forcing

Another factor regulating convection intensity is the
boundary layer forcing for ascent (e.g., Rousseau-Rizzi
et al. 2017). To quantify and compare such forcing be-
tween the two cases, we compute various simulated
properties averaged along specific segments of each
LBF where moist convection is simulated, mainly during
or after the LBF collision (note that the locations dis-
cussed herein differ from those above). These include
the mean 10-m shore-normal wind speed from the LBFs
to the parent lake shores (u,,), LBF propagation speed
(C), and maximum cross-frontal mean vertical mo-
tion within the lowest 1km above ground (wpgf) and
+1.5km of the LBF. The first two quantities are com-
puted on the same shore-parallel grids previously
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F1G. 16. The averaged simulated environmental sounding and parcel ascent profile over the areas where precipitating convection is
simulated along the lake-breeze convergence zone (see Figs. 9 and 11 for the averaging areas) at (a) 1400, (b) 1600, and (c) 1800 EDT
18 Jul 2015, and at (d) 1500, (e) 1700, and (f) 1900 EDT 15 Aug 2015.

described in section 5a. The third further incorporates
a vertical grid of terrain-following levels with 100-m
grid spacing from the surface up to 1km above
ground. This latter height is based on past findings
that the low-level convergence associated with LBFs
is typically less than 1km deep (Moroz 1967; Lyons
1972; Keen and Lyons 1978). Therefore, the strongest
LBF-induced updraft should also reside within the
lowest 1km. Although not shown, the maximum
cross-frontal averaged updraft velocities along all
LBF segments are indeed found within 400-600 m
above ground.

As an aid to interpretation, we also evaluate various
simulated environmental quantities that are expected
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to regulate LBFs, based on the sea-breeze literature
(e.g., Arritt 1993; McKendry and Roulet 1994; Atkins
and Wakimoto 1997; Steyn 2003). One such quantity
is the land-lake temperature difference AT (AT =
T, — T,), where T, is the mean T over the land be-
tween the LBF segment of interest and 5 km ahead of
itand 7, is the mean T over the parent water body (both
are averaged vertically over 0-500m above ground).
Another is the ambient shore-normal wind (U,,), which
is represented by the 10-m shore-normal wind averaged
over the 5 km just ahead of the LBF segments. Although
low-level stability is often considered to be another
controlling parameter, the convective boundary layer is
similarly stratified in both cases (not shown).
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FIG. 17. Time series of simulated average lake-breeze onshore flow speed (u,,), average LBF propagation speed
(C), and maximum cross-frontal averaged vertical velocity within the lowest 1 km above ground (wy gF) for the lake
breezes of (left) 18 Jul 2015 and (right) 15 Aug 2015. The vertical dash lines indicate the times of simulated LBF
collisions. The solid lines correspond to the original simulations for each case, and dashed lines correspond to
simulations where latent heat release is eliminated around 2 h prior to the time of frontal collision. The LBF
segments over which these quantities are averaged are shown in Figs. 9 and 11.

1) 18 JuLy

The simulated onshore flow behind the Lake Erie
LBF (u,,) increases from ~2ms ™' at the time of for-
mation to ~4ms™ ' at around noon and remains nearly
steady for the rest of the day (Fig. 17a). The early ac-
celeration of this onshore flow likely stems from a
combination of a 1-2ms~ ' increase in background
wind (U,) and an increasing AT during the morning
(Figs. 18a,c). After 1200 EDT, u,, behind the Lake
Erie LBF becomes quasi steady as the background
winds and AT level off. For the Lake Ontario lake
breeze, u,, also increases from 1 to 2ms™~ ! at around
noon (Fig. 17a) but later weakens as its AT diminishes
and the opposing ambient winds increase (Figs. 18a,c).
Comparing the two lake breezes, the Lake Ontario
breeze onshore flow is ~1.5ms ! weaker than that of
Lake Erie breeze due to its smaller AT and offshore
ambient winds.

