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ABSTRACT

During the Ontario Winter Lake-effect Systems (OWLeS) field campaign, 12 long-lake-axis-parallel

(LLAP) snowband events were sampled. Misovortices occurred in 11 of these events, with characteristic

diameters of;800m, differential velocities of;11m s21, 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

15–16 December 2013, a misovortex-producing snowband was exceptionally well sampled by ground-based

OWLeS instrumentation, which allowed for integrated finescale 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 influenced by snowband-generated boundaries and

location of theArctic front relative to the band. Surface temperature observations, available for the first time,

indicated that the misovortices formed along a baroclinic zone. Enhanced mixing, higher radar reflectivity,

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;16m s21, marked the passage of a misovortex and may be

typical of snowband misovortices.

1. Introduction

Some of the world’s 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,

snowfall amounts and rates can be substantial. Lake-

effect snowbands are relatively shallow, ;2–3 km deep,

and, consequently, Weather Surveillance Radar-1988

Doppler (WRS-88D) coverage of these events from long

ranges can be insufficient 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. 2001). Snowbands that form par-

allel to the long axis of the lakes, long-lake-axis-parallel

(LLAP) (e.g., Steiger et al. 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

most convectively active (e.g., Moore and Orville 1990;

Niziol et al. 1995; Steiger et al. 2018), and frequently are

associated with intense localized snowfall along and

near the downwind shoreline. For example, just east

of Buffalo, NewYork, a LLAP event produced;165 cm

of lake-effect snow accumulation over a 48-h period,

from 17 to 19 November 2014, closing roads, causing

structural failures, and contributing to several fatali-

ties. Since these snowbands are so narrow, the gradient

in snowfall can be quite sharp, such as in the 17–

19 November 2014 storm where regions just a few ki-

lometers from the snow maximum only had snow totals

of ;15 cm (National Weather Service 2014). Hetero-

geneities within snowbands, such as mesoscale and

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 defined as vortices with

diameters of ;4–100km, 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 #4 km, been investigated over the eastern

Great Lakes (Steiger et al. 2013). Using finescale single-

Doppler mobile radar observations from two LLAP

events, Steiger et al. (2013) first documented misovortex

characteristics within a small sampling of LLAP bands

over Lake Ontario. Typically, the vortices had diame-

ters (D), defined as the distance between maximum

inbound and outbound Doppler velocities, of #1 km

and differential velocities (DV), defined as the differ-

ence between maximum inbound and outbound ob-

served Doppler velocities, of #11ms21. 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 $ 1.5 km 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 IntensiveOperations Period

(IOP7 hereafter). In both the observational and model

analyses, they found that shearing instability criteria were

satisfied when misovortices were present, supporting HSI

as the genesis mechanism. The vortices were observed to

weaken at landfall, and it was inferred from modeling

results that the combination of increased surface rough-

ness and reduced stretching due to the decrease in low-

level updraft strength as warming from the lake surface

ended contributed to the demise of the misovortices.

Misovortices also have been observed downwind of

the Sea of Japan during cold air outbreaks (e.g., Inoue

et al. 2011; Inoue et al. 2016). Inoue et al. (2011) docu-

mented the occurrence of four misovortices within

the comma echo of a winter system, one of which was

associated with F0 damage. The misovortices dissipated

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

a convergence line and subsequent stretching of verti-

cal vorticity by convection overhead was the assumed

mechanism. During another event, at least five 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;20–25ms21 and pressure drops of;0.6–1mb.

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 ‘‘cold season’’

events and have been documented in association with

‘‘warm season’’ convergence boundaries, such as gust

fronts, cold fronts, sea breezes, and drylines (e.g.,

Kingsmill 1995; Friedrich et al. 2005; Pietrycha and

Rasmussen 2004; Arnott et al. 2006; Marquis et al. 2007;

Buban et al. 2007; Friedrich et al. 2008a,b). 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 outflow 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 influenced the vertical velocity along the

outflow leading edge, with the updrafts playing a critical

132 MONTHLY WEATHER REV IEW VOLUME 148

Unauthenticated | Downloaded 02/01/24 06:41 PM UTC



role in CI. Whether or not lake-effect snowband mi-

sovortices lead to convection enhancement remains

unknown.

The field component of OWLeS took place from

5 December 2013 to 29 January 2014 and provided

the unique opportunity to examine the finescale four-

dimensional structure of misovortex-containing LLAP

bands using targeted observations from mobile Dopp-

ler radars and other surface assets. M17’s dual-Doppler

analysis of IOP7 is the first 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 first docu-

mented in IOP7 by M17. In addition to the benefit of

analyzing different cases to understand the generaliz-

ability of the results, unlike IOP7, IOP4 had better low-

level dual-Doppler coverage, finer 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 first opportunity to provide a

general context of misovortex characteristics for the

interpretation of the findings 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 these 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 analyses. Section 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 finescale

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 fluxes. To put the obser-

vations from IOP4 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 5 discusses the relevance

of the results.

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 field 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 ‘‘fast-45’’ 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 a range of 58 km. A staggered PRF of 2000/2500Hz

increased the Nyquist velocity to 79m s21, so man-

ual de-aliasing of the velocity data was unnecessary.

