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Snowfall can be aninconvenience no matter how little or how much f alls. How-
ever, conditions can become more inconvenient when the snowf all is heavy. Occa-
sionally, these events may be due to the presence of convection which results in
thunder and lightning; such events are called thundersnow. Oft entimes, thunder-
snow events form in bands of snowfall and tend to be localized, perh aps only a
few tens of kilometers wide.

Thundersnow events from 1961 through 1990 were examined. Chosen events
occurred on synoptic hours and featured thundersnow only, a st rati cation leads
to 97 cases of thundersnow. The thundersnow events were classi ed into cate-
gories based upon the setting in which each event occurred; examples include:
with a cyclone, with a front, in a lake effect situation, etc.Events that occurred with
a cyclone were the focus of this study, and further classi ed bas ed upon where the
thundersnow occurred in relation to the cyclone (northwest o fit, northeast, north,
etc) Mean elds of atmospheric variables at several levels (900 mb, 850 mb 700
mb, 500 mb, and 300 mb) were then generated with compositing software at the
time of initiation as well as 12, 24, 36, and 48 hour prior to thundersnow in itiation.
Also, sounding pro les of the atmosphere were generated to get a more accurate
picture of the thermodynamics present during thundersnow.

Thundersnow associated with cyclones will on average occur in ad ynamic en-
vironment. Thundersnow occurring northwest of a cyclone ce nter appears to be
the result of upright convection. Whereas thundersnow occurr ing to the northeast
of a cyclone appears to be more the result of a slantwise parcel displacement.

One of the goals of this research was to document the environment in which
thundersnow occurs. This will help in forecasting the thunde rsnow events, which
can help prepare the public as well as emergency personnel for the future weather.
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Chapter 1

Introduction

Snowfall can be an inconvenience no matter how little or how much f alls. How-
ever, it becomes more inconvenient when the snowfall is heavy. The possibility of
such events may be due to the presence of convection, which can result in thunder
and lightning, thereby creating an event aptly termed thundersn ow.

Whether in a large city or a rural town, heavy snowfall may place peopl e in
dif cult situations. Often there is a dramatic decrease in visib ility because of the
heavy falling snow and then blowing snow. This makes travel difcu It for all,
including emergency service personnel that society depends upon. Convective
snowfalls may compound this situation. The bands of precipitatio n tend to be
localized, on the scale of tens of kilometers wide, which can exacerbate the problem
and make travel nearly impossible.

Scientists and researchers have investigated the dynamics of thundersnow in
the past decade; however, there are still unanswered questions. In particular, it is
necessary to learn more about the dynamics that are present and necesary for such
convection to develop, and how these dynamics differ from summ er season con-
vection. Currently, forecasters can make note in their forecasts that the dynamics
for thundersnow may be present for a given event. In the future , it would be ben-
e cial for the public, in addition to emergency personnel, to h ave more lead-time

if there is an anticipated convective snowfall event in an area.



The focus of this research is the central United States, roughly de ned as the
area between the Rocky and Appalachian Mountain ranges. The central U nited
States is a region that can be classi ed as having fairly uniform terr ain, which
naturally eliminates any question as to differences in the terrain e nhancing upslope
ascent. For greater accuracy, great care has been taken to eliminate altases of lake
effect and lake-enhanced snowfall. These types of storms potentially have different
qualities and characteristics from the thundersnow events in the average cyclone

that develop and produce thundersnow.

1.1 Purpose & Objectives
1.1.1 Purpose

The purpose of this research is to improve thundersnow forecas ting by examining
composites of the atmosphere during and prior to the onset of pr evious events.
The composites will help depict the evolutionary stages of con vective snowfall
events. Sounding pro les will also help determine if in additi  on to mositure and
lift if instability is present.

In this study a composite is de ned as averaged variable elds (T, q, u, v, )
centered spatially on the event of interest (snow with thunder and lightning), and
temporally at the time of thundersnow initiation, or as close int ime as feasible

with the available data.

1.1.2 Objectives

Several objectives are identi ed to accomplish the aforementio ned purpose.

This research will seek to:

Composite cases of snow with thunder and lightning associated wi th an ex-
tratropical cyclone or arctic frontal zone for the time of thunder snow initia-

tion and 12, 24, 36, and 48 hours prior.
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To classify the dynamics that drive thundersnow in cyclones.

1.2 Statement of thesis

In the past, there has been limited research on thundersnow. This thesis will aim

to satisfy a few fundamental questions including:

What is the structure of the atmosphere during a typical thunders now event?

Are there structural difference between classes of storms (location with re-

spect to cyclone center, intensity of snowfall, etc.)?

Are there evolutionary signatures prior to thundersnow initi  ation, which

might enhance forecasting such events?



Chapter 2

Literature Review

There is a limited amount of literature available on thundersnow, although lately
this topic has been receiving increased attention. The rst serious investigation
into thundersnow was published by Curran and Pearson (1971), who averag ed
proximity soundings of such events. Much later, Mote et al. (1997) g enerated
composites for thundersnow events over the southeastern United States. These
papers will be discussed in chronological order. Special attention to the dynamic

forcing of thundersnow will be paid.

2.1 Compositing of Thundersnow

Thundersnow events are not frequent, yet they cause great inconvenience for those
who receive the vast quantities of snow, as well as the meteorologi st who has a
missed forecast. Thunderstorms with snow comprise only a smal | percent of all
snow observations. In the contiguous United States, percent of the thunder
reports in surface observations during the months October thr ough May were as-
sociated with snow; only percent of the snowfall observations were associated
with thunder (Schultz 1999). Though this seems like a small amount, the topic does
deseve attention. Indeed, while the phenomena of thundersno w is widely recog-
nized today, such was not always the case. Anecdotal evidence abounds that in

the late 1960s and early 1970s it was common for observers to either report heavy



snow (S+) in the weather code and thunder and lightning in the rem arks; some
simply did not believe that they had seen lightning or heard thun dersnow while

it was snowing. Thus, that account of thundersnow was never recor ded, and may
well have skewed the ndings of Schultz (1999).

Through the compositing of past cases of thundersnow events, the composites
will depict the average atmospheric conditions present both du ring the thunder-
snow as well as when the cyclone is developing. This can then be used to help
create more accurate forecasts for thundersnow.

Curran and Pearson (1971) scanned more than two million hourly observat ions
from February 1968 to April 1971. They found 114,924 reports of snow without
thunder, 5,834 reports of thunder without snow and only 76 observati ons of thun-
der and snow. The observations were eliminated for analysis if the y did not occur
three hours before or after 0000 Universal Time Coordinated (UTC) or 1200 UTC
and were not within 90 nautical miles (nmi) of a rawinsonde station.  After this
process only 13 observations remained. It is noteworthy that all o f the stations
happened to be east of the Rocky Mountains.

A mean proximity sounding was created essentially by averaging the temper-
ature and dew point of the remaining soundings. The mean temperatu re and dew
point were found at 850, 700, 500, and 400 millibars (mb). Adjustments were mad e
to the lower portion of the sounding because the differences i n pressure were
greater than 50 mb. This is due to differences in the mean sea level pressure at
the different stations.

Curran and Pearson (1971) found that for parcels lifted from the boundar y
layer there was not any convective available potential energy (CAPE ) in their thun-
desnow cases. Since thundersnow occurred in the 13 observatiors, the CAPE must
be elevated. Upon reanalyzing the mean proximity sounding here in (Fig. 2.1) 55

J/kg of CAPE were found at 800 millibars; the only level where CAPE was found.
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Beckman (1986) demonstrated the utility of using operational half-ho urly near-
real time Geostationary Operational Environmental Satellite (GOE S) visible and
infrared (IR) satellite imagery in monitoring convective clou ds. Heavy snowfall
can be related to snowbursts, which are the product of convectiv e-type clouds.
Under these types of clouds it is not uncommon to see snowfall r ates on the order
of 2 to 3 inches per hour.

Elkins (1987) documented the occurrence of thunderstorms with snow. He
based his research on Curran and Person's ndings from 1971. Using the Daily
Weather Map series from a broader period (1971 through 1986), Elkins documented
43 cases of thundersnow. He then went on to develop a conceptual model of their
parent cyclones, how they evolve over time, and what role thunde rsnow plays
there in. Elkins focused on the different air masses within the cyclone to aid in the
creation of the conceptual model. Further, he documented the p hysical microscale
processes such as snow ake development and electri cation proc esses that aid in
the development of a conceptual model of a thunderstorm with s now.

Colman (19904, b) studied the prevailing synoptic setting in which al | elevated
thunder___ occur. They type of precipitation, such as rain, snow, sleet, etc,
was irrevealent. Three criteria were estabilshed that had to be met before a case

was selected.

1. The observation of a thunderstorm must be on the cold side of t he front with

a contrast in temperature, dew point, and wind.

2. The station's temperature, dew point, and wind must be similar t o those at

the surrounding stations.

3. The warm side must have a higher equivalent potential temperature ( )than

the cold side.

When examining all events the most frequent occurrence of elevated thunder-
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Figure 2.2: The locations with the most frequent occurrence for elevated thunder-
storms in the United States. Reproduced from Colman (1990a).
storms is found in east central Kansas (Fig 2.2). Looking exclusively at events in
October through March, two maxima occur (Fig 2.3). One is located in southeast-
ern Texas and the other in northern Alabama, there were no cases westof the Rocky
Mountains. Colman's results suggest that nearly all of the winter season thunder-
storms that occur in the United States east of the Rocky Mountains but outside the
Florida peninsula is elevated-type. The annual variation is bimo dal: the primary
maximum occurs in April; the secondary maximum occurs in Septem ber.
Elevated thunderstorms tend to occur downstream from the meant rough, gen-
erally on the cyclonic side of the 700-mb jet. In addition elevated t hunderstorms
are dependent on frontal type. Warm and stationary fronts are more fr equently
responsible for thunderstorms that occur at 1200 UTC. Cold fronts are more fre-
guently associated with a thunderstorm at 0000 UTC. The most frequent occur-
rence of elevated thunderstorms is just to the north and east-no rtheast of the center

of low pressure. A shallow front is generally present when elev ated thunderstorms



Figure 2.3: The locations with the most frequent occurrence for elevated thunder-
storms during the months October through March in the United States. Repro-
duced from Colman (1990a).

occur.

The thermodynamic pro le of elevated thunderstorms tends to b e one with
extremely stable surface air. A strong frontal inversion is gene rally required for
elevated thunderstorms. Colman (1990a) found that a majority of elevat ed thun-
derstorms occur in an essentially stable hydrostatic environme nt. Elevated thun-
derstorms also occur in large areas on the meso- -scale and appear to be organized
by larger scale dynamics.

Colman (1990b) continued to examine thunderstorms without positi ve CAPE,
this time examining the organization and instability mechanisms. H e found very
few cases. The dataset used 23 National Weather Service sites in a re-
gion, which all were located to the east of the Rocky Mountains. Up on examining
the case studies a relation was found between gravity waves and elevated thun-
derstorms. Most of the storms developed around midday and proce eded to move

north and east and were generally observed for more than 24 hours. It was deter-
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mined that if there is no positive CAPE then the thunderstorms that develop are
not the result of upright convection.

Mote et al. (1997) focused on the southeastern United States and devebped
composites of snowfall events using data from 1949 through 1992. The composites
were generated every 12 hours from 72 hours before the event occured through
48 hours after the event occurred. In order to be included in the ir study the storm
must have produced heavy snowfall in excess of four inches or ten centimeters
over a minimum of 12 hours and over at least six square degrees of latit ude. At
least 50 stations must have been affected also. A total of 22 heavy snowhll events
were used in their study. The 0000 UTC soundings were used if the o bservation of
snowfall occurred between 2100 UTC and 0800 UTC and the 1200 UTC soundings
were employed if the event occurred between 0900 and 2000 UTC.

Mote et al. (1997) focused on the composites of snowfall from 48 hours before
the event to 24 hours after the event. The earlier and later time periods provided
little additional information. Mote et al. (1997) found that, 48 hours b efore the
snowfall occurred with their sample, cold air is often located ov er Saskatchewan
in association with a 1030-mb region of high pressure. A broad area of | ow pres-
sure is also located over New Mexico. Thirty-six hours prior, t he cold air asso-
ciated with the high pressure region, now at 1031 mb, spills south w ith cold air
advection from Michigan to western New York and warm air advection o ver the
southeastern United States. A broad trough of low pressure is lo cated in northern
Mexico through Utah, Colorado, Arizona, and New Mexico. Twenty-f our hours
prior, the high pressure region is measured to be 1030 mb. The anticyclone con-
tinues to move to the south and then takes on a more east southeastely path. The
cyclone has not moved much from its location at 24 hours before snowfall begins.
Twelve hours prior, the center of the surface anticyclone move s little but the arctic

air moves south into the region. A broad trough is evident at 700 mb s tretching
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from Kansas to Texas. An upper-level trough is evident at 200 mb from Colorado
to New Mexico. At the initiation of snowfall the central pressur e of the surface
anticyclone, located over western Wisconsin, is 1029 mb. An inverted trough is
present over the Gulf of Mexico along with a weak area of low press ure at 1015 mb
off the Louisiana coast.

Mote et al. (1997) also found that, in order for heavy snowfalls to devel op across
the southeastern United States, an uplift mechanism, such as isertropic upglide,
must be present. Finally, the moisture from the Gulf of Mexico is critical and is
delivered via the low level jet stream.

Hunter et al. (2001) also examined snowfalls in the southeastern United States
but broadened the topic to include lightning and other kinds of frozen precipita-
tion such as freezing rain or ice pellets. Seven case studies wereexamined from
February 1994 through January 1997. The National Lightning Detection Net work
(NLDN) was in place and recorded cloud-to-ground lightning str  ikes in all cases.

In all of the cases the upper tropospheric wind maxima occurred e ast of 100
West longitude and near 30 North latitude. There was also a trough axis in the 300
mb ow that migrated into eastern Texas. A split ow patternwas alson oted in six
of the seven cases. Each storm was divided into 12 hour periods. After examining
all seven of the case studies there were 27 12-hour periods. In geneal there seemed
to be a trend in the transition of the storms from arctic frontto mature cyclone. Six
of the 27 periods occurred in the arctic front stage and 21 of the 27 periods occurred
in the mature cyclone phase. In the arctic front cases, the frontogenesis was near
the arctic front in the 1000 mb to 850 mb and also the 850 mb to 700 mb layers.
Upward motion can be attributed to frontogenesis, the result of which produced
the various forms of frozen precipitation.

