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Abstract

The UNder standing Severe Thunderstorms and Alberta Boundary Layer
Experiment (UNSTABLE) in July 2008 was a field project to investigate the
initiation of thunderstorms in southern AlbertapeSial field observations
included an enhanced surface network augmentedingtiumented vehicles.

Upper air observations were taken from four sitesyetwo hours.

This thesis focuses on the case study day of 3720118 when a dryline formed
parallel to the Rocky Mountains at 1030 MDT andspsted for up to nine hours.
The vapour mixing ratio changed from 4.5 to 8.5ggdker 5 km. We
documented the spatial and temporal distributiocl@fid and precipitation
relative to the dryline. Initially, extensive clofmmed over the dry air to the
west of the dryline, while the capping inversior880 mb inhibited cloud
formation in the moist air. In the afternoon, cocti@n was triggered along the

dryline and severe thunderstorms were observed.
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Chapter 1

Introduction

Severe thunderstorms are a common summertime ecaérin Alberta
(Etkin and Brun, 2001). Severe thunderstorms earse€ significant damage due
to hail, flash flooding, powerful winds, and torma&d (Djuré, 1994). During the
summer months, hail falls on over half the daySanthern Alberta (Smith et al.,
1997), and an average of 10 tornadoes occur inrfdlevery year (Hage, 2003).
The 1987 Edmonton tornado (F4 on the Fujita Scaid)the 2000 Pine Lake
tornado (F3 on the Fujita Scale) may be the moshonable (Dupilka and Reuter,
2005). Environment Canada must provide watchesaamdings in affected areas
with lead times to allow those affected to haveetim prepare (Environment
Canada, 2008). Specifics must be known about @henvhere thunderstorms
will begin in order to accurately forecast the tigniand location of severe
thunderstorms. The relationship between weatlaufes (e.g. shortwave
troughs or fronts) and the organisation of preatph is important to be able to
accurately forecast thunderstorms.

1.1 Severe thunderstorms

When thunderstorm conditions exist, warmer humidqlass dense) is
situated below colder air (more dense). Normahig unstable situation would
result in convective overturning of the atmosphearanifested as thunderstorms.
In severe thunderstorm conditions, the warm airtaedcold air are separated by
a capping inversion (hereafter referred to as ta@™). The cap is a layer of hot,
dry air which prevents the warm, buoyant air atdhdace from rising up into the
dense cold air in the middle atmosphere. In teeofdhe Rocky Mountains, the
cap is created when air subsides over the moubgaier to the west, heats by
compression, and is advected eastwards over thes§iatrong, 1986; Smith et
al., 1997). A build up of heat and humidity occurglerneath the cap; a result of
daytime heating and evapotranspiration. This &rrthcreases the instability. In



order to release the instability, the cap must bekened or removed (Strong,
1986). Once the cap breaks, the warm, humidsesrbecause it is less dense,
and cools as it expands. This causes the wateuvap condense, forming a
cumulus cloud. When the water vapour condensegsnendous release of latent
heat (2500 J for water) warms the rising air, further reducitsydensity. This
release of energy causes additional upward motidrutimately drives the
development of the thunderstorm.

A developing cumulus cloud is characterised by alsplume of rapidly
rising air (the updraft). Before precipitation beg the updraft is compensated by
a large area of slowly subsiding air encircling thmud (Wallace and Hobbs,
1977). As the cloud grows, precipitation (in theni of rain or hail) begins to
fall. The precipitation creates a more organisedrdiraft by dragging air down
(precipitation drag), adding extra weight to the and by cooling the air as the
precipitation evaporates. The thunderstorm novsisté of a well defined updraft
and downdraft. In non severe thunderstorm conultithe downdraft suppresses
the updraft because it forms in the same spot.s@ Haunderstorms often form
and die over the course of about 20 minutes (Wealtaw Hobbs, 1977).

Vertical wind shear is the changing of wind direntor velocity with
changes in altitude. Wind shear organises thenatestorm dynamics by
separating the updraft and the downdraft (2jutP94). Separating the updraft
and downdraft is necessary to keep them from ietiexd with each other. The
presence of strong wind shear causes thunderstorlast longer by helping to
maintain the storm, although too much wind shedirbdw the storm apart
(Djuri¢, 1994). Dupilka and Reuter (2006) found that lewel vertical wind

shear was a necessary condition for tornadic thnstmtens in Alberta.

Synoptic scale features significantly influence plogential for the
development of severe thunderstorms (Strong, 198&onceptual model for the
synoptic conditions for the development of sevatmterstorms in Alberta has
been developed over the past 30 years with data Various field projects.



Strong (1986) developed this model, and Smith aad 1993) present a
modified version of the model. In this model, gper level ridge is located over
the Alberta/Saskatchewan Border with a correspandpper level trough located
in central British Columbia. This generates a sowesterly flow and upper level
divergence between the ridge and trough over tlekyRMountains. Upper level
divergence creates surface convergence and cgeitragd sustain severe
thunderstorms (Beebe and Bates, 1955). As therugyps trough drifts into
Alberta, cold air advection occurs in the middgpwsphere. This will tend to
increase the instability, especially if it is acquanied by warm air advection near
the surface. Because of the south west flow dweRocky Mountains, lee
cyclogenesis takes place and a surface low develasirface low in southern
Alberta and relatively higher pressure in north&limerta will conspire to produce
an easterly component to the surface winds. The#eg flow causes upslope
flow and convergence along the foothills, suppletimgnthe already unstable
situation (Strong, 1986; and Smith and Yau, 1993)e location of the induced
surface low is important for where the strongestexy component is produced
(Strong, 1986).

Smith and Yau (1993) also found that the eastéoly taused by synoptic
systems is supplemented by further easterly forcaaged by the mountain-plain
circulation. The mountain-plain circulation is sad by differential heating
between the east slopes of the Rocky Mountainglanglains to the east. When
the sun rises in the east in the morning, thesdapes are facing into the sun.
This results in the east slopes receiving more eatnated solar radiation than the
plains, which causes them to heat up faster. Tdrener air rises, which induces
easterly winds on the plains. To create the mamrpuwobability of severe
thunderstorms, all of these forcing mechanisms nmwosk together. Ideally the
upper level trough discussed in the previous paggshould arrive between
0800 and 1400 MDT to have the maximum surface agavee coincide with the
maximum daytime heating, the maximum moisture caméthe air, and the

maximum forcing from the mountain plain circulati@mith and Yau, 1993).



Because the cap initially suppresses convectitmgger is required to
initiate severe thunderstorms. The trigger suppligward motion to break
through the cap and release the buoyant energggels tend to initiate isolated
severe thunderstorms. When the trigger breaksapen one spot, the rest of the
cap continues to suppress widespread thunderstevelapbment. If too many
thunderstorms are created in the same area, thiemterfere and become less
severe because they compete with each other fon warist air (Dupilka and
Reuter, 2006). The initiation of severe thundemtbecomes much more
probable when a number of triggers work togettg&gmith and Yau's (1993)
model allows for the prediction of which days véillpport severe thunderstorms,
while Strong’s (1986) model allows for an objectprediction of the intensity
and a general location of thunderstorms. Neitléhnese can give specifics about
the exact location and timing of the initiationsgfvere thunderstorms, hence the

need for examining other triggers.

1.2 Triggering of severe thunderstorms

A number of different mechanisms can trigger ses&vams.
Inhomogeneous surface heating can cause the esipde preferentially in one
place. This can be caused by differences in skpedo, vegetation and soil
moisture. Upslope flow caused by a topographiciéracan help to punch
through the cap. Surface convergence areas caysgaper level disturbances,
spatial changes in land cover, lake/sea breezes) stutflow boundaries, or
frontal boundaries can cause upward motion forainghrough the cap (Djut;
1994). Knowledge about the location, timing, aypktof trigger can narrow
down the regions where severe storms can be expedech would improve

forecasting of the location and timing of sevenanitlerstorms.

A front is the boundary between two different amsses. Warm and cold
fronts are boundaries between warm and cold aisesasA cold front is
advancing cold air while a warm front is retreatoayd air (allowing warm air to

advance). Fronts cause surface convergence amardipmotion, and can be



identified by the different types of clouds thepguce. Warm fronts are
characterised by large areas of stratiform clouitls hght precipitation, while
cold fronts are characterised by a line of convectiouds with heavy
precipitation. In the summer there is a much senalifference in the
temperatures between different air masses (Bj@€94). Strong (1986) claims
that most Alberta severe thunderstorms are notechlg warm or cold fronts.
Instead, severe thunderstorms in Alberta are mdtfoontal, which means that

they occur well after a cold front has passed.

1.3 Drylines

Drylines are a different type of surface boundédtgrofound in the
summer. Rather than a boundary separating airasagith different
temperatures, a dryline is a sharp boundary sepgrdty air from humid air
(Fujita, 1958). A thin line of stronger cumuluswection is often visible along
the dryline, with broken to overcast sky conditi@msthe moist (east) side, and a
cloud free sky on the dry (west) side (Fujita, 1970 North America, a dryline
tends to travel eastwards during the morning atetradon and westwards during
the evening and night (Schaefer, 1986). Surfaceergence is frequently
present along the dryline, leading to intereshmrole of drylines in the initiation

of severe thunderstorms (Rhea, 1966).

Drylines have not been studied extensively in AlbéHill, 2006). It has
been found that a dryline was responsible for titeation of severe storms in
Alberta such as the Pine Lake and Holden tornadrons. A dryline was not
detected during the initiation of the 1987 Edmorttmmadic storm (Dupilka and
Reuter, 2005). Hill (2006) showed that drylinea oacur in Alberta with a
narrow boundary between the dry and moist air. mbesture gradients in

Alberta were similar to those measured in Texas@kidhoma (Hill, 2006).



1.4 Detecting drylines

Convergence and divergence are important varidbtegeriving the
vertical motion involved in breaking the cap. Cergence is the shrinking of the
horizontal area occupied by a parcel of air, artdrd@nes the vertical motion of
the air. For example, convergence at the surfaééonce air to move up, while
divergence at the surface will pull air down (Wedaand Hobbs, 1977). Surface
convergence is calculated using the wind speedimadtion (see Appendix A).
Vegetation, topography, and vertical mixing cansiderably affect wind
direction. Even though the wind speed and direati@y be accurately measured,
these point wind measurements may not accuratphgsent the large scale flow,
making the accurate computation of large scaleasar€onvergence difficult. In
addition, wind measurements are often taken owtaesi point scale, causing
noise due to the lack of resolution (Ogura and Chei7). This is why the
dryline is frequently examined in terms of humidigyen though it is the surface
convergence caused by the wind which initiatesdieustorms. The humidity of
the air serves as a tracer allowing one to idemti&/moist air (with an easterly

component to the flow), and the dry air (with a tgey component to the flow).

1.5 Datarequirements

Low level instrumented aircraft transects by Fujit858) and McGuire
(1962) have established that the dryline boundatywéen the moist and dry air
can be very narrow (sometimes less than 1 km)faBeiobservations of the
dryline by operational weather stations are limibgdhe spatial resolution of
surface weather stations. Surface weather statifbes are spaced more than 100
km apart, while the width of the moisture gradienthe dryline can be less than 1
km (Fujita, 1958). A number of different solutiotesthis problem have been
developed. A special dense mesonet of weathéorséatas provided insight into
drylines in Oklahoma (McCarthy and Koch, 1982).d&aand LIDAR
observations have remotely sensed the moisturéeguta@long the dryline
(Parsons et al, 1991 and Fuijita, 1970). Mobileanetvehicles have provided

transects across the dryline sampling at very bmgtial and temporal resolution



(Pietrycha and Rasmussen, 2003). These meastisearemot routinely

available, and must be part of a special project.

The same aircraft traverses by Fujita (1958) anGMre (1962) revealed
that large changes in temperature and humidityczasteal with the dryline occur
over small distances throughout the boundary lajeasurements of the
atmosphere above the surface are commonly dong imstrumented balloons
called radiosondes. Operational radiosonde measunis are performed twice
per day with a spacing often greater than 500 Kims is far too few to
adequately observe a 1 km wide changing drylina. ekample, there is one
radiosonde site in Alberta, none in Saskatchewanoae in Manitoba.
Soundings are only launched twice per day at thites. Researchers have used
a number of high resolution measurements to fithese gaps. Bluestein et al.
(1988 and 1989) used mobile soundings to obtaieugip data near drylines and
thunderstorms. Aircraft measurements have beehardensively by Fujita
(1958), McGuire (1962), and others. Parsons €18D1) used Doppler LIDAR
while Atkins et al. (1998) used airborne Dopplataia Again, none of these
measurements are routinely available, and mustdagtaf a special project.

Drylines can be identified by remote sensing iumhber of different
ways. Often, a thin line of cumulus convectionbiis on satellite imagery
indicates a dryline (Fujita, 1970). Drylines casoabe identified from satellite
imagery as a cloud — no cloud boundary (Parsoak,et991). Rhea (1966)
identified drylines using radar. Radar echoescatthg precipitation,
persistently developing along a line could indicawryline (Rhea, 1966).
Understanding the relationship between cloud cqwegipitation, and the
location of the dryline helps forecasters determvhere the initiation of

convection is likely to occur.

The previous discussion shows that in order tdh&rrtinderstand the
dryline, additional instrumentation is needed tpement the operational

instrumentation. It is necessary to incorporai assortment of special



instrumentation during a field research experinterstudy the finescale structure

of the dryline.

1.6 UNSTABLE field project

The purpose of the 2008 UNSTABLE project (UNderdiag Severe
Thunderstorms and Alberta Boundary Layer Experiineas to better
understand the boundary layer processes whiclat@itleep convection in the
Alberta foothills. The project consisted of spétileed and mobile
measurements, radiosonde launches, and aircrafiumeaents to help fill in the
gaps left by the current observation network (Tagloal., 2007). An intensive
observation period took place in mid-July for abw weeks. Within those two
weeks, the full scale deployment of all the instemtation took place on eight
intensive observation days. The author was pashefof the mobile mesonet
teams throughout the intensive observation peridds will be discussed further
in the experimental setup (Section 3.2). UNSTABA&S a collaboration
between scientists from Environment Canada, thedisity of Alberta, the
University of Manitoba, the University of Calgaryork University, and Weather
Modification Inc (Taylor et al., 2007).

Sufficient dryline data was collected during the &IBMBLE project on
three days. Data was made available to the atmhéne dryline case of 17 July
2008. The goal of this thesis will be to exploreage study of a dryline event
which was suspected to initiate severe convectiamguthe UNSTABLE data

measured on the 17 July 2008 in central Alberta.

1.7 Main Scientific Questions

The main scientific questions to be answered in ttinesis relate to a case
study approach for studying the dryline on the dly 2008. The questions are as
follows:

1. How are the clouds and precipitation organiséative to the dryline on
the 17 July 2008, and how does this evolve witleim



2. How does the structure and evolution of the 1y 3008 Alberta dryline
compare to the classical “textbook” dryline?

A case study approach will be taken to answer thasstions. The majority of
the UNSTABLE data was obtained from 8 intensiveenation days, and
numerous researchers are hoping to investigatd Nl &TABLE data. This lends
itself to a case study approach. A case studyalkn extremely detailed

analysis of one particular feature using an assantraf different data sources.

1.8 Thesis Outline

The first chapter provided an introduction to tbpgit of this thesis.
Chapter 2 will examine the current knowledge ofdhdine. Most of this
knowledge consists of work done in Texas and OktanoA discussion on the
current state of knowledge about drylines in Canaidlaalso be provided.
Chapter 3 is a discussion on the UNSTABLE fieldjget and the data sources.
The UNSTABLE data sources that are used, the krmaitations of the data,
and the other data sources (not part of UNSTABLH)be discussed. Chapter 4
is the analysis and results of the case study. straeture and evolution of the
dryline will be discussed, along with the assodati®uds and precipitation.
Chapter 5 is a comparison between the 17 July gdo@ie and textbook cases
and other conceptual models. Chapter 6 is a sugnamat discussion of the key

findings about this case study, with suggestion$udher research.

The background on the current knowledge aboutmgliwill be discussed
in the next section. Drylines have been extengistldied in Texas and
Oklahoma. The conceptual model of dryline struetmd motion has been
refined over the years by Schaefer (1986), Zieghet Hane (1993), and others.

The limited research on drylines in Alberta (H2Q06) will also be discussed.



Chapter 2

Drylines

2.1 Characteristics of drylines

During the spring and early summer, a narrow bogndatween
relatively moist and dry air sometimes forms paialh the Rocky Mountains in
North America. This boundary separates moistrair dry air flowing in different
directions. Often the moist air originates froma tBulf of Mexico, while the dry
air flows off the semi-arid high plateau regiondMidxico, or has subsided on the
lee side of the Rocky Mountains (Fujita, 1958).tHa literature, this narrow zone
of moisture gradient has been terndedpoint front (Beebe, 1958)iry front
(Fujita, 1958) andlryline (McGuire, 1962). Beebe (1958), Fujita (1958), and
McGuire (1962) all noted that often thunderstornesentriggered near the
dryline. Miller (1959) found that most of the sewe€onvection occurred in bands
coinciding with the location of a dryline. The ting affected both the triggering

and the intensification of the severe thunderstorms

Typically the horizontal temperature gradient ia Himosphere is very
small in the vicinity of a dryline, which differaates a dryline from a warm or a
cold front. The temperature gradient across ardryleverses sign diurnally.
Usually the dry air is cooler than the moist ainigtht, while during the day, the
dry air is warmer than the moist air (Schaefer,6)98-ujita (1958) and Beebe
(1958) analysed the surface wind field in the vtgiof dry lines. They found that
the dryline often moved eastwards. The dry aihpdseastwards while the moist
air flowed towards the north, i.e. there was salyhféow on the moist side and
westerly flow on the dry side. This change of witigection across the moving
dryline resulted in surface convergence along tbesture transition zone. Fujita

(1958) described the dry air as having “Chinoole-ldgharacteristics”.

Early research on drylines focused on measuringhlepness of the

moisture gradient across the dryline using reseairchaft. Based on low-level

10



aircraft traverses across a dryline, Beebe (19%3sured a water vapour mixing
ratio gradient of about 2 g Kgm™. McGuire (1962) reported a moisture
gradient across a dryline of 2.5 g'#gn™. McGuire (1962) found that the
horizontal density gradient at 700 mb was closeeto. His measurements
suggest that the slope of the dryline is nearlyicarin the lowest part of the

atmosphere, then changing to almost horizontal tmear00 mb level.