Beams were indexed at 0.58 intervals. The 10-min

synced DOW scan strategy comprised horizontal sur-

veillance scans, range–height indicator (RHI) scans,

and zenith-pointing calibration scans. Time-synced data

suitable for volumetric dual-Doppler analysis, compris-

ing elevation angles 0.58, 18, 28, 38, 48, 58, 68, 78, 88, 98, 108,
128, 148, and 168, occurred every 3–4min 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 reflectivity (ZDR) during IOPs (e.g., Bringi

and Chandrasekar 2001). The DOWs were calibrated

prior to the beginning and after the field phase of the

project.

b. Dual-Doppler methodology

For IOP4, the DOW6 and DOW7 deployment loca-

tions along the southeastern shore of Lake Ontario

resulted in a baseline of 17.3 km 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 filter (Majcen et al. 2008) with kappa values of

0.129 in the horizontal (kx 5 ky) and 0.518 in the verti-

cal (kz) and a second-pass convergence parameter (g)

of 0.3. Grid spacing values of Dx 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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geometric coefficients downward and solves iteratively

for u, y, and, w (see appendix A of Kosiba et al. 2013 for

more details). The dual-Doppler domain comprised

a volume of X 5 Y 5 40km and Z 5 3.5 km. 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 andmisovortices 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 8 km; Z 5 3.5 km), with finer

spatial resolution (Dx 5 Dy 5 50m; Dz 5 100m) (kx 5
ky 5 0.03; kz 5 0.12) were created to better resolve

smaller spatial scale details. Both the ‘‘standard’’ and

‘‘small’’ grids resolved structures with characteristic

smallest wavelengths of 300 to 600m (e.g., Trapp and

Doswell 2000) and were the finest dual-Doppler grids,

to date, used to look at misovortex structure in lake

effect snowbands. Qualitatively, both the ‘‘standard’’

and ‘‘small’’ grids depict the same structures. During the

early part of the analysis period, from 0520 to 0540UTC,

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 north–north-

central (trailing) portion of the southward propagating

snowband, which was well within the dual-Doppler

domain. So, the area containing these vortices was still

able to be analyzed.

c. Additional observations

In addition to data from the DOWs, data from

ground-based instruments were integrated into the

IOP4 analysis (Fig. 1). CSWR deployed a network of

10 weather stations (Pods) that measured 1Hz temper-

ature, wind speed/direction, and pressure 1-m above

ground level (AGL) (CSWR 2019). During IOP4, two

Pods, Pod I and Pod H, were optimally located near the

shoreline to sample the thermodynamic and surface

wind characteristics associated with the snowband.

Proximal ;3-h soundings1, launched from/by the State

University of New York (SUNY) Oswego, were used to

characterize the local environment in tandem with dual-

polarization fields for hydrometeor identification within

the band. The sounding launches were all south of the

band during the analysis period.

TheDOWswere equipped with 18-mAGLmasts that

sampled temperature, relative humidity, wind speed,

and wind direction at 1Hz frequency. But, for IOP4, the

DOW7 mast was not raised, so all mast measurements

were taken at;4mAGL. The temperature and relative

humidity data are suspect, and not presented, since they

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 DOW7 locations. Blue squares indicate

the Pod locations. The DOW6–DOW7 dual-Doppler lobe is shown in red, with the shaded area depicting the

standard dual-Doppler domain. No picture of DOW7 was available for this IOP.

1 Vaisala RS92-SGP sondes.
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likely were contaminated by generator exhaust. The

overall trends in the wind speed and direction likely

were reliable and have been confirmed with observa-

tions from a nearly collocated Pod, but small fluctua-

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

850mb temperatures (Tlake 2 T850) ranged from 2108
to 2228C (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 profile throughout

the boundary layer. The 0–1km shear values were

17ms21 at 0215 UTC and 14ms21 at 0459 UTC; the 0–

3 km shear values were 24 and 13ms21 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

;3 km, sufficient for a LLAP event (Fig. 3). The cold air,

coupled with strong low-level westerly flow and suffi-

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 DOWs 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

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 850mb tem-

perature at 0000UTC 16Dec 2013. (bottom) (left) Surface analysis from theWeather Prediction Center and (right)

difference between the surface temperature of LakeOntario and the 850mb temperature at 0600UTC16Dec 2013.

(top and bottom right panels) Vector winds at 850mb 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 850mb winds become more northerly

by 0600 UTC 16 Dec 2013.
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significant structural evolution during the ;9.5-h IOP

(Figs. 4 and 5). The snowband initially formed under

west-northwesterly flow and became more organized

around 2300 UTC with the major axis oriented approxi-

mately east–west across eastern Lake Ontario. From

;2330 to ;0200 UTC, the snowband was relatively nar-

row (;20km, defined by the minor axis of reflectivity)

and there was a line of weak misovortices located near

the southern edge of the band (Figs. 4a,b). A prominent

misovortex line occurred between 0110 and 0140 UTC

as the snowband moved southward (Fig. 4b). After

0200 UTC, the band became less defined and had a broad

region of precipitation, with occasional transient vortices

and higher reflectivity cells (Fig. 4c). 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

theArctic front because thewinds north of the vortex line

had increased from earlier and, soon after that time

(;0420 UTC), the precipitation had a continuous

southwardmovement at;3ms21, similar to the analyzed

position and movement of the Arctic front. The wind

speed perturbations associated with the misovortices

were generally 4–9ms21 above the background flow.

