
ABSTRACT 
 

BAKER, ADAM KINNEY.  Convection and Appalachian Cold-Air Damming.  (Under 
the direction of Dr. Gary M. Lackmann.) 
 

In the southeastern U.S., cold-air damming (CAD) is a common occurrence to the 

east of the Appalachian Mountains, especially during the cool season.  During CAD 

events, a shallow surge of cold air can extend as far southward as central Georgia and 

persist for several days before erosion occurs.  In addition to an influence on the 

climatology of winter weather, in some situations CAD can also significantly influence 

the environment for convective storms.  When sufficient moisture and instability is 

present in the ambient atmosphere, the shear environment at the periphery of the cold 

dome has been hypothesized to enhance the possibility of severe convection.  Operational 

forecasters are aware of this influence, and place great importance on the shear and 

instability environments along or near the cold-dome boundary, or “wedge front”.   

The objectives of this research are to (1) clarify and quantify the influence of the 

CAD cold dome on the convective environment (specifically on instability, shear, and lift 

in the lower troposphere), (2) determine what influence the wedge front has on the 

location, structure, and intensity of convection, and (3) compile the research findings into 

a useful form for application to operational forecasting.  We hypothesize that increased 

vertical wind shear at the periphery of a CAD cold dome provides a more favorable 

environment for strong rotating convection than would otherwise exist.  Although the 

cold dome stabilizes the lower troposphere, we hypothesize that added wind shear due to 

the presence of the cold dome can compensate for the loss of instability with the 

ingredients needed for the development of strong rotating convection along the wedge 

front.   



In order to test this we (1) identified cases of convection along or near a wedge 

front, (2) isolated notable events in the case spectrum, and (3) performed numerical 

experiments (with CAD and with removal of CAD) on a notable event to isolate and 

quantify the influence of a wedge front on convection.   

A dataset of active wedge-front convection events was assembled.  A 

representative event, characterized by convection with a relatively strong and definite 

cold dome, took place on 20 March 2003.  The WRF model was used to simulate this 

event with (i) unmodified terrain and (ii) flattened terrain in order to quantify differences 

in the convective environment in the presence or absence of CAD. 

Initial simulations confirm that the presence of the cold dome decreased 

instability, but increased low-level shear (strong deep-layer shear was present with and 

without the cold dome).  Additional simulations at higher spatial and temporal resolution 

were performed to determine the detailed mechanisms at work on the convective scale.  

Although the wedge front was analyzed to lead to convection with more discrete cell 

structures and some splitting into right- and left-moving cells, the convection without the 

presence of the cold dome was surprisingly more intense.  This is attributed to increased 

surface-based moisture and instability and associated cell updraft strength with the 

particular case in a strong deep-layer sheared environment.  It is speculated that the 

wedge front would be more significant in triggering strong rotating convection with a 

case of high instability and weak deep-layer shear.  A conceptual model created from real 

case data is presented to allow applicability to operational forecasting. 
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1. INTRODUCTION 
 
 
1.1 Background 

Cold-air damming (CAD) is a common weather phenomenon that occurs in many 

mountainous locations around the globe and has been studied in regions such as the Front 

Range of the Colorado Rockies (Dunn 1987), Antarctic Peninsula (Schwerdtfeger 1975), 

Andes Mountains of South America (Garreaud and Wallace 1997; Lupo et al. 2001), and 

Central Mountain Range of Taiwan (Chien and Kuo 2006).  In the southeastern U.S. 

CAD is common along the eastern slopes of the Appalachian Mountains (e.g., Bell and 

Bosart 1988).  Although there are multiple classifications of CAD (Kramer 1997; 

Hartfield et al. 1996; Hartfield 1998; Bailey et al. 2003), this typically occurs when 

relatively cold geostrophic low-level flow is advected against a barrier, geostrophy 

becomes disrupted due to the blocking, and the ageostrophic response can drive the cold 

air along side the barrier in the form of a “backdoor” cold front (Carr 1951; Bosart et al. 

1973).  Geostrophic adjustment occurs with the increasing effect of the Coriolis force 

acting to balance the horizontal pressure gradient force in the mountain-normal direction 

(Baker 1970; Richwien 1980; Bell and Bosart 1988; Xu 1990).  Due to the blockage of 

stable cold air by the mountains, the Coriolis force can rotationally trap the flow and 

result in the formation of Kelvin waves (Gill 1982).  Surges of cold air parallel to the 

barrier responsible for the blocking have characteristics similar to Kelvin waves.  

Southward surges along the eastern slopes of the Rocky Mountains were studied to have 

a surge propagation speed notably faster than the advective velocity and have low-level 
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flow parallel to the terrain (Webster and Fritsch 1985; Tilley 1990).  The flow of cold air 

blocked by the mountain barrier forms a shallow cold dome and a pronounced inverted 

ridge (e.g., Baker 1970) or U-shaped “wedge” signature in the lower-tropospheric 

pressure field (Richwien 1980) as visible in Figure 1.1 from a CAD case studied by 

Brennan et al. (2003).  A method to assess the potential for air mass blockage is through 

the calculation of the Froude number (Fr) (Manins and Sawford 1982): 

 
NH
UFr =  (1) 

where U is the flow speed normal to the barrier, N is the Brunt-Väisälä frequency (a 

measure of static stability), and H is the height of the barrier responsible for the blocking.  

The square of the Froude number represents the ratio of the kinetic energy of the 

approaching air mass to the potential energy needed to rise above the barrier encountered 

by the air mass (Keeter et al. 1995).  Relatively low Froude numbers indicate that 

sufficient inertia is lacking from the air mass, which is likely to be blocked by the barrier.  

Values of 0.3-0.4 are characteristic of most CAD events (Forbes et al. 1987; Bell and 

Bosart 1988).  

In the southeastern U.S., CAD is most common with a surface high pressure 

system to the north, and geostrophic easterly flow impinges on the Appalachian 

Mountains.  As the flow of air becomes blocked, it decelerates and the northward-

directed Coriolis force is decreased, which disrupts geostrophic balance (e.g., Smith 

1982).  This ageostrophic response leads to the formation of a low-level mountain-

parallel (northeasterly) jet (Fig. 1.2) and serves to help maintain the cold dome by 
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providing continual cold air advection and driving the cold air farther southward (Forbes 

et al. 1987; Bell and Bosart 1988; Xu and Gao 1995; Xu et al. 1996).  As the cross-barrier 

force balance adjusts towards geostrophy, the Coriolis force continues to direct the 

northeasterly flow towards the mountains (e.g., Bell and Bosart 1988).  This cold dome 

can extend as far southward as central Georgia (e.g., Fig. 1.3) and persist for several days 

before erosion occurs.   

Several processes have been shown to maintain the cold dome (besides initiating 

the dome in some cases) once it has been set up.  Increased cloud cover over the stable 

interior region of the cold dome limits incident shortwave radiation from reaching the 

ground surface, keeping the temperatures across the CAD region cooler and increasing 

the strength of the temperature gradient along the edge of the cloud cover or dome 

periphery during daylight hours (Fritsch et al. 1992; Langmaid and Riordan 1998), a 

process some refer to as “solar sheltering” (e.g., Bailey et al. 2003).  The stable inversion 

layer across the top of the cold dome can be further reinforced by a diabatic process in 

which isentropic-lift-induced precipitation falls into the drier dome region and provides 

evaporative cooling (Forbes et al. 1987; Bell and Bosart 1988; Fritsch et al. 1992; Lee et 

al. 1992; Langmaid and Riordan 1998).   

CAD erosion has been observed to occur under multiple scenarios.  Previous 

studies have identified the advance of coastal or warm frontal boundaries, solar heating, 

entrainment across the CAD inversion, lower-tropospheric divergence, and cold 

advection aloft to be possible mechanisms for the demise of the cold dome (Bailey et al. 

2003; Brennan et al. 2003; Stanton 2003; Lackmann and Stanton 2004).  Numerical 
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models have been known to underestimate the timing of CAD erosion (Bell and Bosart 

1988; Keeter et al. 1995; Steenburgh et al. 1997; Stanton 2003; Lackmann and Stanton 

2004; Green 2006) and associated duration and magnitude of surface temperature and 

pressure (Richwien 1980; Forbes et al. 1987; Stauffer and Warner 1987; Bell and Bosart 

1988; Stanton 2003; Lackmann and Stanton 2004).  Generally models have been able to 

accurately simulate large-scale CAD processes, but struggle with the mesoscale (Forbes 

et al. 1987; Stauffer and Warner 1987; Bell and Bosart 1988; Kramer 1997).  

The horizontal extent or width of a CAD cold dome can be described by the 

Rossby radius of deformation (Lr), or e-folding distance away from the barrier 

responsible for the blocking of a denser air mass (e.g., Xu and Gao 1995):  

 
f
Hg

Lr
'

=  , where 
0

'
θ
θΔ

=
gg   (2) 

where g is the gravitational acceleration, ΔӨ is the change in potential temperature from 

the ambient warm air to the air within the cold dome, Ө0 is the absolute potential 

temperature of the warm air, and f is the Coriolis parameter (Glickman 2000).  The edge 

of the cold dome extent is typically characterized by a region of higher baroclinicity, 

which has been referred to as the “wedge front” by operational forecasters (hereafter used 

interchangeably with “cold dome periphery”).  An example is provided in Figure 1.3a, 

which shows a strong baroclinic zone located along the periphery of the cold dome across 

Georgia and the Carolinas.   

While CAD primarily stabilizes the environment and influences winter weather 

during the cold season (e.g., Keeter et al. 1995), the periphery of the CAD cold dome has 
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also been observed to “trigger” convective development (e.g., Fig. 1.3b) during both 

warm and cold seasons.  This periphery (or wedge front) can extend horizontally from the 

mountains to the immediate coastline, with the eastern portion of the boundary typically 

referred to as a “coastal front” (e.g., Bosart et al. 1972), which can behave similarly to a 

density current or density wedge (Jirka and Arita 1987; Nielsen and Neilley 1990).  The 

wedge periphery can change in orientation and frontal strength over time as the coastal 

front portion of the boundary moves inland and various erosion mechanisms (noted 

above) may occur.  The wedge front can serve as a lifting mechanism to the ambient 

atmosphere, and when sufficient moisture and instability are present, can trigger 

convection (Fig. 1.4).  Such convection may be surface-based if the moisture and 

instability reside near ground level, or elevated if there is some convective inhibition to 

overcome and lift associated with the wedge front can only affect moisture and instability 

at a nearby level above the surface.  This phenomenon will be hereafter referred to as 

“wedge-front convection” (WFC).  A detailed working-definition of WFC is provided in 

Chapter 2.  Previous studies have noted enhanced convection and increased precipitation 

totals near the periphery of the cold dome (Bosart et al. 1972; Ballentine 1980; Garreaud 

and Wallace 1997).  Convective development near the wedge front has also been found to 

reach or maintain severe intensity (Businger et al. 1991; Langmaid and Riordan 1998).  

Convection can be influenced by interactions with boundary-layer convergence 

zones (e.g., Weaver 1979) and baroclinic boundaries both of synoptic- (e.g., Marshall et 

al. 2002) and mesoscale (e.g., Koch and Ray 1997).  Such boundaries can alter 

convective cell motion, intensity, and longevity (Magor 1959; Miller 1972).  The 
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orientation of the boundary to storm motion track has been shown to have an effect on 

convective behavior and intensity (Maddox et al. 1980; Markowski et al. 1998; 

Nieuwenhuis 2006).  Some low-level baroclinic boundaries provide pre-existing 

horizontal vorticity that is available to be tilted into the vertical (Klemp and Rotunno 

1983).  Updrafts of developing convection can serve to tilt and stretch such vorticity and 

strengthen the cell intensity (Weisman and Klemp 1982; Klemp and Rotunno 1983), a 

process that has been verified with observations (Brady and Szoke 1989; Wakimoto et al. 

1998; Rasmussen et al. 2000).  When interacting with preexisting boundaries, storms 

have been found to acquire stronger rotation (associated with the low-level mesocyclone) 

with a parallel orientation, gaining much of the rotation from streamwise horizontal 

vorticity (further discussed in Chapter 4) originating from the cool side of the boundary 

(Atkins et al. 1999), supporting previous discussion in the literature.  It is well known that 

the magnitude and direction of vertical wind shear (typically analyzed by hodograph 

shape) can significantly affect convective behavior and intensity (e.g., Klemp and 

Wilhelmson 1978).  Thus, the impact of the shear environment associated with the 

presence of a preexisting baroclinic boundary such as a wedge front is key to better 

understanding the influence of CAD on convection. 

 

1.2 Motivation 

Aside from the challenges of forecasting temperature and precipitation type 

associated with winter weather during cold-season CAD events (e.g., Keeter et al. 1995), 

and with potentially hazardous visibilities and ceiling heights in aviation weather, there is 
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additional concern among operational forecasters with the role of CAD in convective 

development for events year-round.  The particular influence of the wedge front on 

convection has not been specifically studied in detail.  There is uncertainty as to how the 

shear environment within the cold dome influences convective character and intensity 

when development occurs along or near the wedge front, which serves as the motivation 

for this research. 

Direct concern about forecasting WFC in the National Weather Service (NWS) can 

be seen in Area Forecast Discussions (AFDs) such as in the 0906Z 29 March 2008 

issuance from the Weather Forecast Office (WFO) in Peachtree City, Georgia: 

 

“WEDGE FRONT WILL BEGIN MOVING INTO NORTHEAST GA…BUT 

THE FRONT ITSELF PUSHING SOUTH SHOULD PROVIDE A SOURCE 

OF LIFT. VERY WEAK WAVES EMBEDDED IN THE ZONAL FLOW 

ALOFT WILL ALSO PROVIDE WEAK SOURCES OF ASCENT. OTHER 

CONCERN IS INCREASING LAPSE RATES ALOFT AND SURFACE 

INSTABILITY IN THE VICINITY OF THE WEDGE FRONT...CAPES 

RANGING BETWEEN 500-1000 J/KG. SHEAR IS ALWAYS A CONCERN 

ALONG THE PERIPHERY OF THE COLD DOME...” 

 

It is evident that operational forecasters place great importance on the wind shear and 

thermodynamic environment along or near the wedge front.  Additionally there are cases 

where severe weather occurs in the vicinity of a wedge front.  The following quote is 
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from NWS forecaster Trisha Palmer (WFO Peachtree City, GA) on a tornado outbreak 

event (1 March 2007): 

 

“we also had a weak cool pool in place in NE GA during the 1 March tornado 

outbreak this spring (in that case, it was more of a factor in preventing the 

convection from reaching the Metro Atlanta area - haven't done any in-depth 

looking yet as to what role the wedge front played in the outbreak itself).” 

 

Here it is noted that the dome acted to prevent convection in some areas, however the 

role of the wedge front in the outbreak itself remains unknown.  An active WFC event 

that involved F3 and F2 tornadoes occurred on 2 January 2006 across portions of central 

Georgia (Fig. 1.5).  Such cases demonstrate that wedge fronts can be associated with 

convection that has the potential to threaten life and property.   

Overall concern among mid-Atlantic NWS WFOs with forecasting convection 

associated with CAD culminated in the raising of this issue at a regional meeting for the 

Collaborative Science, Technology, and Applied Research Program (CSTAR).  Research 

applied to this topic of concern was voted to hold some of the greatest potential in 

benefiting operations, therefore funding was provided through CSTAR for this particular 

study.  The risk to life and property, combined with the current concern among 

operational forecasters, further motivates this research and the critical need to answer 

questions regarding the influence of the wedge front on convection.  More specifically, 

what role does a wedge front play in the triggering and subsequent character and intensity 
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development of convection?  How does the shear environment associated with the 

presence of a CAD cold dome affect convection?   

 

1.3 Objectives and hypothesis 

The purpose of this research is to understand if and how the periphery of a cold 

dome influences convection during CAD events.  With careful study, experimentation, 

and analysis, we aim to (1) clarify and quantify the influence of the CAD cold dome on 

the convective environment (specifically on instability, shear, and lift in the lower 

troposphere), (2) determine what influence the wedge front has on the location, structure, 

and intensity of convection, and (3) compile the research findings into a useful form for 

application to operational forecasting.   

We hypothesize that the presence of a CAD cold dome alters the environment in a 

way that makes an appreciable difference in convective character and intensity, while 

providing a more favorable environment for strong rotating convection than would 

otherwise exist.  Although the cold dome stabilizes much of the lower-tropospheric 

environment, we further hypothesize that added wind shear due to the presence of the 

cold dome compensates for the loss of instability with the ingredients needed for the 

development of strong rotating convection along the wedge front.  To test these 

hypotheses, the following steps were taken:  (1) used a comprehensive database of CAD 

event days to identify cases of wedge-front convection, (2) isolated notable events in the 

case spectrum, and (3) performed numerical experiments (with CAD and with removal of 

CAD) on a notable event to isolate and quantify the influence of a wedge front on 
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convection.  The first two steps are covered in Chapter 2, the third step is presented in 

Chapter 3 (for initial simulations of the convective environment) and Chapter 4 (for finer 

resolution simulations of the convection explicitly), and summarized results and 

conclusions are presented in Chapter 5. 

 

 

 



Figure 1.1. (Fig. 6a and b from Brennan et al. 2003) Eta Model analysis of sea level 
pressure (solid contours every 2 mb), 2-m equivalent potential temperature (dashed 
contours every 5 K), and 10-m wind (barbs, kt) with subjectively analyzed surface 
features valid at (a) 1200Z 12 Feb and (b) 0000Z 13 Feb 2000.

b
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Figure 1.2. (Fig. 22 from Bell and Bosart 1988) Conceptual model of a cold-air 
damming region.  A strong low-level wind maximum (LLWM), also referred to as a 
mountain-parallel jet, within the cold dome, the sloping inversion of the dome top, 
overriding ambient warm air above the dome, and southerly/southwesterly flow above 
700 mb. b

12



Figure 1.3. (a) Manual surface temperature (contour interval 2˚F) and frontal analysis 
at 2300Z 20 March 2003 and (b) radar composite reflectivity at 0000Z 21 March 2003 
(bottom).  Dashed white lines denote approximate location of temperature gradient 
along CAD dome periphery and white oval outlines developing convection. 

a

b
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Figure 1.4. Idealized vertical cross-section of CAD cold dome.  Potential temperature 
in contours showing horizontal and vertical extent of cold dome, mountain-parallel jet 
directed out of the page (southward) along the eastern slope of the mountain barrier 
shown on the left, parcel trajectory of moist and potentially unstable ambient 
atmosphere (large black arrow) lifted to level of free convection, and subsequent 
convective development along dome periphery (shaded region).
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Figure 1.5. Plotted preliminary storm reports through NOAA’s Storm Prediction Center 
from 1200Z 02 Jan. 2006 to 1159Z 03 Jan. 2006.  Oval outlines reports associated with 
convection that was analyzed to develop along the wedge front.