In the Great Plains of the United States, drylioesur predominantly in
spring and early summer (Schaefer, 1986). Rhe@b(1&nd Schaefer (1974b)
investigated the dryline occurrences and founddhdines are evident on about
40 % of all spring days. Lubbock, Texas has reabateaverage of 12 dryline
passages over the course of the spring (Peter888).1In Canada, the
development of the dryline has only been investidan the summer months
(Hill, 2006). Hill (2006) found that there wereoB4 drylines forming over

southern Alberta during a summer.

2.2 Locating of drylines

A moisture variable must be chosen for analysimgdityline. Synoptic
observations for weather forecasting are recordeddésseminated in dewpoint
temperature, which makes this is the most convéneable in an operational
setting. Water vapour mixing ratio and specifiorindity are both conserved
variables with height, which gives either of thesti@ng theoretical appeal,
especially for studies with variable terrain (Sdeael986). When analysing
drylines, there is no convention for whether tacpléhe dryline on the moist or
dry side of the front, although Hane et al. (19919gested placing the dryline on
the moist side of the moisture gradient. Operalisnrface observations are not
spaced closely enough to adequately resolve thmergausing the moisture
field to appear to exhibit a discontinuity (e.dlL Bm dryline between two surface
stations 20 km apart). This requires that one se®@n arbitrary contour line to
define as the location of the dryline within theocsthed moisture gradient.
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Remote sensing can help to locate the dryline, satkllite imagery and radar

finelines being the most common (Schaefer, 1986).

For analysis of the dryline, Schaefer (1986) recamas the 9 g Ky
isohume (line of constant vapour mixing ratio) flee southern United States. In
terms of dewpoint, this corresponds approximatelthe 12 °C isodrosotherm
(line of constant dewpoint temperature). In caglesre high resolution humidity
measurements are available, Hane et al. (1997eld¢he dryline on the moist

side of the sharpest moisture gradient.

2.3 Threedimensional structure of drylines

Ziegler and Hane (1993) developed a conceptual hibdesynthesised
many of the findings made by Schaefer (1974a, 19Y986), as well as their
own findings. In this model, the dry air (locatedst of the surface dryline) is
well mixed by convective overturning from the sadaup to about 500 mb. In
contrast, the moist air (located to the east ofilyéine) is capped at about 800
mb (Schaefer, 1974a, 1986; and Fujita, 1958, 19T@g properties of the dry air
to the west are similar to the properties of theair above the moist air to the
east. Convective instability often results frons ttiry adiabatic layer situated
above the shallow capped moist layer (Schaefel6)198 the Ziegler-Hane
(1993) model of a dryline, clouds are often fornrethe moist air (east of the
dryline), while the dry air to the west tends torbestly free of clouds (Fujita,
1970; and Bluestein et al., 1988).

The motion of the dryline is driven by the heightlee boundary layer.
Gently sloping topography towards the east in éeedf the mountains causes the
thickness of the moisture layer to increase furdast (Schaefer, 1974b). The
height of the boundary layer increases during thedlie to daytime heating. As
this happens, the shallow moist layer is mixed afuaher and further east,

causing the dryline boundary to advance eastw&dsaefer, 1974b).

12



Deep vertical mixing in the dry air carries dowrndAgvel momentum
with a westerly component (McCarthy and Koch, 198¢cause the moist air to
the east has an easterly component, there is aieané of the wind direction
resulting in surface convergence where the drama moist air meet to form the
dryline (Rhea, 1966). This convergence producestiong vertical motion

required to break through the cap (Wallace and dpb®77).

In the evening the dynamics of the dryline chang&sthe air cools at the
surface, a nocturnal inversion begins to form angaan extremely stable
stratification. The nocturnal inversion prevents thixing down of mid-level
momentum, causing the surface winds in the dryoasubside due to ground
friction (Matteson, 1969; and Schaefer, 1986). @asterly flow in the moist air
has not subsided yet, which advects the boundargrtts the west (Schaefer,
1986). Furthermore, the depth of the boundaryrlags stopped increasing,
halting the eastward advance of the dryline (SaraéB74a).

If the dryline succeeds in breaking the cap, setreraderstorms are often
initiated (Rhea, 1966). Not all drylines initiadevere thunderstorms (e.g.
Dupilka and Reuter, 2005; and Hill, 2006). Sewbrederstorms tend to form on
the moist side of the dryline within about 50 kntloé dryline boundary (Rhea,
1966). Some of the most severe tornadic storme haen initiated along a
dryline, such as the 2000 Pine Lake tornadic siarsouthern Alberta, and the
1993 Holden tornado in central Alberta (Dupilka &elter, 2005).

Fujita (1958) found from aircraft transects tha thope of a dryline was
1:30 in the afternoon. McGuire (1962) determirteat the slope was essentially
vertical in the afternoon at the surface tendingat@s horizontal as the boundary
approaches 700 mb. A modelling study by Millealet(2001) showed that the
slope could change diurnally from 1:5 in the aftenm to 1:100 in the evening.
The much shallower slope in the evening may bedbelt of the dryline taking

on the form of a density current (Schaefer, 1986).
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2.4 Dryline motion

Miller et al. (2001) performed numerical simulatiohdrylines with the
focus on investigating the motion of the drylinBhe simulated drylines tended to
move eastwards during day and westwards duringitité. Schaefer’'s (1974a)
observations suggest that vertical mixing was tierd) force behind the motion
of the dryline during the day. Because the tergaadually slopes down toward
the east, the depth of the moisture underneatbapping inversion is deeper to
the east. As daytime heating mixes the lower pHrtee atmosphere, the cap is
broken. Because of the depth of the mixed layes,tappens earlier in the west,
and later in the east causing the dryline to pregyeastwards in the morning and
early afternoon as a direct result of daytime ImgatSchaefer, 1974a). Miller et
al. (2001) confirmed that the effect of the chanigestatic stability were
significant in the motion of the dryline. They dsetime varying “reduced
gravity” (based on the density difference betwdendry and moist air) in order
to simulate the motion of the dryline, and detewrdithat dryline motions of up to
200 km eastward could result from changes in thieilgly and density of the dry
and moist air. It appears that the reduced grafigct described by Miller et al.
(2001) results from reduced westward density ctiftew in the morning, and

increased westward density current flow in the ewgn

Schaefer’s (1974a, 1974b, and 1986) observatiomwesth that dryline
motion was usually continuous, but could be discatttimes. Discrete
propagation occurred if the cap were eroded simatiasly over a large area,
which could be caused by uniform surface heatirgnimrea with a uniform
capping inversion and uniform elevation. Schagl@i74b) refers to the dryline

“jumping” further east much faster than advectionld account for.

The late evening and nocturnal motion of drylinppears to have a
different origin from morning and mid-afternoon ings. There has not been
nearly as much research done on nocturnal drylmgshey are known to

retrograde westwards after the height of daytinegihg, and continue to do so
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until late at night (Schaefer, 1986). It was fimsted by Matteson (1969) that a
possible cause of the westward retreat of therdrydit night was the tendency for
the winds in the dry air to become light at nighlitpwing the moist air to advect
the boundary to the west. Schaefer (1974a) sugtfest because the dry air cools
faster than the moist air, it decouples from thpanpgevel air quicker due to the
formation of a nocturnal inversion, and the wesgterinds stop due to friction

with the surface. This allows the winds with astedy component in the moist
air to advect the dryline in the same way as aitleasrrent back to the west.
Since the air on the dry side can be as much aaBher than the air on the
moist side, faster cooling of the dry air couldsome cases, still result in warmer
temperatures to the west, and thus lower density.

2.5 Horizontal density gradient

There has been much debate on whether theregsificant horizontal
gradient of air density perpendicular to a dryliaed whether this density
gradient contributes significantly to the motiortioé dryline. Early studies by
McGuire (1962) and Fujita (1958) found no signifitaorizontal density gradient
across the dryline. In contrast, some more rededtes found that there was a
horizontal density gradient (e.g. Parsons 1991¢gl&r and Hane (1993)
attributed this apparent conflict due to differengetiming of the observations.
The diurnal temperature variation in the dry aimisch larger than that in the
moist air. Parsons et al. (1991) attributes thisldudiness in the moist air and a
cloud free sky in the dry air. Accordingly, the dxiy is significantly warmer in
the late afternoon and early evening, while itasler in the early morning and
towards noon (Schaefer, 1986). This supportsdéa that the dryline can act as
a density current, as the temperature differenetégden the dry and moist air can
be as much as 5 °C, more than offsetting the efflestoisture on the density.
The temperature variations lend support to the ggapby Schaefer (1974a,
1974b, and 1986) that the dryline acts as a deositgnt in the evening, but not

in the early afternoon and morning.
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Most of the research on drylines uses virtual peaetemperature as the
variable representing density. Virtual potent&hperature is essentially the
potential temperature corrected for the densitietthces caused by humidity
(See Appendix B). In some cases, there is a roghldient in virtual potential
temperature across the dryline, although this dépen the time of day
(Schaefer, 1974a, 1974b, and 1986). Schaefer [1#&8ulates that in the
evening, the dryline retrogresses westwards aswtiie a density current flowing
into less dense air. Parsons et al. (1991) argletiet al. (1995) use an equation
to calculate the propagation speed of the propdsedity current flow of the
dryline, and find that it compares well with degsitirrent theory. There are a
few concerns with the idea of density current flow.the case of a dryline, the
propagation of the density current would be uphitigd be countered by gravity
(in this case, a “reduced” gravity). This issues\vaddressed by Parsons (1991)
who found that the uphill flow was not expectedeosignificant in that particular
case. Another issue brought up by Parsons (18%hgipossibility that the

variation in potential temperature could be causedlevation difference.

2.6 Dryline bulges and waves

Synoptic scale dryline bulges form when additiamgber level
momentum is mixed to the surface (Schaefer, 1986haefer (1986) provides
some speculation as to the source of the upperesmentum. He notes that
when a synoptic scale dryline bulge is presentymoer level jet is often present
and could be the source of the extra momentumer@ioposed sources of
momentum are disturbances crossing the drylineigiray enhanced convergence
or divergence forcing momentum down to the surfacstanding mountain
waves (Schaefer, 1986).

Mesoscale dryline bulges are related to mesoscgliee waves
(McCarthy and Koch, 1982), and horizontal convextiolls (Atkins et al., 1998).
Schaefer (1986) mentions the possibility of hortabononvective rolls

influencing mesoscale dryline bulges. Since the 1890s, the development of
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Doppler radar and LIDAR, the installation of demsesonets, and the
implementation of high resolution modelling studnesve furthered the
development of these ideas (Ziegler et al., 1997).

Ziegler et al. (1997) found that a 1 km resolutiadel is barely
acceptable to properly simulate horizontal conwectolls. The model that was
run managed to partially simulate bands of convazgewhich Ziegler et al.
(1997) propose are caused by horizontal conveotiN® Atkins et al. (1998)
found that there was substantial variability in floeizontal position of the
dryline, and that horizontal convective rolls weesponsible. Both Bluestein et
al. (1988), and Atkins et al. (1998) have obsemhedformation of cumulus
clouds at preferred locations along the drylingl #s is thought to be caused by

horizontal convective rolls in the dry air.

2.7 Estimating conver gence near drylines

A vertical profile of mesoscale vertical velocitgrcbe obtained by
integrating a profile of mesoscale convergencdfef@nt techniques have been
developed to estimate mesoscale convergence fereatit pressure levels based
on mesoscale sounding observations. One apprsedbh kinematic method
(Wallace and Hobbs, 1977; Djuric 1994). Ogura @hén (1977) used the
kinematic method to estimated convergence and tigahailes near a dryline.
Parsons et al. (1991) stated that the kinematigpotation of convergence and
vertical velocity based on sounding data cannailvesthe sharp gradients of
kinematic variables in vicinity of drylines. Insigthey promoted the use of
mobile Doppler radar or LIDAR instead of soundiradal Ziegler and Hane
(1993) used aircraft wind measurements to estit@atgergence. Strong (1986)
discussed the interaction of thunderstorms withatindient airflow. Typically,
the pre-storm environment shows small mesoscateakevelocity values (< 0.2
m s%). Once thunderstorms are formed, the mesoscadiiealerelocities are often
exceeding 0.5 mi's consistent with strong low level convergence appler level

divergence.
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2.8 Drylinesforming over Alberta

Strong (1986) suggested that drylines form in theeAa foothills region
where the subsidence induced capping lid interseithsthe ground surface.
Knott and Taylor (2000) investigated the meteormalgconditions leading to the
severe weather outbreak which produced the F3 IHdlmi®ado in central
Alberta. Based on the surface analysis of dewpt@ntperature and wind, they
identified a long lasting synoptic scale drylindelsevere convection formed
close to the dryline. Dupilka and Reuter (2005npared the initiation of three
severe convective storms over central Albertagpatvned intense tornadoes:
the 1987 Edmonton tornado, the 1993 Holden tornaxd the 2000 Pine Lake
tornado. They found that the Holden tornadic stand the Pine Lake tornadic
storms were triggered along well defined drylings.contrast, the 1987
Edmonton tornadic storm was not associated wittyné, as the surface
conditions were very humid everywhere. This suggtsit some severe

convective storms are triggered by drylines, bbert are not.

In the studies by Knott and Taylor (2000) and Dkgiand Reuter (2005)
the drylines were located based on meteorologiai@ sampled by operational
surface weather stations. Hill (2006) was thd fwsanalyse finescale
measurements of the Alberta dryline using mobdegects and proximity
soundings. In her thesis, Hill described severglimzs forming over Alberta.
Her observations suggest that the moisture gradiaoiss Alberta drylines was
similar to that reported for drylines of the AmencGreat Plains. Alberta
drylines are often but not always associated wothvection in Alberta (Hill,
2006).

On the Canadian prairies, evapotranspiration dwerctops in summer
constitutes an important source of humidity. Sgr¢t986) stressed the large
diurnal trend in water mixing ratio. Strong (199@)nd that transpiration from
crops can add as much as 4 ¢ k§boundary layer moisture from morning to

afternoon. An interesting development on the Caragrairies is the
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modification of the pre-storm environment fromrittural state by extensive
agriculture (Raddatz, 1998). Raddatz (1998) founatl the development of
agriculture modified the evapotranspiration pro@ifehe prairies causing more
moisture to be present in July, while less is preseAugust. It has been
documented that the increase in moisture due tpagkanspiration can double the
convective available potential energy (CAPE) resgltn much more severe
storms than would be expected without significartpetranspiration (Raddatz,
2003). Raddatz (2003) suggested that the inciadssundary layer moisture due
to evapotranspiration can contribute to the fororabf severe convection such as
the Winnipeg hailstorm of 1996 and the Pine Lakaddo of 2000. Modelling
studies confirmed that the location of drylinesti®ngly affected by evaporation

from soil moisture and transpiration from vegetat{Shaw et al., 1997).

Figure 2.1 and 2.2 illustrate the possible formabba dryline forming
over the Alberta foothill region. A vertical crossction perpendicular to the
dryline is shown. Hot dry air develops from thiease of moisture and
subsequent latent heat from repeated orographipttisgion. The hot dry air is
initially sits above the moist air. The surfacetaithe east gets its moisture by
evapotranspiration from crops (Strong, 1997). @asterly component of the
flow is driven primarily by the mountain plain cidation (Smith and Yau, 1993).
Lee cyclogenesis can also contribute to upslopeadlow over the foothills
(Strong 1986) (Figure 2.1 upper panel). As daytiteating progresses, the dry
air to the west is mixed down to the surface, wthikemoist air (located to the
east) continues to be capped at around 800 mb.diyhar can be well mixed as
high as 500 mb. The properties of the dry aiht®owest are similar to the
properties of the dry air above the moist air ®© ¢last (Schaefer, 1986).
Convective instability can result when the dry adiic layer rises above the
shallow capped moist layer at the surface. Extensioud cover is often observed
in the moist air, and some researchers have defireedryline as the cloud — no
cloud boundary (Fujita, 1970; and Bluestein etZ88). The dry air with a
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westerly component interacts with the moist aithvah easterly component

causing convergence along the boundary (Figuré@tbm panel).

The dry air and moist air mix along the drylineatreg plume of
intermediately humid air and two sharp moisturedgrats separated by about 10
— 20 km. The plume of moisture is forced up byvagence and extends almost
as high as the well mixed dry air to the west (lBegnd Hane, 1993) (Figure 2.2
upper panel). Once the plume of moisture readehdensation level,
convection is initiated. This convection may irg#yinto severe thunderstorms
(if the instability and wind shear permit) as iifdrinto the moist air east of the
dryline (Ziegler et al., 1998) (Figure 2.2 bottoanpl).
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Chapter 3

UNSTABLE 2008 Field Project and Method of Analysis

3.1 Review of Alberta Field Experiments

Most of the convective storms affecting the CanadHieairie provinces
originate from the Alberta foothills region on tlee side of the Rocky
Mountains. Once initiated in this region, thesevartive storms migrate
eastwards into central Alberta, Saskatchewan, aawitbba. Central Alberta is
affected by hail on more than half (57 %) of thg=dduring the summer months
(Smith et al., 1998) and experiences about 10 tim&2adoes annually (Hage,
2003). Alberta farmers suffer about 100 milliorlais in crop losses each year
(Etkin and Brun, 2001). A particular disastrousmwvas the Edmonton tornado
on 31 July 1987 which left 27 people dead, 300reguand caused 250 million
dollars in property damage. The severe hailstomthvswept over Calgary on 7
September 1991 cost insurance companies more @tamlion dollars
(Charlton et al., 1995).

To study the formation and possible modificatiorhafistorms, field
experiments were conducted in central Alberta fd®86 to 1985. Some
important findings of these activities involvedrrfation and growth of hail
(English, 1973), hail forecasting (Renick and Makw877), and water budget of
hailstorms (Rogers and Sakellariou, 1986). Tostigate the initiation of
convection, the LImestone Mountain EXperiment (LIX)Bvas conducted in the
Alberta foothills in July of 1985 (Strong, 19863mith and Yau (1993) used the
high resolution surface and sounding data from L¥ME determine the factors
that differentiate severe from non-severe conveatwtbreaks. They concluded
that under generally clear skies, cumulus convediggins over the foothills as
strong surface heating removes the capping lidav€ctive outbreaks occur when
an approaching synoptic scale upper-level trough jghase with strong surface

heating over the Alberta foothills. East and nadist surface winds transport
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moist air from the plains to the foothills, and ti@mal mountain-plain
circulation is amplified by the deep destabilizatishich is localized over the
foothills (Smith and Yau, 1993). By analysing tH®IEX water vapour mixing
ratio fields, Brennand (1992) concluded that lowelemoisture convergence
tended to precede storm development by two totiours. Low-level mass

convergence remained during the entire periodarhsformation.

