Chapter 3

Convective Scale Dynamics
INTRODUCTION

This chapter is the heart of severe weather thunderstorm formation.  In this chapter you will learn the necessity for several convective ingredients working together to produce severe weather.  You will learn how thunderstorms develop, the characteristics, which distinguish different severe thunderstorms, how to anticipate the probable storm evolution , and the most likely severe weather associated with each thunderstorm type.

INFORMATION

CONVECTIVE INGREDIENTS

The three basic ingredients for thunderstorm formation are instability, moisture, lift.  We will look at these three parameters in detail in order to enhance our understanding of  convection. 
Instability

Instability is defined as a condition of the atmosphere whereby a parcel of air, given an initial vertical push, continues to move upward without any outside force. This is the most common condition that accompanies thunderstorm development.  Instability can be created by a number of mechanisms including surface heating, cooling in the upper levels, an increase of low-level moisture, a decrease in mid to upper-level moisture, or by vertical motion itself.  The processes of introducing heat below and cooler air aloft and/or moistening the lower layers and introducing drier air aloft are generically referred to as differential advection. Both the temperature changes and the moisture changes acting together can destabilize the environment. While differential advection can help to initiate thunderstorms, vertical motion alone can convert a previously stable environment to one that more readily supports thunderstorm formation. This happens because when a non-saturated stable layer is lifted, the pressure decreases and the result is that the lapse rate becomes more unstable.
Diurnal heating is a destabilizing process.  As the sun heats the earth, the boundary layer warms, the air can hold more moisture, and stability is decreased. Cooling aloft will also destabilize the atmosphere.  This process can come in several forms, i.e., a cold thermal trough in the mid and upper levels, evaporation of mid-level moisture, and radiational cooling of cloud tops.  Additional cooling in the upper atmosphere from any of these causes, or warming in the lower atmosphere will destabilize the atmosphere. 
Moisture


Moisture affects the stability of the atmosphere.  Instability is very dependent on the depth of the near surface moisture layer.  The depth of the moist layer must be deep enough that afternoon mixing  that often draws drier air from aloft into the boundary layer will not reduce instability to the point where convection is suppressed. 

Increased moisture in the low levels will modify the dewpoint, which will lower the CCL, LCL, and the LFC.  As a saturated parcel is lifted and cooled, latent heat is released into the atmosphere.  This process slows the cooling rate of a parcel as it ascends through the atmosphere.  If this rate is less than the environmental lapse rate, the parcel will continue to rise after it reaches the LFC.

Lift (Trigger)


Before a parcel can reach its LFC, the parcel must often be pushed through a negative energy area (measured by CIN and called the cap or lid) by an upward force or lift.  

Synoptic Scale Lift.  This by itself will not trigger convection; rather it produces an environment that is conducive to the development of deep moist convection.  As discussed earlier, large-scale lift  creates a more positive lapse rate (the temperature curve on the Skew-T leans more to the left).  If the low-levels are affected,  any existing cap below the LFC becomes smaller making it easier for near-surface parcels to reach the LFC.  Examples of mechanisms that create synoptic scale lift are mid- and upper-level troughs, especially short waves, and jet stream maxima. 
Mesoscale Lift. Mesoscale lift  initiates most thunderstorms. Low-level convergence created by one mechanism or another is usually the most important factor.  It acts to pool moisture and often provides the mechanical lift needed to push a parcel to the LFC.  
Mesoscale near-surface convergence zones are created in a variety of ways the most common of which are fronts, gust fronts created by other thunderstorms, moisture discontinuities such as the dryline and local features created by topography and/or differential heating like sea and lake breeze fronts.  
Regardless of their cause, low-level convergence zones are generally all referred to as boundaries.  Colliding boundaries create even stronger lift than single convergence zones acting alone and they will often initiate or intensify pre-existing storms. 
Topographic features like hills and mountains can create lift by diverting flow creating a convergence zone or just by the elevated heating of the mountain slopes creating a valley breeze with up mountain flow. Cumulus clouds often first form over elevated terrain and under the right conditions can lead to thunderstorm formation later in the day.  

Lift (Upper-level Exhaust Mechanism)

In addition to low-level convergence acting as a trigger,severe thunderstorms generally require an exhaust mechanism aloft that supports continued upward motion. It is hard for convection to reach severe levels if the larger-scale environment is working against it by creating sinking motion. The most common mechanism is the lift induced by upper-level divergence usually associated with upper-level jet streaks.  
EVOLUTION OF THUNDERSTORM DEVELOPMENT

Most thunderstorms are short-lived cells.  A cell ordinarily evolves through three stages: cumulus, mature, and dissipating.
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Cumulus Stage

This stage is marked by the formation of the first convective cloud.  With its base at or slightly above the CCL, the cloud is dominated by updrafts as it grows toward its equilibrium level.  As increasing low-level moisture is pumped into the growing cumulus, the relatively large liquid hydrometeors begin to form in its upper regions.  

See Figure 3-1.

From the outside, the cloud top may seem to lose definition as the cloud droplets turn to ice crystals.  This process appears to correlate well with the formation of precipitation.  A radar echo aloft should now begin to appear.  The updraft continues to hold the prospective precipitation aloft      Figure 3-1.  Cumulus stage
until its weight can no longer be supported.  The falling precipitation creates a downdraft due to frictional drag and evaporational cooling.

[image: image2.wmf]
   Figure 3-2.  Mature stage

Mature Stage 

This stage is the most violent and active.  Updrafts and downdrafts coexist in the same cell.  The cloud reaches its maximum vertical extent, flattening out into the familiar anvil at the equilibrium level (EL).  Carried by the winds at that level, the anvil usually elongates downstream.  Although heavy precipitation is common, it may not reach the surface in arid regions.

As mentioned before, two mechanisms are primarily responsible for the formation of the downdraft. The first is precipitation drag, and it can be a substantial contributor. It sometimes appears that the heavier the precipitation, the stronger the downdraft; however, this is not always so.  In arid regions, violent downdrafts from clouds with high bases are common, but there is very little precipitation at the surface.  An important factor here is the presence of dry air in the thunderstorm environment.  If dry air enters the convective cloud (entrainment), then evaporation of cloud droplets takes place and there is a corresponding drop in temperature.  This increases the density of the air and gives it a tendency to sink because it is no longer buoyant.  This process is actually a significant downdraft enhancement mechanism in nearly all thunderstorms. Even in environments that appear to be moist, the entrainment of “drier” surrounding air into the thunderstorm allows this evaporation process to generate downdrafts.  Of course it is a delicate balance, because too much dry air would act to evaporate the cloud.  See Figure 3-2.