15
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2. CASE IDENTIFICATION AND SPECTRUM 
 

The process of identifying cases of active convection along the wedge front was 

based on an objective definition of “wedge-front convection” (WFC) that involved 

detailed criteria in multiple fields commonly analyzed in operational forecasting with the 

intention of maintaining the applicability of the research to the forecasting environment.  

Once a dataset of active WFC cases was assembled, the cases were analyzed for 

characteristics of (i) relative cold dome strength, (ii) severity of convection, (iii) amount 

of ambient moisture and instability, and (iv) amount of deep-layer wind shear.  A notable 

event determined to have convection associated with a relatively strong and well-defined 

cold dome provided the best opportunity out of the spectrum of events to clearly isolate 

the influence of CAD and was used for detailed analysis.  The results from this analysis 

are presented in Chapters 3 and 4. 

 

2.1 Data and methods 

An objective definition of WFC was used to assemble a dataset of active WFC 

cases from specific (spatial and intensity) requirements for temperature gradient, radar 

reflectivity, and reanalysis data associated with past CAD events.  A complete list of data 

resources can be found in Appendix A.1.  The CAD events used to determine WFC cases 

were compiled from (i) a list of specific CAD events (with hourly times of onset and 

demise) generated from the previous research of Tom Green, Wendy Moen, and Chris 

Bailey (CAD algorithm in Bailey et al. 2003), (ii) a list of CAD dates (without specific 
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hourly times) generated by a CAD algorithm (see Appendix A.2) from the NWS WFO in 

Columbia, SC (CAE), and (iii) from additional case suggestions based on NWS 

forecaster input through direct correspondence via e-mails across the Mid-Atlantic 

CSTAR Discussion Group..  Together the lists provided 241 total days of CAD that could 

be analyzed for WFC, spanning the period 01 April 2001 to 15 June 2007 (approximately 

6 years).  A histogram analysis of the total CAD days on an annual scale (Fig. 2.1) 

indicated that relative frequencies of total CAD days were lowest during the summer 

months and higher during the cool season.    

Radar composite reflectivity values were examined for suspected WFC for each 

CAD day in the database across a particular domain in the southeastern U.S. and across a 

specified region relative to the CAD cold dome (described in Section 2.1.1).  The step-

by-step case identification methodology is provided in Section 2.1.2.  

 

2.1.1 Identification zones 

Constraints were placed on the location of convective development in order to 

establish linkage with a wedge front.  Convective development must occur within a 200-

km cross-gradient area (across gradient of surface temperature) centered along the 

analyzed wedge front.  This is defined as the “Zone of Developing Convection”, or 

“ZDC”, as shown in Figure 2.2a, and may bulge southward along the eastern side of the 

Appalachian Mountains due to CAD.  The ZDC was located within the domain outlined 

in Figure 2.2b across the southeastern U.S. 
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2.1.2 Case identification methodology 

The following steps were taken in subsequent order for cases to qualify as wedge-

front convection events: 

 

1. Radar composite reflectivity (data sources described in Appendix A.1) within the 

southeast domain was analyzed from the onset of the listed CAD to 24 hours past 

the end of the listed CAD so as to include possible lingering CAD following end 

times among the lists.  From the Green/Moen/Bailey list, this involved analysis 

from the start of the listed CAD onset time to 24 hours past the end of the CAD 

event.  For the additional CAD dates provided by the CAE list and NWS 

forecaster suggestions, the analysis started at 00Z of the listed day and ended 24 

hours after the end of the listed day (a total of 48 hours). 

2. Areas of reflectivity within the ZDC followed one of the following: 

a. developed initially from reflectivities ≥ 5 dBZ and < 30 dBZ to 

reflectivities ≥ 35 dBZ within 1 hr (stepping forward in time from a 

starting reflectivity frame to two subsequent frames with 30-minute time 

intervals to account for the convective life cycle (Doswell 2001)1 

b. if structures initially developed outside the assumed ZDC, then areas 

underwent enhanced development, or developed further (within the ZDC) 

from either: 

                                                 
1 Archived composite reflectivity was analyzed at approximately 30-minute intervals (occasionally 15-
minute intervals) from the online UCAR case study database.  If anomalous time periods of data were 
unavailable, then archived NEXRAD composite reflectivity from the National Climatic Data Center 
(NCDC) was utilized at 1-hour intervals. 
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i. reflectivities ≥ 10 dBZ and < 30 dBZ to reflectivities ≥ 35 dBZ or 

ii. reflectivities ≥ 30 dBZ to reflectivities increased by ≥ 10 dBZ 

3. Convective development had a cross-gradient width of ≤ 100 km from 

reflectivities < 30 dBZ across reflectivities ≥ 35 dBZ (Fig. 2.3). 

 

4. Development within the ZDC was verified after the following: 

a. The location of initial or enhanced convective development was compared 

to a manual surface temperature and frontal analysis (isotherms with a 

contour interval of 2˚F) at the hour just before initial development to 

verify that development occurred within 100 km of the analyzed frontal 

location (within the ZDC).  

b. Manual surface analysis maps were compared with NCEP reanalysis 

surface maps for final verification that the analyzed front was along the 

periphery of a CAD cold dome. 

 

An example of a case in which the above steps were taken and the criteria were 

met is seen in Figure 1.3.  If any of the identification criteria were not met for a possible 

case or if data were unavailable, then the convective development was determined to 

have no relation to a wedge front and was eliminated from the database.  The WFC 

occurrences were organized into separate days and labeled as “WFC days” (Table 2.1), 

and if more than one occurrence was recorded during a day, then the occurrences were 



 20

grouped into a single case.  Due to the tendency for multi-day CAD events, the WFC 

days were also grouped into corresponding CAD events (Table 2.1). 

 
 
2.2 Identification results 
 

A total of 29 WFC occurrences were identified (Table 2.1).  These occurrences 

spanned across 24 active WFC days, which is approximately 10% of the total CAD days 

(241)2, and were associated with 17 separate CAD events (Table 2.1).  Each case had a 

CAD event setup that was either classical or hybrid (Bailey et al. 2003) with a parent 

surface high pressure centered to the north or northeast (Table 2.1)   

Visible satellite imagery was analyzed for the active WFC occurrences, and 

nearly all occurrences involved increased cloud cover over the stable cold dome region 

(Table 2.2).  This suggested that solar sheltering was occurring, which can serve to help 

maintain the cold dome and lead to strengthening of the horizontal temperature gradient 

along its periphery (Fritsch et al. 1992; Langmaid and Riordan 1998).  In addition, 

ambient 700-mb wind direction was analyzed from observed rawindsonde data across the 

southeast region (across NC, SC, GA, AL, and northern FL) at the closest available times 

before (or during) and after the time that initial or enhanced convective development 

(Table 2.2).  This analysis suggests that nearly all occurrences of active WFC involved an 

ambient southwesterly flow that was overriding the cold dome. 

Histograms were generated to determine the relative frequency of WFC 

development times on a diurnal scale (Fig. 2.4a) and days of convection on an annual 
                                                 
2 Due to the relatively infrequent occurrence of WFC, there is less opportunity for forecasters to gain 
experience predicting certain aspects of the events, which further motivates this research. 



 21

scale (Fig. 2.4b).  Although there is a limited sample size of WFC days, the relative 

frequency on an annual scale showed that a preponderance of active WFC days occurred 

during the spring.  The relative frequency of time of initial or enhanced convective 

development on a diurnal scale showed a preferential occurrence during the daylight 

hours (between 12Z and 00Z). 

 

2.3 Spectrum of cases 

Once a dataset of active WFC cases was assembled, the cases were analyzed for 

characteristics of (i) relative cold dome strength, (ii) severity of convection, (iii) amount 

of ambient moisture and instability, and (iv) amount of deep-layer wind shear.  A notable 

event that provided the best opportunity for isolating the influence of CAD on convection 

was selected for more detailed analysis.  

 

2.3.1 Cold dome strength 

Although perhaps not the most representative of favoring convective 

development, a case with a relatively strong and well-defined cold dome in place at the 

onset of WFC would provide the greatest opportunity for clear isolation of the cold 

dome’s effects.  The strength of the horizontal temperature gradient in each case was 

categorized into a relative bin of weak (WK), moderate (MDT), or strong (STR) (Table 

2.3).  The relative strengths were determined by the following: 
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1. Used manual surface isotherm analysis (at the closest hour before the time of 

initial or enhanced convective development, “T-SA” in Table 2.3) to determine 

the lowest analyzed temperature in North Carolina to represent the interior of the 

cold dome (“Interior T” in Table 2.3) 

2. Again used manual surface temperature analysis to determine the main isotherm 

value along the southward protrusion of the analyzed wedge front to represent the 

periphery of the cold dome (“Periph T” in Table 2.3) 

3. Calculated the difference between the analyzed interior and periphery 

temperatures to represent the strength of the temperature gradient or baroclinic 

zone across the horizontal extent of the cold dome (“Delta T” in Table 2.3) 

4. Used the calculated temperature difference in ranges to allow for the 

identification of relative strengths of the temperature gradients among the 

analyzed horizontal extent of the cold domes (“Rel. Strength” in Table 2.3): 

a. Weak: ΔT < 15 ˚F (“WK” in Table 2.3) 

b. Moderate: 15 ˚F ≤ ΔT < 25 ˚F (“MDT” in Table 2.3) 

c. Strong: ΔT ≥ 25 ˚F (“STR” in Table 2.3) 

 

After the analysis of CAD cold dome strength, 6 active WFC days were found to 

be associated with relatively weak CAD temperature gradients, 9 moderate, and 9 with 

strong gradients.  One case in particular (20 March 2003) demonstrated having not only a 

relatively strong cold dome, but also having a well-defined orientation of baroclinicity 
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and southward protrusion across the southeastern U.S. (case information outlined in bold 

in Table 2.3). 

 

2.3.2 Severity of convection 

For other means of comparison, the cases of active WFC were analyzed for 

severity of convection.  Archived storm reports from the Storm Prediction Center (SPC) 

were analyzed to see if any matched the time and location with identified WFC on radar.  

Upon completion of the analysis, 6 out of 17 CAD events associated with active WFC 

included some form of severe reports (approximately one third of the events).  Of these 6 

severe events, 4 were associated with relatively strong CAD cold domes.  There were 119 

total severe reports associated with WFC, which consisted of 10 tornado reports, 81 hail 

reports, and 28 wind reports spanning across Alabama, Georgia, and South Carolina.  

These report numbers and a breakdown of report types for each corresponding active 

WFC day are provided in Table 2.4. 

 

2.3.3 Ambient moisture and instability 

In order to more accurately analyze the moisture and instability ambient to the 

cold dome for each convective event, observed or model soundings from locations 

representing the region just beyond the periphery of a typical cold dome (locations in Fig. 

2.5) were modified and analyzed for multiple instability fields for both the surface-based 

and most unstable parcels.  Such fields included surfaced-based convective available 

potential energy (SBCAPE), surface-based convective inhibition (SBCIN), most unstable 
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CAPE (MUCAPE), most unstable CIN (MUCIN), and most unstable parcel height (MU 

P-HT).  This analysis followed the following procedure: 

 

1. Observed or model (RUC or RUC211) sounding data were obtained from 

Morehead City, NC (MHX), Charleston, SC (CHS), Jacksonville (JAX), and 

Tallahassee, FL (TLH) at times closest before the time of initial or enhanced 

convective development (T-ID) 

2. Soundings were modified in NSHARP with observed surface temperature and 

dewpoint values at times closest before T-ID 

3. If T-ID was within 1 hr before sounding times of 00, 06, 12, or 18Z, then used 

that sounding as long as convective location was not at sounding location 

(average time between the modified soundings and convective development was 

approximately 2 hours) 

4. Recorded SBCAPE, SBCIN, MUCAPE, MUCIN, and MU P-HT values from 

modified soundings for each location 

5. Calculated average values across all four locations for each case of active WFC3 

6. Used averages to determine whether cases involved relatively high or low values  

 

The results of the surface-based parcel instability analysis along with the 

categorical results from the cold dome strength and severity of convection analyses are 

                                                 
3 Note that some averaged instability values may not be completely representative of the ambient 
atmosphere since the orientation and horizontal extent of the cold dome varied across the WFC cases and 
the MHX and CHS locations could have been affected by the cold dome.  
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shown in Table 2.5 and the results of the most unstable parcel analysis are shown in 

Table 2.6.  The instability analysis for the most unstable parcel provides useful 

information for cases that likely involved elevated convection.  Total SBCAPE averages 

ranged from 0 J/kg to 3446 J/kg.  Two additional cases to the 20 March 2003 case were 

noted (outlined in bold in Table 2.5) to have distinct contrasts in characteristics after the 

three analyses.  These cases are described in more detail in sub-section 2.3.5. 

 

2.3.4 Deep-layer shear 

While CAD is likely to have a greater influence on the low-level shear (quantified 

from numerical experiments in subsequent chapters), the deep-layer shear present during 

an event can lead to strong rotating convection whether a wedge front is present or not.  

An analysis of deep-layer (0-6-km) wind shear was performed during the same procedure 

as the CAPE analysis described in the previous sub-section (2.3.3).  Available vertical 

wind shear values from the 0-6-km levels were recorded from the same sounding data for 

the MHX, CHS, JAX, and TLH locations (Table 2.6).  These values were averaged 

across the four locations (Table 2.6) to provide a range across all cases for determining 

relative deep-layer shear strength.   

The results of this shear analysis along with the categorical results from the cold 

dome strength and severity of convection analyses are shown in Table 2.6.  Averaged 0-

6-km shear values ranged from 7 kts to 52 kts.  The same two cases that showed a distinct 

contrast in SBCAPE (sub-section 2.3.3) also involved contrasting relative strengths of 
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deep-layer shear (outlined in bold in Table 2.6).  These cases are described in more detail 

in the next section. 

 

2.3.5 Notable cases within spectrum 

The 20 March 2003 active WFC case was overall the best example of convection 

associated with a relatively strong and well-defined CAD cold dome and served as a 

suitable case to initialize numerical simulations for testing the influence of a CAD cold 

dome on the convective environment.  While the ambient moisture and instability and 

deep-layer shear associated with this case were not taken into consideration with 

selecting a proper case for model experiments, it is important to note how this particular 

case relates to the others in the spectrum of SBCAPE and 0-6-km shear values for further 

understanding and future analysis.  This particular case involved relatively moderate 

average SBCAPE values (1213 J/kg from a 0-3446 J/kg range) and strong average deep-

layer shear values (43 kts from a 7-52 kts range).  Additional details of this case will be 

provided in the case overview sub-section in the following chapter (3).  Corresponding 

North American Regional Reanalysis (NARR) data were used to initialize the model 

simulations described in Chapters 3 and 4.   

Cases with distinct contrasts have the potential to provide worthwhile 

initializations for numerical simulation experiments.  Ultimately 2 active WFC cases 

associated with CAD events other than the aforementioned 20 March 2003 case show 

potential for being strongly representative of differing environments for active WFC.  