Market et al. (2002) created a synoptic climatology (October-April) of thunder-

snow cases in the United States. A maximum number of reported cases occurs in
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Utah and throughout the Rocky Mountain states of the western Unit ed States. An-
other concentration occurs in eastern Colorado and western Kansas and Nebraska.
The Missouri Ozark region also shows a smaller concentration. There is not any
particular time of day that thundersnow occurs. This suggests th at daytime heat-
ing does not play a key role in the development, although Elkins (1987), following

Beckman (1986), points out that the muf ing of thunder coupled with  the scatter-
ing of light from day time lightning may further act to reduce thu  ndersnow reports

from daylight hours. By far, March is the most common month for th undersnow
throughout the United States. A majority of thundersnow event s are light in in-

tensity, with approximately one quarter of the remaining eventst o be classi ed as
moderate, and one quarter as heavy snowfall events. The cases were alsdoroken

into seven event types:
1. cyclonic
2. orographic
3. coastal
4. frontal
5. lake effect
6. upslope
7. unclassi able

One hundred and one of the 191 events for this study were classi ed as associated
with a cyclone. Thirty of the 191 cases were classi ed as orographic. Nineteen of
the 191 events were coastal storms. Only 11 events were frontal, with the snow
generally occurring on the poleward side of the front. Eight ev ents could be classi-

ed as lake effect and four as upslope. Analysis of only type one (cy clone) events
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revealed that the most common location for thundersnow to occur is to the north-

east or northwest of a cyclone.

2.2 Dynamic Forcing Associated with Thundersnow

In general, thundersnow in an extratropical cyclone is the resul t of a banded pro-
cess such as frontogenesis, in the presence of gravitational or onditional symmet-
ric instability (CSI). Frontogenesis is a function which, wh en calculated, can tell
forecasters if a region of the atmosphere is likely to undergo d evelopment and
frontal intensi cation, or if decay is possible (Bluestein 1986); r egions of frontoge-

nesis also show forcing for ascent, which can release instability.

2.2.1 Frontogenesis

Sanders and Bosart (1985) examined the historic snowstorm that affected large
portions of the densely populated northeastern United States i n February 1983.
Rawinsonde data were used to show that most of the precipitation w as the result
of frontogenetical forcing near a region of moist symmetric st ability. Among the
more interesting features of this storm were the narrow bands of heavy snowfall;
the bands of heaviest snowfall were orientated along the thermal wi nd. This is be-
cause of the prominent thermally direct circulation induced by geostrophic fron-
togenetical forcing. There was also a strong sloping updraft alon g the transition
zone at the base of the layer of small conditional stability. The regi on of greatest
ascent was in the middle to upper troposphere near Washington, D. C. (IAD). This
corresponds to the region of heaviest snowfall for that given ti me period.

Moore and Blakely (1988) examined explicit thermal gradient changes in the
Midwestern snowstorm of January 1982. A cyclone moved from eastern T exas
into central Arkansas and into western Kentucky. An inverted tro ugh stretched

from central Ohio southwest into central Texas. The thermal gradi ent over Mis-
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souri at 1200 UTCwas K 100 km . As this system developed, rain fell across
much of the southeastern half of Missouri and lllinois and into In diana, western
Kentucky and Tennessee, Arkansas and western Oklahoma. Cold air continued
to spill south and pushed the inverted trough to the south. Twe Ive hours later, at
0000 UTC, the thermal gradientintensiedto K100 km over western Kentucky
and Tennessee. Six hours later at 0600 UTC, the thermal gradient acrosshis region
increased to K 100 km . Thundersnow was reported in St. Louis (LSX) for
ve hours.

Frontogenesis was computed at the surface and aloft, and con rmed a sloping
region of strong positive values close by to the frontal zone. Cr oss sections from
Green Bay, Wisconsin, to Centerville, Alabama, were generated. It was determined
that CSI played a role in the enhanced snowfall. Other reasons for the enhanced

snowfall include:

a cold wedge of air advanced in the lower levels of the atmosphere an d was

able to support frozen the precipitation,

upward vertical motion intensi ed in the region of the cold fro  nt because of

a direct thermal circulation related to frontogenesis, and

slantwise convection developed in the region of CSI.

2.2.2 Conditional Symmetric Instability

Moore and Lambert (1993) investigated CSI through the use of equivalent po-
tential vorticity (EPV). Typically any banded precipitation that develops from the
release of CSl is oriented parallel to the vertical wind shear and ex hibits a compo-
nent of motion toward the warm air. CSI can be evaluated in a cross section taken
along the thermal wind and featuring lines of constant absolute geo strophic mo-

mentum (hereafter referred to as ), equivalent potential temperature (hereafter
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referred to as ), and relative humidity (to indicate saturation).
CSI can be evaluated qualitatively by comparing the slope of the  surfaces

with the slope of the surfaces. Regions of CSI can be diagnosed where

surfaces are more horizontal than  surfaces. The parcel is buoyantly and

inertially stable but conditionally unstable with respectto sl antwise motions.
Relative humidities are greater than 80 percent.

We may assume that regions of relative humidity greater than 80 perce nt are
saturated for several reasons. First, nucleation is well known to begin at relative
humidities under 100 percent. Secondly, errors introduced wh en measuring hu-
midity and during objective analysis can unjustly "dry out” regio ns of a cross-
section (Bennetts and Sharp 1982). Finally, relative humidities greater than 80 per-
cent (with respect to water) can be supersaturated with respect to ice at tempera-
tures below  C and reach their maximum difference at C , where dendrite
production is preferred (Rogers and Yau 1989).

Bluestein (1986) noted that CSl is favorable when the atmosphere exhbits:
1. large vertical wind shear
2. anticyclonic wind shear

3. low static stability

When large vertical wind shear is present the surfaces will be relatively hori-
zontal since  increases rapidly with height. With large anticyclonic wind she ar
the absolute vorticity will approach zero. This creates a weak iner tially stable zone
which can contribute to CSI. Low static stability indicates that t he isentropic sur-
faces will be close to vertical.

McCann (1995) examined EPV further by making the computation in three di-

mensions without the aid of a cross-section. This approach will help alleviate some
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of the confusion as to when CSI can occur. In general slantwise convection is found
to be probable in frontal zones if the air mass present is saturated and potentially
stable in the vertical.

Schultz and Schumacher (2000) attempted to clarify a few de nitions r egarding
instabilities. They suggested that CSl is the slantwise analog to upright conditional
instability, which is rightly evaluated using the saturated equiv alent potential tem-
perature (). In like fashion, they recommended that be used in a cross section
where CSl is to be evaluated. Upright potential instability is ev aluated through the
use of the equivalent potential temperature () so it follows that a cross section us-
ing for the evaluation of moist symmetric instability will only yie |d a diagnosis
of potential symmetric instability (PSI).

However, use of requires no knowledge of the moisture regime, only tem-
perature. Parcels are simply lifted moist adiabatically from their original temper-
ature, regardless of the original moisture content of the parcel (saturated or unsat-
urated). In that light, one may view a cross section diagnosis of C Sl using  as
one where the environment has been overmoistened, yielding an unrealistic view
of the state of the atmosphere. Yet, when the atmosphere is saturated ,
and in those areas CSI=PSI.

A cross section diagram can be used to determine if potential symm etric insta-
bility (PSI) is present in the atmosphere (Fig 2.4). PSI can be calclated by using
values, which were determined from nding the lifting conden sation level of each
parcel, and then moving up the moist adiabat and coming back to 1000 mb dow n
the dry adiabat to arrive at a new temperature; thisis . These values represent an
atmosphere that may not be saturated. If relative humidity is plott ed on this cross
section; then the regions where the relative humidity is great er than 80 percent can
be described as a region of CSlI, especially in the cold cloud (where temperatures

are less than 0).
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Figure 2.4: A cross section of a PSI environment oriented North-South with an
ordinate of pressure, decreasing with height. The dashed green lines are lines
of constant absolute geostrophic momentum, . The solid red lines are lines of
constant equivalent potential temperature, . The solid blue shaded region is a
region where the relative humidity is greater than 80 percent.
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The atmosphere can also be assessed to see if CSl is present (Fig 2.5)he lines
of arenowlinesof because we are assuming saturation, regardless of whether
this situation actually exists. This is done by using only tempe rature data on a
sounding and moving up the moist adiabat and then coming down the dr y adia-
bat to 1000 mb to arrive at the . It can be said that this cross section is condi-
tionally symmetrically unstable. The relative humidity can be pl otted. In regions
where it is greater than 80 percent we can be certain that that region i s condition-
ally symmetrically unstable. Only in the shaded region on this cr oss section is it
identical to the PSI cross section. Operationally, the shaded regions is the only one
of real consequence on either analysis. One may ask, how does it pro t forecast-
ers to correctly diagnose CSI, yet have no moisture to generate the parent cloud of

precipitation?

2.3 Literature Summary

Studies of snow with thunder and lightning have their modern or igins in Cur-
ran and Pearson (1971). Since then, investigators have examined their gnoptic
and mesoscale form, while puzzling over thier ne-scale structur e. While Cur-
ran and Pearson (1971) compiled a mean proximity sounding that featured CAPE,
Colman's (1990a, b) work revealed that most elevated thunderstorms of ten form
in the absencef CAPE. Yet, signi cant vertical motions (borne of CAPE releas e)
as well as a mixture of precipitation particles are both thought ne cessary for the
generation of charge seperation suf cient to produce lightnin g. The presence of
lightning and thunder in the absence of CAPE requires us to look e Isewhere for
energy sources to sustain an updraft.

To serve this interest, attentions have turned lately to the pre sence of slantwise
motions in the atmosphere, and our ability to diagnose them. EPV c an be used

to diagnose CSI. With an instability (slantwise) in place, moistu re and a lifting
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Figure 2.5: A cross section of a CSI environment oriented North-South with an
ordinate of pressure, decreasing with height. The dashed green lines are lines
of constant absolute geostrophic momentum, . The solid red lines are lines
of saturated equivalent potential temperature, . The solid blue shaded region
is a region where the relative humidity is greater than 80 percent and in the blue
shaded region only, CSI=PSI.
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mechanism are all that is needed to generate a convective, albeit shnted, updratft.
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Chapter 3
Methodology

3.1 Data

Synoptic 3-hourly weather observations from 1961-1990 were scanned for re-
ports of snow with thunder. The observations came from a surface observation
archive CD-ROM purchased from Weather Graphics Technologies. Events were
selected which occurred in the central United States, between the Rocky and Ap-
palachian Mountain ranges. Only events that were associated with a cy clone or a
frontal boundary were examined for this study. All other events that may have fea-
tured orographic in uence or lake enhancement were disregarded . Cases of thun-
der with snow only were kept in the study. If other forms of winter precipitation
occurred, then the case was eliminated. This was done to ensure a elatively uni-
form thermodynamic pro le in each event. In addition, thunders now sometimes
occurred at multiple stations at the same time. This was counted as one event as
long as the events were within 1100 km of one another. In addition, i f more than
six hours passed between reports of thundersnow, even if the stations were within
1100 km, then each report of thundersnow was counted as two separate events.
This strati cation led to 97 cases to composite, a subset of those used by Market et
al. (2002).

The data CD contained data only for the United States. Sometimes thunder-
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snow events were reported in the United States, while the low p ressure region
associated with it was located in Canada or Mexico. These cases were peviously
eliminated from the study since the exact location of the low pre ssure systems

could not be determined.

3.2 Case Categorization
3.2.1 Categorization by Location

Selected events were then placed in categories depending on the synoptic-
setting in which the observation of thundersnow occurred (Tab le 3.1). Approxi-
mately one third of the events occurred to the northwest of a cy clone; hereafter
referred to as NWC, which agrees with Elkins (1987). Approximately 40 p ercent of
the cases were north or northeast of a cyclone; hereafter refered to as NC or NEC,
respectively. Ten percent of the cases were categorized into a @ategory labeled 'cy-
clone other'. This classi cation was for events in which thunde rsnow occurred
in another location with respect to the center of low pressure: four of the events
were to the west of the low, four were to the east of the cyclone, one event was
to the southeast, the remaining event was located to the southwest. Some events
occurred without an extra tropical cyclone, including approxi mately another ten
percent of the events which were unclassi able because of upslo pe or lake effect
conditions were present. Six percent of the cases were associatd with a frontal

zZone.

3.2.2 Categorization by Intensity

All 97 cases were also strati ed by the reported observed intensi ty of snow that
fell (Table 3.2) from the hourly weather observations, and not snowf all accumu-
lations. Snowfall can be categorized as being light when the visibility is 5/8 of a

mile, hereafter mi, or more. Snowfall is classi ed as moderatevhen the visibility
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| Category | Number of events || Percent of total ||

Northeast 19 20
North 18 19
Northwest 33 34
Cyclone Other 10 10
Undetermined 11 11
Frontal 6 6

Table 3.1: The breakdown of thundersnow only cases with respect to the location
of the cyclone. In addition, cases that were undetermined because of orography or
another reason were included, along with frontal cases.

| Category | Number of events | Percent of total |

Light 47 48
Moderate 37 38
Heavy 13 14

Table 3.2: The intensity of snowfall from all 97 events in the study.

is less than 5/8 mi, but not less than 5/16 mi. Heavysnowfall is de ned when the
visibility is less than 5/16 mi (e.g., U S Department of Commerce 1982).
Approximately one half of the cases were accompanied by light snow , approx-
imately 40 percent of the cases produced moderate snowfall and lessthan 15 per-
cent exhibited heavy snowfall. Here, we stress the use of reportedsnowfall intensity
from 3-hourly observations. We have made no attempt to assess what mi ght have
happened in each case during intervening hours. Furthermore, i t may also happen
that a station reporting thunder with light snow is part of asyst em featuring heavy
thundersnow. Yet, this is a sampling issue and beyond our abilit y to control.
Indeed, there have been limitations to the reported occurrenc e of thundersnow,
although lately thundersnow is becoming a more recognized phen omenon. Previ-
ously, (and during the period of our data record) some observer s did not believe
that thundersnow was possible, thus they would not report its 0 ccurrence in the
hourly observations (Elkins 1987). Others believed that thunders now was possi-

ble, yet they reported its occurrence as heavy snow (S+) in the weather code and
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reported the thunder and lightning in the remarks section of th e observation. It
is more effective to report thundersnow rather than snow with t hunder and light-
ning in the remarks since, in some instances, the remarks are not always archived
with the main part of the observation (Elkins 1987). In addition, snow and heavy
snow can hinder the observer from making an accurate observation. T he thunder
may become muf ed and the light from the lightning scattered. In  addition, if the
thundersnow occurs in the daytime, daylight, although limited , can make it dif -
cult to see the lightning, and daytime noise can make it more dif ¢ ult to hear the
thunder (Elkins 1987).

Schultz (1999) hypothesized as to why there is a lack of scienti c inqu iry. Some

causes he concluded were:
Thundersnow in the contiguous United States is relatively unc ommon,

there is a less perceived threat for lightning-related casualti es and damage in
the winter, since there are more cloud-to-cloud strikes than c loud-to-ground

strikes like in the summer months,

thunderstorms with snow generally produce fewer lightning s trikes than

thunderstorms with rain,
snow absorbs more sound and more light, and

with colder temperatures people tend to spend more time indoo rs. This al-
lows for fewer injuries due to lightning but also reduces the | ikelihood that

lightning and thunder will be observed.

