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Squall Lines






A type of multicell storm consisting of a line of storms
with a continuous, well
developed gust front at the
leading edge of the line.
These storms can produce
small to moderate size hail,
occasional flash floods and
weak tornadoes
Squall lines occur all year
long and can stretch
hundreds or even thousands
of kilometers in length and
last for many hours.

Radar View of Squall Lines

Radar View of Squall Lines

Indianapolis, Indiana

25 July 1986 -- 1714 CST

© 1993 Oxford University Press -- From: Bluestein , Synoptic-Dynamic
Meteorology in Midlatitudes

Radar View of Squall Lines

Radar View of Squall Lines
A primarily 2D system

A system with significant
3D features

The Mesoscale Convective System
(MCS)






Squall lines are part of a broader genre of
organized storms known as Mesoscale
Convective Systems (MCS).
An MCS is a cloud system that occurs in
connection with an ensemble of thunderstorms
and produces a contiguous precipitation area on
the order of 100 km or more in horizontal scale
in at least one direction.
An MCS exhibits deep, moist convective
overturning contiguous with or embedded within
a mesoscale vertical circulation that is at least
partially driven by the convective overturning.

The Mesoscale Convective System
(MCS)

2D and 3D Features of Squall Lines


Squall lines can often be considered quasi-twodimensional systems, with the properties of the
convective cells and system-scale circulation features
quite similar all along the line. Because of this, much can
be learned by studying their circulation as viewed in a
two-dimensional vertical cross section taken
perpendicular to the line.



However, there are aspects of squall lines that must be
understood in terms of three-dimensional flow features.
For instance, when there is sufficient shear to support
supercells within the line, each supercellular updraft and
downdraft will display significant three-dimensional flow
characteristics. Also, mesoscale vortices often form at
the ends of a squall line or at breaks within the line.
Such mesoscale vortices are critical to the development
of severe bow echoes.

Satellite View of a Squall Line

Squall Line Morphology

Quasi-Linear Convective
Systems
Significant hazard to life and property






Straight-line winds
Derechos
Hail
Tornadoes
Heavy rainfall
& flooding

Courtesy E. Godfrey, OU

QLCS Damage: October, 2001 Springfield, OH

QLCS Tornadoes
18% of U.S. tornadoes
Many unknowns
 Warning lead time
(Trapp et al. 1999)

Obvious radar
signatures
 Environmental
conditions
Little in formal literature
on this topic


Courtesy E. Godfrey, OU

Union County, IL April 28, 2002
QLCS Tornado Damage

May 5, 1999
Linden, Tennessee








7:20 PM CST
F4 Tornado
3 Fatalities
Path length: 6 miles
Path width: 580 yards
Property damage:
$295,000

Courtesy E. Godfrey, OU

May 6, 1999 01Z

October 13, 1999
Circleville, Ohio








4:00 PM EST
F3 Tornado
6 Injuries, 0 Fatalities
Path length: 3½ miles
Path width: up to ¼ mile
Property damage: $4.0
Million

Courtesy E. Godfrey, OU

October 13, 1999 20Z

January 3, 2000
Owensboro, KY








4:06 PM CST
F3 Tornado
0 Fatalities, 18 Injuries
Path Length: 7 miles
Path Width: 880 yards
Property Damage: $64
Million

January 3, 2000 22Z
Courtesy E. Godfrey, OU

QLCSs vs Cell-Based Tornadoes
Tornadic QLCS

Tornadic Cell
3 May 1999
Moore, OK
F5 Tornado

13 October 1999
Circleville, OH
F3 Tornado
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Precipitation Types

Convective
(Leading
Edge of
Line)

Precipitation Types

Stratiform
(Well
behind the
line)

Stratiform Precipitation
Requires rising motion behind the
convective towers.
 The cloud tops radiate energy to space,
thereby cooling the top of the stratiform
region.
 Radiation from the ground is absorbed
by the cloud bases of the stratiform
region.
 This combination acts to destabilize the
atmosphere in the stratiform region.


Stratiform Precipitation


Updraft
– Convective towers: 20 - 50 m s-1
– Stratiform region: 0.1 - 0.4 m s-1



Much slower ascent in the stratiform
region. The result is much lighter
precipitation.

7 May 1995 Squall Line with Trailing Stratiform Precipitation

Impact of Horizontal Grid Spacing (km) in a
Numerical Model Simulation

Radar

Belair and Mailhot (2001)

Conditions Necessary for
Squall Line Development





Warm, moist air at low levels
Relatively cold air aloft
Mid-level dry air that can enhance the
downdraft and the vigor of the line
Environmental cap or inversion
– Prevents “widespread” convection



“Linear” forcing
– Cold fronts, dry line, outflow maxima
– Orography, valley wind currents

Vertical Wind Profiles

Structure of a Squall Line

Squall Line Cross-section




Precipitation falls into the dry mid-level
inflow. The evaporational cooling aids in
sustaining a strong downdraft.
Often there is a region of lighter precipitation
that follows the passage of the squall line >
stratiform precipitation.

Stratiform Precip.

Numerical Simulation (Rotunno et al. 1988)

Numerical Simulation (Rotunno et al. 1988)

Mesoscale Pressure Centers


Just behind the gust front is an area of
high pressure. This is called a
“mesohigh.”

Mesohigh
The mesohigh forms just behind the
gust front.
 A rapid pressure jump occurs.
 Caused by the combined effects of:


– Evaporation of precipitation
– Melting of precipitation


These two effects cool the atmosphere
to form a dense pool of cold air just
behind the gust front.

Arcus Cloud Examples

© 1980 The Pennsylvania State
University Press -- From:
Ludlam , Clouds and Storms
Patrick AFB

Norman, OK -- 27 May 1977

© 1993 Oxford University
Press -- From: Bluestein ,
Synoptic-Dynamic
Meteorology in Midlatitudes

Gustnado Produced by a
Squall Line

Mesolow


Behind the stratiform precipitation, a weak
low pressure region develops.



Forms probably because of the slowly sinking
air behind the stratiform rain.
This sinking air warms slightly, creating the
weak low pressure.



2D Evolution of Squall Lines


In presenting the
following evolution, we
consider the core region
of a squall line, which
essentially behaves as a
two-dimensional system.



For longer lines, this
evolution is
representative of the
majority of the entire
system.



