Conceptual Models for Origins
and Evolutions of Convective
Storms

Advanced Warning Operations Course
IC Severe 1
Lesson 3: Hail Storms

@ Warning Decision Training Branch
Thetitle for the instructional component is*“Conceptual Modelsfor Originsand

Evolutions of Convective Storms. Thisisthe first instructional component in the
AWOC Severe Track. Lesson 3 will be on conceptual models for hailstorms.




Lesson 3 Learning Objectives

1. Determine the role of shear and midlevel
rotation on updraft strength.

2. Determine the roles of buoyancy and steep
lapse rates in hail growth zone.

3. Identify the effects of melting.
4. ldentify favorable hail growth trajectories.




Lesson 3 Learning Objectives

. ldentify favorable hail embryo source
regions in convective storms.

. ldentify favorable soundings for surface
based updraft hail and elevated updraft hail.

. ldentify characteristics of the hybrid
Multicell-Supercell Hailstorm.




1. Role of Shear and midlevel
rotation on updraft strength
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As seen in the section on supercells, wind shear produces horizontal vorticity that
can tilted into vertical in convective updrafts. Vertical vorticity is associated with
mid-level rotation. Many times rotation is strongest in mid-levels of a storm.
Regardless of the direction of spin of the rotation, whether cyclonic or anti-cyclonic,
there is going to be a centrifugal force associated with the rotation. The stronger the
rotation, the stronger the centrifugal force. To keep the forces balanced, an
opposing pressure gradient force must be present. Again, both cyclonic and anti-
cyclonic rotations will have an inward directed pressure gradient force, in turn
leading to a dynamically induced low pressure in the center of the circulation. Low
pressure in mid-levels lead to an upward directed pressure gradient force below the
circulation, and thus stronger vertical motion. It has been shown mathematically
that the dynamically induced (via mid-level rotation) contribution towards total
updraft velocity can be as large as the contribution due to buoyancy. With regards
to hail, stronger updrafts have the ability to support larger hail stones, thus the
presence of mid-level rotation can signal stronger updrafts within a storm, and thus
ahigher threat of severe hail with all other environmental factors being equal.

Key Point: A storm exhibiting mid-level rotation is more likely to contain severe
hail than one without rotation in identical environments with all else being equal.
This is because mid-level rotation can enhance updraft strength dueto a
dynamically induced vertical pressure gradient force.



2. Buoyancy and steep lapse
rates in hail growth zones
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Steeper lapse rates aloft increases the overall instability of the atamosphere. Greater
instability allows for more buoyant parcels of air if enough lift is present to
overcome any cap that may bein place. Intuitively, more buoyant air (and thus
lapse rates) within the —10 to —30 °C layer, corresponding to the maximum hail
growth zone, would mean stronger updrafts in the growth zone. All other factors
being equal, larger stones would have the ability be suspended longer in the prime
growth zones, thus growing even larger. To date, no studies have been done to
verify the usefulness of this concept...currently it isjust a conceptual picture of an
ingredient for simplified hail growth trajectories.

Key Point: instability and thus strong updrafts are preferential to large hail growth
in the hail growth zone, between about —10 and —30 °C.



3. Melting Effects
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Melting affects hail most significantly affects smaller hail sizes asthey fall through the 0°C level. All other factors bei ng
equal, small hail will melt proportionately more than large hail for 2 reasons: 1. larger hail has a higher terminal velocity
and spends much less time in the melting layer before reaching the surface and 2. surface areaiis related to the radius of the
hailstone, squared, while volume of rainwater lossis related to the cube of the radius. Thus, smaller hailstones will have
aproportionately larger surface area exposed to melting conditions than larger stones, and thus proportionately melt faster
than larger stones aswell. Certain atmospheric conditions favor more rapid melting as well, with the amount of melting
always dependent on the initial size of the hailstone. Conditions within the melting layer that favor melting are relative
humidity (higher RH promotes greater melting and/or the presence of liquid drops falling with the hail), temperature profile
(higher freezing level and warmer temps favor greater melting). Low relative humidity allows for a delay in the onset of
melting by providing favorable conditions for the hailstone surface to remain dry. In melting layers with 50% or less relative
humidity, melting has been found to proceed when the stone reaches air with +5 Oc, obvi ously diminishing the amount of

time the hail falls through the melting layer. Additionally, low RH hinders melting even if the stone is coated in water, since
the layer of water is more likely to evaporate off the surface, cooling both the hail stone and the surrounding environment,
further slowing the melting process. Having awarmer temperature profile intuitively results in more rapid melting, as heat
transfer from the atmosphere to the hailstone is larger in awarmer environment.

Another factor not mentioned above deals with hailstone ice density. Low density hail (common on the high plains), typically with
graupel cores, melts much more effectively than high density hail. It is also strongly size dependent, but it is very important to not
that low density hail is easily the most important factor when dealing with melting. The problem is that we currently have no way
of knowing if low density hail existsin a storm, nor what proportion of the total hailfall consists of low-density stones.