In 1992, the precipitation research in Alberta stanstorms received a
major boost with the upgrading of the Carvel ragktablishing a digital archive
of radar measurements. In addition, the radarageallowed Doppler wind
measurements. Carvel radar observations weretasedestigate severe storm
structure (Holt et al., 1994), organisation of péation in flooding storms
(Reuter and Nguyen, 1993), the kinematic charasttesi of gust fronts and
mesocyclones (Larochelle 1994), and convergenes liluring the formation of

convective storms (Xin and Reuter, 1998).

In the summers of 2003 and 2004, the Foothills @olgic Precipitation
Experiment (FOPEX) was conducted to record orogcagifiects of precipitation
and storm initiation. The field observations in&dd line of automated surface
weather stations at different elevations. Hill@@pused these measurements,
supplemented with surface measurements of a mabk#ther station, to

document the occurrence of drylines in Alberta ldst region.

3.2 UNSTABLE 2008 field project

The UNderstanding Severe Thunderstorms and Allgstendary Layer
Experiment (UNSTABLE) was a field project, data lges, and modelling study
to investigate the atmospheric boundary layer m®ee associated with
convective initiation and severe thunderstorm dgwelent (Taylor et al., 2007).
A pilot experiment (UNSTABLE 2008) was conductedidg the summer of
2008 to investigate the importance of water vapbatification and mesoscale
convergence boundaries, including drylines. Measergs obtained through a

high-resolution network of fixed and mobile surfagpper-air and airborne
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instruments were used together with measurememts éisting platforms to
better understand important mesoscale processbis ithunderstorm genesis
zone (Taylor et al., 2007). The following infornmat is summarised from Taylor
et al. (2007).

UNSTABLE 2008 was a collaboration between scienfisim
Environment Canada, the University of Alberta, theversity of Calgary, the
University of Manitoba, York University, and Weathdodification Inc. The
geographical focus of the project was in west edmtlberta (Figure 3.1). An
intensive observation period took place from 94al@ly 2008. The science plan
for UNSTABLE outlined several missions which inchebla mission to study the
dryline. Further information on UNSTABLE can beifw in the science plan
available at the following website:
http://www.umanitoba.ca/faculties/environment/eoggog/weather/unstable/UN
STABLE.html.

UNSTABLE consisted of numerous mobile and fixedewlation
platforms. There were three mobile mesonet vehiclehe vehicles were
equipped with temperature, humidity and pressuneas, with one vehicle
equipped with a wind sensor. These vehicles wespansible for completing
mobile transects which differed depending on thected mission. Balloon
soundings were released every two hours from fdterdnt locations. A
tethersonde was also operational to measure tinessd# meteorological
variables in the atmospheric boundary layer. Astriimented aircraft was used

to sample temperature, humidity and wind at miclev

Eight days were selected as Intensive Observatays QOD). An IOD
would consist of a morning weather briefing to pemere the observing teams
would go to sample the pre-storm environment. Gmeems developed, teams
would conduct storm observations. Most of the tatee been processed and
quality controlled, but there are still some d&iat thave not been made available

and are not used in this thesis.
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My participation in UNSTABLE 2008 consisted maimihelping operate
one of the three vehicles to sample surface measns at critical locations. My
partner was Dr Geoff Strong throughout the threekseof field work. | also
participating in weather briefings, and recordedestsations of severe

thunderstorms.

3.3 UNSTABLE instrumentation networks
a) Surface weather station network

Figure 3.2 depicts the location of surface weashations. The operational
surface network consisted of data acquired fromfanment Canada, Alberta
Sustainable Resource Development (ASRD), and TelMenvironment Canada
operates 39 weather stations located within the UNBL.E study area. Most of
the Environment Canada weather stations are losatde agricultural land in
the east part of the study area and report ho&kBRD operates 11 weather
stations with hourly measurements and 15 statiotismeasurements twice daily
within the UNSTABLE study area. Most of the ASRRather stations are
located in the forested foothills of Alberta. Tett operates a network of road
cameras and weather stations for Alberta Transjpamtand the Alberta Motor
Association. Telvent provided data from 14 weattations which report every
20 minutes. The weather stations operated by ekl located along major

highways.

The operational weather stations mentioned abaardeemperature,
humidity and rainfall amounts. About two thirdstbé operational weather
stations also sampled wind speed and wind directi8urface pressure
measurements were taken only at Environment Caswadiace weather stations,

and even there not all EC stations recorded pressur

A major component of the UNSTABLE project includedumber of
additional surface weather stations at speciatimea to complement the existing

operational network. The ATMOS (Automated Transplol¢ Meteorological
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Measurement System) weather stations were spdlyifinatalled for
UNSTABLE. The ATMOS weather stations measured vapeed and direction,
air temperature, relative humidity, surface presssolar radiation, precipitation,
and dewpoint at one minute intervals. Five ATMO&ather stations were
installed for the UNSTABLE project. These statiovexe strategically placed in
two lines perpendicular to what is thought to e ¢hmatological location of the
dryline. They are labelled P1, P2, P3, P4, an(Frjure 3.2).

Some of the surface weather stations set up faF@REX project were
still operational and used for UNSTABLE. The FOP&Ations recorded surface
pressure, temperature, relative humidity, predijpita and wind speed and
direction at one minute intervals. The FOPEX wea#iations are labelled AB1,
AB3, and AB4 (Figure 3.2). Each of the four uppgrsites also reported surface
weather conditions. All of them recorded tempagthumidity and pressure,
while some of them recorded wind speed and directithe temporal resolution

of the upper air surface weather stations rangad fsne to fifteen minutes.

The University of Calgary operates a dense mesufngeather stations in
the south half of the study area. The spacing &etvihe weather stations for the
most part varies between 5 and 15 km. These statexord temperature and
humidity every hour, while precipitation is monior continuously. These data

have not been quality controlled and is currentlyavailable for analysis.

The average distance between the available surfaather stations is
approximately 35 km. The spacing of the weathatists is reasonably uniform.
There is one significant hole in the data soutGalgary, where the spacing is
closer to 80 km. Research has shown that the widtie dryline in Alberta can
be on the order of 1 km (Hill, 2006), which pre\gtite surface weather stations
from adequately resolving the dryline. With a spg®f 35 km, it is only
possible to get an approximate location of theideylhence the need for the

mobile mesonet vehicles.
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b) M obile Mesonet Vehicles

There were three mobile mesonet vehicles whichqgieated in the
UNSTABLE project. The mobile mesonets consisted wofeather station
mounted on a car. One of the mobile vehicles hadl aeather station including
temperature, humidity, pressure, wind speed arettiin, and lightning
detection. The other two vehicles just took terapge, humidity, and pressure
measurements. The meteorological data were samapkkdecorded every 15 s or
better. All three vehicles were equipped with a G&River to provide precise
(within 10 m) information on the location of eaabhicle at all times. The GPS
locations were monitored in real time from missoomtrol. At the time of this
study, data from only one of the mobile mesonetclet have been quality
controlled and are available for analysis.

Hill (2006) discussed the accuracy of mobile measient systems. She
found that measurements were accurate provided thas adequate ventilation.
When the mobile mesonet system was stopped, tffterewere ventilation
problems. Without proper ventilation, the tempearatwvould read anomalously
high due to heat radiating from the roof of theigkh As long as the vehicle was
moving, the wind would provide adequate ventilationthe system. One of the
mobile systems had a fan which provided continwotiow when the vehicle
was stopped. For more information on errors withbile mesonet systems, see
Hill (2006). Data preparation and quality contial one of the mobile mesonet
systems was performed at the University of Alberta.

At the beginning of the UNSTABLE project, two oftmobile mesonet
vehicles and one of the mobile sounding units cetepl an intercomparison of
measurements. The intercomparison between vehidesated that temperature
and pressure measurements differed by less the&i€abd 0.5 mb. Relative
humidities agreed within 1 % of each other. Absshumidity measurements
agreed within about 0.2 g kgn water vapour mixing ratio.
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¢) Soundings

Upper air soundings consist of instrumentationchtta to a helium filled
balloon. Soundings measure the temperature, htynpiessure, and winds as
they ascend through the atmosphere. The only tpeahsounding that is close
to the UNSTABLE project area is located in Stongi(53° 31.8'N, 114°
06.0'W). This is the only operational upper aat&in located in Alberta. The
Stony Plain sounding is released twice per daypy@0@JTC and 1200 UTC.

Due to the lack of operational soundings, four addal upper air stations
were included in the UNSTABLE instrumentation. $&eoundings were
scheduled to be launched every 2 hours. Two ofifiper air sites were at fixed
locations. One was located at the Olds — DidsBumyort (51° 42.0'N, 114°
06.0'W) while the other was located at the firel irathe town of Water Valley
(51° 30.0'N, 114° 36.5’'W). The other two upper sites were mobile and had
different locations on different days. The locai@f the mobile sounding units
were decided on during the morning briefing andenfeed throughout the rest
of the day.

Quality control of the sounding data was perforrogdCraig Smith of
Environment Canada. When examining sounding d@gdamportant to note that
soundings are normally launched fifteen minutestaethe hour of the sounding.
The sounding balloons typically take about 45 mesutom the launch time until
the reception is lost. For example, the 2000 Udahsling would be launched at
1945 UTC and contact with the transmitter usualbutsl occur until 2030 UTC.
During this time, the balloon will drift with ther@vailing winds by as much as 50
km from the launch location. Sounding teams laedamore than 200 balloons

during the UNSTABLE intensive observation period.

Dupilka (2006, p. 32-36) describes the accuradidmlboon soundings
measurements. Temperature measurements are adowatiein 0.5 °C. Relative
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humidity measurements are accurate to within 5/¥nd speeds are accurate to
within 3 knots, while wind directions are accurtievithin 5 degrees. Pressure

measurements are accurate to within about 1 %.

The temporal resolution of balloon soundings igtkeh by both the cost of
the expendable materials and the amount of timeinexd for taking
measurements. This usually limits the frequencsoninding launches to every 2
hours. In order to alleviate this issue, measurgswere performed by a
tethersonde during the UNSTABLE project. The tetbade consisted of a
balloon tethered to the ground with six sondes gueag equipment) placed at
approximately equal intervals along the rope. Meaments at each location
include temperature, humidity, pressure, and wpekd and direction at ten
second intervals. The tethersonde had the abdlibe extended 3 km, but NAV
Canada restricted the maximum altitude of the ballim 200 m above the ground

to prevent conflict with low flying aircraft.

d) Remote Sensing

Weather radars provide measurements of the spattblemporal
distribution of the precipitation. Weather radagad pulses of microwave
radiation focused into a narrow beam. When tharrhdam encounters
precipitation, the beam is scattered, and ech@esturned to the radar station.
The radar beam is rotated through 360 degreesdmalty and as much as
possible vertically. Radar stations allow mapprecipitation location and

intensity to be constructed (Rogers and Yau, 1989).

All radar images were provided by Environment Cana@ihere were two
Environment Canada radar stations which provided aethe UNSTABLE study
area. The Carvel Radar (53° 33.6'N 114° 08.7"Wbeated west of Edmonton,
while the Strathmore Radar (51° 12.4’N 113° 24.018Vlpcated east of Calgary.
Environment Canada provides a detailed discussidmow to interpret radar
images along with common misinterpretations onfefiewing website:

http://www.msc-smc.ec.gc.ca/cd/factsheets/weathdarfindex e.cfm
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The spatial and temporal distribution of cloudseveampled remotely
from the GOES (Geostationary Operational EnvirontaeBatellite) West
satellite. Satellite images in the visible lightweength band have spatial
resolution of about 2 km at 55 °N latitude. In&drsatellite images over Alberta
have a spatial resolution of about 4 km. Wateouasatellite images record a
different wavelength of infrared radiation. Wat@pour images show the amount
of water vapour in the middle levels of the atmasph Water vapour images
over Alberta have a spatial resolution of 8 kml tAé satellite images previously

discussed have a temporal resolution of 15 minutes.

Satellite images from the GOES west satellite suftan a phenomenon
known as parallax. This error is particularly neaible for images of high
latitudes taken from geosynchronous satellitese viawing angle of the satellite
causes the location of objects above the surfatteedEarth to be positioned in
the wrong spot. Objects at greater altitudes algest to greater parallax errors.
Within the UNSTABLE study area, objects with a eigf 2 km (low level
cumulus clouds) will be displaced 3.5 km NNE, whulgects with a height of 10
km (thunderstorm tops) will be displaced close2@ckm NNE. The 3.5 km error
in the low level clouds is not significant. Itnsuch less than other errors in the
dryline location, and it is almost parallel witretdryline.

The University of Calgary and the University of Maia took
measurements of the boundary layer using radiosated Doppler Sodar. Many
of these measurements were taken at the sameoloeetithe radiosonde balloon
launches in order to make comparisons betweemhe The data from this

instrumentation are not yet available for analysis.

e) Aircraft

Weather Modification Incorporated (WMI) provided aincraft for taking
airborne measurements. The aircraft (a Piper Gireydl) had equipment which
took measurements of temperature, humidity, andisvirThe aircraft
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accumulated just under 28 hours of flight time dgrihe 8 intensive observation
days of the UNSTABLE project. The aircraft datadaot been quality
controlled yet and are not available for analysis.

3.4 Observational Data used for 17 July 2008 Case Study
a) Surface Weather Station Network

All surface data that could be acquired were useaddr surface analysis.
There were some errors and inconsistencies whaplinel certain data from the
operational surface network to be excluded fromattaysis. The problems were
a combination of elevation and instrument incoesisies. The reasons for the
exclusion of any operational weather station asewdised in Appendix D. In the
UNSTABLE instrumentation network, the sites P3 &8 (shown in Figure
3.2) were not used because these sites were ni@ttigpal due to technical

difficulties.

b) M obile Mesonet Vehicles

Data for only one of the three mobile mesonet vekibave been prepared
and quality controlled. The data from the othen twobile mesonet platforms are
not available for analysis. The vehicle which pd®d the data used in this thesis
travelled along a transect on Highway 54 on thduly 2008. This transect was
completed between the tethersonde site (52° 12164 50.1'W), and
Corkscrew Mountain (52° 00.4’N 115° 22.7'W). Thehicle tracks as recorded
by GPS are displayed in Figure 3.3. The systemapasated from 1430 UTC 17
July until 0130 UTC 18 July.

¢) Soundings

On the 17 July 2008, all four upper air sites wegserational, and
scheduled to launch sounding every two hours. vAgeblems occurred, some
of which resulted in lost data. Soundings weretied at Water Valley every 2
hours from 1200 UTC until 0000 UTC with no problem&he sounding at 1400
UTC at Water Valley was dubious in that all theadadd a warm bias. We did not
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use this particular sounding for our analysis. Slugs were launched from the
Olds — Didsbury airport from 1200 UTC until 0000 O;Tbut there was a problem
with the 2000 UTC sounding. Contact was lost ki receiver and none of the
data were recorded. However, hand written dafaedsure, temperature, and
humidity are available every 50 mb between 700 mb250 mb. The hand

written data were used in the sounding analysis.

The two mobile sounding teams were located in dlo¢hills on the 17
July 2008. The sounding teams were coded MB1 8910°'N 115° 15.0'W) and
MB2 (51° 57.6'N 115° 16.8'W). An early sounding sviaunched at MB1 at
1630 UTC. After that, soundings were launched BtlNt 1800 UTC, 2000
UTC, 2200 UTC, and 0000 UTC. The sounding launckteé2P00 UTC was lost
at 615 mb, but otherwise there were no problemis thg soundings. Soundings
were launched from MB2 at 1800 UTC, 2000 UTC, 2RO, and 0000 UTC

without any problems.

d) Remote Sensing

Since the Strathmore radar is closer to the stuely than the Carvel
Radar, we used the Strathmore radar data. Spabjifizve examined the 1.5 km
CAPPI (Constant Altitude Planned Position Indicatorages, Doppler wind
velocity images, and echo top images. The Stratbmawlar is prone to ground
clutter caused by the radar beam reflecting offRbeky Mountains. For the
radar images shown in this thesis, all ground etuttused by the Rocky

Mountains has been removed.

Visible satellite images are the only satellite g@s used in our analysis.
Due to the long daylight hours in Alberta during summer, the period of
analysis for this case study is entirely duringlidgyy hours. This allows visible
satellite images to be used at any time througti@ianalysis. Visible satellite
imagery provides much higher resolution images #itdrer infrared or water
vapour imagery. Because the dryline is so naribiw,important to have the

highest resolution images possible. Parallax exvarections were not performed
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because Ziegler and Rasmussen (1998) suggestafadieg errors are not
significant. Although parallax errors in Alberteegreater than they would be in
Texas, they still are not any more significant toémer errors.

The data from the radiometers and SODAR are noéntly available for
analysis. These data are not fully necessary Becawuich of it was collected at
the same sites as the sounding launch sites anitlpsathe same data as the

upper air soundings.

e) Aircraft

The UNSTABLE team decided at the morning briefingttthe aircraft
would not fly on the 17 July 2008. Thus therermweaircraft data used in this

case study.

3.5Method of Analysis
a) Surface Maps

Surface maps were created using data from alleo&thailable surface
weather stations. Data were interpolated to alaegukm by 1 km grid using the
kriging method of interpolation. Contour maps akimg ratio, temperature, and
derived variables such as virtual potential temijpeeawere created, while vector

wind maps were overlaid on the contour maps.

The interpolation and creation of contour and veotaps were done
using the Surfer 8 surface mapping software. \WWe hhnd drew contour maps
for comparison with the computer generated magss form of quality control
was to ensure that the computer generated mapscaresestent with the hand
drawn maps. Because of the fairly regular spaoirtge surface measurements,

the software performed an adequate analysis aldte
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b) Single Sounding Analysis

The analysis of a single sounding was done usiadrihOB sounding
analysis software using the tephigram. Severenstadices (CAPE, LI, CIN,
etc.) were calculated by uniformly mixing the lowwe® mb of the atmosphere,
and all were calculated using virtual temperatwg@ch takes into account the
effect of humidity on air density. Since the sevstorm indices are based on
density, virtual temperature provides more realigélues of instability than
temperature alone (Doswell and Rasmussen, 1994).

c) Vertical Cross Sections

In order to investigate the two dimensional bougdayer and upper air
features of the dryline, we constructed heightstasice cross sections with
contour plots of different meteorological quanstieThe vertical cross section
was oriented perpendicular to the direction ofghasistationary dryline. The
four vertical soundings were projected onto thessrgection (see Figure 3.3). The
cross section is about 80 km long and ranges ghh&iom the surface to 500
mb. In addition to the soundings, transects froenrhobile mesonet were also
projected onto the cross section when they wergad@. Contour maps of
humidity, virtual potential temperature, and eqlewa potential temperature were
constructed every two hours coinciding with thersting observations.