We will look at the
variations to the basic
evolution produced by
weak-to-moderate and
moderate-to-strong
shear environments.

The Role of Low-Level Vertical Shear

The Role of Low-Level Vertical Shear

The Role of Low-Level Vertical Shear

The Role of Low-Level Vertical Shear

Effects of the Magnitude of Low-level Shear


Once formed, squall lines often
display a characteristic lifecycle,
starting as a narrow band of
intense convective cells and
evolving to a broader, weaker
system over time.



However, the time over which
this evolution takes place and
the specific structures that
develop within the squall line
depend strongly on the
magnitude of the low-level
vertical wind shear.



In general, weak-shear
environments produce squall
lines that spread quickly
upshear and weaken, while
stronger shear environments
produce stronger, more longlived lines composed of strong,
leading line convective cells
and, perhaps, bow echoes

Weak-to-Moderate Shear Case - Early Stage


During the early stages (t=1-2h),
the system is composed of mostly
independent convective cells, each
with its own updraft, downdraft,
and cold pool.



The line often appears quite
narrow, with the surface cold pool
generally confined to a small region
around the convective cells.



The surface flow field is
characterized by system-relative
inflow from the east, with diverging
flow evident within the cold pool,
and resulting strong low-level
convergence along the leading
edge of the cold pool, especially in
the downshear direction (relative to
the low-level shear vector).

Vertical Cross-section –
early stage


During the initial stages, a vertical cross section
through the interior portion of the line depicts the
development of an upright to slightly downsheartilted convective cell that evolves through a
classic lifecycle similar to that of an ordinary cell.



The flow field is initially characterized by lowlevel, storm-relative inflow from the east, a
strong upright to downshear-tilted updraft, and,
finally, an anvil outflow aloft that spreads both
westward and eastward, but primarily eastward
(given westerly shear).



As the initial cell decays, flow converges into the
downdraft at mid-levels from both the front and
rear of the system, and then descends and
spreads along the surface in the form of a gust
front. A new cell is then triggered on the
downshear side of the spreading gust front,
evolving in a manner similar to the first cell.

Vertical Cross-section – early stage - animation

Weak-to-Moderate Shear Case - Mature Stage


As the squall line matures (t=2-6h), it
develops a mesoscale organization,
characterized by a primarily solid line of
strong convective cells at the leading edge,
with an extensive surface cold pool
extending from the leading edge rearward.



A region of lighter, stratiform precipitation
now also extends well to the rear of the
leading-line convection.



A narrow region of very light precipitation,
referred to as a weak echo channel or
transition zone, is often observed between
the leading line convection and the
stratiform precipitation region.



The wind field at the surface is characterized
by diverging flow within the cold pool and
strongly converging flow at the leading edge
of the cold pool, especially on its downshear
side.

Surface Pressure Pattern / Weak-to-Moderate Shear


The surface pressure
field during the system’s
mature phase reveals
many of the classic
pressure signatures
associated with MCSs,
including
– a pre-squall mesolow,
– a mesohigh in association
with the surface cold
pool, and
– sometimes a distinct
wake low at the back
edge of the stratiform
precipitation.

Vertical Cross-section – mature stage


As the system matures, new
cells continue to be triggered
along the leading edge of the
system. They advect rearward
within the system, feeding into
an expanding stratiform
precipitation region.



The flow field now contains a
well-defined upshear-tilted
ascending front-to-rear
circulation that exits partially
forward, but mostly rearward
aloft.



In addition, it now exhibits a
descending rear-to-front current
at mid-levels that diverges both
forward and rearward when it
reaches the surface, within the
cold pool. This flow feature is
referred to as the rear-inflow
jet.

Vertical Cross-section – mature stage - animation

Weak-to-Moderate Shear Case - Later Stage










During the later stage of the squall line (t=48h), the leading line convection weakens
considerably as the surface cold pool surges
well out ahead of the convection.
The surface flow features are similar to the
mature system, but significantly weaker.
Although the convective cells have weakened,
the stratiform precipitation region may last for
several hours.
As the cold pool moves away from the decaying
cells, a new line of cells may be triggered as the
cold pool weakens, or as the system encounters
a more favorable environment. The system may
then again take on the characteristics of the
mature stage and continue its evolution as
before. This process has been observed to
lengthen the lifetimes of convective systems
considerably.
The MCS lifecycle may repeat itself as a new
round of convection is triggered at the leading
edge of the cold pool, as describe above, or if
an external forcing feature, such as a cold front,
helps to continually retrigger convection.

Vertical Cross-section – later stage


During the later stage, the
leading line of convective cells
becomes shallower and weaker
as the system tilts even more
upshear.



The flow field becomes
characterized by a much
shallower front-to-rear
ascending current, with the
rear-inflow jet descending and
spreading along the surface well
behind the leading edge of the
cold pool.



The surface cold pool often
considerably outruns the
precipitation region.



Eventually, the leading line
convective cells dissipate
completely, leaving behind the
stratiform precipitation region.

Vertical Cross-section – later stage - animation

Weak-to-Moderate Shear Case - All Stages

Vertical Cross-section – all stages - animation
The complete squall line
lifecycle generally takes
from as little as 3-5 h for
weak shear cases, to as
much as 4-8 h for moderate
shear cases.
The full lifetime of the
system, however, can often
be much longer if a new
round of convection is
triggered at the leading edge
by the weakening cold pool
or a more favorable
environment, or if an
external forcing feature,
such as a cold front, helps to
continually retrigger
convection.

Vertical Cross-section of Pressure Field at
Mature Stage / Weak-to-Moderate Shear
•A vertical cross section of the pressure
field during the mature stage depicts a
mesohigh associated with the cold pool at
the surface and a mesolow at mid-levels,
extending rearward from just above and
behind the top of the cold pool.
•Also depicted is the pre-squall low and
wake low at the surface and a mesohigh at
the top of the anvil.
•These mesoscale pressure features are
essentially in hydrostatic balance,
reflecting the integrated effects of warm
air and cold air in the atmospheric column
above the point of observation.

Severe Weather / Weak-Moderate Shear case


The largest potential for localized
severe weather, in the form of hail,
localized downbursts, and small
tornadoes, is during the early-tomature phases, when the leading line
convective cells are still quite strong.