Today, many observing stations do not have an observer. Instead they have an
unmanned Automated Surface Observing System (ASOS). Some of these stations
have Automated Lightning Detection And Reporting Systems (AL DARS), which

are linked to the National Lightning Detection Network (NLDN).  However, the
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Category Light Moderate Heavy
Events || Percent || Events || Percent || Events || Percent

Northeast 7 15 10 27 2 15
North 7 15 9 24 2 15
Northwest 13 28 12 32 8 62
Cyclone Other 7 15 3 8 0 0
Undetermined 8 17 2 6 1 8
Frontal 5 10 1 3 0 0

Table 3.3: The number of events and percent of total for a given snowfall intensity
for each of the main classi cations.

NLDN is designed to detect reliably cloud-to-ground lightni

ng only. Many of the

lightning strikes in thundersnow are cloud-to-cloud. This m eans that there is a

high likelihood that thundersnow can occur, but

still go unreported due to me-

chanical limitations. It is impossible to estimate the amount of u nder-reporting

of lightning strikes that occurs each year in the United States ho wever, this lim-

itation invites the question, is this research even more import ant than originally

anticipated?

Finally, the light, moderate, and heavy snowfall events can be strat i ed by their

occurrence in relation to the cyclone center (Table 3.3). The regon northwest of the

cyclone is the most favored region for light, moderate, and heavy snowfall. In the

moderate category, locations north and northeast of the cyclone are also highly

favored regions. In the frontal category, light snow is mostly ¢ ommon with only

one moderate case, and no heavy snow events reported.

3.3 Compositing Method

Upper air data were derived from the Radiosonde Data of North Amer

ica 1946-

1993 CD-ROMs compiled by the Forecast Systems Laboratory and the National

Climatic Data Center. Composites of these data were generated with the SLU-

BREW software (Moore et al. 2003). A comprehensive data analysis packagewhich
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can decode raw rawinsonde reports, interpolate those data to levels in between,
and objectively analyze (Barnes 1973) these reports to a horizontal, evenly-spaced
grid. Following this process for all North American data, subgri ds are selected
from the objectively analyzed grids.

Composites are then made on a grid with a distance between each grid
point of 190.5 km. The objectively analyzed grids of each variable on each level that
comprise a composite are acquired, and mean elds and their standard d eviations
are calculated in each case. The compositing method is based upon andEularian
scheme with the thundersnow events that are composited passing through a static
grid. The cyclone begins off the grid and then moves over the gr id as the cyclone
evolves and the thundersnow occurs. Each grid is centered on the station
where thundersnow was observed to occur rstin each case. The map background
(Fig. 3.1) that prints out with the SLUBREW software provides frame of reference
only. On the map, the point where the thundersnow occurred is r epresented by
a star, which is shown near where the Missouri-lowa-lllinois bo rders intersecti, a
representative location.

Composites were generated at the time snow began, called time 00, as well as
12, 24, 36, and 48 hours prior to initiation on the 900 mb, 850 mb, 700 mb, 500 mb,
and 300 mb levels. Given the relatively small sample size, all events were used;
thundersnow reports from hours 0800 Universal Time Coordinated ( UTC) to 1900
UTC were evaluated with 1200 UTC rawinsonde data while thundersnow r eports
for the 2000 UTC to 0700 UTC period were represented by 0000 UTC balloon data.
The reader may examine exact times for each of the cases compositedm Appendix
A. The mean difference between the snowfall initiation time andt he sounding time
is 2.29 hours.

The variables composited (Table 3.4) were the same for nearly all of the levels.

However, some of the variables such as dew point, mixing ratio, re lative humidity,
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Figure 3.1: The grid used in the compositing of the thundersnow cases.
The map background is for a frame of reference only, and does not exclusively
represent the area composited.

and moisture convergence, were insigni cant at 300 mb and were not g enerated.
The software does not composite surface data, so 900 mb was chosen to aproxi-
mate the surface. Each event was composited several times. All of the events that
occurred with a cyclone were composited together. Then the events were broken
down into those that occurred north, northwest, and northeast o fa surface cyclone,
as well as frontal cases, which were not associated with any type of or ganized cy-

clonic circulation.

3.4 Special Diagnostics

3.4.1 Frontogenesis

According to Petterssen (1956), frontogenesis is the tendency bward the forma-

tion of a discontinuity, known as a front, or the intensi catio  n of such discontinuity.
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| Variable

Temperature
Dew Point
Height
Isotachs
Mixing Ratio
Relative Humidity
Moisture Convergence
Theta E
Absolute Vorticity
Divergence
Absolute Vorticity Advect.
Temperature Advection
Theta E Advection
Resultant Deformation
U Wind
V Wind
Geostrophic U Wind
Geostrophic V Wind
Ageostrophic U Wind
Ageostrophic V Wind
Moisture U Wind
Moisture V Wind

[ 900 mb [[ 850 mb || 700 mb [ 500 mb [ 300 mb |

Table 3.4:A list of the 22 variables composited in the study. The variables that were
composited for a given level are represented by a
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This can be represented by the following:
(3.1)
which may be rewritten as:
— (3.2)
where
def= deformation of the horizontal wind eld,

div = divergence of the horizontal wind eld, and

= the angle from the axis of dilatation to the isentropes.

3.4.2 Equivalent Potential Vorticity

Equivalent potential vorticity (EPV) is a diagnostic tool that can be used to
diagnose symmetric instability in the atmosphere.

Moore and Lambert (1993) have shown that EPV can be represented by the
following:

. (3.3)

However, their method is best applied with an analysis of relative humidity
in a cross-section oriented perpendicular to the thermal wind . Given the strongly
curved ow in many of our cases, such cross-sections are not often possible, or
valid. McCann (1995) developed a three dimensional form of EPV (3.4) that elim-
inates the need to compare the slopes of and on a cross section. Instead,
with the three dimensional EPV, it is easier to determine if the atmosphere is un-
stable, either vertically or slantwise, or stable. This is done by overlaying  with
the three dimensional EPV. If EPV is negative and  decreases with height then the

atmosphere is potentially unstable. If EPV is negative and  increases with height
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(potentially stable) then PSl is present; CSl is assumed if the relative humidity ap-

proaches saturation (greater than 80 percent).

— (3.4)

3.5 Methodology Summary

The data used for the composites is a subset from Market et al. (2002). Ninety-

seven cases of thunder with snow only that occurred in the centr al United States
were used to generate composite maps of up to 22 different atmospheric variables.
The cases were strati ed by location from the center of the cyclo ne as well as by
snowfall intensity. We acknowledge some limitations to the data set as well, be-
cause of misunderstandings with proper encoding of thundersn ow events in the
hourly surface observations.

Composites were generated with the SLUBREW software (Moore et al. 2003)
for the time of thundersnow initation as well as 12, 24, 36, and 48 hours before
the initiation time period. Special diagnostics are also brought to bear in order to
determine the presence / nature of unstable layers in the atmosph ere, and those

mechanisms that might act to relese instability.
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Chapter 4

Composite results

Events were composited at the time of thundersnow initiation as well as 12,
24, 36, and 48 hours prior to the beginning of convective snowfall, he reafter re-
ferred to as T-00, T-12, T-24, T-36 and T-48. This was done in hopes of deternming
which dynamic and thermodynamic features are present, not only wh en the thun-
dersnow is occurring, but also before the event, in hopes that t hundersnow may
be forecast more accurately in the future. A majority of the thund ersnow events
occurred to the northwest of the cyclone. The composites depicted distinct differ-
ences between all cyclones (ALL), NWC, and NEC. Although thunde rsnow to the
north of a cyclone was compositied, further investigation int o this group was not

pursued for this project.

4.1 T-48
4.1.1 Allcyclones

Forty-eight hours before the thundersnow a trough exists at 900 mb (Fig. 4.1),
which covers the area that will receive thundersnow. This trou gh is responsible
for depositing cold air into the area, as evidenced by the negative temperature ad-
vection, or cold air advection, upstream of the trough axis (Fig. 4.1). This pattern
suggests a lower-amplitude planetary- to synoptic-scale ow, w ith rapid progress

from one wave to another. This observation arises from the transit ion from the

31



900 mb Heights
,,,,,,,, 900 mb Temp. Adv.

Figure 4.1: The 900-mb heights in geopotential meters (gpm) and temperature
advection ( K ) for ALL cyclones at T-48. With this and all similar gures,
the map is provided for reference only. Also, standard contour intervals are not
employed in all cases such that more detail may be rendered in each analysis.
trough at T-48 to a ridge axis at T-24 (shown shortly) and back to a low p ressure
system at T-00. At 850 mb (Fig. 4.2), we nd a dry atmosphere over the thun der-
snow initiation site, with a mean relative humidity of 59 percent at this time (not
shown). Kinematically, weak divergence of is revealed at 850 mb,
along with an absolute vorticity advection of (not shown).
At 700 mb (Fig. 4.3) the value is 300 K, with weak  advection (

; not shown) affecting a slight trough in an otherwise zonal pattern.
The temperature advection is stronger than at 900 mb, portend-
ing rising heights aloft over the event initiation site. The 500-m b environment (not
shown, due to spatial limitations and more signi cant features pre sent at other lev-
els to depict) is drier still with a relative humidity of 42 perc ent over the thunder-

snow initiation site. Absolute vorticity advection over thet hundersnow initiation
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850 mb Heights
———————— 850 mb Divergence

Figure 4.2: The 850-mb heights (gpm) and divergence ( ) elds for ALL cy-
clones at T-48.

site at 500 mb increases from values at lower levels to . At 300 mb
(Fig. 4.4) there is a straight jet streak, and the location where thundersnow will
occur in 48 hours is in the left exit region or poleward exit regi on of the jet streak.
However, divergence exists and is weak ( ).

This description suggests an atmosphere where a previous storm system is ex-
iting the region where thundersnow will eventually occur. Th at same location
resides in the left exit region or poleward exit region of the 300 mb jet streak at
T-48, yet the mean divergence values are weakly positive and thus divergent Also,
we nd divergence increasing lower in the atmosphere (850 mb).

From a quasi-geographic perspective, cold air advection is revealed at 700 mb
yet there is a positive change in vorticity advection with incr easing height between
850 mb and 500 mb. Forcing for vertical motion would seem indetermin ate, how-
ever, there is also a decrease in the divergence pattern with height along with a

strong decrease in relative humidity with height. All of these suggest subsidence.
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700 mb Theta E
———————— 700 mb Temp. Adv.

Figure 4.3: The 700-mb  (K) and temperature advection ( K ) for ALL cy-
clones at T-48.

300 mb Heights
———————— 300 mb Isotachs

Figure 4.4: The 300-mb heights (gpm) and isotachs (ms ) for ALL cyclones at
T-48.
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900 mb Heights
,,,,,,,, 900 mb Temp. Adv.

Figure 4.5: The 900-mb heights (gpm) and temperature advection ( K ) for
NWC cases at T-48.

4.1.2 Northwest of cyclone

The trough present at 900 mb (Fig. 4.5) in the ALL cases is also present n NWC.
However, in the NWC composites the trough remains oriented nor theast to south-
west. Forty-eight hours prior to thundersnow onset, this tr ough also brings cold air
into the area and continues to suggest a lower-amplitude planetar y- to synoptic-
scale ow. At 850 mb (Fig. 4.6), the mean relative humidity at the thunde rsnow
initiation site is 58 percent (not shown). The mean divergence ( Fig. 4.6) is stronger
than in ALL at , although the absolute vorticity advection is much
more negative than in ALL at (not shown).

The 700-mb (Fig. 4.7) mean value is 301 K and the pattern remains unremark-
able, and oriented east-west; the advection (not shown) is . The
temperature advection (Fig. 4.7) at 700 mb is , Which suggests

forcing for ascent unlike in ALL. At 500 mb (not shown) the mean rel ative humid-
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850 mb Heights
———————— 850 mb Divergence

Figure 4.6: The 850-mb heights (gpm) and divergence ( ) elds for NWC
cases at T-48.

ity is 44 percent which is about the same as ALL. The 500-mb (not shown) absolute
vorticity advection averages , Which is an increase from the values
at lower levels but is nearly the same as in the ALL cases. At 300 mb (Fig. 4.8) the
divergence value is . The jet streak is still present in NWC. In fact,
it is more clearly de ned than in the cyclone ALL cases.

Again this is suggestive of an atmosphere where a previous storm system is ex-
iting (at T-48) the region where thundersnow will eventually occ ur. The main dif-
ference from ALL is that the ridge is beginning to build to the w est of the thunder-
snow initiation location. Also, the orientation of the trough t hat initially imports
the cold air into the location for future thundersnow is orient ed in a northeast-to-
southwest direction at this time. The atmosphere continues to remain divergent
near the surface, although in this scenario a bit stronger. The thundersnow initia-
tion continues to reside in the left exit region of the mean 300-mb jet streak. This jet

streak is larger and stronger than in ALL. Divergence continues t o increase lower
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700 mb Theta E
,,,,,,,, 700 mb Temp. Adv.

Figure 4.7: The 700-mb  (K) and temperature advection ( K ) for NWC
cases at T-48.

in the atmosphere (850 mb) and is stronger than in ALL.

Warm air advection is revealed at 700 mb and there is a positive change in
vorticity advection with increasing height. Forcing for upwar d vertical motion
would seem possible with vorticity advection increasing with  height and positive
temperature advection in the mid-troposphere. However, ther e continues to be
a decrease in the divergence pattern with height along with a str ong decrease in
relative humidity with height, both of which suggest subside nce. These results
yield con icting signals for forcing for ascent; yet, in an othe rwise unsaturated

atmosphere the point is moot.

4.1.3 Northeast of cyclone

Thundersnow that occurs to the northeast of a cyclone occurs in a different envi-
ronment than the thundersnow to the northwest of a cyclone. In part, this may be

due to the relative immaturity of the cyclone featuring a NEC eve nt. Temperatures
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300 mb Heights
———————— 300 mb Isotachs

Figure 4.8: The 300-mb heights (gpm) and isotachs (ms ) for NWC cases at T-48.

(not shown) at 900 mb (Fig. 4.9) are, on average, much colder at T-48 in NEC,com-
pared to NWC. The temperature at 900 mb in NWC is C and in NEC
C. The air is relative dry, at a mean relative humidity of 51 percent ( not shown).
The 850-mb divergence (Fig. 4.10) is and the absolute vorticity ad-
vection (not shown) at 850 mb is . The 700-mb is colder for NEC
than NWC cases at 296 K (Fig. 4.11) and the advection (not shown) is
, which is equal in value, but opposite in sign to that found for T-48 NWC

cases. This is due largely to the location of the thundersnow eve nt with respect to
the lower troposphere trough. It is found upstream (Fig. 4.6) in N WC cases and
downstream (Fig. 4.10) for NEC cases.