These variables were contoured by hand onto thres@ection and the subsequent
contour lines were digitised. We tried to use $loefer 8 mapping software to
objectively analyse the data but the measuremesits t@o sparse. Each of the
four soundings and the mobile mesonet transectgedJines of extremely high
resolution data separated by large areas withoasutements. The software
struggled to suitably interpret the empty spacabeh the each of the soundings

and the transect while preserving the small sedtufes present in the data.
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d) Area Averaged Profiles of Kinematic Variables

Divergence and vorticity can be evaluated kinenadltiaising a
triangulation of wind velocities from three soungsn See Appendix A for a
detailed discussion of the equations and mathemhéhind the evaluation.
Triangulation requires that three soundings be @mosn order to be consistent,
the same three soundings must be compared anak ti This requirement causes
some problems when soundings are missing. Foc#sis study, EA3, WVX,
and MB2 (see Figure 3.3) were chosen for the tuaign analysis. These sites
were chosen because they had a more complete tldteyewere positioned
more uniformly, and their positions focused on oh#he locations for the

initiation of a severe thunderstorm.

Determining convergence and vorticity through tgalation is sensitive
to small changes in the u and v components of thd welocities. The accuracy
of wind velocity is at best 3 knots, and the accyraf the wind direction is at
best 5 degrees (see section 3.3 ¢). The end wasila very noisy profile of the
variables. Considerable smoothing was performdiltéo out the noise. Vertical

smoothing was executed via a 21 point moving awerag

The kinematic vertical velocity can be evaluatethgishe convergence.
The equations for the vertical velocity calculai@are also discussed in Appendix
A. The vertical velocity calculation requires dmeundary condition. There are
two ways of satisfying this boundary condition. éJran either set the vertical
velocity to be zero at the surface or at the trapee. Setting the vertical velocity
to be zero at the surface can be problematic bedaesvertical velocity can
change substantially very close to the surface.tlis reason, the vertical
velocity was chosen to be zero at the tropopalest often, the soundings were
cut off at 250 mb, while the tropopause was at@B0 In the cases where all
three soundings did not reach the tropopause,dtieal velocity was set to zero
at the highest altitude possible.
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€) Locating the Dryline on Surface Maps

Ideas differ on the methods used for locating ttyéirce on a surface map
(see section 2.2). The use of differing methodsearfrom the lack of enough
surface stations to fully resolve the drylinesdems that the method chosen for
the location of the dryline is dependent on eactiqudar case. For this case
study, the lack of resolution of the surface obatons does not allow positioning
the dryline on the sharpest gradient (like Atkihale 1998), and there is a lack of
sufficient moisture to use Schaefer’s (1986) sutigpe®f the 9 g kg isohume
(12 °C isodrosotherm). In this case, moistureesafiom 4.5 — 5.5 g kgon the
dry side to 8.5 — 9.5 g Kgpn the moist side. Using a value half way betwiben
dry and moist air seems to provide the best estiiwatthe dryline location,
therefore the dryline will be positioned on the Kgj isohume for this case study.
If another isohume had been chosen (such as 6 grkg g kg'), the location of
the dryline would not have changed more than aBOum, and these changes

would not significantly affect the results.
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Chapter 4

17 July 2008 Dryline and Convective Storms

In this chapter, we will analyse the meteorologatatia observed in
Alberta for the UNSTABLE case study event of 14 R008. The main objective
of our analysis is to address the question: hovirerelouds and precipitation
organised relative to the dryline? Our approadhhwito first describe the
synoptic scale airflow. Thereafter we will focusthie evolution of the mesoscale
weather, and finally we will deal with the conveetiscale phenomena. The

chapter ends with a discussion synthesising thigrgs into a coherent picture.
4.1 Synoptic airflow

Figures 4.1 through 4.3 depict synoptic weathersveyer western
Canada. The maps show height contours of congtassure levels (500 mb, 700
mb, and 850 mb). We have also added isothermsdomed every 0.5 °C). Times
are given in UTC time, which is 6 hours ahead ouktain Daylight Time
(MDT).

The upper level flow was characterised by a cldsedFigure 4.1) with
an associated trough extending from it over Brisiiumbia. The trough was
evident at 500 mb (Figure 4.1), 700 mb (Figure ,Zagfl 850 mb (Figure 4.3).
The trough was coupled with a weak ridge in cerAtaerta at 1200 UTC. By
0600 UTC, the axis of this ridge moved over theeilh — Saskatchewan border.
A thermal ridge accompanied the pressure ridgeea00 and 700 mb levels.
Cold air advection was occurring at 500 mb and m@over the study area by
0000 UTC as the thermal ridge drifted into Saskatan along with the pressure
ridge. Atthe 850 mb level, the thermal ridge ramed close to the foothills as a
pressure trough developed along the foothills, isterst with a lee trough
developing.
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The 700 mb flow (Figure 4.4) was almost perpendictd the Rocky
Mountain Barrier at 5 m'sto 7 m § with the strongest wind speed occurring
over Rocky Mountain House. This supported the gwveent of a weak lee
trough or low pressure centre. As the day progcessed air advection into the
upper levels in western Alberta helped to increhseconvective instability and

supported the development of deep convection.

A surface analysis of the sea level pressure (coetbevery 1 mb) is
shown in Figure 4.5. At 1500 UTC, higher pressiominated southern Alberta,
with relatively lower pressure in the north. Thegsure gradient was weak.
There was only a 4 mb pressure difference alongritiee province (greater than
1000 km). As the day progressed, the pressurenfetiuthern Alberta. The high
pressure centre drifted in to Saskatchewan, wbWegdressure pushed in from
British Columbia with the pressure gradient sugpgra south easterly flow by
the mid afternoon. The pressure gradient strengtthéhroughout the day. By
2100 UTC, there was 7 mb difference across southlrerta (about 500 km).
This surface pattern is significantly differentrfrahe Strong (1986), and the
Smith and Yau (1993) models, but it accomplishedstéame thing. An easterly
component of the surface wind was present creafustppe flow and surface

convergence along the foothills.

4.2 Timeline of Eventsfor 17 July 2008

In this section, we will discuss the major everftthe day in
chronological order. This will include the fornatiof the dryline, the structure
and evolution of the dryline, the organisation loiucls and precipitation relative
to the dryline, and the dissipation of the drylin&'e refer to numerous figures
compiled using special observations from the UNSTEBRroject. Again, all

times are given in UTC time, which is six hoursahef local time (MDT).
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a) Dryline development (late morning)

Figures 4.6, 4.7, 4.8, and 4.9 are surface anabfseater vapour mixing
ratio (contoured every 0.5 g Kgand wind velocity within the study area. Each
figure shows data at different times. At 1200 U&Qyeak moisture gradient was
present, with drier air in the foothills and moretid air over the plains (Figure
4.6, left). Between 1200 UTC and 1400 UTC, thdame humidity increased
throughout the study area, but the weak moistuadignt remained (Figure 4.6,
right).

A height — distance cross section of water vapoumg ratio was created
using soundings and mobile transects. This caseba in Figure 4.10 at 1600
UTC, 1800 UTC, 2000 UTC, and 2200 UTC. At 1600 UEignificant vertical
mixing was not occurring near the surface. Veltioing forms areas of
uniform mixing ratio, or slightly decreasing miximgtio between the surface and
the top of the mixed layer. At 1600 UTC, there \stl$ strong moisture
stratification and intense vertical moisture gratsehroughout the boundary
layer in the cross section. Satellite images (fegull, upper left) indicate that
the sky was clear over the UNSTABLE study aread@01UTC.

Between 1600 UTC and 1630 UTC a sharp horizontadignt in water
vapour mixing ratio formed near the surface. Tharp moisture gradient will
hereafter be referred to as the dryline. Figureigia surface map showing the
mixing ratio and winds in the study area at 160@CLANd 1630 UTC. Between
1600 UTC and 1630 UTC, high resolution surface mesmsents depict the rapid
drying that occurred in the northern half of thgio& on the dry side of the
dryline. The moisture gradient intensified at apmately the same time
everywhere within a time span of about 30 minuié& moisture gradient
between the dry and the moist air was about 4'gokgr a horizontal distance of
about 50 km throughout the UNSTABLE domains. Thgide was oriented
roughly parallel to the Rocky Mountain continerdalide.
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We note that the sharp moisture gradient developegrapidly,
suggesting that it formed as the capping inveraias eroded through vertical
mixing in the western half of the study area. Tgmnscess of rapid dryline genesis
is discussed by Schaefer (1974b) for the clasdigdihe formation over Texas.
The similarities in the development and motionhi$ dryline with the results of
Schaefer (1974b) are not unexpected. The motidheodiryline analysed by
Schaefer (1974b) is driven by the gently eastwhnpirsg topography. Figure
4.12 shows that this topographical feature is alsdent in Alberta.

Each panel in Figure 4.13 is a comparison betwieetést “textbook”
sounding in the dry air and the best “textbook’reding in the moist air (the red
lines are the temperature and dewpoint in the nadisthile the blue lines are the
temperature and dewpoint in the dry air). At 1800C, the air on the dry side
was predominantly well mixed in both temperaturd hamidity, while air on the
moist side was capped at about 800 mb (see Figut@sand 4.13 at 1800 UTC).
Below the cap, the air was moist, while above g the air had properties
similar to the air on the dry side of the drylinEhe cap prevented the moist air
from mixing with the dry air above it, which allodi¢he moisture to build

underneath the cap.

b) Maximum Dryline Structure (Noon)

A line of convective clouds began to form at 163D3JAt 1700 UTC the
line of clouds was well-developed. The locationtha$ line of convection
coincided with the location of the surface dryllmeesed on the surface analysis
(Figure 4.14). Fair weather cumulus convectiovetigped west of the dryline.

At this time the moist air on the east side ofdhdine remained cloud free as the
capping lid suppressed ascending motion (Figurg, 4igper right, and Figure
4.15). While the convective clouds developed adry air, there was still an
enhanced area of convergence which formed an eatidine of clouds along the
cloud — no cloud boundary (Figure 4.11 — uppertjigh
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At 1700 UTC the vehicle with meteorological senssampled the dryline. As
the vehicle proceeded from the moist air (east ihe dry air (west), the
instrumentation recorded the mixing ratio droppfiirmgn 8.2 g kd' to 5.5 g kg
over about 5 km (Figure 4.16). The high resolutimeasurements recorded by

the mobile mesonet help to establish the widthefdryline.

An analysis of the convective instability paramgtershown in Figures
4.17 and 4.18. The source data for these anadyses combination of the surface
observations, vehicle measurements and the sowdiigure 4.17 is a distance
cross section showing the convective availablergateenergy (CAPE), and the
convective inhibition (CIN). The CAPE built up ¢ime moist side of the dryline
to greater than 1000 J kghroughout the day, indicating support for relaljv
strong thunderstorms. The measurements at 1800red€anomalously high
CAPE and anomalously low convective inhibition (FIN the moist air due to
sparse data from the EA3 sounding. The most itfsigimage is at 2000 UTC,
because it is later in the day and has a compéttef soundings. The dryline is
characterised by very little CAPE and CIN on thg side, moderate CAPE (300
J kg") and significant CIN (25 J Kg around the dryline, and high CAPE and low
but non-zero CIN on the moist side (12 JkgThis can be seen on the map in
Figure 4.18 as well. Figure 4.18 shows no CAPEaging CIN (due to the
calculation method) on the dry side and a quickditaon (50 km) to high CAPE
(over 1000 J k) and low CIN (around 10 J Kyyon the moist side. There
appears to be an axis of the highest CAPE anothknbeast of the dryline,
caused by the axis of moisture visible on the serfaaps in Figure 4.8. The axis

of moisture can likely be attributed to moistur@eergence along the dryline.

The surface analysis at 1800 UTC (Figure 4.8, [@tvduced the highest
resolution image of the dryline because it inclusiescial ASRD measurements
at fire towers. ASRD fire tower measurements aker at 1200 UTC and 1800
UTC daily. The surface position of the dryline apped better defined at this
time due to these measurements. It is likely tivatdryline was as well defined

during the other times of the day when the firedbmeasurements were not
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available. The confluence of the surface windh@&moist and dry air was also
best defined at 1800 UTC (Figure 4.8, left) duéhese extra measurements. The
south easterly winds in the moist air and the sadsterly winds in the dry air
converged along the dryline. Wind speeds in thesthar averaged around 20

km H* while winds in the dry air were closer to 10 ki ht is also apparent from
Figure 4.8 that there was a horizontal mesoscaletste to the dryline with
specific undulations noticeable at North Ghostolalpband Willow Creek. These
horizontal bulges or waves are similar to obseovetioy McCarthy and Koch
(1982), and Atkins et al. (1998).

Figure 4.19 shows four selected analysed drylinations on a single
map. Aside from some small mesoscale perturbatibesdryline was
guasistationary on a synoptic scale throughout#ye The 700 mb winds
(Figure 4.4) did not show a jet. If there wastapfeenhanced winds at the 700
mb level, subsidence and mixing could bring thisamomentum down to the
surface causing the dryline to bulge eastwardsitiivout the day (Schaefer,
1986). Surface winds remained relatively lighthe dry air (about half the speed
of the surface winds in the moist air). Althoug)le tdryline was quasistationary
on a synoptic scale, there were several smallée scavements that occur along
the dryline. The surface weather station netwart sufficient resolution to
detect hints of some of these movements, yet teerghational network was not
fine enough to fully resolve the mesoscale bulgesraovements. The first of
these happened between 1800 UTC and 1900 UTC wikeaiiryline retrograded
westward through North Ghost (B6). Between thasegd, the mixing ratio rose
from 5 g kg'to 8 g kg' at North Ghost (Figure 4.8). There were no rédiatind
measurements at North Ghost. The first radar echppeared at 1900 UTC
(Figure 4.20), and were mostly weak echoes ofdirefeather cumulus variety.
The radar echoes appeared earlier, and were mose éad widespread in the

north half of the study area.

At 1915 UTC, the vehicle crossed the dryline a sddime. It appears

from the second crossing (Figure 4.16) that twairdis steps developed in the
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moisture gradient: the first from 4.7 gktp 7.4 g kg, and the second from 7.4 g
kg' to 8.3 g k. These two steps were separated by an interneemliaing zone
(mixture of the dry and moist air) about 15 km wid# is interesting to note that
Ziegler and Hane (1993) also reported a charatitetigo steps variation in

moisture in their dryline observations separatea lyixing zone.

The sounding cross section at 2000 UTC (Figure,4al@er left) revealed
that the sounding at WVX was within the mixing zorihe depth of the mixed
layer increased substantially with the formationh&f mixing zone as seen in
Figure 4.10 at 2000 UTC. A large plume of moistwees visible extending as
high as 700 mb. Significant drying at the surfals® occurred over WVX. The
coarse temporal resolution of the sounding datlafurs do not allow to
ascertain the exact time that the mixing zone agesl. However, some insight
was obtained using the time series of meteorolbgiaa sampled with the
tethersonde. The tethersonde was positioned wiitieimixing zone for part of
the day. The development of the mixing zone wadesn (Figure 4.21) when the
air became distinctly drier around 1830 UTC. Tingt valuations of
convergence and vertical motion were completedi&ba at 2000 UTC. Suitable
soundings were not available earlier in order tmpote these parameters earlier
in the day. Convergence and vertical motion weeduated based on the
triangulation of three soundings (Appendix A). @lkdivergence was visible,
but the magnitude of the divergence and convergemsemuch lower at 2000
UTC than at the later times. Some subsidence s@song between the surface

and 500 mb with a maximum rate of 0.06 m s

c) Convective Initiation and Dryline Dissipation (Early Afternoon)

The behaviour of the dryline became more unusu20@0 UTC in the
northern part of the study area. Between 1900 dn€2000 UTC, the moisture
gradient weakened and retrograded westwards indftbern part of the region.
The reasons for this are not apparent. The meigitadient weakened to the

point that this cannot be called a dryline in tletinern half of the region at 2000
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UTC. Deep convection began to be seen on visdildlge imagery (Figure 4.11)
at 2015 UTC. This convection developed on the tresske of where the dryline
used to be half an hour earlier. Strong radar eslod 40 dBZ appeared (Figure
4.20) at around 2040 UTC. Thunderstorms develapelifferent preferred
locations along the dryline at approximately theedime (within an hour of

each other), with the strongest radar echoes negclp to 60 dBZ.

UNSTABLE participants (including the author) measia maximum hail
diameter of 21 mm from one of these storms (Figu22). The hail was variable
in size and was opaque. Figure 4.23 shows a malb sfvere weather events
reported to the Environment Canada storm lineorfgticyclonic rotation was
observed in another thunderstorm later in the dayotation period of about 10
minutes was determined through time lapse photdgraphe source of this
cyclonic rotation may have been the low level atyiwhich built up later in the
day (Figure 4.24). Based on radar images (FigL2@)4the convection in the
north seemed to be more severe and longer lastargthe convection in the
south at this time. It is also apparent from Fegdir25 that the initiation of all of
the strong convection occurred within about 20 komfthe dryline. It also
occurred mostly on the moist side of the drylitsame of the convection formed
on what used to be the dry side of the dryline,thistconvection appears to have

been forced by the already existing convectior&ortorth.

While the dryline dissipated with the initiation @dnvection in the north,
the dryline persisted in the south half of the gtacka. There were no special
UNSTABLE measurements in the southern half of thiaain which detected the
dryline, so the surface analyses consisted of tipeed datasets from
Environment Canada, ASRD, and Telvent. These aaalgre shown in Figure
4.9. Throughout most of the day, the dryline i@ south half of the domain
stayed quasistationary within the resolution ofshdace measurements. There
were no mobile mesonet vehicles that took measurenie the area. Convection
in the area remained limited to small pulsing sheed thunderstorms which did

not leave the vicinity of the dryline. At 2300 UTte dryline retrograded
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westwards through Bow Valley. The mixing raticBaw Valley rose from 3.7 g
kg™ to 7.3 g kg while the wind shifted from 270° to 130°. Throwgit the day a
stronger easterly component of the wind was praaghe moist air near Bow
Valley. We think that the stronger easterly congsdmear Bow Valley was due
to the channelling effect of the Bow River ValleVhis pushed the dryline back
towards the west.