Finally, microphysical differences between the makeup of all the stonesin a hailfall can also influence melting, although these
differences have not been studied nor can they be measured at thistime. Some of these differences are shape of the hailstone,
hailstone size spectrum within a particular hailfall, and direct influences of surface hailstone heat transfer, among others.

Key Point: Smaller hail melts proportionately more than larger hail because of differencesin surface area and terminal falls speeds.
Thus, hail that is large in-cloud will remain large at the surface. Relative humidity, temperature profile, and hailstone density al play
important roles in the amount of melting a stone undergoes falling through the melting layer.



4. Hail Trajectories

Residence Time Example

Vt Df
Graupel
5 ms™

G

Storm

i . Relative Flow

8 km——

7 km——

6 k=

Skm—— ==

-I@Q-mx

LEGEND BPAWE
—3 10ms* 1 km—f—
. Updraft Velocities

--------- Reflectivity Overlay

Hail trajectories have been found to be extremely diverse within convective storms.
The diversity of the trajectories becomes even more complicated when the size of
the storm and the strength of the updraft/wind shear increases. A singletrip up an
updraft in a pulse storm can grow a hailstone up to about golfball size (Knight and
Knight 2001), and the updraft necessarily has to have an ideal vertical velocity
profile such that the hail stone spends as much time as possible in the updraft. An
updraft too weak won't allow a sizable stone to grow, and an updraft too strong will
gject the hail embryo too quickly before significant growth can occur.

Hail larger than about golfball in size can be produced with some
form of recycling trajectories within a storm or complex of storms. Recycling can
occur with multicelled convection where an older updraft produces hail that falls
into or near the base of a newer updraft. Supercell convection allows for numerous
recycling trajectories, but the bulk of the trgjectory studiesto date have found
relatively simple paths through or around the main updraft, and nearly al of the

growth occurs within a fairly narrow altitude and temperature range (-10 to -25°C).
The largest hail tendsto originate from embryos that find themselves on the
southwest side of the large updraft. Upon entering the updraft these particles are
then able to experience the longest growth time by traversing the full length of the
updraft’ s long dimension (Foote 1984).

The importance of any hailstone trajectory liesin the amount of time
the hailstone resides in an updraft, and thistime period is referred to as “residence
time”’. Asresidence time increases, so does the possibility for growth of large hail
within a convective updraft. Residence timeisincreased when: The hailstone's
terminal velocity is nearly balanced by an updraft, the updraft width is substantial,
and storm relative flow across and through the updraft isn't too strong.

Key Point: A wide variety of trajectories exist that can produce large hail. The important concept
isresidencetime within the updraft, the more the larger the hail. Wide updrafts and larger embryos
lead to the largest hail sizes.[]



5.. Favorable Embryo Source
Regions

« 2 primary sources, 1 secondary
source

1. Nearby growing CBs, flanking
lines

2. Stagnation points

3. Shed drops from growing/melting
hail
-- secondary source since hail already
in storm

The main issue about hail embryo originsis how embryos arrive within the strong updraft that is capable of growing to
large hailstones (Knight and Knight 2001). Thereisno real delineation between an embryo and small hailstone, thus
some of the principlesinvolved in transport are covered in other topics. A remarkable finding regarding hailstone embryos
isthat many analyses of hailstone collections from significant hailstorms from all over the world reveals mixtures of types
of embryos. The importance of thisisthat either embryo delivery into strong updrafts straddles the freezing level or
embryo sources are typically diverse: or both could be true. 1f embryos sources straddled the freezing level then frozen
drops and graupel particles would equally be likely as embryos.

Though embryo sources are very diverse, there are 3 important sources of hail embryos within convective storms. The first
iswithin developing cumulus towers on the flanks of parent storms or within newer updrafts within multi-celled convection.
The embryos grow within the developing updraft early in the lifecycle when updraft velocities are ideally not so strong that

all liquid water is advected too quickly vertically before significant growth can occur. Of course this mechanism worksin
single celled “pulse storms”, where embryos grow in a developing updraft, then as they are advected vertically, they grow
such that their Vt increases at about the same rate that the updraft velocities increase, thereby significantly increasing
residence time in the updraft growth zone. These storms, given the right environmental conditions and ideal updraft velocities,
can produce over 1.00 inch diameter hail from the initial embryo.

The second favorable source of hail embryos is near stagnation pointsin the mid-levels of a convective storm
with an intense updraft. The updraft is necessarily intense so that mid-level storm relative flow does not significantly penetrate
the updraft not significantly tilt the updraft. A stagnation point arises when the strong updraft is an obstacle to the mid-level
flow, resulting in adynamically induced high pressure on the upwind side of the updraft and aregion of little to no horizontal
flow where the mid-level flow splits and is diverted around the updraft. Again, the updraft is porous, i.e., itisn't a"rigid" obstacle to
the flow, it diverts a certain percentage of the mid-level flow, but some of the flow enters and mixes with the updraft. Thisregion
isimportant for embryo growth because it is on the edges of the main updraft in which the embryos can stay with the storm long
enough to grow.