The temperature advection at 700 mb (Fig. 4.11) is facilitating
the import of still more cold air. The mean height at 500 mb (not show n) over the
thundersnow initiation site is 5470 geopotential meters, hereaft er (gpm). As with

NWC cases, the air remains dry, at a mean relative humidity of 48 percent; the
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—+ 100 km

900 mb Heights
,,,,,,,, 900 mb Temp. Adv.

Figure 4.9: The 900-mb heights (gpm) and temperature advection ( K ) for
NEC cases at T-48.

mean absolute vorticity advection at 500 mb is zero. The mean heights at 300 mb
(Fig. 4.12) are about 100 gpm lower than in the T-48 NWC composites at 8980 gpm.
Mean divergence is nearly zero in NEC cases at this hour.

This NEC scenario also suggests an atmosphere where a previous sbrm system
is exiting the region over which thundersnow will eventually  occur. The trough is
weaker than in ALL and NWC with an orientation that is northeast-to-so uthwest.
At 850 mb, the atmosphere is much less divergent than in ALL and NWC. T he
thundersnow initiation site continues to reside in the left e xit region or poleward
exit region of the 300 mb jet streak. Divergence changes little throughout the pro le
of the atmosphere in the NEC cases and is much less than in the NWC cases. Cold
air advection is present again at 700 mb yet there is a positive change in vorticity
advection with increasing height. The degree of this change is similar to that in
ALL but much less than in NWC cases.

Forcing for upward or downward vertical motion is unclear. The ch ange in
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850 mb Heights
———————— 850 mb Divergence

Figure 4.10: The 850-mb heights (gpm) and divergence ( ) elds for NEC
cases at T-48.

700 mb Theta E
———————— 700 mb Temp. Adv.

Figure 4.11: The 700-mb  (K) and temperature advection ( K ) for NEC
cases at T-48.
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300 mb Heights
———————— 300 mb Isotachs

Figure 4.12: The 300-mb heights (gpm) and isotachs (ms ) for NEC cases at T-48.

absolute vorticity from 850 mb to 500 mb would suggest upward motion . How-

ever, the temperature advection at 700 mb is negative. There is also o substantial
change of divergence from 850 mb to 300 mb. Being upstream of the trough axis,
one might expect a stronger signal for downward motion in NEC th an NWC cases.
Such is not the case here. Unlike the competing Q-G equation terms here, the T-
48 NWC composites revealed both terms as favoring ascent. Again, this is likely
due to the trough location upstream of the event site in NWC cases, but down-

stream in NEC cases. However, the forcing for vertical motions r emains irrelevant

in the presence of such a dry atmosphere.

4.2 T-36

4.2.1 Allcyclones

The composites demonstrate that the atmosphere changes greatly n 12 hours. The

trough that was evident at 900 mb has moved out of the area and a weak cold
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900 mb Heights
,,,,,,,, 900 mb Temp. Adv.

Figure 4.13: The 900-mb heights (gpm) and temperature advection ( K ) for
ALL cases at T-36.

air mass is left in its wake (Fig. 4.13). The mean relative humidity has in creased
slightly at 850 mb (not shown), and the divergence is still a posit ive value at
, but less than at T-48 (Fig. 4.14). The negative absolute vorticity advection
maximum at 850 mb (not shown) is more negative at
Further aloft in the atmosphere, the 700-mb  (Fig. 4.15) remains unchanged
at the event site at 300 K, but the mean advection there (not shown) is now
positive at . The pattern is also unchanged retaining a zonal,
east-to-west orientation. The temperature advection (Fig. 4.15) is also positive at
. At 500 mb (not shown) the mean relative humidity at percent
shows the moisture content is relatively low. The absolute vor ticity advection at
500 mb is now negative at . At 300 mb (Fig. 4.16) the straight jet

streak persists with mean heights at 9050 gpm and the mean divergence is

The height pattern throughout the pro le of the atmosphere dep icts a departing
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850 mb Heights
———————— 850 mb Divergence

Figure 4.14: The 850-mb heights (gpm) and divergence ( ) elds for ALL
cases at T-36.

trough and a lower-tropospheric environment that is in the beg inning stages of a
pattern to aid in frontogenesis. Notice the suggestion of a col in the 900 mb heights
(Fig. 4.13) and the dipole of cold (warm) air advection north (south) o fthe eventual
thundersnow site. The change, albeit weak, in the divergence val ues from 850 mb
to 300 mb suggests downward motion. Although weak warm air advection is
present at 700 mb, there is a distinct negative change in vorticity advection with
height; taken together, these factors would indicate forcing f or descent.

Indeed, forcing for upward vertical motion does not seem likel y. The diver-
gence pattern decreases with height along with the relative humi dity decreasing

with height. This suggests subsidence.

4.2.2 Northwest of cyclone

The mean heights at 900 mb (Fig. 4.17) over the future site of thundersnow rise to

969 gpm. The 850-mb heights, divergence (Fig. 4.18), and mean relative hunidity
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700 mb Theta E
,,,,,,,, 700 mb Temp. Adv.

Figure 4.15: The 700-mb  (K) and temperature advection ( K ) for ALL
cases at T-36.

300 mb Heights
———————— 300 mb Isotachs

Figure 4.16: The 300-mb heights (gpm) and isotachs (ms ) for ALL cases at T-36.
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900 mb Heights
,,,,,,,, 900 mb Temp. Adv.

Figure 4.17: The 900-mb heights (gpm) and temperature advection ( K ) for
NWC cases at T-36.

(not shown) remain relatively unchanged compared to T-48. The absol ute vorticity
advection (not shown) at 850 mb is now at

The heights of the  surface at 700 mb (Fig. 4.19) increase to 303 K and the
temperature advection (Fig. 4.19) at 700 mb increases to . The 500-
mb (not shown) heights rise slightly to 5540 gpm and the mean relativ e humidity
(not shown) decreases to 39 percent. The 500-mb absolute vorticityadvection over
the thundersnow event site drops from (its value at T-48) to

at T-36. This negative vorticity advection (NVA) maximum was seen in

the cyclone ALL cases as well, but not to the same degree as in NWC case. The
heights at 300 mb (Fig. 4.20) remain relatively constant and the divergence is zero.
These competing terms in the Q-G equation leave a qualitative assessment of the

indeterminable motion.
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850 mb Heights
———————— 850 mb Divergence

Figure 4.18: The 850-mb heights (gpm) and divergence ( ) elds for NWC
cases at T-36.

—+ 100 km

700 mb Theta E
———————— 700 mb Temp. Adv.

Figure 4.19: The 700-mb  (K) and temperature advection ( K ) for NWC
cases at T-36.
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300 mb Heights
———————— 300 mb Isotachs

Figure 4.20: The 300-mb heights (gpm) and isotachs (ms ) for NWC cases at
T-36.

4.2.3 Northeast of cyclone

At this time, the NEC composites of the lower troposphere dep ict a fairly pro-
nounced ridge west of the event site. The mean heights at 900 mb (Fig. 4.21), over
the future location of thundersnow, rise about 10 gpm, compared t o T-48. The
mean heights at 850 mb (Fig. 4.22), again over the location where thundersnow
will occur in the future, also rise slightly compared their valu es at T-48. The mean
relative humidity at 850 mb of 54 percent (not shown) is similar to it s value at T-
48. The 850 mb divergence (Fig. 4.22) remains weak at , While the
absolute vorticity advection at 850 mb (not shown) is

The value at 700 mb (Fig. 4.23) remains unchanged at 295 K, and the eventual
thundersnow location resides in the weak trough of an otherwise zonal pattern.
The advection (not shown) is while the temperature advection

(Fig. 4.23) falls to . While this is still negative, indicating cold air
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900 mb Heights
,,,,,,,, 900 mb Temp. Adv.

Figure 4.21: The 900-mb heights (gpm) and temperature advection ( K ) for
NEC cases at T-36.

advection, it is less negative than at T-48, indicating that a change is beginning to
occur, and that intensity of the cold air advection is weakening. T he 500-mb (not
shown) mean height remains the same compared to T-48 as does the relaive hu-
midity. The absolute vorticity advection at 500 mb is . The heights
at 300 mb (Fig. 4.24) remain relatively unchanged but the divergence is strong

. The change in the absolute vorticity advection from 850mb to 500 mb is
relatively small, and suggests forcing for upward motion. Yet, t his again con icts
with the cold air advection at 700 mb.

The atmosphere is in a state of transition with a storm system exi ting the re-
gion where thundersnow will eventually occur and the cyclone t hat will generate
thundersnow beginning to develop off-grid. The trough is we aker than in ALL
and NWC with an orientation northeast to southwest. Indeed, aridg e is present at
850 mb (Fig. 4.22) in T-36 NEC cases west of the eventual thundersnow lo@tion;

a closed high center is depicted at 900 mb (Fig. 4.21). One reason for tls may be
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850 mb Heights
———————— 850 mb Divergence

Figure 4.22: The 850-mb heights (gpm) and divergence ( ) elds for NEC
cases at T-36.

that thundersnow that falls from NEC is from a less mature cyclone . The winds
throughout the atmosphere (not shown) from 850 mb to 300 mb back with height.
This indicates cold air advection and suggests descent throughout the atmospheric
column consistent with the approach of the lower-tropospheri c ridge.

The thundersnow initiation site continues to reside in the le ft exit region of
the 300-mb jet streak. However, the divergence pro le of the atmos phere fails to
comply with the classical model. The divergence drops from at
850 mb to at 300 mb. This supports the idea of descent in the
atmosphere. Cold air advection continues to be present at 700 mb, albeit less than
at T-48. While the change in absolute vorticity advection from 850 mb to 500 mb
indicates upward motion, this is quite weak, with the difference of the two values
being only . Downward motion seems most likely as viewed through
the backing wind and divergence pro les negative temperature adv ection at 700

mb, and rising heights in the lower troposphere.
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700 mb Theta E
,,,,,,,, 700 mb Temp. Adv.

Figure 4.23: The 700-mb  (K) and temperature advection ( K ) for NEC
cases at T-36.

300 mb Heights
———————— 300 mb Isotachs

Figure 4.24:The 300-mb heights (gpm) and isotachs (ms ) for NEC cases at T-36.
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4.3 T-24

4.3.1 Allcyclones

Cold air is still in place at 900 mb (Fig. 4.25) and frontogenesis is suggested by
the distinct col with warm air advection to the south, and cold air ad vection to the
north. The trough that was present at T-48 is now located to the nort heast of the
thundersnow initiation location. Another low pressure area is developing to the
southwest of the thundersnow initiation location. This will b e the cyclone that is
responsible for the thundersnow in 24 hours. To the northwest and southeast of
the future site of thundersnow, weak regions of high pressure are present rounding
out the col pattern. At 850 mb (Fig. 4.26) there is evidence to support the existence
of a front at 900 mb. The location of the col is to the north and west of where it was
found at 900 mb. This is what is expected since fronts are, ideally, sloping zones
of temperature transition. The mean relative humidity at 850 mb (not shown) is
61 percent which is moister than the one at T-36. At 850 mb, the divergence (Fig.
4.26) is now at a , Signaling convergence, and the absolute vorticity
advection (not shown) is

The 700-mb  surface (Fig. 4.27) increases to 301 K with the advection (not
shown) increasing to . However, this pattern persists in its
previous zonal orientation in spite of the differential advectio n patterns. The tem-
perature advection at 700 mb (Fig. 4.27) also increased to . Winds
at 500 mb (not shown) are now from the west-southwest and the mean rel ative
humidity increases slightly to 44 percent. The heights at 500 mb (n ot shown) begin
to rise, to 5525 gpm, and the absolute vorticity advection there is zero. At 300 mb
(Fig. 4.28), a very weak ridge is present with heights increasing to 9090 gpm and a
divergence value of

The atmosphere at T-24 continues in a state of transition. At T-36, the vorticity
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900 mb Heights
———————— 900 mb Temp. Adv.

Figure 4.25: The 900-mb heights (gpm) and temperature advection ( K ) for

ALL cases at T-24.

850 mb Heights
———————— 850 mb Divergence

Figure 4.26: The 850-mb heights (gpm) and divergence (

cases at T-24.
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700 mb Theta E
,,,,,,,, 700 mb Temp. Adv.

Figure 4.27: The 700-mb  (K) and temperature advection ( K ) for ALL
cases at T-24.

advection throughout the atmosphere indicated descent; the di vergence through-
out the atmospheric column at T-36 was supportative for downward mo tion.

At T-24, the change in the absolute vorticity advection from 850 mb to 500 mb
now indicates that forcing for ascent is present. The divergenc e pro le throughout
the atmosphere, from 850 mb to 300 mb, indicates upward motion. The te mper-
ature advection at 700 mb remains a positive number, and the magnitude signi -
cantly increases from T-36. This indicates that warm air advection has begun. The
forcing for vertical motions seems likely. The key ingredien ts are in place at this

time period.

4.3.2 Northwest of cyclone

The heights at 900 mb (Fig. 4.29) are relatively constant compared to 12 hous prior.
The mean height at 850 mb (Fig. 4.30) increases to 1433 gpm over the thunder-

snow initiation location with the mean relative humidity (not sh  own) remaining
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300 mb Heights
———————— 300 mb Isotachs

Figure 4.28: The 300-mb heights (gpm) and isotachs (ms ) for ALL cases at T-24.

constant. The divergence (Fig. 4.30) is and the absolute vorticity
advection (not shown) is

The value at 700 mb (Fig. 4.31) is relatively constant and similar to that at
T-48 and T-36. The advection (not shown) increases to and
the temperature advection is (Fig. 4.31). The mean 500-mb (not
shown) heights continue to rise to 5560 gpm while the relative hum idity remains
unchanged (  percent). The absolute vorticity advection at 500 mb over the event
site increases to , which is a great change from T-36, when a negative
vorticity maximum was present. The 300 mb heights (Fig. 4.32) rise slightly to 9130
gpm and the divergence is at

The atmosphere in NWC at T-24 makes drastic changes from T-36. At T-36,
the vorticity advection throughout the atmosphere indicates d escent with a nega-
tive vorticity advection maximum. The divergence pattern thro ughout the atmo-

spheric column is weakly supportive for downward motion. At T- 24, the change

54



900 mb Heights
———————— 900 mb Temp. Adv.

Figure 4.29: The 900-mb heights (gpm) and temperature advection ( K ) for

NWC cases at T-24.

850 mb Heights
———————— 850 mb Divergence

Figure 4.30: The 850-mb heights (gpm) and divergence (

cases at T-24.
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Figure 4.31: The 700-mb  (K) and temperature advection ( K ) for NWC
cases at T-24.

in the absolute vorticity advection from 850 mb to 500 mb indicates th at forcing for
ascent is present. The divergence pro le throughout the atmos phere, from 850 mb
to 300 mb indicates upward motion, while the temperature advection at 700 mb

concurs with a positive number.