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

reflectivity ;10km) snowband emerged, with a line of

misovortices transecting the band from southeast to

northwest; the southeastern vortices were near the

southern edge of the band and the northwestern vortices

were near the northern edge of the band (Fig. 5b). By

0530 UTC, the maximum reflectivity associated with the

band also had increased from prior values of 20–25 dBZ

to values of 30–35 dBZ (Fig. 5c). The misovortices

generally had a ;15–16ms21 eastward propagation

speed, parallel to the long axis of the snowband, along a

FIG. 3. Skew T–logp plots of the vertical profiles 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 profile and the blue

line depicts the dewpoint temperature profile from the 0215 UTC 16 Dec 2013 sounding. The

red line depicts the temperature profile and the green line depicts the dewpoint temperature

profile from the 0459 UTC 16 Dec 2013 sounding. Wind barbs are shown in m s21. 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 ;3 km and a

mostly unidirectional, westerly, wind profile throughout the depth of the sounding.
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FIG. 4. Evolution of the LLAP band at select times discussed in the text during IOP4. (left) DOW7 radar

reflectivity and (right) DOW7 Doppler velocity; both are shown at 0.58 elevation. The red dots indicate the

DOW6 (D6) and DOW7 (D7) locations. When present, the vortex line is annotated by a thin dashed line in the

Doppler velocity field and a solid red line in the reflectivity field.
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FIG. 5. Evolution of the LLAP band at select times discussed in the text during IOP4. (left) DOW7 radar re-

flectivity and (right) DOW7 Doppler velocity; both are shown at 0.58 elevation. The red dots indicate the DOW6

(D6) and DOW7 (D7) locations. The black lines in (b)–(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 field and a solid red line in the

reflectivity field.
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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 DOW7 (Fig. 5d).

Evolution of the vertical structure of the misovortex-

bearing convergence zonewas inferred fromRHIs (Fig. 6).

The RHIs from DOW6 at 3448 azimuth had the best

observing geometry, which was approximately perpen-

dicular to the long axis of the snowband (Figs. 5b–d).

Initially, between 0503 and 0533 UTC (Figs. 6a,b), near

the southern edge of precipitation, therewas a pronounced

backward/northern tilt of the convergence region with

height. But, from 0533 UTC onward, the convergence

region hadmigrated to near the northern end of the high

reflectivity region and it had a more upright vertical

structure than earlier (Figs. 6c–e). 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 by Bergmaier et al. (2017). Indeed, surface

observations, discussed in subsequent sections, suggest

the presence of thermodynamic boundaries.

The DOW7 mesonet and the approximately collo-

cated Pod I data showed an increase in wind speed

and variability (‘‘gustiness’’) after ;0230 UTC, which

is associated with a change in wind direction as the

front/band had moved south of the DOW7/Pod I loca-

tion (Figs. 7a,b). Pressure generally was increasing

during this period (Fig. 7c) 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 DOW7 and Pod I location.

Data from Pod H, which had a more southerly loca-

tion, recorded the passage of a misovortex;0628UTC,

as indicated by similar pressure and wind trends as

observed earlier in the DOW7mesonet and Pod I data.

Pod H also experienced a brief warming between

;0628 and ;0637 UTC and both Pod I and Pod H

recorded decreasing temperatures after the snowband

moved over their locations.

Misovortices were present for long periods, but

not continuously, throughout the IOP. Occasionally,

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. 8a), 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 0600UTC, when

the snowband is in close proximity to the DOWs,

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

from the coastally located Pods (‘‘I’’ and, to a lesser

extent, ‘‘H’’) and DOW7 can be linked to snowband

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 0500–0600 UTC period (Figs. 8 and 9).

The median spacing between vortices ranged from

;2.5 to 4.0 km, and the spacing varied from volume to

volume. The most intense vortices occurred between

0530 and 0600 UTC. Using 0.01 s21 as the lower bound

on z, typically 5–8 misovortices were present in each

dual-Doppler volume. Vertical vorticity values typi-

cally were on the order of 0.02 s21, but in the stronger

vortices approached 0.04 s21 (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 s21 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 s21,

with a median value of 0.026 s21.

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 9 and 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 DOW6 during the analysis period, from 0503 to 0613 UTC. RHIs all are at 3448 azimuth, as

shown in Figs. 5b–d, and are approximately band-perpendicular. (left) Radar reflectivity and (right) Doppler ve-

locity. The Doppler velocity color table has been adjusted to account for band motion. Range rings, from DOW6,

are shown at 5 km intervals. The red rectangle depicts the misovortex-bearing convergence region.
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vortices remained identifiable in time and were in the

dual-Doppler domain for ;30min, consistent with a

;15m s21 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. 11 and 12).

The misovortices generally were located in or near a

region of upward motion (Figs. 9–11). 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, defined by du/dy, where u is the horizontal ve-

locity in the x, or east–west, direction and y is the

north–south 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 of du/dy in the generation of

z, and hence misovortex formation. Stretching of z

(hereafter ‘‘stretching’’) 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. 9 and 10) and along-band horizontal wind shear

(not shown) developed coincident with the vortices. It

has been suggested (e.g., Steiger et al. 2013; M17) that

this type ofmisovortex configuration occurs as a result of

HSI, where a critical threshold in the horizontal shear

profile is exceeded and a vortex sheet breaks down into

individual vortical structures. FollowingM17, simplifications

of the Rayleigh (›2u/›y2) and Fjortoft [(u2 ui) ›2u/›y2]

criteria were used as proxies for evaluating the

role of HSI in misovortex formation. In the context of

IOP4, u is the domain-averaged east–west component of

FIG. 7. Observations from theDOW7 (blue), Pod I (red), and PodH (green)weather stations from 2300UTC 15Dec to 0700UTC16Dec.

