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ABSTRACT

During the Ontario Winter Lake-effect Systems (OWLeS) beld campaign, 12 long-lake-axis-parallel
(LLAP) snowband events were sampled. Misovortices occurred in 11 of these events, with characteristic
diameters of ; 800 m, differential velocities of ; 11 m < *, and spacing between vortices of 3 km. A detailed
observational analysis of one such snowband provided further insight on the processes governing misovortex
genesis and evolution, adding to the growing body of knowledge of these intense snowband features. On
15D16 December 2013, a misovortex-producing snowband was exceptionally well sampled by ground-based
OWLeS instrumentation, which allowed for integrated bPnescale dual-Doppler and surface thermodynamic
analyses. Similar to other studies, horizontal shearing instability (HSI), coupled with stretching, was shown to
be the primary genesis mechanism. The HSI location was inBuenced by snowband-generated boundaries and
location of the Arctic front relative to the band. Surface temperature observations, available for the brsttime,
indicated that the misovortices formed along a baroclinic zone. Enhanced mixing, higher radar reRectivity,
and increased precipitation rate accompanied the vortices. As the snowband came ashore, OWLeS partici-
pants indicated an increase in snowfall and white out conditions with the passage of the snowband. A sharp,
small-scale pressure drop, coupled with winds of 16 m €%, marked the passage of a misovortex and may be

typical of snowband misovortices.

1. Introduction

Some of the worldOs most intense lake-effect snow

events occur downstream of the North American Great
Lakes. Lake-effect snow events often only impact a
relatively small area, but, within that narrow corridor,
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snowfall amounts and rates can be substantial. Lake-
effect snowbands are relatively shallow,; 2D3 km deep,
and, consequently, Weather Surveillance Radar-1988
Doppler (WRS-88D) coverage of these events from long
ranges can be insufpcient to capture many of the small-
scale structures that are considered important for snow
production and/or local variations in snowfall rates
(e.g., Winstead et al. 200). Snowbands that form par-
allel to the long axis of the lakes, long-lake-axis-parallel
(LLAP) (e.g., Steiger etal. 2013, or Type 1 bands (e.g.,
Niziol et al. 1995) most frequently occur along Lakes
Ontario and Erie due to the orientation of the prevailing
environmental winds along the major axis of these lakes
(Kristovich and Steve 1995 Rodriguez et al. 2007 Laird
et al. 2017. These bands have a large major-to-minor
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axis ratio (i.e., they are long and narrow), can be the weaken at landfall, and it was inferred from modeling
most convectively active (e.g.,Moore and Orville 1990; results that the combination of increased surface rough-
Niziol et al. 1995; Steiger et al. 2018, and frequently are  ness and reduced stretching due to the decrease in low-
associated with intense localized snowfall along and level updraft strength as warming from the lake surface
near the downwind shoreline. For example, just east ended contributed to the demise of the misovortices.

of Buffalo, New York, a LLAP event produced ; 165cm Misovortices also have been observed downwind of
of lake-effect snow accumulation over a 48-h period, the Sea of Japan during cold air outbreaks (e.g.Jnoue
from 17 to 19 November 2014, closing roads, causing et al. 2011 Inoue et al. 2016. Inoue et al. (2011) docu-
structural failures, and contributing to several fatali- mented the occurrence of four misovortices within
ties. Since these snowbands are so narrow, the gradient the comma echo of a winter system, one of which was
in snowfall can be quite sharp, such as in the 17b associated with FO damage. The misovortices dissipated

19 November 2014 storm where regions just a few ki-
lometers from the snow maximum only had snow totals
of ; 15cm (National Weather Service 2014. Hetero-

quickly after landfall, which the authors attributed to,
in part, an increase surface friction. The genesis mech-
anism was unclear, but the misovortices formed along

geneities within snowbands, such as mesoscale anda convergence line and subsequent stretching of verti-

misoscale vortices, can locally impact snowfall rates
and wind speeds, but the type, frequency of occurrence,
kinematics, genesis mechanisms, and impacts are still
active areas of research.

Mesoscale vortices, typically debned as vortices with
diameters of ; 4b100km, have been documented in
snow events over, predominantly, the western Great
Lakes (e.g.,Forbes and Merritt 1984; Pease et al. 1988
Laird 1999; Laird et al. 2001; Grim et al. 2004), but
not until recently have misoscale vortices, those with
diameters # 4km, been investigated over the eastern
Great Lakes (Steiger et al. 2013. Using bnescale single-
Doppler mobile radar observations from two LLAP
events,Steiger et al. (2013)brst documented misovortex
characteristics within a small sampling of LLAP bands
over Lake Ontario. Typically, the vortices had diame-
ters (D), debned as the distance between maximum
inbound and outbound Doppler velocities, of # 1km
and differential velocities (DV), debned as the differ-
ence between maximum inbound and outbound ob-
served Doppler velocities, of # 11ms *. Steiger et al.
(2013) hypothesized that the structures occurred as a
result of horizontal shear instability (HSI) and may
impact the precipitation type and/or rate. But, since
only single-Doppler radar observations were available,
this precluded a detailed kinematic analysis of these
features. Circulations with D $ 1.5km also were docu-
mented, but these structures were comparatively rare.