4.3.3 Northeast of cyclone

At 900 mb, the heights (Fig. 4.33) rise to their peak value. This is expected since
the trough that was over the future thundersnow area is pushingt o the east. At

850 mb, the mean height at the thundersnow initiation location (Fig . 4.34) rises as
well to 1440 gpm. The mean relative humidity (not shown) remains unc hanged

compared to T-36. The divergence (Fig. 4.34) value at 850 mb is

which is more convergent than T-36. The absolute vorticity advect ion at 850 mb

(not shown) is , Which is slightly weaker than at T-36.

The eld at 700 mb (Fig. 4.35) continues to change little, while the  advec-
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300 mb Heights
———————— 300 mb Isotachs

Figure 4.32: The 300-mb heights (gpm) and isotachs (ms ) for NWC cases at

T-24.

Figure 4.33: The 900-mb heights (gpm) and temperature advection (

NEC cases at T-24.

~—+ 100 km
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850 mb Heights
———————— 850 mb Divergence

Figure 4.34: The 850-mb heights (gpm) and divergence ( ) elds for NEC
cases at T-24.

tion at 700 mb increases dramatically to . This is a changeof
from T-36. The temperature advection at 700 mb (Fig. 4.35) continues

to increase and is now . The mean 500-mb (not shown) heights in-
crease slightly. Again this is due to the departing trough that was dominant over
the area at T-48, and especially T-36. The mean relative humidity at 500 mb (not
shown) remains constant (48 percent) compared to T-36. The absolutevorticity ad-
vection at 500 mb also remains unchanged from it's value at T-36 at
The mean heights at 300 mb (Fig. 4.36) rise by 60 gpm, and the divergence at 300
mb (Fig. 4.36) becomes positive and increases to

The pro le of the atmosphere of NEC cases continues to change compared to
T-36 and T-48. The values of absolute vorticity advection at T-24 at 850 mb and 500
mb are quite similar to those at T-36. The atmosphere continues to be conducive for
ascent. The divergence pattern transitions to one favorable for upward motions.

This is the rst time period that this pattern is indicated for NE C. The temperature
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700 mb Theta E
,,,,,,,, 700 mb Temp. Adv.

Figure 4.35: The 700-mb  (K) and temperature advection ( K ) for NEC
cases at T-24.

advection at 700 mb is now a positive value as well.

4.4 T-12

4.4.1 Allcyclones

At 900 mb (Fig. 4.37) the advancement of the cyclone is evident to the sauthwest
of where the thundersnow will occur in 12 hours. The heights at 850 mb (Fig. 4.38)
also show the cyclone in its developing state, to the southwest of where thunder-
snow will occur in 12 hours. The atmosphere is becoming moister with a mean
relative humidity at 850 mb (not shown) of 66 percent. The divergen ce at 850 mb

(Fig. 4.38) is , with the absolute vorticity advection at 850 mb at

The 700-mb  (Fig. 4.39) value continues to rise to 303 K and the advection

increases dramatically to , Which is a jump from
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Figure 4.36: The 300-mb heights (gpm) and isotachs (ms ) for NEC cases at T-24.

Figure 4.37: The 900-mb heights (gpm) and temperature advection (

ALL cases at T-12.
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850 mb Heights
———————— 850 mb Divergence

Figure 4.38: The 850-mb heights (gpm) and divergence ( ) elds for ALL
cases at T-12.

at T-24. The pattern also begins to show a slight ridge west of the eventual th un-
dersnow site. The temperature advection (Fig. 4.39) at 700 mb is ,
which is an increase from T-24. Yet the mean 500-mb heights (not shown) remain
constant from T-36, at 5525 gpm, though the winds at 500 mb are now southwest-
erly and transporting more moisture into the system. The mean re lative humidity
is now 57 percent, an increase of 13 percent, which is the greatest ise of the time
periods examined. The 500-mb absolute vorticity advection (not sh own) is
. At 300 mb (Fig. 4.40) the weak ridge persists, the heights remain at 9090

gpm and a divergence value of

The atmosphere is now 12 hours away from producing thundersnow. T he di-
vergence eld from 850 mb to 300 mb is conducive for upward motion. T he abso-
lute vorticity advection change from 850 mb to 500 mb is also one that is likely to
produce ascent throughout the atmospheric column. Althought his feature contin-

ues to be present, it is relatively weak.
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700 mb Theta E
,,,,,,,, 700 mb Temp. Adv.

Figure 4.39: The 700-mb  and temperature advection ( K ) for ALL cases
at T-12.

However, the temperature advection at 700 mb is now at its maximum valu e.
The components necessary for forcing vertical motion are present and occur in an

environment that is moistening.

4.4.2 Northwest of cyclone

Many changes occur by 12 hours before the thundersnow will occur . The rst
is a deepening of the cyclone at 900 mb (Fig. 4.41). The mean heights drp 17
gpm over the thundersnow initiation site from T-24 to 953 gpm. The mean 850-mb
heights (Fig. 4.42) fall as well, by 18 gpm, to 1415 gpm. The mean 850 mb relative
humidity (not shown) begins to increase to 67 percent, while th e divergence at
850 mb (Fig. 4.42) is decreasing greatly as well, to . The absolute
vorticity advection (not shown) at 850 mb is now at

The value over the event site at 700 mb (Fig. 4.43) is still relatively unchanged

at 306 K, although here the pattern exhibits a clear ridge west of the event site. The
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300 mb Heights

————— 300 mb Isotachs

Figure 4.40: The 300-mb heights (gpm) and isotachs (ms ) for ALL cases at T-12.

Figure 4.41: The 900-mb heights (gpm) and temperature advection (

NWC cases at T-12.

900 mb Heights
900 mb Temp. Adv.
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850 mb Heights
———————— 850 mb Divergence

Figure 4.42: The 850-mb heights (gpm) and divergence ( ) elds for NWC
cases at T-12.

advection (not shown) and temperature advection at 700 mb (Fig. 4.43) are at
their maximum values, at and respectively. At
500-mb (not shown), mean heights fall to 5545 gpm and the mean relative hum idity
increases through this layer as well; mean absolute vorticity adve ction at 500 mb
has a value of . Heights at 300 mb (Fig. 4.44) remain unchanged,
while the divergence increases to

Upward motion associated with the difference in the divergence at 850 mb and
300 mb continues to be present. Ascending motions due to the difference in the
absolute vorticity advections at 850 mb and 300 mb are present as well, and the

temperature advection is at its peak value.

4.4.3 Northeast of cyclone

The mean heights begin to fall again at 900 mb (Fig. 4.45) with the cyclone ap-
proaching. The heights at 850 mb (Fig. 4.46) also begin to fall with the approach of
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700 mb Theta E
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Figure 4.43: The 700-mb  (K) and temperature advection ( K ) for NWC
cases at T-12.

~—+ 100 km

300 mb Heights
77777777 300 mb Isotachs

Figure 4.44: The 300-mb heights (gpm) and isotachs (ms ) for NWC cases at
T-12.

65



900 mb Heights
,,,,,,,, 900 mb Temp. Adv.

Figure 4.45: The 900-mb heights (gpm) and temperature advection ( K ) for
NEC cases at T-12.

the cyclone. The mean relative humidity (not shown) at 850 mb begin s to increase
to 58 percent. The divergence at 850 mb (Fig. 4.46) is . Thisis a
decrease from T-24. The absolute vorticity advection (not shown) at 850 mb is

and remains relatively unchanged.

The 700-mb  (Fig. 4.47) values continues to increase, along with the and

temperature advections. The advection increases to . Recall,
at T-24 the  advection was . The temperature advection (Fig.
4.47) nearly doubles from its value at T-24, to . Still, the  pattern

shows only a slight ridge to the south of the event site, a stri king departure from

the burgeoning  axis found in NWC (Fig. 4.39). The mean 500-mb heights (not
shown) rise slightly, while relative humidity levels at 500 mb be gin to increase (55
percent over thundersnow event site). The absolute vorticit y advection at 500 mb
increases as well, and is now . The mean heights at 300 mb (Fig.

4.48) continue to rise also and the divergence decreases to
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Figure 4.46: The 850-mb heights (gpm) and divergence ( ) elds for NEC
cases at T-12.

The atmosphere remains relatively unchanged in regards to the dir ections of
the vertical motions in the atmosphere. The divergence pro le from 850 mb to 300
mb is one that suggests upward motion. The absolute vorticity adv ections from
850 mb to 500 mb provide forcing for ascent, and the temperature advection at 700

mb is again positive, indicating warm air advection.

4.5 T-00
4.5.1 Allcyclones

When thundersnow begins the mean cyclone is centered due south of the event
(Fig. 4.49). The air mass at 850 mb is more moist with a mean relative humidity (not
shown) of 83 percent, while mean heights at 850 mb (Fig. 4.50) fall to their lowest
value at 1395 gpm. The divergence at 850 mb (Fig. 4.50) falls to ,

which is the most convergent value by far. The absolute vorticit y advection (not
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700 mb Theta E
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Figure 4.47: The 700-mb  (K) and temperature advection ( K ) for NEC
cases at T-12.

300 mb Heights
———————— 300 mb Isotachs

Figure 4.48: The 300-mb heights (gpm) and (ms ) for NEC cases at T-12.
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,,,,,,,, 900 mb Temp. Adv.

Figure 4.49: The 900-mb heights (gpm) and temperature advection ( K ) for
ALL cases at T-00.

shown) at 850 mb is at it's most negative value of

The value at 700 mb (Fig. 4.51) over the event is now at 304 K and the
advection has dropped a bit to . The temperature advection (Fig.
4.51) at 700 mb remains unchanged at . One reason for the mag-
nitude of the temperature advection to remain constant from T-12 u ntil now may
be in the cases selected for averages. The value of the temperatureadvection is in-
creasing for NEC cases but decreasing for NWC cases. Thus, it is logcal that ALL
cases will have a similar or nearly identical value.

At the 500-mb (not shown) winds become south-southwesterly, wi th mean
heights continuing to fall to 5480 gpm; meanwhile the relative humi dity at 500
mb increases to 62 percent, and the absolute vorticity advection at 500 mb also in-
creases to . The mean 300-mb heights (Fig. 4.52) fall again to 9055
gpm, and the divergence at 300 mb (Fig. 4.52) is

Thundersnow is occurring at this time. The difference in the d ivergence eld
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850 mb Heights
———————— 850 mb Divergence

Figure 4.50: The 850-mb heights (gpm) and divergence ( ) elds for ALL
cases at T-00.

700 mb Theta E
———————— 700 mb Temp. Adv.

Figure 4.51: The 700-mb  (K) and temperature advection ( K ) for ALL
cases at T-00.
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300 mb Heights
———————— 300 mb Isotachs

Figure 4.52: The 300-mb heights (gpm) and isotachs (ms ) for ALL cases at T-00.

from 850 mb to 300 mb is at its greatest change of , suggesting that
the upward motion is also at its peak value. The change in the absolute vorticity

advection is also at the greatest difference, between the value at 850
mb and the value at 300 mb. The temperature advection at 700 mb persists at its
maximum value. At this time, these ingredients combine to maxim ize the forcing

for ascent throughout the atmosphere.

4.5.2 Northwest of cyclone

The cyclone is at its lowest 900-mb height (Fig. 4.53), as expected, at 910gm. The
mean heights fall at 850 mb (Fig. 4.54) as well, to 1368 gpm. This is a 45 gpm fall
from T-12. The mean relative humidity (not shown) is at its peak value as well, at
86 percent, while the divergence at 850 mb (Fig. 4.54) is and the
absolute vorticity advection (not shown) at 850 mb is

At 700 mb, the  pattern reveals a distinct ridge that originates southeast of
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900 mb Heights
,,,,,,,, 900 mb Temp. Adv.

Figure 4.53: The 900-mb heights (gpm) and temperature advection ( K ) for
NWC cases at T-00.

the event sites and east of the 700 mb low and arches northwestward and over the
thundersnow location. The  advection (not shown) and temperature advection
at 700 mb (Fig. 4.55) have hit their peak already and decrease to
and respectively. That these values are decreasing farther sug-
gests that NWC cases occur with cyclones beginning the decay process. The mean
500-mb (not shown) heights are at 5485 gpm, a 60 gpm drop over 12 hours and
the relative humidity at this level is still near 60 percent, whic h indicates that the
atmosphere is moistening throughout the pro le. The absolute vorticity advection
at 500 mb is a positive vorticity advection (PVA) maximum at , rep-
resenting an increase of from T-12. At 300 mb, (Fig. 4.56) the mean
heights fall 70 gpm to 9060 gpm and the divergence at 300 mb (Fig. 4.56) is

, Which is nearly double the value at T-12. Moreover, the height patt ern
reveals a negative tilted trough upstream from the event site.

Again, the difference in the divergence values between 850 mb and 300 mb is
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850 mb Heights
———————— 850 mb Divergence

Figure 4.54: The 850-mb heights (gpm) and divergence ( ) elds for NWC
cases at T-00.

greatest of all the ve times composited. Upward motion is likel 'y, given the di-

vergence pro les between 850 mb and 300 mb. In addition, the absolute vorticity

advections from 850 mb to 500 mb depict forcing for ascent, with the m agnitude

of the difference between the values at 850 mb and 500 mb being

However, the temperature advection at 700 mb has hit its peak and is now de-
creasing. Coupled with the broad trowal (tr_ough of warm aloft) signature at 700
mb this change in temperature advection further evinces NWC cases as ones that

are beginning the decay and weakening stages.

4.5.3 Northeast of cyclone

The mean heights at 900 mb (Fig. 4.57) make their greatest fall in NEC cases as
the thundersnow begins. They fall by 40 gpm over 12 hours to 945 gpm. The
mean heights at 850 mb (Fig. 4.58) fall to 1395 gpm, also a 40 gpm drop. The

mean relative humidity (not shown) increases to 77 percent, and th e divergence
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700 mb Theta E
———————— 700 mb Temp. Adv.

Figure 4.55: The 700-mb  (K) and temperature advection ( K ) for NWC
cases at T-00.

300 mb Heights
———————— 300 mb Isotachs

Figure 4.56: The 300-mb heights (gpm) and isotachs (ms ) for NWC cases at
T-00.
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,,,,,,,, 900 mb Temp. Adv.