Depicted are: (a) the 1-min averaged wind speed in m s21, (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 I andDOW7 and

by the purple shading over Pod H. The snowband first passes over DOW7 and Pod I and then over Pod H. Although DOW7 wind mea-

surementswere impacted by themovement of the antenna, theywere shown to corroborate the general trends shown in the Podobservations.
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horizontal velocity, ui is the value of u at the infection

point in the u profile, and y is the north–south dis-

tance, perpendicular to u. Both of these are necessary,

but not sufficient, conditions forHSI. Since these criteria

contain second-order derivatives of dual-Doppler-

derived velocities, the results can be noisy, but pro-

nounced inflections in the profiles occur coincident with

the misovortex line (Fig. 13), supporting the hypothe-

sis that, as in M17, HSI was a contributor to misovortex

genesis.

HSI is not the only mechanism that can generate

misovortices; tilting of horizontal vorticity into the ver-

tical (hereafter ‘‘tilting’’) may also contribute. Tilting

often is difficult 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 0600UTC for IOP4may 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 0530UTC and from 0550 to 0600UTC (not

shown). During the 0520–0530 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

tilting may have had some role in misovortex genesis

and/or maintenance. But, despite the low-level cover-

age and finescale 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 difficult to discern with the present data. And, while

no identifiable regions of tilting were present in the

earlier analyses (0520–0530 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 sufficiently captured due to the lack of

clear air scatterers, which, in turn will impact the cal-

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 ,1 h of analyzed airborne ob-

servations. They concluded that the secondary circula-

tion, forced by horizontal buoyancy 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.

FIG. 8. Example of structures observed inDoppler velocity (VD) during IOP4: (a) linear streaks with cyclonicmisovortices, (b) vortex.
1.5 km 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.
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FIG. 9. Dual-Doppler analyses for the standard domain every 10min between 0500 and 0550 UTC. Analyses are

shown at a height of 400m above radar level (ARL). Color fill depicts radar reflectivity; black line contours depict

positive vertical vorticity, contoured from 0.01 to 0.04 s21 every 0.25 3 1022 s21; and dashed line contours depict

positive vertical velocity greater than or equal to 1.5m s21. Vectors are ground-relative and depict the horizontal

winds. Black lines indicate the locations of vertical cross sections shown in Figs. 11 and 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 aremore prone to numerical errors (e.g., Dahl

et al. 2012), forward trajectories were calculated for the

0520–0530 UTC and 0550–0600 UTC periods using a

fourth-order Runge–Kutta scheme at 20-s time steps

starting from a height of 200m ARL. Trajectories were

calculated every 200m. Data were advected forward

in time to account for the evolution of the flow field.

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

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 difficult to capture in the trajectory analysis.

Since the misovortices represent a departure from the

background winds, they may contribute to the turbulent

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)(u01y01w0)2,
where the prime indicate perturbation winds, was cal-

culated for each grid point at z 5 400m above radar

level (ARL). The u0, y0, and w0 winds were derived by

subtracting the domain-averaged u, 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 20m2 s22,

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

FIG. 10. Dual-Doppler analyses for the small domain every 3–4min between 0550 and 0600 UTC. Analyses are

shown at a height of 400m ARL. Color fill depicts radar reflectivity; black line contours depict positive vertical

vorticity, contoured from 0.02 to 0.07 s21 every 0.01 s21; and dashed line contours depict positive vertical velocity

greater than or equal to 2.0m s21. Vectors are ground-relative and depict the horizontal winds. Black lines indicate

the locations of vertical cross sections shown in Figs. 11 and 12.
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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

temperaturemeasurements 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 first time, examination of

the surface thermodynamic properties, in addition to

the kinematic causes discussed above, which can in-

fluence precipitation production and vortex intensity.

Prior to the snowband reaching the DOW7/Pod I

location, the Pod I 1-min averaged temperature showed

a relatively steady temperature of approximately23.38C
between 0524 and 0553 UTC (Fig. 18), which corre-

sponded to westerly winds at the DOW7/Pod I 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 to24.08C, followed by an increase in temperature

to approximately 23.28C, 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 I location and the temperature steadily de-

creased until the end of the temperature record. The

final 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 2328 azimuth from DOW7/Pod I, was

slightly different than the Pod I 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 I was located

at the shoreline, with an immediate upstream fetch over

Lake Ontario for northerly and westerly winds. Pod H

was 0.17 to 0.30 km from the shoreline, and, depending

FIG. 11. Vertical cross sections through vortices (right) A, (center) B, and (left) C. Vertical cross sections are along the south–north

horizontal lines shown in Figs. 9 and 10. All cross sections are from the standard grid. Colored fill depicts radar reflectivity; solid black line

contours depict positive vertical velocity, contoured from 1.5 to 14.5m s21, every 1m s21; dashed black line contours depict negative

vertical velocity, contoured from 21.5 to 214.5m s21, every 1m s21. The red vertical lines depict the location of the maximum vertical

vorticity. Vectors are ground-relative and depict the cross-band vertical wind structure.
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on the wind direction, was more sheltered by nearby

trees and scrub (Fig. 1). But, similar trends were ob-

served with the passage of the misovortex line and the

passage of the snowband. DOW6 data indicated that the

snowband arrived at the Pod H location at;0600 UTC,

but the line of misovortices did not impact Pod H until

much later, around 0628 UTC. Similar to DOW7/Pod I,

at about the time, the misovortex line impacted Pod H,

and the wind shifted from westerly to more northly.