The 2 March 2002 case (outlined in bold in Tables 2.5 and 2.7) had relatively low 
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average ambient moisture and instability (314 J/kg from a 0-3446 J/kg range) and strong 

average deep-layer shear (52 kts from a 7-52 kts range) with a strong CAD cold dome, 

whereas the 11 May 2002 (outlined in bold in Tables 2.5 and 2.7) case had contrastingly 

high average ambient moisture and instability (2377 J/kg from a 0-3446 J/kg range) in 

place and weak average deep-layer shear (26 kts from a 7-52 kts range) with a strong 

CAD cold dome, and severe convection.  Beyond this study, future modeling experiments 

with these two cases could further elucidate the importance of ingredients in convective 

development and behavior such as CAPE and deep-layer vertical wind shear associated 

with convection along wedge fronts.  
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Figure 2.1. Relative frequency of total CAD days (241) on an annual scale (bars) and 
associated cumulative percentage (black line).
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Figure 2.2. (a) Zone of Developing Convection (ZDC): 200-km zone horizontally 
centered at the analyzed wedge front where convection has initial or enhanced 
development and (b) domain across VA, NC, SC, GA, and AL in the southeastern 
U.S. used for radar composite reflectivity analysis.
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Figure 2.3. Spatial constraints on radar composite reflectivity. Convective 
development with a cross-gradient width of ≤ 100 km (from reflectivities < 30 dBZ
across reflectivities ≥ 35 dBZ) within the ZDC.
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Figure 2.4. Relative frequency (bars) of (a) time of initial or enhanced convective 
development of first WFC occurrence during active WFC days on a diurnal scale and 
of (b) active WFC days on an annual scale.  Associated cumulative percentage shown 
with black line.
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Figure 2.5. Sounding locations for Morehead City, NC (MHX), Charleston, SC 
(CHS), Jacksonville (JAX), and Tallahassee, FL (TLH) used in NSHARP to modify 
thermodynamic data for the representative CAPE analysis.
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Date 
(YYMMDD)

T-ID 
(UTC)

T-SA 
(UTC)

WFC 
Occ. #

WFC 
Day #

CAD 
Event # CAD Description 

010506 2100 2000 1 1 1 C-CAD - 1032 to N
010703 1630 1600 2 2 2 H-CAD - 1024 to NE
010727 1800 1700 3 3 3 C-CAD - 1030 to N
010728 0300 0200 4 4 3
010728 1630 1600 5 4 3

010904 1800 1700 6 5 4
H-CAD - 1020 to NE 
(day before)

020302 2245 2200 7 6 5 C-CAD - 1036 to NNE
020317 1800 1700 8 7 6 C-CAD - 1036 to N
020320 1430 1400 9 8 6
020511 1900 1800 10 9 7 C-CAD - 1032 to N

020829 1300 1200 11 10 8
C-CAD - 1032 to N 
(day before)

020829 1800 1700 12 10 8
020830 1930 1900 13 11 9 C-CAD - 1032 to N
020901 1400 1300 14 12 9 
021006 1830 1800 15 13 10 H-CAD - 1024 to N
030319 2145 2100 16 14 11 C-CAD - 1032 to N
030320 2330 2300 17 15 11
030517 1730 1700 18 16 12 C-CAD - 1032 to NNE
030518 0200 0100 19 17 12
030519 0800 0700 20 18 12
030519 1530 1500 21 18 12
040217 0800 0700 22 19 13 C-CAD - 1036 to NNE
040412 1530 1400 23 20 14 C-CAD - 1030 to N
040412 2000 1900 24 20 14
040412 2100 2000 25 20 14
050129 0030 2300 26 21 15 H-CAD - 1036 to NNE
050602 1500 1400 27 22 16 H-CAD - 1024 to NE
060102 2130 2100 28 23 17 H-CAD - 1024 to NE
060103 0300 0200 29 24 17

Table 2.1. Breakdown of active WFC cases.  Time of active WFC for the 
corresponding date, time of first identified initial or enhanced development (T-ID), 
time of manual surface analysis (T-SA, closest hour before T-ID), number of WFC 
occurrence, number of corresponding WFC day, number of corresponding CAD event 
responsible for the wedge front setup, and description of parent surface high analyzed 
from NCEP reanalysis associated with CAD (‘C’ denotes classical, ‘H’ denotes 
hybrid, pressure in mb, and orientation to the southeast U.S. CAD region).
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Table 2.2. Cloud cover and ambient 700-mb wind for active WFC cases.  Time of 
active WFC for the corresponding date, time of first identified initial or enhanced 
development (T-ID), number of WFC occurrence, indication of cloud deck present 
during event (“Yes”, “No”, or “*” indicating a lack of available visible satellite data), 
time of upper-air sounding closest before T-ID (T-BF), general wind direction at the 
700-mb level at T-BF across the southeastern U.S., time of upper-air sounding closest 
after T-ID (T-AF), general wind direction at the 700-mb level at T-AF across the 
southeastern U.S.

Date 
(YYMMDD)

T-ID 
(UTC)

WFC 
Occ. #

Cloud 
Deck

T-BF 
(UTC)

700mb Dir 
(T-BF)

T-AF 
(UTC)

700mb Dir 
(T-AF)

010506 2100 1 No 1200 S/NW 0000 N/NE
010703 1630 2 Yes 1200 SW/W 0000 SW/W
010727 1800 3 Yes 1200 SW/W 0000 SW/NW
010728 0300 4 Yes 0000 SW/NW 1200 SW/NW
010728 1630 5 Yes 1200 SW/NW 0000 SW/W
010904 1800 6 Yes 1200 W/SW 0000 NW/W
020302 2245 7 * 1200 SW 0000 SW
020317 1800 8 * 1200 SW/W 0000 SW/NW
020320 1430 9 * 1200 SW 0000 SW
020511 1900 10 Yes 1200 W 0000 SW/W
020829 1300 11 Yes 1200 SW/SE 0000 SW
020829 1800 12 Yes 1200 SW/SE 0000 SW
020830 1930 13 Yes 1200 S 0000 E/S
020901 1400 14 Yes 1200 E/SE 0000 SE
021006 1830 15 No 1200 NW 0000 N
030319 2145 16 Yes 1200 SW 0000 SW
030320 2330 17 Yes 1200 SW 0000 SW
030517 1730 18 Yes 1200 SW/W 0000 SW
030518 0200 19 Yes 0000 SW 1200 SW
030519 0800 20 Yes 0000 SW/W 1200 S/W
030519 1530 21 Yes 1200 S/W 0000 S/NW
040217 0800 22 Yes 0000 SW 1200 SW
040412 1530 23 Yes 1200 SW/S 0000 SW
040412 2000 24 Yes 1200 SW/S 0000 SW
040412 2100 25 Yes 1200 SW/S 0000 SW
050129 0030 26 Yes 0000 SW/NW 1200 SW
050602 1500 27 Yes 1200 SW 0000 SW
060102 2130 28 Yes 1200 SW 0000 W/SW
060103 0300 29 * 0000 W/SW 1200 W/SW
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Table 2.3. Relative cold dome strength for active WFC cases.  Time of active WFC 
for the corresponding date, time of manual surface analysis (T-SA, closest hour before 
T-ID in Table 2.2), number of corresponding WFC day, number of corresponding 
CAD event responsible for the wedge front setup, lowest analyzed temperature in 
North Carolina from surface isotherm analysis to represent the interior of the cold 
dome (˚F), most frequent temperature along the southward protrusion of the analyzed 
wedge front based on the isotherm analysis to represent the periphery of the cold 
dome (˚F), difference between the analyzed interior and periphery temperatures (˚F), 
and relative strength of temperature gradient (weak, WK: T < 15 ˚F; moderate, MDT: 
15 ˚F ≤ T < 25 ˚F; strong, STR: T ≥ 25 ˚F).

Date 
(YYMMDD)

T-SA 
(UTC)

WFC 
Day #

CAD 
Event #

Interior T 
(˚F)

Periph T   
( ˚F)

Delta T 
(˚F)

Rel. 
Strength

010506 2000 1 1 68 82 14 WK
010703 1600 2 2 68 84 16 MDT
010727 1700 3 3 64 84 20 MDT
010728 0200 4 3 62 76 14 WK
010728 1600 4 3 62 82 20 MDT
010904 1700 5 4 70 76 6 WK
020302 2200 6 5 38 70 32 STR
020317 1700 7 6 42 72 30 STR
020320 1400 8 6 46 62 16 MDT
020511 1800 9 7 62 88 26 STR
020829 1200 10 8 62 72 10 WK
020829 1700 10 8 68 80 12 WK
020830 1900 11 9 66 82 16 MDT
020901 1300 12 9 64 72 8 WK
021006 1800 13 10 68 84 16 MDT
030319 2100 14 11 46 82 36 STR
030320 2300 15 11 44 76 32 STR
030517 1700 16 12 54 82 28 STR
030518 0100 17 12 50 80 30 STR
030519 0700 18 12 48 66 18 MDT
030519 1500 18 12 52 72 20 MDT
040217 0700 19 13 18 38 20 MDT
040412 1400 20 14 40 66 26 STR
040412 1900 20 14 44 76 32 STR
040412 2000 20 14 44 80 36 STR
050129 2300 21 15 26 48 22 MDT
050602 1400 22 16 58 72 14 WK
060102 2100 23 17 44 72 28 STR
060103 0200 24 17 44 62 18 MDT
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Table 2.4. Severe storm reports associated with active WFC cases.  Time of active 
WFC for the corresponding date, time of first identified initial or enhanced 
development (T-ID), number of corresponding WFC day, number of corresponding 
CAD event responsible for the wedge front setup, relative strength of temperature 
gradient (as described in Table 2.3), number of total severe reports, number of tornado 
reports, number of hail reports, number of damaging wind reports, and time range 
(UTC) of when the reports occurred.  Sums of reports are given for each category at 
the bottom.

Severe Reports:
Date 

(YYMMDD)
T-ID 

(UTC)
WFC 
Day #

CAD 
Event #

Rel. 
Strength

# Tot 
Rep. # Tor # Hail # Wind

Time Range 
(UTC)

010703 1630 2 2 MDT 5 0 2 3 2000 - 2317
020511 1900 9 7 STR 9 0 7 2 1945 - 2200
030319 2145 14 11 STR 25 1 22 2 2310 - 0626
030517 1730 16 12 STR 16 0 12 4 1845 - 0003
050602 1500 22 16 WK 1 0 1 0 2020
060102 2130 23 17 STR 57 9 31 17 2130 - 0230
060103 0300 24 17 MDT 6 0 6 0 0302 - 0423

Rep. 
Sums: 119 10 81 28

36



37

000000000008000600R0800NoMDT22040217
-1861296-1419990317200-7281215001200U1530NoMDT21030519
-143438-169556-1201128-282680008000000U0800NoMDT20030519
-391547-661800-5028400002000000U0200NoSTR19030518
01838-1197503362020150017001200U1730YesSTR18030517

-160121302956-51559-226333-408423000000U2330NoSTR17030320
-4711300183202678-1427321001200U2145YesSTR16030319
032310324304195030420244218001800R1830NoMDT15021006
-419990157002776-71114-9253614001200U1400NoWK14020901
-17195602561-66566015810311719001800R1930NoMDT13020830
-126790295402875-27540413318001800R1800NoWK12020829
-161162-351062-1410700135413001200U1300NoWK11020829
-172377030400242803970-667019001800R1900YesSTR10020511
-996500-12064-23152-2514514001200U1430NoMDT9020320
08770161701424-14660018001800R1800NoSTR8020317

-47314-1211-341680927-3115922001800R2245NoSTR7020302
02737038440355102645090918001800R1800NoWK6010904

-60101503275-26539-103216-1122816001200U1630NoMDT5010728
-93710-831763-1953670003000000U0300NoWK4010728
034460172903634059470247318001800R1800NoMDT3010727
027060221302950031600250216001200U1630YesMDT2010703
03290000013160021001800R2100NoWK1010506

SBCINSBCAPESBCINSBCAPESBCINSBCAPESBCINSBCAPESBCINSBCAPE
T-SFC 
(UTC)

T-SND 
(UTC)

SND-
TYPE

T-ID 
(UTC)Severe

Rel. 
Strength

WFC 
Occ. #

Date 
(YYMMDD)

AvgTLHJAXCHSMHX

Table 2.5. Ambient SBCAPE and SBCIN (J/kg) associated with active WFC cases and categorical results from Tables 2.3 and 2.4.  
Time of active WFC for the corresponding date, number of WFC occurrence, relative strength of cold dome (from Table 2.3), severity 
of convection (“Yes” or “No” from Table 2.4), time of first identified initial or enhanced development (T-ID), type of sounding data 
used (“R” for RUC/RUC211 data, “U” for observed upper-air data), time of the sounding data (T-SND), time of the surface 
temperature and dewpoint data (T-SFC), corresponding SBCAPE and SBCIN values for sounding locations (described in text), and 
average values across four locations.  Blank cells represent unavailable data.
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-121270-33901-201116-250640003000000U0300YesMDT29060103
-89668-141621-12942-24314-869421001800R2130YesSTR28060102
-191791026450176302719-743615001200U1500YesWK27050602
000000000000000000U0030NoMDT26050129

-90892-196554-16357602214022221001800R2100NoSTR25040412
-63958-145664-10379002214-316520001800R2000NoSTR24040412

-189314-208347-3122010681-2372615001200U1530NoSTR23040412
SBCINSBCAPESBCINSBCAPESBCINSBCAPESBCINSBCAPESBCINSBCAPE

T-SFC 
(UTC)

T-SND 
(UTC)

SND-
TYPE

T-ID 
(UTC)Severe

Rel. 
Strength

WFC 
Occ. #

Date 
(YYMMDD)

AvgTLHJAXCHSMHX

Table 2.5 continued.
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Table 2.6. Ambient most unstable CAPE, CIN (J/kg), and parcel height (MU P-HT in mb) associated with active WFC cases and 
categorical results from Tables 2.3 and 2.4.  Time of active WFC for the corresponding date, number of WFC occurrence, time of the 
surface temperature and dewpoint data (T-SFC), corresponding MUCAPE, MUCIN, and MU P-HT values for sounding locations 
(described in text), and average values across four locations.  Values shown are from the model sounding types and times from Table 
2.5.  Bold is used to separate the columns corresponding to the sounding locations.  Blank cells represent unavailable data.
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Table 2.6 continued. 

885-4816937-8588925-6113680705268690101429060103
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MU 
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AvgJAXTLHCHSMHX
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Table 2.7. Ambient 0-6-km wind shear (kts) associated with active WFC cases and categorical results from Tables 2.3 and 2.4.  Time 
of active WFC for the corresponding date, number of WFC occurrence, number of corresponding WFC day, relative strength of cold 
dome (from Table 2.3), severity of convection (“Yes” or “No” from Table 2.4), time of first identified initial or enhanced development 
(T-ID), type of sounding data used (“R” for RUC/RUC211 data, “U” for observed upper-air data), time of the sounding data (T-SND), 
time of the surface temperature and dewpoint data (T-SFC), corresponding 0-6-km wind shear values for sounding locations (described 
in text), and average of 0-6-km wind shear values across four locations.  Blank cells represent unavailable data.

0-6-km Wind Shear (kts)
Date 

(YYMMDD)
WFC 

Occ. #
WFC 
Day #

Rel. 
Strength Severe

T-ID 
(UTC)

SND-
TYPE

T-SND 
(UTC)

T-SFC 
(UTC) MHX CHS JAX TLH Avg

010506 1 1 WK No 2100 R 1800 2100 16 10 18 28 18
010703 2 2 MDT Yes 1630 U 1200 1600 15 4 5 3 7
010727 3 3 MDT No 1800 R 1800 1800 6 18 8 15 12
010728 4 4 WK No 0300 U 0000 0300 20 21 21 21
010728 5 4 MDT No 1630 U 1200 1600 28 8 14 7 14
010904 6 5 WK No 1800 R 1800 1800 21 13 20 14 17
020302 7 6 STR No 2245 R 1800 2200 66 68 39 33 52
020317 8 7 STR No 1800 R 1800 1800 66 42 22 30 40
020320 9 8 MDT No 1430 U 1200 1400 64 43 42 39 47
020511 10 9 STR Yes 1900 R 1800 1900 40 30 20 15 26
020829 11 10 WK No 1300 U 1200 1300 32 7 11 17
020829 12 10 WK No 1800 R 1800 1800 10 15 12 20 14
020830 13 11 MDT No 1930 R 1800 1900 16 19 17 18 18
020901 14 12 WK No 1400 U 1200 1400 18 17 13 18 17
021006 15 13 MDT No 1830 R 1800 1800 22 17 11 7 14
030319 16 14 STR Yes 2145 R 1800 2100 44 49 60 55 52
030320 17 15 STR No 2330 U 0000 2300 37 46 32 56 43
030517 18 16 STR Yes 1730 U 1200 1700 29 16 27 15 22
030518 19 17 STR No 0200 U 0000 0200 42 23 19 28
030519 20 18 MDT No 0800 R 0600 0800 37 32 17 24 28
030519 21 18 MDT No 1530 U 1200 1500 29 10 22 23 21
040217 22 19 MDT No 0800 R 0600 0800 67 70 78 73 72



Table 2.7 continued.

0-6-km Wind Shear (kts)
Date 

(YYMMDD)
WFC 

Occ. #
WFC 
Day #

Rel. 
Strength Severe

T-ID 
(UTC)

SND-
TYPE

T-SND 
(UTC)

T-SFC 
(UTC) MHX CHS JAX TLH Avg

040412 23 20 STR No 1530 U 1200 1500 32 37 13 54 34
040412 24 20 STR No 2000 R 1800 2000 41 46 46 47 45
040412 25 20 STR No 2100 R 1800 2100 41 46 46 47 45
050129 26 21 MDT No 0030 U 0000 0000 29 51 65 47 48
050602 27 22 WK Yes 1500 U 1200 1500 17 5 4 5 8
060102 28 23 STR Yes 2130 R 1800 2100 40 37 31 30 35
060103 29 24 MDT Yes 0300 U 0000 0300 51 33 70 44 50
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3. INITIAL NUMERICAL SIMULATIONS 

 

After successfully identifying notable WFC events, the next step was to perform a 

detailed case study and utilize numerical simulations for testing and analysis.  When 

properly conducted, numerical simulation comparisons can provide an efficient method 

for isolating key physical processes in various atmospheric phenomena and can serve as 

robust tests of scientific hypotheses.  Successful isolation of the CAD cold dome’s effect 

on the general lower-tropospheric convective environment was achieved through 

modeling experiments with the Weather Research and Forecasting (WRF) model on the 

CAD event of 20 March 2003.   

 

3.1 Overview of real case event 

The CAD event responsible for the setup of the 20 March 2003 WFC case lasted 

for multiple days and was classified as a classical event (Bailey et al. 2003).  A relatively 

strong (1032-mb) parent surface high pressure system tracked eastward across southern 

Canada and began to drive cold air southward along the eastern slopes of the Appalachian 

Mountains on 18 March 2003 (Fig. 3.1a).  By 19 March 2003 CAD was affecting the 

southeastern U.S. (indicated by inverted ridging in Fig. 3.1b) as the parent high moved 

into the northeastern U.S.  The high tracked offshore on 20 March 2003, while CAD 

continued across the Southeast (Fig. 3.2b).  An upper-level cutoff low pressure system 

approached the CAD region from the southwest across the same time period (Fig. 3.3 and 

3.4).  The approach of the high-amplitude trough placed the CAD region in an area of 
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positive vorticity advection and, when combined with the features present in the lower 

levels, led to veering wind with height and associated warm-air advection across the 

Southeast and above the CAD region in a strongly sheared environment.  Composite plots 

of analyzed surface fronts, infrared satellite imagery, and base reflectivity (Fig. 3.5) 

indicate the development of convection along the southern extent of the wedge front in 

central Georgia by 00Z 20 March 2003, subsequent transition to a squall line that moves 

off the South Carolina coast by 18Z 20 March 2003, and new development of convection 

near the wedge fron in northern Georgia by 00Z 21 March 2003. 

Active WFC was identified to occur on two days (19 and 20 March 2003) 

associated with this CAD event.  Radar composite reflectivities near the onset of 

analyzed WFC from these days are respectively shown in Figures 3.6 and 3.7.  The 

convection on 19 March 2003 resulted in 25 total reports consisting of 1 unconfirmed 

tornado report, 22 hail reports, and 4 wind damage reports (Fig. 3.8 and Table 2.4).  The 

location and timing of cells that developed near the wedge front were tracked and 

matched with corresponding severe reports.  The storms responsible for these reports are 

evident in the base reflectivity data (Fig. 3.9), which indicated discrete cell development 

near the wedge front that tracked eastward and northeastward across central Georgia.  