Similarly, the onshore propagation speed C of the
simulated Lake Erie LBF is 1-3ms ™' larger than that of
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the Lake Ontario LBF until LBF collision at ~1400 EDT
(Fig. 17c). After the collision, the merged boundary
slowly propagates northward toward Lake Ontario,
which corresponds to a small onshore motion (positive)
for the Lake Erie LBF, and vice versa for the Lake
Ontario LBF. The small differences in C between the
two LBFs after collision results from the different
orientations of the tracking grids and the aforemen-
tioned uncertainties in the frontal position.

As the LBFs form and strengthen in the morning,
wpgr gradually increases to a maximum shortly after
the LBF collision (Fig. 17¢). The Lake Ontario LBF
updraft slightly exceeds that of the Lake Erie LBF be-
tween 1100 and 1300 EDT, consistent with previous
findings that sea-breeze frontogenesis is enhanced
under offshore background winds (Arritt 1993; Atkins
and Wakimoto 1997). After the LBFs collide, wygp
along the merged boundary hovers around 0.3 ms ™"
before diminishing after 1700 EDT as the merged
boundary reaches Lake Ontario (Fig. 9¢).



3976

MONTHLY WEATHER REVIEW

VOLUME 147

6 . ——
a) Land-Lake Ont.

I
4k = Land-Lake Erlq

B

—— Lake Ont. LBF

[ — Lake Erie LBF ]
n /
w
g 0r--—- ﬁ‘_ -----------------

T T T T T T T T
1
1
1
1
7 4
1
1
1
________________________ rm—————
!
1
1
L I 4
1
1
1
1

-4 . . . . . . . . L L . . . L L ! L
08 09 10 11 12 13 14 15 16 17 1808 09 10 11 12 13 14 15 16 17 18

Time (EDT)

Time (EDT)

FIG. 18. Time series of simulated land-lake air temperature contrast (A7) and shore-normal wind speed ahead of
the LBFs (U,,) for the lake breezes of (left) 18 Jul 2015 and (right) 15 Aug 2015. The vertical dash—dotted lines
indicate the times of simulated LBF collisions. To focus on the ambient flow, the time series of U,, are cutoff when
the opposing lake breeze propagates into the averaging area.

2) 15 AUGUST

As in the July case, both u, and C are generally
larger for the Lake Erie breeze (Figs. 17b,d). These
differences stem primarily from AT, which is 50%—
100% larger for the Lake Erie breeze than for the Lake
Ontario breeze (Fig. 18b). The weakness of the am-
bient flow (Fig. 18d) limits the differences in u,, and C
between the two breezes, such that the inland propa-
gation speed of the Lake Ontario breeze temporarily
matches that of Lake Erie at 1530 EDT. After LBF
collision, the merged boundary propagates slowly
southward toward Lake Erie.

Compared to the July case, the magnitudes of u,, and
C of the two lake breezes are broadly similar. How-
ever, in contrast to that case, wy gF is slightly stronger
for the Lake Erie LBF than that for Lake Ontario LBF
over the three hours prior to their collision (Fig. 17f).
These differences are maximized during the initiation
of the Lake Ontario lake breeze over 1300-1400 EDT
and gradually vanish. The weak ambient flow likely
does not explain any differences in frontogenesis, and
hence wy gg, between the two LBFs. Rather, the stron-
ger baroclinicity of the Lake Erie LBF is a more likely
culprit. At the time of LBF collision (1600 EDT), the
updraft along the merged boundary reaches nearly
0.5ms !, exceeding that in the 18 July case by ~70%.

The enhanced subcloud ascent near the time of LBF
collision could be either a cause or an effect of the en-
hanced moist convection in this case. Stronger subcloud
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updrafts tend to invigorate cloud-layer convection (e.g.,
Kirshbaum and Grant 2012), but these updrafts may also
be enhanced by convection in the overlying layer (e.g.,
Wang and Kirshbaum 2015). To evaluate the feedbacks
of cloud-layer latent heat release on the subcloud
updraft, we restart the simulations of both the 18 July
and 15 August cases around 2h prior to LBF collision
(1200 EDT and 1400 EDT, respectively) with cloud la-
tent heating switched off. This timing limits divergence
of these simulations from the original simulations prior
to LBF collision. As shown in Figs. 17e and 17f, the
elimination of latent heat feedbacks removes most of
the differences in w g between the two cases. Thus, the
stronger subcloud updraft in the 15 August case is
mostly an effect, rather than a cause, of enhanced
moist convection in the cloud layer.