In moderate shear environments
(especially those with high CAPE),
large swaths of high winds are most
likely during the mature phase, when
the system has begun its transition
from a vertically erect to an upsheartilted circulation. This corresponds to
the time when a rear-inflow jet is
beginning to be generated, with the
rear-inflow jet contributing
significantly to the strength of the
surface winds as it descends to the
surface.



Occasionally severe surface winds are
also observed at the back edge of the
stratiform precipitation region, in
association with the surface wake
low.

Moderate-to-Strong Shear Case - Early Stage



In strongly sheared environments, the
evolution of a squall line begins (t=13h) with an initially narrow line of
strong convective cells, with light
precipitation often extending
downshear (east) of the convective
cores.



Some of the cells may be supercellular.



The surface flow field again depicts
low-level relative inflow from the east,
with divergent flow within the cold
pool.

Vertical Cross-section – early stage


Viewed in an east-west vertical
cross section, the twodimensional evolution for
strongly sheared squall lines is
characterized by a much longer
period of downshear-tilted
structure than weakly sheared
lines.



This stage often lasts several
hours before the system begins
to tilt upshear (if ever).



Individual cells may display
extensive echo overhangs on
their downshear side.

Vertical Cross-section – early stage - animation

Moderate-to-Strong Shear Case - Mature Stage


As the system matures (t=3-8h), the
relatively narrow line of strong cells
persists, with bow-shaped segments of
cells also beginning to develop as well.



Lighter precipitation begins to extend
somewhat rearward (upshear), but to a
much less extent than in weaker shears.



The surface gust front maintains its
location at the leading edge of the
convective cells.



The surface flow field depicts strong
convergence at the surface along the
leading edge of the gust front, with strong
divergence within the cold pool.



The surface pressure field depicts a strong
mesohigh collocated with the cold pool.

Vertical Cross-section – mature stage


As the system matures, new cells are
continually regenerated along the
downshear portion of the gust front
produced by the older cells.



In a strongly sheared system, these
new updrafts still remain strong and
vertically erect through mid-levels of
the storm.



A rear-inflow jet develops, but in this
case it remains more elevated as it
approaches the leading edge of the
system.



Above the rear-inflow jet, the updraft
current turns abruptly rearward
(upshear).



Individual strong cells often continue
to display extensive echo overhangs on
their downshear side. .

Vertical Cross-section – mature stage animation

Moderate-to-Strong Shear Case - Later Stage


During the later stages (t=6-12h), leading-line
cells become weaker and more scattered along
the line, with the region of lighter precipitation
extending even further rearward (upshear).



Just as for a weaker shear system, as the cold
pool moves away from the decaying cells, a
new line of cells may be triggered as the cold
pool weakens or as the system encounters a
more favorable environment.



The system may then again take on the
characteristics of the mature stage and continue
its evolution as before. This process has been
observed to lengthen the lifetimes of convective
systems considerably.



The MCS lifecycle may repeat itself as a new
round of convection is triggered at the leading
edge of the cold pool, or if an external forcing
feature, such as a cold front, helps to
continually retrigger convection.

Vertical Cross-section – later stage



As the squall line decays,
– it begins to tilt upshear,
– with the leading-line
convective cells weakening
and
– the rear-inflow jet
descending and spreading
along the surface further
behind the leading edge of
the system.

Vertical Cross-section – later stage - animation

Moderate-to-Strong Shear Case - All Stages

Vertical Cross-section – all stages - animation
In strongly sheared
environments overall
system lifetime often
extends beyond 12 h,
especially if the
environment ahead of
the system continues to
be favorable for
convection.
External forcing
features, such as a cold
front, may extend
system lifetime even
further.

Vertical Cross-section Pressure Pattern /
Moderate-to-Strong Shear



The pressure field
of a strongly
sheared squall line
in its mature stage
depicts a strong
mesohigh at the
surface and a
strong mesolow at
mid-levels, above
the surface cold
pool.

Life cycle of a
precipitation area
associated with a
typical squall line

Squall Line 3D Evolution


The two-dimensional evolution
described for the early-tomature phases of a squall line
generally applies to the middle
portion of most squall lines.



However, significant threedimensional mesoscale flow
features can evolve at the ends
of a squall line or at breaks
within the line, which can
significantly alter the
subsequent evolution of the
system.



The most prominent of these
features is a set of mid-level
mesoscale vortices, referred to
as "line-end" or "bookend"
vortices.

The Squall Line Bow Echo

Squall Line 3D Evolution




Viewing all levels of the
storm, the structure of
the system during its
symmetric phase (early
in the evolution) is
characterized by lowlevel divergent flow with
the cold pool, symmetric
line-end vortices at midlevels, and the rearinflow jet concentrated
between the vortices.
Aloft, we find divergent
flow, with weaker
vortices of opposite
rotational sense above
the mid-level vortices at
the northern and
southern ends of the
system.

Squall Line 3D Evolution


During the asymmetric
phase (later in the
evolution), a dominant
cyclonic vortex is evident
at mid-levels, while both
the low-level and upperlevel divergent outflows
turn anticyclonically.

Development of Supercell Lines


Most often, squall lines are composed of ordinary cells.



But occasionally, when the environment exhibits strong vertical wind
shear at both lower (0-3 km AGL) and upper levels (3-6 km AGL), a
squall line may also be composed of supercells.



During the early stages of such systems, supercells often may be
spread along the entire extent of the line.



However, the circulations of these supercells are often quickly
disrupted as cells interact with each other along the line.



Due to cell interactions, certain locations within a line may be favored
for supercell development and maintenance, depending on the shape
and orientation of the environmental shear profile relative to the
orientation of the squall line.



In any scenario, new convective cells may also be triggered along the
spreading cold pool between the supercells, making cell interactions
even more complicated.

Development of Supercell Lines

Physical Processes Responsible for
Squall Line Dynamics


We described the observed features and
evolutions of squall lines earlier, questions
remain, as to:

– Why does the strength and longevity of an MCS
depend on the strength of environmental vertical
wind shear?
– What produces the mesoscale pressure patterns
observed with MCSs?
– How is a rear-inflow jet generated, what controls its
strength, and what impact does it have on MCS
strength and evolution?
– How does the Coriolis force impact MCS evolution?
– How can we better anticipate whether an MCS is apt
to produce severe weather?