Figure 4.57: The 900-mb heights (gpm) and temperature advection ( K ) for
NEC cases at T-00.

at 850 mb (Fig. 4.58) is , a decrease similar to T-12. The absolute

vorticity advection (not shown) at 850 mb rises to , an increase of

The eld at 700 mb (Fig. 4.59) is quite different from that of the NWC cases
(Fig. 4.55). Here, the bulk of the analysis reveals a pattern that is still zonal, with
only a suggestion of a  ridge southeast of the event with its axis over the 700 mb
cyclone center. The advection (not shown) and temperature advection at 700
mb (Fig. 4.59) continue to rise as well to their peak values of and

, respectively. The mean 500-mb (not shown) heights fall to 5490
gpm, while the mean relative humidity there increases to 62 perce nt. The absolute
vorticity advection at 500 mb increases to . Thisis a
rise from T-12. The mean heights also fall at 300 mb by 20 gpm (Fig. 4.60), while
the divergence at 300 mb (Fig. 4.60) is , Which is an increase of

. Also, the event site resides just upstream of the 300 mbridge axis at this
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850 mb Heights
———————— 850 mb Divergence

Figure 4.58: The 850-mb heights (gpm) and divergence ( ) elds for NEC
cases at T-00.

time.

The composites suggest that thundersnow occurring to the nor theast of a cy-
clone does so in a system that is still developing and has not yet r eached maturity.
The divergence from 850 mb to 300 mb indicates that upward motions are | ikely.
From a quasi-geostrophic perspective, the absolute vorticity advection from 850
mb to 500 mb indicates forcing for ascent, while the temperature adv ection at 700
mb is at its peak value. The unremarkable  pattern at 700 mb and the location of
the event near the 300 mb ridge axis further indicates that the NEC cy clone is still
increasing in intensity. Additionally, all of these values do no t possess the magni-
tude of those in NWC cases, thus advancing the case that NEC cyclonesare less

mature.
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Figure 4.59: The 700-mb  (K) and temperature advection ( K ) for NEC
cases at T-00.

—+ 100 km

300 mb Heights
———————— 300 mb Isotachs

Figure 4.60: The 300-mb heights (gpm) and isotachs (ms ) for NEC cases at T-00.
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4.6 Comparisons
4.6.1 Allcyclones

The heights at 900 mb are initially lower with a trough present over the future
location of thundersnow, allowing cold air to spill into the reg ion. As the trough
exits, the heights rise and then fall more dramatically as the cyclo ne approaches.
Relative humidity levels at 850 mb increase from 59 percent at T-48 to 83 percent
at T-00. Divergence at 850 mb decreases from at T-48 to

at T-00. Absolute vorticity advection at 850 mb decreases from T-48 to
T-24 and reaches a secondary minimum at T-00. Warm air advection is present
at 700 mb which allows forcing for ascent to occur. There is a NVA maxi mum
change at T-36 in ALL, NWC and NEC and a positive vorticity advection ( PVA)
maximum change at T-00 in ALL, NWC, and NEC. The straight jet streak wit h the

thundersnow occurring in the left exit region is present at 300 m b at T-48.

4.6.2 Northwest of cyclone

The height pattern is similar to the pattern for ALL cyclones. Th e heights rise with
the trough exiting and fall when the cyclone moves closer to the initiation point.
The heights at 700 mb remain relatively unchanged throughout all ve per iods
although a distinct  ridge evolves by T-00. The and temperature advections
begin to rise at T-24 and hit their peak at T-12, making a gradual fall there after.
There is a NVA maximum at 500 mb at T-36 and a PVA maximum at T-00. Heights
at 500 mb rise until T-12. They drop at T-12 but rise at T-00. Heights at 300 mb rise
until T-00, when they fall by 70 gpm. Divergence at 300 mb increases from

atT-48 to at T-00.
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| Hour || NWC || NEC || Difference ||

48 958 975 17
36 969 985 16
24 970 990 20
12 953 985 32
00 910 945 35

Table 4.1: The 900-mb heights (gpm) at the location thundersnow occurs.

| Hour || NWC || NEC || Difference ||

48 1428 || 1430 2
36 1426 || 1435 9
24 1433 || 1440 7
12 1415 || 1435 20
00 1368 | 1395 27

Table 4.2: The 850-mb heights (gpm) at the location thundersnow occurs.
4.6.3 Northeast of cyclone

The pattern of the lower heights with the passage of the initial tr ough and the cor-
responding higher resultant deformation values is again evident . More noticeable
is the difference in heights between NWC and NEC. One would expe ct a difference
in heights between NEC cases and NWC cases to be present since thudersnow
that occurs in NEC cases is the result of a less mature storm. Sin@ the cyclone is
less mature and still in the developing stages, the heights woul d be lower at 900
mb (Table 4.1) than in a more developed or mature system. This is true at all times
examined, with the greatest differences in heights present closer to thundersnow
initiation.

Upon examining the heights at 850 mb, the difference between NWC and NEC
(Table 4.2) is minimal at T-48, T-36, and T-24. The difference is more substatial for
T-12 and T-00.

The 500 mb level is a pivotal level. At 900 mb and 850 mb the trend thus far, has

been for the greatest differences in heights between NWC and NEC cases to occur
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| Hour || NWC || NEC || Difference ||

48 5530 || 5470 60
36 5540 || 5470 70

24 5560 || 5495 65
12 5545 || 5515 30
00 5485 || 5490 5

Table 4.3: The 500-mb heights (gpm) at the location thundersnow occurs.

| Hour || NWC || NEC || Difference ||

48 9100 || 8980 120
36 9100 || 8970 140
24 9130 || 9060 70
12 9130 || 9060 70
00 9060 || 9040 20

Table 4.4:The 300-mb heights (gpm) at the location thundersnow occurs.

closer to thundersnow initiation at T-12 and T-00. At T-48, T-36 and T-24 t he differ-
ences have been much smaller, comparatively. However, at 500 mb the differences
in heights (Table 4.3) between NWC and NEC cases are now the greatest at T48, T-
36, and T-24. By T-12, there is still a signi cant difference present between the two
classi cations, however, the difference is less that in the pre vious time periods. By
T-00 the difference is nearly non-existant, with a difference o f only ve gpm.

A similar trend occurs at 300 mb (Table 4.4). There is a difference of 120 gom
between NWC and NEC cases at T-48. The difference increases T-36 also,0t140
gpm. At T-24 and T-12, a great difference in heights still exists, although the differ-
ence in heights has diminsihed by approximately 50 percent from 12 hours prior.
The difference in heights at T-00 decreased as well, with the diff erence only around
20 gpm.

Overall, the cyclone in northeast cases is not as deep and not as mois at 850 mb
compared to northwest cyclones. However, the divergence is n early the same or

even a little stronger. The NEC environment is generally cold er and has stronger
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advections, also suggesting a cyclone that is still developing and intensifying.
Comparatively, the northeast cases posses relatively lower  values than the north-
west cases, with the latter in ated due to proximity to the trowal . This may be one
key factor in forecasting where thundersnow may occur. There is a NVA maximum

at both T-36 and T-24 and a PVA maximum at the time the snowfall begins.

4.7 Snowfall intensity

Composites of snowfall intensity were generated only at T-00 for ALL cyclones. As
stated in Chapter 3, 47 of the events were light in intensity, 37 wer e moderate and
13 reports were for heavy thundersnow. Recall also that the intens ity of snowfall
was determined from the weather code of the hourly observation, with light snow
occurring when the visibility is 5/8 mi or more. Snowfall is clas si ed as moderate
when the visibility is less than 5/8 mi, but not less than 5/16 mi.  Heavysnowfall is
de ned when the visibility is less than 5/16 mi (e.g., U S Department of Commerce
1982) Of the 47 light events, 34 were associated with a cyclone. Thirteen of these
events were NWC, seven were NEC, and seven were NC. The remaining seven
events were associated with a different location with respect t o the cyclone. Of
the 37 moderate events, 34 were associated with a cyclone. Twelve d these events
were NWC and ten were NEC. Nine of the events were NC and 3 were occu rred in
a different location with respect to the cyclone. There were 13 heavy thundersnow
events and 12 of these were associated with a cyclone. Eight of theevents were

NWC, two were NEC and two were NC.

4.7.1 Light

In general the light snowfall cases have the lowest values of many of the variables
composited compared to the moderate and heavy thundersnow cases. Light snow-

fall events had the warmest temperature, at C (Fig. 4.61). They also had the
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Figure 4.61: The 900-mb heights (gpm) and temperature advection ( K ) for
light snowfall intensity cases at T-00.

lowest heights at 917 gpm (Fig. 4.61). As expected, since the snowfallis light, these
cases also had the least moisture convergence. The levels (not shown) were also
the highest with the light snowfall cases.

The temperature remained the warmest among light, moderate, and he avy
cases at 850 mb as well. The mean heights (Fig. 4.62) continue to be the low
est throughout the different intensities. The (not shown) values are the highest
among the various intensities. Temperature advection (not show n) is also quite
strong. Weak absolute vorticity advection is present.

The temperature at 700 mb (not shown) is C. The mean heights (not
shown) are the middle value of the three intensities at 2918 gpm. The  surface is
305 K. Boththe advection (not shown) and temperature advection (Fig. 4.63) are
middle values compared to the moderate and heavy values.

Moving to 500 mb (not shown), the temperature varies only slightl y from thatin

the moderate cases. The mean heights are no longer the lowest amonghe different
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850 mb Heights
850 mb Divergence

Figure 4.62: The 850-mb heights (gpm) and divergence (
snowfall intensity cases at T-00.

Figure 4.63: The 700-mb

700 mb Theta E
700 mb Temp. Adv.

(K) and temperature advection (

snowfall intensity cases at T-00.
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300 mb Heights
———————— 300 mb Isotachs

Figure 4.64: The 300-mb heights (gpm) and isotachs (ms ) for light snowfall inten-
sity cases at T-00.

intensities. The surface is at a similar level to those with moderate and heavy
snowfall. The temperature at 500 mb varies only slightly from the te mperatures
with the moderate and heavy snowfall. The surface is 311 K and the absolute
vorticity advection is . At 300 mb the mean heights (Fig. 4.64) are
9070 gpm. The divergence (Fig. 4.64) is

4.7.2 Moderate

Many of the values from the composites indicate values that are great er than the

light cases, but less than the heavy snowfall cases. The mean tempeature over

the thundersnow location at 900 mb is slightly warmer than in the lig ht cases. The
mean heights (Fig. 4.65) also rise by about 20 gpm, and there is more moigure

convergence. This is expected since the intensity of the snawfall is greater. The

height of the  surface (not shown) has fallen slightly to 288 K.

At 850 mb the temperature (not shown) is again the middle value as comp ared
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,,,,,,,, 900 mb Temp. Adv.

Figure 4.65: The 900-mb heights (gpm) and temperature advection ( K ) for
moderate snowfall intensity cases at T-00.

to light and heavy snowfall cases. The mean heights (Fig. 4.66) are the highest
compared to the various intensities and also the moisture conver gence (not shown)
is the greatest. The (not shown) level is only slightly less than in the light cases.
The divergence (Fig. 4.66) is nearly stronger than in the light cases.
The absolute vorticity advection is also stronger.

The mean temperatures at 700 mb (not shown) are not greatly different com-
pared to the light cases. The mean heights (not shown) are the highest among
all intensities at 2925 gpm. The values (Fig. 4.67) are identical to the light cases.
The advection (not shown) and temperature advections (Fig. 4.67) increase com-
pared to the light cases and are the greatest of the three intensities.

The mean 500-mb temperatures (not shown) are similar to that in the lig ht
cases. The heights are about 55 gpm lower compared to the light cases The ad-
vection and temperature advection is similar for all three intens ities. The heights

and divergence values at 300 mb (Fig. 4.68) are nearly identical to those ofthe light
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850 mb Heights
———————— 850 mb Divergence

Figure 4.66: The 850-mb heights (gpm) and divergence ( ) elds for moder-
ate snowfall intensity cases at T-00.

700 mb Theta E
———————— 700 mb Temp. Adv.

Figure 4.67: The 700-mb  (K) and temperature advection ( K )for moderate
snowfall intensity cases at T-00.
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300 mb Heights
———————— 300 mb Isotachs

Figure 4.68: The 300-mb heights (gpm) and isotachs (ms ) for moderate snowfall
intensity cases at T-00.

cases.

4.7.3 Heavy

The heavy snowfall cases provide some surprises. One might expect that in the
heavy cases that the variables would be at their maximum values, this i s not so.
Many of the maximum values occurred in the moderate cases. The mean tempera-
ture at 900 mb is at its lowest value. The mean heights (Fig. 4.69) is nearlyidentical
to the height in the moderate cases. The (not shown) value at the thundersnow

location is slightly lower than in the light and moderate cases.

At 850 mb, the mean temperature is the coldest of the three intensities. The
mean heights (Fig. 4.70) are a middle value. They are higher than the light cases
and lower than the moderate cases. The moisture convergence (notshown) value
is the smallest of the three intensities. The (not shown) surface is the lowest

of the three intensities. The divergence (Fig. 4.70) is greater than the light value,
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900 mb Heights
,,,,,,,, 900 mb Temp. Adv.

Figure 4.69: The 900-mb heights (gpm) and temperature advection ( K ) for
heavy snowfall intensity cases at T-00.

but less than the moderate value. The absolute vorticity advectio n (not shown) is
signi cantly less than at light and moderate intensities, at . The
advection (not shown) is less than the light and moderate levels.

The temperature is the coldest of the three intensities at 700 mb. The heights are
also the lowest. The level (Fig. 4.71) is lower than with the light and moderate
intensities but the variance is not great. The least amount of  advection (not
shown) and temperature advection (Fig. 4.71) are present compared to light and
moderate intensities.

Mean 500-mb (not shown) temperatures are similar to those with light and
moderate snowfall intensities. The mean heights fall approximate ly 45 gpm from
their level with moderate snowfall. The absolute vorticity adve ction (not shown)
increases also. The mean heights at 300 mb (Fig. 4.72) fall 50 gpm compared to

moderate snowfall. The divergence (Fig. 4.72) is nearly the same.
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850 mb Heights
ffffffff 850 mb Divergence
Figure 4.70: The 850-mb heights (gpm) and divergence ( ) elds for heavy

snowfall intensity cases at T-00.

700 mb Theta E
———————— 700 mb Temp. Adv.

Figure 4.71: The 700-mb  (K) and temperature advection ( K ) for heavy
snowfall intensity cases at T-00.
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Figure 4.72: The 300-mb heights (gpm) and isotachs (ms ) for heavy snowfall
intensity cases at T-00.
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Chapter 5

Sounding Pro les

The thundersnow events included in this study also were used t o generate
proximity soundings as well as derived and typical pro les. The p roximity sound-
ings employed actualdata, whereas the derived and typical pro les were created
from gridded GEMPAK les created through the objective analysi s of rawinsonde

data.