The most interesting event in the southern patth@®fstudy area occurred
at 0000 UTC where a mesoscale bulge formed inyiand near Willow Creek.
Before this bulge formed, the dryline was positbbetween Highwood and
Willow Creek (Figure 4.9). This was the case tigloout the day. At 0000 UTC,
the dryline advanced eastwards through Willow CreBlke mixing ratio at
Willow Creek dropped from 8.7 g Kdo 5.4 g k¢ between 2300 UTC and 0000
UTC while the wind direction varied between 27018D°. It is apparent that the
dryline proceeded eastwards, but it is not knoww far due to the lack of
available observational data. The strongest stdrthe day was initiated along
the north west boundary of the mesoscale bulg@2@2. This storm produced 2
cm diameter hail and radar echoes in excess 0B&0 d\fter this time the

dryline boundary becomes more diffuse and dissgpate

4.3 Dryline Criteria

In this section, we will determine whether the arglobserved on 17 July
2008 meets the “textbook” dryline criteria. Thgldre on 17 July 2008 had a
maximum moisture gradient of about 1 g'kgn*, as measured by mobile
transects (Figure 4.16). This is similar to mosisture gradients measured in
“textbook” cases in Texas and Oklahoma (e.g. Fui#®8, McGuire, 1962).

Schaefer (1974b) suggests that the narrow moibturadary must last for
6 consecutive hours in order to qualify as a deyli©on 17 July 2008, the narrow
moisture boundary lasted for different lengthsimiet in different parts of the
domain. The narrow moisture gradient was presara$ much as 9 consecutive

hours. Because it lasted longer than the reqanedunt of time, it is reasonable
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to identify this as a dryline. It is unlikely thtiis dryline could be mistaken for
the rear flank downdraft of a supercell thunderstas cautioned by Schaefer
(1986). Surface analysis shows that the dryline syamoptic in scale, and was

present long before and after convection was tettigFigures 4.7 and 4.8).

Throughout the study area, stations in the dripad south westerly
winds, while stations in the moist air had soutstedy winds. There were two
times throughout the day where the dryline crosseeather station with wind
measurements. In one case, the dryline crossdsioive/alley weather station.
The mixing ratio in Bow Valley rose from 3.7 g'ktp 7.3 g kg while the wind
backed from 270° to 130°. According to Schaef@8@), backing winds are
associated with a retrograding dryline (a drylineving from the east toward the
west), while veering winds are associated with@raacing dryline (moving
from west to east).

Another dryline crossing occurred at the Willow €kaveather station
between 2300 UTC and 0000 UTC, and again betwe@@ 00 C, and 0100
UTC. The mixing ratio dropped from 8.7 gktp 5.4 g kg at 0000 UTC and
then rose back up to 7.8 gkgt 0100 UTC. The winds were erratic near the time
that this happened, shifting from a south easwityponent to a westerly
component and back. The wind directions did notetate well with the dryline.
It appears that the dryline boundary must have beenclose to Willow Creek,
and that the convergence line was not preciseheladed with the dryline
boundary. In fact the convergence line appeardxzt ttocated just to the east of
the boundary. Matteson (1969) found that the diheonvergence indeed does

not always coincide with the moisture gradient.

All of the evidence presented indicates that thestuce boundary
observed on 17 July 2008 should be classifieddrglae. It lasted the required
amount of time, the moisture gradients were su#fitly large, and the wind

directions and convergence are in agreement walitéxtbook” cases.
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4.4 M esoscale structure, motion, and topogr aphic influences

McCarthy and Koch (1982) attribute some of the reeale variability of
the dryline to the presence of mesoscale drylineewa Mesoscale dryline waves
ripple along the dryline and appear to be a faictéihe motion of the dryline.
McCarthy and Koch (1982) do not speculate aboubtign of the waves, they
focus more on discussing the characteristics ofdnes. In more recent years
the focus on the mesoscale variability of the deylnas been on the effect of
horizontal convective rolls. Atkins et al. (199&)ggest that horizontal
convective rolls may have an effect on the mesesstalicture of the dryline.
Atkins et al. (1998) also found that horizontal eective rolls may cause

convergence causing the dryline to initiate deapeotion.

The 2008 UNSTABLE field project did not include Bcient data to
analyse these factors. Atkins et al. (1998) usdxbiane Doppler radar and other
aircraft measurements to investigate the effectsoakzontal convective rolls.
McCarthy and Koch (1982) completed surface analysisg a high spatial and
temporal resolution mesonet of surface weatheiosgin Oklahoma. The
analysis for this case study does not include Daxpgaldar at all, and does not
include aircraft measurements. The surface arsajso is not sufficient to
adequately analyse mesoscale dryline waves. Hrerkints of waves in the
location of the dryline on surface maps, but themot enough temporal or
spatial resolution to further analyse these featu@ne difficulty in using surface
analyses during the UNSTABLE project was the pratiraf the dryline to the
Rocky Mountains. This limited the number of measuents in the dry air.

Small mesoscale variations in the location and omodif the dryline may
also be caused by variations in local topographyere is considerable variability
in the local topography in the foothills of Albertdlumerous rivers carve valleys
through the mountains and foothills, while thereassiderable variation in the
structure of the foothills themselves. The eff@dbcal topography on the
location of the dryline has been presented asearsite by a number of
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researchers (e.g. Atkins et al. (1998) and Parsbak (1991)). Hill (2006), and
Strong (1986) note that the dryline (or the strietof the capping inversion) in
Alberta is susceptible to certain topographicalreasts, and the location and
evolution of the dryline can be influenced sigrafitly by topographical features.
The terrain and indications of where the topogragdwld allow air movement
within the UNSTABLE study area are shown in Figdr26.

Topography seems to be important for the 17 JudB2fase. The
mesoscale bulges seem to be associated with bvpedksen the foothill peaks
and with river valleys. In Alberta, the dry aiterfi pushes further east south of
Red Deer, and through the Calgary area (Hill, 2008)is did not happen on 17
July 2008. Instead, the moist air seemed to becidd further into the valley by
the enhanced winds in the moist air, creating astuce bulge to the west. The
channelling of the winds in the Bow River valleyutbbe the cause of these
enhanced winds, similar to observations by Atkinale(1998). Another bulge
that appears to have been affected by local topbgravas the eastward bulge in
the dryline that occurred in the vicinity of the W Creek weather station. Itis
possible that the Highwood River Valley funnellée dry air enhancing the

winds and allowing the dry air to push into the st@iir causing the bulge.

It is not known why the dry air bulged in this casel the moist air bulged
in the previous case. The wind field was genenatliifjorm in both the dry and

moist air. The effect of local topography will tece further study.

4.5 Discussion

The synoptic scale airflow supported a convectibieak. In general the
results were consistent with the conceptual motiséwere thunderstorm
initiation suggested by Strong (1986) and Smith dad (1993). One important
difference between the 17 July storm and the cdneémodel was the location

of the surface pressure lows.
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The dryline developed late in the morning, and g@easistationary
throughout the day. This is supported by the lafcétrong 700 mb winds. There
IS no extra momentum forcing the dryline to bul@irface analyses indicate that
small mesoscale fluctuations in the location ofdhgine occurred throughout the
day. They appear to be associated with local tggdyy. In particular, it seems
that the oscillations across the Bow Valley weas8tations are a result of wind
channelling in the Bow River Valley. It also appethat the Highwood River
Valley allowed the dry air to push out of the riwalley creating a dry bulge that

formed through the Willow Creek weather station.

On 17 July 2008, the cloud features and the ifotabf severe
thunderstorms were intimately connected to thetiosand evolution of the
dryline. The first convective clouds to developrgva line of cumulus clouds
located above the surface dryline. The conveatias sustained by the
convergence of surface wind along the dryline. $aifterwards, cumulus
clouds developed on the western (dry) side of thendary, while the sky
remained cloud free on the eastern (moist) sidaetiryline. The cloud — no
cloud boundary (evident on the visible satellit@agary) remains within less than

20 km of the surface dryline.

The development of deep convection began to bblgisin satellite
imagery at 2015 UTC, while strong radar echoes weerded at 2040 UTC.
Hail was observed at 2110 UTC by UNSTABLE particiiza The deep
convection visible on satellite and radar develogleag the dryline boundary
(within about 20 km). Radar indicates that moghefsevere convection

developed on the moist side of the boundary.
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Chapter 5

Comparison with the Textbook Dryline

In this chapter, we will compare the dryline andese thunderstorm
outbreak that occurred on the 17 July 2008 with‘tivetbook” dryline developed
from research in Texas and Oklahoma, and with sointfee severe thunderstorm
research carried out in Alberta and Saskatchewée. dryline has been studied
extensively in Texas and Oklahoma and a conceptodkel of the dryline was
developed by Ziegler and Hane (1993). Dryline aesle in Alberta and

Saskatchewan has been limited to a few case studies

5.1 A comparison with the Ziegler-Hane conceptual model

The dryline is generally considered the boundatwben moist air and
dry air (Schaefer, 1986). The interactions betwibermoist and dry air cause the
initiation of convection (Rhea, 1966). ResearctZlwgler and Hane (1993) and
Hane et al. (1993) has revealed some of the dyrsawhach may be involved in
the process. Ziegler and Hane (1993) developemheeptual model of the
dryline development from their results (see sec®@). This conceptual model
will be discussed in this section along with a cangon with the results obtained
on the 17 July 2008. The main addition to the nhbgiZiegler and Hane (1993)
is the mixing zone. The mixing zone is an interragdmixture of dry and moist

air along the dryline (Ziegler and Hane, 1993).

It appears that the dryline event on the 17 JuB@B82iarted out at 1630
UTC as a single dryline (Figure 4.16, toward tH#® leith a relatively narrow 5
km wide mixing zone. Later in the day, a uniformipist mixing zone about 15
km wide was observed producing two separate namoisture gradients on
either side (Figure 4.16, toward the right). Tharathe mixing zone appeared to
be intermediate between the moist and dry airs Ehsimilar to measurements
performed by a mobile mesonet vehicle by Ziegler dane (1993). They found

that there were two intense moisture gradientsraggaby a mixing zone about
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15 km wide which consisted of air that was interratzbetween the dry air and
the moist air. Hane et al. (1993) also detecteuxang zone in a different dryline
case. In their case, the “double dryline” was olzse by both mobile transects
and as two radar finelines, lending further crddibio the phenomenon. The
discontinuous dryline motion noted by Hane et E93) could be the cause of
such a mixing area, and may arise from the vertraaing model proposed by
Schaefer (1974b). A schematic of the double deytibserved on the 17 July
2008 is shown in Figure 5.1.

Various studies of the dryline utilising aircrafaverses (Fujita, 1958;
McGuire, 1962; Parsons et al., 1991) have showtrtlieae is a plume of moisture
above the dryline. Hane et al. (1993), and Ziegtet Hane (1993) propose that
vertical motion caused by convergence along thendryransports moisture up
into a vertical bulge above the dryline. On theJuilyy 2008, the WVX sounding
at 2000 UTC shows a plume of moisture extendingpuf00 mb (Figure 4.10,
lower left). This plume of moisture was not evitdenthe earlier soundings. The
plume of moisture may have resulted from the caymece as it built up later in
the afternoon along the dryline. The presencé@ptume of moisture is similar

to the model proposed by Ziegler and Hane (1993).

An interesting phenomenon noted by Hane et al.3)L.%nhd by Ziegler
and Hane (1993) is that the vertical plume of moestidvects eastward above the
cap and the moist air. Ordinarily, soundings i oist air will have an abrupt
decrease in moisture above the capping inversiona@er, 1986). The eastward
advection of the moisture causes a small increas®isture just above the cap in
the dry air (Ziegler and Hane, 1993). A plume diisture is evident on the
sounding cross section (Figure 4.10, lower rigbt)structed for 2200 UTC on the
17 July 2008. The vertical moisture plume formed@0 UTC above the WVX
sounding site, while the horizontally advected mwis plume occurred at 2200
UTC above the EA3 sounding site. The distance éetwhe two soundings was
about 40 km, and the 700 mb winds were about 2@rkdirected from WVX to
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EA3, This suggests that the moisture plume wasadsaesastwards similar to the

conceptual model proposed by Ziegler and Hane (1993

The location and movement of moisture on the 1y 2008 agree well
with the conceptual model proposed by Ziegler andd4(1993). The mixing
zone, vertical moisture plume, and horizontal moesplume described in the
Ziegler and Hane (1993) model are all discernahléhe 17 July 2008.

5.2 Convergence and vertical velocity

The convergence, vorticity, and vertical velocitgrey evaluated based on
a triangulation of three soundings. The methodsi@ing this are given in
Chapter 3 of this thesis, and the equations us#teievaluation of these
parameters are given in Appendix A. One must rebegrthat evaluating these
parameters using triangulation calculates the avesaged convergence,

vorticity, and vertical velocity for the entiredrigle.

The divergence, vorticity and vertical velocity aadculated in this case
for three soundings at 2000 UTC, 2200 UTC, and Q00C (Figure 4.24). There
were soundings taken earlier, but some soundings st and to maintain
consistency it is necessary to limit the calculad the fields to these times.
Convergence values (negative divergence) range fonm s / (100 km) to
(15 m $) / (100 km) (Figure 4.24). This is comparablg@tevious studies by
Ogura and Chen (1977), McGuire (1962), and Stra8gg).

Vertical velocity can be calculated from the comesrce values. Ogura
and Chen (1977) computed relatively low upwardigaltvelocity values prior to
convective initiation (15 cm’$, while much larger upward values after
convective initiation in the afternoon (more th@hdsn s). The values calculated
on the 17 July 2008 were mostly similar to valussukssed in Ogura and Chen
(1977). Vertical velocity values earlier in theyd@ere negative, indicating

subsidence was present. A maximum downward véxtéacity of 6 cm 8 was
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evaluated at 2000 UTC. Immediately after theaibin of convection, vertical

velocity values were positive and reached as highOscm 8.

Strong (1986) presented an ambiguity in the calmnraof vertical
velocity using the sounding triangulation meth@&trong (1986) determined that
although the sounding triangulation correctly asab/the average vertical
velocity, strong thunderstorms in the vicinity bétsoundings can greatly modify
the convergence and vertical velocity profile. latthan sampling the large
scale pre-storm vertical velocity to determineithiation of convection, the
triangulation includes the vertical motion of themderstorm itself. In order to
illustrate how this problem occurred on the 17 R008, the tracks of the
soundings for 2200 UTC are overlaid on the CAPB&aranap in Figure 5.2. The
tracks of the soundings diverge significantly alofihe cause of this divergence is
most likely the strong thunderstorm located neartiB2 sounding. The results
of the divergence calculations are therefore stilbgethe restrictions imposed in
the discussion in Strong (1986): the influenceamfwective storms must be taken

into account when analysing vertical velocities.

A discrepancy in the magnitude of the vertical edjoarises when
comparing the vertical velocities computed withrsdings (both on the 17 July
2008 and values derived from other research) wghdr resolution
measurements by Doppler LIDAR and aircraft. Wpile storm vertical
velocities evaluated from soundings are often addua m 3 directed upward
(Ogura and Chen, 1977), Doppler LIDAR and airctiafverses show that vertical
velocities within the dryline can range from 1 #t@5 m s (Parsons et al., 1991,
Atkins et al., 1998). It is likely that the causfethis is due to the inability to
resolve sharp gradients, as discussed by Parsahg#991).

5.3 Convectiveinitiation

All of the initial convection on the 17 July 2008cnirred on the moist side
of the dryline within 20 km of the boundary, asrse@eFigure 4.25. Some of the

later convection did not coincide with the dryliteit it can be traced to the
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effects of the initial convection (such as outflbaundaries). Radar echoes as
strong as 60 dBZ were observed from the severaddrstorms. UNSTABLE
participants measured hail with a 21 mm diametdrabserved cyclonic rotation
in the clouds. Callers to the Environment Canddansline provided several
reports of hail with a diameter greater than 20 rang one report of a weak
tornado. Many of the severe weather events oatuvedl after the dryline had
dissipated, but the storms which generated thetgwegre either initiated along

the dryline or related to a storm that was initisééong the dryline.

The analysis of the relation of the initiation ahwection to the location
of the dryline on the 17 July 2008 is in agreenweith the textbook dryline.
Rhea (1966) found through the analysis of manystsa the dryline most often
initiated convection within 50 km of the dryline tme moist side. Many severe
thunderstorms tend to be associated with drylirenesy and a large proportion of
destructive tornadic thunderstorms are initiatechgla well defined dryline
(Fawbush et al., 1951; Rhea, 1966; Bluestein amkiePal993; etc.). Dupilka
and Reuter (2005), Hill (2006) and Knott and TayR®00) have associated
drylines with tornadic thunderstorms in Alberta.

More recent studies suggest that the mesoscalebileyi of the dryline
may be associated with the location of the iniatbf convection. Severe
thunderstorms tend to be initiated in preferreéimns and these locations seem
to be related to the mesoscale variability of theime (Atkins et al, 1998). The
structure of the radar echoes and the patterneafi¢relopment of severe storms
on the 17 July 2008 are similar. Severe stormsieddo develop in preferred
locations and the preferred locations seemed tsbeciated with mesoscale
bulges in the dryline. The possible causes ofetlhesiges are discussed in section

5.2. Adequate data are not available to allowousohfirm that this is the case.

5.4 Which drylinesinitiate convection?

The problem of whether a specific dryline will iaie convection or not

has been an ongoing issue that has yet to berkdlylved (Ziegler and Hane,
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1993). Based on our findings, we propose the Votig mechanism for the
initiation of convection. Since the strongest cangence, and subsequently the
strongest updrafts are often (but not always -Matteson (1969)) coincident
with the strongest moisture gradient (e.g. Zieglat Hane, 1993), convection
would be expected to be initiated along the moshoundary. Because
convection should be initiated along the moistwertgary, it occurs within the
mixing zone proposed by Ziegler and Hane (1993)e 3tability of the air in the
mixing zone should then be the important factaletermining whether
convection will occur, although the strong vertinadtions measured within the
mixing zone (e.g. Parsons et al., 1991; and ZiesgterHane, 1993) will help
convection start with less instability. If the airthe mixing zone (a first guess
could be a 50-50 mixture of the dry and moistfaneéasurements are not
available) is close to convectively unstable there is positive CAPE), then
convection would be expected to start at the mizioge. Ziegler et al. (1998)
states that in order for deep convection to fotma,dir within the dryline mixing
zone must reach its condensation level and thé ¢té¥eee convection (where it
is virtually warmer than the surrounding air), lrefteaving the dryline induced

updratft.