More recently, using numerical model and dual-
Doppler analyses of a LLAP event observed during the
Ontario Winter Lake-effect Systems (OWLeS) project
(Kristovich et al. 2017), Mulholland et al. (2017) [M17
hereafter] investigated the role of HSI in misovortex
formation during the seventh Intensive Operations Period
(IOP7 hereafter). In both the observational and model
analyses, they found that shearing instability criteria were
satisbed when misovortices were present, supporting HSI

cal vorticity by convection overhead was the assumed
mechanism. During another event, at least Pve miso-
vortices were documented along a convergence line,
which also suggested that HSI had a role in genesis
(Inoue et al. 2016. Observations from two surface
weather stations of one of the vortices recorded wind
speeds of 20D25m%* and pressure drops of 0.691mb.
In contrast to Inoue et al. (2011) and M17, as one of the
vortices made landfall, the tangential velocities were
observed to increase, which was attributed to an increase
in stretching as a result of increased convergence and a
decrease in vortex radius. Since many of these vortices
are observed over open water, the behavior of the vortex
line as it interacts with a change in underlying surface and
the internal thermodynamics of the snowbands remain
relatively unknown.

Misovortex lines are not unique to OOcold season®O

events and have been documented in association with

OOwarm seasonOO convergence boundaries, such as gust

fronts, cold fronts, sea breezes, and drylines (e.g.,
Kingsmill 1995; Friedrich et al. 2005; Pietrycha and
Rasmussen 2004Arnott et al. 2006 ; Marquis et al. 2007,
Buban et al. 2007 Friedrich et al. 2008ab). They have
been hypothesized to be a mechanism for convective
initiation (CI) (e.g., Arnott et al. 2006; Marquis et al.
2007 and for the genesis of nonsupercell tornadoes
(NST) (e.g., Wakimoto and Wilson 1989). While some
investigators cite the interaction of horizontal convec-
tive rolls with the convergence boundary as the in-
stigator, others attribute misovortex formation to HSI.
Numerical simulations by Lee and Wilhelmson (1997)
further investigated the genesis and life cycle of miso-
vortices along an idealized outRow boundary and con-
cluded that HSI is the primary mechanism, with possible
contributions from lobe and cleft instability to the initial
perturbations along the boundary. Additionally, the
misovortices infBuenced the vertical velocity along the

as the genesis mechanism. The vortices were observed to outRow leading edge, with the updrafts playing a critical
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role in Cl. Whether or not lake-effect snowband mi-
sovortices lead to convection enhancement remains
unknown.

The beld component of OWLeS took place from
5 December 2013 to 29 January 2014 and provided
the unique opportunity to examine the Pnescale four-
dimensional structure of misovortex-containing LLAP
bands using targeted observations from mobile Dopp-
ler radars and other surface assetaVi170s dual-Doppler
analysis of IOP7 is the brst and only such analysis
of snowband misovortices, but lacked thermodynamic
observations. Moreover, as noted by Steiger et al.
(2013) the band-relative location of the misovortices,
and hence their genesis mechanism, evolution, and
impacts on precipitation production, may vary from
case to case. A misovortex-producing snowband that
occurred overnight on 15 to 16 December 2013 (IOP4
hereafter) provided an excellent case for observational
analysis and comparison to the kinematics Prst docu-
mented in IOP7 by M17. In addition to the benebpt of
analyzing different cases to understand the generaliz-
ability of the results, unlike IOP7, I0P4 had better low-
level dual-Doppler coverage, Pner spatial resolution,
and surface meteorological observations as the LLAP
band comes ashore. Last, the sampling of 12 LLAP
bands at the same geographical location, by the same
instruments, afforded the Prst opportunity to provide a
general context of misovortex characteristics for the
interpretation of the Pndings presented from individual
case studies.

The objectives of this research are twofold: 1) ex-
amine the kinematic evolution of a different snowband
than documented in M17 through a detailed multi-
instrument case study analysis and 2) compile miso-
vortex characteristics for all misovortex-producing
snowbands and compare thes bulk characteristics to
those reported in case studies. The manuscript is or-
ganized as follows.Section 2 provides an overview of
the data used in the subsequent analysesSection 3
focuses on a case study of IOP4, which had some of the
best overall dual-Doppler coverage of any misovortex-
containing band sampled during OWLeS. The Pnescale
dual-Doppler analyses of a misovortex-containing
snowband, coupled with onshore surface weather sta-
tions, allowed for investigation of the mechanisms of
misovortex genesis and maintenance, kinematic char-
acteristics, effects on microphysics, and contributions
to boundary layer momentum Buxes. To put the obser-
vations from 10P4 and IOP7 in context with other
LLAP snowbands, the misovortex characteristics of
all the LLAP snowbands sampled during OWLeS are
examined in section 4 Section 5discusses the relevance
of the results.
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2. Data
a. Mobile radar data