Subsequent development in the CAD region is observed to eventually transition to an 

eastward-propagating squall line (Fig. 3.10).  Early in the day, the Storm Prediction 

Center (SPC) was aware of the moderate instability and strong shear in place with the 

increased possibility for severe weather along the wedge front and noted this in the Day1 
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Outlook narrative issued at 0600Z 19 March 2003 (valid from 1200Z 19 March 2003 to 

1200Z 20 March 2003: 

 

“…ADDITIONAL TSTMS ARE EXPECTED TO FORM AND MOVE NEWD 

ATOP COLDER AIR WEDGED ALONG THE SRN APPALACHIAN 

MOUNTAINS. THESE TSTMS MAY POSE A HAIL THREAT DURING THE 

DAY...AND WILL REINFORCE THE WEDGE FRONT FOR THE 

AFTERNOON/OVERNIGHT. IT IS NOT CLEAR IF TSTMS WILL FORM DURING 

THE AFTERNOON IN THE WARM SECTOR ACROSS GA GIVEN THAT MOST OF 

THE UPPER SUPPORT WILL PASS BY TO THE NORTH AND EARLY IN THE 

DAY. IF TSTMS INDEED FORM...DEEP LAYER SHEAR OF 65 KTS AND 

MLCAPES OF 1000-1500 J/KG WILL BE MORE THAN SUFFICIENT FOR 

SUPERCELLS WITH LARGE HAIL AND DAMAGING WINDS. ENHANCED 

LOW LEVEL TURNING ALONG SRN PERIPHERY OF THE WEDGE FRONT 

ALSO POINTS TO THE POTENTIAL FOR TORNADOES...AGAIN 

CONDITIONAL ON SURFACE BASED TSTM DEVELOPMENT. LATER 

OUTLOOKS MAY HAVE TO BE UPGRADED IF STRONGER UPPER LEVEL 

SUPPORT IS REALIZED…” 

 

The region across the Southeast at this point was placed in a “slight risk” for severe 

convection (Fig. 3.11).  At 2000Z the same day, and two hours before the first severe 

report was made from the convective development along the wedge front (2200Z 19 

March 2003 from Table 2.4), SPC issued another Day1 Outlook that highlighted the 
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presence of strong deep-layer shear and moderate instability capable of severe convection 

across the Southeast:  

 

“…STRONG DEEP LAYER SHEAR AND MODERATE INSTABILITY WILL 

SUPPORT ORGANIZED STORMS/SUPERCELLS PRODUCING LARGE HAIL AND 

DAMAGING WINDS…” 

 

Observed soundings at 0000Z 20 March 2003 support this with strong 0-6-km shear (62 

kts) and moderate SBCAPE (1304 J/kg) at Tallahassee, FL (TLH, Fig. 3.12) and 73 kts of 

0-6-km shear with limited SBCAPE (415 J/kg) at Peachtree City, GA (FFC, Fig. 3.13), a 

more stable location closer to the interior of the CAD cold dome.  These two locations 

also support a slight increase in 0-1-km storm-relative helicity (SRH) across the 

southward protrusion of the cold dome present (127 m2/s2 at TLH to 146 m2/s2 at FFC).  

The region near the wedge front was still under a slight risk at the 2000Z Day1 Outlook 

(Fig. 3.14) and wasn’t upgraded to a “moderate risk” until 0100Z 20 March 2003 (Fig. 

3.15), when severe convection along the wedge front had already been reported three 

hours before.  At this time, SPC noted that the cold dome would enhance the low-level 

SRH and increase chances of rotation within developing convection: 

 

“…GREATEST LOW LEVEL SHEAR IS EXPECTED TO REMAIN INVOF WARM 

FRONT...WHERE BACKED BOUNDARY LAYER FLOW WILL MAXIMIZE LOW 

LEVEL SRH/SR INFLOW AND VORTICITY…”  
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Several steps were taken to provide an idea of whether the convection in the 

present observed case was likely elevated or surface-based.  Locations of initial 

development and subsequent observed severe convection were utilized.  Additional 

manual surface analyses (not shown) were performed for 19-20 March 2003 at times of 

the reported severe weather (~23-06Z) and with marked locations of the reports relative 

to the wedge front.  Earlier during the event, the locations were oriented more along the 

boundary and the warm side, while later reports appeared more along the cool side of the 

boundary.  RUC model soundings near the locations of the reports at the closest available 

times were analyzed for CAPE and CIN values of surface-based and most unstable 

parcels (Table 3.1).  Most of the earlier convection corresponded to substantial surface-

based CAPE and breakable CIN, however later development corresponded to more 

elevated instability.  Thus, this case appears to involve convective development that was 

both surface-based and elevated, however the earlier cells were likely surface-based and 

were more likely to be representing the basic process that was studied. 

Precipitation totals for the event are shown in Figure 3.16.  Although 19 March 

2003 involved severe convection (initial development occurring late in the day), the CAD 

event responsible for the setup was chosen for analysis because of the WFC on 20 March 

2003 (characteristic of a relatively strong and well-defined cold dome). 

 

3.2 Experimental design 

Simulations were initially performed with version 2.2 of WRF to analyze the 

effect of the CAD dome on the lower-tropospheric environment.  Model setup included a 
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horizontal grid spacing of 12 km, 31 vertical levels, and the Kain-Fritsch convective 

parameterization scheme to account for sub-gridscale convective processes (Kain and 

Fritsch 1993).  In addition, the WSM 6-class microphysics scheme (Hong and Lim 2006), 

RUC land-surface model, and YSU boundary layer scheme (Skamarock 2005) were 

employed.  NARR gridded data from the CAD event responsible for the setup of the 20 

March 2003 WFC case were used to initialize the model.  The data spanned from 0600Z 

18 March 2003 (before CAD started to occur) to 0600Z 21 March 2003 (after WFC was 

analyzed), and provided for boundary conditions at 3-hr intervals during 72-hr forecast 

simulations.  Output was generated in 1-hr increments for analysis. 

A simulation of a CAD cold dome (with unmodified terrain) served as the control 

run (hereafter referred to as the “CAD run”) for comparison, and a second simulation 

with the same initial conditions as the CAD run, but with the Appalachian Mountains 

removed (flattened terrain) served as the experimental run (hereafter referred to as the 

“NoCAD run”).  Removing the Appalachian Mountains (the barrier responsible for the 

CAD) in the experimental run involved setting the model to run the same as the control 

run, but with all terrain height equaling zero.  The NARR dataset has meteorological 

variables on isobaric levels down to 1000 mb, with “underground” data interpolated from 

surface values using the lapse rate of a standard atmosphere.  Winds and moisture are 

held constant below ground.  Initializing the experimental run well before the CAD event 

allowed for a realistic atmospheric evolution even without the Appalachian Mountains.  

The domain used for these simulations extended far enough south into the Gulf of 

Mexico so as to keep the area of interest (southeastern U.S.) away from boundary 
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influences, and far enough northward into Canada so as to capture the parent surface high 

pressure responsible for the CAD (Fig. 3.17).  An evaluation of the CAD run was first 

performed to determine if a strong and well-defined CAD cold dome was indeed 

simulated.  Once it was established that the CAD run produced a realistic cold dome 

(evaluation described in section 3.3), an analysis of the differences in the lower-

tropospheric environment between the CAD and NoCAD runs was then conducted to 

isolate the effect of the actual cold dome presence in the model (section 3.4). 

 

3.3 Evaluation of control run 

Simulated 2-m potential temperature, dewpoint, and 10-m winds (Fig. 3.18) show 

the evolution of the initial CAD cold dome setup in 5-hr increments valid from 0900Z 19 

March 2003 to 0000Z 20 March 2003 (forecast hours 27-42).  At 0900Z 19 March, colder 

air was advected southward into Virginia and the Carolinas, and ultimately blocked by 

the mountains to form a well-defined cold dome.  After the initial damming and cold 

dome setup occurred, a mountain-parallel jet initially developed as an ageostrophic 

response (affected surface winds in western region of cold dome with northeasterly shift 

of wind barbs over time seen in Figure 3.19) and then served to maintain the southern 

protrusion of the cold dome, providing continual cold-air advection into the region.  

Vertical cross-sections (locations in Fig. 3.19) indicate vertical wind shear across the 

dome layer and the intensification of the low-level mountain-parallel (northeasterly) jet to 

greater than 25 kts by 1500Z 20 March 2003 (Fig. 3.20). 

The output was compared to the real event analysis for evaluation of the CAD 
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cold dome. The 2-m temperature (˚F) from the CAD run valid at 2300Z 20 March 2003 

(or forecast hour 65) was compared to the manual surface temperature analysis at the 

same corresponding time of the event (Fig. 3.21).  The temperature from the warm edge 

of the southward protrusion of the cold dome to the interior of the dome in northern 

North Carolina had a corresponding range of ~70-44 ˚F (∆T = 26 ˚F) in the CAD run, 

while the real event analysis had ~72-44 ˚F (∆T = 28 ˚F).  Although the baroclinicity of 

the cold dome between the actual event and control run (both with analyzed CAD setup) 

was nearly identical, the eastern periphery of the cold dome eroded and retreated inland 

too quickly and the southern extent of the cold dome was not as far south as in the real 

case at this corresponding time.  Such discrepancies were likely due to shallow mixing 

implemented with the YSU boundary layer scheme.  Aside from these differences, the 

simulation did simulate CAD with a relatively strong and well-defined cold dome and 

nearly identical temperature gradient strength to the observations, therefore the CAD run 

was deemed to have a “good” handle on the CAD event and served as a sufficient control 

for testing against.    

 

3.4 Comparison of CAD and NoCAD runs 

Successful completion of both the CAD and NoCAD runs allowed for a 

comparative analysis between them and the opportunity to isolate the direct influence of 

the simulated CAD cold dome on the lower-tropospheric convective environment.   
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3.4.1 Cold dome and convective precipitation 

The first step in the comparative analysis was to determine if the cold dome 

development was prevented in the NoCAD run and if the simulations involved 

convective development near the cold dome region that could be further analyzed in 

subsequent finer-resolution model runs.  When the 2-m potential temperature fields 

between the control (CAD) and experimental (NoCAD) runs at 2000Z 20 March 2003 

(forecast hour 42) are compared, it can be easily inferred that the cold dome is absent in 

the NoCAD run without the presence of the Appalachian Mountains (Fig. 3.22).  

Convective precipitation was analyzed to occur near the periphery of the cold dome in the 

CAD run valid after 0500Z March 20 2003 (forecast hour 47).  The precipitation totals 

for the following 10 hours valid until 1500Z March 2003 (forecast hour 57) overlain with 

2-m potential temperature values for both runs (Fig. 3.23) indicated that the model 

simulated convective precipitation in a similar region (slightly shifted) and of similar 

amounts with and without the presence of the cold dome.  However, the region of 

maximum convective precipitation in the CAD run was collocated with the baroclinic 

zone along the cold dome periphery, or wedge front (Fig. 3.23a).  This suggested that 

WFC was present in the CAD run, while convection also occurred (slightly more 

eastward) in the NoCAD run without the presence of a wedge front.   

Fields relating the triggering and development of convection (specifically 

corresponding to lift, instability, and shear) were analyzed.  The results are provided in 

the following sub-sections at the valid simulation time of 0500Z 20 March 2003 (forecast 
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hour 47) – a time just before convective precipitation was analyzed along the wedge front 

in the CAD run.    

 

3.4.2 Lift 

Several features near the cold dome region contributed to preferred regions for 

ascent.  The development of the mountain-parallel jet and associated northeasterly flow 

along the eastern slopes of the Appalachians led to enhanced frontogenesis (Fig. 3.24a) 

and convergence (Fig. 3.25a) along and near the cold dome periphery shortly before 

significant convective precipitation amounts were present. While serving to maintain the 

cold dome and associated with cold-air advection, this feature contributed toward a more 

preferred region for convective development.  Although the instigator to the triggering of 

initial convective development cannot be properly determined with the relatively coarse 

temporal and spatial resolution associated with these initial simulations, the large-scale 

environment also favored ascent in the southeastern U.S. near the cold dome region.  The 

approach of a high-amplitude trough from the west combined with the clockwise flow 

across the southeastern U.S. associated with the surface high pressure system moving 

more to the northeast placed the southeastern U.S. in an area of positive vorticity 

advection and veering wind with height (indicating warm-air advection above the cold 

dome layer, Fig. 3.26 and 3.27).  These factors both contribute to the large-scale forcing 

for ascent and the preferred region for lift across the Southeast. 
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3.4.3 Instability and shear 

To assess the influence of the cold dome on the instability and shear in the 

simulated lower-tropospheric environment, SBCAPE and 0-1-km SRH were analyzed.  

Additionally, deep-layer vertical wind shear was examined in the simulated environment 

to take into consideration possible influences on convective behavior and development 

between the two runs that are not confined to the lower troposphere.   

The cold dome was analyzed to be in a region of limited SBCAPE (with higher 

amounts near the periphery relative to the dome interior) and of increased 0-1-km SRH 

values capable of producing rotation within convection (Fig. 3.28a).  Contrastingly, there 

were increased SBCAPE amounts and decreased 0-1-km SRH values in the NoCAD run 

across the same geographical region where the cold dome was analyzed in the CAD run 

(Fig. 3.28b).  Deep-layer vertical wind shear (10-m to 500-mb level, or ~0-6-km) across 

the same corresponding geographical regions was relatively strong (50-60 kts) for both 

CAD and NoCAD runs (Fig. 3.29).   

 

3.5 Summary and bottom lines 

In summary, the initial 12-km simulations indicated that the development of the 

mountain-parallel jet led to enhanced frontogenesis and convergence and provided a 

more favorable region for convective development along the wedge front.  Although the 

cold dome limited moisture and instability, it increased the low-level shear and provided 

a region along the periphery where the character and intensity of convective development 

could possibly be influenced.  Considering the lack of low-level shear in the NoCAD run, 
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it is important to note that the environment without the presence of CAD still had strong 

deep-layer shear (as in the CAD run) combined with a more unstable atmosphere.  Such 

characteristics of the environment are still ingredients for strong convective development, 

and only an analysis of actual simulated convection (not just the general convective 

environment) would isolate the true influence of the wedge front on convection.  

The specific influence of the wedge front on convective character and intensity 

cannot be determined from the coarse 12-km grid used to this point.  Therefore, nested 

domains with finer spatial and temporal resolution were utilized in simulations to 

explicitly resolve convective development and behavior (described in Chapter 4).  

Information on where actual (not parameterized) convection developed could be 

combined with the environmental parameters from the outermost domain to specifically 

determine what features may have triggered or influenced the convection.  Such runs will 

also allow for determination of the extent to which convective storms were able to draw 

on the helicity-rich air found in the vicinity of the wedge front.  Comparison of 

convective cells in these high-resolution simulations will reveal whether storms were 

more likely to exhibit rotation when forming in the vicinity of the cold dome.  



Figure 3.1.  NCEP surface analyses from (a) 7:00 A.M. EST 18 March 2003 and (b) 
7:00 A.M. EST 19 March 2003.

a

b
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Figure 3.2.  NCEP surface analyses from (a) 7:00 A.M. EST 19 March 2003 and (b) 
7:00 A.M. EST 20 March 2003.
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Figure 3.3.  NCEP 500-mb-level analyses from (a) 7:00 A.M. EST 18 March 2003 and 
(b) 7:00 A.M. EST 19 March 2003.
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Figure 3.4.  NCEP 500-mb-level analyses from (a) 7:00 A.M. EST 19 March 2003 and 
(b) 7:00 A.M. EST 20 March 2003.
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Figure 3.5. NCEP surface analysis, composite radar reflectivity, and IR satellite imagery across southeastern U.S.  
Corresponding times are shown at approximately 6-hr increments from 18Z 19 March 2003 to 00Z 21 March 2003. 

18Z 19 Mar 00Z 20 Mar 06Z 20 Mar 

13Z 20 Mar 18Z 20 Mar 00Z 21 Mar 



Figure 3.6. Radar composite reflectivity (dBZ) for 19 March 2003 (a) 2145Z and (b) 
2330Z.  White ovals outline convection analyzed to develop along the wedge front at 
time of (a) initial development and (b) further development. 
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Figure 3.7. Radar composite reflectivity (dBZ) for (a) 2330Z 20 March 2003 and (b) 
0000Z 21 March 2003.  White ovals outline convection analyzed to develop along the 
wedge front at time of (a) initial development and (b) further development. 



Figure 3.8. Plotted preliminary storm reports through NOAA’s Storm Prediction Center 
(SPC) from 1200Z 19 March 2003 to 1159Z 20 March 2003.  The red rectangles outline 
reports associated with convection that was analyzed to develop along the wedge front.
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Figure 3.9. Observed radar base reflectivity at 1-hr increments from 22Z 19 March 2003 to 03Z 20 March 2003. 

22Z 19 Mar 23Z 19 Mar 00Z 20 Mar 

01Z 20 Mar 02Z 20 Mar 03Z 20 Mar 
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Figure 3.10. Observed radar base reflectivity at 1-hr increments from 07Z 20 March 2003 to 12Z 20 March 2003. 