Also, the temperature increased around 0628 UTC and

remained relatively constant at24.28Cuntil;0637UTC,

when it then decreased to 24.88C and remained ap-

proximately constant until the end of the observation

period (Fig. 18). The misovortex line remained north of

Pod H for almost 20min longer than at the DOW7/Pod I

location. As a result, warming occurred 20min later at

Pod H, when the misovortex line passed over Pod H’s

location. In contrast, the misovortex line impacted the

DOW7/Pod I location ;10min after the arrival of the

leading edge of the reflectivity band.

The temperature history from both Pods I and H sug-

gested that the vortices were located near a baroclinic

zone, with slightly cooler air just south of the vortices and

slightly warmer air just north of the vortices. Since Pod H

didn’t observe a temperature increase until after the

passage of the misovortex line, despite being located

within the precipitation band since ;0600 UTC, it is

surmised that the warming was associated with the mi-

sovortices. While it is not possible from the observations

to diagnose definitively what processes were responsible,

downward transport of air observed in the dual-Doppler

fields (see several panels in Fig. 12) north of the vortices,

slightly warmed by latent heat release enhanced by the

misovortices, may have contributed the warming. As di-

agnosed from enhanced TKE and larger values of spec-

trum width, the misovortices likely were indicative of

enhancedmixing. As shown in the trajectory analysis, the

air that comprised themisovortices came from both south

and north of the misovortices’ locations, which suggested

that mixing of different air masses occurred.

d. LLAP band precipitation structure

The analyses presented above suggest that the miso-

vortices may alter the precipitation intensity through

FIG. 12. Vertical cross sections through vortices (right) A, (center) B, and (left) C. Vertical cross sections are along the south–north

horizontal lines shown in Figs. 9 and 10. The 0530, 0540, and 0550UTC cross sections are from the standard grid; the 0554UTC cross sections

use the small grid. Colored fill depicts radar reflectivity; black line contours depict positive vertical vorticity, contoured from 0.005 to 0.065 s21

every 0.05 s21; blue contours depict stretching from13 1025 to 13 1023 s22, contoured every 23 1025 s22; white contours depict du/dy from

10 to 70 s21, contoured every 10 s21. The red vertical lines depict the location of the maximum vertical vorticity. These vertical vorticity lines

are the same as shown in Fig. 11. Vectors are ground-relative and depict the cross-band vertical wind structure.
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mixing and latent heat release. Throughout IOP4, the

DOW 6 and 7 differential reflectivity (ZDR) fields were

relatively flat, with values approximately zero coincident

with the higher reflectivity areas associated with the

snowband(s) and slightly more variable along the low

reflectivity horizontal and vertical edges. As revealed by

both the sounding data and the DOW copolar cross-

correlation coefficient (rhv) field, there was no melting

layer, so only frozen precipitation was expected. Com-

parison to closest WSR-88D (Montague, NY; KTYX)

revealed a similar ZDR and rhv fields. Using the SUNY

sounding from 0459 UTC, hydrometeor identifica-

tion algorithms (Vivekanandan et al. 1999), specific to

the radar frequency, were applied to both the X-band

DOW and the S-band KTYX data. Retrievals from the

DOWs and KTYX indicated that the band was com-

prised mainly of ‘‘dry snow’’ at all times, with the pe-

riphery of the band comprising snow crystals (Fig. 19).

No surface verification of hydrometeor typewas available

when the band was over the lake, but observations by

participants stationed at SUNY Oswego and by proxi-

mate instrumentation indicated that dendrites were the

predominate hydrometeor type as the bandmade landfall

around 0550 UTC. Admittedly, the hydrometeor iden-

tification likely was strongly influenced by the lack of

melting, so how it performs in a more complex thermo-

dynamic lake-effect precipitation environment has yet to

be tested.

The misovortices were associated with high reflec-

tivity, so, as expected, higher precipitation rates were

FIG. 13. Instability criteria evaluated perpendicular to the misovortex line from 0520 to 0600 UTC. The 0600 UTC time uses the small

grid. The x axis is the south–north coordinates along a 10-km line centered on the inflection point (ui) shown in the top row. The distances

correspond to the dual-Doppler grids in Figs. 9 and 10. The red lines mark the location of the inflection point and the blue lines denote the

zero line for the instability parameters. The shaded red region in the bottom row highlights the area where Fjortoft’s instability criterion is

satisfied.

FIG. 14. Horizontal vorticity (vectors), vertical vorticity (cyan

shading), reflectivity (color contours), and tilting (black line con-

tours) for the small grid at z 5 400m ARL. Tilting is contoured

from 43 1025 to 23 1024 s22 every 23 1025 s22. Vertical vorticity,

z, greater than or equal to 0.015 s21 is shaded in cyan.
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associated with those structures (Fig. 19). Visual ob-

servations from OWLeS participants stationed at

the SUNYOswego sounding location indicated that at

;0540 UTC the snowfall began to increase and over

the next ;30min ‘‘there was moderate to heavy snow

and white out conditions’’ and then, by 0615 UTC,

‘‘there were just snow flurries.’’ During this short ob-

servation interval, the measured snowfall total at SUNY

Oswego was 1.9 cm. As the snowband made landfall, the

gustiness, coupled with a narrow band structure precluded

attributing local maximums to any particular misovortex.