The Center for Severe Weather Research (CSWR)
deployed three Doppler on Wheels (DOW) mobile
radars (Wurman 2001) during the OWLeS beld cam-
paign. One to three DOWs were deployed for each
IOP, but due to split research objectives, DOWs 6
and 7 often were more favorably placed relative to
the LLAP snowbands and, consequently, employed
a predominantly volumetric surveillance scan strat-
egy from which dual-Doppler analyses could be con-
ducted. Therefore, only data from these radars were
used in the dual-Doppler and multicase misovortex
analyses. DOWs 6 and 7 are dual-polarization, dual-

frequency radars and operated in OOfast-4500 mode,

both frequencies simultaneously transmit/receive H and
V, during OWLeS (CSWR 2019. The DOWs used a
0.4ms pulse, with matched gate length of 60m, and
had arange of 58 km. A staggered PRF of 2000/2500 Hz
increased the Nyquist velocity to 79m¢g?, so man-
ual de-aliasing of the velocity data was unnecessary.
Beams were indexed at 0.Bintervals. The 10-min
synced DOW scan strategy comprised horizontal sur-
veillance scans, rangebheight indicator (RHI) scans,
and zenith-pointing calibration scans. Time-synced data
suitable for volumetric dual-Doppler analysis, compris-
ing elevation angles 0.8 18 28 38 48 58 68 78 83 98 108
128 148 and 16 occurred every 3D4min and RHIs,
which gave a quasi-instantaneous view of the vertical
structure, occurred every 10min. Zenith scans during
light snow were used to determine any drifts in the dif-
ferential ref3ectivity (ZDR) during IOPs (e.g., Bringi
and Chandrasekar 2001 The DOWs were calibrated
prior to the beginning and after the Peld phase of the
project.

b. Dual-Doppler methodology

For 10P4, the DOW6 and DOW?7 deployment loca-
tions along the southeastern shore of Lake Ontario
resulted in a baseline of 17.3km with a dual-Doppler
lobe over the lake (Figs. 1, 4, and 5). Data were objec-
tively analyzed to a Cartesian grid using a two-pass
Barnes blter (Majcen et al. 200§ with kappa values of
0.129 in the horizontal (k, 5 ky) and 0.518 in the verti-
cal (k,) and a second-pass convergence parametegj
of 0.3. Grid spacing values ofDx 5 Dy 5 100m in
the horizontal and Dz 5 200m in the vertical were
chosen based on the half-power beamwidth at a distance
of ; 25km from the radars. There was no downward
extrapolation in the objective analysis. Dual-Doppler
analyses were conducted using the CSWR version
of the OPAWS software, which extrapolates the
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FIG. 1. Overview of the deployment of OWLeS assets used in the IOP4 analysis. Inset shows a zoomed-in view of
the area enclosed by the black rectangle. Red dots indicate the DOW6 and DOW? locations. Blue squares indicate
the Pod locations. The DOW6DDOW?7 dual-Doppler lobe is shown in red, with the shaded area depicting the
standard dual-Doppler domain. No picture of DOW?7 was available for this IOP.

geometric coefbcients downward and solves iteratively
for u, y, and,w (see appendix A of Kosiba et al. 2013for
more details). The dual-Doppler domain comprised
avolumeof X5 Y5 40kmandZ 5 3.5km. Transla-
tion corrections were applied to account for band
propagation between the scans and the nominal dual-
Doppler analysis times. Later in the analysis period,
from 0550 to 0600 UTC, the band and misovortices were
much closer to both radars (Fig. 5d), so, in addition
to the standard grids described above, smaller-sized
grids (X 5 30km;Y 5 8km; Z 5 3.5km), with Pner
spatial resolution (Dx5Dy 5 50m;Dz 5 100m) (ky 5
ky 5 0.03;k, 5 0.12) were created to better resolve

domain. So, the area containing these vortices was still
able to be analyzed.

c. Additional observations

In addition to data from the DOWSs, data from
ground-based instruments were integrated into the
IOP4 analysis (Fig. 1). CSWR deployed a network of
10 weather stations (Pods) that measured 1 Hz temper-
ature, wind speed/direction, and pressure 1-m above
ground level (AGL) ( CSWR 2019. During I0P4, two
Pods, Pod | and Pod H, were optimally located near the
shoreline to sample the thermodynamic and surface
wind characteristics associated with the snowband.

smaller spatial scale details. Both the OOstandardOO aRcbximal ; 3-h soundings, launched from/by the State
O0small®O grids resolved structures with characteristimiversity of New York (SUNY) Oswego, were used to

smallest wavelengths of 300 to 600m (e.g.JTrapp and
Doswell 2000) and were the Pnest dual-Doppler grids,
to date, used to look at misovortex structure in lake

characterize the local environment in tandem with dual-
polarization belds for hydrometeor identibcation within
the band. The sounding launches were all south of the

effect snowbands. Qualitatively, both the OOstandardd§and during the analysis period.
and O0small®O grids depict the same structures. During theThe DOWSs were equipped with 18-m AGL masts that

early part of the analysis period, from 0520 to 0540 UTC,
the dual-Doppler coverage of the entire snowband is
quite good, whereas after 0550 UTC, beam blockage
southwest of DOW 7 precluded dual-Doppler coverage
of the southern periphery of the band (Fig. 5d). But, at
this time, the vortices were located in the northBnorth-
central (trailing) portion of the southward propagating
snowband, which was well within the dual-Doppler

sampled temperature, relative humidity, wind speed,
and wind direction at 1 Hz frequency. But, for IOP4, the
DOW?7 mast was not raised, so all mast measurements
were taken at; 4 m AGL. The temperature and relative
humidity data are suspect, and not presented, since they