07Z 20 Mar 08Z 20 Mar 09Z 20 Mar 

10Z 20 Mar 11Z 20 Mar 12Z 20 Mar 



Figure 3.11. SPC day1 convective outlook at 0600Z 19 March 2003 valid from 1200Z 19 
March 2003 to 1200Z 20 March 2003.  Lightning strikes shown in blue.
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Figure 3.12. Observed rawindsonde sounding at Tallahassee, FL (TLH) from 0000Z 20 
March 2003.
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Figure 3.13. Observed rawindsonde sounding at Peachtree City, GA (FFC) from 0000Z 20 
March 2003.
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Figure 3.14. SPC day1 convective outlook at 2000Z 19 March 2003 valid from 2000Z 19 
March 2003 to 1200Z 20 March 2003.  Lightning strikes shown in blue.
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Figure 3.15. SPC day1 convective outlook at 0100Z 20 March 2003 valid from 0100Z 20 
March 2003 to 1200Z 20 March 2003.  Lightning strikes shown in blue.
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Figure 3.16. 24-hour total precipitation ending (a) 7AM EST 20 March 2003 and (b) 
7AM EST 21 March 2003.  Images produced by the Southeast River Forecast Center 
of the NWS.
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Figure 3.17. Domain for initial model simulations.  Horizontal grid spacing was 12 
km with 250 grid points in the x-direction and 300 grid points in the y-direction.
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Figure 3.18. Simulated 2-m potential temperature (solid contours with colder 
temperatures represented by cooler colors and contour interval of 2˚K), 2-m dewpoint
temperature (dashed red contours and contour interval of 1˚C), and 10-m wind barbs 
(kts) valid at 19 March 2003 for (a) 0900Z, (b) 1400Z, (c) 1900Z, and (d) 0000Z 20 
March 2003.  Panels show progression of CAD and cold dome setup every 5 hrs 
(respectively for forecast hours 27, 32, 37, and 42).
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dc
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Figure 3.19. Simulated 2-m potential temperature (solid contours with colder 
temperatures represented by cooler colors and contour interval of 2˚K), 2-m dewpoint
temperature (dashed red contours and contour interval of 1˚C), and 10-m wind barbs 
(kts) valid at 20 March 2003 for (a) 0000Z, (b) 0500Z, (c) 1000Z, and (d) 1500Z.  
Panels show progression of CAD and cold dome setup every 5 hrs (respectively for 
forecast hours 42, 47, 52, and 57).  White lines show location of vertical cross-
sections given in Figure 3.20 (“L” label represents the location of the left side of the 
cross-section and “R” label represents the right side).
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Figure 3.20. Vertical cross-sections (z-axis in pressure (mb)) of simulated potential 
temperature (dashed contours with colder temperatures represented by cooler colors 
and contour interval of 2˚K) and magnitude of wind normal to the vertical cross-
section (values ≤ 0 in solid white contours with interval of 5 kts and representing wind 
out of the page or to the southwest and values > 0 in solid purple contours with 
interval of 5 kts and representing wind into the page or to the northeast) valid at 20 
March 2003 for (a) 0000Z, (b) 0500Z, (c) 1000Z, and (d) 1500Z.  Panels show 
intensification of mountain-parallel jet during the progression of CAD and cold dome 
setup every 5 hrs (respectively for forecast hours 42, 47, 52, and 57).  Cross-section 
locations are shown in Figure 3.19 for each corresponding time.
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Figure 3.21. (a) Manual surface temperature analysis at 2300Z 20 March 2003 
(contour interval 2˚F) and (b) simulated 2-m temperature valid at 2300Z 20 March 
2003, or forecast hour 65 (contour interval 2˚F with highest plotted temperature of 
72˚F).
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Figure 3.22. 2-m potential temperature valid at 2000Z 20 March 2003, or forecast 
hour 42 (contour interval 2˚K) for (a) CAD run and (b) NoCAD run.  White oval in (a) 
outlines general location of the cold dome and white “X” in (b) marks the region 
where the cold dome is absent.
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Figure 3.23. 2-m potential temperature (K) and convective precipitation (10-hr total in 
mm) valid at 1500Z 20 March 2003, or forecast hour 57 for (a) CAD run and (b) 
NoCAD run.  White oval in (a) outlines the collocation of the convective precipitation 
maximum with the baroclinic zone associated with the periphery of the cold dome, or 
wedge front.  The border of South Carolina is outlined in red so that the orientation of 
the precipitation can be more easily compared between the two runs.
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Figure 3.24. 2-m potential temperature (contours with 2˚K interval), 10-m wind barbs 
(kts), and corresponding frontogenesis (fill in K/100km/3hr) valid at 0500Z 20 March 
2003, or forecast hour 47 for (a) CAD run and (b) NoCAD run.  White arrows in (a) 
outline the general northeasterly wind associated with the mountain-parallel jet to the 
west and easterly flow to the east and in (b) outline the southerly-southeasterly flow 
with the lack of the CAD cold dome.  
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Figure 3.25. Convergence (fill in 10-5 s-1), maximum vertical velocity across the 1000-
850-mb layer (red contours in m/s), and 10-m wind barbs (kts) valid at 0500Z 20 
March 2003, or forecast hour 47 for (a) CAD run and (b) NoCAD run.  White arrows 
(same location as in Fig. 3.24) in (a) outline the general northeasterly wind associated 
with the mountain-parallel jet to the west and easterly flow to the east and in (b) 
outline the southerly-southeasterly flow with the lack of the CAD cold dome.  
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Figure 3.26. CAD-run simulated (a) 250-mb-level heights (solid white contours in 
dm), divergence (solid red contours in 10-5 s-1), isotachs (dashed white contours and 
fill in kts), (b) 500-mb-level heights (solid yellow contours in dm), absolute vorticity
(dashed white contours and fill in 10-5 s-1), (c) 850-mb-level heights (solid white 
contours in dm), temperature (dashed white contours and fill in ˚C, and (d) sea-level 
pressure (solid white contours in mb), 1000-500-mb thickness (dashed yellow 
contours in dm) valid at 0500Z 20 March 2003, or forecast hour 47.  White oval in (d) 
outlines region of inverted ridging associated with CAD.
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Figure 3.27. NoCAD-run simulated (a) 250-mb-level heights (solid white contours in 
dm), divergence (solid red contours in 10-5 s-1), isotachs (dashed white contours and 
fill in kts), (b) 500-mb-level heights (solid yellow contours in dm), absolute vorticity
(dashed white contours and fill in 10-5 s-1), (c) 850-mb-level heights (solid white 
contours in dm), temperature (dashed white contours and fill in ˚C, and (d) sea-level 
pressure (solid white contours in mb), 1000-500-mb thickness (dashed yellow 
contours in dm) valid at 0500Z 20 March 2003, or forecast hour 47.  White oval in (d) 
outlines region lacking inverted ridging when compared to same location as in Figure 
3.26d (with CAD).
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Figure 3.28. Surface-based CAPE (fill in J/kg) and 0-1-km SRH (contours with 
increments of 100 m2/s2) valid at 0500Z 20 March 2003, or forecast hour 47 for (a) 
CAD run and (b) NoCAD run.  White oval outlines the general region affected by the 
(a) presence of the cold dome and (b) absence of the cold dome.

a

b

82



a

b

83

Figure 3.29. Deep-layer shear (10-m to 500-mb level, ~0-6-km) in barbs (kts) and 
contours (increments of 10 kts with red indicating 50 kts and purple indicating 60 kts) 
valid at 0500Z 20 March 2003 (forecast hour 47) for (a) CAD run and (b) NoCAD
run. As in Figure 3.28, white oval (same location) outlines the general region affected 
by the (a) presence of the cold dome and (b) absence of the cold dome.



Table 3.1. Results from parcel instability analysis at convection locations 
from 2200Z 19 March 2003 to 0600Z 20 March 2003.  Time of manual
surface analysis (UTC), location (lat/lon) near observed convection, time of 
RUC model sounding and forecast hour closest to the analysis time, CAPE 
and CIN for both the surface-based (SB) and most unstable (MU) parcels.  
The first row of sounding data corresponds to initial convective development 
at the onset of the event, while other rows correspond to subsequent severe 
development (reported).

84

-83560006Z F00-80.9033.490600

07500000Z F03-82.3933.000400

0763-6731800Z F03-83.6032.610200

-2996-21513600Z F03-81.6331.800200
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CINCAPECINCAPE(closest in UTC)LonLat(UTC)

MU parcel (J/kg)SB parcel (J/kg)RUC sounding
Analysis 
time

Location near
convection
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4. CONVECTIVE-SCALE SIMULATIONS 

 

Additional simulations were performed at finer spatial and temporal resolutions to 

allow for the analysis of model output at the convective scale.  While the initial 12-km 

simulations were valuable in isolating the influence of the CAD cold dome on the general 

convective environment and parameterized convection, this environment could not be 

directly compared to the specific location and evolution of convection, and actual 

simulated convection could not be analyzed.  Therefore, simulations at smaller horizontal 

grid spacing and with more frequent output were performed to analyze the behavior and 

intensity of convection.  This allowed for the isolation of the cold dome’s influence on 

explicitly simulated convection – not just the general convective environment.  The 

convective-scale simulations were set up to test the hypotheses that strong rotating 

convection is more likely to occur with the presence of a wedge front than without and 

that the added shear due to the presence of the cold dome compensates for the loss of 

instability with the ingredients for strong rotating development.   

 

4.1 Experimental design 

An experimental setup similar to that which was used for the initial CAD and 

NoCAD runs was employed.  The WRF model was initialized with the same NARR data 

and run with an outermost domain identical in orientation, grid spacing, and various 

scheme specifications as that described in Section 3.2.  Two nested domains were 

included with 4-km and 1.3-km horizontal grid spacings to maintain a 3:1 grid-spacing 
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ratio between domains and were run with 1-way nesting (no feedback between domains) 

and explicit convection (no convective parameterization scheme, Molinari and Dudek 

1992).  Though also a 72-hr forecast run for the outermost 12-km domain, the nested 

domains were triggered at the start of the 30th forecast hour (valid at 1200Z 19 March 

2003, near the start of cold dome development) with initial condition files from the 

outermost domain, or initialized “on the fly”, to lessen the computational expense of the 

simulations.4  Output from the nested domains was generated at 5-min intervals, instead 

of the 1-hr intervals used in the outermost 12-km domain.   

For the control run (hereafter referred to as “CAD-CS run” for the convective 

scale), the innermost domain at 1.3-km grid spacing (Fig. 4.1) was centered over the 

region of significant convective precipitation amounts collocated with the wedge front  

previously analyzed in Figure 3.20 from the initial CAD run.  Like the CAD run, the 

CAD-CS run involved unmodified terrain heights.  The experimental run (hereafter 

referred to as “NoCAD-CS run” for the convective scale) employed the same domain 

grid spacing and initializations as the CAD-CS run, but had the mountains removed to 

simulate a comparable atmosphere without the effect of CAD (analogous to the initial 

NoCAD run).  The nested domains were centered more over the South Carolina coastline 

                                                 
4 Two other simulation setups were performed for comparison between identical domain orientations of the 
CAD-CS run:  (i) nested domains with corresponding initial condition files implemented at the same time 
as the outermost domain (not on the fly) and (ii) 2-way nesting, or no feedback between the two nested 
domains.  When compared with the 1-way nested domains implemented on the fly, the model output did 
not indicate any significant differences.    
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(Fig. 4.2) to allow for analysis in the region of significant convective precipitation 

amounts previously analyzed in Figure 3.20 from the NoCAD run.5   

The CAD-CS and NoCAD-CS runs were first analyzed separately (Sections 4.2 

and 4.3, respectively) for (i) initial development time and location and (ii) general 

structure and behavior of continued development.  This set up a comparative analysis 

between the regions of convection from the two runs (Section 4.4).  

 

4.2 CAD convective-scale run 

 Simulated composite reflectivity from the CAD-CS run output was initially 

analyzed in 30-min time intervals with the intention of following an identification process 

similar to the procedure for observed WFC cases in Section 2.1.2 to maintain consistency 

with the analysis.  Once significant development was identified near the wedge front, 

data at 5-min time intervals were used for further analysis of convective development. 

 

4.2.1 Identification of convection in CAD-CS run 

 Convection in the CAD-CS run initially developed between 0500Z and 0530Z 20 

March 2003 (Fig. 4.3).  Over the next hour, the region of highlighted reflectivity in 

Figure 4.3b continued to develop and strengthen as it advanced northeastward from 

central Georgia into South Carolina (Fig. 4.4).  Upon switching from a 30-min interval to 

                                                 
5 An additional NoCAD-CS simulation was performed with identical nested domain locations as the CAD-
CS simulation, but was not included in the main analysis of this research because it failed to account for the 
shift in location of the convection.  The region of convection analyzed later in this chapter in the NoCAD-
CS run was also analyzed in the additional NoCAD-CS run (with similar development), however the 
convection was better represented with the altered nested domain locations. 
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a 5-min interval in the analysis, the significant region of convection was found to exhibit 

signs of initial development (an increase in reflectivity to a value ≥ 35 dBZ and 

comparably higher than regions of relatively insignificant reflectivity nearby)6 at the 

valid time of 0505Z 20 March 2003 (forecast time 47:05).  Figure 4.5b outlines the 

location of such development.  This time will hereafter be referred to as the time of 

“initial convective development” in the CAD-CS run and the location will be labeled in 

subsequent figures as “ICD” so that the location of development can be compared to 

atmospheric features possibly responsible for triggering or influencing the convection.  

The closest hour before the time of initial convective development will be used in the 

following sections as the time for analyzing the immediate pre-convective environment in 

relation to the specific location of development (0500Z 20 March 2003 or forecast hour 

47).    

 

4.2.2 Characteristics of development in CAD-CS run 

 The CAD-CS run output was investigated for high resolution evidence of a low-

level source of lift responsible for triggering the convection.  Surface frontogenesis 

plotted with 2-m potential temperature and 10-m winds (Fig. 4.6) and convergence 

plotted with ascent (Fig. 4.7) at times of initial convective development (0505Z) and 

immediately before (0500Z) indicated no clear surface boundary near the location of 

development.  The development appeared to have initially occurred on the warm side of 

                                                 
6 Some grid cells showed composite reflectivities ≥ 35 dBZ, however these regions failed to develop 
further.  Such regions of reflectivity were considered insignificant and not taken into consideration with the 
process of identifying the initial convective development. 
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the wedge front, while a region of enhanced frontogenesis associated with the 

development of the mountain-parallel jet remained to the north.  Other possible means of 

forcing for ascent are described in sub-section 4.4.1.    

 While the region of enhanced frontogenesis along the eastern extent of the 

mountain-parallel jet failed to influence the initial convective development, it did 

influence subsequent development.  As the jet provided continual cold-air advection to 

the cold dome and pushed farther southward, regions of additional convection formed 

along the cool side of this boundary.  This was seen within the following 2 hrs after initial 

development (Figs. 4.8 and 4.9), where reflectivities ≥ 40 dBZ outlined in white contours 

were located to the west of the northeasterly kink in the 10-m wind barbs and higher 

frontogenesis values. 

 Overall the region of convection was made up of relatively discrete cells that 

developed near and along the wedge front.  After approximately 3 hrs of development, 

the structure of the convective region began to transition from discrete cells to an 

eastward-propagating squall line (Figs 4.10-4.13).  The general structure and location of 

simulated reflectivity was compared to the observed radar data (discussed in section 3.1).  

The simulation did not pick up on all the relatively discrete cells that were observed, but 

did show a similar general region later on (Fig. 4.14) and development of the squall line 

at nearly the same location and time (Fig. 4.15).  Thus, overall the model and 

observations were in good agreement. 

 While the convection in the observed case was likely both surface-based (early 

on) and elevated, the simulated convection was also analyzed for this characteristic.  
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When the location of simulated convection was compared to plots of 2-m potential 

temperature and dewpoint, and 10-m winds (Figs. 4.16-4.19), the convection appeared to 

develop along the wedge front and not noticeably along the cool side.  This is likely to be 

more surface-based and not elevated, however a combination of both types is possible.  

Model soundings taken from the region of convection near the wedge front at 30-minute 

increments following the time of initial development (Figs. 4.20-4.23) suggest that the 

convection was likely surface-based initially, but likely elevated for some subsequent 

development.  Surface-based convection is more likely to be influenced by helicity-rich 

air in the low levels than elevated convection.  Elevated convection is likely to be 

influenced by the shear environment across the storm cloud layer, which in such a case 

would be above the helicity-rich air in the stable low levels.7 

During the pre-squall-line stage of the development, some discrete cells were 

analyzed to split into a pair of right- and left-moving cells, with the right-mover 

maintaining strength and gaining increased longevity (Figs 4.24-4.26).  Such behavior is 

often found in highly sheared convective environments characterized by strong veering 

with height, or clockwise-turning hodographs (Klemp and Wilhelmson 1978; Weisman 

and Klemp 1982; Weisman and Klemp 1984).  Cyclonic vertical vorticity was found to 

be collocated with vertical velocities, or rotating updrafts, within the convection (Fig. 

4.27).  Vertical cross-sections through one of the right-moving cells also indicated that a 

counterrotating vortex pair was present in which the cyclonic component of the pair was 

                                                 
7 Calculated parcel trajectories in future analyses would provide a better idea whether or not helicity-rich 
air associated with the presence of the cold dome in the low levels is entering the updrafts of the simulated 
convection. 
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collocated with the updraft maximum and being tilted and stretched into the vertical by 

velocities greater than 15 m/s (Figs 4.27-4.30).  Such characteristics suggested that the 

cells had relatively strong intensities and that the source of the rotation was from the 

tilting of environmental streamwise vorticity into the vertical by the convective updrafts, 

a field commonly quantified from the calculation of SRH (Davies-Jones 1984; Weisman 

and Klemp 1984).  The thermodynamic and shear environments in which development 

occurred and the relative intensity of the convection are discussed in greater detail in sub-

sections 4.4.3 and 4.4.4. 

 

4.3 NoCAD convective-scale run 

 As with the CAD-CS run, the simulated composite reflectivity from the NoCAD-

CS run was initially analyzed in 30-min time intervals under similar criteria followed in 

the real case identification procedure and then further analyzed at 5-min time intervals.  

A comparative analysis between the NoCAD-CS and CAD-CS runs is provided in 

Section 4.4. 

 

4.3.1 Identification of convection in NoCAD-CS run 

Initial development was observed between 0600Z and 0630Z 20 March 2003 (Fig. 