5.1 Proximity Soundings

Proximity soundings were found in 12 thundersnow events (Tabl e 5.1) and are
discussed and de ned presently. Four of the events occurred at the exact time
and location of a sounding. Four of the events occurred at the exact time of a
sounding but were not at the exact location the sounding occurre d; the location
of thundersnow was within 90 nautical miles (nmi; 166.68 km) of the soun ding

station. The remaining four cases occurred within 90 nmi of the so unding station

and the thundersnow report occurred in a window of zero to three hours after
the rawinsonde was released. Three different soundings were created with the
data set: one included ALL events, another with only NWC events, and the nal

with only NEC events. Although these proximity soundings are only a subset of
those cases used to compile the composites we retain the ALL, NWC, and NEC

phrasing here, as they do adequately describe the location of thund ersnow, as they
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| Surface station || Surface time | RAOB station || RAOB time | Location ||

OVN 610218/00 OVN 610218/00 NW
GRB 620219/00 MKE 620219/00 NE
OVN 620308/12 OVN 620308/12 NE
GRB 650317/12 MKE 650317/12 NE
OVN 660323/00 SUX 660323/00 NW
PIA 671203/00 SPI 671203/00 NW
MKE 710319/03 GRB 710319/00 NE
OVN 800430/12 SUX 800430/12 NW
LBF 840218/12 LBF 840218/12 NW
OVN 870329/00 OVN 870329/00 NW
SGF 871215/03 UMN 871215/00 NW
PIA 871215/12 MLI 871215/12 NW

Table 5.1: The proximity soundings used for analysis. The table shows the airport
identi er of the surface station reporting thundersnow, the date and time (UTC) of
the observation (YYMMDD/HH), the identi er of the rawinsonde ( RAOB) site, the
date and time (UTC) of the RAOB ight, and the location of the thu ndersnow report
relative to the cyclone center.

had before.

The proximity soundings used raw data from 12 balloon ights; the se were not
tted to a grid rst. The proximity soundings show mean temper  ature, mean dew
point, mean wind speeds, and medianwind direction throughout the atmosphere.
Median wind directions are necessary instead of mean wind directi ons because
when averaging a large data set the mean will always be near , Which is a
southerly wind.

Most of the cases used in the ALL proximity sounding (Fig. 5.1) wer e northwest
cases; this proximity sounding revealed no CAPE, which is diff erent from the re-
analyzed Curran and Pearson (1971) sounding (Fig. 2.1). In addition, no potential
instability (PI) was found within the mean sounding. There was a g eneral wind
pro le of veering throughout the troposphere, due to the fact that eight of the 12

soundings were NWC, where this behavior is quite evident.

The northwest proximity sounding (Fig. 5.2) was created from eigh t cases. No
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Figure 5.1: The proximity sounding for all 12 cases used. The skew-T log p chart
depicts temperature ( C; solid) and dew point temperature ( C; dashed) along with
winds at the far right. The column labeled “K FT” is a plot of , increasing to the
right.

CAPE was present in this sounding nor was Pl present. However, t he lapse rate
was moist-neutral from 700 mb to 550 mb. Winds veer from the surface up to 600
mb, indicating warm air advection. From 600 mb to 400 mb the winds back wi th
height, indicative of cold air advection. From 400 mb to 200 mb the win ds veer
with height again, indicating another warm air advection layer.

The proximity sounding for northeast cases (Fig. 5.3) was created from a rel-
atively small data set: only four cases. However, it does provide insight into the
atmosphere present in the scenario. No CAPE was present in this sounding, and
no Pl was present either. However, a moist-neutral lapse rate is p resent from 500
mb to 400 mb. This layer is more shallow, and found higher than in the s oundings
northwest of the cyclone center (Fig. 5.2). Another difference from the NWC pro-
le is the consistent veering in the wind pro le throughout t  he troposphere. No

backing of the winds with height is found in this NEC pro le, su  ggesting a more
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Figure 5.2: The proximity sounding used for the eight NWC cases. The skew-T log
p chart depicts temperature ( C; solid) and dew point temperature ( C; dashed)
along with winds at the far right. The column labeled “K FT” is a plot of , increas-
ing to the right. Note that the NWC cases are much warmer than NEC cases
homogeneous, less complex atmospheric structure for these @ses as opposed to

the NWC cases.

5.2 Derived Pro les

Mean derived pro les were generated from the gridded GEMPAK | es. Simple
averages were used to create these pro les. Events were chosen Table 5.2) if the
thundersnow occurred at 0000 UTC, 0300 UTC, 1200 UTC, or 1500 UTC. This was
to ensure that the 0000 UTC and 1200 UTC soundings that were used had samplel
the atmosphere during or before the time when thundersnow beg an. The location
of the thundersnow with respect to the location the sounding w as not a limiting
factor. These cases were further strati ed into NEC and NWC. The NE C cases had

a data set of nine soundings while the NWC data set contained 13 events.
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Figure 5.3: The proximity sounding used for the four NEC cases. The skew-T log p
chart depicts temperature ( C; solid) and dew point temperature ( C; dashed) along

with winds at the far right. The column labeled “K FT” is a plot of

, Increasing to

the right. Note that the NEC cases are much colder than NWC cases.

Northwest Northeast

Date Time | Station Date Time | Station
02-18-61| 12 OMA | 02-19-62| 00 MKE
04-03-63|| 00 PIR 03-08-62| 12 OMA
10-15-66| 03 OFK | 03-17-65| 12 MKE
12-03-67|f 00 SPI 04-19-66|| 03 BFF
04-02-70| 12 SBN | 03-19-71| 03 MKE
04-07-72|| 15 ALO 02-12-75|| 03 IND
11-27-75|] 03 MLI 03-03-77|| 12 EAU
11-28-83| 03 FSD || 02-18-84| 03 GLD
02-15-84| 12 GLD 04-22-88|| 12 MCW
02-18-84| 12 LBF
03-19-84| 12 ICT
03-29-87|| 00 OMA
12-15-87| 03 SGF

Table 5.2: The events used to generate

thundersnow.

, EPV, and frontogenesis pro les in sec-
tions 5.2 and 5.3. The table shows the date and abbreviated UTC time of the
thundersnow report as well as the airport identi er of the surfa ce station reporting
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Figure 5.4: The pro le of mean (K) versus log p for NEC. This mean pro le is
valid for the location of and within three hours of the beginning of thundersnow
reports.

5.2.1 Equivalent Potential Temperature

The values in NEC cases (Fig. 5.4) increase with height throughout the atmo-
sphere. The values increase rapidly from 950 mb to 750 mb, and beyond 750 nb,

increase less rapidly. Yet, this pro le suggests a potentially stable environment

throughout the lower and mid-troposphere. The values in NWC cases (Fig. 5.5)
also increase with height throughout the atmosphere. However, above 750 mb,
increases more in NWC cases, suggesting a more stable atmosphere roughout
the deep troposphere.

We note that in both of these pro les, a potentially stable atmosp here is de-
picted everywhere. However, inspection of individual cases c learly shows that a
number of then harbor layers of potential instability. The dif culty is that those lay-

ers do not always recur in the same region of the atmosphere. They are transient,
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Figure 5.5: The prole of mean  (K) versus log p for NWC. This mean pro le is
valid for the location of and within three hours of the beginning of thundersnow
reports.

and may be higher or lower, depending on the system.

5.2.2 Equivalent Potential Vorticity

McCann's (1995) de nition of EPV was used in developing the prole.  This version
of EPV is useful because it simpli es the method of determinin g if an atmosphere
is symmetrically unstable or stable, for it does not require a cro ss section. Mc-
Cann (1995) also used a three dimensional EPV which can be plotted on harizontal
levels and over which ~ can be overlaid to assess the potential instability of the
atmosphere.

The EPV pro le for NEC (Fig 5.6) depicts a maximum EPV relatively lo w in the
atmosphere, near 850 mb. The EPV decreases to its minimum value at 700 mk(

) but then increases a slightly up to 600 mb. This change is rather small, only
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Mean EPV Profile - NE of Cyclone

400 0O
500 —+
o
8 600 |
700 -+
800 —+
900
0.2 0.3 0.4 0.5 0.6 0.7 0.8
EPV (McCann)
Figure 5.6: The pro le of mean EPV ( ) versus log p for NEC. This

mean pro le is valid for the location of and within three hours o f the beginning of
thundersnow reports.

around . From 500 mb up throughout the atmosphere the EPV values
increase.

The EPV pro le in NWC (Fig 5.7) is much different than in NEC. There i s still
a maximum in the lower atmosphere, near 850 mb, and this maximum is gre ater
than the one in NEC. However, the change from 900 mb to 850 mb is less than in
NEC. The values of EPV decrease throughout the atmosphere to 600 mband then
increase again. This increase is more dramatic than in NEC.

Recall, that in order for the atmosphere to be declared potentiall y unstable,
for either vertically or slantwise displacements, the three di mensional EPV must
be negative at some point in the sounding. The mean pro les do not depict this
because they are averages. Of the 22 cases examined to create the two BPpro les,

the three dimensional EPV did reach negative values, but as with  they were at
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Figure 5.7: The pro le of mean EPV ( ) versus log p for NWC. This
mean pro le is valid for the location of and within three hours o f the beginning of
thundersnow reports.
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Mean Frontogenesis Profile - NE of Cyclone
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Figure 5.8: The pro le of mean frontogenesis (K 100 3 ) versus log p for

NEC. This mean pro le is valid for the location of and within thr ee hours of the
beginning of thundersnow reports.
different levels in each sounding. Thus, when combined into m ean pro les, details

are lost and none of the values are negative.

5.2.3 Frontogenesis

Frontogenesis is easily present in all of these cases, and the gratest mean fronto-
genesis in NEC (Fig 5.8) occurs near 850 mb. From 850 mb to 500 mb the values
of frontogenesis decrease. Most notably, the value of frontogenesis at 500 mb is
negative. Mean frontogenesis in NWC cases (Fig. 5.9) begins with slightly weaker
values than NEC cases, which are also con ned to a more shallow layer n ear the
ground. Clearly, frontogenesis values decrease more rapidly in NWC (Fig. 5.9)
than NEC (Fig. 5.8) cases.

This behavior suggests that NEC systems are younger, as appreciabe strength-
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Figure 5.9: The pro le of mean frontogenesis (K 100 3 ) versus log p for
NWC. This mean pro le is valid for the location of and within thr ee hours of the
beginning of thundersnow reports.

ening of  advection occurs through a deeper layer than in NWC cases. The NEC

pro le also shows the kind of deep forcing for ascent found ahead o f developing

cyclones.

5.3 Typical Pro les

The typical pro les were developed also based upon objectively analyzed data t-
ted to a grid. As before, Barnes (1973) analysis was performed every 50 nb to gen-
erate grids for the evaluation of potential instability, the thre e-dimensional EPV,
and frontogenesis. Blind averages were not used here, as in Section 5.2. Instead,
each case (see Table 5.2) was examined individually in order to assess tle existence
of potential instability, and if present, where. While not a quanti tative assessment

of the pro les, these typical pro les re ect the patterns seen most often.
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Figure 5.10: The typical  (K) prole for NWC cases. This plot is a qualitative
rendering of a typical case based upon visual inspection of all cases.

5.3.1 Equivalent Potential Temperature

The pro les of the 13 northwest cases were examined individually to as sess the
potential instability in a typical sounding. The soundings wer e examined in 50 mb
layers. Ten of the 13 depicted a potentially unstable layer somewh ere within the
sounding. The two most common locations for a potentially unst able layer were
near the surface, usually 950 mb to 900 mb and aloft, in the range of 700 mb to 600
mb. A typical prole (Fig. 5.10) was created for NWC. This typical pro le de-
picts the two common locations for potentially unstable layers. While the near sur-
face Pl layer is usually a late-fall or early spring occurrence, the mid-tropospheric
layer occurs throughout the year, and speaks of a source of heat and moisture aloft.
In a well-developed cyclone, warm moist air northwest of the su rface low is most

likely the result of the warm conveyer belt, especially the tro wal.
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Figure 5.11: The typical (K) prole for NEC cases. This plot is a qualitative
rendering of a typical case based upon visual inspection of all cases.

Similarly, the pro les were examined in the nine northeast cases. Five of
the nine soundings exhibited at least one potentially unstable | ayer. However, the
most common location for Pl was near the surface, from 1000 mb to 950 mb. A
secondary location of nearly neutral ~ change was also found higher in the atmo-
sphere, around 650 mb to 600 mb. A typical prole (Fig. 5.11) was created for
the NEC cases. This arrangement in the mid-troposphere is one of moist neutrality

which in itself is conducive to moist vertical displacement.

5.3.2 Equivalent Potential Vorticity

The three dimensional EPV was determined for the same cases to hep assess the
instability of the atmosphere. Looking at northwest cyclone cas es, the three cases

that did not show any potentially unstable layers also exhibited po sitive EPV. The
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remaining cases all depicted negative EPV, or possessed a value ofzero or very
close to zero.

The northeast cyclone cases did not depict the same pattern the nathwest cy-
clone cases did. Most of the layers that did not have potentially un stable layers
had a positive EPV. However, about 40 percent of the layers that did have a po-
tentially unstable layer also had a positive EPV value. Overall thou gh, all of the

values of EPV were very close to zero.

5.3.3 Frontogenesis

Frontogenesis was examined layer by layer to assess the atmospherés ability to
aid in the development of the system.

Frontogenesis was found to be positive in all northwest cases. The most com-
mon level for a maximum in frontogenesis was at 850 mb, with a mean valu e of
frontogenesis at 850 mb is . The individual values are not
scattered far from the mean value.

Frontogenesis was also found to be positive in all of the northeast cases as
well. The mean value of frontogenesis was slightly higher than th e northwest
cases, at . Another difference is that the values of fronto-
genesis vary more in northeast cases than northwest cases. The miimum value is

and the maximum value is

5.3.4 Examples

The typical pro les used in this section were examined individ ually to assess po-

tential instability, three-dimensional EPV, and frontogenesi s. An example from the

13 northwest cases and from the nine northeast cases have been prowied.
Thundersnow was reported in Spring eld, MO (SGF) on 12-15-1988 at 03 UTC

(Fig. 5.12). The thundersnow was reported to the northwest of the c yclone. The
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Figure 5.12: A three panel chart of thundersnow northwest of the cyclone from
Spring eld, MO (SGF) on 12-15-87 at 03 UTC depictinga) (K), b) frontogenesis
( ), and c) three-dimensional EPV ( ).

pro le depicted an environment that was potentially stable from t he surface
to near 650 mb. From 650 mb to 500 mb the pro le became potentially unsta-
ble. Beyond 500 mb the environment became potentially stable again. A region of
maximum frontogenesis was found beneath the potentially unstabl e layer, this in-
dicating that forcing for ascent was present beneath the potential ly unstable layer.
In addition, the three dimensional EPV became negative from aroun d 675 mb to
500 mb.

In another instance, thundersnow was reported in Mason City, IA ( MCW) on
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Figure 5.13: A three panel chart of thundersnow northeast of the cyclone from
Mason City, IA (MCW) on 04-22-88 at 12 UTC depicting a) (K), b) frontogenesis
( ) and c) three-dimensional EPV ( ).