1vaisala RS92-SGP sondes.
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FIG. 2. Overview of the large-scale environment during IOP4. (top) (left) Surface analysis from the Weather
Prediction Center and (right) difference between the surface temperature of Lake Ontario and the 850 mb tem-
perature at 0000 UTC 16 Dec 2013. (bottom) (left) Surface analysis from the Weather Prediction Center and (right)
difference between the surface temperature of Lake Ontario and the 850 mb temperature at 0600 UTC 16 Dec 2013.
(top and bottom right panels) Vector winds at 850 mb are overlaid on the temperature difference plots at the
respective times. The Arctic front was located north of Lake Ontario at 0000 UTC 16 Dec 2013 and, by 0600 UTC
16 Dec 2013, the front was near the southern shore of Lake Ontario. The 850 mb winds become more northerly

by 0600 UTC 16 Dec 2013.

likely were contaminated by generator exhaust. The
overall trends in the wind speed and direction likely
were reliable and have been conbrmed with observa-
tions from a nearly collocated Pod, but small Buctua-
tions occurred due to proximity to the rotating antenna.
The pressure sensor was located inside the radar cab at
approximately the same height as the lowered mast and
was not impacted by the generator or rotating antenna.

3. Case study of a misovortex-producing
snowband: IOP4

a. Overview of the case

IOP4 occurred overnight from 15 to 16 December
2013 and was associated with the passage of an Arctic
front that approached the OWLeS domain from the
north (Fig. 2). Ahead of the front, westerly winds de-
veloped across Lake Ontario. Reanalysis data from
the National Centers for Environmental Prediction
(NCEP) at 0000 and 0600 UTC 16 December 2013 in-
dicated the difference between the lake surface and the

850 mb temperatures [T ake 2 Tgso ranged from 2 108
to 2 228C (Fig. 2), within the 138C threshold commonly
used for boundary layer instability (Holroyd 1971).
Proximal sounding data from SUNY Oswego at 0215
and at 0459 UTC 16 December showed a nearly unidi-
rectional, primarily westerly, wind proble throughout
the boundary layer. The OB1km shear values were
17m<*at 0215 UTC and 14m$ ' at 0459 UTC; the 0D
3km shear values were 24 and 13nfs" at 0215 and
0459 UTC, respectively (Fig. 3). Using the equilibrium
height as a predictor of band intensity (e.g.,Byrd et al.
1991), sounding data indicated that this occurred at
; 3km, sufbcient for a LLAP event (Fig. 3). The cold air,
coupled with strong low-level westerly Bow and sufp-
cient instability was conducive to the formation and
maintenance of a LLAP snowband that would impact
the east and southeast shores of Lake Ontario (e.g.,
Niziol 1987).

The DOWSs observed the evolution of the LLAP
snowband from approximately 2100 UTC 15 December
to 0630 UTC 16 December 2013 (see the animation in
the online supplemental material). The band underwent

8QDXWKHQWLFDWHG _ 'RZQORDGHG
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FiG. 3. SkewTDblog plots of the vertical probles of temperature, dewpoint temperature, and
winds obtained from the soundings launched at the SUNY Oswego campus at 0215 UTC 16
Dec and at 0459 UTC 16 Dec 2013. The black line depicts the temperature proble and the blue
line depicts the dewpoint temperature proble from the 0215 UTC 16 Dec 2013 sounding. The
red line depicts the temperature proble and the green line depicts the dewpoint temperature
proble from the 0459 UTC 16 Dec 2013 sounding. Wind barbs are shown in ns'. Pressure, in
mb, is shown on the left vertical axis; height, in km, is shown on the far right vertical axis. Both
soundings have an equilibrium level, indicated by the purple horizontal lines, of; 3km and a
mostly unidirectional, westerly, wind proble throughout the depth of the sounding.

signibcant structural evolution during the ; 9.5-h I0P
(Figs. 4 and 5). The snowband initially formed under
west-northwesterly Row and became more organized
around 2300 UTC with the major axis oriented approxi-
mately eastbwest across eastern Lake Ontario. From
; 2330 to; 0200 UTC, the snowband was relatively nar-
row (; 20km, debned by the minor axis of reRectivity)
and there was a line of weak misovortices located near
the southern edge of the band Figs. 4a,)). A prominent
misovortex line occurred between 0110 and 0140 UTC
as the snowband moved southward Fig. 4b). After

had increased from earlier and, soon after that time
(; 0420 UTC), the precipitation had a continuous
southward movementat; 3ms’?, similar to the analyzed
position and movement of the Arctic front. The wind
speed perturbations associated with the misovortices
were generally 49 m$® above the background Bow.