When the downdraft reaches the surface, it spreads out horizontally as a new air mass. These expanding bubbles or pools of rain-cooled air tend to be 3000-3500 ft or ~1 km AGL deep and often serve as a source of lifting that initiates new convection.  The leading edge of the outward flowing air is referred to as the “gust front,” or “outflow boundary.”  Strong gusty surface winds shift drastically with the passage of a gust front  and can be quite strong creating a great deal of turbulence.  An aircraft is particularly vulnerable to these wind shifts, or low-level wind shear (LLWS) zones and turbulence.  Imagine the impact on aircraft performance when a headwind changes into crosswinds or tailwinds in a matter of seconds, especially since these encounters tend to occur at the most vulnerable times of takeoff and/or landing! 
The updraft continues to hold precipitation aloft.  Ice crystals suspended near the melting level alternate between freezing and melting, accumulating a water coating as they move up and down in and around the updraft core.  The result is the formation of hailstones, which continue to grow until they are too heavy to be supported by the updraft.  Stronger updrafts can support larger hailstones.  Once a hailstone falls below the freezing level, it begins to melt and will continue to melt until it disappears or reaches the surface.  

The height of the melting/freezing level is near the 0(C isotherm.  The height of the wet-bulb zero temperature, which is related to the height of the freezing temperature and the amount of water vapor in the air, is significant in determining the size of a hailstone at the surface.  Miller (1972) reported that a wet-bulb freezing level of 7,000-9,000 feet AGL is the optimum height for producing large hail at the surface.  Although a lower wet-bulb freezing level may be favorable for hailstone survival, it may not be favorable for thunderstorm development because of lack of water vapor in the cold air.

Another source of turbulence in a thunderstorm is the interaction between the updraft and downdraft. .  Many aircraft have been damaged or destroyed during attempts to penetrate thunderstorms.  Even small thunderstormsare capable of creating severe to extreme turbulence.  At a minimum, expect at least severe turbulence in and near any thunderstorm cell.

Dissipating Stage

This stage begins when the updraft is cut off and collapses and the storm is dominated by downdraft.  The storms own outflow cuts off the inflow of warm, moist air into the storm.  With the supply of unstable air cut off, the updraft weakens and the precipitation process begins to cease.  Without a strong updraft, large hydrometeors can no longer form, leaving only light rain or drizzle and generally light winds at the surface.  Although violent electrical activity usually ceases, the cloud can retain a charge and remain a lightning hazard to aircraft for some time.  See Figure 3-3.

[image: image3.wmf]
Figure 3-3 Dissipating stage

 In the downdraft-dominated phase, the cloud-forming processes stop.  The cumulonimbus cloud begins to stratify into layered clouds and is eventually torn apart by winds aloft or eroded by evaporation often leaving only an “orphan” anvil cloud.  At the surface, an area of of rain-cooled outflow air is left behind.  As mentioned before, even though it is relatively stable, this bubble can play a role in future thunderstorm development due to convergence and lifting along its boundaries.  The life cycle of a typical thunderstorm cell can be completed in as little as 30 minutes.

SUMMARY

Instability, moisture, and lift, are the necessary ingredients for convective storms.    Think of instability and moisture as fuel sources and lift as a push (and or pull) to get it all going! All convective storms regardless of their severity have the same basic evolution process: cumulus stage, mature stage, and dissipating stage. 

TYPES OF CONVECTIVE WEATHER
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Figure 3-4.  Vertical wind profile of a Single cell storm


Types of Thunderstorms


Single-Cell Thunderstorms. These are short-lived “ordinary” convective cells consisting of one main updraft that rises rapidly through the troposphere.  Precipitation begins initiating the downdraft in the mature stage with this leading to the rapid demise of the storm. 
Single-cell thunderstorms occur with weak vertical shear and move in the same general speed and direction as the mean wind in the lowest 5 to 7 km of the atmosphere.  The hodograph is short and displays an unorganized or erratic structure. (See Figure 3-4).

Single-cell storms usually last between 30 and 60 minutes and severe weather is uncommon. If it does occur it is generally in the form of strong surface winds when the downdraft encounters the ground and/or a possible weak tornado that would most typically occur during the early to mature stage of the storm while it is growing rapidly.

The severity of the single-cell storm is highly dependent upon the potential instability, e.g., Convective Available Potential Energy (CAPE).  Large raindrops stay aloft longer and are pushed higher with increasing updraft speed.  The faster rising air provides less time for water droplets to coalesce into radar detectable echoes.  Thus the first echo of a severe single-cell storm tends to develop higher and remain aloft longer than in a non-severe single-cell storm. One indicator of a possibly severe single-cell storm is if it has a strong enough updraft to create an overshooting top. This occurs when the updraft is sufficiently strong to push through the EL at the top of the atmosphere. Overshooting tops are best viewed on visible satellite imagery. They appear as a convective bubble in the sea of the storm’s anvil.
A “Pulse Storm” is another common name for severe single-cell storm. The “pulse” name derives from the short-lived nature of the pulse or blast of the intense updraft and downdraft combination that accompany these convective cells. The most common severe weather is strong surface winds and or a brief period of large hail. 
Multicell Thunderstorms. Multicell thunderstorms are modestly organized systems made up of a succession of ordinary single-cell storms. The organizing agent is primarily the presence of low-level wind shear acting to repeatedly favor the triggering of new cells along the down shear side of the cold pool gust front. 
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Figure 3-5.  Multicell Thunderstorm
On a hodograph, a multicell environment is characterized by primarily unidirectional shear (a straight hodograph), with some shear especially at low-levels. (See Figure 3-6).  A guideline value for moderate low-level shear commonly associated with multicell storms is ~15 m/s (30 kts) over the lowest 2-3 km AGL. This value is lower for tropical multicell storms because the LFC tends to be lower. Besides the height of the LFC another important consideration that modifies the value of the low-level shear needed to promote multicell formation is that the stronger the cold pool created by the first cells the stronger the low-level shear needs to be.
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Figure 3-6.  Vertical Wind profile of a

Multicell Storm
Individual cell motion in a multicell storm is generally the same as the speed and direction of mean wind, but the system is usually different. This happens because the low-level shear direction is often not the same as the mean wind making new cell growth favored along just one flank of the spreading cold pool. As new storms are added in this down shear-favored area the system as a whole appears to move in that direction.  Often, a line of increasingly larger cumulus towers is observed building into the down shear flank of the storm (see Figure 3-7).  These flanking line cells eventually merge with the parent thunderstorm cell.  Because new storms trigger and join the system there is always more than one cell in existence in the storm complex, hence, the name multicell storm.

It is fairly easy to recognize a multiple cell system using radar. Time-lapse animations will reveal new cells triggering along a preferred new flank of the storms adding into system. It is often possible to observe several cells in different stages of their lifecycles, especially when different elevation angles are examined. The system as a whole lasts longer than any of the cells that make it up. 
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Figure 3-7.  Multiple cell system 

Mostly as a result of the stronger wind shear environment in which they form, multicell storms are longer-lived groups of single-cell storms, and thus they generally pose more of a severe weather threat than any isolated single cell does. In addition to a greater chance of severe hail (> ¾”), and the ever-present possibility of a tornado or strong surface winds, there is an added threat for flash flooding.  Heavy precipitation is more likely with multicell storms because if the cells move slowly, or repeatedly over the same area, then persistent heavy rainfall can result. It should be noted that with respect to storm motion, the largest hail generally falls just to the left and downstream of the updraft core. The largest stones will fall out first, while the smaller ones will be carried downstream.
Supercell Thunderstorms: A storm is identified as a supercell if it is has a long-lived or persistent core and a rotating updraft. Supercells tend to have one of several distinctive radar reflectivity patterns, they contain mesocyclones (more on mesocyclones later), and they generally have a different storm motion that other nearby ordinary cells. For these reasons it is generally easiest to determine if a storm is a supercell using Doppler radar imagery. Supercells are frequent producers of large hail, strong winds, and tornadoes.