Equations to be Used






The fundamental equations for understanding
convective motions are the horizontal and vertical
momentum equations.
The horizontal momentum equations relate horizontal
accelerations to horizontal pressure gradients and
Coriolis forcing, while the vertical momentum
equation relates vertical accelerations to buoyancy
forces and vertical pressure gradient forces.
Also useful are the vorticity equations that can be
derived from the momentum equations. One example
is the y component of vorticity equation we
presented earlier when discussing gust front
circulations

RKW theory on the Cold Pool – LowLevel Vertical Shear Interaction

RKW theory on the Cold Pool – LowLevel Vertical Shear Interaction






When discussing the multicell storms, we discussed how the
interaction between the system-generated cold pool and the
ambient low-level shear strongly modulates the tendency to
generate new cells in multiple cell systems. In a
homogeneous environment, the strongest, most long-lived
multiple cell systems occur in environments characterized by
strong, low-level vertical wind shear.
Rotunno, Klemp, and Weisman, (1988) proposed that the
optimal condition for the generation of new convective cells
is when there is a balance between the horizontal vorticity
produced by the cold pool and the opposite horizontal
vorticity associated with the ambient low-level vertical wind
shear on the downshear flank of the system
Knowledge of the processes underlying cold pool/shear
interactions is also critical for understanding the strength,
longevity, and evolutionary character of long-lived squall
lines. We discuss it in more details below.

RKW theory on the Cold Pool – LowLevel Vertical Shear Interaction

Vorticity Dynamics
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RKW Optimal Shear Condition
Based On Vorticity Budget Analysis


Assume steady state flow
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RKW Optimal Shear Condition
Based On Vorticity Budget Analysis


Assume incompressible (shallow) flow and
use Continuity equation to write vorticity
equation in “flux” form – for budget analysis
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RKW Optimal Shear Condition
Based On Vorticity Budget Analysis


Assume symmetric updraft, coordinate
system moving with the flow, simple shear
profile in the environment
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RKW Optimal Shear Condition
Based On Vorticity Budget Analysis


Integrate over this box
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Interpretation: The optimal condition for strong, long-lived squall
lines occurs when the speed of the gust front, which is associated
with the baroclinic generation of vorticity in the cold pool, is balanced
by the opposing shear of the environment.

R

The Real World is More Complicated

Quantifying Cold Pool/Shear
Balance




The relative balance between the
cold pool generated horizontal
vorticity and the ambient shear
can be quantified via the ratio
c/Du.
In this ratio, c represents the
strength of the cold pool
circulation, given by the
theoretical speed of propagation.
Du represents the strength of the
circulation associated with the
ambient shear, given by the
magnitude difference between the
component of ambient wind
perpendicular to the cold pool at
the surface, U1, and at 2.5 km
AGL, U2 (i.e., Du is a measure of
the line-normal, low-level vertical
wind shear).

Cold Pool/Shear Balance – An example




As an example of calculating
c, if we had an average

potential temperature deficit of 4 C (q'=4) within a 1.5 km deep
cold pool (h=1.5), c would be
about 20 m/s. A c/Du ratio of 1
represents the optimal state for
deep lifting by the cold pool,
with values less than 1
signifying that the ambient
shear is too strong relative to
the cold pool. Values greater
than 1 signify that the cold pool
is too strong for the ambient
shear.
The ratio of c/Du can also be
used to understand the twodimensional evolution of a squall
line, providing clues to help us
anticipate its strength and
longevity.

Quantifying Cold Pool/Shear Balance








Since potential temperature perturbations
within the cold pool can be directly
related to the hydrostatic pressure
change within the cold pool, the speed of
the cold pool (c) can be calculated by
measuring the change of pressure as the
cold pool passed overhead, instead of
measuring the change of temperature.
This method has an advantage over using
the temperature perturbation method
since the pressure change at the surface
represents the integrated affects over the
depth of the cold pool. Thus, one does
not have to know the depth of the cold
pool (h) to make the calculation.
Again using our example of an "average"
cold pool with a 4 K potential temperature
deficit over 1.5 km, we can see that it
translates to a pressure excess of ~2 mb.
When we calculate the speed of the cold
pool, c, for an observed pressure change
of 2 mb, we again get 20 m/s.
Note that this technique assumes that
there are no significant contributions to
the hydrostatic pressure at the surface
due to temperature perturbations above
the cold pool. This may not be the case if
there is a deep convective cloud above
the cold pool.

RKW Numerical Experiment
of a Spreading Cold Pool
Area To be Shown

q' Line-Relative Vectors , Div (shaded)

Du=c

Vorticity Balance and Imbalance






Consider the simple case of a twodimensional cold pool spreading in
an environment with little or no
vertical wind shear. From the
perspective of horizontal vorticity, a
cold pool in the absence of strong
ambient vertical wind shear tends to
drag air up, over, and behind the
leading edge of cold air.
If there is an optimal amount of
ambient, low-level vertical wind
shear, such that the horizontal
vorticity associated with it balances
the opposite horizontal vorticity
produced on the downshear side of
the spreading cold pool, a more
vertically oriented and deeper
updraft will be produced due to the
interacting vorticities.
If the horizontal vorticity associated
with the ambient vertical wind shear
is stronger than that produced by the
cold pool, then air parcels lifted at
the leading edge of the cold pool will
be tilted downshear. They will not be
lifted as much as when a vorticity
balance is in place.

The Effective Shear Layer




The shear layer that is most
important for determining the depth
and strength of lifting at the leading
edge of the cold pool is the one
coinciding with the depth of the cold
pool, usually from the surface to
about 1.5-2 km AGL. However, shear
over a deeper layer above the cold
pool also contributes to some
degree. For instance, deeper shear
may help to maintain deeper, more
upright lifting in a case where c/Du is
greater than 1. For this reason, we
use 0-3 km AGL to define the
effective shear layer.
Similarly, if the shear reverses above
the cold pool, as in a jet-type wind
profile, the updraft current aloft may
tilt back over the cold pool, despite a
favorable c/Du balance at lower
levels.