But, when compared to earlier observations, the highest

reflectivities occurred coincident with the misovortices.

Observations by Steiger et al. (2013) and M17 suggest a

similar relationship.

e. In situ misovortex surface observations

As the snowband made landfall near Oswego, both the

DOW7 and Pod I barometers recorded a sharp, small-

scale decrease in pressure of;1.4mbwithin the generally

upward pressure trend (Fig. 20). Examination of DOW7

velocity data around the pressure decrease suggested that

this pressure perturbation was due to a proximal passage

of a misovortex at the DOW7/Pod I location (Fig. 21a).

The vortex line had a predominantly eastward propa-

gation speed of ;15ms21, so using the 0605:30 UTC

FIG. 15. Forward trajectories starting at (top) 0520UTC and ending at 0530UTC and starting

at (bottom) 0550 UTC and ending at 0600 UTC. Vertical vorticity (3100 s21) is color con-

toured; horizontal winds are represented by the vectors; trajectories are the colored lines. The

trajectories all start at z 5 200m ARL. The trajectories that comprise the misovortex come

from north and south of the circulation center.
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DOW7 sweep, which corresponded to a beam time of

0605:37 UTC at the vortex location, the misovortex was

;500m from DOW7; the vortex should have impacted

the DOW7 location ;0606:10 UTC, consistent with the

DOW7 pressure time series. A similar pressure pertur-

bation was observed later, at 0628:51 UTC, by Pod H

(Fig. 20), which was farther south and slightly more in-

land. DOW7 data were blocked over the Pod H location,

but DOW6 data near that time corroborated the passage

of a misovortex (Fig. 21b). Comparable trends were ob-

served when a misovortex passed over a surface station

near the shore of the Sea of Japan (Inoue et al. 2016).

f. Discussion

To date, the only other dual-Doppler analysis of a

misovortex-containing snowband was presented by M17,

who also utilized a numerical simulation of the same

event (IOP7) in order to gain additional insight into band

and misovortex processes. Similar to IOP7, the vortices

in IOP4 formed along a cyclonic shear zone, dual-Doppler

derived2 vertical vorticity values were ;0.03 s21 and had

diameters 1–3km. In both the dual-Doppler analyses of

IOPs 4 and 7, and in the numerical simulation of IOP7,

vertical vorticity was maximized in the lowest 1km. Ana-

lyses of both IOPs supported the hypothesis that HSI

contributed to misovortex formation, but the avail-

ability of low-level radar data3 and some thermody-

namic data for IOP4 suggest that misovortex genesis

enhanced by baroclinic instability and maintenance

may be aided by tilting.

Unlike in IOP7, the misovortices did not stay in the

same band-relative location throughout IOP4, and,

FIG. 16. Turbulent kinetic energy (black line contours), vertical vorticity (cyan color fill), and reflectivity (color

contours) shown at z5 400m for the standard grid every 10min from 0520 to 0550 UTC. Turbulent kinetic energy,

TKE, is contoured from 4.0 to 20.0m2 s22, every 4.0m2 s22. Vertical vorticity, z, greater than or equal to 0.01 s21 is

shaded in cyan. The largest values of TKE are proximal to the misovortices.

2 Exact values vary between IOPs likely due to the choices in

objective analysis parameters.
3 Two of the low-level tilts from one of the radars were

unavailable.
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specifically during the;1-h analysis period. This shift in

location appeared to be due, in part, to the interaction of

the band with the Arctic front, which shifted the con-

vergence zone relative to the band. Prior to 0340 UTC

the convergence zone was south of the band, as the band

outflow interacted with the downstream environment,

but as the band became increasingmore under the direct

influence of the Arctic front, the misovortices shifted

north where convergence and, potentially thermal gra-

dients, were maximized.

4. Multisnowband misovortex characteristics

IOP4 was an exemplary case for dual-Doppler anal-

ysis and, with onshore thermodynamic observations,

provided additional insights regarding the kinematic

FIG. 17. (left) Radar reflectivity, (center) Doppler velocity, and (right) spectrumwidth fromDOW6. (top) Fields from a PPI scan and

(bottom) fields from an RHI scan closest in time to the PPI. The blue line in the PPIs depicts the location of the RHIs. The black arrows

in the top panels mark the location of misovortices. The black rectangles in the bottom panels denote the location of the misovortex

transected by the blue line. Enhanced spectrum width occurs with the misovortices, suggesting an enhancement of turbulent

kinetic energy.

FIG. 18. The 1-min averaged temperature observations from the Pod I (red) and Pod H

(green) 0500 to 0700 UTC 16 Dec. The snowband passage is denoted by the gray shading over

Pod I and by the purple shading over Pod H. The time of misovortex passage is labeled with a

black vertical line. The snowband first passed over Pod I and then over Pod H.

150 MONTHLY WEATHER REV IEW VOLUME 148

Unauthenticated | Downloaded 02/01/24 06:41 PM UTC



properties of a misovortex-containing LLAP band be-

yond other studies. While it is beyond the scope of this

manuscript to do an in-depth analysis of all of the in-

dividual misovortices sampled during OWLeS, the

OWLeS dataset provides the opportunity to compile

statistics from snapshots of misovortex characteristics

for a large sampling of snowbands, akin to a seasonal or

project ‘‘census’’, and evaluate how the misovortex

kinematics deduced for the IOP4 snowband fit into the

larger spectrum of OWLeS-observed misovortices.