Once sustainable convection is initiated withinmiging zone, the
prevailing south westerly winds in the upper atn@sp often associated with the
dryline will advect it eastward into the moist auhich provides much more
convective instability. It is here that the convee develops into severe storms
visible on radar. This could be the cause of theeovations of convection
developing to the east of the dryline (Rhea, 196@e convection supporting
precipitation may not develop until it is into thwre unstable airmass. The
cloud dynamics and convective activity should bplate before the storm is
visible on radar, since radar measures precipitatiot the development of the
cloud. Comparisons of satellite and radar imaderyhe 17 July 2008 indicate a
30 minute delay between the development of thed;land the development of

strong radar echoes.
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On the 17 July 2008, the sounding at WVX was withi& mixing zone
for part of the day, and although the CAPE was mawaler (Figure 4.17), and the
predicted cloud tops from the soundings were maulet, thunderstorms would
still be expected from the instability on the somgd There was more convective
inhibition, but we suspect that it would be easlyercome by the convergence
and upward motion along the dryline. Thus it agpehat the thunderstorms
developed and strengthened as they advected edstimtr the moister air, which
has much greater instability (Figure 4.17 and Fegud8). The location of the
initiation of deep convection can be seen in Figugs. Figure 4.25 plots
initiation of convection relative to the locatiohtbe dryline. The initiation of
deep convection was defined as when the radar scwpassed 45 dBZ. Note
that often the radar echoes were visible beforg ithtensified in the moist air,
and often began right on the dryline. Some evere wisible in the dry air before
they entered the dryline.

This mechanism for the initiation and developmdrgavere
thunderstorms on the 17 July 2008 does not coVéneakffects on convection.
Ziegler et al. (1998) found that the effect of syavind shear, the width of the
dryline, and the effects of the mesoscale updiadt are important in determining

whether a dryline will initiate convection.

5.5 Clouds, differential heating, and density gradients

For this case study, satellite imagery providesartgnt information about
the location of the dryline. The location and gtiowf clouds is intimately
connected to the location of the dryline. The muaisual aspect from this case
study is the presence of clouds in the dry aiafretly low absolute humidity)
and a cloud free sky in the moist air (relativelgthabsolute humidity). This is
not normally observed. Textbook cases of the aeyilmost always refer to the
presence of clouds in the moist air and a clouel $iey in the dry air (Schaefer,

1986). Some cases have referred to cumulus ciautie dry air (Hane et al.,
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1997), but there is no case known to the authdrdbmonstrates the presence of

extensive cloudiness in the dry air and an extenslioud free sky in the moist air.

Satellite imagery for the southern part of Albest@ws a distinct cloud —
no cloud boundary developing approximately paratidhe Rocky Mountains.
This boundary is present from west central Albagdar south as Montana
(Figure 4.11, upper right). Fair weather cumullesids formed on the west
(deep, dry, well mixed air) side of the boundarijlesthe sky remained cloud
free to the east (shallow, moist, capped air).th&sclouds developed, an
enhanced line of cumulus convection is observedgalbe boundary. The cloud
— no cloud boundary (and the line of enhanced cushcbnvection) coincides
with the dryline (as analysed from surface anajywithin less than the resolution
of surface measurements (Figure 4.14). This i$wuéhin other errors, and
shows that the dryline was the most likely caustefclouds.

If the cloud — no cloud boundary is caused by amndaides with the
dryline, then clouds are present on the dry siddedryline, while the sky is
cloud free on the moist side. This situation is@xely unusual, and it has not
been documented before to the knowledge of theoaufhhe following
mechanism for the formation of clouds associatetl thie 17 July 2008 dryline is
illustrated in Figure 5.3. To understand the pssdhat could cause clouds in the
dry air and a cloud free sky in the moist airsitrisightful to look at soundings
(Figure 5.4). On the 17 July 2008, there were dmgs placed on both sides of
the dryline. The moist sounding (Figure 5.4, rigitke) is capped close to 800
mb, which is below the condensation level for canive clouds. Essentially, the
cap is preventing clouds from forming due to thdrommvection. The dry air is
not capped in the lower levels which allows the ainfFigure 5.4, left side) to be
well mixed from the surface as high as 650 mb (let¢he day it mixes as high as
500 mb (Figure 4.13, lower left)). In fact, onetloé soundings in the dry air
(Figure 4.13, lower left) exhibits a change fromvell mixed dry adiabatic layer
to a well mixed moist adiabatic layer. The preseoica large area of well mixed

dry adiabatic layer, and a thin moist adiabatietgyst above it supports the
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presence of cumulus convection. Field observataiss support these

observations, as seen in Figure 4.15.

There is often a gradient in densiéy)(in addition to the gradient in
moisture (see section 2.5). Parsons et al. (1&%1bhuted thed, gradient to
differential heating caused by cloudiness in thestrair. This cannot be the case
on 17 July 2008, because although therefisgradient, the differential heating is
opposite. In this case, thggradient must be caused by a something else.
Ziegler and Hane (1993) also attribute thhgradient to differential heating, but
without giving a reason for the differential hegtinlt is possible that the
differential heating across the dryline may be edusy differing
evapotranspiration due to changes in land use Iieg al., 1995). Because the
moist air is capped, the moisture (and the subseqo®ler air due to the
evapotranspiration) tends to build under the capy moisture (and subsequent
cooler air) added to the dry air is mixed awayfaétor in the availability of
moisture is the change in land use from west tb dasAlberta, there is more
cropped land to the east, and more forest and neatuihe west. This would
result in greater evapotranspiration to the eaati(Rtz, 1998). Research by
Strong (1997) and Raddatz (1998) show that evapsieation by plants can
contribute as much as 4 gkgf moisture to the atmosphere over the course of a
day. An example of a thermal gradient that codat@used by evapotranspiration
is shown in the lower panel of Figure 5.5. Thrégecent land covers have three
different evapotranspiration rates. This causesthto cool more in areas of

high evapotranspiration creating the thermal gratdie

If the air on both sides of the dryline were frdme same airmass, and
evapotranspiration were the sole contributor tontlmésture in the moist air, then
0. should be mostly constant on the surface map.tH®rcase study, an axis of
higher6. is present on the plains immediately adjacenbéddothills (Figure
5.6). On either side of this axi,is very similar — it is about one degree cooler
on the dry side. This implies that moisture cogeace is taking place along the

foothills. Similar6. values on both the dry and moist side of the deybutside
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of the axis of higheb. support the idea that the some of the thermaligmésl

could be caused by cooling due to evapotranspiratio

5.6 Thedryline asa density current

More recent high resolution studies of drylinesi¢atke that there is often
(but not always) a density gradient across thary|Schaefer, 1986, Parsons et
al., 1991, Ziegler et al., 1995). In order to deti@e whether a density gradient
exists across the dryline, it is necessary to usgiable with a one-to-one
monotonic relationship with density. The most coomihy used variable in the
literature is the virtual potential temperatudg).( This is the temperature
corrected for altitude and humidity (See Appendjx Bor this case study, the
virtual potential temperature will be analysedhiree separate ways: surface
maps (Figure 5.7, left side), sounding cross sest{gigure 5.7, right side), and

mobile transects (Figure 4.16).

Analysing thed, derived from the MM2 mobile transect reveals some
interesting yet inconclusive results. The firgtlae crossing was at 1700 UTC.
The0, rose from an average of 300.7 K to 304.8 K stgaulier about 50 km,
while the mixing ratio dropped from 8.9 g'ktp 4.7 g kg sharply over about 3
km. It is unlikely that all the change @ can be attributed to changes across the
dryline. The magnitude of the gradien®indoes not seem to coincide with the
magnitude of the gradient in the mixing ratio, @mte the transect took place
over about an hour, it is necessary to filter awmuch of the change is due to
daytime heating (which is close to a maximum duthrg time), or due to
elevation changes (as described previously). df thuring the time that, rose 4
°C, the temperature at nearby stationary statiBasafd P2) rose an average of
1.5 °C due to daytime heating. The transect peréorat 1900 UTC provides
more insight. As we drove the vehicle from the diryinto the moist air, the,
dropped from 306.6 K to 305.8 K over 50 km, while tnoisture rose from 4.7 g
kg™ to 8.3 g kg over 25 km (in 2 discrete steps). In this casgine heating

would have acted against the observed gradieng. effiect of elevation change
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could have enhanced this gradient. The probletheog&ffect of daytime heating
on 6, while performing a mobile transect has been maetidby Crawford and
Bluestein (1997).

Analysing surface maps of virtual potential tempéne provide a time
independent analysis, but do not include the fialesmeasurements of the mobile
transect. The analysis for the 17 July 2008 gavdsfinite density gradient
(about 5 K per 100 km) with warmer temperatures/élodensity) in the west and
cooler temperatures (higher density) in the ed@his is similar to some of the
gradients observed in the United States (Ziegldriane, 1993 and Parsons et
al., 1991). The, gradient is much more diffuse than the moistuesligmt across
the dryline visible on the surface maps in Figu& 45ome previous research
reports a sharf), gradient along the dryline (e.g. Ziegler et 8093 and Parsons
et al., 1991), while others report both diffuse ahdrpd, gradients superimposed
on one another (Atkins et al, 1998 and Ziegler ldade, 1993).

Given the difficulty in assessing the density geadifrom the mobile
mesonet transects and the poor resolution fronasanalyses, it is also possible
to assess the density gradient from soundingsauecthe dry air above the
capping inversion supposedly has the same sourttee @by air at the surface
(Schaefer, 1974b), there should exiét gradient from below the inversion to
above the inversiord( being conserved with altitude). From the EA3 2Q00C
sounding, thé, rises from 303.0 K in the dry air to 305.4 K iretimoist air
giving a 2.5 K difference. This method also mayl®the most accurate. Since
the dryline advances by mixing away moisture from surface (Schaefer, 1974b)
the dry air should be somewhat moister than thalsre the capping inversion.
This is indeed the case. The average mixing dtthe dry air is 4.7 g khwhile
the mixing ratio of the dry air above the cap vadetween 2 and 3 g kg This
problem in assessing the density difference froomdings is also stated by
Atkins et al. (1998). Using soundings to analysedensity gradient is most
accurate (but not fully accurate) because it do¢suffer from the effects of poor

spatial and temporal resolution. Daytime heatimg) #tne smoothing of the
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gradient are essentially eliminated. The downéalhe differences in moisture
(and thus potential temperature) between the drgtdhe surface and the dry air
aloft.

It is possible that the observed density gradiemiot a result of the
dryline or synoptic setup at all. Under synoptigaliescent conditions without
any gradients in moisture, gradienttpican set up over sloping terrain (Figure
5.5). Thisb, gradient is due to the effect of the slope oftdreain alone.

Daytime heating from equal solar radiation will waareas relatively equally, but
because of the slope, thevalues will be quite different. A 500 m differenc
could automatically produce a 5 degree chandg. it appears that this
phenomenon could be a significant factor in theeoled densityf(,) gradients

for 17 July 2008.

An examination of equations for the propagatiorespef a density
current has been applied to the dryline in a nurobeifferent cases. The

equation used is as follows:

/ A8
c= ghTv (1)

c is the speed of the density current relativénéorhean flow, g is gravity, h is the
height of the denser fluid, and./ 0, is the virtual potential temperature
buoyancy (Parsons et al., 1991; and Ziegler eL885). Derivations of different
variations of this equation and general theoriethenrmovement of fronts are
shown in the appendices in Dj¢i(il994). The movement of the boundary is
caused by the weight of the denser air, which istrdoyline cases is the moist air
(Djuri¢, 1994).

Applying equation (1) to the 17 July 2008 givesapgagation speed of 10
m s This calculation uses the virtual temperatureligrst measured by the
soundings. The calculated speed is considerabtanay not be accurate as the

moisture content of the dry air on the west sidthefdryline is higher than the
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moisture content of the dry air above the moist &ilgher moisture content
implies more evapotranspiration, more cooling (Fegb.5), and a slower
propagation speed (Equation 1). Another consigerdtom both Parsons et al.
(1991) and Miller et al. (2001) is that the flowtbE density current is opposite
the gradient of the terrain (i.e. the boundary nsawehill). Parsons et al. (1991)
has determined that the slope is insignificantemds, but it is insightful to
examine it for Alberta. Since gravity will restbie density current flowing uphill,
the acceleration due to gravity can be calculagaguthe slope (in the general
vicinity of the dryline) and a reduced gravity (mdMiller et al., 2001). This
acceleration will result in the density currentihggits speed in approximately 5
hours, which is certainly enough to noticeably netthe flow. It appears that the
slopes where the 17 July 2008 dryline occurredstaeper than the cases

analysed in Texas and Oklahoma.

It is possible that due to the timing of the moliEnsect measurements
on 17 July 2008, the correct conditions for therfation of the density current
were not observed. As the dryline measurements tagen around noon, and
drylines typically acquire a density gradient ldtethe afternoon and early
evening (Schaefer, 1986), the density gradients maag been missed. Another
problem with analysing the density gradient is weethe density measured at
the surface is consistent throughout the boundamr! Mobile surface transect
and aircraft analysis by Ziegler and Rasmussen8)l@@icate that gradients of
moisture and density can be almost double the sirfalue as little as 150 metres
above the ground. This seems to be the case gttdta from the 17 July 2008,
with much stronger density and moisture gradiergidble on the soundings than
at the surface. There were no aircraft measuresiergupplement this.
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5.7 Discussion

In many ways the dryline on the 17 July 2008 redemtextbook”
drylines. The strength of the moisture gradiernt e duration of the dryline
were similar to other studies. The confluencenefgouth west winds in the dry
air and the south east winds in the moist air agvath the textbook case. There
is some disagreement with the location of the cmmfte line and the location of

the dryline, but this amounts to less than 10 km.

The mesoscale structure and motion of the drylppears to agree with
some of the literature. Many recent studies ofdityéine with high resolution
instrumentation detect a mesoscale variation indbation and motion of the
dryline. This was observed on the 17 July 2008, appears to be significant in
the development of severe thunderstorms. It appethiat the cause of the
mesoscale variability could be variations in loogdlography. There is little
research on this and it needs to be investigatelleiu

The conceptual model provided by Ziegler and HA®93) discusses
several features that are present in this casg slad. The dryline on the 17 July
2008 consisted of 2 moisture gradients separated1®ykm wide mixing zone.
There was a plume of moisture above the mixing zameh advected downwind
(eastwards) of the dryline. It is likely that thieme of moisture was caused by
convergence along the dryline. The features resbin the dryline on the 17 July
2008 compare remarkably well with the conceptuatieh@roposed by Ziegler
and Hane (1993).

Convection on the 17 July 2008 occurred mostly witd km of the
dryline location, on the moist (east) side of tindide. This is in agreement with
textbook cases. The convection developed in isdlpteferred locations and
appeared to be associated with the mesoscale Mgyiabthe dryline. This has
also been noted in other research with finescakesorements. The
measurements taken during UNSTABLE were not suificto analyse this

further.
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The dryline on the 17 July 2008 is vastly differéom the “textbook”
dryline in one way. The textbook dryline has clsuthe moist air and a cloud
free sky in the dry air. On the 17 July 2008, ¢heas extensive fair weather
cumulus cloud cover in the dry air, while the mastremained essentially cloud
free. This situation has not been documented bdtothe knowledge of the

author. Section 5.7 provides an explanation aghpthis occurred.

More recent research into the dryline often firtt= there is a density
gradient associated with the dryline, and this demggadient drives the motion of
the dryline in accordance with the theory of dgnsiirrents. For the 17 July
2008, a gradual density gradient was observedhleusource of this density
gradient did not appear to be the dryline. It @ppd that there was no density
gradient directly associated with the dryline, #mat the motion of the dryline

was influenced by other factors much more tharedkfices in density.
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Chapter 6

Conclusions

This thesis documents the case study of the dritimaing on 17 July
2007 over Alberta. The focus is on the evolutibthe dryline and the associated
clouds and precipitation. The major observatialzah came from the operational
network of surface weather stations, Alberta Snatale Resource Development
(ASRD) weather stations, satellite images, weathéar, and UNSTABLE
special instrumentation. UNSTABLE special instrumagion included mobile
transects, 2 hourly soundings from 4 sites, bounkdaer observations, and eight
supplemental weather stations. Another importantmonent of the UNSTABLE
dataset included manual observations and exteokue photographs by
UNSTABLE participants.

6.1 Dryline structure, clouds, and precipitation

This section deals with our science question #Ww ldce the cloud and
precipitation organized relative to the dryline?

a) Dryline characteristics

A sharp water vapour mixing ratio boundary formadatiel to the Rocky
Mountains around 1030 MDT. The boundary was latatehe western part of
the UNSTABLE study area and lasted a maximum ad@#& This boundary was
synoptic in scale. Based on satellite imagery ntloésture boundary was
suspected to have been more than 1000 km longglstrig from central Alberta
south to Wyoming. The width was estimated by nehikather stations to be
approximately 5 km with a water vapour mixing rattlange from 4.5 to 8.5

g kg* giving a moisture gradient of about 1 g'kgn'™.

The properties of the moisture boundary were iridieaof a dryline. A
narrow transition zone between the dry and moisivas observed, and

convergence was found in the vicinity of the bougdaviass convergence
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appeared to occur on both sides of the boundahgwagh the scale of analysis
made it difficult to say this for certain. The mlary remained quasistationary
throughout its existence. The dry (west) sidehefltoundary was well mixed
from the surface up to as high as 500 mb (aboum AGL). The moist (east)
side consisted of a shallow moist layer at theasgricapped at around 800 mb
(about 1 km above the ground). The length of thenldary suggests a synoptic
scale boundary. The weak temperature gradient {&3@uper 100 km) precludes
a baroclinic front. The dryline was evident oredléie imagery as a stationary

line of convective clouds along a cloud — no clbodndary.

b) Horizontal structure and motion of thedryline

On a synoptic scale the dryline was quasistationérgersisted along
approximately the same line for as much as nineshdepending on the location.
The weak 700 mb flow and the approximately equslexly component at the

surface support this conclusion.

Although the location of the dryline was quasistaéiry on a synoptic
scale, there was a distinct mesoscale variatidhdriocation of the dryline. The
undulations visible in the dryline appear to reskentbe mesoscale dryline waves.
There were small bulges both into the moist andagityand these bulges changed

over the course of the day.

The mesoscale bulges in the dryline were affecyetthd local topography.
In the one case the moist air bulged westwardsti@alry air through Bow
Valley, with the stronger winds in the moist aivadting the dryline westwards.
It is possible that the winds were stronger dugaéochannelling of winds into the
Bow River valley, as suggested by Atkins et al98) In another case, the dry

air bulged eastwards through the Highwood Riveleyal
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¢) Organisation of clouds

The sky remained cloud free over the entire UNSTERIomains from
daybreak until 1100 MDT. At 1100 MDT, the drylima&s visible on satellite
imagery as a line of convection along the clouad-€loud boundary. The cloud —
no cloud boundary coincided with the dryline witl2d km. The mesoscale
movements of the dryline were not noticeable inddellite imagery of the line

of convection.