Supercell Terminology: 
Mesocyclone A mesocyclone can be defined as a rotating vortex in conjunction with the updraft in a supercell storm. Supercells develop mesocyclones by tilting environmental and/or locally generated horizontal vorticity. When viewed with Doppler velocity imagery a typical mesocyclone appears as a cyclonic circulation ~2-10 km in diameter with values of the toward-and-away velocity couplet on the order of 25 to 75 m/s. You can be more certain that a storm is a serious supercell if the mesocyclone is persistent and visible in multiple radar elevation angles.
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Figure 3-8

Weak Echo Region (WER) Because of the very strong updraft associated with supercell storms they are able to suspend a great many precipitation particles aloft. In this cross section we can see that at midlevels the echo overhangs to the “south” of the low-level precipitation region and that the storm top is located above the edge of the surface precipitation gradient. This overhang creates a weak echo region (WER) when observed on radar. The existence of a WER is a good indicator of a potentially severe storm.
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Figure 3-9

Bounded Weak Echo Region (WER) The still stronger updraft causes a change in the configuration of the WER.  Precipitation forms at a higher level within the updraft and the result is a cavity in the mid-level radar echo overhang.  A cavity develops in the mid-level overhang, creating what is known as a “bounded weak echo region” or BWER.  An updraft of this magnitude and longevity can produce very large hailstones (>2(), and the  “steadier state” of the supercell can result in a long hail swath at the surface. On radar a BWER looks like a reflectivity donut.
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Figure 3-10

Hook Echo (or Pendant Echo) In the more intense supercells, the mid-level mesocyclone will eventually become strong enough to wrap precipitation around to the backside of the updraft, creating a characteristic pendant or hook echo. The mesocyclone is located within the notch of the hook echo. [image: image12.png]Jackson, M5 Certer 155° 18 M
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Figure 3-11

V-Notch In the stronger supercell cases, a slot of weaker radar reflectivity known as a V-notch may also appear on the downshear edge of the reflectivity field.  This modification to the downshear precipitation pattern is caused by the mid- and upper-level winds being blocked and forced around a strong updraft. 
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Figure 3-12
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Figure 3-13

This schematic of a supercell shows the cloud outline and the low-level precipitation areas. The dashed contour represents the outline of the ~30 dBZ mid-level echo, and the dot indicates the location of the storm top.  The circle represents the mid-level mesocyclone, the light blue shading represents the updraft, and the arrows show the sense of the low-level inflow and outflow.  The location of the storm-generated outflow boundaries is also shown. Based on the hodograph, the storm motion is to the east. 

Forward Flank Downdraft (FFD) and Rear Flank Downdraft (RFD) Cooling and the associated downdraft in the general area of precipitation result in the Forward Flank Downdraft (FFD) and surface outflow.  If the mid-level mesocyclone is strong enough (as illustrated), precipitation is also wrapped around the backside of the updraft, contributing to evaporative cooling and the associated production of a Rear Flank Downdraft (RFD) and surface outflow as well. The straight-line winds in these areas often reach severe criteria (> 50 kts). 
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Figure 3-14

Flanking Line as shown a mature supercell generates lifting along the leading edge of the RFD creating a line of towering Cu called the flanking line. Some of these cells may develop and appear to merge with the main supercell storm over time. Weaker tornadoes can occur under these rapidly intensifying convective storms however; the most significant tornado threat remains associated with the region around the main supercell updraft and hook echo (or mesocyclone).
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Figure 3-15

This schematic is of a Classic Supercell which is the type first studied in the Central U.S. They are wedge-shaped; generally isolated storms that often possess the classic hook echo, and WER or BWER. Beneath the overhang, the low-level echo frequently shows an inflow notch with a pendant or hook at the rear side of the notch.  This notch is surrounded by strong reflectivity gradients; this feature is collocated with the mesocyclone. 
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Figure 3-16

This graphic depicts the common location of various visual features and severe weather elements relative to a supercell storm. This schematic of the visible features of a supercell is derived from years of observations by storm chasers primarily in the High Plains, where obstructions to visibility are few. In the eastern U.S. and other parts of the world one may see very little through the haze that typically accompanies the moist environments conducive to thunderstorms.

Wall Cloud A lowering of the cloud base below many supercell storms results from the lifting of cool, moist air from the part of the storm inflow that passes through the FFD. This lowering is referred to as the wall cloud and it appears as a lowering below the main storm updraft. Because this air has higher relative humidity than other updraft air, cloud develops closer to the ground in this area of the updraft. Another lesser contribution to the wall cloud is the lowered pressure beneath the mesocyclone. Wall clouds are often observed to rotate.

Tail Cloud A tail cloud may be present to the right of the wall cloud, or pointing toward the forward flank precipitation area. The more moist and cool inflow air that passes through the FFD and condenses as it approaches the updraft forms this thin rope shaped cloud.

Heavy Rain and Hail The heaviest rain and possibly large hail are usually found immediately next to the main updraft. In stronger cases also wraps around into the hook region. The largest hail is typically found within the sharp gradient of reflectivity in these areas.

High Winds Strong, possibly severe straight-line winds often occur in the region of the RFD, particularly in association with the mesocyclone. In addition, winds can sometimes reach severe levels in the inflow region near the mesocyclone (east and north for this orientation).

Tornadoes A tornado could develop at any time during the mature stage, and would be located where the RFD joins the FFD, within the hook echo region, and often near the tip of a well defined hook echo. An intensification of the RFD may force the rear flank gust front to evolve through an occlusion process similar to what is observed with larger scale synoptic storms. When this occurs, the original surface mesocyclone remains at the tip of the occlusion, with a new updraft and mesocyclone developing at the triple-point. This process can lead to the often-observed scenario of multiple tornadoes from a single supercell storm. Note also that a mid-level mesocyclone, and sometimes a hook echo may be present for a considerable length of time before tornado genesis, IF a tornado even occurs.  Recent research has shown that in the U.S. our best guess is that only 20-30% of supercell storms produce tornadoes. However, the same study found that such storms almost always produced severe weather in the form of hail or high winds. 
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Figure 3-17

Other Supercell Types:

There are several variations of the classic supercell: Low Precipitation, High Precipitation, and Shallow supercell storms (which are also referred to as Low-topped or Mini supercells.) Let’s discuss each type briefly before learning more about supercell environments and how they form.
A High-Precipitation Supercell is more common east of the Plains states.  They produce heavier rain than classic supercells and tend to be less isolated than the other types of supercells.  Because the extensive precipitation that accompanies these storms wraps around the storm scale circulation they have more of a kidney bean shape (stages 3 4, and 5 in graphic) on radar rather than the triangular wedge with possible hook echo. They are capable of producing extreme hail falls, tornadoes, prolonged downburst winds and flash flooding. 
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Figure 3-18