Cold Pool/Shear Interactions Summary












The system-generated cold pool and the ambient low-level shear
strongly modulate the tendency to generate new cells in multiple cell
systems, including multicell squall lines
The deepest updrafts occur when the horizontal vorticity generated
along the cold pool’s leading edge is nearly equal in magnitude to,
and has rotation of opposite sense to the horizontal vorticity
associated with the low-level vertical wind shear
When the low-level wind shear is weak and is associated with weaker
horizontal vorticity than the cold pool, the updraft at the leading edge
of the cold pool is tilted upshear and is not as deep and strong as
when they are in balance
When the low-level wind shear is stronger and is associated with
stronger horizontal vorticity than the cold pool, the updraft at the
leading edge of the cold pool is tilted downshear and is not as deep
and strong as when they are in balance
This cold pool/low-level shear relationship can be quantified as a ratio
of the speed of the cold pool, c, over the value of the line-normal lowlevel vertical wind shear, Du.
A c/Du ratio of 1 represents the optimal state for deep lifting by the
cold pool. Values less than 1 signify that the ambient shear is too
strong relative to the cold pool and values greater than 1 signify that
the cold pool is too strong for the ambient shear. This balance is
significant for anticipating the strength and longevity of an squall line

Dependency of Simulations Squall
lines on Environmental Shear




Simulations of squall
lines in weak and
strong shear, from
hour 2:00 to 3:40.
Cross-sectional views
show reflectivity,
wind vectors, and
cloud outline.
The environments of
the two simulations
were identical except
for the vertical wind
shear.

Early 2D Evolution - Phase 1: Initiation








Initially, a series of convective
cells develops along some preexisting linear forcing feature.
Since these convective cells are
buoyant, horizontal vorticity is
generated equally on all sides of
the cells.
In the absence of vertical wind
shear, this would produce an
upright circulation.
However, since there is vertical
wind shear, the additive
influence of the horizontal
vorticity associated with the
shear on the downshear side of
the cells causes them to lean
downshear.

Phase 2: The Strongest Cells Are
Produced








Once the system begins to produce rainfall
and a cold pool forms, the cold pool
circulation is often initially weak relative to
the ambient shear, with subsequent cells
continuing to lean predominately downshear,
like the initial cell.
However, over time, the sequence of new
cells continues to strengthen the cold pool,
and unless the ambient shear is exceptionally
strong, the cold pool circulation eventually
becomes strong enough to balance the
horizontal vorticity associated with the
ambient shear.
With this balance (c/Du = 1) in place, the
strongest and deepest lifting is produced
along the leading edge of the cold pool.
Often, it is during this stage that the most
intense and erect convective cells are
observed along the squall line, with new cells
regularly being triggered as old cells decay.
Because the cells characteristically move at
the same speed as the gust front in this
stage, the convective line remains relatively
narrow.

Phase 3: The System Tilts Upshear






As the cold pool continues to strengthen, the
cold pool circulation often eventually
overwhelms the ambient vertical wind shear
vorticity (c/Du >1). Cells begin to tilt upshear
and advect rearward over the cold pool
(relative to the gust front).
During this stage, the squall line takes on the
appearance of a classic multiple cell system,
with a sequence of cells that initiate at the
leading edge, then mature and decay as they
advect rearward over the cold pool. The
leading-line convective cells usually become
less intense during this phase because the
lifting at the leading edge is not as strong or
deep as it is during the stage of optimal
balance.
The rearward advecting cells produce an
expanding region of lighter precipitation
extending behind the strong, leading-line
convection. This rearward expansion of the
rainfield creates the trailing stratiform
precipitation region associated with mature
MCSs. It is in this phase that the system
begins to take on a mesoscale flow structure,
including the development of a mid-level
mesolow and rear-inflow jet

MCS Evolution Timeframe




The period over which this
evolution takes place
depends on both the
strength of the cold pool as
well as the magnitude of the
low-level vertical wind shear,
and can vary from 2-3 hours
to over 8 hours in some
case.
In general, for midlatitude
conditions (which produce
fairly strong cold pools) a Du
of 10 m/s or less produces
this evolution over a 2-6
hour period, while a Du of
20 m/s or greater slows the
evolution to between 4-8
hours.

Shear Orientation




It’s important to remember that
for a squall line the only
component of low-level shear that
contributes to the c/Du balance is
the component perpendicular to
squall line orientation.
For instance, if we had
southwesterly shear, a squall line
oriented from northwest to
southeast (top example) would
feel the full effects of the shear,
while a squall line oriented
northeast-southwest (bottom
example) would evolve as if there
were no low-level shear at all.
However, the cells at the ends of
the squall line do not necessarily
follow this rule because they can
interact with the shear more like
isolated cells.

Mesoscale Organization (Rotunno et al. 1988)

Mesoscale Organization (Rotunno et al. 1988)

The Pressure Field and the RearInflow Jet







As the squall line continues to evolve
in its mature stage, the spreading of
the convective cells rearward
transports warm air aloft as well. In
addition, the deeper portion of the
surface cold pool also extends
rearward, in response to the rearward
expanding rainfield.
A pool of warm air aloft over a cold
pool at the surface produces lower
pressure at mid levels and higher
pressure at the surface. The flow field
responds by diverging at the surface
and converging at mid levels.
The flow that converges in from the
rear of the system at mid levels is
known as the rear-inflow jet (RIJ). As
shown in the graphic to the right, the
convergence from the front of the
system tends to be blocked by the
updraft, so most of the flow
converges in from the rear of the
system.

Horizontal Vorticity and the
Rear-Inflow Jet


From the horizontal vorticity
perspective, the horizontal
buoyancy gradients
associated with the back
edge of the warm air aloft
and back edge of the cold
pool at the surface generate
a vertically stacked
horizontal vorticity couplet.
This couplet is responsible
for the generation of the
rear-inflow jet.

Controls on the Strength of
the Rear-Inflow Jet






Since the rear-inflow jet is generated in response to the
horizontal buoyancy gradients at the back edge of the
system, the strength of the rear-inflow jet is directly
related to the strength of those buoyancy gradients,
both aloft and within the cold pool. The strength of
these buoyancy gradients is directly related to the
relative warmth of the air within the front-to-rear (FTR)
ascending current, as well as the relative coolness of
the surface cold pool.
The potential temperature excess within the FTR
ascending current is directly related to the
thermodynamic instability of the air mass. If the
maximum temperature excess for a surface parcel
rising through the atmosphere is only 2° C, then one
could expect a maximum of 2° C of warming within the
FTR current. Likewise, if the maximum temperature
excess for the rising surface parcel was 8° C, then one
could expect up to 8° C of warming within the FTR
current.
The strength of the cold pool is also directly related to
the thermodynamic instability in the environment. The
potential cooling within the cold pool increases for both
increasing lapse rates as well as increasing dryness
(and the lowness in qe) at mid levels. In general, the
potential strength of the rear-inflow jet increases for
increasing amounts of instability (CAPE) in the
environment.