Within 30 minutes of development of the line of eecation, fair weather
cumulus clouds formed in the dry air to the wedhefdryline. In contrast, the
moist air to the east of the dryline remained cloeé. Cumulus clouds
developed on the dry (west) side of the drylineglose there was no low level
capping inversion on the west side, and the airretasively well mixed from the
surface as high as 500 mb. The temperature anddhymn the dry side allowed
for the boundary layer air to reach the condensdéwel forming clouds. The
sky remained cloud free on the moist side of thydird until about 1500 MDT.
The height of the capping inversion (about 800 mlihe moist air prevented
deep vertical mixing which did not allow the airreach its condensation level,

preventing the formation of clouds.

After 1500 MDT cumulus convection continued on dng side of the
dryline as the boundary layer deepened, while camuoibus clouds associated
with deep convection occurred just to the eashefdryline. The cirrus anvils
associated with these clouds drifted eastwards theemoist air, although there

were still no convective clouds that formed welthin the moist air.

€) Organisation of precipitation

Strong radar echoes (exceeding 50 dBZ) developddna20 km of the

dryline on the moist side. The storms remainetiostary when they were most
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intense. Hail accumulated 10 cm deep on the grouMdSTABLE participants
measured maximum hail size with diameter 2 cm. Sthems that developed were
multicellular storms which formed along the drylin€he radar data showed

three-dimensional characteristics of the preciitaaissociated with the dryline.

The location of the dryline bulges sometimes calaediwith the location
of the first strong radar echo formation. The atittn of strong convection
appeared to be more prevalent where the dry amrembd eastwards, particularly
near the bulge that formed over the Highwood RWatey. As this bulge
formed, a radar echo exceeding 55 dBZ formed totinth east of the bulge and

drifted eastwards. Large hail fell from this storm

2 cm diameter hail, and one weak tornado were tegdo the
Environment Canada storm line. UNSTABLE patrticifsaobserved cyclonic
rotation in the cloud base in one of the intensmderstorms. A rotating wall
cloud was seen that lowered the cloud base. likaly that the intense small
scale vorticity observed in the thunderstorm wasnsped from the mesoscale
vorticity found at low levels by sounding triangtiten. No tornados or funnel

clouds were reported for this rotating thunderstorm

The convergence associated with the dryline waseswion surface wind
maps, calculated using sounding triangulation,iemgied by convection seen on
satellite imagery. The convergence combined vinéhgdroximity of the dryline to
the initiation of severe storms shows that theideylvas instrumental in initiating

the convection.
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6.2 Comparison with textbook cases

This section deals with our science question #2vidoes this dryline

compare to the textbook drylines?

a) Comparison with conceptual models

The dryline on the 17 July 2008 is similar to cqrtc@l model of a dryline
developed by Ziegler and Hane (1993). The textlrgkne tends to have two
bands of strong moisture gradients which are s&hitay a mixing zone about 10
to 20 km wide. Within the mixing zone, a plumenodisture extends well above
the altitude of the cap and is advected eastwdrogeathe moist air. The mixing
zone consists of a mixture of the moist and dry{Aegler and Hane, 1993). In
the 17 July dryline, the same structure was foutedt 4300 MDT. Two moisture
gradients were associated with the dryline sepaitayea mixing zone. A
sounding was located within the mixing zone andmed a deep moisture plume
above the dryline. Two hours later, remnants efdhme moisture plume had
moved about 50 km eastwards above the cappingsiove(at about 700 mb).

A major difference between the 17 July dryline #meltextbook dryline
was the spatial distribution of the clouds relato¢he dryline. In the textbook
dryline, clouds are present on the moist (eas® sfdhe dryline. These clouds
are usually stratocumulus or altocumulus in nasume quite often are broken to
overcast. A cloud free sky prevails on the dryqtiside of the dryline, although
there are occasional reports of high based cunuldusis (e.g. Ziegler et al.,
1998). On the 17 July 2008, extensive fair weathwenulus clouds were present
on the dry (west) side of the dryline while the skys cloud free on the moist
(east) side of the dryline until the initiation sévere thunderstorms. This is in
complete contrast to the textbook case.
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b) Convective initiation

For the textbook dryline, thunderstorms tend tanteated near the
dryline on the moist side (Rhea, 1966). In margesahis convection develops
into severe thunderstorms. On the 17 July 2008 nitiation of convection
occurred within 20 km of the dryline also on theishside. It also occurred just
after the moisture plume was observed on the WMXadimg, indicating that the

convergence associated with the dryline most likefygered the convection.

c) Density current flow

There is ongoing debate over whether drylines sicteasity currents
(Hill, 2006). Some drylines have strong densitgdyents resulting in density
currents (Parsons, 1991), while other drylines @ehsity variations (McGuire,
1962). With the limited data available for thedily 2008 dryline an attempt
was made to determine whether there was a densityrt, and if so, whether the
density current controlled the movement of theloly. A weak density gradient
was detected, but the location of this density igratddid not always coincide
with the location of the moisture gradient. Ipisssible that in this case, the
density gradient was not associated with the deylbut was rather formed by
differential heating due to evapotranspiration eAtatively, changes in elevation
could have generated a density gradient. We cdadliat the motion of the
dryline on the 17 July 2008 was not significanttiven by density differences.

d) Synoptic and mesoscale motion

The textbook dryline moves eastwards during the dagi moves
westwards during the night (Schaefer 1986). Howethere are many deviations
from this diurnal pattern. For example, there ha@en cases of stationary
drylines. On a synoptic scale, the motion of thdinde of 17 July was
guasistationary. On the mesoscale, however, taitm and movement of the 17
July dryline had significant variations. Also, teesoscale horizontal structure

varied. Mesoscale dryline waves (McCarthy and Kd&82), horizontal
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convective rolls (Atkins et al., 1998), and vawats in local topography (Atkins

et al., 1998) have been postulated as differerdesaaf such variations.

€) Summary

Table 1 compares some characteristics of the Adlabstline of 17 July

2008 to the classical textbook dryline (for southenited States).

Textbook Dryline

17 July 2008 Dryline

Length of Dryline ~ 1000 km ~ 1000 km
Width of Dryline 0.1— 10 km 3 km
Duration of Dryline 4 — 48 hours 4 — 12 hours
Moist Air (east of
dryline)
Sky Conditions BKN - OVC SC/AC CLR
Wind Direction South to Southeast Southeast
Humidity 12 -20 g kg 9—11gKkg
Height of Cap 800 mb 800 mb
Depth of Moist Air ~ 1 km ~ 1 km
Dry Air (west of dryline)
Sky Conditions CLR - FEW CU SCT CU
Wind Direction Southwest Southwest
Humidity 2-59gkyg 5 g kg*
Mixing Height ~ 500 mb ~ 500 mb
Multiple Moisture Sometimes present Present by 1300 MDT|
Gradient
Mixing Zone Width 10 - 20 km 15 km
Moisture Plume Present| Yes Yes
Convective Initiation Sometimes Severe thunderstorms

D

Initiation Location

Near dryline on moist sid

e Neaylthe on moist
side

Motion
Early Afternoon Eastward Quasistationary
Evening Westward Quasistationary
Mesoscale variation Yes Most of the time

Table 1: This table is a comparison between théngrpn 17 July 2008 with textbook

cases.
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6.3 Recommendations for Further Research

Our recommendations for future research are méstiysed on analysing

data with an enhanced data network for a possittled field experiment.

A major limitation of this study in terms of anallyg kinematic variables
for the initiation of convection was the shortadgelpper air measurements.
Using the four soundings in this study, it was hap®ssible to estimate the
mesoscale convergence and thus vertical velo8igcause some soundings were
not available at all locations all the time, a coebtg set of observations was not
available for the calculations. Using additionalisdings will allow for the
computation of divergence, vorticity, and vertigalocity at every level in
enough different areas to produce the three diroaabstructure in the same way
as has been analysed by Ogura and Chen (1977Y. fGined that the kinematic
variables were extremely variable over small spatiales around the dryline.
This would be done in the same way as describéghpendix A, and could be
done in a limited way with the addition of as &tds two or three additional
sounding sites, as shown in Figure 6.1. It is aBwessary to launch soundings
earlier in the morning to evaluate the pre stormrenment, and to ensure that

the soundings included measurements at least hsakithe tropopause.

All field projects suffer from a shortage of higksolution data due to
costs of collecting the data. A numerical model kalp to alleviate this problem.
Models allow researchers to investigate featurastwimay not be observed at
high enough resolution in a field experiment. Example, the field experiment
could not properly resolve the dryline at all timesiere a high resolution model
may be able to. Other researchers involved in tRETABLE project are

analyzing numerical simulations of UNSTABLE foreetled case study events.

Another future study could look at the data prodithy the Foothills
Climate Array mesonet operated by the UniversitZalgary when these data
become available. This could provide insight iatoumber of topics discussed in

the literature such as mesoscale dryline circulatidicCarthy and Koch, 1982),
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and horizontal convective rolls (Atkins et al., 899 The resolution of the
mesonet is similar in resolution to some of theones$s used in Oklahoma, but it
only provides temperature and humidity data. Huok bf pressure and wind data
will make it more difficult but it will still be pssible to get some insight into the

variability of the position and motion of the dnd in Alberta.

Aside from a brief mention of agriculture by Scragfl986), and a short
section by Carlson and Burgan (2003) on fire metlegy, there have been very
little detailed studies on the effect of drylineslmth agriculture and forest fire
meteorology. A further study into either of thése subtopics could provide
more insight into the importance of understandhrggdryline in both Canada and

throughout the world.
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Figure 2.1: A schematic diagram showing the fororaind motion of the
Alberta dryline. The top panel shows the mornimlgere the dryline has not
formed yet. The moist air is present up to abbetdame level everywhere, and
thus gets deeper further east as the topograpipg arfb. In the lower panel,
daytime heating mixes away the cap to the westlaadry air (and westerly
winds) come to the surface. The moist air doedroause the cap has not been
mixed away yet. The boundary between these idityime.
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Figure 2.2: A schematic diagram showing the fororaind motion of the
Alberta dryline. The top panel shows the boundaygr deepening in the dry air.
Mixing along the dryline creates a mixing zone.eThixing zone contains a
mixture of dry and moist air. In the bottom pare@invergence along the dryline
eventually raises the air past its condensatioel l@nd convection is initiated.

The convection then will drift into the moist aimcgintensify.
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Figure 3.1: An overview map of the location of theSTABLE Study area
within the province of Alberta, Canada. Edmontad &algary are shown, as
well as the boundaries of Alberta and the UNSTABRfimary and Secondary
Domains. The colours represent a digital elevatimael with greens being the
lowest elevations and reds being the highest.
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Figure 3.2: The surface weather stations usederstinface analysis are shown
here in the context of the UNSTABLE area. Theoads are Environment
Canada stations, the blue ones are provided byriallsistainable Resource
Development (Forestry), and the green ones araged\by Telvent, and are used
for road reports for Alberta Transportation. Aleoated on the map are the

soundings (each sounding site had a surface statmahthe special UNSTABLE
surface stations.
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Figure 3.3: The locations of the upper air soundiitgs on 17 July 2008 and the
tethersonde. MB1 and MB2 were the mobile soundimgte WVX is located in
the town of Water Valley and EA3 is located at @lds — Didsbury Airport. The
thick blue line represents the line for which tihess section in Figure 4.10 lies
on. This line was oriented perpendicular to thgine and as close to all four
soundings as possible. The tracks of one of thellenmesonet vehicles are
shown in green.
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Figure 4.1: 500 mb heights and 500 mb temperafuwes 1200Z 17 July 2008,
1800Z 17 July 2008, 0000Z 18 July 2008, and 060®4uly 2008. Solid lines
are geopotential heights in metres, and dashesl $ireetemperatures in degrees
Celsius. Image provided by the NOAA/ESRL PhysBalences Division,
Boulder Colorado from their Web site at http://wwearl.noaa.gov/psd/.
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Figure 4.2: 700 mb heights and 700 mb temperafuwes 1200Z 17 July 2008,
1800Z 17 July 2008, 0000Z 18 July 2008, and 060®4uly 2008. Solid lines

are geopotential heights in metres, and dashesl $ireetemperatures in degrees

Celsius. Image provided by the NOAA/ESRL PhysBalences Division,
Boulder Colorado from their Web site at http://wwearl.noaa.gov/psd/.
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Figure 4.3: 850 mb heights and 850 mb temperafuwes 1200Z 17 July 2008,
1800Z 17 July 2008, 0000Z 18 July 2008, and 060®4uly 2008. Solid lines
are geopotential heights in metres, and dashesl $ireetemperatures in degrees
Celsius. Image provided by the NOAA/ESRL PhysBalences Division,
Boulder Colorado from their Web site at http://wwearl.noaa.gov/psd/.
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Figure 4.4: 700 mb winds over Alberta for 1200ZJufy 2008, 1800Z 17 July
2008, 0000Z 18 July 2008, and 0600Z 18 July 208&ds are contoured in 0.5
m s’ intervals with arrows indicating the wind directiolmage provided by the
NOAA/ESRL Physical Sciences Division, Boulder Caldo from their Web site
at http://www.esrl.noaa.gov/psd/.
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Figure 4.5: Sea level pressure analysis over gdider 1500 UTC, 1800 UTC,
and 2100 UTC. The sea level pressure is contaatrédmb intervals with relative
high and low pressure centres labelled. The baisslaf Alberta, the
UNSTABLE domains, and the appropriate geographyats@ shown.

82



Mixing Ratio and Winds
Time: 1200 Z
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Figure 4.6: Mixing ratio values and the wind vesttor the UNSTABLE

domains at 1200 UTC, and 1400 UTC. The mixingpratigraduated in 0.5 g Kg
intervals with the labels on the image. The arrosggesent the wind vectors and
point in the direction of the wind flow with longarrows indicating stronger
winds. Dry air is indicated by orange and yellavloairing, while moist air is

indicated by shades of blue.
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MixingTRatio anzd Winds MixingTRatio and Winds

ime: 1600 ime: 1630 Z
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Figure 4.7: Mixing ratio values and the wind vesttor the UNSTABLE
domains at 1600 UTC, and 1630 UTC. The mixingpratigraduated in 0.5 g Kg
with the labels on the image. The arrows repretfentvind vectors and point in
the direction of the wind flow with longer arrowsdicating stronger winds. Dry
air is indicated by orange and yellow colouringjlemoist air is indicated by
shades of blue.
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Mixing Ratio and Winds Mixing Ratio and Winds
Time: 1800 Z Time: 1900 Z
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Figure 4.8: Mixing ratio values and the wind vesttor the UNSTABLE
domains at 1800 UTC, and 1900 UTC. The mixingpratigraduated in 0.5 g Kg
with the labels on the image. The arrows repretfentvind vectors and point in
the direction of the wind flow with longer arrowsdicating stronger winds. Dry
air is indicated by orange and yellow colouringjlemoist air is indicated by
shades of blue.
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Mixing Ratio and Winds Mixing Ratio and Winds
Time: 2000 Z Time: 0000 Z
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Figure 4.9: Mixing ratio values and the wind vesttor the UNSTABLE
domains at 2000 UTC, and 0000 UTC. The mixingpratigraduated in 0.5 g Kg
with the labels on the image. The arrows repretfentvind vectors and point in
the direction of the wind flow with longer arrowsdicating stronger winds. Dry
air is indicated by orange and yellow colouringjlemoist air is indicated by
shades of blue.
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Figure 4.10: Vertical cross section depicting ooing of water vapour mixing
ratio (g kg') across the dryline for 1600 UTC, 1800 UTC, 20000,Jand 2200
UTC. The vertical axis is the pressure in mb, wihile horizontal axis is the
distance along the cross section (shown in Figu8giB km. The black area at
the bottom represents the topography. The figure eonstructed using
soundings and mobile transects. The location®&thunding sites (MB1, MB2,
WVX, and EA3) along the transect are shown on trizbntal axis. The moist
air is indicated by the blue and purple coloursilevtihe dry air is indicated by the
green colours. The red colours at the top aremdly dry air in the upper
atmosphere.
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Visible Satellite Image for 14002 July 17 2008 __Visible Satellite Image for 1830 July 17 2008
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Figure 4.11. GOES West visible satellite imagesafthern Alberta on 17 July
2008 for 1400 UTC, 1830 UTC, 2000 UTC, and 2300 UMZhite areas indicate
clouds, while dark areas indicate clear skies. Gdwndaries of Alberta are
shown. The line of convection along the cloud -eloud boundary is visible, as

are the storms which developed later.
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Figure 4.12: A cross section of the elevation ipgoh Alberta near the
UNSTABLE domains. The elevation is in m, while tfistance along the cross
section is in km. Notable geographical featuresdisplayed for reference. The
inset is a close up look at the Rocky Mountains taedoothills.

89



1600 Z

&00 &00

600 | F| em |-

7o | o
200
B850
500
925

1000
b

g0 |
B850
=| oo
Enl
0= 1000
msy mb

Figure 4.13: Comparison of thermodynamic soundfogslifferent locations and
times. The best textbook soundings in either tiyeod the moist air are
compared.

Left top: Soundings at 1600 UTC at EA3 (red) in theist air and at MB1 (blue)
in the dry air.

Right top: Soundings at 1800 UTC at WVX (red) ie thoist air and at MB2
(blue) in the dry air.

Left bottom: Soundings at 2000 UTC at EA3 (reddhie moist air and at MB2
(blue) in the dry air.