 A Low-Precipitation Supercell is most common along the dryline of west Texas and in the High Plains. Because they have less precipitation accompanying them, these storms are generally smaller in diameter than classic supercells.  They are still capable of producing severe weather especially large hail and to lesser extent tornadoes, although funnel clouds are common. It is believed the reason that LP storms are less likely to produce tornadoes is primarily because they tend to not generate as strong a cold pool at the surface. 
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Figure 3-19

[image: image23.png]Shallow Supercell Schematic
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Figure 3-20

 Shallow Supercells are much smaller both horizontally and vertically than the other supercell types. These mini storms may be as small as only 20,000 ft (~6 km) tall with much smaller horizontal dimensions than classic varieties being as small as 6 km in diameter! 
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Figure 3-21

Mini supercells can occur if the conditions are right even when the CAPE is not deep. They most typically arise in two very different environments 1) with land falling hurricanes and 2) in wintertime high shear low buoyancy winter situations. The thing that these two environments have in common is extreme low-level shear values (sometimes 60 kts over the lowest 2-3 km AGL). 
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Figure 3-22

Shallow supercells present a particularly difficult forecasting challenge because they are accompanied by the same severe weather elements (including tornadoes) as their bigger counterparts, but are much more difficult to detect at any appreciable distance from the radar. Also, they often catch forecasters off guard because they can occur even in low buoyancy environments where typical severe weather indices would not indicate the potential for severe weather. 

Supercell Environments

Because they are so long-lived (up to 6 hours or more) and intense it is highly desirable to be able to determine in advance if supercells are likely. Luckily the extent of the vertical wind shear as shown by the length and shape of a hodograph can be very helpful in making this determination. Usually significant CAPE values (1000-2000 J/kg) and strong vertical wind shear on the order of >=25 m/s (~50 kts) over the lowest 6 km AGL tend to be associated with supercell formation. With this type of shear and with sufficient CAPE, storms may evolve into supercells in approximately 1 hour. Supercells most commonly form when the environmental vertical wind shear and thermal instability are balanced. However, as mentioned before, in some highly dynamic environments supercells can form with only a minimal amount of CAPE, but with a tremendous amount of low-level shear. Research has shown that extreme low-level shear values are capable of enhancing the updraft speed and can more than compensate for the lack of higher instability. When storms do form in these conditions it can lead to supercell and tornado outbreaks. Very severe storms can also form when shear values are negligible, but CAPE values are extremely large (> 5,000 J/kg).

Let’s now look at how the shape of the hodograph is primarily responsible for determining supercell storm motion.
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Figure 3-23

 When the shear is strong and deep resulting in a long unidirectional (or straight) hodograph the environment is capable of splitting a initial cell into two separate supercells with very different storm motions. When the hodograph is straight, supercells split and propagate symmetrically away from the mean wind. Given a straight hodograph, both left- and right-moving supercells can be anticipated by plotting points 5-9 m/s off the mean wind perpendicular to the 0-6 km mean shear vector. The ground-relative motion of both the left- and right-movers can vary substantially depending on the orientation and location of the wind profile on the hodograph plot. This actual hodograph was associated with mirror image splitting supercells. 
[image: image30.png]Hodograph for Observed Left-moving Supercell

Lake Charles, LA (LCH) 05-26-52 00 UTC Modiied
mis|its
&

o

a0

)

b0

o m lews
@ @ e

et (o) s [T Lo =28 s (S )
RN =100 sREH = 70 m2ls?

The COMET ProgramiNOAA




Figure 3-24
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Figure 3-25
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Figure 3-26

However, we observe that the cyclonic, right-moving supercell is favored more often than the anticyclonic, left-mover. This happens because in the U.S. the climatologically favored severe weather patterns of the Great Plains associated with extratropical cyclones creates predominately clockwise-curved hodographs. Anticipating storm motion in long strongly curved hodograph involves only plotting the right moving storm 5-9 m/s off the mean wind perpendicular and to the right of the 0-6 km mean shear vector. This hodograph represents the environment were several strongly right-moving supercells were observed. 
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Figure 3-27.
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Figure 3-28
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Figure 3-29

When the hodograph is curved counterclockwise, it is the anticyclonic vortex that will be enhanced, making the left member dominant. However as mentioned before, counterclockwise hodographs are not climatologically favored in the northern hemisphere. They do occasionally occur and this hodograph accompanied a severe left-moving supercell that had an anticyclonically rotating mesocyclone.
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Figure 3-30

Supercell Formation:


Let’s look inside a supercell and see why they behave the way they do. Note that we’ll proceed discussing the processes as they occur with a straight hodograph because it is easier to visualize.


  When the vertical wind profile is sheared, horizontal vorticity is present in the environment. We can visualize this vorticity if we imagine the rotation that would be imparted to paddle wheels placed in the environment. 

  Vertical wind shear and buoyancy gradients across the cloud act to tilt the convective tower in the downshear direction. For a given amount of shear, a stronger, updraft will not tilt as much as a weaker updraft simply because its vertical momentum is stronger.  
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Figure 3-31

The precipitation in a storm tilted by shear will largely fall downshear of the updraft, producing a distinctive reflectivity pattern with a tight gradient near the updraft. Even though the precipitation is not falling back on the updraft as it does for non-sheared convection, this does not appreciably extend the life of the storm. The cold pool produced by the precipitation can still kill the storm. We must look still further as to why a supercell storm can be so powerful and long lived.

We need to learn how a supercell can sustain its updraft. We’re going to need to follow the effects of the vorticity created by the wind shear using the "right-hand rule" and by introducing vorticity vectors so we can follow the rotation into the developing storm. 
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Figure 3-32
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Figure 3-33

It is also important to understand that at this scale, wherever there is rotation, low pressure is induced regardless of the direction of the rotation. This is very important for supercell dynamics, as we will now see.

An updraft growing in a sheared environment changes low-level horizontal vorticity into vertical vorticity within the storm, creating a mid-level vortex couplet.

Since the rotation is greatest at midlevels, the pressure deficit is also greatest at midlevels, thus producing upward directed pressure gradients below the regions of rotation. With sufficient vertical wind shear, the upward-directed vertical pressure gradient force generates new updrafts on the flanks of the storm. Since the new updrafts are generated within the regions of cyclonic and anticyclonic rotation, they also rotate cyclonically and anticyclonically.

As rain begins to fall initiating the downdraft, the vortex line is tilted back down in the center by the downdraft, creating another pair of vortices with signs opposite of the initial pair. (Although lower relative pressure is associated with these downdraft circulations, negative buoyancy associated with the precipitation counteracts any upward-directed vertical pressure gradient force that might be generated.)