A third favorable source of hail embryos is from drops shed from growing or melting hail or below the 0°C level. This source assumes
hail is already present in the storm. Hailstones that are greater than 9 mm in diameter have been found to shed liquid drops during either
melting or wet growth processes. These shed drops then can become hail embryos when they freeze. The majority of hailstones within a
severe thunderstorm with frozen drop embryos are likely to be formed through this process.

Key Point: Understand that where embryos come from is relatively unimportant, but what isimportant is where (and if) they are input
into the updraft. Know three important areas for embryo growth: stagnation points in the mid-levels of an updraft, within growing
cumulus towers on the flanks of the parent storm or within multi-celled convection, and from drop shedding. Additionally, all 3 sources
may be working within a given convective storm.[]
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5. Favorable Embryo Source
Regions

Sourceregion #1: growing cumulus towers or flanking lines



5. Favorable Embryo Source
Regions
Sample Hail Trajectory @ 7 km
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Sourceregion #2: stagnation points: very weak horizontal flow (and vertical flow),
thus allowing depositional/collection growth for embryos, typically graupel



5.. Favorable Embryo Source
Regions
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Source region #3: shed drops, which is a secondary source. This animation will
demonstrate hail in awet growth regime and how drops are shed from the ice core.



6. Hail Soundings

« 20 soundings, from all across the country,
from surface based to elevated, to ones with
thin CAPE, thick CAPE, no shear to high
shear, etc. These are located for review the
following link:

Hail Soundings

Thisisamost like a summary point, where we could show awide variety of
hail/non-hail soundings, making the point that RUC soundings near the inflow of
storms, especially those near the initialization times, can be decent representations
of the near storm environment, especially given the poor density of the rawinsonde
networks.

Key Point: Look for thick CAPE, good deep layer wind shear, |apse rates a oft.
Much like for supercell and tornado environmental assessment, but without any low
level shear and LCL/LFC considerations.
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7. The "Hail Monster”

» Nelson (1987) studied hybrid multicell-
supercell storms that dropped not only
enormous hail, but the enormous hail
covered a large area and these storm
persisted for several hours

» Characterized by a Deep Convergence
Zone (DCZ), huge reflectivity cores
along the southern flank and forward
flank, few if any tornadoes, tremendous
straight line winds

Hybrid multicell/supercell hailstorms produce not only unusualy large hail in high
quantities, but the hailswaths containing the large hail cover an extrodinary amount
of land, leading to destruction over alarge area. These storms are characterized
with intense gust fronts on their rear flank, and very deep zones of moist
convergence along the leading edge of the rear and forward flank gustfronts. these
storms tend to move very fast, to the right of the mean wind, and persist for several
hours. They are typically non-tornadic or very weakly tornadic, both in strength
and amount of time. The huge region of deep, moist convergence along the rear
flank allows for avery wide region of updraft, not necessarily one single updraft,
but likely many updrafts which collectively form awide region of rising motion.
Very broad updrafts have already been discussed as allowing a high amount of
residence time for hail to grow. The deep and broad convergence zone accounts for
the sheer size of the hail cores. Hybrid hailstorms typically have very high Z al
along south, west, and north sides of the mesocyclone.
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7. The “Hail Monster”

April 10, 2001 Supercell that tracked all the way across Missouri, turned out to be
the costliest hailstorm in US history. Notice the tremendous size of the reflectivity
cores on NW of the inflow notch and to the south, typical of these hybrid multi-

supercellular hailstorms. True to form, this storm produced only afew very weak,

brief tornadoes, but golfball to baseball size hail across entire counties occurred,
with very high amounts of this large hail.
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7. The “Hail Monster”

X Photographer

Thisis an example of a deep convergence zone along the rear flank. The X marks
the approximate location of the photographer in the next image
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7. The “Hail Monster”
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7. The “Hail Monster”

Thisis an example of aBWER of a storm with aDCZ.
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. The “HiI Monster”

Velocity images of the DCZ from previous reflectivity image. Notice the extreme
depth of the zone of convergence.
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Hail Ingredients Summary

Large Hail:

Microphysics Kinematics

High supercooled LWC Light SR flow through updraft

Wet growth in mixed phase region Large contiguous updraft, 20-40 m/s

Low density growth Optimal trajectories

Large embryos Favorable horizontal updraft
gradients

Large Amounts of Hail:

Microphysics Kinematics
High embryo concentration Large contiguous updraft, 20-40 m/s
Ample supercooled LWC Flow that injects embryos across a

broad updraft front

Summary of ingredients for large hail and large amounts of hail, but unfortunately
in many cases we don’t have any way of measuring these things for operational

usage.
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