Right bottom: Soundings at 2200 UTC at EA3 (redhie moist air and at MB2
(blue) in the dry air.
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Dryline Location Mixing Ratio and Winds
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Figure 4.14: Comparison of the analysed drylireatmn with the location of the
cloud — no cloud boundary from satellite image$&0 UTC. The dryline is
shown by a dashed brown line, while the boundatyéen clouds is shown by
the dashed red line. The mixing ratio and windsaso shown with the scales on
the map, with isohumes of mixing ratio labelledjikg*. Again, dry air is
indicated by orange and yellow colouring, while staiir is indicated by shades
of blue.
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Figure 4.15: This photo was taken near P3 (theetstinde site) facing west south
west at 1630 UTC. The line of convective cloudsafel to the Rocky
Mountains is believed to indicate the convergerss®aated with the dryline.
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July 17 Mobile Transect (MM2) Data
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Figure 4.16: Measurements from a mobile surfagesteet across the dryline. The
thin black line is the virtual potential tempera&yK), the thin grey line is the
mixing ratio (g kg, and the thick black line is the mixing ratioeaftt has been
smoothed. In this case, the vehicle was drivemfitoe moist air, across the
dryline into the dry air, turned around and dri\e&tk across the dryline into the
moist air. The horizontal axis is the elapsedatiseé that the vehicle was driven.
Both dryline crossings are evident: one at 30 komglthe transect, and the other
at 125 km along the transect.
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Figure 4.17: Transect of the CAPE and CIN acrosdittyline at different times.
At 1800 UTC, the CAPE is anomalously high and tid {S anomalously low
due to a lack of data throughout the sounding é&et@on 3.4 c¢). Low CAPE
values on the west side of the dryline preventiges®rms, while high values on

the east side allow severe storms if they are érigy)
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CAPE (Virtual 50 mb mixed) CIN (Virtual 50 mb mixed)
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Figure 4.18: Contour maps of CAPE and CIN in theSTRBLE study area at
1900 UTC. The contour interval for the CAPE is 255" while the contour
interval for the CIN is 10 J Ky Both are calculated using virtual temperaturg an
are based on a lowest 50 mb mixed layer.
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Figure 4.19: The location of selected dryline gse$ throughout the day.
Dryline locations are shown by the coloured dadimss$. The dryline was
defined as the 7 g Kgsohume. This diagram shows the synoptic quaistry
nature of this dryline and the mesoscale variabilit
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Figure 4.20: 1.5 km CAPPI radar reflectivity imadesn the Strathmore radar
station near Calgary. Shown are images from 18D0 bn 17 July 2008 through
0100 UTC on 18 July 2008 at 1 hour intervals. Gbleur scale on the right
shows the rainfall rate in mn*h
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Figure 4.21: Time-height distribution of vapoumnimg ratio measured by the
tethersonde. This is contoured in 0.25 Ykgervals, with the time is in decimal
hours in UTC time. 6 measurements were taken letilee ground and 200
metres above ground. This figure shows the migioggn of the dry air around
1830 UTC as the dryline mixing zone formed.
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Figure 4.22: This photo shows a measurement dfigiiesize in one of the storms
on 17 July 1008. A loonie (Canadian dollar coidiameter: 26 mm) is provided
for comparison. The maximum hail size was a diamet 21 mm. Most of the

hail was close to spherical and opaque.
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Severe Weather Events near the UNSTABLE Study Areal
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Figure 4.23: This figure shows all of the severather events reported to the
Environment Canada Stormline on the 17 July 20@Bivthe UNSTABLE study
area. There were a number of severe hail repmiesfornado report, and one
report of a heavy downpour. The cities of Calgangd Red Deer and the

UNSTABLE domains are included for reference.
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Figure 4.24: Vertical profiles of the divergencerticity, and vertical velocity as
determined by the triangle depicted by the thremdmgs shown in Figure 3.3.
Divergence and vorticity are given in 1t s* m* while the vertical velocity is in
cm s*. The vertical axis denotes the pressure in nie divergence, vorticity,
and vertical velocity were evaluated at 2000 UTZDQ@UTC, and 0000 UTC.
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Figure 4.25: Location of the dryline and the irtiba of severe convection at
2100 UTC, 2200 UTC, 2300, UTC, and 2400 UTC. Tashed brown line is the
location of the 7 g K§isohume (the dryline), while the green stars hee t
location of the initiation of severe thunderstorfuisfined as radar echoes greater
than 45 dBZ).
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Figure 4.26: This is a digital elevation modellie tUNSTABLE domains. The
elevation is represented by the colours as indicat¢he legend. The
UNSTABLE Primary and Secondary domains are addedr@some of the
UNSTABLE and operational weather stations. Thé @irmows represent areas
where there is a significant valley that could alldry air to flow out of the
mountains resulting in a mesoscale bulging dryline.
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Earlier in the day (1700 2)
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Figure 5.1: Schematic illustrating a transect actbe dryline at different times of
the day based on the results of the 17 July 2068.c&he red line indicates the
mixing ratio (in g kg") versus the distance along the transect. Thisdighows
the development of the mixing zone in the afternoon
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Figure 5.2: The tracks of the soundings compardbddaadar images. The green
tracks are the 2000 UTC soundings while the rezkrare the 2200 UTC
soundings. Comparing the red and green tracksalysshows the increase in
divergence in the upper levels. In figure B, thear image is overlaid in order to
show the deviation of the soundings due to storiiige colour scale of the radar

is the same as in Figure 4.20.
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|Clouds Associated with the Dryline before Thunderstorms|
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Figure 5.3: Schematic cross section perpendicaldre dryline. The dry air has a
component of the wind towards the east, whereamthist air has a component
of the wind blowing west. The dry air and moist@nverge creating the mixing
zone in the middle of the figure along the dryliriéhe shaded light grey area is
well mixed and shows the mixing height. The cagpnversion (thick black line)
Is present in the moist air, which keeps the mihiegght close to the surface,
while the mixing height is much higher in the diy alrhe thick black dashed line
indicates a weakened cap within the mixing zonerggcting with the surface at
the western edge of the dryline. The black dasihedndicates the level surface
air must reach in order to condense into cloudse fixing heights do not reach
the condensation level in the moist air, preventiogids from forming. The
mixing height extends above the condensation levidle dry air and the mixing
zone, allowing clouds to form. Convergence aldrgdryline and a lower
condensation level in the mixing zone contributa tme of enhanced convective
clouds.
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Figure 5.4: A comparison of a sounding in the mais{WVX) and the dry air
(MB2). The horizontal lines are the pressure l@vehillibars, the diagonal black
lines are the temperature, the blue and red liretha dry and moist adiabats,
respectively while the dashed green lines are lnie®nstant mixing ratio. The
thick red line is the temperature, the thick griea is the dewpoint, while the
thick blue line is the temperature of an air paltd up through the atmosphere.
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Figure 5.5: Different ways that a gradual densidient could arise. The top
panel shows the issues caused by elevation wheg pstential temperature to
indicate density. Higher elevations could contrgbhigher potential temperatures
(and thus lower densities) based on elevation aldie bottom panel shows the
potential effect of vegetation / land use changethe virtual temperature.
Increases in evapotranspiration can contributeweting temperatures and thus
higher densities. Both of these effects can atteetdensity gradient across the
dryline.
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Equivalent Potential Temperature
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Figure 5.6: A surface analysis and cross sectidhegquivalent potential
temperature. In the surface map, the equivaletetnpial temperature is
contoured in 1 K intervals. The dryline is alsowh on the surface map. In the
cross section, the interval is variable. The presgevels in the cross section are
in mb, and the distances along the transect in km.



Virtual Potential Temperature
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Figure 5.7: A surface analysis and cross sectidhef¥irtual potential
temperature. Both are contoured in 1 K intervdlee scales on the surface map
indicate the UTM coordinates in metres. On thesgection, the distance along
the cross section is in km while the vertical seaifhe pressure level in mb.

11C



| Current Setup |

Figure 6.1: A schematic of the potential futureupetdf soundings. The black dots
are the current soundings, the grey dots are teefsoundings, the crosses are
the potential points where vertical motion couldevaluated, and the lines
delineate the triangles formed between soundifigie future setup would allow

a three dimensional analysis of convergence, \vtytiand vertical motion.
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Appendices

Appendix A: Method of calculating kinematic variables
(Summarised from Djuéi 1994)
Consider a field variable U that varies continugusix and y where (X, y)
denotes the coordinates in a horizontal Cartedemep Suppose that U(y) =
Uo. For a point (x, y) close to dxyo), we can approximate U(x, y) by the first
order Taylor series expansion:

ouU

U(X’y):U0+(X_X0)(?9—l)J(+(y_YO)a_y (A-1)

Here dU /dx anddU /0y denote partial derivatives in x and y at point ().

Let A, B, and C denote locations of three pointdhwbp-ordinates (% Ya), (Xs,
yg), and (%, Yc), respectively. LetAr u(Xa, Ya), Us = U(Xs, Ys), and @ = u(x, Yc)
denote the x component of horizontal wind vectgrants A, B , and C.

Substituting into (1) we derive a system of thiaedr equations:

0 0

Uy =Ug + (XA - Xo)a_i + (yA - yo)a_; (A-2)
0 0

Ug = Uy + (XB - Xo)a_;j( + (yB - yo)a_; (A-3)
0 0

U =Ug + (Xc - Xo)a_;l + (yc - yo)a_; (A-4)

We can solve (2)-(4) by substitution to find thetunknown variable du/dxand

ou/oy.

0u _ U (Ys = Vo) +Us(Ye = Ya) ¥ Uc(Ya — Vs)
= (A-5)

0x XA(yB _yC)+XB(yC yA) Xc(yA_yB)

a_u UA(XB Xc)+uB(Xc _XA)+UC(XA XB)
(A-6)

oy yA(XB_XC)+yB(XC_XA)+ c(XA_XB)



Similarly, we can derive two components of the hamntal gradient of the

horizontal y component of the wind vector v, to:get

%_ VA(yB_yC)+VB(yC yA)+Vc(yA_yB) (A-7)
0x XA(yB - yC)+XB(yC YA)+ Xc(yA - yB)
@ — VA(XB _Xc)+VB(Xc _XA)+VC(XA _XB)

(A-8)
oy yA(XB _Xc)"' Ys (Xc - XA)+ yc(XA XB)

After evaluating these equatiotdu/dx, du/dy, dv/adx, anddv/dy are all
known, and it is possible to calculate the horiabdtvergence and vorticity using
the following equations:

ou  ov

Divergence=0V =—+— -
g x  dy (A-9)
. ov adu
Vorticity =0 xV = ——-— -
y x dy (A-10)

This allows for the computation of divergence aodieity at any level for which
the winds are known at all three soundings, gidrdgtailed profile of the

mesoscale atmospheric dynamics.

b) Vertical velocity

By integrating the divergence from the surfacenttopopause, and assuming a
zero velocity at the tropopause, one can deterthmeertical velocity. This is

done as follows:

We start off with the continuity equation:

ou ov Jda
+ =-

I a—y a—p (A-11)

The left hand side of the equation is just thezworial divergence, while the right
hand side is the partial derivative of the vertigglbcity in pressure coordinates

with respect to the pressure in units of Pintegrating this equation from any
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given pressure level to the tropopause allowsHercalculation of the vertical

velocity. This is done as follows:

P20 , P2
Jn 5p 8P =1, O W) (A-12)
@p,) - @Xpy) = -3 (0 V)dp (A-13)

Since the tropopause is the beginning of an extsestable layer (the
stratosphere) with little vertical motion, it isasonable to assume a zero vertical
velocity at the tropopause. This allows for a difigation of the equations and

the calculation of the vertical velocity at eveeyél in the sounding.

o(p) == (O V)dp (A-14)

This can be converted from pressure coordinatesetoes per second by using

the following formula:

G
w=— (A-15)
go

Here, w denotes the vertical competent of the Vgloector, or updraft (in my,
g denotes the gravitational acceleration (g = %8 nandp denotes the density of

the air (in kg 7). Note that the air density varies with height.



Appendix B: Calculation of thermodynamic variables
(summarised from Wallace and Hobbs, 1977)

a) Surface pressure estimation

Atmospheric pressure is measured at some surfaggn@restations, but not at all
stations. In order to compute derived variablehsas mixing ratio, the pressure
must be known. In order to get the pressure, éhdeel pressures of the stations
with known pressures are calculated. After aveigginese out for the whole

area, the pressure of the unknown station cantbeaged knowing its elevation
and the approximate average sea level pressutbd@rea using the following

equation:

_ __oh
P= SLPexr{ RT+TH I'h)j (B-1)

P is the station pressure, SLP is the sea levetpre, g is 9.8 nish is the
elevation of the weather station, iR the gas constant for dry air, T is the
temperature in Kelvin, and is the standard temperature lapse rate of 6.5MC/k

b) Calculation of water vapour pressure, vapour mixing ratio and dewpoint

The water vapour pressure is calculated usingiati@ar of the Clausius—
Clapeyron equation. The following equation defities saturated vapour

pressure at a specific temperature.

_ L( 1 _1
e = 6.11exp{€(27315 TD (B-2)

e is the water vapour pressurg,is the latent heat of vaporisation at 15 °CiR

the gas constant for water vapour, and T is thepésature in Kelvin.

The actual vapour pressure is calculated usingetlagve humidity, RH

(expressed in percentages):

e=e,(2) (B-3)
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The mixing ratio can be derived from knowing th@ear pressure and the actual

pressure. It is defined as:

e

R &9

w is the mixing ratio, Ris the gas constant for dry air, B the gas constant for
water vapour, e is the vapour pressure of wateowa@nd P is the atmospheric

pressure.

The dewpoint is calculated using the Clausius—Gfapein the reverse way that
the vapour pressure is calculated:

1
T, = .
L —%In(e) (B-5)

27315 611

T4 is the dewpoint, Ris the gas constant for water vapourjd.the latent heat of

vaporisation of water, and e is the vapour pressure

c) Calculation of air density, potential temperature, equivalent potential
temperature and virtual potential temperature

The density of air is due to the variation of pteestemperature, and humidity.
It is calculated with the following equation, whiabcounts for the variation of
humidity.

_ P(M, +(EM,)
p= RT

(B-6)

p is the density, P is the pressure, w is the mixatm, M, is the molar mass of
water, M is the molar mass of air, R is the universal gasstant, and T is the

temperature in Kelvin.
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The potential temperature is the temperature aepafair could reach if brought

adiabatically to 1000 mb. This is given by thddwaling equation:

Ry
g= T(ij E (B-7)
P

0 is the potential temperature in Kelvin, T is tlutual temperature in KelvinP
is the reference pressure (1000 mb), P is the laaitupressure, Rs the gas

constant for dry air, and, & the specific heat capacity of dry air.

The equivalent potential temperature is the paaktemperature a parcel of air
could reach if brought adiabatically to 1000 mb &ad the latent heat of all
water vapour in it released. It is based on tlevalpotential temperature

equation, and is given by:

L w.
6 =0exp L= _
) F{CPTJ (B-5)

0. Is the equivalent potential temperaturés the potential temperature defined
above, L is the latent heat of vaporisation of wateyjsithe saturated mixing

ratio, G is the heat capacity of air, and T is the tempeeatf the air.

The virtual temperature, s what the temperature of an air parcel wouldf ke
had the same density as dry air with the same htymill is calculated with the

following equation:

T 1-¢

T, = =T|1+| — W -
©o1-(x)L-g) ( (fjj 9

Where T is the temperature, e is the partial presstiwater vapour, p is the

atmospheric pressure, w is the mixing ratio, amithe ratio of the gas constants

for water vapour and dry air (which is 0.622), cén be replaced k¥ and T can

be replaced by to give the virtual potential temperature.



Appendix C: Estimating sever e weather indices

To analyse the potential for convection soundinig dan be used to estimate
severe weather indices such as Convective AvaiRobtential Energy (CAPE),
Lifted Index (LI), Convective INhibition energy (§), and Precipitable Water
(PW). With only four upper air soundings over domain, it is not feasible to
construct maps with contour intervals of these teindices. However, it is
possible to substitute the surface values for thuadings with surface values for
the surface stations. This allows for the calcotadf the severe weather indices

at surface stations where there are no upper aereéations.

The main premise for this is the fact that the ugtmosphere doesn’t change
much, and that the variation in the parametersastiyi caused by boundary layer

changes, which can be approximated by the variabtesded at surface stations.

The procedure involves taking the sounding, addirthe surface temperature,
dewpoint, and pressure, removing any sounding nmeamsnts from elevations
below the surface station, and then recalculatiegsevere weather indices. This
can be done at any surface station and allowshécteation of contour maps.
For this case study, upper air variables are catledlusing virtual temperature

(density), and by mixing the lowest 50 millibars.

This seems reasonable for coming up with value€&IPE, lifted index, and
CIN. There is some variation with elevation, lwppears to be a real variation
and not an artefact of the substitution of surfstedions. In general, raising the
elevation of a surface station while keeping theeséemperature and humidity
will result in higher CAPE, and lower CIN. The feifence in elevation does not

have to be much in order to change these valuegisantly.

Using this procedure becomes problematic whenmigalith precipitable water.
Precipitable water is the total mass of water irgtsgl to the top of the
atmosphere (Usually 250 mb is more than high endoglatch most of the
moisture). Because the majority of the moistueg dontributes to precipitable
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water is found within the boundary layer, changelsaundary layer depth greatly
affect precipitable water. When looking at a cappieuation, stations that are
higher in elevation are closer to the cap, whidnés the top of the boundary
layer. This gives them a shallower layer of maistand a much smaller amount
of precipitable water. Likewise, stations at loevations (such as in river
valleys) get abnormally high precipitable waternes while having the same
surface humidity. The variation of precipitablet@ravith elevation can make it a

poor indicator of the location of the dryline.

Appendix D: Surface weather station data quality and usability

Certain surface data obtained from different saaici@not conform to what is
required for completing an analysis of the surfagmidity field, especially in the
dry air. Some stations (especially from ASRD) awsitioned at very high
altitude on the tops of mountains, and are pushiedtihe upper level dry air, and
are not representative of what would be at theasetf These stations are
excluded from the surface analysis. The cut @Valion was decided to be 2000

m. They include:

Nakiska (Environment Canada) Elevation: 2543 m
Barrier Lake (ASRD) Elevation: 2021 m
Hailstone Butte (ASRD) Elevation: 2370 m
Moose Mountain (ASRD) Elevation: 2431 m
Raspberry Ridge (ASRD) Elevation: 2360 m
Baldy (ASRD) Elevation: 2082 m
Cline (ASRD) Elevation: 2050 m
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The forestry stations that were removed only repbftf200Z and 1800Z, so this is
not a significant loss of data. The loss of Na&iflom Environment Canada is a
major loss in the dry air, but necessary for cdaaisy. Summers (2009) also
notes that ASRD weather stations tend to repaghsli higher relative humidity

than Environment Canada Stations due to their deiceted in forested areas.

In the dataset from Alberta Transportation, Okotetes not reporting most of the
day, and there were two stations which consisteefhprted anomalously low
humidity with no apparent reason. These two statltave also been excluded
from the analysis on the basis that the humiditseeis in error. The pressure
sensors on the Alberta Transportation weatherostsitre also not reporting
accurate pressure. The pressures reported acemgistent with anything that
should be reported in Alberta. In order to fixstithe atmospheric pressures at
the stations have been calculated using equatibridBprovide an estimate of the

pressure. The excluded Alberta Transportation ezadtations include:

Airdrie (Telvent) Reason: Abnormally low humidity

Ponoka (Telvent) Reason: Abnormally low humidity

Both of these weather stations are well into théstrair, and are in areas with

many other weather stations to supplement data.
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