The above series of events occurs in all storms growing in vertically sheared environments, creating transient mid-level rotation centers when the wind shear is weak and significant mid-level rotation when the wind shear is strong

Given a primarily straight hodograph, the low pressure centers associated with the initial mid-level vortex couplet contributes equally to the development of cyclonically and anticyclonically rotating updrafts on the right and left flanks of the storm, respectively

At this stage, the cold downdraft begins to spread outward at the surface. Where tilting of additional horizontal vorticity continues to produce more rotation on the outer flanks of the new updrafts, creating additional forcing at these locations. This causes the updrafts to propagate further to the flanks. These processes lead to symmetric storm splitting with new supercells propagating to the left and right of the mean wind shear vector 

  The ground-relative motion of both the left- and right-movers can vary substantially depending on the orientation and location of the wind profile on the hodograph plot!

All good things must come to and end though and eventually something leads to the demise of the storm. The two most common reasons for a supercell to decay include its own cold pool eventually cutting off the supply of potentially unstable air or moving into an unfavorable environment. Colliding with other convective storms can also disrupt the supercell. 
Supercell Development in a Clockwise-Curved Environment:
 The same processes are also at work in the case of a supercells growing in an environment with a curved hodograph, but there is an additional factor that results in a preferred flank for updraft growth. When the environmental flow is partially blocked by the updraft column it causes another effect related that creates relative high-pressure up shear and low pressure downshear of the updraft. 
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Figure 3-34
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Figure 3-35

Comparing the vertical pressure structure for straight and clockwise-curved hodographs we can see that when the hodograph is curved, the orientation of the shear vector changes with height, and so the positions of the highs and lows change with height, creating an additional upward-directed pressure gradient on one side of the updraft. This results in the collocation of the upward-directed pressure gradient with the cyclonically rotating mid-level vortex on the right flank of the storm. (See the left side of the diagram.) Here’s a conceptual version of the development process of a dominant right-moving supercell.
So the questions of why are supercells so strong and how can they survive for as long as 6 or more hours even into the night when the boundary layer may be stable are answered primarily by the steady strong updrafts produced by the vertical pressure gradients induced by mid-level rotation and blocking by the updraft.










Convective storms appear in many forms, producing a large variety of severe weather and affecting areas ranging from a few kilometers (or nm) to 100s of kilometers (or nm). Isolated convective storms are generally classified as one of three basic storm types: ordinary cells, multiple cell systems, and Supercells. However, groups of thunderstorms often join together into larger systems. Some of the classic convective system types include squall lines, bow echoes, and mesoscale convective complexes (MCCs). All of these systems are generically referred to as mesoscale convective systems (MCSs). MCCs occur worldwide and year-round. 

The individual cells within an MCS can be any of the basic storm types (depending on the environmental characteristics). In addition to the severe weather produced by any particular cell within the MCS, these systems as a whole can generate large areas of heavy rain and/or high winds. Large swaths of damaging surface winds are a particular concern with bow echoes. 

MCSs may evolve from an isolated cell or small group of cells, or may be triggered as a large convective system from the onset, such as a squall line along or ahead of a cold front or along a dry line. 
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Figure 3-36

Mesoscale convective systems appear in many forms, ranging from a relatively disorganized mass of convective cells, to highly organized convective lines. This animation shows just some of the many types of convective systems that make up this spectrum.
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Figure 3-37
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Figure 3-38

Midlatitude MCSs and the Synoptic Environment 

The convection within the MCS may get its energy from the boundary layer, as in most warm-season, daytime or evening convective scenarios, or from an elevated layer of instability above a cooler surface layer. Elevated convection is often the case for nocturnal systems or convection forced by flow over a warm front. This latter scenario is especially common with MCCs. Flash flooding is equally possible with both boundary-layer-based systems and elevated convective systems. Many elevated, nocturnal MCSs evolve from boundary-layer-based systems that occurred earlier in the day.

Mesoscale and synoptic scale features can significantly impact MCS structure and evolution. For instance, a cold front can continually retrigger a squall line, even in the absence of significant low-level shear. This process can greatly increase the squall line’s lifetime beyond what would be expected based on internal system dynamics alone. Also, MCS favorable shear and buoyancy conditions usually do not develop in isolation, but most often occur as a result of certain climatologically favored synoptic patterns.
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Figure 3-39
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Figure 3-40

Long-lived convective systems that produce extensive and nearly continuous straight-line wind damage are called derechos. Deh-RAY-cho is a Spanish word, which can mean “straight ahead." To be classified as a derecho a single convective system must produce wind damage or gusts greater than 26 m/s (50 kts) within a concentrated area with a major axis length of at least 400 km (250 nm). The severe wind reports must exhibit a chronological progression and there must be at least 3 reports of F1 damage and/or convective wind gusts of 33 m/s (65 kts) or greater separated by at least 64 km (40 nm). Additionally, no more than 3 hours can elapse between successive wind damage or gust events. Derechos are classified as one of two types, 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. 
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Figure 3-41

Sometimes squall lines and bow echoes often evolve within the environmental setting of strong synoptic patterns like those associated with derechos. However, severe MCSs also often occur in more subtle synoptic settings where the forcing features are less obvious. MCSs are observed for a wide range of environmental CAPEs and vertical wind shears. However, for a given CAPE, both the strength and longevity of the system increase with increasing depth and strength of vertical wind shear. 
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Figure 3-42

In general, weak-shear environments produce squall lines that spread quickly up shear and weaken, while stronger shear environments produce stronger, more long-lived lines composed of strong, leading line convective cells and, perhaps, bow echoes. Note, when estimating the shear environment of a squall line, it is the component of low-level environmental shear perpendicular to the line orientation that is most critical for controlling squall line structure and evolution. For instance, in the graphic the three squall lines are evolving in environments with identical shear profiles. Yet because of their orientations, they will not likely evolve in the same way. The uppermost line, because the entire shear component is line-normal, will likely be a strong, long-lived system. The bottom line, on the other hand, experiences no line-normal shear, so it will likely be a weaker, shorter-lived system.
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Figure 3-43

The height of the LFC also has a significant effect on system strength and longevity. Systems in high-LFC environments require more lifting at the leading edge of the cold pool to continue initiating new cells than do systems in environments with low LFCs. Thus, for a given shear and cold pool strength, a system is more likely to be stronger and longer-lived in a low-LFC environment than in a high-LFC environment.