To do so, DOW data from the twelve OWLeS

LLAP IOPs were manually perused for the existence of

coherent vortices. Coherent was defined as an organized

structure, where a clear vortex couplet was identifiable.

Misovortices were observed in eleven of the twelve

LLAP events (IOPs 2, 3, 4, 5, 7, 9, 15, 19, 20, 21, and 22).

Single DOW data from the IOPs4 were used to compile

information on vortex strength, quantified by DV, di-
ameter, and spacing between vortices. For each IOP, the

mean, median, and mode, binned by 1m s21, 0.1, and

0.5 km increments, respectively, vortex characteristics

were compiled every 10min using the lowest unblocked

elevation angle, either 0.58 or 1.08. This resulted in 1334

vortex observations from DOW6 and 2163 vortex ob-

servations from DOW7. To account for any potential

sampling differences between the radars for a given

IOP, DOW 6 and 7 statistics were calculated individu-

ally for each radar as well as for all of the 10-min vor-

tex observations. Since no significant differences were

found between the individual-radar and combined sta-

tistics, the discussion focuses on the combined findings.

It is important to note that this approach does not track

individual misovortices, but instead compiles a snapshot

of the characteristics of the misovortices that exist at

each 10-min interval. As a result, throughout an IOP,

some misovortices may be sampled more than once, and

at different phases in their evolution, and some miso-

vortices may not be sampled at all since they only exist

between 10-min sampling intervals. But, a spot check

of three different IOPs suggest that the opposing-sign

errors of multiple- and undercounting are minor.

Figure 22 depicts the distribution of strength, di-

ameter, and spacing of the misovortices sampled dur-

ing OWLeS. The mean spacing between the sampled

FIG. 19. Comparison between (top) DOW7 and (bottom) KTYX derived (middle) hydrometeor type and (right) precipitation rate at

0530UTC 16Dec 2013. (left) The radar reflectivity field from each radar is shown for context. The hydrometeor classes are as follow:GSH

is graupel or small hail; DS is dry snow; and IIC is irregular ice crystals. The snowband is predominantly dry snow, with ice crystals along

the periphery. Range rings from each radar are shown every 10 km.

4 For IOPs 19, 21, and 22 (7 and 20) only DOW7 (DOW6) data

are available.
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misovortices was 3.2 km, with a standard deviation of

2.0 km; themedian spacingwas 2.8 km; themode spacing

was 2.0 km. The mean strength for all the cyclonic vor-

tices sampled was 11.4m s21, with a standard deviation

of 4.1m s21; the median strength was 10.7m s21; the

mode strength was 10.0m s21. The mean diameter for

all the cyclonic vortices sampled was 0.95 km, with a

standard deviation of 0.75 km; the median diameter was

0.77 km; the mode diameter was 0.50 km. Correspond-

ingly, the mean inferred vertical vorticity was 0.039 s21;

the median inferred vertical vorticity was 0.028 s21; the

mode inferred vertical vorticity was 0.020 s21. There was

no correlation between vortex diameter and strength (not

shown). Vertical vorticity values were significantly less

FIG. 20. Time series of themisovortex passage (gray shading) at (left) DOW7 and Pod I and at (right) PodH. Shown are (top) wind speeds

in m s21, (middle) direction in degrees, and (bottom) pressure in mb.
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than the 0.2–2 s21 values typically observed in supercell

tornadoes (e.g., Wurman et al. 1996; Wurman et al. 2007;

Marquis et al. 2008; Wurman et al. 2010; Kosiba et al.

2013) and the ;0.1 s21 values characteristic of the

tornado-scale vortices documented in Hurricane Har-

vey (Wurman and Kosiba 2018), but slightly larger than

the strongest observed convergence line misovortices

(;0.01 s21) (e.g., Friedrich et al. 2005; Marquis et al.

2007), and similar to the weakest NSTs (;0.03–0.07 s21)

(e.g., Wakimoto and Wilson 1989). Although less fre-

quent, anticyclonic vortices were observed in 13% of

the analyzed sweeps (e.g., Fig. 8c). The anticyclonic

vortices generally were weaker and smaller than the

cyclonic ones. The mean strength was 8.2m s21; the

median strength was 8.0m s21; the mode strength was

8.0m s21. The mean diameter was 0.54 km; the median

diameter was 0.42 km; the mode diameter was 0.40 km.

Other, less frequently occurring vortical structures,

including multiple and mesoscale (D $ 3–4 km) vorti-

ces, also were documented (e.g., Fig. 8b). Although

difficult to objectively quantify, location within the

line often varied in time during an IOP and from IOP

to IOP. Differences in the reflectivity morphology

were observed – ranging from no discernable shape to

hook-like appendages, some even with a low-reflectivity

eye, characteristic of some tornadoes (Fig. 23) (e.g.,

Wurman et al. 1996; Wurman and Kosiba 2013), but, in

general, there wasn’t an obvious link between a well-

defined reflectivity morphology and vortex intensity.