04-22-1988 at 12 UTC (Fig. 5.13), located to the northeast of the surface cyclan
The pro le was potentially stable throughout, with the exceptionf rom 550 mbto
500 mb which was potentially neutral . A maximum in frontogenesis was present
near 800 mb. In this example the maximum was located a higher level than in the

northwest example. The three dimensional EPV was also negative from 800 mb to

750 mb.

106



5.4 Summary

These pro les add value to the composites produced previously . The horizontal
composite charts revealed that thundersnow events occur in oth erwise unremark-
able, snowbearing extra tropical cyclones. Working on the assum ption that some
feature (instability) makes these events unique, and that convection resulting from
instability is the source of charge separation for lightning pro duction, these pro-
les were constructed.

What appears most clearly is the presence of an elevated layer of potential in-
stability in NWC cases. While not deep, it generally exists in a reg ion of deep
moisture and forcing for ascent. NEC cases are often potentially n eutral, but with
pro les rich in moisture and again forcing for ascent. While not  statistically signif-
icant, these pro les would seem to support the hypothesis of p otential instability
generated convection dominating in NWC cases and potential symmet ric instabil-

ity generated convection dominating in NEC cases.
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Chapter 6

Summary

6.1 Discussion

Thundersnow events were discussed in great detail, especially in regards to the
location of thundersnow with respect to the center of the cycl one associated with it.
Events that occurred to the northeast and northwest were focuse d upon in the bulk
of this research. Conceptual models of both situations were created to summarize
the features present in each distinct scenario.

The conceptual model of thundersnow occurring to the northeas t (Fig. 6.1) of
a cyclone shows a system that is in the developing stages. Warm and cold fronts
are present in the open wave cyclone. There is a positively tilt ed trough axis to the
west of the cyclone with the thundersnow occurring downstre am of the trough.

All of Bluestein's (1986) three criteria for regions of CSI are satis ed in this
scenario. Low static stability is present and the warm frontal boun dary provides
an area for enhanced vertical shear, while anticyclonic shear is present aloft.

The conceptual model of thundersnow occurring to the northwe st (Fig. 6.2)
of a cyclone depicts a cyclone in a more mature phase. The thundersnow occurs
closer to the cyclone, than in NEC cases. In addition to warm and col d fronts an
occulded front is also present with the cyclone. Other feature s include a negatively

tilted trough axis in the jet stream and the cyclone positioned i n the exit region of
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Figure 6.1: Conceputal model of thundersnow events occurring northeast of a cy-
clone center. Traditional frontal symbols are associated with the low pressure cen-
ter (red "L). Black streamline represents the axis of the 300-mb jet stream, and
the green dashed line represents the trough axis at that level. 'TS' represents the
location of thundersnow occurrence. This arrangement permits low static stabil-
ity above the frontal zone, strong vertical wind shear, and anticyclonic horizontal
shear aloft, all necessary conditions for the presence of symmetric instability.
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a 90 knot jet axis. The trowal is also present, which brings warm air u p and into
the cyclone.

Only two of Bluestein's (1986) criteria for regions of favorable CS | are satis ed.
Low static stability is present along with large vertical shear fro m the trowal. How-
ever, anticyclonic shear is far from the thundersnow location, w ith the increased
cyclonic ow around the system as it becomes vertically stacked.

While these models bear some resemblance to those of Elkins (1987), ame of
the quantitative values are of greater interest. Speci cally, the ab sence of CAPE in
most of our analysis. This forces us to concur with the broader n dings of Colman
(19904, b) as opposed to the more germane work of Curran and Pearson (1971).
Yet, with moisture and ascent, some form of instability sound st ill be necessary for
the generation of charge separation large enough for lightning di scharge. Further

scruting of individual cases is needed for rmly de ne this nee d.

6.2 Conclusions

This research set out to answer three questions. The rst of whic h was to deter-
mine the structure of the atmosphere during a typical thunders now event. This
was done through examining composites of the 97 thundersnow only events from
1961 through 1990. The thundersnow events were composited twice. All of the
events, which were associated with cyclones, were composited in cycloneALL. The
events were also composited as a part of cycloneNW or cycloneNE. The compos-
ites, which featured up to 22 different variables at ve standard atmo spheric lev-
els, were created at the time the thundersnow initiated as well as 12, 24, 36, and 48
hours before the onset of the event.

The second fundamental question to be answered was to determine the struc-
tural differences, if any, in the different classes of storms (s uch as the location with

respect to cyclone center and the intensity of snowfall.) Some structural differ-
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Figure 6.2: A conceputal model of thundersnow events occurring northwest of the
cyclone center. Traditional frontal symbols are associated with the low pressure
center (red 'L). Black streamline represents the axis of the 300-mb jet stream, and
the green dashed line represents the trough axis at that level. The solid dark green
line is an isotach representing the exit region of the 300-mb jet streak. The orange
streamline de nes the axis of the trowal air stream. "TS' represents the location of
thundersnow occurrence. This arrangement permits low static stability along and
above the trowal air stream axis; while strong vertical wind shear is still possible
here, the liklihood of anticyclonic horizontal shear aloft is greatly diminished. The
necessary conditions for the presence of symmetric instability are not in place,
making some form of gravitational instability more likely.
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ences were found in the different classes of storms. Since thee were more north-

west events than northeast events, the cycloneALL results were slightly skewed

to be more similar to the northwest cyclone results. One of the most interesting

outcomes was that thundersnow that occurs with a NEC cyclone ten ds to occur
with a much colder cyclone, on the order of six and a half degrees Celsius cooler
at 900 mb at T-48 and two degrees Celsius cooler at 900 mb at T-00. In addition,
NEC cyclones tended to have a low that was not as deep as NWC. There is also
less moisture present in NEC systems, but the advections present in NEC cyclones
were stronger.

The snowfall intensity differences are not as extreme as with NEC and NWC
cyclones. Overall, the heavy snowfall tends to occur in the cold est environment.
Moderate snowfalls are a bit warmer with light snow having the warme st pro-
le. The moisture convergence is the strongest in heavy snowf all cases, however,
although the moisture content is nearly identical in all three sn owfall intensities.
The values are warmest in the light snowfall events and coldest in heavy snow-
fall events.

The nal question to be answered was with regards to the evolutionar y signa-
tures prior to the onset of thundersnow initiation which migh  t help meteorologists
forecast the phenomena more accurately. The composites of horzontal pressure
surfaces depicted an evolving extratropical cyclone environme nt that was con-
ducive to the development of snowfall. They revealed little abo ut why these com-
posited systems (all of which exhibited thunder and lightning along with snow)
should produce thundersnow while other similar-looking sys tems do not. To ad-
dress this issue, instability pro les were examined to determ ine if, in addition to
moisture and lift, a source of buoyancy might not be present for lifted parcels.
Although it is possible that electrical charge separation in the at mosphere suf -

cient for lightning-production may be achieved via non-conve ctive means, it seems
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more likely that locally-enhanced vertical motions in regions o f instability are the
culprit. One may also question this nding, when no composites w ere made of
non-thundersnow cyclones. Yet, it can be commonly agreed that t he events stud-
ied herein were anomalous and given the data sampling issues encountered in
attempting to nd actual events, it was nearly impossible to say that any other
arbitrary storm did not have thunder along with its snow.

Here we found a majority of the case soundings examined to harbor s ome kind
of instability. Although not a statistically signi cant sample o n which to test, it
appears that potential instability dominates the mid-tropospher e at the thunder-
snow initiation site in NWC cases, and that potential symmetric ins tability was
more prone to occur with events in NEC cases. However, we note t hat several
NWC cases did exhibit some weak PSI, and several NEC cases possessegro les
with PI.

In summary, we have

composited the atmosphere during and prior to thundersnow eve nts associ-

ated with a transient extratropical cyclone,

successfully de ned evolutionary and structural differences between events

found northeast and northwest of surface cyclones, and

demonstrated that snowfall in these events is likely enhanced by potential

instability or potential symmetric instability.

Future studies must focus on applying these composite analyses in real time to
determine if they are useful for forecasting thundersnow even ts. Also, case studies
of individual events should be performed in order to determin e if convection has

indeed occurred, and if so, the nature of the convection.
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Appendix A: Dates Analyzed
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| Date | Time || Station || Sound. date | Sound. time || Cyclone type |

02-18-1961 | 12 OMA 02-18-1961 12 NW
02-18-1962| 09 SUX 02-18-1962 12 NE
02-19-1962| 00 MKE 02-19-1962 00 NE
03-08-1962| 12 OMA 03-08-1962 12 NE
12-06-1962| 03 YNG 12-06-1962 00 w
04-03-1963| 00 PIR 04-03-1963 00 NW
04-03-1963|| 09 FAR 04-03-1963 12 NW
03-17-1965| 12 MKE 03-17-1965 12 NE
03-23-1966% 00 SUX 03-23-1966 00 NW
04-19-1966% 03 BFF 04-19-1966 00 NE
10-14-1966*| 18 LBF 10-14-1966 12 NE
11-03-1966| 00 CVG 11-03-1966 00 w
01-27-1967| 00 LAN 01-27-1967 00 N

11-30-1967| 09 STL 11-30-1967 12 NW
12-03-1967| 00 SPI 12-03-1967 00 NW
03-12-1968% 06 SGF 03-12-1968 00 NW
12-22-1968| 09 SUX 12-22-1968 12 NE
03-26-1970| 03 SBN 03-26-1970 00 N

04-01-1970| 15 MCI 04-01-1970 12 N

04-02-1970| 00 CHI 04-02-1970 00 N

04-02-1970% 12 SBN 04-02-1970 12 NW
04-22-1970|| 21 DLH 04-23-1970 00 N

12-03-1970% 18 DLH 12-03-1970 12 N

12-10-1970*% 18 OFK 12-10-1970 12 NE

Table A.1: The dates and times (UTC) of the thundersnow reports from the years
1961 through 1970 along with the airport identi er are located in the rst three
columns. The dates with a * represent multiple stations and/or synoptic hours in
which thundersnow was reported. The observations remained within the time and
space criteria of within 6 hours of the rst report and within 1100 km , to keep the
reports in the same event. The dates and times of the upper air soundings used
are also included. The last column is the location of the thundersnow report with
respect to the center of the cyclone.
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| Date | Time || Station || Sound. date | Sound. time | Cyclone type ||

02-26-1971*| 21 DLH 02-27-1971 00 N
03-02-1971| 21 LIT 03-03-1971 00 N
03-19-1971|| 03 MKE 03-19-1971 00 NE
03-27-1972|| 03 CHI 03-27-1972 00 NE
04-07-1972| 15 ALO 04-07-1972 12 NW
11-14-1972| 06 ENT 11-14-1972 00 N
02-22-1974% 09 MKE 02-22-1974 12 N
04-14-1974| 15 ALO 04-14-1974 12 NW
12-14-1974| 21 OVN 12-15-1974 00 N
02-12-1975| 03 IND 02-12-1975 00 NE
02-24-1975% 09 MSN 02-24-1975 12 N
03-09-1975| 18 ICT 03-09-1975 12 NE
03-23-1975| 21 HON 03-24-1975 00 NW
11-19-1975| 12 GLD 11-19-1975 12 N
11-27-1975| 03 MLI 11-27-1975 00 NW
02-21-1976% 06 ALO 02-21-1976 00 NE
03-04-1976| 12 DDC 03-04-1976 12 E
03-05-1976| 06 MSP 03-05-1976 00 NW
03-16-1976| 06 STL 03-16-1976 00 NW
03-03-1977| 12 EAU 03-03-1977 12 NE
03-11-1977|| 18 GLD 03-11-1977 12 NW
03-18-1877| 03 FWA 03-18-1977 00 E
03-22-1977% 06 SBN 03-22-1977 00 NW
12-09-1977| 03 CAK 12-09-1977 00 SE
02-22-1979| 21 FAR 02-23-1979 00 NE
02-26-1979| 09 YNG 02-26-1979 12 NW
03-09-1979| 06 DDC 03-09-1979 00 N
03-23-1979| 18 TOP 03-23-1979 12 SW
11-20-1979| 09 GLD 11-20-1979 12 E
04-03-1980|| 12 SUX 04-03-1980 12 NW
04-09-1980|| 00 MSP 04-09-1980 00 w

Table A.2: The dates and times (UTC) of the thundersnow reports from the years
1971 through 1980 along with the airport identi er are located in the rst three
columns. The dates with a * represent multiple stations and/or synoptic hours in
which thundersnow was reported. The observations remained within the time and
space criteria of within 6 hours of the rst report and within 1100 km , to keep the
reports in the same event. The dates and times of the upper air soundings used
are also included. The last column is the location of the thundersnow report with
respect to the center of the cyclone.
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| Date | Time || Station || Sound. date | Sound. time | Cyclone type ||

11-20-1981*| 06 MKG 11-20-1981 00 NW
01-22-1982% 06 LBF 01-22-1982 00 E

01-31-1982% 06 STL 01-31-1982 00 NE
10-08-1982| 18 RAP 10-08-1982 12 NW
10-19-1982| 18 OFK 10-19-1982 12 NW
03-27-1983|| 06 MSN 03-27-1983 00 NE
04-09-1983| 12 MSN 04-09-1983 12 N

11-23-1983| 21 DLH 11-24-1983 00 NW
11-28-1983| 03 FSD 11-28-1983 00 NW
02-15-1984| 12 GLD 02-15-1984 12 NW
02-18-1984| 03 GLD 02-18-1984 00 NE
02-18-1984| 12 LBF 02-18-1984 12 NW
02-27-1984| 15 EVV 02-27-1984 12 N

03-08-1984| 18 CLE 03-08-1984 12 N

03-19-1984| 12 ICT 03-19-1984 12 NW
04-29-1984| 12 GLD 04-29-1984 12 NW
04-29-1984| 21 FSD 04-30-1984 00 NW
03-04-1985| 03 FSD 03-04-1985 00 N

04-18-1986| 06 BFF 04-18-1986 00 NW
01-29-1987| 15 CHI 01-29-1987 12 NE
03-29-1987| 00 OMA 03-29-1987 00 NW
12-15-1987| 03 SGF 12-15-1987 00 NW
12-15-1987*%| 12 MKG 12-15-1987 12 NW
04-22-1988| 12 MCW 04-22-1988 12 NE
03-17-1989| 18 MSN 03-17-1989 12 NE

Table A.3: The dates and times (UTC) of the thundersnow reports from the years
1981 through 1990 along with the airport identi er are located in the rst three
columns. The dates with a * represent multiple stations and/or synoptic hours in
which thundersnow was reported. The observations remained within the time and
space criteria of within 6 hours of the rst report and within 1100 km , to keep the
reports in the same event. The dates and times of the upper air soundings used
are also included. The last column is the location of the thundersnow report with
respect to the center of the cyclone.
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