By 0430 UTC, the northern region of precipitation
had mostly merged with the southern region (Fig. 5a)
and, by 0504 UTC, a dominant, narrow (minor axis of
relBectivity ; 10km) snowband emerged, with a line of
misovortices transecting the band from southeast to

0200 UTC, the band became less debPned and had a broad northwest; the southeastern vortices were near the

region of precipitation, with occasional transient vortices
and higher ref3ectivity cells (Fig. 4¢). By 0340 UTC, the
precipitation reorganized, initially as a diffuse double-

banded structure, with a line of weak vortices near the
southern edge of the northern snowband Fig. 4d). It was
likely that the northern snowband was associated with
the Arctic front because the winds north of the vortex line

southern edge of the band and the northwestern vortices
were near the northern edge of the band (ig. 5b). By
0530 UTC, the maximum rel3ectivity associated with the
band also had increased from prior values of 20D25 dB
to values of 30b35dE (Fig. 5¢). The misovortices
generally had a ; 15916 m%* eastward propagation
speed, parallel to the long axis of the snowband, along a
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FIG. 4. Evolution of the LLAP band at select times discussed in the text during IOP4. (left) DOW?7 radar
reRBectivity and (right) DOW?7 Doppler velocity; both are shown at 0.5 8 elevation. The red dots indicate the
DOWSG6 (D6) and DOW?7 (D7) locations. When present, the vortex line is annotated by a thin dashed line in the
Doppler velocity beld and a solid red line in the ref3ectivity beld.
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FIG. 5. Evolution of the LLAP band at select times discussed in the text during IOP4. (left) DOW?7 radar re-
Rectivity and (right) DOW?7 Doppler velocity; both are shown at 0.5 8elevation. The red dots indicate the DOW6
(D6) and DOW?7 (D7) locations. The black lines in (b)D(d) depict the location of the RHIs shown in Fig. 6. When
present, the vortex line is annotated by a thin dashed line in the Doppler velocity beld and a solid red line in the
ref3ectivity peld.
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region of inferred convergence, similar to the miso-
vortex and dust devil observations of Pietrycha and
Rasmussen (2004) The band structure, with associated
misovortices, and southward movement, remained
relatively persistent until the end of the observation
period when the LLAP band moved in close proximity
to DOW?7 ( Fig. 5d).

Evolution of the vertical structure of the misovortex-
bearing convergence zone was inferred from RHIs Fig. 6).
The RHIs from DOW6 at 344 8 azimuth had the best
observing geometry, which was approximately perpen-
dicular to the long axis of the snowband (Figs. 5bbJg.
Initially, between 0503 and 0533 UTC (Figs. 6a,b, near
the southern edge of precipitation, there was a pronounced
backward/northern tilt of the convergence region with
height. But, from 0533 UTC onward, the convergence
region had migrated to near the northern end of the high
ref3ectivity region and it had a more upright vertical
structure than earlier (Figs. 6¢cbg The initial backward
slope with height might be indicative of cooler/less
buoyant air undercutting relatively warmer/more buoy-
ant air ahead of the line, suggesting distinctly different
air masses on either side of the misovortex line, such
as observed byBergmaier et al. (2017). Indeed, surface

observations, discussed in subsequent sections, suggestrom the coastally located Pods (OOIO0 and, to a lesser
extent, OOHOO) and DOW?7 can be linked to snowband

the presence of thermodynamic boundaries.

The DOW7 mesonet and the approximately collo-
cated Pod | data showed an increase in wind speed
and variability (OOgustiness®0) afté230 UTC, which
is associated with a change in wind direction as the
front/band had moved south of the DOW7/Pod | loca-
tion (Figs. 7a,h. Pressure generally was increasing
during this period (Fig. 7¢) and temperature was gen-
erally decreasing from ; 0300 UTC onward (Fig. 7d).
These overall trends likely were associated with the
arrival/stalling of the Arctic front near the southeastern
shore of Lake Ontario. The observed small-scale
decrease in pressure at 0605 UTC was shown to be
associated with the passage of a misovortex and the
small-scale warming between; 0600 and; 0620 UTC
was associated with the passage of the band.

After ; 0620 UTC, the eastern extent of the band/front
was inland, south of the DOW?7 and Pod | location.
Data from Pod H, which had a more southerly loca-
tion, recorded the passage of a misovortex 0628 UTC,
as indicated by similar pressure and wind trends as
observed earlier in the DOW7 mesonet and Pod | data.
Pod H also experienced a brief warming between
; 0628 and; 0637 UTC and both Pod | and Pod H
recorded decreasing tempeatures after the snowband
moved over their locations.