Many of the strongest vortices (V $ 23m s21;

i.e., $ 3 standard deviations) occurred during IOP7

(7 January 2014). As mentioned above, a dual-Doppler

and modeling analyses of this case was presented in

M17. The most intense vortices occurred between 0500

and 0730 UTC, along the northern periphery of the

band (see M17 Fig. 6). There were several times when

more than one vortex with DV $ 23m s21 was present

(e.g., 0513, 0633 UTC). IOP 4 (discussed above) and

IOP 22 (28 January 2014) also had vortices with DVs $
23ms21, but far less numerous than IOP7. In contrast

to IOP7, the strong vortices in IOPs 4 and 22 were not

confined to just the northern edge of the band. As dis-

cussed above, the approaching Arctic front influenced

the location of the misovortices in IOP4, which was

different from IOP7, so location within a band needs to

be evaluated on a case-by-case basis in order to identify

the type and influence of mitigating conditions.

Returning to the question of ‘‘how does IOP4 fit into

the overall misovortex population sampled during

OWLeS?’’, the intensity, diameter, and spacing all were

within the 75th percentile (14ms21, 1.2, and 4.0 km,

respectively), but not the 25th percentile (9m s21, 0.4,

and 2.0km, respectively), of all the observations (Fig. 22).

The bias of IOP4 to, on average, have slightly ‘‘higher-

end’’ misovortices was one of the reasons this case and

IOP7 were chosen for dual-Doppler analyses. Vortices

were resolved in the DOW data, lending confidence to

the analyses presented. While on the higher end of the

spectrum, the characteristic vortices from IOP4 did not

deviate significantly fromOWLeS-observed LLAP cases.

Assuming cyclostrophic balance, the resultant pres-

sure gradient was 1.6mbkm21 for the 75th vortices and

2.0mbkm21 for the 25th percentile vortices. The cy-

clostrophic balance assumption for the vortex sampled

FIG. 21. (a) DOW7 Doppler velocity of the misovortex couplet

closest in time to the vortex passage at the DOW7 and Pod I lo-

cation. Surface data show a decrease in pressure and an increase in

velocity around 0606 UTC 16 Dec 2013, consistent with the anno-

tated vortex traveling at ;15m s21 and transiting the DOW7/Pod I

location. (b) DOW6 Doppler velocity data closest in time to

the passage of a misovortex over Pod H. Surface data show a de-

crease in pressure and an increase in velocity around 0629 UTC

16 Dec 2013, consistent with the annotated vortex traveling at

;15m s21 and transiting the Pod H location.
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by surface instrumentation during IOP4 would yield a

pressure deficit of;2.0mb, which is;0.6mb lower than

what was measured, but similar to the calculated pres-

sure gradient for the 25th percentile vortices. During

the passage of the vortices, the air was approximately

saturated and visibility was low, as documented by

OWLeS crew, often due to blowing snow. It is possible

that snowband misovortices may frequently occur in

opaque environments, similar to tornado-scale vortices

in hurricanes, so, unlike NSTs, visible funnels may not

be regularly observed in these ‘‘typical’’ events.

5. Conclusions

We have shown that misovortices documented in IOP4

was within the characteristic range of OWLeS-observed

FIG. 22. Histograms of (top) delta-V, (middle) diameter, and (bottom) spacing resulting from

the 10-min sampling of misovortices observed in LLAP bands during the OWLeS project.

Arrows indicate the values from IOP4, where the green depicts the mode; the orange arrow

depicts themean; and the purple arrow depicts themedian. The red shading represents the 75th

percentile and the blue shading represents the and 25th percentile.
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LLAP events. An in-depth analysis of IOP4 suggested that

the vortices form as a result of HSI, similar to the find-

ings ofM17, and adding to the growing body of evidence

that this is likely the mechanism for misovortex forma-

tion in LLAP snowbands. Although thermodynamic

observations were not available over the lake, DOW7

mesonet andPodsH and Iwere located near the coastline

and suggested that the convergence lines also were lo-

cated along thermodynamic boundaries. While early on

in IOP4 snowband-generated boundaries and likely

controlled the location of the vortices, by the end of the

IOP, the Arctic front dominated. TKE was enhanced in

the vortices, which can influence heat and momentum

transport in these bands, and indeed, higher precipita-

tion rates were associated with the misovortices. Mod-

eling studies are needed to evaluate these effects.

Using data from all of the OWLeS LLAP IOPs, it was

found that vortices commonly occurred in the LLAP

snow events sampled during the project. Most of the

vortices are,;1 km in diameter and were part of a line.

In general, the strength, diameter, and spacing distri-

butions were similar to what was documented in the two-

LLAP band climatology of Steiger et al. (2013), the

OWLeS case study ofM17, and the vortices documented

over the Sea of Japan (Inoue et al. 2011; Inoue et al.

2016). While the spacing and diameter were similar to

the misocyclones observed in quiescent ‘‘warm season’’

phenomena (e.g., Kingsmill 1995; Friedrich et al. 2005;

Arnott et al. 2006; Marquis et al. 2007), the character-

istic intensity/vertical vorticity values were slightly larger

for the cold season/snowbands. When compared to

NSTs (e.g., Wakimoto and Wilson 1989; Kosiba et al.

2014), the vertical vorticity/intensity values for the cold

season/snowbands were smaller than all but the weakest

NSTs. In all cases, the vertical vorticity was maximized

near the surface. The differences in strength likely were

due to the underlying environments, but there does

appear to be a favored diameter and spacing for the

variety of HSI-generated misovortices observed in the

atmosphere.
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