Low-Level Shear and RearInflow Jet Strength






The magnitude of the vertical wind
shear is yet another contributor to
the strength of the rear-inflow jet.
Stronger shear tends to strengthen
the RIJ by producing enhanced
lifting at the leading edge of the
system, which leads to a stronger,
more continuous FTR ascending
current.
The result is that more warm air is
transported aloft, enhancing the
generation of horizontal vorticity,
which enhances the magnitude of
the RIJ. A strong FTR current also
tends to lead to a stronger cold pool
as well, since stronger convection
leads to stronger downdrafts.

How Does the Rear-Inflow Jet
Affect Squall Line Evolution?


Generally, the rear-inflow jet entrains
additional mid-level dry air into the rainy
downdraft, further strengthening the cold pool.
Two overall scenarios may then evolve.

Scenario 1, Descending Rear-Inflow:








If the buoyancy gradients associated with the
warm air aloft are weaker than those
associated with the rear flank of the cold pool,
then the rear-inflow jet descends and spreads
along the surface further back in the system.
In this case, the negative horizontal vorticity
associated with the rear-inflow jet is of the
same sign as that being produced by the
leading edge of the cold pool.
The resultant vorticity interaction makes the
effective c/Du ratio even larger, forcing the
system to tilt even further upshear and
continue to weaken.
This is the most commonly observed scenario,
occurring in environments with relatively weak
shear and/or weak CAPE.

How Does the Rear-Inflow Jet
Affect Squall Line Evolution?
Scenario 2, Elevated Rear-Inflow:






If the buoyancy gradients aloft are strong
relative to the cold pool below, the rearinflow jet tends to remain more elevated
and advances closer to the leading edge of
the system.
The horizontal vorticity produced by the
speed shear below the rear-inflow jet is
now of the same sign as the environmental
shear. The resultant vorticity interaction
then reduces the net impact of the cold
pool circulation, bringing c/Du closer to the
optimal ratio of 1, enhancing the leadingline convective updrafts and creating a
more vertically erect structure.
This scenario occurs in environments with
relatively strong shear and/or large CAPE
and is especially associated with the
development of severe bow echoes.

The Rear-Inflow Jet Summary
















During the mature stage of an MCS, the convective cells spread rearward transporting
warm air aloft. The surface cold pool also extends rearward due to the rearward expanding
rainfield
The juxtaposition of the warm air aloft over a cold pool produces lower pressure at mid
levels, leading to mid-level convergence. The flow that converges in from the rear of the
system at mid levels is known as the rear-inflow jet
The formation of the RIJ can also be explained by the horizontal buoyancy gradients at with
the back edge of the system, which generate a vertically stacked horizontal vorticity couplet
that induces the rear-inflow jet
The strength of the RIJ is directly related to the strength of those buoyancy gradients, i.e.,
the relative warmth of the FTR current and the relative coolness of the cold pool
The RIJ strength is also affected by the strength of the vertical wind shear. Stronger shear
produces enhanced lifting at the leading edge of the system, which leads to a stronger FTR
current and enhanced warm pool
In weak shear, lower CAPE environments, the warm pool aloft tends to be weaker than the
cold pool. In this case, the RIJ descends further back in the system
In stronger shear/higher CAPE environments, the warm pool aloft tends to be comparable
to the cold pool. This keeps the RIJ elevated until much closer to the leading line
convection. This is usually the case with severe bow echoes
Storm-relative RIJ strengths vary from a few m/s for weak systems, to 10-15 m/s for
moderately strong systems, to 25 to 30 m/s for the most severe systems, such as bow
echoes
In general, RIJ strength increases for increasing CAPE and increasing vertical wind shear

Animation – Weak Shear Case

System Updraft and Precipitation
Region – Weak Shear Case

System Flow Features – Weak
Shear Case

Animation – Strong Shear
Case

System Updraft and Precipitation
Region – Strong Shear Case

System Flow Features –
Strong Shear Case

Conditions for Long-Lived Squall Lines

No Environmental
Shear – Updraft is
Vertical

Conditions for Long-Lived Squall Lines

Low-Level Shear
Creates a Bias and a
Tilt

Conditions for Long-Lived Squall Lines
No Environmental
Shear – Updraft is
Vertical

Add Surface Cold
Pool – Updraft is
Biased and Tilted

Conditions for Long-Lived Squall Lines

Low-Level Shear
Creates a Bias and a
Tilt

Low-Level Shear
Counters the Cold
Pool Bias – Optimal
Condition

Conditions for Long-Lived Squall Lines

c = cloud-relative
cold pool speed

Line Relative Inflow Profiles

Competing View: Conceptual Model of Xue (1991)

Summary Point #1


RKW theory considers the circulation at
the edge of the cold pool (via baroclinic
vorticity generation) to be the essential
ingredient in generating a circulation to
counter the inflow shear
• Our high-resolution model simulations show
that negative vorticity is confined to a thin
vortex sheet that is mostly advected to the rear
of the system.
• The circulation resulting from the vorticity is
insignificant at the frontal interface. The cold
pool internal circulation has little effect on the
frontal slope.
•The primary role of the cold pool is to
decelerate the ground level inflow, rather than
generating the so called ‘cold pool’ circulation.

Summary Point #2


RKW optimal condition is based on a
vorticity budget analysis that gives a
zero flux condition at the top of the
control volume, which assumes an
updraft profile that may not be
achievable



RKW assumes that the upper-level
air will be calm relative to the gust
front, which is not guaranteed by the
vorticity balance condition.
• Our approach tries to solve for the
flow around the gust front;
• Our results also show that upperlevel front-relative flow plays an
equally important role in determining
the slope of the updraft.

Summary Point #3


RKW’s optimal balance
condition requires that the
inflow directly interacting with
the cold pool contain positive
vorticity that matches the
negative vorticity generated
by the gust front;
Our theoretical model, confirmed
by numerical simulations of both
density currents and squall lines,
shows that, despite the presence
of a cold pool, deep, long-lasting
and quasi-steady updrafts can be
established without low-level
inflow shear.