Misovortices were present for long periods, but
not continuously, throughout the IOP. Occasionally,
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anticyclonic misovortices (Fig. 8c) and mesoscale vor-
tices were present Fig. 8b). Additionally, early in the
IOP, in the single-Doppler velocity data, there was
evidence of linear streaks, manifested as alternating
regions of maximum and minimum Doppler velocities
(Fig. 838), which can be characteristic of sheared boundary
layers (e.g.,Khanna and Brasseur 1998 Foster 2005.
But, unlike warm season radar observations, there was
very little radar return outside of the precipitation,
so three-dimensional boundary layer observations of
the environment immediately outside of the band were
limited. The prolonged occurrence of misovortices, cou-
pled with favorable dual-Doppler geometry and near-
shore surface station observations, allowed for an
in-depth analysis of LLAP band kinematics and a fur-
ther understanding of misovortex processes and their
potential impacts.

The focus of this research is on the evolution of the
snowband late in the IOP, from 0520 to 0600 UTC, when
the snowband is in close proximity to the DOWSs,
affording high-resolution analyses of subband-scale
features. During this period, a prominent line of the
strongest and greatest number of IOP-observed vortices
occurred and the surface meteorological observations

characteristics and internal processes.
b. LLAP band kinematic structure

The dual-Doppler analyses revealed regions of co-
herent vertical vorticity ( z) embedded in the snowband
throughout the 050000600 UTC period Figs. 8and 9).
The median spacing between vortices ranged from
; 2.51t0 4.0km, and the spacing varied from volume to
volume. The most intense vortices occurred between
0530 and 0600 UTC. Using 0.01%" as the lower bound
on z, typically 598 misovortices were present in each
dual-Doppler volume. Vertical vorticity values typi-
cally were on the order of 0.02¢ %, but in the stronger
vortices approached 0.048! (Fig. 9). Exact magni-
tudes of z, of course, are impacted by the smoothing
parameters used in the objective analyses and miso-
vortices with z values of 0.08 $* were analyzed in the
small grid retrievals (Fig. 10). For comparison, during
this period, single-Doppler calculations of implied z,
using 2 3 (DV/D), ranged from 0.011 to 0.201%%,
with a median value of 0.026 $*.

The lifetime of individual vortices was variable, with
some of the most persistent vortices lasting upward
of 50min. As an example, three misovortices were
tracked during part of the dual-Doppler analysis period.
Figures 9and 10 show the locations of these three vor-
tices, A, B, and C, at each analysis time. The individual
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FIG. 6. RHIs from DOWS6 during the analysis period, from 0503 to 0613 UTC. RHIs all are at 3448azimuth, as
shown in Figs. 5bbdand are approximately band-perpendicular. (left) Radar reRectivity and (right) Doppler ve-
locity. The Doppler velocity color table has been adjusted to account for band motion. Range rings, from DOWS6,
are shown at 5 km intervals. The red rectangle depicts the misovortex-bearing convergence region.
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FIG. 7. Observations from the DOW?7 (blue), Pod | (red), and Pod H (green) weather stations from 2300 UTC 15 Dec to 0700 UTC 16 Dec.
Depicted are: (a) the 1-min averaged wind speed in m 82, (b) the 1-min averaged wind direction in degrees, (c) the 3-s averaged pressure in
mb, and (d) the 1-min averaged temperature in 8C. The different wind direction regimes are denoted by the black rectangles, with the
approximate wind direction regime labeled accordingly, and the snowband passage is denoted by the gray shading over Pod | and DOW?7 and
by the purple shading over Pod H. The snowband brst passes over DOW7 and Pod | and then over Pod H. Although DOW7 wind mea-
surements were impacted by the movement of the antenna, they were shown to corroborate the general trends shown in the Pod observations.

vortices remained identibable in time and were in the
dual-Doppler domain for ; 30min, consistent with a
: 15m <  eastward propagation speed across the band.
Vertical cross sections through these three miso-
vortices at select times between 0520 and 0554 UTC
offered additional insight on their structures and local
environment within the snowband (Figs. 11and 12).
The misovortices generally were located in or near a
region of upward motion (Figs. 911). The vortices
were strongest near the surface, coherent with height,
and extended through the depth of the domain
(Fig. 12). Evaluation of the along-band horizontal wind
shear, debPned bydu/dy, where u is the horizontal ve-
locity in the x, or eastbwest, direction andy is the
northbsouth horizontal distance perpendicular to u,
revealed that the vortices formed in a narrow region of
maximum du/dy, which was strongest near the surface.
Both z and du/dy were similarly sloped with height,

suggesting the importance ofdu/dy in the generation of

z, and hence misovortex formation. Stretching of z
(hereafter OOstretching®0) also was maximum near the
surface and coincident with z, providing a mechanism

for misovortex maintenance (Fig. 12).