For midlatitude environments 

(e.g., potential cold pool temperature deficits commonly of 6-12° C, 

LFCs of 1.5 to 2.0 km (4,900 to 6,500 ft) 

Weak Shear less than 10 m/s (20 kts) of line-normal low-level shear 

Moderate Shear 10-18 m/s (20 to 35 kts) line-normal low-level shear

Strong Shear greater than 18 m/s ( ~35 kts) line-normal low-level shear

For tropical-type environments

(e.g., potential cold pool temperature deficits of 2-4° C, 

LFCs of .5 to 1.5 km (1,600 to 4,900 ft)

Weak Shear less than 5 m/s (10 kts) line-normal low-level shear

Moderate Shear -10 m/s (20 kts) line-normal low-level shear

Strong Shear greater than 10 m/s (20 kts) line-normal low-level shear

Linear system motion can also be affected by variations in the environmental conditions along the line. For instance, more cells may be triggered in regions where the CAPE is greater or LFC is lower, thereby promoting squall line propagation toward the region with more favorable

environmental conditions. This image shows a common scenario where cells are first initiated to the north where the cap or convective inhibition (CIN) is smaller, but cells are then triggered further southwestward over time, as the gust front intersects the preexisting boundary. This can lead to “back building” which is commonly observed.
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Figure 3-44

Squall Line Evolution

Probably the most frequently observed form of mesoscale convective organization is the squall line. A squall line may be thought of as any line of convective cells. It may be a few tens of kilometers long or 1000 km long (>500 nm); there is no strict size definition. Squall lines are usually composed of a series of ordinary cells spread along and behind the leading edge of the system. However, a squall line may also be composed of a series of Supercells or bow echoes. Supercells and bow echoes are the most prominent cause of severe weather within squall lines.
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Figure 3-45

Squall lines form in a variety of ways. They often originate as a scattered line of convective cells, with new cells eventually filling in the holes in the line, but they also may be triggered as a nearly solid line to begin with. As mentioned before, this latter scenario is especially likely when there is strong linear forcing present, as with a cold front or dry line. In some cases, squall lines are also observed to form from more scattered regions of convective cells or embedded within a more uniform region of stratiform precipitation. One study of the modes of severe squall line formation in Oklahoma classified them into “broken line,” “back building,” “broken aerial,” and “embedded aerial” cases, with broken line and back building cases being the most common.
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Figure 3-46

Research characterizing the environments of severe versus non-severe squall lines observed in Oklahoma showed that the environments of both severe and non-severe squall lines exhibit significant vertical wind shear, especially at low levels, with the average hodograph oriented about 45 degrees to the line. The magnitude of the shear on average is slightly stronger for the severe lines than for the non-severe lines. The average convective available potential energy (CAPE) value for the severe lines was significantly larger than for the non-severe lines (2260 J/kg versus 1372 J/kg).
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Figure 3-47

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. For all types of squall lines, line motion is a result of both the advection of individual cells within the line and discrete propagation due to the triggering of new cells.
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Figure 3-48
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Figure 3-49

This series of images shows the evolution of a typical MCS in a cross section view. Note the repeated pulsing of new cells along the leading edge of the system gust front with time and then the cells moving rearward with time contributing to the growth of the trailing stratiform precipitation region.
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Figure 3-50

The surface pressure field during a squall line’s mature phase reveals classic pressure signatures ahead of, under and behind the system known as a pre-squall mesolow, a mesohigh collocated with the surface cold pool, and sometimes a wake low at the back edge of the stratiform precipitation. The fields are similar whether the low level wind shear is weak or strong, but surface pressure gradients, and thus often the strength of the surface winds, are usually stronger in stronger shear environments.
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Figure 3-51
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Figure 3-52

The corresponding idealized vertical pressure field thorough a mature squall line is shown here.
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Figure 3-53

In general, even for the strongest, most favorable shear profiles, supercell structures within the center portion of a squall line usually give way to more linear forms of convection, such as bow echoes. However, the cells at the ends of the lines maintain some independence and can remain supercellular for long periods of time. It is quite common to find supercells only at the southern end of a mature, north-south oriented squall line. It is also common to find supercells at breaks within otherwise solid squall lines. Both of these locations need to be monitored carefully for an increased potential of severe weather.
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Figure 3-55

As a squall line matures, it typically develops rotation at each end. The development of these line-end vortices is most apparent and significant for relatively short lines (less than 200 km [110 nm] in length). This development is schematically presented here for a 150-km (80-nm) squall line evolving in an environment characterized by weak-to-moderate low-level shear. 
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Figure 3-56

Line-end vortices usually develop between 2-4 h into the lifetime of the convective system, just behind the zone of most active convection. When line-end vortices first develop, the cyclonic and anticyclonic vortices are often of nearly equal strength, promoting a symmetric, bowed shape in the precipitation field. However, if the vortices last for more than 2-3 h (i.e., beyond 4-7 h into the lifetime of the system), the northern, cyclonic vortex tends to become stronger and larger than the southern, anticyclonic vortex. As this occurs, the convective system becomes asymmetric, with most of the stratiform precipitation region found behind the northern end of the system, and the strongest leading-line convective cells found near the southern end. In weak-moderate shear environments, the dominant northern line-end vortex is typically observed to move rearward with time.

As a squall line becomes asymmetric, we can see that the surface pressure field also becomes distorted. Both the mesohigh associated with the cold pool and the trailing wake low is also shifted northward.
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Figure 3-57

As the squall line evolves in its mature stage, the spreading of the convective cells rearward transports warm air aloft. In addition, the deeper portion of the surface cold pool also extends rearward, in response to the rearward expanding rain field. Shown in cross section through a squall line, 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. It is this flow converging in from the rear of the system at mid levels that creates the rear-inflow jet (RIJ). 
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Figure 3-58

The strength of the rear-inflow jet within an MCS is directly related to the strength of the system’s internal buoyancy gradients created by the contrast between the coolness of the cold pool and the warmness of the ascending updraft current. The greater the thermal contrast, the stronger the RIJ. It’s important to note that the strength of the cold pool is directly related to the degree of environmental instability. The potential cooling within the cold pool increases for both increasing lapse rates as well as increasing dryness at mid levels. In general, the rear-inflow jet strength increases for increasing amounts of instability in the environment.
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Figure 3-59

The symmetric-to-asymmetric evolution of the line-end vortices described earlier for weak-to-moderate shear environments also occurs in stronger shear environments, although the vortices tend to remain closer to the leading-edge convection in stronger shear. In addition, smaller-scale bow-shaped systems within the larger system are more apt to develop in stronger shear, with each sub-system also displaying a symmetric-to-asymmetric evolution. These systems observed on radar give the line echo wave pattern (LEWP) signature and as mentioned before are especially known for producing long swaths of damaging surface winds.
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Figure 3-60

The dominant cyclonic vortex can last well beyond the lifetime of the originating convective system and is often referred to as a mesoscale convective vortex (MCV). In some cases, MCVs have been documented to last for several days, helping to trigger subsequent convective outbreaks (see MCC section).