4.31).  The outlined region of convection developed further over the subsequent hour into 

a significant convective region extending northeastward across central South Carolina 

(Fig. 4.32).  After switching from 30-min intervals to 5-min intervals in the analysis of 

the reflectivity, the significant region of convection was found to initially develop at 
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0620Z 20 March 2003 (forecast time 48:20), following the same criteria referred to in 

subsection 4.2.1.8  Figure 4.33b outlines the location of such development.  This time will 

hereafter be referred to as the time of “initial convective development” in the NoCAD-CS 

run and, similarly to the CAD-CS run, the location will be labeled in subsequent figures 

as “ICD”.  As with the CAD-CS run, the closest hour before the time of initial convective 

development will be used in the following sections as the time for analyzing the 

immediate pre-convective environment in relation to the specific location of development 

(0600Z 20 March 2003 or forecast hour 48).    

 

4.3.2 Characteristics of development in NoCAD-CS run 

 Output from the NoCAD-CS run was analyzed for evidence of a low-level source 

of lift for the triggering of the significant region of convection.  No surface boundary or 

lifting mechanism near the location of development could be distinguished from surface 

frontogenesis plotted with 2-m potential temperature and 10-m winds (Fig. 4.34) and 

convergence plotted with ascent (Fig. 4.35) at times of initial convective development 

(0620Z) and immediately before (0615Z).  The most noticeable region of frontogenesis 

and convergence was along the coastline, most likely due to frictional convergence, 

however this region failed to trigger convection.  Other possible means of forcing for 

ascent are described in sub-section 4.4.1.    

                                                 
8 Bands of low reflectivity values in the western section of the domain formed shortly before initial 
development occurred.  A cross-sectional and sounding analysis (not shown) of this region suggested that 
the bands were associated with gravity waves propagating across a moist layer near the 500-mb level 
between regions of drier air.  Similar bands appear in the CAD-CS run as well, but are not as well seen with 
the limited domain extent. 
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 Overall the region of convection had a relatively linear horizontal structure (a 

single discrete cell was observed to track east of the line).  After nearly 1.5 hrs of 

development, the convective region began to transition from a linear structure to an 

eastward-propagating squall line (Figs 4.36-4.38).  Cyclonic vertical vorticity was also 

found to be collocated with vertical velocities, or rotating updrafts, within the convection 

(Fig. 4.39), also indicating the cells had relatively strong intensities and were likely being 

influenced by a helical shear environment (Davies-Jones 1984; Weisman and Klemp 

1984).  While both the CAD-CS and NoCAD-CS runs demonstrated the development of 

rotating convection, differences in the thermodynamic and shear environments in which 

they formed and the relative intensity of the convection are discussed in more detail in 

sub-sections 4.4.3 and 4.4.4. 

 

4.4 Comparison of CAD and NoCAD convective-scale runs 

A comparative analysis between the regions of convection (mentioned in the 

previous two sections) that developed with the presence of a wedge front (CAD-CS run) 

and without (NoCAD-CS run) and the specific environments in which they formed was 

conducted to properly isolate the influence of the wedge front on convective behavior and 

intensity.  Differences in the convection and specific locations of development between 

the two runs should either support or reject the hypotheses that the wedge front provides 

a more favorable environment for strong rotating convection and that the added wind 

shear due to the presence of the cold dome compensates for the loss of instability with the 

ingredients for strong rotating development. 
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4.4.1 Initial convective development 

Significant regions of convection were analyzed to develop at similar times (20 

March 2003 0505Z for CAD-CS run and 0620Z for NoCAD-CS run) and in similar 

locations between the CAD-CS and NoCAD-CS runs (Fig. 4.40).9  Although the 

convection in the CAD-CS run was found to have subsequent development along the 

southern protrusion of the wedge front (driven and maintained by the northeasterly 

mountain-parallel jet), the initial convective development in both runs occurred without 

the presence of any apparent surface boundary or low-level lifting mechanism.  In order 

to investigate factors at higher atmospheric levels possibly responsible for the forcing for 

ascent or triggering of initial convection in the simulations, the relative locations of the 

development were marked with plots of the synoptic-scale features at various 

atmospheric levels (from the 12-km outermost domain).  When compared at the same 

valid time (0500Z 20 March 2003, or forecast hour 47), the synoptic-scale features 

between the two runs appeared to be slightly different in position and intensity (Figs. 4.41 

and 4.42).  Though no significant difference was present, the convection occurred in the 

NoCAD-CS run with the presence of a slightly stronger (~4 mb deeper) surface low 

pressure system centered over the Central Plains that was shifted slightly further to the 

east than in the CAD-CS run.  This slight shift in position of the large-scale features 

present in the two runs could partly account for the slight shift eastward of the convective 

                                                 
9 Even though most cases of WFC suggested a diurnal signal associated with the convective development 
after the case identification procedure, the convection of the CAD-CS and NoCAD-CS runs was anomalous 
in that development occurred overnight. 
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development in the NoCAD-CS run compared to that in the CAD-CS run.10  However, 

the presence of the wedge front as a lifting mechanism most likely accounts for the slight 

difference in the main locations of development between the two runs.     

At the closest hour before development in both of the runs (valid at 0500Z for 

CAD-CS and 0600Z for NoCAD-CS), the regions where convective development 

occurred were both in a location of positive vorticity advection by the approach of an 

upper-level cutoff low pressure system and strong warm advection (veering wind with 

height) ahead of the trough (Figs. 4.41 and 4.43).  This, combined with some diffluence 

aloft associated with the exit region of an upper-level jet, supported forcing for ascent 

and appeared to be the main lifting mechanism responsible for triggering the convection 

analyzed in the CAD-CS and NoCAD-CS simulations (wedge front provided lift for 

subsequent development in CAD-CS run).       

 Model soundings taken at the location of initial development immediately before 

development occurred (locations in Fig. 4.44; soundings in Fig. 4.45) indicate saturated 

low levels, an unstable atmosphere aloft with little to no CIN, and veering wind with 

height for both runs.  Although convection in the CAD-CS run initially developed in a 

region of limited instability, the amount of surface-based CIN needed for parcels to 

overcome and reach their level of free convection (LFC) was similar (~50 J/kg) between 

                                                 
10 Although there was an apparent shift eastward in the synoptic-scale features and slight intensity 
difference between the two simulations that could partly account for slight differences in convective 
development locations, this difference did not affect the comparative analysis of the convection between 
the two runs since development still occurred with and without the presence of a wedge front in the CAD-
CS and NoCAD-CS runs, respectively.   
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the runs (Fig. 4.46).  These findings further suggest that the convection in both runs was 

initially surface-based.11 

 

4.4.2 Evolution of convection 

While the initial development locations and timing were similar between the areas 

of convection, there were notable differences in structure and behavior between the 

convection in the two runs.  Convection in the presence of the CAD cold dome periphery 

(CAD-CS run) consisted of relatively discrete cells and some splitting of cells into right- 

and left-movers with the right-moving cells maintaining intensity and gaining increased 

longevity.  Contrastingly, the convection without the presence of the wedge front 

(NoCAD-CS run) was more linear in structure without any clear cell splitting (Figs. 4.47-

4.50).  The CAD-CS run convective development had a slower transition to a squall-line 

structure than the NoCAD-CS run (~1.5 hrs of additional pre-squall-line development in 

the CAD-CS run).  Such structural and behavioral discrepancies between the significant 

regions of convection analyzed in the two simulations can be attributed to variation in the 

low-level shear environment discussed further in sub-section 4.4.3.    

 

4.4.3 Instability and shear 

 Comparison between the locations of convective development from the two 

simulations indicated key differences in the thermodynamic environments and slight 

                                                 
11 Vertical cross sections of vertical velocity (not shown) in the region of initial convective development for 
the CAD-CS run further suggested that surface-based parcels were being lifted to the LFC near the onset of 
the event. 
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differences in the shear environments.  The thermodynamic environments were analyzed 

for moisture and instability in the form of SBCAPE and most unstable CAPE 

(MUCAPE).  At the closest hour before initial development, the convection from the 

CAD-CS run had initial development in a location of approximately 500 J/kg of 

SBCAPE (Fig. 4.51a), while subsequent development occurred in a region where little to 

no SBCAPE was in place but which was characterized by larger MUCAPE values (Fig. 

4.51b).  This suggested that some of the subsequent development along the wedge front 

was most likely elevated.  When the SBCAPE environment of the convection from the 

CAD-CS run was compared to that of the NoCAD-CS run, it was clear to see that the 

initial convective development in the NoCAD-CS run occurred in a region with notably 

higher SBCAPE values (~1000 J/kg, Fig. 4.52b).  While the presence of CAD allowed 

for elevated convection to develop in such an environment, instability was significantly 

reduced (~1000-750 J/kg lower in development region). 

 The convection in the two simulations developed in regions of different low level 

shear.  Convective development associated with the presence of the cold dome occurred 

in a region of notably higher 0-1-km SRH values (~100-300 m2/s2, Fig. 4.52a) than the 

convection without the presence of the cold dome (<100 m2/s2, Fig. 4.52b).  Model 

sounding wind profile data were averaged across points located along the general region 

where convective development occurred before transitioning into an eastward-

propagating squall line and at times immediately before initial convective development 

occurred (outlined by white ovals in Fig. 4.52).  Such sounding locations are also shown 

in Figure 4.53 as the marked locations labeled “1”, “2”, and “3” for both the CAD-CS 
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and NoCAD-CS runs.  Hodographs generated from the averaging of the wind profile 

components relative to storm motion (calculated from Bunkers storm motion 

components) across each set of three labeled locations are provided in Figure 4.53.  

Amounts of low-level SRH were analyzed by comparing the shaded areas of color from 

the lowest pressure level included in the calculation of the model soundings to the 850-

mb level in each corresponding hodograph.  While the NoCAD-CS run did have some 

positive low-level SRH present, the CAD-CS run had nearly twice as much present.  

This, combined with the analysis of low-level SRH in Figure 4.52 suggested more 

environmental streamwise vorticity available for tilting into the vertical by any 

developing convective updrafts in the CAD-CS run. 

 Although there were notable differences in the low-level shear environments 

where convection formed, the deep-layer shear environments between the two 

simulations were nearly identical.  This was not surprising, considering the key difference 

between the two runs was the presence (and lack thereof) of a low-level cold dome, 

which should result in a greater difference of varying winds across the lower troposphere.  

The convective regions in the CAD-CS and NoCAD-CS runs were both associated with 

deep-layer (10-m to 500-mb-level, ~0-6-km) shear values of 50-60 kts.  This was 

indicated in both the averaged hodographs in Figure 4.53 and the contour and barb plots 

in Figure 4.54.   

 In order to quantify the instability and shear environment that may influence 

development of strong rotating within the convection, several parameters recently 
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incorporated into operational severe weather forecasting were calculated.  The supercell 

composite parameter (SCP; Thompson et al. 2003) was calculated: 
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where “BRN shear” is the Bulk Richardson Number, which incorporates the density 

weighted mean winds in the 0-500-m and 0-6-km layers.12  The minimum threshold of 

this parameter is 1.0, and increasing values represent the increased likelihood that storms 

will have supercellular development.  While the CAD-CS run had convection in a region 

where SCP values were less than 1.0, the NoCAD-CS run had higher SCP values near the 

region of convection (Fig. 4.55) and continued to be present in subsequent hours of 

development (not shown).  This indicates a more favorable environment for supercell 

formation near the development region in the NoCAD-CS run, and greater likelihood for 

development of strong rotation within the convection.  The significant tornado parameter 

(STP; Thompson et al. 2003) was calculated as well: 
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where MLCAPE is the “mixed-layer” CAPE or CAPE of the lifted parcel from the 

averaged lowest 100 mb, and MLLCL is the height of the “mixed-layer” lifted 

condensation level (0-6-km shear was approximately calculated by the 500-mb-level to 

10-m wind shear).  The minimum threshold of this parameter is 1.0, and increasing 

values represent the increased likelihood that supercells will develop significant 
                                                 
12 Model data included interpolated values onto pressure levels (instead of height levels), therefore pressure 
levels similar to the 0-500-m and 0-6-km levels were used (975-925-mb and 975-500-mb, respectively) in 
the BRN shear calculation. 
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tornadoes.  At the closest hour before initial development, the convection from the CAD-

CS run had initial development in a region where STP values were at least 1.0, while the 

NoCAD-CS run did not (Fig. 4.56).  Although this favors stronger rotation in the CAD-

CS run, subsequent hours during development indicated STP values below the minimum 

threshold (1.0) for both runs (not shown). 

 

4.4.4 Intensity of convection 

Determining the difference in convective intensity between the regions of 

convective development in the CAD-CS and NoCAD-CS runs was key in isolating the 

influence of the CAD cold dome on convection.  In this study, intensity of the convection 

was quantified by the calculation of updraft rotation, or product of vertical velocity and 

vertical vorticity within the convection.  This quantity was analyzed across multiple cells 

(areas outlined in Fig. 4.57) during development and indicated rotating updrafts present 

in both convective-scale runs (Fig. 4.58). 

Quantifications of convective intensity over time were performed to properly 

compare the development with and without the presence of a wedge front.  Frequencies 

of significant updraft rotation (as well as vertical velocity and cyclonic vertical vorticity, 

individually) were calculated across grid points in similar geographical areas for both 

convective-scale simulations to better quantify the convective behavior and intensity 

between the runs.  Thresholds of significant updraft speeds and vertical vorticity were 

employed and multiplied together to represent a significant threshold for updraft rotation 

in the analysis.  Vertical vorticity with a value of 100 x 10-4 s-1 has been used as a 
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threshold for representing moderately strong rotation within convection (Brown 1992).  

This value, combined with a notable updraft speed of 10 m/s, constituted the 1000 x 10-4 

s-1 threshold for moderately strong updraft rotation with the convective intensity analysis.  

Frequencies of grid cells within the simulations that reached updraft rotation values 

greater than or equal to this threshold were calculated for all grid cells with vertical 

velocities of at least 2 m/s.  The updraft rotation frequencies were normalized with 

respect to the convective cells by finally dividing the frequencies across the area by the 

total number of grid cells greater than or equal to 2 m/s.  These calculations were 

performed across similar geographical areas of convective development between the two 

simulations from the time of initial convective development to 2 hrs later with the 

intention of identifying significant trends across a time series between the areas of 

convection.  Such areas with the associated simulated composite reflectivity values at the 

start and end times of the calculations are shown in Figures 4.59 and 4.60 for the CAD-

CS and NoCAD-CS runs, respectively.  These quantifications represented a robust cell-

for-cell analysis of the convective intensities present.   

A notable result from the intensity quantifications described in the comparative 

procedure above was that convection in the NoCAD-CS run reached updraft rotations of 

moderate intensity more frequently than in the CAD-CS run (Fig. 4.61).  Separating this 

parameter into components of vertical velocity and vertical vorticity for similar 

calculations was useful in distinguishing which attribute of the convection contributed 

most to the updraft rotation.  Significant vertical velocities of at least 10 m/s (Fig. 4.62) 

and at least 20 m/s (Fig. 4.63) within the convection were overall more frequent and 
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intense in the NoCAD-CS as well.  Contrastingly, there was no clear difference in 

frequencies of moderately strong vertical vorticity (100 x 10-4 s-1) between the two 

simulations (Fig. 4.64).  Despite weaker updrafts in the CAD-CS run, similar vorticity 

trends suggested that the enhanced low-level shear did contribute towards similar values 

in the NoCAD-CS run, which involved more tilting and stretching by the updrafts.  The 

increased updraft strength in the NoCAD-CS run was most likely attributable to the 

higher instability values in the NoCAD environment analyzed in previous sub-sections 

(3.4.3 and 4.4.3).  Thus, in this case, the more unstable environment without the presence 

of the cold dome contributed to the increased convective intensity analyzed in the 

NoCAD-CS run. 

 

4.5 Summary and bottom lines 

Convective-scale simulations with and without the presence of CAD (CAD-CS 

and NoCAD-CS runs, respectively) were analyzed to isolate the influence of the wedge 

front on explicit convective character and intensity.  Regions of significant convection 

developed at similar times between the runs with a slight shift in location.  While no clear 

low-level sources of lift were present immediately before initial convective development 

occurred, the lifting mechanism responsible for the triggering of convection appeared to 

be the large-scale forcing for ascent due to strong warm advection and the presence of a 

diffluent exit region of an upper-level jet.   Subsequent convective development occurred 

in the presence of a wedge front in the CAD-CS run, while the comparable region of 

convection in the NoCAD-CS run had further development without a wedge front 
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present, allowing for the opportunity to isolate the direct influence of the wedge front on 

convective character and intensity and test the hypotheses. 

Differences in convective behavior and evolution were analyzed between the two 

runs.  Convection in the presence of the cold dome periphery was more discrete in 

structure, involved some cell splitting favoring right-movers, and longer period of 

development before transitioning into an eastward-propagating squall line.  

Contrastingly, development without the cold dome’s presence had a linear structure, no 

apparent cell splitting, and had decreased longevity (~1.5 hrs shorter) of the pre-squall-

line development. 

Convection developed in an environment of limited CAPE and enhanced low-

level shear due to the presence of the wedge front.  While the convection developed in 

different thermodynamic and low-level shear environments between the two simulations, 

the deep-shear environments were both relatively strong (50-60 kts).  Although rotating 

updrafts were present among the convection in both convective-scale runs, 

quantifications of convection intensities over time revealed that the convection without 

the presence of the wedge front was pound-for-pound more intense.  This was attributed 

to increased updraft speeds associated with the more unstable environment in the NoCAD 

run. 

The bottom line from the analysis described in the sections above is that the 

convection simulated from this particular case was found to be more intense without the 

presence of the wedge front.  Although CAD increased low-level shear, the convective 

environment was more stable, and the environment of increased CAPE without the 
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presence of CAD was the main contributor to the more intense convective development 

(in a case where strong deep-layer shear was present in both runs).  This raises additional 

questions about the effect of a wedge front on convective development in environments 

from cases representative of different CAPE and deep-layer shear amounts.  It is 

speculated that a wedge front would be more significant in triggering rotating convection 

in a case where high SBCAPE and weak (instead of strong) deep-layer shear were present 

upstream of the wedge front.  Further discussion is provided in Chapter 5. 