Conclusions


Low-level inflow shear is NOT necessary for establishing deep, steady
updrafts



Baroclinically generated cold pool circulation does not appear to have
significant effect on the structure of density current head



Rather, the shear between the ground level and the steering level is a
more important factor in determining the propagation of cold pool
relative the cloud system above



The updraft orientation is a function of vorticity distribution
throughout the entire domain, and a global solution should be
obtained by solving the vorticity equation with proper boundary
conditions. To determine the behavior of the updraft branch of inflow
over the cold pool, we need to know the vorticity distribution in the
entire domain and the boundary conditions. Vorticity in an air parcel
alone cannot tell us its trajectory.

Conclusions


In general, a cold pool that propagates at the speed of, or
slightly faster than, the steering level wind (or the propagation
speed of a cloud) creates an optimal condition for intense,
long-lasting squall lines.



The role of the low-level system relative inflow is to prevent
the cold pool from propagating away from the overhead cloud.
The surface system-relative wind speed, rather than the shear,
is most important.



Our optimal condition based on front propagation speed and
surface and steering level winds makes few assumptions and is
more generally valid.

Bright band associated with stratiform precipitation in a
squall line system

Bright Band Associated with
Stratiform Precipitation










In stratiform precipitation regions, such as that in a mature squall line,
a horizontal band of enhanced radar echo is often observed that is
referred to as ‘bright band’.
The bright band is located at the level of zero degree C – i.e., the
melting level
As the ice particles, snow flakes etc are half way through melting,
their reflectivity is increased as they become enclosed by liquid water
(water reflects radar beams more effectively than ice particles) while
still keeping their size, resulting in a steep jump in radar echo
As they completely melt into rain drops, their sizes are reduced
resulting reduced echo level, therefore we observed a layer of
significantly enhanced reflectivity
Such observations of reflectivity can be used to study the
microphysical properties of the clouds

Example of bright band associated with stratiform
precipitation

Bow Echoes

http://www.spc.noaa.gov/misc/AbtDerechos/derechopubs.htm

Bow Echoes


Bow echoes are relatively small
(20-120 km long), bow-shaped
systems of convective cells that
are noted for producing long
swaths of damaging surface
winds.



They are observed both as
relatively isolated convective
systems and as sub-structures
within much larger convective
systems.



Bow echoes that develop within
a squall line have been referred
to as line echo wave patterns
(LEWPs).

Bow Echo on WSR-57 Radar

Visual Siting of a Bow Echo

Source: Steve Davis, Milwaukee NWS Office

Bow Echoes - Rear Inflow Notches
Although this figure
shows 4 identified
types of bow echo
configurations, the
consistent feature
among the 4 is the
channel of weak echo
in the rear of the bow
structure.

This is often referred
to as the Rear Inflow
Notch.
Source: Steve Davis, Milwaukee NWS Office

Bow Echoes - Rear Inflow Notch

June 8, 1995 at
00:48Z

Source: Steve Davis, Milwaukee NWS Office

Bow Echoes - Rear Inflow Notch

June 8, 1995 at
00:53Z

Source: Steve Davis, Milwaukee NWS Office

Bow Echoes - Rear Inflow Notch

June 8, 1995 at
00:58Z

Source: Steve Davis, Milwaukee NWS Office

Bow Echoes - Rear Inflow Notch

June 8, 1995 at
01:03Z

Source: Steve Davis, Milwaukee NWS Office

Bow Echoes - Rear Inflow Notch

June 8, 1995 at
01:13Z
Wind damage event
across Racine and
Kenosha counties.
Winds were 70+ kts.

Source: Steve Davis, Milwaukee NWS Office

Bow Echoes - Rear Inflow Notch
A RIN apparent behind the
bowing segment

A sharply defined RIN

Tornadoes from Bow Echoes
C o m m a E c ho
B ow E c ho

E c ho

Watch the head of the comma for quick tornado development.The
tornadoes in these cases are generally weak and short- lived.
Source: Steve Davis, Milwaukee NWS Office

Bow Echo Conceptual Models


A bow echo has a well-recognized evolution starting as a strong isolated cell or
a small line of cells that evolves into a symmetric bow-shaped segment of cells
over a period of a couple hours, and eventually into a comma-shaped echo over
several hours.



Cyclonic and anticyclonic line-end (or bookend) vortices are evident behind
the northern and southern ends of the bow, respectively, in the early phases.
This symmetric structure becomes more asymmetric during the comma echo
phase when the cyclonic vortex begins to be dominant.

• A weak echo notch behind the core of the
bow, referred to as a "rear-inflow notch"
(RIN), often signifies the location of a
strong rear-inflow jet. When the rearinflow jet descends to the ground at the
leading edge of the bow, it can create a
swath of damaging surface winds. Weak
tornadoes are also often observed just
north of this surface jet core.

Bow Echo Conceptual Models

Bow Echo Conceptual Models


Bow echoes tend to propagate in the direction of
the low-level (0-3 km AGL) mean vertical wind
shear vector, at a speed controlled by the
propagation speed of the cold pool. Since the cold
pools in bow echoes are often exceptionally strong,
their propagation speed is often much faster than
nearby convective cells or systems.

Fujita’s Conceptual Model

Bow Echo Vertical Cross Section


A vertical cross section through the
core of the bow depicts a strong,
vertically erect updraft at the leading
edge of the system, with a strong,
elevated rear-inflow jet impinging to
just behind the updraft region at midlevels before descending rapidly to
spread along the surface.



Above the rear-inflow jet, the updraft
current turns rapidly rearward, feeding
into the stratiform precipitation region.
The pressure field (not shown) is
characterized by a strong mesohigh at
the surface, associated with the cold
pool, and a strong mesolow at midlevels, just above the mesohigh.

Bow Echo Dynamics




(a) An initial updraft leans
downshear in response to
the ambient vertical wind
shear, which is shown on
the right in the figures

(b) The circulation
generated by the storminduced cold pool balances
the ambient shear, and the
system becomes upright.

Wesiman (1992, 1993)

Bow Echo Dynamics


(c) The cold pool
circulation overwhelms the
ambient shear, and the
system tilts upshear,
producing a rear-inflow jet.



(d) A new steady state is
achieved whereby the
circulation of the cold pool
is balanced by both the
ambient vertical wind shear
and the elevated rearinflow jet.