Squall Line Motion (subsection)

The overall propagation speed of a squall line tends to be controlled by the speed of the system cold pool with new cells being constantly triggered along its leading edge gust front. At midlatitudes an "average" cold pool speed is on the order of ~20 m/s (40 kts). 
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Figure 3-61

All things being the same, 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 wind shear. These model simulations of cold pools with storm relative vectors show the difference in the strength and height up the leading edge updraft under the varying atmospheric conditions.
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Figure 3-62
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Figure 3-63
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Figure 3-64

Within squall lines composed of primarily ordinary cells, each cell will generally move with the 0-6 km mean wind and new cells triggering in the downshear direction of the low-level vertical wind shear vector, along the cold pool gust front. For very long squall lines (greater than 200 km [110 nm] in length), individual cells may move at an angle to the line, but the net motion of the line usually stays perpendicular to its initial orientation, independent of the direction of the mean wind or mean wind shear vector.
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Figure 3-65

However, for shorter lines (less than 100 km [55 nm] long), the systems tend to reorient themselves over time to be perpendicular to the direction of the mean low-level vertical wind shear vector. The lines then propagate in the direction of the shear vector as new cells are triggered more readily along the downshear gust front. While this process also occurs with longer lines, it tends not to modify the overall line orientation.
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Figure 3-66

Tropical Squall Lines (subsection)

Overall, squall lines that occur in the tropics are structurally very similar to midlatitude squall lines. That being said, there are a few notable differences worth mentioning. First, because the tropopause is higher in the tropics the leading line convective storms are generally taller than their midlatitude counterparts. Secondly, tropical convection develops in generally lower shear, lower LFC environments both of which affect the details of their lifecycle— specifically that tropical convection is easily triggered and systems tend to move more slowly than midlatitude MCSs. Third, because the environments are of tropical origin there tends to be much less mid-level dry air to encourage evaporation and thus the downdrafts and system cold pools are generally weaker than those in midlatitude squall lines. Fourth, owing to a reduced influence of the Coriolis force, low latitude squall lines display less of a tendency toward asymmetric evolution over time. And lastly, the most obvious distinction between midlatitude and tropical squall lines is the system motion throughout their evolution. 

Most tropical squall lines move from east to west rather than the west to east motion commonly observed with midlatitude MCSs. This occurs because the vertical wind shear profile in the tropics is dominated by easterly trade winds rather than the westerlies that control storm motion in the midlatitudes. It should be noted that although tropical MCSs tend to move slower than their midlatitude counterparts and develop in moister environments, they still move faster than nearby isolated cells and tend to develop in comparatively dry air (for the tropics).
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Figure 3-67

Other well-studied tropical linear disturbances are the squall lines of West Africa and the Sumatra of Indonesia and the subtropical squall lines that occur ahead of the Mei-Yu front near Taiwan. Tropical squall lines preferentially initiate over land surfaces, but are also observed to trigger over oceanic areas. The preference for formation over land is likely due to the greater presence of the continental influence on mid-level “dry” layers. Hail rarely occurs in association with tropical squall lines due to the warm nature of the tropical air masses, but heavy “warm” rain and gusty surface winds are usually observed.

Easterly squall line motion is observed in sub-tropical latitudes as well. Occasionally in the southwestern U.S. during the summer the synoptic flow pattern creates a vertical wind shear profile that supports east to west motion across the desert southwest as shown by this example from western Arizona. This system created damaging surface winds, large hail, a weak tornado and flash flooding! This case re-emphasizes the importance of the vertical wind shear profile in determining MCS evolution regardless of the latitude.
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Figure 3-68
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Figure 3-69
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Figure 3-70

Bow Echo Evolution

One of the more significant and intriguing forms of mesoscale convective organization is the bow echo. Bow echoes are relatively small (20-120 km [10-65 nm] 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 are often referred to as line echo wave patterns (LEWPs). If the cumulative impact of the severe winds from these events covers a wide enough and long enough path to meet the criteria then it is these multiple or especially long-lived bow echo systems that are responsible for a derecho.
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Figure 3-71

Fujita was among the first to document bow echo evolution. They often start 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.

[image: image93.png]Echo Bow Echo Comma Echo

i PotatingHead  Head

I oo o8
g -
B DB Coififa. Cornrme
4 ouTai—g? ! OH T
St ) e
4t
N B B R .

A typieal marphlogy of radar echaes assaciated wih strang and extenive
donbursts. Modited from Fuft 975




Figure 3-72

Shown for comparison to the squall line examples before, this conceptual model shows a weak echo area behind the core of the bow, referred to as a “rear-inflow notch” (RIN). This notch usually signifies the location of a strong rear-inflow jet. Just like a shorter squall line, if a bow echo persists for more than 3 to 4 hours, the Coriolis forcing will intensify the northern

vortex at the expense of the southern vortex creating the often observed asymmetric evolution.
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Figure 3-73

When the rear-inflow-jet descends to the ground at the leading edge of the bow, it creates a swath of damaging surface winds. Weak tornadoes are also often observed just north of this surface jet core. 
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Figure 3-74

Given a Doppler radar in the proper viewing position relative to a bow echo or LEWP in a squall in it is often possible to predict the onset of damaging surface winds using the MARC signature. MARC stands for mid-altitude radial convergence and is detectable in Doppler velocity and is best viewed when the bowing segment is perpendicular to the radar beam. 
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Figure 3-75

Case studies have shown a good correlation between values of MARC velocity differentials of at least 25 to 30 m/s (50 kts or greater) to successive damaging surface wind gusts. The region of strong outbound velocities signifies a component of the system's updraft current (when viewing a storm approaching from the west). The region of strong inbound velocities depicts the storm's convective-scale downdrafts and origins of the mesoscale rear-inflow jet. 

Summary of MARC Characteristics: 

Horizontal Extent

One to three locally enhanced convergent areas (velocity differentials) are found embedded within a larger region of convergence extending from 60 to 120 km (32 to 65 nm) in length 

Depth

Average of 6.2 km (from 3 to 9 km or 9,800 to 29,500 ft in height), with the maximum convergence found in the mid-levels of the storm (between 5 and 5.5 km or 16,400 and 18,000 ft in height) 

Width

2 to 6 km (1 to 3 nm)

Magnitude

Typical velocity differences of 25 to 50 m/s (50 to 100 kts) 
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Figure 3-76

Bow echoes follow the full symmetric-to-asymmetric squall line evolution, but on a smaller scale. Their 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 rear-inflow jet to the surface produces the extreme surface winds associated with bow echoes.
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figure 3-77

Supercells are sometimes observed as part of the larger bow echo structure. In some cases, an isolated supercell is observed to evolve directly into a bow echo as the supercell decays. This evolution has been especially noted with heavy precipitation supercells.
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Figure 3-78

Severe bow echoes are most often observed in environments with moderate-to-strong low-level shear and very high CAPE. A climatological study showed that the lifted index in a bow echo environment averages about -8 K (this usually indicates a CAPE value >2500), with an average 700-mb wind magnitude of 17 m/s. Bow echo and supercell environments overlap a great deal, with bow echoes often characterizing the later stages of a supercell event. However, bow echoes primarily occur in wind profiles with the strong vertical shear confined to the lowest 2-3 km AGL, while supercells primarily occur with deeper vertical wind shear profiles (strong shear extending to at least 4-6 km AGL).