7. Conclusions

This study has used observations from the 2015 En-
vironment and Climate Change Canada Pan/Parapan
American Science Showcase (ECPASS) and real-case,
cloud-resolving numerical simulations with the WRF
Model to investigate two cases of moist convection
forced by lake-breeze convergence over southern
Ontario (18 July and 15 August 2015). The target area
was the Niagara Peninsula, where lake breezes from
Lake Erie (to the south) and Lake Ontario (to the
north) often collide during the afternoon. Both events
were characterized by nominally high-surface-pressure
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conditions, with impinging upper-level ridges forcing
large-scale descent. The absence of nearby organized
precipitating systems facilitated isolation of the lake-
breeze dynamics and its role in convection initiation.

Despite similar morning thermodynamic soundings and
late-afternoon moist instabilities (CAPE ~1000J kg™ '),
the observed midafternoon cumulus convection differed
substantially between the two cases. Lake-breeze-forced
cumuli in the first case were much shallower (cloud tops
=6km) and weaker (maximum reflectivity of 35 dBZ)
than those in the second case (>8km and 50 dBZ).
The objectives herein were to characterize the processes
leading to convective initiation in the two cases and to
interpret what physical processes led to such differences
in cumulus development.

Although the numerical simulations did not per-
fectly reproduce either event, they succeeded in cap-
turing the substantial differences in cloud-top height
and maximum radar reflectivity between the two cases.
Thus, in conjunction with ECPASS observations, they
provide a useful framework for addressing the above
objectives. Based on a synthesis of the observations and
simulations, the following conclusions are reached:

1) The moderate southwesterly ambient winds in the
18 July case caused the Lake Erie breeze to propa-
gate much faster inland than the Lake Ontario
breeze, the latter of which was held fixed to the
shoreline. By contrast, the light and variable ambient
winds in the 15 August case led to a more symmetric
lake-breeze inland propagation. These findings are
consistent with previous studies showing that the
lake-breeze inland propagation is enhanced by back-
ground tailwinds and suppressed by background
headwinds (e.g., Sills et al. 2011).

2) Despite differences in lake-breeze timing and propa-
gation between the two cases, the subcloud forcing for
convection along the LBFs before their collision was
similar. Consistent with Crook (1997) and previous
work on southwestern Ontario lake breezes (e.g.,
King 1996; Sills 1998), the collision between Lakes
Ontario and Erie LBFs over the Niagara Peninsula,
and the attendant enhancement of subcloud ascent,
led to the formation and/or intensification of convec-
tive precipitation. Although a spike in subcloud
vertical motion near the time of lake-breeze frontal
collision was simulated in the 15 August case, this
enhancement stemmed from the positive feedback of
latent heat release within the cloud layer. Excluding
this effect, the subcloud forcing was found to be
similar between the cases even after the LBF collision.

3) The principal mechanism behind the different cloud
development in the two cases was differences in
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synoptic-scale midlevel warming over the course of
the afternoon. The former case exhibited a large
(~5K) warming over the 850-650-hPa layer due
to a combination of warm advection and large-scale
descent, which created an afternoon inversion layer
that inhibited convection. Although large-scale de-
scent also occurred in the latter case, it was weaker
and located farther aloft (750-350hPa), and thus
less effective at suppressing midlevel cumuli.

Although the convection was not particularly deep
or severe in either case, the findings herein highlight
the importance of subtle differences in transient large-
scale forcing for regulating lake-breeze-forced con-
vection, even under high pressure conditions. Given
that current NWP grid spacings of O (1) km still cannot
properly resolve mesoscale convergence lines responsi-
ble for initiating moist convection (Warren et al. 2014;
Rousseau-Rizzi et al. 2017), these models cannot be
expected to reliably predict lake-breeze-forced convec-
tion. Thus, studies like this one may provide added value
to operational forecasting in regions susceptible to such
convection.
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