 

 

 

 



Figure 4.1. Domains for CAD-CS simulation.  Outermost domain was same as in 
initial simulations.  Nested domains outlined in rectangles had horizontal grid spacing 
of 4 km and 1.3 km across the southeastern U.S.  Innermost nested grid (in yellow) 
was used for convective-scale analysis.
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Figure 4.2. Domains for NoCAD-CS simulation.  Outermost domain was same as in 
initial simulations.  Nested domains outlined in rectangles were located more to the 
east than in the CAD-CS run and had horizontal grid spacing of 4 km and 1.3 km 
across the southeastern U.S.  Innermost nested grid (in yellow) was used for 
convective-scale analysis.
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Figure 4.3. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0500Z and (b) 
0530Z (forecast times of 47 hrs 0 min and 47 hrs 30 min, respectively).  White oval in 
(b) outlines region where convective development was initially analyzed stepping 
through plotted model output at 30-min increments.
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a

b
Figure 4.4. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0600Z and (b) 
0630Z (forecast times of 48 hrs 0 min and 48 hrs 30 min, respectively).
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a

b
Figure 4.5. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 0505Z 20 March 2003 (forecast time of 
47 hrs 5 min).  White rectangle in (a) outlines the area shown in (b).  White oval in (b) 
outlines region where convective development was initially analyzed.
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Figure 4.6. CAD-CS run simulated surface frontogenesis (fill in K/100km/3hr), 2-m 
potential temperature (contours with 2˚K interval), and 10-m wind barbs (kts) valid at 
20 March 2003 (a) 0500Z and (b) 0505Z (forecast times of 47 hrs 0 min and 47 hrs 5 
min, respectively).  White circle in lower left of panels marks location where 
convective development was initially analyzed at 0505Z 20 March 2003.
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a

b
Figure 4.7. CAD-CS run simulated surface convergence (fill in 10-5 s-1), maximum 
vertical velocity across the 1000-850-mb layer (red contours in m/s with lowest shown 
value of 0.25 m/s), and 10-m wind barbs (kts) valid at 20 March 2003 (a) 0500Z and 
(b) 0505Z (forecast times of 47 hrs 0 min and 47 hrs 5 min, respectively).  White 
circle in lower left of panels marks location where convective development was 
initially analyzed at 0505Z 20 March 2003.
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Figure 4.8. CAD-CS run simulated surface frontogenesis (fill in K/100km/3hr), 
outline of composite reflectivity (solid white contours with 5 dBZ interval starting at 
40 dBZ), 2-m potential temperature (contours with 2˚K interval), and 10-m wind 
barbs (kts) valid at 20 March 2003 (a) 0535Z and (b) 0605Z (forecast times of 47 hrs 
35 min and 48 hrs 5 min, respectively).  White circle in lower left of panels marks 
location where convective development was initially analyzed at 0505Z 20 March 
2003.
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Figure 4.9. CAD-CS run simulated surface frontogenesis (fill in K/100km/3hr), 
outline of composite reflectivity (solid white contours with 5 dBZ interval starting at 
40 dBZ), 2-m potential temperature (contours with 2˚K interval), and 10-m wind 
barbs (kts) valid at 20 March 2003 (a) 0635Z and (b) 0705Z (forecast times of 48 hrs 
35 min and 49 hrs 5 min, respectively).  White circle in lower left of panels marks 
location where convective development was initially analyzed at 0505Z 20 March 
2003.
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b
Figure 4.10. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0535Z and (b) 
0605Z (forecast times of 47 hrs 35 min and 48 hrs 5 min, respectively).
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b
Figure 4.11. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0635Z and (b) 
0705Z (forecast times of 48 hrs 35 min and 49 hrs 5 min, respectively).

115



a

b
Figure 4.12. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0735Z and (b) 
0805Z (forecast times of 49 hrs 35 min and 50 hrs 5 min, respectively).

116



a

b
Figure 4.13. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0835Z and (b) 
0905Z (forecast times of 50 hrs 35 min and 51 hrs 5 min, respectively).
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Figure 4.14. (a) simulated composite reflectivity and (b) observed base reflectivity 
corresponding to the same UTC time (0730Z 20 March 2003).
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Figure 4.15. (a) simulated composite reflectivity and (b) observed base reflectivity 
corresponding to the same UTC time (1200Z 20 March 2003).
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Figure 4.16. CAD run 2-m potential temperature (solid contours in K), 2-m 
dewpoint temperature (dashed red contours in ˚F), and wind (barbs in kts) for 
05Z 20 March 20003 (forecast hour 47).  White circles show general location of 
convection.
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Figure 4.17. CAD run 2-m potential temperature (solid contours in K), 2-m 
dewpoint temperature (dashed red contours in ˚F), and wind (barbs in kts) for 
06Z 20 March 20003 (forecast hour 48).  White circles show general location of 
convection.
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Figure 4.18. CAD run 2-m potential temperature (solid contours in K), 2-m 
dewpoint temperature (dashed red contours in ˚F), and wind (barbs in kts) for 
07Z 20 March 20003 (forecast hour 49).  White circles show general location of 
convection.
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Figure 4.19. CAD run 2-m potential temperature (solid contours in K), 2-m 
dewpoint temperature (dashed red contours in ˚F), and wind (barbs in kts) for 
08Z 20 March 20003 (forecast hour 50).  White circles show general location of 
convection.
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Figure 4.20. Model sounding taken at marked location 2 along convective 
development region at 0505Z 20 March 2003.
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Figure 4.21. Model sounding taken at marked location 2 along convective 
development region at 0535Z 20 March 2003.



126

Figure 4.22. Model sounding taken at marked location 2 along convective 
development region at 0605Z 20 March 2003.
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Figure 4.23. Model sounding taken at marked location 2 along convective 
development region at 0635Z 20 March 2003.



a

b
Figure 4.24. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0545Z and (b) 
0600Z (forecast times of 47 hrs 45 min and 48 hrs 0 min, respectively).  Purple arrows 
show location and path of convective cell splitting into a pair of right- and left-moving 
cells.
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Figure 4.25. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0615Z and (b) 
0630Z (forecast times of 48 hrs 15 min and 48 hrs 30 min, respectively).  Purple 
arrows show location and path of convective cell splitting into a pair of right- and left-
moving cells.
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b
Figure 4.26. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 0640Z 20 March 2003 (forecast time of 
48 hrs 40 min).  Purple arrows  in (a) show location and path of convective cell 
splitting into a pair of right- and left-moving cells.  Convection in (b) is at the same 
time as (a) but is shown from a larger geographical area.  White rectangles outline 
convective cells shown in Figure 4.27a.
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Figure 4.27. CAD-CS run simulated (a) 700-mb updraft rotation (fill in 10-4 m/s2) and 
(b) composite reflectivity (fill in dBZ) valid at 0640Z 20 March 2003 (forecast time of 
48 hrs 40 min).  White rectangle in (a) outlines geographical region of (b).  Three 
black lines in (b) show horizontal extent of the vertical cross sections included in 
Figures 4.28-4.30.  “L” and “R” labels respectively represent the left and right 
locations for the plotting orientation of the cross sections.  Label numbers (“1”, “2”, 
and “3”) correspond to the relative order of cross sections shown (first, second, and 
third).
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Figure 4.28. (a) as described in Figure 4.27b, but with the first black line in bold 
corresponding to the cross section in (b) of CAD-CS run simulated radar composite 
reflectivity (fill in dBZ), vertical vorticity (positive values in solid blue contours and 
negative values in dashed blue contours with increments of 20 x 10-4 s-1), and vertical 
velocity (positive values in solid white contours and negative values in dashed white 
contours with increments of 1 m/s) valid at 0640Z 20 March 2003 (forecast time of 48 
hrs 40 min).  Set of blue circles represent negative or anticyclonic vorticity and black 
circles represent positive or cyclonic vorticity (“X” for into the page and the dot for 
out of the page).  Black arrow where updraft is collocated with region of positive 
vorticity.
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Figure 4.29. (a) as described in Figure 4.27b, but with the second black line in bold 
corresponding to the cross section in (b) as described in Figure 4.28b.
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Figure 4.30. (a) as described in Figure 4.27b, but with the third black line in bold 
corresponding to the cross section in (b) as described in Figure 4.28b.
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Figure 4.31. NoCAD-CS run simulated radar composite reflectivity (fill in dBZ) and 
2-m potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0600Z and (b) 
0630Z (forecast times of 48 hrs 0 min and 48 hrs 30 min, respectively).  White oval in 
(b) outlines region where convective development was initially analyzed stepping 
through plotted model output at 30-min increments.
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Figure 4.32. NoCAD-CS run simulated radar composite reflectivity (fill in dBZ) and 
2-m potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0700Z and (b) 
0730Z (forecast times of 49 hrs 0 min and 49 hrs 30 min, respectively).
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Figure 4.33. NoCAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) valid at 0620Z 20 March 2003 (forecast time of 48 
hrs 20 min).  White rectangle in (a) outlines the area shown in (b).  White oval in (b) 
outlines region where convective development was initially analyzed.
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Figure 4.34. NoCAD-CS run simulated frontogenesis (fill in K/100km/3hr), 2-m 
potential temperature (contours with 2˚K interval), and 10-m wind barbs (kts) valid at 
20 March 2003 (a) 0615Z and (b) 0620Z (forecast times of 48 hrs 15 min and 48 hrs 
20 min, respectively).  White circle in lower left of panels marks location where 
convective development was initially analyzed at 0620Z 20 March 2003.
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Figure 4.35. NoCAD-CS run simulated convergence (fill in 10-5 s-1), maximum 
vertical velocity across the 1000-850-mb layer (red contours in m/s with lowest shown 
value of 0.25 m/s), and 10-m wind barbs (kts) valid at 20 March 2003 (a) 0615Z and 
(b) 0620Z (forecast times of 48 hrs 15 min and 48 hrs 20 min, respectively).  White 
circle in lower left of panels marks location where convective development was 
initially analyzed at 0620Z 20 March 2003.
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Figure 4.36. NoCAD-CS run simulated radar composite reflectivity (fill in dBZ) and 
2-m potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0650Z and (b) 
0720Z, (forecast times of 48 hrs 50 min and 49 hrs 20 min, respectively).
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Figure 4.37. NoCAD-CS run simulated radar composite reflectivity (fill in dBZ) and 
2-m potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0750Z and (b) 
0820Z (forecast times of 49 hrs 50 min and 50 hrs 20 min, respectively).
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Figure 4.38. NoCAD-CS run simulated radar composite reflectivity (fill in dBZ) and 
2-m potential temperature (contours in ˚K) valid at 20 March 2003 (a) 0850Z and (b) 
0920Z (forecast times of 50 hrs 50 min and 51 hrs 20 min, respectively).
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Figure 4.39. NoCAD-CS run simulated (a) radar composite reflectivity (fill in dBZ) 
and 2-m potential temperature (contours in ˚K) and (b) 700-mb updraft rotation (fill in 
10-4 m/s2) and composite reflectivity (contours in dBZ with values ≥ 40) valid at 
0755Z March 2003 (forecast time of 49 hrs 55 min).  White rectangle in (a) outlines 
area in (b).
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Figure 4.40. Locations of analyzed initial convective development (labeled “ICD”) 
and approximate region of subsequent development prior to squall-line structure 
transition (labeled “1”, “2”, and “3”) for CAD-CS run (white) and NoCAD-CS run 
(yellow).  Numbered points also mark the locations where model soundings were 
averaged together for hodograph plots in Figure 4.53. 

CAD-CS NoCAD-CS

144



Figure 4.41. CAD-run simulated (a) 250-mb-level heights (solid white contours in 
dm), divergence (solid red contours in 10-5 s-1), isotachs (dashed white contours and 
fill in kts), (b) 500-mb-level heights (solid yellow contours in dm), absolute vorticity
(dashed white contours and fill in 10-5 s-1), (c) 850-mb-level heights (solid white 
contours in dm), temperature (dashed white contours and fill in ˚C, and (d) sea-level 
pressure (solid white contours in mb), 1000-500-mb thickness (dashed yellow 
contours in dm) valid at 0500Z 20 March 2003, or forecast hour 47.  Small white 
circles in Southeast mark the associated locations of convective development from the 
CAD-CS run described in more detail with Figure 4.40.

145



Figure 4.42. NoCAD-run simulated (a) 250-mb-level heights (solid white contours in 
dm), divergence (solid red contours in 10-5 s-1), isotachs (dashed white contours and 
fill in kts), (b) 500-mb-level heights (solid yellow contours in dm), absolute vorticity
(dashed white contours and fill in 10-5 s-1), (c) 850-mb-level heights (solid white 
contours in dm), temperature (dashed white contours and fill in ˚C, and (d) sea-level 
pressure (solid white contours in mb), 1000-500-mb thickness (dashed yellow 
contours in dm) valid at 0500Z 20 March 2003, or forecast hour 47. Small white 
circles in Southeast mark the associated locations of convective development from the 
NoCAD-CS run described in more detail with Figure 4.40.

146



Figure 4.43. NoCAD-run simulated (a) 250-mb-level heights (solid white contours in 
dm), divergence (solid red contours in 10-5 s-1), isotachs (dashed white contours and 
fill in kts), (b) 500-mb-level heights (solid yellow contours in dm), absolute vorticity
(dashed white contours and fill in 10-5 s-1), (c) 850-mb-level heights (solid white 
contours in dm), temperature (dashed white contours and fill in ˚C, and (d) sea-level 
pressure (solid white contours in mb), 1000-500-mb thickness (dashed yellow 
contours in dm) valid at 0600Z 20 March 2003, or forecast hour 48. Small white 
circles in Southeast mark the associated locations of convective development from the 
NoCAD-CS run described in more detail with Figure 4.40.
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Figure 4.44. As in Figure 4.40, but with sounding locations used in Figure 
4.45 circled in red.
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Figure 4.45. Model soundings at locations of initial convective development for the CAD-CS (left) and NoCAD-CS 
(right) runs valid at respective times 0500Z and 0615Z 20 March 2003 (5 min before development). 
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CAPE: ~ 500 J/kg
CIN: 50-75 J/kg

CAPE: 750-1000 J/kg
CIN: ~50 J/kg

Figure 4.46. Surface-based CAPE (fill in J/kg) and surface-based CIN 
(contours in J/kg) from (a) CAD run valid at 0500Z 20 March 2003 (forecast 
hour 47) and (b) NoCAD run valid at 0600Z 20 March 2003 (forecast hour 
48).  Small white circles mark the associated locations of convective 
development from the (a) CAD-CS run and (b) NoCAD-CS run described in 
more detail with Figure 4.40.  White text describes values corresponding to 
location circled in red.
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Figure 4.47. Simulated radar composite reflectivity (fill in dBZ) and 2-m potential 
temperature (contours in ˚K) 30 min after initial convective development for (a) CAD-
CS run valid at 0535Z 20 March 2003 and (b) NoCAD-CS run valid at 0650Z 20 
March 2003 (forecast times of 47 hrs 35 min and 48 hrs 50 min, respectively).
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Figure 4.48. Simulated radar composite reflectivity (fill in dBZ) and 2-m potential 
temperature (contours in ˚K) 1 hr after initial convective development for (a) CAD-CS 
run valid at 0605Z 20 March 2003 and (b) NoCAD-CS run valid at 0720Z 20 March 
2003 (forecast times of 48 hrs 5 min and 49 hrs 20 min, respectively).
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Figure 4.49. Simulated radar composite reflectivity (fill in dBZ) and 2-m potential 
temperature (contours in ˚K) 1 hr 30 min after initial convective development for (a) 
CAD-CS run valid at 0635Z 20 March 2003 and (b) NoCAD-CS run valid at 0750Z 
20 March 2003 (forecast times of 48 hrs 35 min and 49 hrs 50 min, respectively).
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Figure 4.50. Simulated radar composite reflectivity (fill in dBZ) and 2-m potential 
temperature (contours in ˚K) 2 hrs after initial convective development for (a) CAD-
CS run valid at 0705Z 20 March 2003 and (b) NoCAD-CS run valid at 0820Z 20 
March 2003 (forecast times of 49 hrs 5 min and 50 hrs 20 min, respectively).
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Figure 4.51. CAD-run 0-1-km SRH (contours with increments of 100 m2/s2) with (a) 
surface-based CAPE (fill in J/kg) and (b) most unstable CAPE (fill in J/kg) valid at 
0500Z 20 March 2003, or forecast hour 47.  Small white circles mark the associated 
locations of convective development from the CAD-CS run described in more detail 
with Figure 4.40.
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Figure 4.52. 0-1-km SRH (contours with increments of 100 m2/s2) and surface-based 
CAPE (fill in J/kg) from (a) CAD run valid at 0500Z 20 March 2003 (forecast hour 
47) and (b) NoCAD run valid at 0600Z 20 March 2003 (forecast hour 48).  Small 
white circles mark the associated locations of convective development from the (a) 
CAD-CS run and (b) NoCAD-CS run described in more detail with Figure 4.30.  
White ovals outline the numbered points marking the location of the model soundings 
averaged together to generate the hodographs in Figure 4.53.
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Figure 4.53. Averaged storm-relative hodographs (kts) from points along region of 
convective development at times 5 min before initial convective development was 
analyzed in the CAD-CS (blue) and NoCAD-CS (red) runs for times valid at 20 
March 2003 0500Z and 0615Z, respectively (forecast times of 47 hrs 0 min and 48 
hrs 15 min).  Select hodograph points labeled in mb.  Lower left points of hodographs 
represent the highest pressure level outputted from the model sounding calculations 
and shaded regions outline the approximate amount of storm-relative helicity from 
these points up to the 850-mb-level.
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b
Figure 4.54. Deep-layer shear (10-m to 500-mb level, ~0-6-km) in barbs (kts) and 
contours (increments of 10 kts with red indicating 50 kts and purple indicating 60 kts) 
for (a) CAD run valid at 0500Z 20 March 2003 (forecast hour 47) and (b) NoCAD run 
valid at 0600Z 20 March 2003 (forecast hour 48). Small white circles mark the 
associated locations of convective development from the (a) CAD-CS run and (b) 
NoCAD-CS run described in more detail with Figure 4.40.
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Figure 4.55. Supercell composite parameter (SCP; contours >1.0 with 
increments of 1.0 for (a) CAD run valid at 05Z 20 March 2003 and (b) NoCAD
run valid at 06Z 20 March 2003.  Small white circles mark the associated 
locations of convective development from the (a) CAD-CS run and (b) 
NoCAD-CS run described in more detail with Figure 4.40.
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Figure 4.56. Significant tornado parameter (STP; contours >1.0 with increments 
of 0.2; >2.0 in red with increments of 0.5) for (a) CAD run valid at 05Z 20 
March 2003 and (b) NoCAD run valid at 06Z 20 March 2003.  Small white 
circles mark the associated locations of convective development from the (a) 
CAD-CS run and (b) NoCAD-CS run described in more detail with Figure 4.40.
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b
Figure 4.57. Simulated radar composite reflectivity (fill in dBZ) and 2-m potential 
temperature (contours in ˚K) at valid time 1 hr 35 min after initial convective 
development for (a) CAD-CS run at valid time of 0640Z 20 March 2003 (forecast 
time of 48 hrs 40 min) and (b) NoCAD-CS run at valid time of 0755Z 20 March 2003 
(forecast time of 49 hrs 55 min).  White rectangles outline corresponding areas in 
Figure 4.58.
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Figure 4.58. Simulated 700-mb updraft rotation (fill in 10-4 m/s2) and composite 
reflectivity (contours in dBZ with values ≥ 40) at valid time 1 hr 35 min after initial 
convective development for CAD-CS and NoCAD-CS corresponding locations and 
times in panels (a) and (b), respectively from Figure 4.57.
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Figure 4.59. CAD-CS run simulated radar composite reflectivity (fill in dBZ) and 2-m 
potential temperature (contours in ˚K) across same geographical area used for the 
calculations in the quantification of convective intensity analysis at times of (a) initial 
convective development valid at 0505Z 20 March 2003 (forecast time of 47 hrs 5 min) 
and (b) 2 hrs after initial convective development valid at 0705Z 20 March 2003 
(forecast time of 49 hrs 5 min).  White oval in (a) outlines region where convective 
development was initially analyzed.
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Figure 4.60. NoCAD-CS run simulated radar composite reflectivity (fill in dBZ) and 
2-m potential temperature (contours in ˚K) across same geographical area used for the 
calculations in the quantification of convective intensity analysis at times of (a) initial 
convective development valid at 0620Z 20 March 2003 (forecast time of 48 hrs 20 
min) and (b) 2 hrs after initial convective development valid at 0820Z 20 March 2003 
(forecast time of 50 hrs 20 min).  White oval in (a) outlines region where convective 
development was initially analyzed.
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Figure 4.61. Frequencies of updraft rotation ≥ 1000 x 10-4 m/s2 normalized 
across grid cells of vertical velocities ≥ 2 m/s for 2 hrs of development 
following initial convective development for the CAD-CS (blue) and NoCAD-
CS (red) runs.  Values are shown per 10,000 grid cells ≥ 2 m/s.  CAD-CS run 
frequencies shown for times valid from 20 March 2003 0505Z to 0705Z 
(forecast times of 47 hrs 5 min to 49 hrs 5 min).  NoCAD-CS frequencies 
shown for times valid from 20 March 2003 0620Z to 0820Z (forecast times of 
48 hrs 20 min to 50 hrs 20 min).
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Figure 4.62. Frequencies as in Figure 4.61 but of updraft speeds ≥ 10 m/s.
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Figure 4.63. Frequencies as in Figure 4.61 but of updraft speeds ≥ 20 m/s.
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Figure 4.64. Frequencies as in Figure 4.61 but of vertical vorticities ≥ 100 x 10-4 s-1.
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5. SUMMARY AND CONCLUSIONS 
 