Similar to other studies of misovortex lines (e.g.,Lee
and Wilhelmson 1997, kinks in the vertical velocity
(Figs. 9and 10) and along-band horizontal wind shear
(not shown) developed coincident with the vortices. It
has been suggested (e.gSteiger et al. 2013 M17) that
this type of misovortex conbguration occurs as a result of
HSI, where a critical threshold in the horizontal shear
proble is exceeded and a vortex sheet breaks down into
individual vortical st ructures. Following M17, simpliPcations
of the Rayleigh (>2u/>y?) and Fjortoft [( U2 u;) >2ub y?]
criteria were used as proxies for evaluating the
role of HSI in misovortex formation. In the context of
IOP4, U is the domain-averaged eastbwest component of
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FIG. 8. Example of structures observed in Doppler velocity (Vp) during IOP4: (a) linear streaks with cyclonic misovortices, (b) vortex .
1.5km in diameter, and (c) anticyclonic vortices. The time of observation is indicated at the top of the panel and direction of the DOW in
each panel is labeled and indicated with an arrow. Vortices are annotated with circles. The region of linear streaks is denoted in (a) by the

red rectangle.

horizontal velocity, u; is the value of U at the infection
point in the U proble, and y is the northbsouth dis-
tance, perpendicular to U. Both of these are necessary,
but not sufpcient, conditions for HSI. Since these criteria
contain second-order derivatives of dual-Doppler-
derived velocities, the results can be noisy, but pro-
nounced inBections in the probles occur coincident with
the misovortex line (Fig. 13), supporting the hypothe-
sis that, as inM17, HSI was a contributor to misovortex
genesis.

HSI is not the only mechanism that can generate
misovortices; tilting of horizontal vorticity into the ver-

tilting may have had some role in misovortex genesis
and/or maintenance. But, despite the low-level cover-
age and Pnescale resolution, without a time history
of the relative contributions of tilting and stretching to
the total vertical vorticity budget, the exact role of tilting

is difpcult to discern with the present data. And, while
no identiPable regions of tilting were present in the
earlier analyses (0520D0530 UTC), the data may be too
coarse and/or too high above ground level to capture
the necessary gradients needed to calculate tilting. Ad-
ditionally, horizontal vorticity ahead of the snowband
likely was not sufbciently captured due to the lack of

tical (hereafter OOtiltingdO) may also contribute. Tiltingclear air scatterers, which, in turn will impact the cal-

often is difpcult to resolve in dual-Doppler analyses,
because the near-surface horizontal variations in the
vertical velocity are not well captured by distant radars
(e.g., Wurman et al. 2007 Wurman et al. 2010 Kosiba
et al. 2013. The small grid constructed between 0550
and 0600 UTC for IOP4 may be able to resolve gradients
in the low-level vertical velocity due to the proximity of
the band to the radars, and as a result, yielded obser-
vations closer to the surface Fig. 14). Between 0550 and
0600 UTC, there were regions of tilting proximal to
several of the vertical vorticity centers, analyzed above
the background noise. For comparison, the same cal-
culations were performed with the standard grids, both
from 0520 to 0530 UTC and from 0550 to 0600 UTC (not
shown). During the 0520D0530 UTC period, when only
the standard grids were available, there was no dis-
cernable tilting analyzed above the noise, but between
0550 and 0600 UTC, the tilting trend, albeit of a lesser
magnitude, was similar to what was depicted in the small
grid. This positive relationship between tilting and ver-
tical vorticity between 0550 and 0600 UTC suggests that

culation of tilting and its relative contribution to vertical
vorticity.

The vertical vortex structures resolved in Fig. 11
suggest that the misovortices formed on the ascending
branch of a secondary circulation (e.g.,Ballentine et al.
1998 Bergmaier et al. 2017, with variations in circula-
tion strength at individual vortex locations. Using air-
borne data from the University of Wyoming King Air
and model simulations, Bergmaier et al. (2017) in-
vestigated the structure of a secondary circulation that
occurred within an intense LLAP precipitation band
during OWLeS IOP2b. While not the focus of their in-
vestigation, misovortices did occur during IOP2b, but
not coincident with the , 1h of analyzed airborne ob-
servations. They concluded that the secondary circula-
tion, forced by horizontal buoy ancy gradients, contributed
to enhanced updraft motion and was reinforced by la-
tent hear release in the updraft. M17 also examined the
secondary circulation wind structure, but only analyzed
one vortex at one time, so generalizations about the
relationship to the line of misovortices cannot be made.
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FIG. 9. Dual-Doppler analyses for the standard domain every 10 min between 0500 and 0550 UTC. Analyses are
shown at a height of 400 m above radar level (ARL). Color bl depicts radar refectivity; black line contours depict
positive vertical vorticity, contoured from 0.01 to 0.04s** every 0.253 10?2s? % and dashed line contours depict
positive vertical velocity greater than or equal to 1.5m 2 . Vectors are ground-relative and depict the horizontal
winds. Black lines indicate the locations of vertical cross sections shown irFigs. 11and 12.
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shown at a height of 400 m ARL. Color bll depicts radar reRectivity; black line contours depict positive vertical
vorticity, contoured from 0.02 to 0.07 & * every 0.01 ¢ %; and dashed line contours depict positive vertical velocity
greater than or equal to 2.0 m € *. Vectors are ground-relative and depict the horizontal winds. Black lines indicate
the locations of vertical cross sections shown irFigs. 11and 12.
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The inferred buoyancy gradient associated with the
secondary circulation implied that different air masses
reside on either side of the misovortex line. To determine
if parcels from the different air masses comprised the
misovortices, trajectories were calculated. Since backward
trajectories are more prone to numerical errors (e.g.,Dahl
et al. 2019, forward trajectories were calculated for the

genesis mechanism since there were no abrupt low-level
vertical excursions of the parcels near the surface; in-
stead, the parcels converged as they ascended. But, as
shown earlier, there were extremely localized regions of
tilting proximal to several of the vorticity centers, which
would be difbcult to capture in the trajectory analysis.
Since the misovortices represent a departure from the