This environment produced both bow echoes and a supercell.
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Figure 3-79

This environment produced a strong bow echo only.
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Figure 3-80

Vertical cross sections through the core of a bow echo depict 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 at mid-levels 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. 
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Figure 3-81

The pressure field is characterized by a strong mesohigh at the surface, associated with the cold pool, and a strong mesolow at midlevels, just above the mesohigh. Because they tend to occur when CAPE values are large, bow echoes have exceptionally warm ascending updraft currents above the cold pool. The strong warm pool aloft combined with the strong surface cold pool contributes to the development of an exceptionally strong rear-inflow jet toward the mid-level mesolow. The strength of the RIJ is important because the stronger the flow in the RIJ, the greater is the potential for damaging winds at the surface!
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Figure 3-82

Like short squall lines, bow echoes tend to propagate in the direction of the low-level mean vertical wind shear vector, at a speed controlled by the speed of the cold pool. Since the cold pools in bow echoes are often exceptionally strong, it is important to note that their propagation speed is often much faster than nearby convective cells or systems.

Mesoscale Convective Complexes

Mesoscale convective complexes (MCCs) are yet a larger form of convective organization. Like derechoes, a system is identified as an MCC based on its size and duration characteristics. An MCC is defined via IR satellite imagery. The physical characteristics of an MCC include a general cloud shield with continuously low IR temperatures less than -32° C over an area > = 100,000 km2, with an interior cold cloud region with temperatures less than -52° C having an area >= 50,000 km2. This corresponds to an average diameter of ~ 600 km (or ~320 nm). MCCs often last for 6-12 hours, and are especially known for producing heavy rain over a large area, although severe winds, hail, and tornadoes can also occur during the early phases of MCC evolution. Because of their size, duration, and extensive lightning, MCCs are a significant threat to aviation.
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Figure 3-83

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 evolution we have described for linear MCSs. Specifically, case studies have shown that MCC initiation is usually associated with a weak large scale frontal zone and the eastward progression of weak short waves in the middle troposphere. MCCs tend to occur on the anticyclonic side of a broad weak westerly jet stream.
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Figure 3-84

The lifecycle of an MCC is classified as having four stages: 1) Genesis, 2) Development, 3) Mature, and 4) Dissipating. During the genesis portion of an MCC’s lifecycle the convective structures that make up the 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 cold pool and anvil. 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.

[image: image111.png]



Figure 3-85

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).
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Figure 3-86
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Figure 3-87

Summary
Just as the structure and evolution of isolated convection depends on the buoyancy and vertical wind shear regime in which it is imbedded, MCS properties also depend on the characteristics of the buoyancy and shear profiles. In this lesson we showed how the strength and the degree of organization of a boundary-layer-based MCS increase with higher magnitudes of the environmental vertical wind shear. We show that the most significant unifying agent for boundary-layer-based MCSs is the surface cold pool, with system evolution heavily controlled by the interaction between the cold pool and the low-level vertical wind shear. Since MCSs often last for 3 hours or more, we also consider the significant impact of the Coriolis effect on system evolution.














Downbursts and Microbursts 
Downbursts.  Downbursts were first defined by Fujita (1976) after his investigation of an airliner crash at New York’s Kennedy Airport. Downbursts have subsequently been identified as the cause of other aircraft accidents and severe weather events. The downburst is a very strong concentrated downdraft with a greater potential for producing damage at the surface with winds reaching at least 40 knots.  Downbursts occur behind the leading edge of a gust front. See Figure 3-15.

[image: image1.wmf]
Figure 3-88. Schematic View of a Downburst
Microbursts.  Microbursts are particularly dangerous small-scale downbursts (.2 nm to 2.4 nm) with a greater potential for producing damage at the surface.  There is often tornado-like damage, equal to F3 (150-mph tornado) on the Fujita Scale, at the surface.  Microbursts are associated with a change in velocity of 50 kt or greater and are the initial most dangerous stage of an evolving larger scale downburst. They can occur with any individual convective cell or as you’ll see, even from a benign looking mid-level cloud producing virga. These small-scale windshear phenomena are particularly hazardous to aviation for several reasons. 1) They occur on very short time and small space scales so they can be difficult to predict and detect and 2) The near-ground wind shear they produce dramatically affects aircraft performance and lift at the vulnerable times of take of and landing. Wind damage is caused by both straight-line winds and tornado-like (shear) vortices along the leading edge, especially if downbursts converge.  Three types of microbursts are wet, dry, and hybrid.
Wet Microbursts.  Wet microbursts also known as high reflectivity microbursts  form in moist environments. Convection develops in a surface-based moist layer and builds into or through a “dry” layer aloft. The mixing (or entrainment) of this drier air into the cloud helps encourage evaporational cooling producing an area of negatively buoyant air, which helps create the microburst. Precipitation drag also contributes to the downward acceleration.
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Figure 3-89

Dry Microbursts.  Dry microbursts also known as low-reflectivity microbursts  form in dry environments. High based clouds form above a deep surface-based dry layer. Precipitation from the cloud base falls into the dry layer and evaporates. The cooler air this creates is negatively buoyant and accelerates downward. As long as precipitation is available for evaporation, the downward path (temperature and pressure) will tend to follow a saturated adiabat. Once all precipitation evaporates, momentum will cause the descent to continue along a dry adiabat.  Downward acceleration will continue as long as the descending air is cooler than the surrounding environment.
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Figure 3-90

Hybrid Microbursts.  Hybrid microbursts with moderate reflectivity values are not surprisingly found in transitional environments that are changing from wet to dry or dry to wet. As the atmosphere transitions from a wet to dry microburst environment, the depth of the sub-cloud layer with a dry adiabatic lapse rate increases, cloud bases rise, and the depth of the mid-level moist layer diminishes.  A change from dry to wet results in less sub-cloud evaporation and more rainfall reaching the ground.  In addition to strong winds, in the hybrid environment graupel and hail are also possible.
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Figure 3-91

SUMMARY

As you can see, there is much to learn about the different types of thunderstorms. As we continue through this book, the relationships between the factors leading to severe weather will become clearer. The understanding of the dynamics and evolution of these storms is very important.

REVIEW EXERCISE 3

1. Explain the importance of the three basic ingredients for thunderstorm formation.

2. Explain the three stages of thunderstorm development.

3. What is a hodograph?

4. What type of vertical wind profile do single cell thunderstorms have?
5. A line of thunderstorms is moving SE at 15 knots, but the individual cells are moving NE at 20 knots.  What causes this type of movement?

6.
Why do new cells form along the downshear flank side of a storm? 
7. What is a Weak Echo Region?

8. Name the four types of supercells.

9.
What is a mesocyclone? 
10.
What type(s) of weather is/are associated with splitting supercell?

11.
Why are  bow echoes usually high wind producers?
12.
 Why are microbursts so hazardous to aviation?
13.
What happens to the precipitation that is associated with a dry microburst as it falls through a dry layer?  What kind of air does this create?
 
14.
What will confluent flow aloft do to a thunderstorm?

15.
A cold thermal trough is propagating over warm-moist air; how will this affect any thunderstorms in the area?

16.
What processes can increase instability in the atmosphere? 
17.
What product is used to define a Mesoscale Convective Complex?

18. MCCs are most often observed during the day in areas in which the boundary layer is unstable. 

True or false?

19. What parameter tends to be the controlling factor for the speed of movement in Bow Echoes?

20.
Which of the two, Supercells or bow echoes, normally form in a deeper strong vertical wind shear? 
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