5.1 Summary of objectives 

The purpose of this research is to understand if and how the periphery of a cold 

dome influences convection during CAD events.  Moreover, we aimed to (1) clarify and 

quantify the influence of the CAD cold dome on the convective environment (specifically 

on instability, shear, and lift in the lower troposphere), (2) determine what influence the 

wedge front has on the location, structure, and intensity of convection, and (3) compile 

the research findings into a useful form for application to operational forecasting.   

We hypothesize that the presence of a CAD cold dome provides a more favorable 

environment for strong rotating convection along the periphery than would otherwise 

exist.  Although the cold dome stabilizes much of the lower-tropospheric environment, 

we further hypothesized that added wind shear due to the presence of the cold dome 

compensates for the loss of instability with the ingredients needed for the development of 

strong rotating convection along the wedge front.  In order to test this we (1) identified 

cases of convection along or near a wedge front, (2) isolated notable events in the 

spectrum of cases, and (3) performed numerical experiments (with CAD and with 

removal of CAD) on a notable event to isolate and quantify the influence of a wedge 

front on convection.   
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5.2 Case identification 

An objective definition of “wedge-front convection” (WFC) was used to assemble 

a dataset of active WFC cases from specific spatial and intensity requirements for 

temperature gradient, radar reflectivity, and surface reanalysis data associated with past 

CAD events.  Identified cases were examined for characteristics of (i) cold dome 

strength, (ii) severity of convection, (iii) amount of moisture and instability, and (iv) 

amount of deep-layer wind shear.   

Results indicated that the 20 March 2003 active WFC case was overall the best 

example of convection associated with a relatively strong and well-defined CAD cold 

dome and served as a suitable case for testing the influence of a CAD cold dome on the 

WFC.  This particular case involved relatively moderate SBCAPE and strong deep-layer 

shear.  Two additional cases demonstrated WFC in differing CAPE and shear 

environments, which would serve as ideal cases to test the effect of the cold dome in 

other convective environment scenarios. 

 

5.3 Initial simulations 

A numerical experiment was initially performed to isolate the role of a CAD cold 

dome on the general lower-tropospheric environment at a relatively coarse horizontal grid 

spacing of 12-km with 1-hr output intervals (unable to explicitly account for the character 

and intensity of convection).  The WRF model was initialized with real case NARR data 

from the 20 March 2003 WFC event and a simulation of CAD with unmodified terrain 
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(CAD run) was compared to a simulation of the same initialization but with CAD 

removed using flattened terrain (NoCAD run).  

Convective precipitation occurred along the wedge front in the CAD run, while 

similar precipitation in magnitude occurred without the presence of a wedge front and in 

a location shifted slightly eastward in the NoCAD run.  Results indicated that the cold 

dome primarily stabilized the environment and increased low-level SRH.  The 

development of a mountain-parallel jet led to an area of enhanced frontogenesis and 

convergence near the wedge front and served as a source of lift and preferred region for 

convective development. 

 

5.4 Convective-scale simulations 

.  Additional high-resolution simulations of the same CAD event with nested 

domains of 1.3-km horizontal grid spacing and 5-min output intervals provided the 

opportunity to isolate the influence of the wedge front on explicit convective character 

and intensity.  While the initial 12-km simulations were valuable in isolating the 

influence of the CAD cold dome on the general convective environment, this 

environment could not be directly compared to the specific location and evolution of 

convection, and actual simulated convection could not be analyzed.  Runs with and 

without the presence of CAD (CAD-CS and NoCAD-CS runs, respectively) were 

analyzed for differences in possible convective development.  This allowed for the 

isolation of the cold dome’s influence on actual simulated convection – not just the 

general convective environment.   
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Regions of significant convection developed at similar times and slightly shifted 

locations between the runs.  Initial development in both runs appeared to be triggered 

from the large-scale forcing for ascent due to strong warm-air advection and the presence 

of a diffluent exit region of an upper-level jet, but further development in the CAD-CS 

run occurred along the wedge front.  Since the simulations involved regions of convective 

development both with and without the presence of a wedge front, the direct influence of 

the wedge front on convective character and intensity could be isolated. 

Differences in convective behavior and evolution were analyzed between the two 

runs.  The CAD-CS and NoCAD-CS convection differed in structure (discrete vs. linear, 

respectively), behavior (splitting into right-movers vs. non-splitting, respectively), and 

longevity of pre-squall-line development (~1.5 hrs longer in CAD-CS than in NoCAD-

CS).  Such behavior in the CAD-CS run suggested that the convection was being 

influenced by an environment characterized by enhanced low-level SRH. 

Convection developed in an environment of limited CAPE and enhanced low-

level shear due to the presence of the wedge front.  While the convection developed in 

different thermodynamic and low-level shear environments between the two simulations, 

the deep-shear environments were both relatively strong.  Although rotating updrafts 

were present among the convection in both runs, quantifications of convection intensities 

over time revealed a key finding that the convection was pound-for-pound more intense 

without the presence of the wedge front.  This was attributed to increased updraft speeds 

associated with the more unstable environment in the NoCAD run.  Even though 

increased low-level hodograph curvature has been found to increase updraft speeds 
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through the effect of the perturbation pressure gradient on vertical accelerations in 

simulated supercells (e.g., Brooks and Wilhelmson 1993), the increased low-level SRH 

associated with the cold dome in this case failed to compensate for the loss of instability 

with the ingredients needed for the development of strong rotating convection along the 

wedge front. 

The main conclusion from the simulation experiments is that the presence of the 

CAD cold dome in this particular case failed to provide a more favorable environment for 

strong rotating convection along the periphery, therefore, we reject our hypothesis.  

Although CAD was associated with increased low-level shear, the convective 

environment was more stable, and the environment of increased CAPE without the 

presence of CAD was the main contributor to the more intense convective development 

in a case where both runs exhibited strong deep-layer shear.  This research finding raises 

additional questions about the effect of a wedge front on convective development in 

environments from cases representative of different CAPE and deep-layer shear amounts.   

It is speculated that a wedge front would be more significant in triggering rotating 

convection in a case where high SBCAPE and weak (instead of strong) deep-layer shear 

were present in the upstream atmosphere.  Since the CAD cold dome limits instability, 

the best chance of strong updraft development is if the environment upstream to the 

wedge front has high SBCAPE (and breakable CIN) to begin with.  Although the cold 

dome demonstrated to provide strong low-level shear sufficient for rotating convection to 

develop, it was shown that a case characterized with both high instability and strong 

deep-layer shear would have likely developed strong rotating convection even without the 
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presence of the wedge front.  Moreover, the wedge front in such an environment served 

to limit the intensity (updraft rotation) of the convection.  Weaker deep-layer shear should 

likely allow the presence of the cold dome to have a greater influence in developing 

strong rotating convection.   

Also, cases with little to no SBCAPE and substantial MUCAPE with weak 0-6-

km shear may provide the situation where the presence of a wedge front could trigger 

convection in an environment that would likely fail to trigger any development otherwise 

(unattainable instability).  Any convective updraft formation could tilt and stretch the 

increased environmental streamwise vorticity into the vertical from across the cold-dome 

layer and could lead to strong, rotating convective development as well.  With weak 0-6-

km shear, convection may not develop strong rotation unless cells were able to tap the 

helicity-rich low-level shear environment associated with the presence of a cold dome.   

In order to check for any such relationship with the WFC cases identified in 

Chapter 2, active WFC days were stratified based on SBCAPE and 0-6-km shear values 

from the modified sounding data at TLH (Fig. 5.1), the location most typically upstream 

of the wedge front out of the four total locations described in sub-sections 2.3.3 and 2.3.4.  

Relative cold dome strengths involved in the WFC were included in this stratification as 

well.  The most common scenario (10 of 24 WFC days) for active WFC matched the 

speculated favorable relationship of high SBCAPE and weak 0-6-km shear described 

above.  Most of the severe WFC days (4 of 7) also occurred in this situation.  The WFC 

that occurred in the low SBCAPE and strong sheared environment most likely involved 

substantial MUCAPE values.  The two cases that involved tornadic convection were 
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associated with high SBCAPE and high deep-layer shear.  In these cases, and with the 

simulated CAD event, the convection could have likely developed strong rotation even 

without the presence of the wedge front.  The relative strengths of the cold domes 

associated with the WFC cases showed no clear relationship to the SBCAPE or 0-6-km 

shear present, however all weak cold domes (6) triggered WFC in weak to moderate 

shear environments. 

Based on the stratification of identified WFC cases and results from the numerical 

experiments on the role of the wedge front with convection, a conceptual model for the 

favorable scenario of wedge-front influence on strong rotating convective is proposed 

(Fig. 5.2).  

 

5.5 Operational forecasting implications 

 The findings of this research suggest that operational forecasters should keep in 

mind that while the presence of a wedge front (and formation of a mountain-parallel jet) 

provides a source of lift capable of triggering convective development when substantial 

ambient moisture and instability is present, it may actually serve to limit the intensity of 

convection during cases where strong rotating convection is likely to develop even 

without the presence of the wedge front (substantial surface-based CAPE and strong 

deep-layer shear).  Differences in ambient CAPE and shear environments are speculated 

to have an even greater influence on the role of the wedge front with convective 

development than what was originally hypothesized at the onset of this study.  A situation 

where the wedge front is forecast to have an ambient atmosphere with high SBCAPE 
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(>1500 J/kg), or substantial MUCAPE, and weak 0-6-km shear (<20 kts) is suspected to 

maximize the influence of the CAD cold dome with ingredients necessary for strong 

rotating convection.  The real case stratification (Fig. 5.1) and proposed conceptual 

model (Fig. 5.2) may aid in forecasting the likelihood and behavior of WFC based on 

ambient SBCAPE and 0-6-km shear values upstream of the wedge front.   

 

5.6 Future research 

Beyond this study, future modeling experiments initialized with the two cases 

highlighted from the case identification process (described more in Chapter 2) in this 

research could further elucidate the importance of ingredients in convective development 

and behavior such as CAPE and deep-layer vertical wind shear associated with 

convection along wedge fronts.  While both cases had a relatively strong cold dome in 

place, the 2 March 2002 case was associated with relatively low SBCAPE and strong 

deep-layer shear, whereas the 11 May 2002 case had contrastingly high SBCAPE, weak 

deep-layer shear, and severe convection.  These cases differ in the spectrum of cases from 

the 20 March 2003 case utilized in this research, which involved relatively moderate 

SBCAPE and strong deep-layer shear.  Shapes of buoyancy and shear profiles, which 

have been shown to influence the balance between CAPE and shear among simulated 

structure and intensity of convection (McCaul and Weisman 2001), could also be 

considered in further experiments of the influence of CAD on convection.  More 

identified cases of active WFC would be helpful to provide a broader spectrum of 

involved convective ingredients. 
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Figure 5.1. Stratification of WFC days from case dataset by SBCAPE (J/kg) and 0-6-km shear (kts) from modified sounding data at 
Tallahassee, FL (TLH), typically in the environment upstream from WFC. Relative strength of cold dome associated with the WFC is
included as weak (WK, green triangles), moderate (MDT, blue squares), or strong (STR, red circles).  Days associated with severe
convection are labeled for types of severe reports with “H” for hail, “W” for damaging wind, and “T” for tornado.  Dates of WFC 
days included in the simulated CAD event are labeled (19 and 20 March 2003).  Most common scenario is shaded: SBCAPE > 1500 
J/kg and 0-6-km shear < 20 kts.
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Figure 5.2. Proposed conceptual scenario of upstream atmosphere for wedge front to be more significant with 
triggering strong rotating convection (situation with high SBCAPE or MUCAPE and weak 0-6-km shear).  
Black circle represents the stratification of the CAPE and shear environment associated with the case simulated 
in this study relative to the speculated favorable situation.  Black arrows show increasing amounts of SBCAPE 
including low, moderate (MDT), and high, and increasing amounts of deep-layer shear including weak (WK), 
moderate (MDT), and strong (STR).
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Appendix A 
 

A.1 Data sources used in case identification procedure 
 

• List of CAD days from the WFO in Columbia, SC (CAE) spanning from 15 

October, 1992 to 15 June, 2007; see Appendix A.2 for the algorithm used to 

generate the list 

• List of CAD event time frames from the research of Chris Bailey, Wendy Moen, 

and Tom Green spanning from 23 January, 2000 to 28 November, 2004; events 

were identified from CAD-detection algorithm developed by Chris Bailey (Bailey 

et al. 2003) 

• Radar composite reflectivity viewed from UCAR 

(http://locust.mmm.ucar.edu/case-selection/) at first attempt, and if gaps in data 

(missing 30-minute frames), then viewed from NCDC 

(http://www4.ncdc.noaa.gov/cgi-in/wwcgi.dll?WWNEXRAD~Images2) 

• Surface temperature observations from NSSL 

(http://data.nssl.noaa.gov/dataselect/) 

• Surface analysis maps from either the NCEP Daily Weather Maps archive 

(http://www.hpc.ncep.noaa.gov/dailywxmap/index_20060601.html) or the 

U.S. Daily Weather Maps Project from the NOAA Central Library 

(http://docs.lib.noaa.gov/rescue/dwm/data_rescue_daily_weather_maps.html) 

• Synoptic scale reanalysis maps from NCEP Reanalysis data 

(http://www.hpc.ncep.noaa.gov/ncepreanal/) 
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A.2 NWS Columbia, SC (CAE) CAD algorithm 
 
 The following details are taken from personal email correspondence with Mike 

Cammarata, Science and Operations Officer of WFO CAE.  The algorithm provided 

dates of CAD collected from 15 October, 1997 to 15 June, 2007. 

 

“The cold air damming cases were defined as follows: 

 

1) An east or northeast flow at the surface. 

2) South or southwest flow above the surface. 

3) Overcast skies between 1200z and 2400z at CAE. 

4) At least a trace of precipitation from 1200z to 2400z at CAE. 

5) Maximum difference between the 0600z observed temperature at CAE and  

the 12 hour maximum temperature from 1200z to 2400z of 12 degrees F at CAE. 

 

Using multiple linear regression a local cold air damming (CAD) maximum 

temperature equation was developed. 

 

The independent variables for the CAD maximum temperature equation were 

from the Eta model sounding data (BUFKIT) on days locally defined as CAD 

cases. 
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The CAD maximum temperature = 1.1980(tmp2m) - 7.4873(pcpn06) + 

0.4895(tdbly) + 0.0069(uvv87) + 36.0779 

 

where: tmp2m is the 2 meter temperature (degrees C) valid at 0000z.  pcpn06 is 

the 6 hour precipitation (inches). tdbly is the boundary layer dewpoint (degrees C) 

valid at 0000z. uvv87 is the vertical motion 800mb-700mb (m/s) valid at 0000z.” 