Wesiman (1992, 1993)

Bow Echo Dynamics



If the buoyancy gradients
associated with the warm air
aloft are weaker than those
associated with the rear flank of
the cold pool, then the rearinflow jet descends and spreads
along the surface further back in
the system.

Line-End or Bookend Vortices


Bow echoes’ extreme intensity is
due in large part to their relatively
small size. In particular, the
smaller distance between the
bookend vortices enhances the
focusing effect on the mid-level
flow between the vortices, which
can significantly strengthen the
rear-inflow jet.



The descent of this enhanced rearinflow jet to the surface tends to
produce extreme surface winds

Origin of Bookend Vortices

Schematic depicting how a typical vortex tube contained within (westerly) environmental
shear is deformed as it interacts with a convective cell (viewed from the southeast).
Cylindrical arrows show the direction of cloud-relative airflow, and heavy solid lines
represent vortex lines with the sense of rotation indicated by circular arrows. Shaded arrows
represent the forcing influences that promote new updraft and downdraft growth. Vertical
dashed lines denote regions of precipitation. (a) Initial stage: vortex tube loops into the
vertical as it is swept into the updraft. (b) Splitting stage: downdraft forming between the
splitting updraft cell tilts vortex tubes downward, producing two vortex pairs. The barbed
line at the surface marks the boundary of the cold air spreading out beneath the storm (from
Klemp 1987). The two vortices form at the end of the surface bow-shaped gust front.

A numerical
Simulation of a
squall line with
a serials of
embedded bow
echoes

Derechos
Definition and Development:
Derecho – A widespread convectively induced
straight-line wind storm. Specifically, a family of
downburst clusters that produce surface wind
gusts greater than 26 m/s over a concentrated
area of at least 400 km2.
• Strong RIJ converges with FTR flow at mid-levels
• RIJ is forced to descend and is further enhanced
by evaporational cooling and water loading
• Produces a family of downbursts at the surface

From Atkins et al. (2005)

Mesoscale

M. D. Eastin

Derechos
Example of Extensive Damage:

Produced $171 million in property and
crop damage across Iowa and Illinois

From Atkins et al. (2005)

Mesoscale

M. D. Eastin

Progressive and Serial
Derechos


A severe convective system may be composed of
several bow echoes at the same time or a
sequence of such features over time.



If the cumulative impact of the severe wind from
these events covers a wide enough and long
enough path, the wind event is generically
referred to as a "derecho."



Johns and Hirt (1987) have classified derechos
as either progressive or serial.



Progressive Derechos are usually characterized
by a single bow-shaped system that propagates
north of, but parallel to, a weak east-west oriented
stationary boundary.



Serial Derechos are composed of a series of
bow-echo features along a squall line, usually
located within the warm sector of a synoptic-scale
cyclone.

Bow Echoes Summary


Bow echoes are typically 20-120 km long bow-shaped systems of convective
cells that are noted for producing long swaths of damaging surface winds



Bow echoes may occur as either isolated convective systems or as part of much
larger convective systems such as squall lines



The line-end vortices associated with bow echoes are often referred to as
bookend vortices



A weak echo notch behind the core of the bow, referred to as a rear-inflow notch
(RIN), often signifies the location of a strong rear-inflow jet



Bow echoes tend to propagate in the direction of the mean low-level vertical wind
shear vector at a speed controlled by the cold pool propagation



A vertical cross section in the core of the bow echo reveals a strong, vertically
erect updraft at the leading edge of the system; a strong, elevated rear-inflow jet
impinging to just behind the updraft region before descending rapidly to the
surface; and a system-scale updraft that turns rapidly rearward, feeding into the
stratiform precipitation region

Bow Echoes Summary


Bow echoes often generate intense winds when the close proximity of the lineend vortices acts to strengthen the rear-inflow jet, leading to widespread,
potentially damaging winds at the surface



If the cumulative impact of the severe wind from one or more bow echoes covers
a wide enough and long enough path, the event is referred to as a derecho



Progressive derechos are characterized by a single bow-shaped system that
propagates north of and parallel to a weak east-west oriented stationary
boundary



Serial derechos are composed of a series of bow-echo features along a squall
line, usually located within the warm sector of a synoptic-scale cyclone



Severe bow echoes are most often observed in environments with moderate-tostrong low-level shear and very high CAPE



Bow echo and supercell environments overlap, with bow echoes often
characterizing the later stages of a supercell event

Mesoscale Convective
Complexes

MCC

Mesoscale Convective Complexes

Mesoscale Convective
Complexes
As with squall lines, MCCs have strong
convective updrafts and regions of
slowly ascending air that creates the
stratiform precipitation.
 The difference is that in the MCC the
slowly ascending updrafts tend to
surround a central core of convective
updrafts.


Mesoscale Convective Complexes







MCCs are producers of
– Heavy Rain
– Flash Floods
– Hail
– Frequent Lightning
– Possibly a tornado if the environmental shear
is sufficient
MCC storms may last for 12 or more hours.
They act to restabilzed a conditionally unstable
atmosphere.
They may set up surface boundaries that can
influence weather a day later.

Mesoscale Convective Complexes


During the early phases of evolution,
the convective structures that make
up an MCC may include multiple
squall lines, bow echoes, or isolated
convective cells, each evolving
through its own lifecycle, with each
system contributing to the expanding
MCC anvil as depicted on a satellite
image.



During the later stages of evolution,
however, a large stratiform
precipitation region dominates the
MCC, as it does in the later stages of
squall line evolution.

Mesoscale Convective Complexes


The flow field in the later stages of an MCC
is characterized by divergent, anticyclonic
outflow near the surface and aloft within the
anvil, with convergent cyclonic flow at midlevels.



Like the northern line-end vortices of squall
lines that sometimes grow quite large, this
mid-level cyclonic flow is often referred to
as a mesoscale convective vortex (MCV).



MCCs are most often observed at night, in
areas in which the boundary layer is stable.
The source of energy for such systems is
often found in an elevated layer above the
boundary layer, north of a weak surface
warm front.



Observational studies suggest that MCC
structure and evolution is more dependent
on interactions with large-scale forcing
features than the boundary-layer-based
mesoscale convective systems (MCSs)
such as squall lines and bow echoes.

Dramatic MCV