05200530 UTC and 05500600 UTC periods using abackground winds, they may contribute to the turbulent

fourth-order RungebKutta scheme at 20-s time steps
starting from a height of 200 m ARL. Trajectories were
calculated every 200m. Data were advected forward
in time to account for the evolution of the Bow Peld.
While there is no strict rule about the interpolation time-
step, past studies (e.g.Marquis et al. 2007, Markowski
et al. 2012 Kosiba et al. 2013 and sensitivity tests to
different interpolation intervals informed the choice of a
20-s time step.

During both time periods, trajectory analyses sug-
gested that air entered the vortices from proximate lo-
cations both north and south of the vorticity centers,
although parcels entering from south of a vortex were
more likely to encounter an updraft and rise upward
before potentially becoming ingested in the vortex
(Fig. 15). Since the parcels enter the vortices from north
and south, it is likely that two different air masses are
being drawn into the misocyclones. This type of trajec-
tory path also supports HSI as the primary misovortex

kinetic energy (TKE), which will impact the distribu-
tion of heat and momentum in these bands (e.g.Kosiba
and Wurman 2014 and feedback into precipitation
amounts. TKE, approximated as (1/2)u% y°1 w9?,
where the prime indicate perturbation winds, was cal-
culated for each grid point at z 5 400 m above radar
level (ARL). The u® y° and w®winds were derived by
subtracting the domain-averagedu, y, and w winds, re-
spectively, from the derived u, y, and w winds at each
grid point. Analyses at 0520, 0530, 0540, and 0550 UTC
are shown in Fig. 16. The TKE values associated with
some of the misovortices were in excess of 20 A2,
were maximum early, and decreased with time. The
0520 and 0530 UTC times had better dual-Doppler
coverage both north and south of the vortices, so some
of the difference in areal coverage of TKE may be a
function of the data coverage. Examination of Doppler
spectrum width, a proxy for turbulence (e.g., Istok and
Doviak 1986), showed larger spectrum width values
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FIG. 11. Vertical cross sections through vortices (right) A, (center) B, and (left) C. Vertical cross sections are along the southbnorth
horizontal lines shown in Figs. 9and 10. All cross sections are from the standard grid. Colored Pll depicts radar reRectivity; solid black line
contours depict positive vertical velocity, contoured from 1.5 to 14.5m£?, every 1m<*; dashed black line contours depict negative
vertical velocity, contoured from 2 1.5t02 14.5m¢£ 2, every 1m< ™. The red vertical lines depict the location of the maximum vertical
vorticity. Vectors are ground-relative and depict the cross-band vertical wind structure.

associated with the misovortex line (Fig. 17), corrobo-
rating the TKE analysis.

c. LLAP band thermodynamic structure

Additional insight on misovortex genesis and evolu-
tion can be extracted from thermodynamic observations
as parts of the snowband made landfall. There were no
temperature measurements over the lake, but inferences
about air mass properties can be made prior to, during,
and after the snowband traversed the surface weather
stations. This allowed, for the prst time, examination of
the surface thermodynamic properties, in addition to

the kinematic causes discussed above, which can in-

Buence precipitation production and vortex intensity.
Prior to the snowband reaching the DOW?7/Pod |
location, the Pod | 1-min averaged temperature showed
a relatively steady temperature of approximately 2 3.38C
between 0524 and 0553 UTC Fig. 18), which corre-
sponded to westerly winds at the DOW?7/Pod | loca-
tion (Fig. 7b). This is ahead (south) of the misovortex
line and likely was representative of warm air advec-
tion from the comparatively warmer near-surface
temperatures over Lake Ontario. Between 0553 and

0556 UTC there was a small-scale decrease in temper-
ature to 2 4.08C, followed by an increase in temperature
to approximately 2 3.28C, which remained relatively
steady from 0601 to 0620 UTC. The decrease in tem-
perature from 0553 to 0556 UTC corresponded to the
arrival of the leading (southern) edge of the snowband,
followed by the passage of the misovortex line at
; 0606 UTC (Fig. 4d). Near this time, the wind began to
shift from westerly (; 2708 to more northerly (; 3408
(Fig. 7b). After 0620 UTC, the snowband was south of
the Pod | location and the temperature steadily de-
creased until the end of the temperature record. The
Pnal temperature decrease likely was associated with the
cold air mass of the Arctic front.

The temperature history from Pod H, which was lo-
cated; 6.36 km at 23Bazimuth from DOW7/Pod I, was
slightly different than the Pod | measurements (Fig. 18).
This was due, in part, to the snowband orientation and
evolution relative to Pod H as well as the upstream
differences in the exposure and fetch. Pod | was located
at the shoreline, with an immediate upstream fetch over
Lake Ontario for northerly and westerly winds. Pod H
was 0.17 to 0.30km from the shoreline, and, depending
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